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‘Oxfordian tlmes.

.w1th\1n the lower tacxes has chemlcally mﬂuenced diagenesis of the Sw1ft

Abstract ’ | N

The uppermost Jurassic Sw1ft bormatlon in southeastern Alberts can be.
divtded into 6 lithofacies. A complete succession of fac1es from stra&%ruphic
bottom to top- Jncludes a) basal mudstone shale f&eles b) lentlcular to
silt'—streabked dark ribbon\facies c)\wavy.—irreg‘ular dark ribbon facies d) j;va\(y

)

light ribbon facies e) capping silty-sandstone facies and f) an interbedded

- courser grained stringer sandstone facies. The absence of individual facies

- , . L . T v
in some sections may result from erosional ot depositional p#ocesses. : >
L . t L A . -

The \;;wift Formation is a coarsening—upwards, Shallowing—upwards seqube‘nce,

depos1ted in an eplcontmental seaway .= Sedxments were deposited from-

‘. ‘b:spensmn prlmarlly under low energy condxtlons An offshgx e>to onshore -

3

" regressive -cycle is suggested by. the sed1mentary structures which is further

[

supported by the transition in authigenic iron compounds and clgx* ineral
o i . . Al

assemblages. Paleo-shoreline r'econstrUCtion of the Oxford'ian 'Sea,"
that a shoreline to the north penetrated the study area durmg latest

-

Porosity and P_errheab}iity are both depositionally and diagenetically

o .influenced._ DepoSition’aI controls' include the abundance of‘tnterbedded

mudstone, burrow densxty, and coarser sandstone (Fames 6) Organic detritus
. 1Y

Formation. . D1agenetlc controls. 1nclude solut1on, .authlgenesm and

microfracturing.  These 'features are moé"t, commonly associated with the

sandstone stringerS' (Faeies 6).
Reserv01r development of the Swift Formatwn is dependent upon locating

sand accumulatlons (Facles 6), which may develop on the lee side of offshore

'shoals.

iv.
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1. Introduction

A. Scope of Investigation
The J\'lunybcrrieq oil field is located in southeastern Albertu,

-

approximately 65 km south of Medicine Huat. This study deals with the

\ 1]

scdimentology of the Switt Formation, the uppermost component of the Upper
Jurassic Ellis Group. The region of study ex'tending from _'["éwnships 1-10 to
Ranges 1-16, encompasses the Manyberries Field in Townships 4-5 (o Kanges
4-5W4M. . ’Thirty—'two wells have been logged in detail from this area,
representing most of the available core of the Swift Formation. Most
stratigraphic sectionsb were des.cribed using slabbed 3.5 inch (9 centimetre)
P .

('z\jcplorati011 ¢ re. A few wireline cores were also logged.

. A vad’-ie“ty‘ of murine'environments. from estuarine to offshore shelf, huave
been, interpreted ‘tO’” Qescribe the depositional setting for the Swift sediment
any rocks in this study area (Reiner, 1982). Post-Swift erdsion which 1‘1us
removed the Swift lithologies has further obscured the stratigraphic reccord
‘(Hayes, 1983). The purpose of this study is threefold: (1) to develop a
workable facies model for the Swift Formation; (2) to ascertain the
relationships betwecen the reservoir properties (porosity, permeability).and
tﬁe facies ;iistributioxl; (3) to determine the diagenetic history of the Swift
deposits an}i the influence of diagenesis on the ~rcservoir properties. This
investigation deals with the interlaminated-interbedded sandstones. siltstones
and mudstones, commonly called tile "ribbon sands" of the Swift Formation.
Because of the complex sediment relationships involved and the often near

absence of sandstone, these sediments will be called the "ribbon sediment" in

this thesis.



.

|

",~ B. Depositional Synopsis - Upper Jurassic to Lower‘éretaceous : ‘

, .
Varlous workers have d18cussed the stratlgraphy of the Upper Jurassm

|

and Lower Cu,taceous of Southern Alberta (Cobban 1945 Welr, 1949

q1mster, 1959 Pocock 1962,~ 1970 Brenner and Dav1es, 1974 Herbaly, 1974;

‘Hayes, 1982) The l1thostrat1graphlc nomenclature used in thls prO]ect will be

Qhat of Hayes (1982), mod1f1ed from Cobban (1945)(F1gure 1) The region of

. i .
study hes to the east of the north south trenomg Sweetgrass Arch "locally in

Alberta referred to as the ‘Bow lsland Arch (Herbaly«‘r 1974) The strata d1p

"

eastward across the study area towards the Wllh.,ton Basm wh1ch l1es further
: e .
to the east (Chrlstopher 1980)(F1gure 2)

During the M1ddle Jurass1c ~marine sed1mentat10n resumed after a.

¢

substant1al perlod of erosion (Imlay, 1957 Peterson 1972) To the -~west off‘f

L d

the Bow Island Arch, outs1de of the study area the Sawtooth I‘Srmatlon (the

'lowermost component of the Ellls Group) was . deposned m a shallow : , k

. eplcontmental sea. " To the east of the Bow Island Arch the Shaunavon

L

Formation (w1th1n the study area) was 1a1d down under shallow margle

condltlons, unconformably overlymg Mlssmmpplau strata The Shaunavon _has'
.. :
not tradltxonally been clasmfled ‘as a component of the Ellls Group yet .

ED]
represents the stratlgr aphlc- equivalent ‘of the Sawtooth Form-atlon»

During further advancement of the bload shallow sea in early Callovmn

,," .

tlmes,_ the shaly, calcareous Rlerdon Formatlon was deposited. Depos1t10n

contmued unt11 the Late Callovmn, when a shght regressmn of the sea
resulted 1n a permdmf exposure and reglonal erosion. - Renewed submdenc‘:e
characterised. early 0xforcuan t1mes, durmg Wthh the transgressxve basal

RE
shale member of the Swift Formatlon was -deposited.




The interoedded sandy-siltstones and mudstones of t.h‘e. ribbon sedtment resulted
from a progressive shailowing of the sea as the s‘horeline advanced seaward.
By-the end of the »Oxfordieh“, ‘subaeribal exposure' dominated the midwest of North
.America, a.oonditioh which would prevail until Aptian time in southeastern
* Alberta. Within this, time'fram‘e‘, ‘intense e®sion t‘oo}_‘{ plaee, with deep
inciéion of the J:urassiciastrata/. ; f

‘The Morrtson f‘ormatibn lies .un,oonformabl& on t}re Swift ‘F-'o'r‘mation in
‘Montana ,. as noted by Cobban (1945). , This continentallde'posit appear§ ‘t-,o
represent uppermost Jurassic sediment:ation (Peterson 1980). Its ‘preSence in -
l, southeastern Alberta- has not been observed and, therefore, it w111 not be/"

\

discussed here. .
Acoumulatioq of the Blairmore Group began in Early Cretaceous Aptjanv
time, commencing with deposition of the coarse ,. fluvial ‘Cut Bank Formation,
Unconformably overlyt’hg the Swift FOrmatior; ' These rsediments were only
deposHed west of the Bow Island Ar(;h and are not found in the study area. P
Prevalhng fluv1a1 condmons produced a second, more w1despread contmental !
_deposn the Gladstone Formatlon \‘charactemse by finer-grained channel,
‘floodplam and lacustrlne sed1ments (ChrlstoJ:r 1974), which unconformabiy
-o‘ver‘he the Swift Formatlon, in southeastern Alberta. ’fhe Beaver Mines
\Formation,‘ a continental .sands'tone of Albian age, caps the seqdence',

concluding Blairmore sedimentation.



_Figui‘e 1: L\ithostrétigraphic nQmenclature in southern Alberta and northern

. quﬁna. (Modified from Hayes, 1982).

i
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I1. Facies Descriptions

A. Introduction
\

,"At'ter _cdreful examination of the uvailatgie core .of the Swift Formation,
it'bec.ame apparent that sixvrepreée‘ntative fécies could successfully describe
the entire@ sequence (Figure. 3)..’ thies were pﬁmarily s'ubdi,vided. on the basis
of lithology and se_diment‘ary structures (including bioturb‘ation). Céreﬁpl
note was taker‘;, of the iron compoundsi‘preéénf fn the‘ sedimeﬁts l(sidérite; ‘

- pyrite and glauconite), as well as presence and abﬂﬁdance of orga.hic' detritus.
These divisions were chosen strictly for descriptive. purpoées éngi l;e,ar no -
41“e1ation to !ahy pre-existing stratigraphic sﬁbdivisions. ‘ Th; facies dcscribed
below are ii‘sted in .as'cendin‘g stratigraphic ordef, throu‘ghout the study
region. . The uniformity in superposition of individual lithofacies Aallo'ws'this‘

apprbach to be consistent throughout the region.



Representative section of. the Swift Formation

S a.

14-5-6-5W4M
Relative sediment percentages determined
“from core ‘ : ,
b. Sedimentary structures within facies
c.

“Resistivity log response in Ohm-metres
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11
B. Facics 1

Mudstone-Shale Facies

The lowermost fucies of the Swift Formatjon consists of friable mudstones
and splintery shales. This facies wuas elevated to member stultus (Shale
Member) by Cobban (1945) from outcrop work in Montana. Hayes (1982)
recognized the lithological continuity of the shales northwards through
Montana and into southeastern Alberts (including this sfudy arca).

\

The facies is primarily structurelegs mudstone and shale, with a minor’
silt component, _éccurring as lenses or as individual grains dispersed within
the ‘finer—.grai'ned mudstone and shale. The silt fraction seldom excecds .025
nln; in diameter. Detrital carbonaceous fragment‘s are a common matrix
accessory. Small silt to sand sizu‘glauconitic particles are commornly
dissemina@d'throughout this lithology; less commonly glauconite is
concentrated in thin laminations. . Nodular authigenic pyrite occurs
sporadjcally .

' The basal contact of Faéies 1 is often poorly represented in cores from
the study drea, due either to lack of coring or pbor ‘core recovery. At the
type locality.l(rvlontana, NE 1/4, Section 27, TWp 28N, Rge. 10W) a basal |
chert-belemnite éonglomerut_e disconformably overlies shales of the Riefdon _'
.Formation. In southeastern Alberta this_ conglomeratic contact is preserved
solely inv the McColl-Frontcnac Union 9A—22.—3—8W4 well at 704.3 metres (2290
: t‘e_et.). ) The disconformable co’n‘tac’t with the underlying Rierdon Formation would

appear to prevail as indicated by an abrupt kick in the resistivity, gamma and



sonic logs (Hujcs, 1982). l{cgionully this "Rierdon Shoulder" is not always
consistent with “thc basul Swift contact (Peterson, 1957). In the study
region, however, it appeuars to Abc a uscful marker.

The upper contact of the Mudstone-Shale Facies appears to be somewhat
léss uniform. In outcrop, ut the type section, a second chert-belemnite
- conglomerate occurs at the upper contact of the Swift shale (Facies 1).
However, this was not observed in cores examined in this study. In core, the
contact may be shurp or less commonly gradational into the overlying ribbon
sediments (Facies 2 or 3). Rarely, the light ribbon sediments (Facies 4)

sharply overlie the massive shale (Facies 1).
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C. VFocies 2

Lenticular - Silt-streuked Dark Ribbon Sediments

The lenticular - silt-streaked shale (Facies 2) of the dark ribbon

oy

sediments is characterised by silty, millimetre-to centimetre-thick
intercalations within a shualy mudstone (Plate 1). The silt {raction seldom
exceeds 156% of the total sediment mass, with this facies dominated by a dark,
cohesive mudstone, rich in organic matter. Luminated sediments range from
mudstone to siltstone. - Silt luminae commonly display single to double grain
thickx-lcsscs, but may extend up to 1.4 centimetres thick. Laminations are
sub-parallel; rarely they occur as unidirectional low-angle cross-stratified
beds, with mud and orgunic. drapes.

Silt bdnds are lenticular and may be isoluted into pod-like discs within
the mudstone. Minor soft sediment deformation on a centimetre scale was
observed in some cores. Burrowing is observed throughout the facies, although
the burrow density is commonly low.

Glauconite is dispersed throughout the facies and is commbnly'
concentrated as burrow infill. Pyrite is frequently obse%ed, typically as
nodules ‘ranging bétmzen 1-8 centimeters in diameter.

The u‘ppér contact of Facies 2 is‘g'radation‘al with the overlying
irregularly to wavy bedded darkv ribbon sediments of Facics 3. In some cores

3

"Facies 2 interfingers with Facies 3 in zones up to 40 centimetres thick.



CDIL Facies 3

Wavy-lrregular Dark Ribbon Sediments

This facies consists of intcxx'lu/minntod sandy-siltstone and organic-rich
mudstone >(Plute 2).  The coarser layers are generally composed of coarse
grained silt-size material, but may contain an admixture of silt and very fine
sand-sized grains. Fucies 3 is genefnlly of sublitharenite compositi‘ . The
percent of interbeds of detrital clays and organic matter (,iecreusé upsect'ion,
‘while the sandy-siltstones become thicker and more continuous towards the top
of the unit. Thickness of the coarser interbeds is nbt constant, with laminae
ranging from less th‘an 0.1 cm to 1.8 cm in thickness and pinch-outs commonly
oceurring hcfoss the width of a core (9 centimetres). In most cores examined,
a slight coarsening-upwards sequence is detected within this facies, as well
as a decrease in the proportioﬁ of detrital clay upsection.

, Glauconite persists as the major ifon—bearing mineral constituent,
commonly associated with burrow infill; less comrﬁonly concentrated as thin
laminae within the silts. These glauconite p:irticles are the alteration
"'prd’?ﬁyct of an illitic precursor, which became iron and potassiuﬁx enriched ét
or below the sediment-water interface. Pyrite is abundant, occurring as

i, mférocryétallinc agg_regatﬁeskand nodules.

=

g : ) : : : . G
o ‘Bedimentary structures are more complex in this facies and are not

B3] ) ,
necessarily consistent regionally or even within an individual core. -Much of
this reflects grain- size variation. Bedding tends to be irregular, although

it may become wavy or cross-stratified. Burrow density varies considerably

throughout the facies. A complete spectrum is found to exist between total

N



bioturbation and an absence of burrows (Plate 2). Burrow structures are

int'crconngsct the sandy-siltstone laminae, giving the lithology a very mottled
appearance: “

Reactivation surfaces }urc found within this facies and commonly exhibit
casily identifiable characteristics. The first type of reactivation surface
is characterised by a break in sedimentation, apparently induced by a period
of non-deposition. Frequently a slight colour change occurs, across the
boundary, with darker muds typifying the upper contact. Intensc bioturbation
may -also be seen in the region 2-5 cm below the reactivation surfuce. Nodular
pyrite is also commonly observed just below the reactivation boundaryx within
the bioturbated sediments. Thesc features associated with the reactivation
surfaces are best observed in core from the' 15-12-5-5W4 well, between 1119 m
and 1124 m. A second type of x;euctivution sgrface is produced by change in
th,e apparent depositional direction. In a few cores appar‘én: bidirectionality
occurs in-the faw-angle cross-stratified sandstones. This is best observed in
the 6-2-4-7W4 well at 892.3 m, b;}t may also be found in the 10-34-2-7TW4 well
(927 m) and the 9-22-3-8W4 :Nell (879 m).

These dark interlaminated §’ediment§ are overiain by the more oxidized,
organic-poor, light ribbon sediments (Facies 4). The contact is gravdational,
marked by a progressive loss of organic matter in the mud laminue, as

indicated by a lighter colouration in the sediments upsection.



_E. Faciesd

Light Ribbon Sediments
‘The‘ ll"irght 1'i‘bbonksediments ‘of Facies 4 are ve.ry comparable‘to the
underlymg dark rlbbon sedlment»s but dlffer by the- absence of orgamc matter
‘w1th1n the mud lammae, “which are now very hght grey (Plate 3). ' Lamination

t.hlckne'sses;v are- shghtly greater Y(Range 0.1_ em to 2.4 cm), and “the facies
-cohtair‘xsj- :a"-v:greater probortion of silt and sah-d |

Glaucomte occurs throughout most of the facles, but decreases upsectlon
and dlsappears near the top Pyrite no _longer appearsvto be a stable.
authigenic iron _compound, as it was observed only rarely near the basal
contaét of ‘the facies. Slderlte, appears mldway upsectmn within the hght
ribbon sedlments occulrmg as sma.ll spheruhtes whlch are dlsperse? or
preterentlally concent1 ated in the sandy lammae The‘se small coné'retlons
increase both in size and number towards the upper contact. In some cores
"siderite become's rad1a11y spheru11t1c towards the top of the factes.

The light ribbon sediment, is lrregular to wavy bedded generally becommg
" more wavy: towaros the upper contact Small_scale cross—beddmg is slightly
.more freqUerit in -this facies, relative to”l‘-‘acies. 3. Flaser beddmg rarely
occurs.- Ihmor soft sedlment deformatlon has been ‘recor ded in’ Facies 4 of some .
‘cores, as well as a few scour—@nd fill structures Burrow density is |
generally lower in the llght rlbbon sedlments than in Fac1es 3, although local

bioturbation zones . do cx1st
R




A varlety of contacts are observed at the top of this fﬂCIGS ‘The

..greatest d1fflculty in the 1nterpretat1on of the upper contdct occurs where

/
/

‘._post—Svuft erosion has takell place Fluvial processes have created

pre- Gladstone topography, I‘esultlng in removal of s1gn1f1cant proport1ons of

the Sw1ft.Format10n. The upp.er,facxes are greatly/affected, with the frequent‘_

-loss of this original depositional contact; A secori//Acl compllication'stems fr‘om
, o /

variation in the up'permo'st facies ~ Regional dlfferences in the deposmonal

env1ronment results in hthOlOglcal contact d1fferences ‘A gradational

‘contact seems. to represent the general case. The gradational interval,

g however ranges in thlckneSs from a few centlmetres to greater than 2 metres.



F. Facies 5

Méssive Silty Sandstone .

The uppermost faoies of the section is preaolnillazxtly a massive unit,
displaying a range in lithology fro:m siltstone tol"medium—gfained sandstone.
Bimodal lithologies of silty sandstones are most commonly obsew%ed with the
constituent sands in the medium- -sand grain size (Plate 4). ‘This facies is the
most difficult to distinguish w_ithin the Swift’ Formation, ‘because of its
reselnblance to tlle‘.overlyin_g-‘. Gladstone 'Formotion. Tl‘ie gradational ‘contact
_ with the underlying light ribbon sediment is often neoessary for accurate
iden_tific‘ation, 'as the basal‘ Gla’ldStone contéct is‘erosional. De't—rital clayo
vary 1r1 abundance from core to core. - The unit genexally coar\iens upsectlon,
'but local fnung upward bequences occur. |

Glaucomte was not observed in Facies 5. Siderite occurs as dissenlinated
soherulites wluch diminish in abundance upbectlon Carboné_ceous detritus is
~uncommon in these sedlments |

CaI'_'bomzed rootlets are visible'io. soveral cores, btlt this is not
oiagnostic of this facies. Minor soft sediment deformation occul-s ‘in the
siltior cores, 'but s only locally a. typic'a‘l nst‘rucjcur'e. _ In‘ two cores
'6—28-5—5W4 and 5-14-5-5W4 possibly alterod rootlets containing.clay aocl
‘calcium carbonate were found towards the middle of the unit. 'Cloy intraclasts
occur within this lithol‘ogy, particularly near the basal oohtact‘.‘

"rhe upper contact of tlle silty—séndstones is'-erosional ’and the facieo is
cofnmonly absént owing -to the post-Swift fluvml crosion and the fact that the

‘deposnlonal thlckness of the sedlment was orlg'mally qulte thin.
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G. Facies 6
Stringer Sandstonevv

Facies 6 consists of stringer-like medium ‘g'rained" sandst’o‘nes‘ .which
‘interfinger at irreguiar intervals intcit.he Swift ribbon 'sediments (Facies ‘2,3'
arld 4). This‘ facies. does not occur strAatigrephical.ly: aboye Facies 5, but is |
listed last because of its intérfacies reletionship with tﬂhe.‘ribbon sediments.
/The reservoir quality of the Swift Formetion, as mill be 'shovrri later, is |
largely dependent upon the occurrence of this fames The sandstcne lenses
vary in thickness from a few m1111metres to greater than a metre (average
thlckness of 1.8 cm). The basal contacts:-of the co‘arser .ribbon ' sandstones ere
commonly loaded into the 1‘ibbcn sediments (Plate 5A).;' '

| Pyrite'is— not as common in this facies, as'compared«With Facies 3,l It
occurs in nodular form solely'in those stringer sa'ndgtories which occ,ur within
the ciark ribbon’se‘diment's (Eecies 2 _anc 3). 'Gleuconite ie dissem‘i-navted
'throughout the lithology or concentrated in .burrows. -

These etringer'—sandstones are commonly massi've and occasioﬁally graded.
. Less commonly, the thicker umts have low- angle Cross- st1at1f1catlon
Burrcwmg is frequently associated- with this tac1es resultmg in much ot thc
sand-size component being 1cdlstr1buted by orgamsms mto ‘the under‘lymg and

. overlying sediments. Poss1ble blogemc escape structures were also observed -

in some' cores.

.
.



(I Petrography
A. Introduction

Th\irty—six thin sections;_ representing the. ‘v'ariovus'»faCies ‘.of the Svrift
.Formation were er{amined, petrographicelly and 1§'sba'mple's were studied with the
scarming electron microscope.' All speCimexls from ‘whieh thin: sections were cutl
were impregnated .'with. a blue _epox;r—plasfi_c‘ to enhance recogrxi'tion- of fhe pore
.spéces within the lith"olog'ies.' .'Stainiril'g for potassium -fefdspar was done in
several samples. |

'.'All perticles were classified by the ‘phi 'grade 'scaie ilx_ltroduced‘bly E
Kruml.)ei.r.lw, (1934).._- lﬂeter‘minétion’ of particle size by th..in» section te,c_'hni.ques;
',_may inaccurately depict the disfributiorl of the grain popuiatioh (Blatt et

1980) In a- randomly oriented section, the largest grains of, the o,
populanon are most hkely to be cut. Add1t1onally, a preferred gram :
orlentatlon may bias agamst the maximum gram 51ze, 11 the largest gram axes
are not in the plane of the sectlon Smce-'only the maximum graln size

observed w111 correspond to the true size,of the perent population (Blatt e_t ,

a_l._;"198f)), the Iongest axic was measured\on point counted .p"artieles.
_Sorti}r;xvg- coefficients were assessed usi. g the ’graphieal methods of Inkﬁan
1 (1952). Sediment roundrle.,-s was determirre ‘by v'iSual comparisoﬁ of grains with
the P'owers (1953) st'a'n.dard images{ Usmg the cla351f1cat10n scheme of" Dapples
 ('1972) partlcle framework and matmx assocmtlons were mterpreted fOr

indivi‘dual fac1es. Mmeral percentages were assessed using a -gram counting-

method along incremented traverses across various thin sections. All thin .

- 90 =



section counts exceeded 400 grains (Figure 4; Table 1). Textural and
diagenetic interpretations of SEM-imageé was based on the work of Dapples

(1972), Hayes v(197.9),»Sc_hmidt and McDonald (1979) and Pittman (1979)(Table 2).



Fi'gure 4: Terndry.‘dizigram of framework constituents for Swift Formation Facics

2 to 6 Folk (1968).

_f fields: ‘a. Quartz arenite
"~ b. Sub;i‘kosic arenite
c. Sublithic"e.x‘reni'te _
" d Arkose ‘
T e". Lithic'arkos,'e
f. Feldspathic:lithic aré‘nite

g. Lithic arenite

(Individual points were produced from grain counts in excess of 100 grains.

" Four cores were examined.)
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TABLE 1

MINERAL o O FACIES
2 3 - 5 6
QUARTZ 55-60 60-70 70-75 40-50 - 40-45
ORTHOCLASE . 4-7 e 5 1 1-3
PLAGIOCLASE 1 ¢ 1 1 0-1
~ ROCK FRAGMENTS 3-5 3-7 47 35-45  40-45
(CHERT)
BIOTITE - 3-8 4.7 2-4 TRACE 0-2
MUSCOVITE ~ 7-12 4 37 TRACE 1-2
SIDERITE - A 0-15 0-10 -
GLAUCONITE 37 2-5 0-5 - 07
" PYRITE 3-5 4-5 - - 0-5
1 1 1

" ACCESSORIES 11

*NOTED ACCESSORY MINERALS - INCLUDE: HORNBLENDE,VZIRCON, APATITE, CALCITE,
" DOLOMITE, BARITE AND EPIDOTE. ' '
Percentages for each facies were detefmihed from grain counts exceeding 400

- grains (4°to 6 thin sections/facies)



FACIES FRAMEWORK _
CLASS

2  SUBLITHAR.

; VSUBLITHAR.

; | SUB;ITHAR.
| ’; | LIT;AR.
g | LIT;AR.

*CEMENTS: . K - KAOLINITE

I - ILLITE
S - SMECTITE
M - HEMATITE

TABLE 2

GRAIN SIZE

(mm}

.035

.081

.235

LISTED IN DECREASING CRDER OR IMPORTANCE

ROUNDHMESS

SUBROUNDED

SUBROUNDED

SRND. - SANG.

SUBANGULAR

SUBANGULAR

CEMENT*

K/1/S/H .
K/1/H/S

K/H/ 1

K/H/S

K/ 1/H/S



MH
Figure 5: Grain size distribution for Swift Formation Facies 2 to ¢ (framework
constituents). Histograms for cach facies werce derived from 4 to 5

thin sections (grain counts in excess of 400 grains/thin section).
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B. Iacies 2

The lenticular silt-streaked shales of Facies 2 are composed of laterally
discontinuous siltstone laminae enclosed in dark organic-rich mudstone (Figure
5). The framework constituents of this facies are dominated by quartz, which
‘ranges from 55 to 50 pefcent of the silt fraction. Phyllosilicate minerals,
particularly muscovite, are most abundant in this facies, many of which show
alteration. Hematite coatings are commonly present on biotite. Grain |
orientation is most notable for these platy mincrals, wifh orientation
parallel with bedding planes.

Orthoclase feldspar is commonly obéerved, with 6nly minor at}uounts of
plagioclase present. Scanning e’lectrou microscopy\\reveals extensive etching
and secondary solution of much of the potassium feldspar. Mosaic solution
patterns are commonly observed, controlled by crystallographic constrictions
(Heald and Larese, 1973). Solution in some cases was so intense that only
fragmented outlines of grains are preserved.

Identification of chert fragments is often complicated by the fin.e grain
-size of the framework constituents and diagenetic-alferation. Glauconite
occurs throughout t'vhe sediments of/this facies in varying proportions and
particle sizes. Glauconite particles are comrﬁonly elliptical and slightly

larger than the framework constituents (0.12 - 0.22 mm). _This component is

\
\
\

often associated with burrow fill (Plate 8A). Additional accessories include

hornblende, apatite, zircon, calcite and siderite.
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C. Facics 3

The dark ribbon sediments of Facies 3 have an increase in average grain
size and a decrease in mud content relative to Facies 2 (Plate 6A; Figure 5),
ulthough a rhythmic interbedding of coarse and fine layers, similar to Facies
2, is‘maintéined.

Monocrystalline quartz is the dominant framework component, with its
percentage varying between 60 to 70 percen't. A variety of solution textures
arc secen with the scanning ele‘ctronw microscope. Etching and pitting occur on
quartz surfaces with pore access. Closé examination of pitted surfaces
generally reveals a preferred orientation for solution scours, reflecting the
orientation of cleavage pla}\es (Subramanian, 1975). Quartz grains also have
minor overgrowth development, with most of the grains lacking typical quartz
crystal morphology.

The major supplementary minerals uare similar to those of Fucies 2,
occurring in comparable percentages (Table 1). Partial solution' of orthoclase
feldspar also occurs with several spectacular examples illustrating
crystallographic coritrol on secondary texture (Plate 16). Hematite coatings
on biotite also appears to prevail throughout.the facies.

Pyrite is the most abundant iron compound in these dax;k ribbon sediments.
As with Facies 2, this component oL‘curs randomly in nodular form and may also
be found dispersed within the argillaceous lamimae. In thin section this
amorphous-microcrystalline phase is often observed engulfing detrital grains.
Accessories similar to .those found in Facies 2 are also observed. Apatite,

. . i
zircon, calcite and siderite are present with the additional occurrence of

-

dolomite and barite, established by. X-ray diffraction bulk analysis (Reimer,

¥

1982; Home 0il).
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D. Facies 4)

As indicated by its light colour, -the more highly oxidized li‘ght ribbon

.sediment ‘displays a much’ cleaner petrographic ‘appearance (Plate 6B). This’

primarily reflects the near absence of i)‘rganic detritus and & slightly varied

clay mineralogy. The rhythmic intei'lamination of mudstones and quartz-rich

R

sediment continues in this facies, with a minor increase in the mean detrital

gi?hin“ size (Figure 5). The coarser sediment within the laminae are

™

fine~skewed, very fine-grained sandstones.” The mudstone laminae, enriched in.

silt—s‘izéd‘parfticlé‘s, may be cl‘assifie:a:.z“i"s ‘a "waéi{e" framework (Dapples,_'

1972).

| The framev;ork mineralogy is dominated by quartz. .Althdugh this
cox%stituént‘has~ih.c‘reaseg; iﬁ abundance only marg’inélly from the ‘dark ribbovn
'sédiments (now représenfir;g_m to 75 pgrcent of the siltstone and sandstone).
it now appears‘“more dominant because lc;f the absence of érgar;ic constituénts.
Q.uartz “overgrowt'hs on grain boun‘daries are’more common and génerally. display

better crystal development than m Facies 2 or. 3. ,Surface solution is a

common feature ‘associated with the quartz 'surfaces,' most readily observed on

diagenetic overgrowths. This agrees with Dapples (1959) claim that quartz

_solution will take place after majbr overgrowth »de"vel‘Opmeht.

The mineralogy of.the additional framework éons‘tituent‘s is similar to the
o | | ‘ s o
previously discussed facies, displaying comparable phases and phase .abundances

(Table 1).  Glauconite.is a persiS‘tent ming'nal,withinv.v,m():st of the light ribbon
. . . & \:.‘v‘.»~/ . L

T,

sediment (range 0 to 5 percent of Ehe'minér’al é’omponents), but tends to

Iy

decrease "ups'ect'ion disappeéring towards the %‘6p of this facies. Althbugh

_ siderite may be observed within the dark ribbon sedifnen-{s, this mii. ral is

characteristic.ally associated with the upper portion of the light ribbon

sediment,

=)
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Siderite concretions range in size from 0.1 mm to 1.8 mm, with mineral
' 0

~ diameters generally increasing towards the upper contact of -the facies.. In

many cores, the eiderite in the uppermost portion of the. facies is radially

spherulitic (Plate 7TA). These concretions. typically engulf primary framework -

_constituents, but may also be observed "pushing" adjacent grains aside,

suggesting in situ development. Thin iron oxide halos may'~be observed around

the concretions.

_E. Facies 5

The uppermost fa01es of the Swift Formdtlon ‘is very d1fferent '
petrogxap}ucally than the underlyjng ribbon sedlmen"ts Gram—sme ‘
dlstrlbutlons of framework constituents are less consistent, with ‘sediment
sizee varying bAetween very fine siltstone and medium—grained- sarf"xdstone (Figure |
5). I - - S

.The mineralogy of this facies is .dominated almost entirely by detrital

_ quvartz grains and chert fragments. The framework quartz is quite diverse in

terms of crystallinity 'ranging from monocrystalline to polycrystalline», with a
complete spectrum between these two end-members. The ma]orlty of detrltal

chert flagments dlsplay a typlcal mlcrocrystallme quartz fabrlc Some chert-

;"fra,gmvents are composed of a comb1nat1on of mlcroquartz and megaquartz in

~ mosaic patterns Rarely the’ chert fragments exhibit a variety of flbrous

chalcedonic textures. Arg’illac'eous--rock fragments also occur, bl%t they
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represent only a small percentage (less than one percent) of the framework

components. Authigenic siderite is commonly present near the base of Facies

5.

F. Facies 6

The ‘coarser strlnger sands of Facies 6, are well sorted h1gh1y porous
sedlments (Plates 11A, B and C) They are not enr1ched in orgamc materla“l;
yet do contai.n fragments of. carbonaceous matter,“partic‘ularlynwhen' these
' stringers occur amidst raéiés‘z or 3 _'(.Pla'te 7B). ' The sandstones are
predommantly clay -cémented, but ‘appear to have been cemented earher by
calcmm carbonate which has since undergone secondary solutlon "This -earher
" cement 1s indicated by the occurrence of interstitial calmte, encased in
sealed pores ‘

The compost1on of the framework constltuents is 51m1lar w1th that of
. Facies 5, w1th_‘on1y minor. except1ons (Table 1). Chert fragments and quartz ‘
' grains are the dominant consti_tuents, with textnral and crystalline variety
s1m1lar to the uppermost Facies 5. Quarti‘overgrowtlls' are most common in this
facies, dlsplaymg the best crystal morphology (Plate 12). vMinor framework
comnstituents mclude orthoclase plaglocldse, muscowte blotlte, glaucomte

and - pyrlte. : ,
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IV X-ray Diffraction Resuits

X-ray diffIA"actio‘n analyses of the clay minerals (léss than 2um fraction)
we"re p;zrforméd on the rﬁaj()r facies within theASwift Formation (witﬁ the
exception of F;acies 1). "Shale from the lo;yermost lithology (Facies, 1) Wa'§ n‘ot

bt - '
avail‘a‘ble for analyses. Samples :vere taken from the most clay—m%ch zbnes L
within individual facies (i.e. shale laminae). Clay analyses were performed
on the Shell 14-5-6-5W4 well, because it bést represented a tjéica}_ succession

of litllofgciés. Mineral identification was based on dif'fré.ctograms produce:d
- from’ Ca-andf K-saturated sample&%nd éuxillgry XA—ruSr scansn of 'Cta—sa't~uratcd.~
glycol clay samples and. heated K—;aturated samples. ngples weré. irradiated’
,.with CoK radiation, which is typically used for identifying ir;)n—rjch '
minerals. Cok radia'tiblnv is most effective in clay mineral identification due
"to‘greater resolutiori vat‘vlow angles (F.J. Longs.taffe, pers. comm.; Igriasiak et
al., 1933). The results bf these procedurés are liSfed in Table 3 and the
glycolated charts are px.'e.sented’ in Figures 6 and 7. |
The clay mineralogy varies systematically from étratigraph‘ic bottom fo B
top. The'ldwermostA ribbon sediment faciespontains the greafest;nelative
percentage of illite as .wellv as 'smectite (Table “4). Both components decrease
volumetfically upsection; with the di’sappea’ra;née of smectite in the light.
ribbon sediment and the loss of illite in the uppermost Fac»ieé 5.
.Corresponding'ly, kaolinite systematically: increases upsection, becoming
overwhelmirhlgl.y\' domin‘ant within the upper facies (Table 4). A mixed-layer

illite/smectite pvre.vails t‘hrough'out'much of the ribbon sediment, also

decreasing in abundance from bottom to top. - This constituent is best

- 33 -
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"developed in the porous stringer facies ‘within the lower dark ribbon sediments
L (Fécies 2 & 3). Quartz is present '_'throgg'hou-t all of the facies snd minor

. chlorite is ob.serv’ed within the lo_werm'ost ribb_on sediments (Facies '2)‘.' '



TABLE 3

k
FACIES KAOL ILL AN
2 "+ : P
3 - + + ’ _‘+
4 +- + -
5 + - -
6 + + +

‘*PRESENT'(+i-
NOT PRESENT (-)

KA@LA—FKAOLINITE

ILL - ILLITE ,

IN ; MIXED - LAYER ILLITE/SMELfITE' :
'SMi— SMELfIfE- |

QTZ - QUARTZ

. SM
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QTZ



FACIES -

ILLITE PEAK
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o Figure‘é: X-ray diffractograms (Cu~Saturuted' glycol) fox;‘Fucies 2 to 5, listed
" in asc_'en,ding order from stratigraphic bottom to top.
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Figure 7: X-ray diffractograms (Ca-saturated glycol) for Facies 6.
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V. Depositionul Processes
A. Introduction

The sequence of Facies with the Swift Formnt.i-on_.is lithologically simple.
Dcvelopmenf of a Facies Model for this coarsening upwards sequence may be
cvaluated primax_'ily on the basis of sedimentary structures. Additional
support for environmental interpretation may be drawn from authigenic iron
compounds, trends in clay mineral asscmblugeé and regional fu_'cies

distribution.

B. Muastone-Shale Facies -

flxe fine-grained sedimernits of Facies 1 were deposited under .Ipw energy' .
conditions. -Suspexision sedimentation is suggested by the. lack of sedimentary
structure and the very fine‘ grained nature of the sediment. Minor lenses of
silt and glauconite imply deposition under slighﬂy highe‘r energy ;:onditions.

Cfoss-sﬁelf transport of fine-grained sediment may be aécomplished by
eddy diffusion or advection in sémi—permanent currents (McCave, 1972).
Advective tran:port invélves the net horizontal movement of suspended material
in a moving water mass. Advective trausport is most effective off the mouths
of rivers (residual current). -Sediment plumes, observed off deltas, carry
- sediment well offshore, most evident at times of flood stage river discharge

(Kulm et al, 1975).
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Water mixinp,: by wave action and tidal currents along coastlines may also
transport finc-grained sediment offshore through processes of diffusion.
Diffusion moves sediment from areas of high concentration to arcas of low
concentration in an attempt to }muintuin a uniform particle distribution; sin%‘{e
arcas of highest concentration are nearshore diffusive transport is directed\
offshore (McCave, 1972). This mechanism is of far less significance to
.offshore sediment transport, compared with the advective processes.

Offshore dissibation of transporting currents results primarily in
sus;ension settling of the entrained sediment (Whitehouse et al, 1960; Edzx;rald
and O'Melia, 1975; Gibbs, 1977). Settling will begin when the competency of
the diminishing current can no longer hoid the particle in susbension.

Particle size should decrease seaward for sediments deposited.'frum an offshore
‘moving water- niass. Although bioaggragation is a recognized process
influencing clay sedimentation, it does noi dominate the process and pattern
of deposit‘ion_on continental shelves (-Car»de'r et al, 1971; McCéve; 1“972).
Thérefore, specific clay minerals are Anot selectively influenced"' by organic
aggragation. g ' |

| The occurrence of thin silt and glauconite lenses Qithin the shale if_acies
may have resulted from either increased competence of seaward movﬁrig water

masses or the development of a storm induced density current (Drenner, 1980).

The latter will be discussed in the following sections.



C. - Light and Dark Ribbon Sediments

The dark ribbon sediments (Fagjes 2 and 3) are heterolithic lithologies of
interlaminated siltstones/sandstones and shales. Low depositional energy is
suggested by these predominantly stx'ucturelcs's fine grained sediments, with
periodic incrcuses in current stren[;"th for deposition of the small-scale, low
angle cross-stratified coarser laminae. )

In the light ribbon sediments of Facidé 4 the grain size and percentage
of framework constituents has increased from Facies 3. Lamination within the"
light ribbon lithology is wavier and the occurrence of small-scale low-angle
trough cross-stratification has increased slightly relative to Facies 2 or 3.
This suggests a mor® proximal depositional environment (Clifton, 1983).

In the modern sertting, transport of coarser silts and very fine sands
across continental shelves is accomplished during the higher energy winter
season (Kulm et al., 1975). Strong winds blowing onshore cause surface waters
to b& directed towards the coast. This results in the downwelling of surface
_water acijacent to the shoreline. An alternative mechanism for offshore
sediment transport has been offered by Walker (1984). Under the influence
of gravity, sediment laden currents may flow down the sloping shoreface and
dissipéte across the shelf. VDesciendfmg water masses are’ directed away from
_the coast by an onshore pre'ssure gradient, induced by the upward sloping
shoreface (Smith and .Ho-p“}‘(in‘s, 1972). These large-scale descending waterl
masses are referreé to a's geostrophic currents. Cum'en;velocities are
prdportional to the pressure gxfadient induced by onshore water accumulation
-(hydraulic head). 'Geostrophic current velocities may exceed the critical

- shear velocity (40 cm/seé), required to entrain sand-sized particles (Smith and

" Hopkins, 1972).
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Sediment transi)orted offshoré wﬂl be deposited dystemicaily as the .currb_é‘nt
energy decreases. The resulting particle 1‘ractionati'on shows a ,decr’easing
grain size distribution in the sea.wax)-ud diré‘cti‘o‘n‘. ‘The upwgrd coarsening
sequence within fhe Swift Formation suégests a similar fractionation.'

-

D.. St'ructureless_ Sediments

~ Facies 5 represents the‘rr‘]_ost lithoiogical_‘ly dilvez(rse‘ unit within the Swift
\vFo‘rm.a'tion,' with ]itif)l‘ogies ranging from silty mudstones to medium-grained
sandstojnes. : Mostio.fi'. the sediments are structureless,ahd become coarser
grdined upward. These features imply tKhat depoSitional Qné.r.gy‘ has varied both - .
stratigraphically ‘and regionally, suggestihg that Facies 5 has accumulated by
\ . -
more than one process.

The deposition of massively bedded sedimenté is not clearly 'ﬁnderstood.
Very'rapid deposit-i‘o;nl‘ from tupb-ulent suspension or deg_gsjfion from very highly
concer}'trated_ sediment dispersidns, ‘can result in struc{'lclxreless beds (Blatt, et
al, 1980).° Sediment—laden currents experiencing deceleratidn, deposit their
suspendeg;load very'rapidly; Particle; bt‘>_ecome ,bd-ried and effectively |
v‘immnobilised before significant bedload movement can’ take”l ;ﬁacé (Collinson and
Thompson, 1981). .

High-energy currénts are most easily generated during stordu events.  In .
some cores, faint bedding distinguished by sediment variation, Suggests
suc,cessive‘ depositibhal events of varying intensity. Depositional processes

\

for Facies 5 ill be furfhéxj examined in section 6.

|
|
I
i
|
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E. _Sfrin‘ger Sandstones

’ The medium grainebd sands't'one stringers of Facies 6 are found
throughout the Swift ribbon sedir.nents.‘ The freq‘uenc’y of- this lithology
decreases downsection, becoming near absent within Facies 2 of the dark
ribbon sediment_s.' As discussed in section 3, the petrography differs from
the enclosing ﬁbbon sediments. The petrography of the Facies 6 sandstones
is most similar to the petrc v~aphy of the_ uppermost Fa\cies< 5. The dramatic
grain size difference' between the cogrser lenses of. Facies 6 and the silty
-~ facies s_uggests that the Fecies 6 sands were emplaced under higher ‘ener'gy
conditions. Rapid deposition ’is suggested'by the‘oc'currence og loaded basal
contacts, the ‘lac’k of sedimentary structures,. graded b;\é_dding‘end‘ biogenic
escape structures, implying deposition from sediment grarity‘ﬂow‘s.

On most modern day continenial shelves, sands are del;osjted offshore
during storms (‘Stubblefield et al., 1975). Coarser grained' sands are
transport'ed-vacross the shelf by density currents. Current‘éeneratiorl
g appears to be. contro'lled b‘y strong onshore winds .and the development _of_ a
two layer mrculatlon system on the inner shelf. High velocity'winds |
-approaching the coast .at near perpendicular angles will effectlvely shear large
volumes of surface waters landwards., This 'p‘henomenon is referred to as
"wind forcing" (Morton, 1981) and initiates the .ggo layer circulation system v._‘
In counterbalancmg the plhng up of water in the onshore dlrectlon, a return
current is generated flowing in the -offshore dlrectlon Thls_smkmg wate L)
mass entrains and transports shoreface—derlved‘ sediments in an®offshore |

direction (Figure 8). Bottom current dynamics and duration are controlled by'*

several variables. These include the shelf slope, shoreline orientation,
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geographic otientation relative to the storm centre, and storm ‘characteristics

such as surge height, wind velocity and duration, forward speed of the storm
and its angle of approach to the shoreline.(MQrton, 1981).

Deposits similar to the medium grained sand lenses of the Swift Formation‘

_have been observed on modern day continental ,shelves. These sediments w'ere\w'~
‘eroded from the _shoreface and transporte'(‘i”'seaward duriilg hlgh énergy s;ormé.
- Storm depasits are generally composed of 4.1‘ine graine»d éands, with grain size

vuﬁd bed fhickn,e'ss decreasing offshore. Grain size may indicate the c\'ompetency

 of the storm currents, or reflect the sediment sizes available inn the source

area. - ' ’ -
* ‘ _‘42 %
¢

>

N

" Sands eroded from the shoreline during high energy storms have been

- deposited as far as ‘40 kilometres offshore (Reineck and- Singh, 1972), and

* generally range from a few 'centim_etres to a few decimetres in thickness’

3

". (Hayes, 1967; Murray, *1970, Forristal_l' et al, 1977). Sediments deposited

during Hﬁrricane_ Carla extended further than 24 kilo'metres offshore and. |
. - @ O :
covered approximately 800 square kilometres -(Hayes, 1967). ' Bed thickness and

lateral ,extent are primarily controlled by negrs[)hore bottom gradients _aﬁd

L g : _
local channelization across the shelf (Morton, 1981). Storm deposits may be
graded and are frequently sharp-based..

B

Durin'g storm conditions, strong’ unidirectional bottom flows have been

monitored. Murray (1970) measured current veldcities as high as’i.G

: metx‘es/sec, 1 .5 metres off t_he bottom in 6_».3 metre's-o.f. water, 360 metres
‘Offshére, in the Gulf of Mexico (approximately 160 kilometres from the storm

centre). In a similar study _from offshore Galveston Island during Tropical

Storm 'D'elia_, currents directéd seaward exceeded 0.75 metres/sec, 3 metres off

the bottom in 20 metres of water, 40 kilometres from the shoreline {Forristall
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et _zﬂ,‘ 1977) (Fig‘ure 9)'.' Currents of these magnitudes produce bed shear
velocities in exceSS of the, critical 'velocityi' ired for entrainment and
transport or most eand—sized .part-ieles'(és ﬂicted us.ing Hjulstrom and‘
Shields diagrams the cr1t1ca1 slgaar ve1001ty U* 1.3 cm/sec is approximately
generated by current veloc1t1es in excess of 40 cm/sec in the water column, 3°
metres above the shelf bottom (Smith and‘ Hopkins, 1972). Morton (1981) -
suggests that graded sequences are a functlon .of water depth and- dlstance from
the coast. "There are hmlted data available on the generatxon of graded beds

. in offshore shelf settings (Hayes, 1967; Remeek and"Singh, 1972; Nielsan,
1978). Burrowing, if present, is generallv associated with thebtlppermo-st

layerb of the stortn'—sahd depbsit ' However, ‘escape structures do orlg’mate from »

the base of storm- sand Iayers in the North Sea (Relneck and Smgh 1972), an

add1t1ona1 mdlcator of rapld depos1t10n



48

Figure 8: Mechanism proposed for the generation of offshore moving sediment

'gravity flows. The density current in the bottom layer of the water -

e

)
4

column flows offshore in response to shoreward wind  forcing of th

' surface water layer.
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Figure 9: a. Wind and current veiocity pr,o‘ﬁles.during Hurricane Camillle
(16-18 August, 1969 - after Murray, 1970).
b. Current velocity prO_fiIesf during. Tropical Storm Delia (3-5

September, 1973 - after Forristall et al., 1977).

N
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VI, Regional Analysis

The major facies of the upper Swift sediments were examined regionally
within the st{xdy area (Figures 11 to'13). Depositional trends were assessed

by constructing isopach maps of facies thicknesses. In some areas poor core

" control ‘and variations ‘within the facies do not favour the accurate

,reco‘nstructions of 'depositiohal thicknesses. Additionally, a discontinuoﬁs
subcrcn)p,,has‘ complicated regional correlatior:. Post-Oxfordian erosion is well
illulstrated iﬁ an isopach map of the total Swift Fox_'mation (southeastern

, 'All')er.ta and northern Montana; Hayes 1983) (Figure 10).

‘ Both the dark ahd light' ribbon sediments pinch out to the north and west.
This corresponds with a relative increase in thickness of thé non-marine
uppérm‘ost Facies 5>(wiit_'h’its'near absence in the southeastern quadrant of the
Stu‘dy area). - The difection of thinning of the m;rine facies or unitsl can be
used to interpret a vse.dimen‘t sOurce—shox;eline direction. This corresponds to

the thickening trend of the non-marine Facies 5.
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Figure 10: Isopach map of total Swift Formation, illustrating post—Svﬁft
crosion. Note complete removal of the Swift Formation in the Cut

Bank and Whitlash Valleys (after Hayes, 1983).
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gure 11: Regionul isopach map estimating pre-erosional thicknesses of the
Swift Facies 2 and 3.

Contour interval = 5 metres.
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Figure 12: Regional isop nap estimating pre-erosional thicknesses of the
Swift Facies 4.

Contour interval = 2 metres
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Figure 13: Regional isopach map estimating pre-erosional thicknesses of the
Swift Facies 5,

Contour interval = 2 metres
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More detmled isopach .maps were constructed for Range 5, Town‘ship.S,

. where core and well control are quite good (Flgure 14 to 16) These maps

_ clearly 1llustrate the greater deta11 present in th1ckness vamatmn ex1stmg -

in the. SW1ft fames | Thmtnng of all three fac1es occurs near . the centre Oﬁb‘ﬁt

Townshlp 5. ThlS cannot be attr1buted to post- Smft eros1on nor to a

[

paleotopograph1c anOmaly, consequently it must represent a depos1t10nal

‘phenomenon ' The.absence of Fac1es 2 and 3 (dark ribbon sediments) in wells

6- 28 5-5W4M and 8-29- -5- 5W4M suggests sedlment deposmon in a more oxygenated '

¢

‘ settmg The zero 1sopach in Flgure ‘14 1s surrounded by relat1vely thlck

deposits of dark r1bbon sedlment and 1s closely co1nc1dent w1th a thlcker “»\ /-

'. elllptICdl accumulatlon of hght r1bbon sedlment (Flgure 15). These features

correspond to’ the p051t1on of a topographxc h1gh (r1dge or shoal) within- the

: shelf reg’xme i .

of related mterest and add1t1onal reserv01r 1mportance, is the.

accumulatlon of med1um -grained sandstone (Fames 6) to the northwest of th1s

.feature Correlatmg d1agonally across sectlon 29 of Townshlp 5, Range

AA

%MM two dxst‘inct sandstone ‘bodies are- observed both approxunately 0.75 -
L,,OO. meta’e-in thlckness (F1gure‘l7) " In well 6 29-5- 5W4M gooo planar tabular
cross strat1f1cat10n is observed in the sandstone bu1ld ups, Wthh may:

suggest 1nc1p1ent bar development Sand accumulatmn .may have been :

) eontrolled by current deﬁection or convergence around the topographlc rlse

' ‘of l1ght r1bbon sedment to the southeast Recogmtmn of__s;uch top_bgraphm




B 1

features from geophy(sighl control (<s'eislm'ic lines)" might provide a means for |

predicting reservoir .accumulation.

e
¥ s
<
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Flgure 14: Detaned 1sopach map of Fucies 2 and 3 in Townsh1p 5 Range 5W4M
(w1th1n the Manyberries Field) |

Contour mterval = 10 feet = 3.28 metres
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Figure 15 Detailed isopach map of Facies 4’ in Township 5 Range 5W4M (within -
. thé~[‘vlan-ybérries 'Field)

Contour "inte‘rvalf 5 'fee‘t = 1.65 metres
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Figure 16: Detailed iso;)'acp map of Facies 5 in Township 5 Range 5W4M (within
the Manyberries Field).

Contour interval = 2 feet = .66 metres
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Figure 17:

offshore shoul. Correlation line drawn in Figure 14. (Datum™=

Rierdon Uncontormity)
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Peposition of the Swift i’oru;ution began during the carly Oxfordian wi a
large epicontinental seawuy flooded the Western Interior of North America,
marking the third Jul'{lsqju@}Rxsgression "(Brenner, 1980). “Fhé coarsening-
upwards Swift sequence suggésts an increasing cnergy gradient from bottom to
top. This will be shown to correspond to a shallowing sequence upsection.

Facies 1,2 and 3 appear to have been deposited in an offshore marine
setting. 'i‘he lowermost shale unit was deposited offshore during the -
transgressive phase of maripc inundatic'm. ‘“The transition to ribbon
sedimeniation recqrds the onéet of the regressive cycle with its
characteristic coarsening-upwards signature. Deposition of the dark ribbon
sediment ‘wa.s dominated by Quspension sedimentation ,‘With minor marine and

tidal current reworking (inferred from low-angle crossbedding). The presence

2

2
of mud laminae which appear continuous and thin coarser storm deposits support

a subtidal depositional environment (Clifton, 1983).

Burrow densities}} are unusually low for an offshore environment. Howard
and Reineck (1972) sxﬂxgge-st that burrow density should increase with increasing
water depth, hen‘ce distance from nearshore/storm influence. Trends ih burrow
density similar to thdse of the Swift Formation are described by Hill (1985) |
»in the N.W. Gulf of Mexico. A decrease in diversity and abundance of biogénic
sedimentary structures is observed ‘with inéreaéing watex depth across an
‘interlaminated size-graded shelf. He attribu'ges this primariiy to seaward
increasing sedimentation rates and an }unde; Ebnsec)l_idated sﬁbétrate serving to

preclude preserwvation. Similar conditions may have(g(evailed during the

7

L
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deposition~of ‘the Swift Formation. This may further suggest a very shallow -

\\
of nearshore processes. . ,,," :
. /o e
Further support for an offshore/depositional setting may be grawn from -

1

offshore setting within the Oxfordian- &ea whlch could enhance the influence

7

evidence missing from a nearshoré or intertidal en_v_ironmentf - Neither rooting
nor mudcracks were observed within the dark .ribbon‘.lithologies, both of which
are commonly diagnostic ot intertidal settings (Ciifton ”1983)  The absence

of channel sequences and assoc1ated current bedding further comphcates a
_nearshore model - Typically along present day .macro to meso-tidal coasts, a
complex sequence of current -generated bedforms in nearshore sedlments is

S &
observed. Hor1zontal and cross-stratification are typlcally absent within the

upper Swift htholog1es, suggestmg that st’rong tldal plocesses were not of -
depositional 1mportance |

L1thofac;es 4 was depos1ted nearer shore. Laminae are ‘wavier and the
percentage of detrital mud 1s notably less. Tldal c1rcu1at10n is suggested in
some cores by the presence of apparent bimodal trough Ccross-~ stratlflcatmn
-Tghe ‘gradational loss of organic matter _with the dark-light ribbon sediment
tran51t10n may be a function of oxygen supply to the sediment - watu )
mte1 face. Preburlal oxygenatmn of orgamc ‘detritus in the hght ribbon
sedlment is supported by the absence of authigenic pyrite. In -most, cases, the

‘ uppeerst segment of . Fames 4 yas oepos1ted in. a very nearshore setting-
Nearshore seolmentatlon is suggested byL the gradational upper COntact w1th the
rooted‘Fac1es 5. An\pffshore shoal in section 28 of Townshlp 5, Range 5W4M
"was 1dent1f1ed fro&n 1sopach constructlon of the llght ribbon Facles 4

sedlmen\ts and the dark rxbbon Facles 2 and 3 s'ediments. In th_is instance",‘

“\) S



CoT3
light ribbon depositi’on: has occurred on van‘offshor‘e‘_ topographic high on the
shelf bottom, suggesting that oxidation of the light ribbon sediment occurred
in shallower water. o K S |

The use of clays as a paleoenwronmental indicator has attracted some,

mterest (Weaver, 1959 1960; Wilson and I_?lttman, 1977,)-. An upward shallowing |

sequence for ribbon sedimentation is supported by clay mineraﬂ trends noted
with the interbeddedlshale laminaé. As dlscussed in Chapter 4, kaolinite, the
dominant clay mineral, mcreases 1n‘relat1ve abunoance upsectmn Hlite
decreases upsectlon dlsappearmg near the top of Facies 4. Detrital smectite
also decreases upsectlon dlsappearmg near the top of Facies 3. -In modern
environments similar trends have been observed‘ in shelf sedimerft brog‘fessing
from a n'earshore to an offshore location. With :increasing distance from an
act1ve fluv1al/ estuarme system the clay.minerual suite changes from a’

: T ’
kaolinite- dommated asseﬁblage to.a .smectlte dommated one (§9wers, 1957
Nelson, 19,60;} 1972 Parrenga 1966 Blgham, 1973 Edzwald and Omeha 1975
Giblos, .19775; etc). Thls is px‘i'marlly a functlon of d1fferent1a1 setthng
velocit‘ies;for the clay mmerals, ‘which in turn is controlled by relative

/ .
tendancy to flocculatlon bloaggradatug& and organic complexmg The increase

i

in ‘detrital }\aohnite upsection associated w1th a decrease in smectite, in the
Swift Formation supports a shift to more nearshore deposition.

. The predominantly structureless sediments.of I;acies; A.5_do' con}tain :
indicators that may be ‘used to'interpret paleoenv'ironment .I Carbomzed
rootlets are sporadically ’obs‘erved, suggestmg a coastal -onshore deposnlonal
‘setting. Glauconife is: absent; Radially spherulitic giderite is often
ohéerved\‘in the base‘ of the nnit.. This v'artety of s’iderite ie believed to be
exclusively_. prééipitated in' sediments with ‘f.resh to ,hypo_saline pore Watex" ‘!.,

such as would occur in a brackish embayment or stagnant phreatic zone.

v
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Much of the coarser sediment of Fac1es 5 accumulated along a progradmg
coastal plam wh1le the fme gramed sedlment was depos1ted in low energy .
. ‘embay’ment‘s. | Sedlmentatlon was controlled by coastal processes of varymg
yvnihtensit'};; .Fac1es’ complex1ty stems from the sub*env;ronments a550c1ated‘ with
the prograding coastal svstem. Lithology may be a'.functicin Of fl‘uctuatio‘n.jn
sediment supply, env1ronment var1atl%or a combmation of both,

Coastal chemer complexes’ may have represented a Iac1es sub- env1ronment
" Chenier strat1fact1on is typlcally poor and depos1ts are often nearly |
,struct&ureless (Byrne et at, 1959; Curray et al 1?69) G1a1n s1ze generally
ranges from flne to med1um sand and depos1ts are well sorted Authlgemc
s1der1te has also been observed in chemer rldges dlong the western Lou151an;a
~ coast (Byrne et al, 1959) ’ These characterisucs are very analogous to‘the |
coarser sedlments of the uppermost Sw1ft fac1es ’

Strand-plain development is poorly understood however a progradmg
shorelme appears essential. A mechamsm proposed by Curray et al (1969)
_vsuggests that cheniérs develop in responsef to h1gh 'sand supply and low wave
.energy If tidal conditions are favourable, longshore bars may become |
attached to the shoreline and act g5 the ‘new beach The lnternal
stratification of Facies 5 does not resem_ble ‘t_h,a‘t of barﬂ' comple)té.s and no
evidernce for longshore' b‘ars,eeis\‘ 'o_bserved.'i'n cored Swift sequences. ‘A second
mode! for chenier development involves' trans‘gre’sil}vaive and regres‘si've p.ulsesn
durmg a domlnantly progradatmnal cycle (Gould and McFarland 1959Q in Curray
®t al 1969). During’ perlods of -high ‘sediment mflux mud/sand flats progradecn "
‘ seaward and the coastal plain undergoes httle change Durmg per1ods of low
sed1ment influx, lmear sand complexes develop in response to wave reworkmg

£y

of prev1ously poorly sorted nearshore sedlments It should be noted that

I

onshore sedlment accumulatlon would best be accomphshed durmg storm surges. ‘

-
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Storm events would also account for the ‘abraded clay r1p -up 1ntraclasts~—

: 'observed w1th1n Fac1es 5 of seVeral cores.

T

B1modal 11tholog'1es composed of s11t and sand w1th1n Fac1es 5 may also
"develop m the coastal plam envn'onment Curray et al (1969) observed a
sllty sand- fac1es around the seaward perlphery of the Nayaralt chenier plaln

" The sedlment is 1nterpreted as' a trans1t1onal depos1t between the %each sands |
and the. shelf sﬂts, wh1ch developed from wave reworkmg ThlS may be

'consmtent with the coasthne model proposed for the uppermost Swift fames

.'Alt7ernately, thxs hthology could have developed as a washover depos1t 'm ;

“low energy embayment or as a. flood depos1t reworklné chemer sed1ment ThlS

1s suggested by the presenﬂg,e c:f‘ rootmg in’ some cores, wh1ch favours onshore

‘deposmon. This _t}acms,,’i We,yer appears restrlcted to’ a coastal plam

setting. o | e

| In several locatlons w1‘thm the study area the Sw1ft.r1bbon sedments are .
capped by a f1ne gralnd arglllacgo@ 11thology suggestmg a IOWrenergy

-‘..shorel1ne : Clast1c sequences developed ‘along low energy shorelmes, however,

are often not unhke those generated along a h1gh energy coastlme,,although

deepos1t1onal th1ckness is typ1cally reduced (Remeck and Howard 1981) |

Sediment .size tncrease towards the coast -w1th shorelme sedament wrthm the

sand—sizcd fraction' A more spec1a11zed type of shorelme envwonment should

«:“be cons1dered for the uppermost Sw1ft hthology |

| Fine- gramed clastic sed1ment predommantly accumulates in marshy

" embayments and on mudbanks in coastal settmgs These deposus may-gbe, t‘ound

alongsxde and overlapped by the chemer plam tac1es (Byrne et al, 1959).

Fine- gramed clast1c shorelmes do not. requmc barrler bar development w1th

- t1da1 1n1e5 c1rculatlon as was once thought “Non- barred mud- dommated

coasthnes have been documented in southeast Indla central Surmam and
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‘we.s"tern ‘Lo_uisiana (Na1r 51576- .Wells and Coleman, 1977, 1981 Byrne et al
.1959- B.eall 1968’) Mudflat development is dependent upon the e}nstence of
: broad- shallow shelves and exoeptlonally hlgh fme gramed sediment

‘_ concentratmns 1n coastal waters (Postma, 1961 Beall 1968 Na1r 1976 Wells .

" -an-d Coleman 1977 1981) Greatest turb1d1ty occurs near rlvez‘s w1th hlgh
. “ ‘t’

'suspendéd sed1ment d1scharge (Bcall 1968 Wells and Coleman 1977), or. along

«

shorehnes after storm events (Buss and Rodolfo, ‘1972 Na1r 1976) In both
_cases the 1nflux of “flesh water lowers salmlty wh1ch 1n1t1ally 1nh1b1ts mud

setthng ' Wave act1on and longshore currexfts act to retam some of the o

R sed1ment w1th1n t'he nearshore reglme. Entrapment of th1s sedrment is’ also

oo

' enhanced ad]acent to the coast, owing to the- greater t1de setthng lag effect ,
. in very shallow water (van Straaten and Keunen 195'1) Under condlttons of s
high turb1d1ty-, the settlmg lag. effect should become enhan'ced"(Beall | 1968) .
Fresh ‘;vater d1spex smn mcreases sahnlty, wh1ch catalyses flocculatlon and
promotes mud sed1mentat1on by setthng Th1s fme gramed sedament then
' becomes trapped w1thm marshy embayments, or: deposned on nearshore mudbanks
W1th1n the study area f1ne grmned clast1c shorehnes may have d%mmated the
Oxford1an sea It is possible .that swampy embayments may have acted as traps :
_fo1 storm entramed sands The sandstones of Facies 5 th_erefore,hma-y have
-accumulated on a mar_shy coasthne, as,opposed- to the-earlier suégested Strand .
Plain enyirc')nment | | ‘

The stringer sandstones of fac1es 6 were- deposued durlng ‘high energy
storm.s.- Sedlment derl\;eo from the shoreface and coastlme (Fac1cs 5. sedJment)
was 'transported in seaward-ﬂowmg denfslty currents 'onto the shelf. The-sands
were dep051ted offshore in’ thln (nulhmetre centunetre) beds, loaded into the

11bbon sedlments (Fac1es 2 3 and 4) Thlcker shelf—sand accumulatlons

occurred w1th1n 1ncxp1ent bars on the lee s1de of topograph1c hlghs or .



"shoals" on the shelf. These sand build-ups - hkely in response to addltlonal
' current reworking of storm depos;ts | |

Durlng maximum transgressmn the m1ddle Oxfordlan shorehne was north of
the study: area. ThlS is supported by the’ dlstrlbutlon of the lowermost shale
* Facies 1, whlch occurs th1oughout much of southeastern Alberta, except where
removed by post Smft erosmn Mmor th1nn1ng of the Sw1ft basal shale OCcurs
, v"across the Sweetgrass Arch (Hayes, 1982; 1983) The paleoshorehne has .
-.been estlmated usmg additional data from H'ayes (1983) (Flgure 18) The- late
Oxfordlan shorehne occupled a.more southerly pos1t10n poss1b1y penetratmg :
'the north central regxon of the study area. Shorelme posxtlon is based
prlmarlly on the fa01es trends in the regxonal isopach maps 8 cannot be
'conf1rmed 1n subcrop, due to erosmn of the Swift: Formatlon in this reg1on

"_'»Aodltlonally, shoahng Was takmg place 1n the southwest quadrant of the study

t.area ~across. the SweetgrasWrch and he 'bly, to a m1nor extent in the

"northern portlon of Townshlp ﬁ“,} Ra' S gure 19) . SO




‘Figure-18:

78

Shorelme reconstructmn at maximum Sw1ft sea transgressmn

»(mlddle Oxford1an)(mod1f1ed from Hayes, 1983).
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Figﬁre 19: Shoreline reconstruction during regression of the Swift sea (late

Oxfordian)(modified fron ‘Huyes,. 1983).
. ,‘ "
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VIII. Depositional Controls on Porosity and Pcrmcability

‘ Thc heterogeneity q} the Swift Forruutioxx is expressed by .the wide rahge’

of porosity and perme‘abitity'witllin the lithologies. Typical porosities of
13—18 perccnt.fox.' rescrvoir—-qu’ality wells iu thcv Swift eediments may drop
below 3 pcrcent or reach upward’s of 27 pelcent Smularly permeability may
change by as much as 700 mlllldmcms within one metre of section.

Thc rlbbcn sedlm‘ents of Facies 2,3 and 4 do not have characteristics
‘ commcnly ‘aesociated with oil reservoirs. Alt ough well sorted, the
fine- gramed arg'xllaceous natule of these units greatly restr1cts the pore
4 _ size within-the sedlme’nts.. In addltlon, ‘the: abund_ancc _of_ detmtal and'
authigéuic ‘kaoliinvite has fui{ther-restlii'ct_ed pore th‘roats.'limiting‘ the
trans‘mi,sé,ive potelnti.al.'o_f the'-sedimehts (Piéte IOBIT).' ‘Without the influence of
other prlmdry varlables thxs heterohthlc sequence could not hdve attained
reserv01r status |

Factors influeneing fluid .'trurtsmissibility of Ithe various facies can be
subdivided into two .cl'as_'ses. Macroscopic factors are sedimentary
"clnlaructex"istics whlch are-fe'udily QbeerVable in core, and include the -
pe‘r;z:enta'ge o.f cdarser suud (facies 6') detrltal mud, and the burrow ‘density.

Mlcroscoplc factors account f01 Lhe mternal texture of the rock, and are

“controlled dlagen_etlcally .

-.'l‘j'.
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Prior to discﬁssing the effect of diagenesis on p()'x'osity and permeability
within the Swift facies (Chapter 10), it is essential first to identify the
depositional f‘actors‘fuvouring the enhancement of porosity and permeability in
these fine-grained argillaceous deposits. Important sedimentafy
characteristics include the occurr.ence of mud drapes, the distribution of
Facies 6 sandstones, and the effects of burrowing. ‘

Firstly, a somewhat irregular locul seafloor topogréphy produced
discontinuous mud drapes on a macro-scale (ceni.netre-decimetre scixle).‘. In
this situation, the coarser silty-sandstone laminae were allowed to come into
contact with one another, which is an important aspect for porosity/
pe'rmeabi'lityA enhancement in heferolithic sediments (Pol_esek and Hutch‘inson»,
1967). |

Secondly, the distr‘ibution of Facies 6 is of major importance to
- potential reservoir deﬁelopnxexit in thei&Swift Formation. This medium grained
sari.dstone ‘Whi'ch is irregulax‘ly interfin‘i;éred with the light and dai‘_k ribbon
.sed’im‘ents,' represeﬁts the best oil reservoir facies, and the volumetric
percentage of whiéh is'a good basic indicator of resérvoir potential..

‘Th.irdly, reworking by bu‘rro‘wing érganisms was very common within the
coarser grained sedirﬁglxxts. The influence of burrowing on th'e"‘transmissability
of glaStic se‘diment's has received little attention. Pettijoﬁn ?_Ed_l (p.525)
states that "Biogenic structures des‘troy d;éposition'al fabric an:d’j.».;b;g_jclaihg and
thus draisti.cal-ly reducc permeability and cz;use minimal, if anyi:;??hoﬁfizolltél
a'nisétropy of permeability. Effect on porosity is unknown, but\ﬂmay be |
negligible .‘.;' This concept may accurately infer ideal fluid flq.@ j\ireé’ponse to.
sediment with iutense bioturbation. Biot_urbated hétel'oﬁéhic sediment

possessing a -mud frgction will exhibit clay dispersion, which upo'v eurly

~ compaction and subsequent dewatering, will "squeeze" the fines into the pore
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throats between grains.  This condition rapidly decreases porogity and
permeability and may also promote carly clay cementation.

The effect of less intense burrowing may not be detrimental to rock
transmissibility. Burrowing enhances both the porosity and permeability
within thc Swift ribbon sediments us a consequence of coarser sediment

.~

redistribution. Transmissibility is enhanced in sedimenZs containing

Chondrites. Chondrites are dendritic feeding burrows with tunnels of uniform
thickness brunching from a central regioo .near the sediment-water intertace.
They are thought to be produced by the probmg action of a 51p1cu11d worm
(Simpson, 1956). These structures penetrate fine-grained sedlment at angles
oblique to para_lleln with bedding surfaces. Sed1ment\ infilling the burrow is
injected frgm the surface and méy diffenmarkedly from the sediment
sorroun'd_ipg the burrow: Within the ribbon sediments Chondrites intill
generally oontains much less elay and organic matter, giving them a relatively
‘."'cleém" appearen'ce (Plate 8B). This hkely is .the result of 1ngest1on and
‘subsequent alter utmn of these compounds by”the feeding actlon of the organism
| (Pembertop,_pers.‘ comm.). " The abundance of glauconized pellets conta;n_ed
within burrow filling woﬁld support the ;nterpretation.

The sediment ) the burrow mﬁll is ususallv a coarser sandstone 51m11ar
in ‘.composi'tion and%tmg to the sandstones of Fac1es 6 (Plute 8C) ’Po;'osliy
s greafer .withih infill and presumably permeability has increased vas well. -
-:"I”he contrast in grain size between the cdarsex; burrow infill and' the
'.SU'eruxjAdillg sedim_e;ltvr(:Facies 2,3 or 4) is impo:tent 'irvx.t‘he deVelopn';é'nt .of :‘
'p'ox‘-os'ity‘: and permeability wiihiﬁ the riobon sedir‘nents (Figures 20 a;{d\ 21).
Durmg periodo of - high energy storms (such as hurmcanes‘\) sedlment mdy be '

. driven seaward ‘in response to wmd forcing of surface Waters (Flgure 8). Unce

- settled, this sediment (Facies 6) becones subject to blo‘logical o

>~
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- reworking. Organisms dispersed by the storm settle.as the current energy
" fulls and may penetrate downwards into the safety of the nutrient-rpich

. sediment Below the storm-deposited sands. Other organisms buried in the

¢

underlying sedimentypusll upwards through the storm deposit in order tap utilize

K the Sedlment water Interface to feed. Newly-deposited storm-sandg *hen muy

become purtlally redistributed as sandy tunnels into the lrregulurlyh Bedded

Bl

-'muds‘end slltq.; These sand-rich burr\ows enhance the transmissibility Of the
facies by selective gram channelhng prov1dmg conduit-like passageways

'through otherw1se low porOSlty/permeablhty sediment. Slightly coqrser infill

for burrows w1thout access to storm sands may be due to burrowmg dCtlvlty by

. orgamsms with a preference for hrmer substrates. In the case of mcomplet

.shelf blanketing by storm deposits, organisms may haVe preferentially bOught

the coarser sediments for stability advantages.

A
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Rock transmissibility. is 'inﬁuencédyby the macroscoplc factms discussed
@

above (stringer sandstone percentage ‘burrow density and mud.

percentage) (Figures 22 t‘hrough 25). Ebach of these varlables was assessed in

. .

V

cored intervals where ‘porosity and permeabih'?g had been determined from_core

-analyses. A 35 centitnetre byi 10 -centimetre transparent grid was placed over

-
*he core to calculate relative percentages ot each component At each .
int¢rval the average values from 2-3 measurements were plotted opposite a
depth scale w1th the por051ty and permeablhtys ngh porosxties and
permeab1ht1es correspond to an increase in abundance of the stringer
sandstone (Facies 6), but are hindered by the presence of mudstone. Rock
porosity and permeability also tend to increase with increasing burro»‘, density
- until burrow density approaches bioturbation levels, at which point porosity
and permeability sharply decrease. Upon initial inspection, burrow density
appears to increase in zones of' stringer sandstone influx, suggesting that the
presence of string:e'r_‘sandstc;ne rafher than burrow density is controlling the
porosity and pe’rineabqility. However, in zones lacking significant stringer
saridstone, g‘ood porosities and permeabilities are found when burrow densities
. P

are moderately high, suggesting that both stéinger sandstone influx and burrow

_ density are important in the developtnent of p‘ osity and permeability '(Figure

"

~
AN

25, 1064 metre depth/)"f
Relat1onsh1ps between coarser sandstone, burrow dens1ty and mudstone
percentages w1th porosity and permeablhty are (Qmplex (Figure 26). In order
to assess the 1ntluence of the macroscopic variables or Qorosny and
permeab1hty, stat1st1cal analyses were - perfor’med oy the various wells. A

statlstlcally 1nsuff101ent number of data points within individual wells
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- required that all data be compiled into onie data set to validate analyses.
Multiple regression analyses were then performed for both porosity and

permeability. . The best regression for porosity was found using raw data

3

]

MUD\+ 0.0912. .The regression coefflclent is 0 7378 with a standard dev1atlon i

L 2
of 0.0214. The best’ regressxon f01 permeability was found usmg transformed

acwrdmg to th9 GQuatloUorbsny = 0.1147 SAND +WO .0302 BURROWS #0. 0320

,’ - data accordlng to the equatlon logK £ 0. 8040 logSAND 4§0>496 logBURROWS -
1. 1841 MUD - 0. 6688 BURROWS + 2.7077. The regressmn coeff1c1ent is 0.6109
with- a standard deviation of 0.499 logK. The’ee regression'enelyses, however,
| evaluated the data assuming linear relationships. e W&:%' ’ : :
Cross- plots of the 1nd1v1dual varlables plotted against pgroscty and

permeability are not easily undelstood. This occurs for wo»reas\ons‘: A). ’
lithologic and diagenetic varation betv(feen wells, increases scatter; B). the
interrelationshtps of,the‘macroscopic var‘iables. Real trends Abetween' porosity
and permeabihty and the factors listed can be seen most effectively when the

. A
~ controlling variables are considered as a group, for individual wells. This

_ "problem may' be simplified by adding those variables which enhance rock
transmissibility and substracting th‘osevwhich hinder rock transmissibility
In this case the strmger sandstone percentage is added to burrow densny from
which mudstone percentage is then subt1 acted. The res ltmg f1gure can then
be plotted agamst poros1ty and permeablhty (Flgures 27 to 34).

These cross—plots, show real trends. Distinct relationships can be seen
\ .. between the macroscopic variables and porosity ahd permeability. Since all

var1ables are expressed as a fraction of one and only the mudstone variable is

bemg subtracfed the negatlve 11m1t an each x-axis is negatlve 1.

-
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‘Extx-upolutiux} of cuach ciu\ve to this po%nt should predict ‘an approximate
minimum porosity undl permeability for shale which should‘app'roxiniute zero.
. Va;igitiozl in such extrapolation will refléct the influence o.f additional
variables as well gs human error in variable pgrcéntages‘calculafed. Thé
positive limit along the x—axis‘ ise obtﬂl}gd by'the summation of the string;er‘

-

sandstone and burrow density variables; a completely bioturbated sandstone

r
would equal 2.0. A linear function can be applﬁied to the porosity cross-plots
@M~“‘“wpile the pefmeability Qross—plbts are “"r.elat'ed by ‘gemetrilc,funétions to the
macroscopic variables. These relationships illustrate the influence of  the
- designated variablés to rock transmissi\bili'ty.llt should be note’d that very
high burrow densities 'in‘the presence o‘flm‘udstone do not appear to enhance
rock‘transmissibility.. This can be noted in well 16-29-5-5W4. Apparentlﬁ),
churning of clay-rich sediment by burrowing organisms sulfé‘in ml;rd—‘cl\o\gged
pore throats’upon deWater.ing‘. These points were plo'tted as solid boxes and do’
nqt lie oﬁ_the curves down. Organism burrowihg influences rock
transmissibility greatest where the. rock is 50-80% bui‘rowea, in the presence
of some coarser sandstbﬁel The sand-filled burrows provide ideal ‘passageways
for fluid migration which become in‘creaéingiy interconnected with increasing |

7

" density.

K

4“ ‘.



4 burrowing and mudstone percentages plotted with porgsity and

permeability at estabiished depth intervals (Pofositie'é_ and

permeabilities taken from coré\,e\malyse? reports provided by Shell.

Oil).
N
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Figure 23: Macroscopic porosity and permeability factors: coarser sandstone,

burrowing and mudstone percentuges plotted with porosity and
’ 4
permeability at established depth intervals. (Porosities and

- permeability taken from core analyses reports provided by Shell

>

0il). :
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Figure 24:  Macroscopic porosity and permeability factors:: coarser sandstone,
burrowing and mudstone percentages plotted with porosity and
. permeability at established depth intervals. (Porosities and
perneabilities taken from dore analyses reports provided by Shell
. ;

Qil).
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Figure 25:/

!

)

hiacrosEOpic porosit)" and permeability factors: “coarse‘r sandstone,
burrowmg and, mudstone percentages plotted w1th poros1ty ‘and
permeab1hty at estabhshed depth 1ntervals (Porosities and
permeabmtles taken from core analyses reports prov1ded by Shell

-l

0il).
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Figure 26: Cros§plots of the macroscopic variables against porosity and

p’erme\b{ility .
Independent variables are plotted along the x—axié with the
dépéndent vari;ble porosity plotted along the yiakis. In each of
the crossplots the vaiues for both the dependent and independeﬁt
o var’iables hzive. been scaled between zgrb and one by the compufer',
 ,“ whereby zero d‘efine the smallest \}ariable and one the largest.
Out of the plane of the diagrams, pérmeability has been
incorporated a.long' the i—axis, with valuesysimilarly scaled
between zero and one. These permeability axes are subdivide‘d\ into
six equal zonés; Points plotted on each of the crossplots are \
assigned a number which corresponds to t\he zone along the
pef‘__me:ﬂb\ility axié, with permeability systematically incregsing
froh zero to six. Points of lowest permeability values are

therefore assigned zero, while highest permeabilities are assigned

a six.

-



e

102

=

BURROWS

ALISOHOd

i

ALISOHOd

L4 saneme

MUD

8]

a
" o
e

ce @
00 e
B o

ALISOHOd

SAND




103

Figure 27: . Porosity vs. macroscopic variables Cross—‘plot (6-29-5-5W4)
| illustrating a linear relationship. (Stringer Sandstone + Burrow

‘Dénsity - Mudstone Percentage)

Note: .Solid points designate bioturbated zones and were not considered when

b

consfmctin g the curve.’
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Figure 28: Permeability vs. macroscopic variables cross-plot (6-29-5-5W4)
;o illustrating - a geometric relationship. (Stringer Sandstone +

Burrow Density - Mudstone Percentage)

Note: Solid.points designate bioturbated zones and were not considered when

constructing the curve.



106

SITBVINVA OIdOOSOHIVA
R 6°0 L°0 s'0 ¢'0

1°0

1 1 1 1 1 & ! & e 1

= B

— 002
— 00¢%

— 00V

— 009

- 00Z

1)

oos

— 00§

ALIMavandad



107 ‘

Figure 29: Porosity vs. macroscopic variables cross-plot (16-21-5-5W4)
v

illustrating a linear relétionship. (Stringcr Sandstone + Burrow

Density - Mudstone Percentage)

\

Note: Solid points designate bioturba\ted zones and were not considered when

-

constructing the curve.
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Figure 30: Permeability vs. macroscopic variubles cross-plot (16-21-5-5W4)
illustrating a geometric relationship. (Stringer Sandstone +

Burrow Density - Mudstone Percentage)

Note: Solid points designate bioturbated zones and were not considered when

constructing the curve.
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Figure 31: Porosity vs. nacroscopic variables cross plot (16-29-5 5v/4
B )

illustrating o linear relationship. (Stringer Sandstone + Burrow

Density - Mudstone Percentage)
y &

Note: Solid points designate bioturbated zones and were not considered when

constructing the curve.
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‘Figuré 32: Permeability vs. macroscopic variables cross-plot (16-29-5-5W4)
N . ' ‘
w%'\ : illustrating a'geometric relationship. (Stringer Sandstone +
Burrow Density - Mudstone Percentage)

Note: - Solid points designate bioturbated zones and were not considered when
' S . ! < - :

constructing the curve. c ~
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Figure 33: Porosity“ Vs. macroscopic variables cross-plot (6-28-5-5W4)
. . . . ]

illustrating a linear relationship. (Stringer Sandstone + Burrow

.

Density - Mudstone Percentage)

LS y
il 2
R

‘Note: Solid points designate bioturbated zones and were not considered when

constructing the curve. -



116

=

S37EVINVA OIdOOSONOVI
6°0 L0 g0

IR DR R | L1

aoa a\fp

ALISONOd




117

Figure_ 34: Permeability vs. macroscbpic variables cross-plot (6-28-5-5W4)
illustrating a geometric relationship. (Stringer Sandstone +

. Burrow Density - Mudstone Percentage)

Note: 'Solid points designate bioturbated zones and were not considered when

constructing the curve.
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[X. Diagenetic Processes in the Swift Formation

A. Introduction

. The Swift Formation is composed of a complex suite of lithologies and the
sedimentary particles of a given lithology ‘may display considerable variation.
Deposition of abundant clays and organic detritus amidst the framework .

» conSﬁtuents has' greatly complicated ‘the initiai chemistry -of the sediment.
Chemical diagenésis is the product of reactions‘between minerals and ‘aqu.eo4us
» solutiohs migrating through the pore network (Hayes, 1979).° Pore che'mistry‘
conSt.antly changes with increasing pressure and temperature, producing changes"
in the stable mineral Qhases within the sedirﬁentary assemblage. Mincral
authigenesis and solution pfoVide _informatioh about the processes a'ssociéted‘
/with diagenesis apd rock transmissibility. The i'nte}]sity‘ of diagenesis 'alsol
controls the porosity and permeabil‘ity bf thé lithologies. “ |

As sediments ‘become buried and the overlying water no long'ex"‘ readily
circu‘latesb into them,," thev‘ chemical s"ysten.‘l becomes effectively closed-. i-vD.a’pples
(1962) brecognized closed systems déveloping in sands at a depth of only a. féw
feet.  For ir_lyte_rllamiha’_te‘d clay-rich sediments such as those in the Swift
Fbl'mafioh; this 'condition iwas likely regched at even shallowe.r depths, sh(‘)rtly_'
a%ter burlal Bjeffeptively creating; a closed sys_t'em,- the sedimen‘tary.
par!cicle_sb are :allowed‘to eqﬁilibrate with the infe}rstitial watexfé.- It is

under these conditions that new chemical species may be produced as the result

- 119 -
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of pore fluid saturation and precipitation along increasing
pressure/femperature gradients. Diagenesis may also occur by
oxidation-reduction reactio;ls between mineral constituents, clatalyzed‘by pbre
fluids. Within the Swift Formation the most importanf dviagenesis minerals Qré
iron compounds and clays. Silica redistribuﬁon is ;llSO an important process.
The chemical and environmeﬁtal‘ impiications of iron compound diagenetic h'as

been discussed at length in Chapter 5 and ‘will n<6t be repeated here.

B. Clay Minerals

 The difficulty in recognizing authigénic'versus detrital clay in both
lithified and unlithified sediments has been alluded to by Powers (1957).
Estimation of relative concentrations for sediments. exhibiting detrital and

diagenetic clays may be further complicated by uneven distributions within a
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particular depositional basin. Scanning electron microscopy of the Swift
lithologies shows the presence of both authigenic and detrital clay. The
origins of individual clay particles cannot always be unequivocally
determined.

Authigenic élay minerals may develop in sediments by the processes of
neoformation or regeneration (Wilson and Pittman, 1972). Neoformation
represents the secondary production of minerals as a direct precipitate, while
regeneration accomplishes mineral formation through reagtions between
precursor matcrials and the contained waters. The products of both of these
processes are observed in the Swift Formation. Kaolinite, the dominant _
diagenetic clay, is typically present as ‘psquohexag01lal platelets of
recrystallized origin. This recrystallized or regenerated variety represents
detrital ‘kvaolinite which has undergone structural transformation Lduring
diagenesis and catagenesis, with the formation of new crystal lattices from
primary ones. Kaolinite authigenesis from a feldspar precursor is a second
variety of regen;:rétion observed in the Swift ribbon sediments (Plate 9B and |
- 10B). &

‘The majority of authigenic pore-filling kaolinite does ..not appear to be
directly related to mineral regeneration. Instead most of the clay cement has
probably precipitated out of formation waters. Reducing conditions during
early burial, however, arelinfcrred from the éuthigen'esis of terrous
compounds. Oxiciizing waters in the subsurface may be at'tributed to fresh
water infiltration during subaérial exposure between Oxfordian and Aptian
times (spar}ning abpfoximatley 4‘0 million yeurs). Meteoric ci;‘culation into
the Swift Forrr}ation is supported by the presence of hematized biotite ‘and

hematite cecment throughout much of the ribbon sediments. In some cores, iron

oxide "halos" are ulso observed surrounding siderite concretions.
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Illitic coatings appear to be present on some of the quartz grains of
Facies 4 and 6; however, the degree of argillaceous filin development is
difficult to assess. A smectite precipitate is also sporadically observed
ncar the erosional upper contact of Facies 5, but is only a minor component
where present. This mineral was likely deposited by the downward percolation

of pore waters (illuviation) during subaerial exposure.

C. Quartz

Estimation of the silica budget for the Swift ribbon sediments, is a
complicated task.? Silica sources will be examined first.
' Solution of grain constituents (especially chert fragments) by corrosive
pore fluids may have generated substantial amounts of silica. This is best
exemplified in the sediments of Facies 6 in which the microcrystalline chert -
fragments often disp‘lay extensive diagenetic corroding. The abundance of this
mineral, particularly in the coarser sands of Facies 6, may have allowed a
substantial influx of silica into the burial environment. The diagenetic
leacfling of feldspar provides un additional source of silica.

The redistribution of silica within buried sediments is greatly
inﬂ'{;en,qe_(_j by the clay content, clay composition and the spatial distribution
of the clay particles. Development of discrete clay coatings on grains
(observed in Facies 6, and to a lesser extent Facies 4) may act as ‘cata‘lysts
to enhance the pressgure vsolution of silica (lleald, 1956). Blatt (158\6) showed
in silica conserv%tiori studies that clay coatings probably provide vmult;layer
pathways‘ for fluid migration, otherwise severly restricted by grain to gi‘ain .

contacts. In this way great volumes of silica-rich fluids may escape down -
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N
pore throuts and supply silica to grain margins (quartz overgrowths).
{?eldspar ovérgrowths on partially etched grains arc occasionally observed
within the ribbon sediments. Throughout the Swift Formation, however, it
{ippéars that much of the silicate fluid was incorporated into authigenic

kaolinite, as shown in Plate 10B,

€



LA
{
!

X. Diagenctic Controls or Porosity and Permcability

Primary intefgruhulur porosi‘ty is typically altered or destroyed during
diagenesis (Pittman, 1979). Sccondary porosity results from the solution of
soluble materials in a sedimentary asscmblage under elevated pressures o !

- tempceratures.  Microporosity, commonly associated with argillaceous
sandstones, exists primarily between clay minerals or at pore throat
restrictions (Pittman, 1979). The type of porosity, in conjunction with the
pore geometry and pore dis‘tribution patterns is essential to understanding the
rescrvoir geology (Pittmun, 1979Y.

Within the Swirt Forraticr, soiution of sccinentary material during
diagenesis is the most important control on porosity and permeabiljty.
Secondary porosity is best developed within the stringer sandstones (Facics
6).

Porosity is most readily enhanced by the diagenetic removal of cementing
agents (Séhmidt and McDonald, :1979). In the coarser sandstone lenses,
solution of a calcium carbonate cement is important. In some instances,
traces of calcium carbonate are observed bordering grains, which have
subsequently become encased in a hemutite or clay cement. Less commonly,
calcium carbonate cements grains in tight pore spaces, which may have been

isolated from leaching fluids. Cement solution is also indicated by oversized

- 124 -
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and elongated pore spaces (Plates 1A, B and C). Pore enlargement is
commonly accomplished by the additional solution of syntaxial or fringing
cement (Schmidt and MacDonald, 1979) however grain boundaries bordering
enlarged pores within the Swift sandstones are typically 0% corrcdoc arnc nay
show distinct overgrowths. Solution of intergranular carbonate cement and
preferential grain solution is suspected. This process is uccoxﬁplishcd by
pore fluids migrating through the sediments after lithification. t
Thermomaturation of organic matter releases carbon dioxide which readily
generates carbonic acid in the buriul regime (Momper, 1980; Al—Shaiebl and
Shelton, 1981). Carbonic acid is the primary reagent responsible for leaching
the carbonate component and developing secondary porosity (McBride, 1977).

Increasing the concentf'ation of carbon dioxide in the pore fluids ‘ulso
enhances feldspar solution. Corroded and "ﬁoneycombed'\' grains are a useful
indicator of secondary porosity (Plate 10A). Honeycombed grains are produced
by preferential etching along crystallographic planes. Both orthoclase and
plagioclase feldspar display the best exz;}nples of this form of diagenetic
texture. |

Grain molds are also present within the sanastones of the Swift
Formation. The resulting pore spaces preserve characteristic outlines of the
precursor grain (Plate 11B). The notable absence of calcium carbonate
detritus and Fe-Mg rich minerals may sugéest their preférential solution
during diagenesis. However, the partial solution of feldspar and chert within
most of the Swift lithologies, illustrates the potential for the removal of
these mineral phases. -

‘Kaolinite is the dominant cementing agent in the Swift Formation.

Particles of this mineral are often loosely packed between the framework

constituents and do not produce an effective seal to all pore ﬂu19§.

i
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Microporosity, although individually not of critical importance to rock
transmissibility, may be significant in conjunction with macroporosity (Kicke
and Hartmann, 1973; Pittman, 1979). Irreducible water, for example, may be
displaced into micropores by hydrocarbons filiing intergranular pores
(Pittman, 1979). Because of its relatively large size and loose attachment,
kuolinite may present additional problems to rock transmissibility; high shear
stresses associated with well production may dislodge the kaolinite booklets
and squeeze them into pore ti;roats, effectively reducing permeability (Almon
and Davis, 1981). This has been a problem with Sw‘ift Formation production in
some v;ells (Howard Pitts, Home Gil - pers. c'omm.; Al Polischuk, Shell Oil
pers. comni.). \

Quartz overgronths do not greatly influence the  porosity or-permeability
of the ribbon sediments. The extent ot porosity and permeability reduction
duc to quartz overgrowths is minor, although some advunced intergrowths are
observed within the.stringer sandstone reservoirs (Facies 6) (P'lute 12).

Microfractur@gg commonly occurs in t};e dark ribbon sediments.
Passageways so produced undoubtedly enhance the permeability of the Swift
ribbon sediments. Oxidation of organic detritus during thermomaturation can
generate abnormally high pore pressures, as ﬂﬁids ana ga:":es réleased from the
organic matter-are of much greater vo.lume‘ than was the residual organic matter
(Momper, 1980). Because organic accumulation is commonly associated with
tightly sealed argillacéous laminae, pressure release may only be possible by
fracturing the rock. The resulting microfraktures provide excellent
passagceways for fluid migration. In Plate 13, fluid migration through the

microfracture is inferred by the development of calcium carbonate rhombs along

the inner surface of the microfracture.
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¥1. . Interpretations and Conclusions / N

The Swift meation is a coarsenmg upwards sequence whlch records a

shallowing- upwards, dep051tional episode The sediments were dep031ted in a

Y

predommantly offshore marine setting, w1th nearshore influence’ begmmng

within the uppermost light ribbon sed1ment. Support for this facies model may

‘be drawn from the observation listed beiow.

Sedlmentatlon was dommated by settling from suspensmn The
1nterstrat1flcat10n of coarse and flne 11tholog'1es within the ribbon sediment

suggests periodic deposition. Mud was deposited from offshore flowing

~ advective currentss while. silts and very fine grained safids™were deposited

from moderate energy nepheloidfi'ows induced by offshore flowing currents.
The depositional energy gradient increases upsection as illustrated by: a) the
relative decrease in.detrital"mudstones b) an increase in the grain size of

J

framework sedimént c) an increased percentage and better development of

‘small—scele trough cross-stratification. Medium grained sand stringers were

deposited from high energy storm-induced sediment gravity flows.
The transitions in the clay mineral suites suggest a’ shallowing-upwards

sequence. Basal-ribbon sediments show assemblages characteristic of an
f . ' ’ AN .

- offshore env1ronment while clay mineral suites higliéf ‘in the vSwift sequences
are typlcally ‘associated w1th more nearshore  to onshore env1ronments This is
further supported bV authlgemc iron compounds which record an ox1datlon

' gradlent upsection Resultmg compounds may correspond to the extent of

. orgamc mattbr oxidation prior to .deep burial. Glau’conite, a pical

~indicator of marine sediments, persists into the up'per regions of the light

ribbon sediment facies.
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Porosity and pepmeability may be evaluated using the percentages of a)
»san%ist"one étrinéers b). burfow ‘density and c¢) mudstone. The transvml'ssibvility' :
of the rock was enhanced during diagensis by the defrelopment of seéondazty
porosity in the coarser Astringer sandstones, and small-scale fractur‘es
throughout the Swift ribbon sediments. - |

Reserw}oir development within the Swift Formation is prédominantl’y
associated with, coars\e'r sandstone accumulation (Facieé 6). Greatest
accumulation of f‘aéies 6 was noted in section 29 of Township 5, Range 5W4M, to
the vnérth—w‘est of an apparent offshore shoal. This represents a potential

target for ‘ futﬁne—‘exploration .

-
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PLATES

‘Plate 1: . Shell Manyberries 14-5-6-5W4 1083 metres

[

Lenticular - silt-streaked dark ribbon sediments (Facies 2).

‘lithofacies is dominated by dark, organic-rich shales.
.'.‘(Af"”
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Plate 2A:

| Plate 2B:

131
Sheil‘ Manyberriés 14-5-6-5W4 1075 metres

Wavy-irregular dark ribbon sediments (Facies 3). Low burrow density
- note: sand stringer just below the centre of the photograph which
is loaded into the ribbon sediments.

/

Shell Manyberries 6-29-5-5W4 1052 metres

Facies 3 displaying high burrow density, approaching complete

bioturbation and sediment homogenation.

N
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Plate 3:

133

Shell Manyberries 14-5-6-5W4 1065 metres

Light ribbon sediments (Facies 4). Typical sedimentation patterns

with sand stringer néar the centre of plate A. Small dark specks

are millimetre scale siderite concretions.
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Plate 4: Shell Manyberifie_s 14-5-6-5W4 1059.9 metres

Massive silty-sandstone (Facies 5). Photograph of the primarily

structureless lithology of the uppermost lithofacies.
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Plate

5:

137

Shell Manyberries 16-29-5-5W4d 1085 metres

Al) Photomic‘rogruph of thin sandstone stringer (Fuacies amidst the

dark ribbon sediments of Facies 3. B.) Sandstone stringer loaded

into the encompassing dark ribbon sediments of Facies 3.
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Plate 6A: Shell Manyberries 8-29-5-5W4 1052.5 metres

Photomicrograph of the dark ribbon sediments.

4

Plate 6B: Shell Manyberrics 14—5~6—5W4 1076 metres

Photomicrograph of the light ribbon sediments. In both instances

the framework appearance displays little porosity or permeability

dcvel(apment . o

r






Plate 7A:

141

V'She_ll -Ményberries 14-5-6-5W4 1064.8 metres

: ‘Spherul'itic siderite observed near the top of Facies 4 (light i'ibbor_l
%, "

Plate 7B:

stringer in Facies 3.

sediment).
Shell Manyt . ries 6-29-5-5W4 1055.2 metres

Organic detritus observed on the upper surface of a sandstone

*

E)



ERS AR



143~

Plate 8A: Shell Manyberries 14—5—6—5VV4'3 metres

SO

4 Glauconite-rich burrow infill observed in Facies 2.
Plate 8B: Shell Many;berries 16-21-5-5W4 1085 metres

Sand infilled Chondrites without access to Facies 6. Note the
clean, granular appearance of infill, which markedly differs from

the encompassing argillaceous sediments.
Plate 8C: Shell Manyberries 16-29-5-5W4 1058.5 metres

'Sand infilled Chondrites with access to Facies 6. Note the dramatic
: bbbt bl . : :

grain size differential of infill to encompassing_sediment;

e—— . “
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Plate 9: Shell Manyberfies 14-5-6-5W4 1067.5 metres

Typical example of kaolinite booklets as they commonly occur

throughout the ribbon sediments.
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Plate 10A: Shell Manyberries 16-21-5-5W4 1085 metres

Diagenetic etching in feldspar within,the very fine sands of Facics
3. Also illustrates the poorly developed quartz overgrowths in the

adjacent pore space.
/ a9

/

Plate 10B: Shell Manybefries 14-5-6-5W4 1064.8 metres
Feldspar degradation to kaolinite in Facies 4, subsequently filling
» the adjacent pore space. _ Note also the minor development of quartz

“and feldspar overgrowths;
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Plate 11A,11B, & 11C: Shell Manyberries 6-29-5-5W4 1057.5 metres

A)) Well ix{tegratedointergranular porosity (as indicated by blue
epoxy). B.) Enlarged pore space in stringer sands, providing
evidené‘e‘;for secondary porosity development (leaching of carbonate

cement). C.) Grain mold with additional evidence of secondary

porosity developmeﬁt.






Plute 12: Shell Manyberries 6-29-5-5W4 1055.2 metres

Crowding of quartz ovyrgrowths in pore space between the medium

. “,
sands of Facies 6.
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Plate 13: Shell Manyberries 6-29-5-5W4 1055.2 metres

Calcium carbonate crystals forming along the inncr margin of a

microfracture within the dark ribbon sediments.



S




REFERENCES
"ebm.

Allen, J.R.L., 1970. Physical processes of sedimentation. London, George

and Unwin Ltd. 248p.

Almon, W.R., an‘d'Davies," D.K., 1981. Formation damage and the crystal
'chemist‘ry pf .clays. In Clays and the Resource Geologist, Min.. Assoc.A '
Can., F.J.'Lg}ngstaffe,(ed.). Co—op Press, Edmonton, Albert—é.
. s . ! .
Al-Shaieb, Z., Shelton, J.W., 1981. Migration of hydrocarbons and secondary
porosity in sandstones. Bull. Amer. Assoc. Petrol. 'Geol., 65, pp.

2433-2436.

© van Andel, Tj.H., 1960. Sources and dispersion of Holocéne_sedimentﬂ, northern-
1

Gulf of Mexico_. In: Recent Sediments, Northwest Gulf of Mexico.

Shepard, F.P., Phleger, F.B. and van Andel, Tj.H. (eds.), Amer. Assoc.

Petrol. Geol., Tulsa, Oklahoma, pp. 34-55.

Beall, A.O., 1968. Sedimentary processes operative along the western
Louisiana shoreline.. Jour. Sed. ‘Petrol," 38, pp. 869—877.‘

van den Berg, JH , 1981. Rhytkhmic seasﬂonal layering in a mesotidal channel
fill sequence, Oostersheld‘e mouth, the Nefherlands. In Holocene Marins
Sedimentation in the I\forth Sea Basin, Nio, S.D., Shuttenhelm. R.T.E., and

van Weering, Tj.C.E. (eds.). Spec. Pub. Int. Assoc. Sediment. 35.

Blatt, H., 1979. Diagenetic p _in sandstones.” Soc. ‘Econ. Paleo..n-.

Miner. Spec. Paper No. 26 ¢¥0D. 141—157.»

Z 155 -



156

99

Blatt, H., Middleton, G.V., and Murray, R., 1980. Origin of sedigneﬁt‘ary

rocks; second edition. New Jerséy, Prentice-Hall, 782p.
' &

3 P ’ r

i

Brenner, R.L., 1980. Constfuction of process-response models of ancient
P :

eplcontmental seaway depos1t10nal systems using partial analogs Bull.

Amer A,ssoc. Petrol. Geol., 64, pp. 1223-1244.

W
e

%}ﬁ'&rﬁer RéL , and Dav1es, D.K., 1973. Storm-generated conquinoid sandstone:
o genesis of hlgh energy marine sediments from the upper ‘Jurassic of

Wyommg and Montana. Bull. Geol. Soc. Amer., 84, pp. 1685-1698.

W

&

-Buss, B.A., Rudolfo, K.S., 1972.. @%pended sediments in continental shelf

waters"off Cape Hatteras, North Carolina. In: Shelf Sediment Transport:
'Process and Pattern, Swift, D.J.B., D\;anie, D.B., and Pilkey, O.H. (eds.).
Dowden, Hutchinson aﬁd Ross, Stroudsberg, Pa. pp. 263-280. )

Ry

Byrne, 1.V., LeRoy, Dﬂ._" @d Riley, C.M., 1959. The chenier plain and its

il
SR

stratigraphy, southwestern Louisiana. Gulf Coast Assoc. of Geols Soc.

3

Trans., v.9, pp. 237-259.

Cai‘der; K.L., Beardsley, G.Esw and Pak, H., 19‘71. Particle size N

.distributiions in the e%sicérn equatorial'P.acific‘. J. Geophys. Res. 76,
. ; ' " L
pp. 5070-5077. _ S

Cﬁamberlain, C‘\K., 1978, Recognition of Trace Fossils in Cores.. In: Trace

Fossils Cohcepfs, ed. by P.B. Basan, Soc. Econ, Paleon, and Miner. Short

* Course #5, .pp. 119-166.

; . e



ks NN

- ;' I‘&57

Christopher, J.E., 1980. The Lower Cretaceous Mannville group of Saskatchewan

a .

- a tectonic overview. In: leydminster and Beyond: Geology oszannville
: . : 82
Hydrocarbon Reservoirs, ed. by L.S. Beck, J.E. Christopher, and D.M.

Kert. -Sask. Geol. Soc. Spec. Pub. #5, pp. 3-32.

Clifton, H.E., 1983. Discrimination between subtidal and intertidal facies in
Pleistocene deposits, Willapa Béy, Washington. Journ. of Sed. Petrol.

Vol. 53, No.2, pp. 353-369. f R,

Co'bb.an, W.A., 1945, MarinevJuI"assic form‘ati'.o‘nis of Sweetgrass Arch, Montania.

» .
2

Bull. Amer. Assoc. Petrol. Geol., 29, pp. 1262-1303.

Collinson, J4.D., and Thompson, D.B._,' 1981, Sedimentary structures. Londdhn,
_ George Allen ‘and Unwin Inc., 194p. '
A )

Cuxray, J.R., .1960. Sediments and history of Holocene tfansgression,

continental shelf, northwest Gulf of Mexiyc‘:o.' In: Recent Sedivments,‘
Northwest Gulf of Mexico. LSh'epard, F.P., Phleger, F.B:, van Andel,

Tj.H., (eds.), Amer. Assoc. Pefrql. Geol. Tuléa, Oklahoma, pp: 221-266.

i

Curtis, C.D., and Spears, D.A., 1968. The formation of sedimentary iron

minerals. Econ. Geol., 63, pp. 257-270..

Dapples, E.C., 1959. Behavior of silica during diagenesis. . In: Silica in
Sediments—A Synpoéium‘, Ix;elar‘}d,i H.A. (ed.), Soc. Eéon, Paleon, and Miner.

Spec. Pub. #7; 185p..




158

Dapples, E.C., .1962. Stages of diagenesis in the development of sandstones.

Bull. Geol. Soc. Amer., V. 73 pp. 913-934.
.gl,t‘
Dapples, E.C., 1972, Some concepts of cementation and lithification of

sandstones. Bull. Amer. Assoc. Petrol. Geol. 56, pp. 3-25.

.Deans, T., 1934. The spherulitic ironstones of West Yorkshire. Geol. Mag. V.

L 1, pp. 49-64.

Drake, -D.E., 1971. ‘(Suspeﬁded sed'iment and thermal stratification in Santa
Barbara Channel, - California. Deep Sea Res., 18, pp. 763-769.
hd | .
Drake, D.E., Kolpack, R.L., and Fischer, P.J., 1972. Sevdiment‘transport on
the Santa Barbara—Oxnard.shelf, Santa Barbara Channel, Califérnia. In:
Shelf Sediment Transport: Process and Patfern, Swift, D.J.B., Duane,
' D.'B., and Pilkey, O.H. (é-ds.), Dowden, Hutéhinso}l and Ross, Stroudsburg’,‘

Pa. pp. 307-332.

Edzwald, J.K., and O'Melia, C.R., 1975. Clay distributions in recent esturine

" sediments, Clays and Clay Minerals, 23, pp. 39-44.

5 -

Vi
/

Forristall, G.Z., Hamilton, R.C., and Cardone, V.J., 1977. Continental shelf
‘cur‘rents in trOpi‘c,al' storm Delia: observations and theory. J. Phys.

Oceanogr. 7, pp.. §39-546..

Gibbs, R.J., 1977. Clay mineral segregation in the marine environment. Jour.

Sed. Petrol. 47, pp. 237-244.



159

Glaister, R.P., 1959. Lower Cretaceous of southern Alberta and adjacent

areas. -Bull. Amer. Assoc. Petrol.” Geol., 43, pp. 590-640,

Go‘uld, H.R., and McFarlan, E., Jr., 1959. Geologic history of the chenier
plain, southwestern Louisiana. Gulf Coast Assoc. of Geological Societies -

_Trans., V.9, pp. 261-270.

Greensmith, J.T., 1971. Petrology of sedimentary rocks: (rev. fifth edition),

New York, Hafner Pub. Co., 502p.
Grim, R.E., 1968. Clay mineralogy, 2nd ed. New York: McGraw Hill Book Co.

Hallimond, A.F., 1925. Iron ores: bedded ores of England and Wales.

Petrography and Chemistry. Mem. Geol. Surv.: Spec. Min. Repts., XXIX.

Hayes, B.J.R., 1982. Upper Jurassic and lower cretaceous stratigraphy of
southern Alberta and north-central Montana. Unpub. Ph.D. thésis,

2

University of Alberta, 303p. .

Hayes, B.J.R., 1983. Stratigraphy and petroleum potential of the Swift
Formation (upper Jurassic), southern Alberta and north-central Montana,

Bull. Can. Jour. Petrol. Geol., Vol 31, No.l, pp. 37-52.
h

Hayes, J.B., 1979. Sandstone diagenesis: the hole truth. In: Aspects of

Diagenesis: Soc. Econ. Paleon, and Miner: Spec. Pub. #26, pp. 127-139. ,



160

Hayes,.M.O., 1967. Hurricanes as geological agents: case studies of
hurricanes Chrla and Cindy, 1963. Texas Bur. Econ. Geol. Rept. Invest.

61,

Heald, M.T., 1956. Cementation of Simpson and St. Peter sandstones in parts
of Oklahoma, Arkansas and Missouri. Jour. Geol. 64, pp.. 16-30,
)
Heald, M.T. and Larese, E.E., 1973. The significance of solution of

feldspar in porosity ' «iopment. Jour. Sed. Petrol., 43, pp. 458-460.

Hedberg, 'H.D., 1976. Intern.:ional stratigraphic guide - a guide to
stratigraphic classification, terminology, and procedure. International
. Subcommission on Stratigraphic Classification. New York, John Wiley and
‘\‘ Sons, 200p.
Herbaly, E.L., 1974. Petroleum geology of Sweetgrass Arch, Alberta. Bull.

Amer. Assoc. Petrol. Geol., 58, pp. 2227-2244,
' ijg; R

Hill, G.W., 1985. Ichnofacies of a modern size-graded s‘ﬁelf, N:. ‘thwestern
Gulf of Mexico.  The Society of Economic Paleontologists and

Mineralogists. Spec. Pub. No.35, 'Ed. H. Allen Curran, pp. 195-210.

_Howard, J.D., and Reineck, H.E., 1972. Georgia coastal region, Sgpelo Island,
VU.S.A.: Sedimentolog andh biology, IV. Physical and biogenic sedimentary
’ .

structures of the nearishore shelf: Senckenbergiana mar{t. , V.4, pp.

81-123. . ' : '

~



161

Howard, J.D., apd Reineck, H.E., 1981. Depositional facies of high-energy
beach-te-v¥fshore sequence: comparison with low-energy sequence. Bull.

]

Amer. Assoc. Pet. Geol. Vol. 65, pp. 807-830.

Imlay, R.W. , 1957. Paleocecology of. Jurassic seas in the western interior of
the United States. In: Treatise on Marine Ecology and Palgoeéology, Part

II, ed. by K.S. Ladd. Geol. Soc. Amer. Mem. 67, chpt. 17, pp 469-503.

Inman, D.L., 1952. Measures for describing the size distribution of

sediments. Jour. Sed. Petrol., 22p_. 125-145.
‘ P iyl .

Jago, C.F., 1981. Sediment response to waves and currents, North Yorkshire

~, Shelf, North Sea. In: Holocene Marine Sedimentation in the North-.Sea
Basin, Nio, S.D., Shuttenhelm, R.T.E., and Weering, Tj.C.E. (eds.). Spec.
Pub. Int. Assoc. Sediment. #5, pp. 105-117. '

Kieke, E.M., and Hartmann, D.J., 1973. Scanning electron microscope
application to formation evaluation. Gulf Coast Assoc. Geol. Soc. Trans.

V.23, pp. 60-67.

Kulm, L.D., roush, R.C., Harlett, J’.'C., and Neudeck, R.H., 1975. Oregon

_(\-“l continental shelf.dimentation: interrelationships of facies

distribution and sedimentary processes. Jour. Geol., 83, pp. 145-175.
McBride, EF , 1977. Secondary porosity?importance\ in sandstone reservoirs in

Texas. Gulf Coast Asspc. Geol. Soc. Trans., 27, pp. 121-122.



162

McCave, I.N., 1972. Transport and escape of fine-grained sediment from shelf
areas. In: Shelf Sediment Transport: Process and Pattern, Swift, D.J.B.,

Duane, D.B., énd Pilkey, O.H. (eds.). Dowden, Hutchinson and Ross,

Stroudsburg, Pa. pp. 225-248.

Malouta, J.L., Thornton, T.S., Gorsline, A.M., 1981. Procésses/gnd rates of
o . F o

- /
recent (Holocene) basin filling in an active transform maring: /Santa

~

Monica Basin, Califonia continental borderland. Jour. Sed. \pei'}Jol.., 51
‘ ) ' )
pp. 1077-1095. ‘ ( . ),
' ]
Meade, R.H., .,1966.\ Factors influencing the early stages of the compaction of
, P

clays and sands-review. Jour. Sed. Petrol., 36, pp. 1085-1101.

Mcgnpér, J.A., 1980." Generation of abnormal pressures through organic matter
transformation (abs.). Amer. Assbc. Petrol. Geol. 64, p. 753. -«

Morton, R.A., 1981:. ‘Formation of storm deposits by wind forced currents ‘in
the Gulf of Mexico and the North ASea‘.. ) Spec. Pub. Int. Assoc. Sediment.
#5. In: Holocene Marine Sedimentation in the North Sea Basin, Nio, S.D.,

-
s

Shuttenhelm', R.T.E., and Weering, Tj.C.E. (eds.), pp. 385-396.

~

Murray, S.P., 1970. Bottom currents near the coast during hurricane Camille.‘

Jour. Geophys. Res. 75,.pp. 4579-4582. : . -

Nair; R.R., 1976. Unique mud banks, Kerala, ‘Southwest India. Bull.’ Amer.

Assoc. Petrol. Geol 60, pp. 616-621.



163

Nelson, B.W., 1960. Clay mineralogy of the bottom sediments of the

Rappahannock river, Virginia: seventh nat. Conf. Clays and Clay Minerals

pp. 135-147.

Peterson, J.A., 1958. Marine Jurassic of northern Rocky Mountains and

- Williston basin. Bull. Amer. Assoc. Petrol. Geol., 41, pp. 399-440.

Peterson, J.A., 1972. Jurassic system. In Geologic atlas of the Rocky
Mountains Région, U.S.A., ed. by W.W. Mallory. Rocky Mountain Assoc.

Geol., pp. 177-189.

Pittman, E.D., 1972. Diagenesis of quartz in sandstones as revealed by

scanning electron microscopy. Jour. Sed. Petrol., 42, pp. 1383-1389.

Pittman, E.D., 1979. Porosity, diagenesis and productive capability of
sandstone reservoirs, In: Aspects of Diagenesis, Soc. Eco Paleon. Miner.

Spec. Pub. #26, pp. 159-173.

Pocock, S.A.J., 1962. Microfloral analysis and age determination of strata at
the Jurassic-Cretaceous boundary in the Western Canada Plains.

Palaeontographica Abt. B,Bd. 111, pp. 1-95.

Pocock, S.A.J., 1‘,970, Palynology of the Jurassic sediments of Western Canada

(pt. II). Palaeontographica Abt. B,Bd. 137, pp. 85-153.



164

Polasek, T.L., and Hutchinson, C.A. Jr., 1967. Characterization of
non-uniformities within a sandstone reservoir from a fluid mechanics
standpoint. In: Seventh World Petroleum Cong. Proc., V.2, Elsevier Pub,

Co.” Ltd., Barking, pp. 397-407.

Porrenga, D.H., 1966. Clay minerals in recent sediments off the Niger Delta.

Clays and Clay Minerals, 14, pp. 221-223.

Postma, H., 1961. Transport and accumulation of suspended matter in the Dutch

Wadden Sea. Netherlands Jour. of Sea Res. 1, 1/2, pp. 148-190.

Powers, M.C., 1953. A new roundness scale for sedimentary particles. Jour.

Sed. Petrol. 23, pp. 117-119.

Powers, M.C., 1957. Adjustment of land derived clays to the marine

environment, Journ, Sed. Petrol. 27, pp. 355-37%:

/{}

.Reimer, J.D., 1982, Geological and petrophysical study of the Sunburst and
Swift sandstones, Manyberries area, Alberta. Company report, Home Oil,
Calgary.

Reineck, H.E., and Singh, 1.B., 1972. Genesis of laminated sand and graded
‘rhythmites in storm sand layers of shelf mud. Sedimentology, 18, pp.

123-128.



# &

Schmidt, V., and McDonald, D.A., 1979. Texture and recognitimy of sccondary
pdrosity in sandstones, In: Aspects of Diagenesis, Soc. Econ..Palcon.

Miner. Spec. Pub. #26, pp. 209-225.

Seilacher, A., 1955. Spuren und fazies im unterkambrium. In: Schindewolf,
O.H., and Seilacher, A., (edé.), Beitrage zur Kennthis des Kambriums in
der Salt Range (Pakistan). Akademie der Wissenschaften-und der
Literature, Mainz, Abhandlungen der Mathematisch-Naturwissenschattlichen

q
Klasse, V.10, pp. 11-143,

Siever, R., 1962. Silica solubility, 0-200 degrees celcius, and. the

diagenesis of silica sediments. Jour, Geol. 70, pp. 127-150.

Smith, J.D., and Hopkins, T.S., 1972, Sediment transport on-the continental
shelf off of Washington and Oregon in light of recent current ’
'measurements. In: Sfxelf Sediment Transport Process and Patte}, Swift,
D.J.B., Duane, D.B., and Pilkey, O.H. (eds.). Dowden, Hutchir;xsovn and
Ross, Stroudsburg, Pa. pp. 143-180.

Spencer, E., 1925. On some occurrences of spherulitic siderite and other‘

carbonates in sediments. Quart. Journ. Geol. Soc., LXXXI, pp. 667-705.

van Straaten, L.M.J.U., and Kuenen, P., 1957. Accumulation of fine-grained
sediments in the Dutch Wadden Sea. @Geol. en Mijnbouw (ns. ser.), 193',

pp.- 329-354. v



166

Stubblefield, W.L., Luvélle, J.W., Swift DJJ.P., u‘n'd MCK'mney T.F., 1975,
Sediment response to the presult hydraulic reglm‘e on, the central Newg .
‘ Jersey shelf.

N o w"“%;
“Journ. Sed. Petrol, 45 pp. 337- 35a3 s

‘;.'5%
WY .
BUAET S AUN ye %\f Cony . i
el n. & A “?e “ . , AERR A
EUNN ST ooar i

Subramanian, V., 1975.

& . 5 ; f; -
scanning electron microscopy. Jour Sed Petpolg,ﬂ&, pg‘f\l S
e ! EY I RS ot
L. ‘v{' .A"“. A ' . ,v’ ) .-_: ‘iﬂ”‘:‘,‘ Sol‘ ‘ }
Swift, D.J.P., Ludwick, J.C., and Boehmer§ WgR ., 1972‘. Shel,f sediment ' *
transport:

: a probability model.

Process
and Pattern, Swift, D.J.B., Duane, D?}?» nand P’rlkey 0.H. " (éds.). Dowden

:Aﬂ',\ﬁvv* f

‘Hutchinson and Ross, Stroudsburg, Pag m‘a 195-223.

i ?dimeut Transport

v
1

. j 5 »» S K oo
Towe, K.M., 1962,

Clay mineral diagenesisigsa’,possible source of éiﬁ_éa
cement in sedimentary rocks. Betrol. ‘32, pp. '26-28. “

. ‘
.

Udden, J.A., ‘1-898. Mechanical compositi;g w»mddepoéits. Au“gﬂus,’tah‘a
_Li_bréry Publ,, No.1.

Walker, R.G., 1984 Fd(:les m d !

Weaver, C.E., 1959. The clay petrology of sedimentsy * P"}'voc‘. S‘lxthNatl%
‘ » : 2 s i
. 154-187, oW

¥

Conf. on Clays and Clay Mierals, pp




167
Weaver, C.E., 1960. Possible uses of clay minerals in scarch for oilfmm
Amer. Assoc. Petrol. Geol., 44, pp.1505-1518.
b ] -
FE . ¥
'i) g'e .

4 -

Weir, J.D., 1949, Marine Jurassic formations of southern Alberta plains.

Bull. Amer. As50c. Petrol. Geol. 33, pp. 547-563.

Wells, J.T., and Coleman, J.M., 1977. Nearshore suspended sediment

variations, central Surinam Coast. Marine Geology, 24, pp. M47-M54.

Wells, J.T., and Coleman, J.M., 1981. Physical processes and fine-grained

sediment dynamics, Coast of Surinam, South America. Jour. Sed. Petrol.,

51, pp. 1053-1068. “

-

Wentworth, C.K., 1922. A scale of grade and class terms for clastic

sediments. ¢ Jour. Geol., 30, pp. 377-392.

Whitehouse, U.G., Jeffrey, L.M., and Debbrecht, J.D., 1960. Differential
settling tendencies of clay minerals in saline waters. Proc. Seventh Nat.

Conf. Clays and Clay Minerals, pp. 1-79.

Wilso_n; M.D., and Pittman, E.D., IQYQR Awuthigenic clays in sandstones:
recognition and influence on reservoir p‘m#rties und paleoenvironmental

B o
analy”s,i‘*g’. Jour, Sed.wetrol., 47, pp. 3-31.

&

¥}



16-29-1-9W4M

3

v 3-13-1-13w4M. ‘

APPENDIX

(911 -~ 912.5m) .

Lithofacies 4:, Rjbbon sediment-light colour.
Silty-V.F. grained sublitharenite; framework
constituents 65-75% very light grey, wavy to Q\
irregularly interlaminated with mudstone-light
grey. Addltloﬁally contains centimetre-scale M.
grained sand stringers. Low burrow density, small
scale, low-angle trough cross-stratification;
reactivation surfaces are frequently observed.
Erosional upper contact and gradatlonal lower
contact. :

(912.5 - 942.0m)
Lithofacies 3: Ribbon sediment-dark colour.

- 8ilt-V.F. grained sublitharenite. Framework

constituents decreasing downsection 70%-30% - very

- light grey. Irregularly interlaminated with an

organic-rich mudstone, grey black to black; minor
occurrence of M. grained sand stringers (always
less than 5 centimetres in thickness). Moderate
to high burrow density (predominantly Chondrltes),
minor small scale low-angle cross-stratification;
nodular- and disseminated pyrite; glauconite
abundant. Thin lenses of lithofacies 2 near base.
Gradational upper contact, sharp base with
underlying Rierdon Formation.

. , »

(787 - 80lm) - , Y

Lithofacies 5: Sandstone. V.F.-M. grained
litharenite. ‘A few chalky-white shale lenses, yet
predaminantly massively bedded coarsening upwards
lithofacies. Sharp grain/colour transition at
797.8m - depositional not erosional, as soft
sediment deformation and liquifaction are observed
at the boundary. Carbonized rootlets towards the.
base, clay clasts observed randomly. Authigenic

. siderite increasing towards base. Eros1onal upper
contdct, gradatlonal ldwer contact.

| (801.0 - 806.5m) / :
Lithofacﬁes 4: ibbon sédiment - light colour.

()Si1t-F. grained shhlitharenite; framework
constituents 45-65% - very light grey, wavy to
1rregular1y interlaminated with mudstone-light

. grey. Additionally contains centimetre-scale M.
grained sand stningers. Low burrow density. Very

»
\

. mud-rich zone at 802m, appears to be rooted.

Minor small scale, low-angle trough
~eross-stratification. Sideritic ag top,
glauconite increases downsection. . Gradational

“upper ‘and lower contacts.
1 i '_—168" .



10-34-2-TWaM
(925.8 - 926.5m)

Lithofacies 4: R1bbon sedlment 11ght colour,
Silt-V.F. grained sublitharenite; framework
constituents 65-75% - very light grey, wavy to
irregularly interlaminated with rudstone-light
grey. Additicnally. contains centimetre-scale- M
grained sand strlngers Moderate burrowing,
predominantly Chondrites, minor bioturbation .

. zones. Very sideritic. Gradational lower
contact - ' -

(926.5 - 931m) - - ~
Lithofacies 3: Ribbon sediment-dark colour.
Silt-V.F. grained sublitharenite. Framework
ccnstituents decreasing downsection 70%-30% - very
light grey. Irregularly interlaminated with an °
organic-rich mudstone, grey black to black;
containing also centimetre-scale F. grained sand
.stringers, often loaded into the ribbon sediment.
Moderate to hlgh burrow density (predominantly
Chondr;)tes), mmor &nall scale low-angle
~CT0SS- stratlflcatlon ‘nodular and disseminated
pyrite; glaucomte ‘abundant. Gradational upper
contact, partjculdrly shaley base - almost
structureless Lo
q N
A i
o (93 - 933m) . ct : X
. Lithofacies 2 Ribbon sediment-dark colour -
(lenticular-silt-streaked). Predominantly
siltstone sublitharenite. Framework constituents
below 35%, very. ligh®fgrey; encompassed in an -
organic-rich shale-grey black to black. Low
burrow density, Chondrites dominant; very minor
small scale, low-angle trough :
cross-stratification; pyrite common nodular and
disseminated; glaucomte abundant. Lensing upper
" “contact. ‘ -

6-31-2-8WdM . | —
(803,7 - 809.2m)

Lithofacies 4: Ribbon sediment-light colour.
Silt-V.F. grained sublitharenite; framework

constituents, 65-75% very light grey, wavy to . .

& 1rregulmly/lnterlammated with nudstone-light

‘ grey (darkening towards base).. M. grained sand
stringers also noted. I‘vbderate burrowing, .
prcdommantly Chondrites, increasing downsection;
minor small scale, low-angle trough
cross-stratification. Siderite decreusing
downsection. Very distorted bedding at-top,

possibly gradational with the overlymg unit
(Gladstone Formation?).

169
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14-25-2-10W4M .
O (789.2 - 794.6m) L

Lithofacies 5: 6 Sandstone V.F.-M. grained
- litharenite. .Light grey to buff with abundant

silt and matrix mud. Predominantly massively

bedded, coarsening upwards lithofacies; minor soft

sediment deformation, authigenic siderite . ‘ " g

increasing towards base. Gradational lower

", contact. %ﬁ% }

(794.6 - 804.3m) ' - .
“slLithofacies 4: Ribbon sediment-1ight colour.
Silt-V.F. grained sublitharenite; framework
constituents 70-85% very light grey, wavy to
irregularly interlaminated with nudstone-light
Jgréy. Addi}ionally'contains centimetre-scale M.
grained sand stringers. Moderate burrowing,
predaminant ly Chondrites, minor bioturbation
zones; minor small scale, low-angle trough S s
cross-stratification. Sideritic at top, - .
glauconite increases downsection. Gradational
upper and lower contacts.. ¥ '

(804.3 - 804.9m) ,

Lithofacies 3:- Ribbon sediment-dark coloéur.
Silt-V.F. grained sublitharentie. Framework.
constituents decreasing downsection 65-35% - very
light grey.. Irregularly ,nterlaminated with an
organic-rich mudstone. grey black to black; ,
containing also centimetre-scale M. grained sana o ¢
stringers, often loaded into the ribbon sediment.

Moderate to high?burrow density (predaninantly‘

Chondrites); minor small scale low-angle

cross-stratification; nodular and disseminated

pyrite; glauconite abundant. Gradational upper

contact, amd possibly lower contact also. .

(804.9 - '809.2m) ‘ Ca “ :
Lithofacics 1: Shale - pred. massive, m. grey.
- Minor. silt lenses; carbonaceous detritus common; .
. pyrite.and glauconite observed. Upper contact ;
- gradational, lower contact not observed. _ s



10-28-3-TWaN

(897.7 .- 901.5m)
Lithofacies 3: .Ribbon sediment-dark colour.
Silt-V.F. grained sublitharenite. Framework
cohstituents increasing to 898m (v. shalev top),
then decreasing downsection 55%-30% - very light
grey. Irregularly interlaminated with an
organic-rich mudstone, grey black to black;
containing also centimetre-scale M. grained santd
" stringers, often loaded into the ribbon sediment.
AN Low burrow density (predominantly Choncrites);-
~minor small scale low-angle cross- txatlflcatlon,
nodular and disseminated pyrite; glauconite
-abundant. Small high angle fractures oBserved
Contacts not dlbtlngulshable ’

s

11-4-3-8WaM RN

(861 5 -"#§0m), , : o :
Lithofac#és 3: Ribbon sediment-dark colour.
Silt-V.F¥ grained sublitharenite. Framework
constituents decrcasing downsection 55-40% - very
_ light grey. Irregularly interlsminated with an

; organic-rich nudstgne, grey black to black;

: ' .contalnlng alsogﬁ imetre-scale M. grained sand
stringers, often [0aded into the ribbon sed1nenty
"the abundance of lithofacies increases
downsection. Low to moderate burrow density
(predominantly Chondrites); minor small scale low -
angle cross-stratification; nodular and ‘
disseminated pyrite; glauconite abundant.” Upper
contact shows gradational colour to. 11ght rlbbon g
sediment . : “

9-22-3-8W4h]

(878.0 - 892.4m)
Lithotfacies 3: Ribbon sediment-dark colou1
Silt-V.F. grained sublitharenite. Framework
constltuents ‘decreasing downsection 90%-70% - very
‘light grey. Irregularly interlamined with an
erganic-rich nudstone, grey black to black;
containing also centimetre-scale M. grained sand
stringers, often loaded intg the ribbon sediment.
. Moderate to high burrow density (predominantly
Chondrites); burrow density markedly increasing
downsection; good small scale low-angle
cross-stratification; nodular and disseminated
pyrite; glauconite abundant. Gradaticnal upper .
contact (appears to be transitional with light
ribbon sediment (corc m1551ng from 881.8 - £84. 2).

Py



o

(892.4 - 898.2n)

‘Lithofacies 2: Ribbon sediment-dark colour

(lenticular-silt-streaked). Predominantly

siltstone sublitharenite. Framework constituents

below 35%, very light: grey; encompassed in an

organic-rich shale-grey black to black. Low

burrow dénsity, Chondrites dominant; very minor -

small scale, low-angle trough cross- stratificaﬂﬁd@, .

pyrite commor: nodular and disseminated; glauconit

abundant. Len31ng upper contact, sharp based. '
AW

(893.2 - 898.mn)

Lithefacies 1: Shale - predominantly massive.

Silty top, minor silt lenses throughout;

carbonaceous detritus common; pyrite and

glauconite observed. Upper contact sharp, lower

\

~ contact abrupt with pebble conglomerate.

(898.2 - 898.4m)
Conglamerate - chert-belemnite (dark grey shale

matrix). Unique lithology with an study. area,
observed at base of shale member in Type locality.

6-19-3-9WaM] - | S

(853.0 - 853.9m) ,

Lithofacies 5: Sandstone. V.F.-M. grained :

litharenite. Light grey to buff with abundant ) L,
silt and matrix nud. Predominantly massively" ' -

bedded, coarsening upwards lithofacies; minor soft

'sediment deformation, questionable slumping at thl

top - very chaotic; rmr. low angle cross-beds near Lo
base. Authigenic siderite increasing towdrds. . S
base. Erosional upper contact, gradational lower
contact. k

A5

U

(853.9 - 856.3m)

Lithofacies 4: Ribbon sedlment light colour,
Silt-V.F. grained sublitharenite; framework
constituents 65-75% - very light grey, wavy to
irregularly interlaminated with mudstone, mud
laminae thinning upsection, and darRen1ng towards
the base; contajins centinetre-scale sand
stringers; very low burrow density, predominantly
Chondrites; minor small scale, low-angle trough
cross-stratification. Sideritic at top,
glauconite incrcases downsection. Gradational
upper and lower contacts. '
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7-8-4~4Vi4hi

(1128.5 - 1134.3m) ¢
Lithofacies 4: Ribbon sediment-light colour.
Silt-V.F. grained sublitharenite; framework
constituents 50-75%, increasing in abundance
downsection, as does bed definition increase -
very light grey, wavy to irregularly
interlaminated with mudstone-light grey.
Additionally contains centimetre-scale M. grained
sand stringers. Moderate burrowing, predominanly
Chondrites, minor bioturbation zones; minor small
scale, low-angle trough eross-stratification.
Sideritic at top, glauconite increases
downsection. Gradational upper and lower
contacts.

(1134.3 - 1142.8m) '
Lithofacies 3: Ribbon sediment-dark colour.
Silt-V.F. grained sublitharenite. Framework
constituents decreasing downsection 50-30% 5 Very
light grey. Irregularly interlaminated wi
organic-rich mudstone, grey black to blak;
containing also centimetre-scale M. grained sand
stringers, often loaded into the ribbon sediment.
Moderate to hlgh burrow density (predaminantly
Chondrites).;.'minor smal. ale low-angle
cross—strq'-flpatiod o % and disseminated
pyrite; glaucBriite akil oradational upper
contact, dla’é{}rbed 1088 thet. - . '

(1142.8 - 11498.0m) .’ E

Lithofacies 1: 'Shale - prodanlnantly ma531ve,,
med-grey. "Minor silt lenses; carbonaceous »
detritus common; pyrite and glauconite observcd
Upper contact disturbed, ‘lower ‘contact not
obsgerved. o

e

6 22-4- 4W@M

(1066 2 - 1071.3m)
'thhofac1es 4: Ribbon sedlment 11ght colour
: Silt-V.F. grained sublitharenite; framework
. - constituents 65-75% - very light grey wavy to
\ 1rregu1arlv interlaminated with nudstone-light
grey. “Additicnally ®ntains centimetre-scalc M. .
grained sand stringers. Noderate burrowing,:
preduminant ly Chondrites, minor bioturbation 4
zones; minor small scale, low-angle trough
cross-stratification. Sideritic at top, -
3 glauconite increases downsection. Lower contact
- very gradat1onal - mud ribbons darkening gradua14y
to 1071lm.



(1071.4 - 1076.3m)

- Lithofacies 3: Ribbon sediment—dark colour.

» Silt-V.F. grained sublitharenite. Framework
constituents decreasing downsectlon 70%$-40% - very
light grey. Irrcgulurly interlaminated withan
organic-rich mudstone, grey black to black;
containing alse centimetre-scale M. grained sand
stringers, often loaded into the ribbon sediment.
Moderate to high burrow density (predaminantly
Chondrites); minor small scale low-angle
cross-stratification; modular and disseminated
pyrite; glauconite abundant .Gradational upper
contact.

15-15-4-15W4

(873.6 - 874.0m)
. Ljthofacies 5: Argillaceous siltstone. .Very
v - light brown. Predominantly massively bedded, with
- minor silty shale lamination; minor soft sediment
def 1#ioon, carbonized rootlets towards the top, o
.abmgt plant material. ~ Authigenic siderite -
inéfBlsing towards base. Erosional upper conty
gracatlonal lower contact. o

(8784 - 874.6m) . | s
L1thofac1es 4"§ﬁR1bbon sedlment llght colo
R Slkm—V F. gra1ned subllthaﬂbnlte, frhmﬁwork
s .aufcongtituents 65-76% - very light" grey, WAVy’ﬂ
B 1rregu1arlv 1nterlum1nated with" nudstone ligh !
., ’grey. Mingr burrowlng,,sgﬁgktlv calcaréoys and "
“ sideritié; good reactivation surfaces minor small
scale, low-angle. txdugh cross-stratification.
Gradatlondl -upper contact, abrupt lower contact.

’ (874 6 - 880. hn)
Lithofacies 1:: Shale - predan1nantlv massive.
Miger silt- lenses, carbonaceous detritus cammon;
pyrite observed and abundant glaucon1te
(1ncrea81ng do ectlon) Thin bentonitic lave1=
noted; xelat1v§3y sideritic base, abrupt upper
contact , lmmrcmﬂmirmtoﬁ&mmd
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10-3-5-4W4M

(1076.0 - 1078.2m)
Lithofacies 4: Ribbon sediment-light colour.
Silt-V.F. grained sublitharenite; framework
constituents 65-75% - very light grey, wavy to
irregularly interlaminated with mudstone-1ight
grey. Additionally contains centimetre scalel..
grained sand stringers. Moderate burrowing,
predaninant ly Chondrites, mindr bioturbation
zones; minor small scale, low-angle trough
cross-stratification.” Sideritic at top,
glauconite increases downsection. Gradational
lower contact, shale laminae darkening towards the
contact. g
(1078.2 - 1202.0m) _

‘Lithofacies 3: Ribbon sediment-dark colour.
Silt-V.F. grained sublitharentie. Framework
constituents decreasing downsection 70%-30% - very

. light grey. Irregularly interlaminated with an
_prganic-rich nudstone, grey black to black,
containing also centimetre-scale M. grained sand
stringers, often loaded into the ribbon sediment,
increased abundance and thickness of coarser
lenses downsection; ;mud clasts around 1091.5m.

Moderate to high burrow density (predominantly

~ Chondrites); minor small scale low-angle
cross-stratification; rodular and disseminated
pyrite; glauconite ubundant. Gradational upper
contact, lower contact not preserved.

a
1o

(1202.0 - 1202.2m) .
Lithofacies 1: Shale - predaninuantly massive.
Minor silt. lenses; carbonaceous detritus common;
~pyrite and minor siderite observed. Contacts not
preserved.

15-12-5-5WdM

(1111.0 - 1112.1m)

Lithofacies 5: Argillaceous siltstone - siltier
to base. Light brown to med. brown, appears to be
a slightly fining-upwards sgquence; minor soft.
sediment deformation; very carbonaceous '
throughout, caarbonized rootlets towards top.
Erosicnal upper contact, lower contact unclear.



176

(1112.1 - 1118.4m)

Lithoiacies 4: Ribbon sediment-light colour.
Silt-V.F. grained sublitharenite; framework
constituents 65-85% - very light grey, wavy to
irregularly int®rluminated with mudstone-1ight
grey. Additionally contains centimetre-scale M.
grained sand stringers. Moderate burrowing,
predamninant ly Chondrites, minor bioturbation
zones; minor and good reactivation surfaces in
spots. Sideritic at top, glauconite increases
downsection. Gradational lower contact.

(1114.4 - 1125.8m) %&yk
Lithofacies 3: Ribbon sediment-durk colour. *7
Silt-V.F. grained sublitharenite. Framework '
constituents decreasing downsection 70%-40% - very
light grey. Irregularly interlaminated with an
organic-rich mudstone, grey black to black;
containing also centimetre-scale M. .grained sand
stringers, often loaded into the thbon sediment.
Moderate to hlgh burrow density (gp#edominantiy
Chondrites); minor small scale lojgdhgle
cross-stratification, good reacg%. yion surfaces;
nodular and disseminated pyrite;? @lauconlte
abundant Gradatlonal upper an iower contacts.

@

3

'(1025.8 - 1026.5m) 4

Lithofacies 2: Ribbon sedlment dark colour
(lenticular-silt-streaked). Predaminantly

siltstone sublitharenite. Framework constituents v
below 35%, very light grey; encampassed in an oW
organic-rich shale-grey black to black. Low ¥

burrow density, Chondrites daminant; very minor

small scale, low-angle trough

cross-stratification; pyrite common nedular and
disseminated; glauconite abundant. Gradational
upper'and lower contacts.

(1126 5 - 1133.0m)

Lithofacics 3: Ribbon sedlment dark colour.
Silt-V.F. grained sublitharenite. Framework )
constituents decreasing downsection 65%-30% - VEP}
light grey, irregularly interlaminated with an
organic-rich mudstone, grey black to black;
abundant centimetre-scale F.-M. grained sand
stringers, often loaded into the ribbon sediment,
greater grain size variation between sand
stringers than is typically observed (alos get
colour variation). DModerate to high burrow - ?
density (predaminantly Chondrites); minor small -
scale luow-angle -cross-stratiiication; ncdular and
disseminated pyrite; glauconite abundant. .
Gradational upper contact, facies 2 lenses in and
out towards base,

o o



3-13

-5~ 3W4hl

(1135.7 - 1139.6m)

Lithofacies 5: Sariaston. V.F.-M. grained
litharenite. Light grey to buff with abundant
silt and matrix nmd. Predominantly massively
bedded, ‘coarsening upwards lithofaces; minor soft
sediment deformation towards the base, and minor
low-ungle crossbeds observed; carbonized rootlot"
towards the top, clay clasts observed
prodaninantly at top. Authigenic siderite
increasing towards base. Erosional upper contact,
gradational lower contact.

(1139.6 - 1142.0m)

Lithofacies 4: Ribbon sediment-light colour.
Silt-V.F. grained sublitharenite; framework "
constituents 65-75% -~ very silty top, matrix nmud
percentage increases downsection irregularly
interlaminated with shale-light grey.
Additionally contains cm. scale M. grained sand
stringers; minor small scale, lwo-angle trough
cross-stratification. Sideritic throughout.
Gradational upper contact.

16-21-5-5W4M

- (1076.0 - 1076.8m)

Lithofacies 5: Sandston. V.F.-M. grained
litharenite. Light grey to buff with abundant
silt and matrix mud. Predominantly massively
bedded units, with minor sott sediment
deofrmation, towards base; carbonized rootlets
towards the top, authigenic siderite throughout.

. Erosional uppemgontuct, gradational lower

contact.

(1076.8 - 1084.5m)

Lithofacies 4: . Ribbon sediment-light colour.
Silt-V.F. gra1ned sublitharenite; framework
constituents $5-75% - very light grey, wavy to
irregularly interlaminated with nudstone-1light-med
grey. Contains abundant centdmetre-scale M.
grained sund stringers. Moderate burrowing,
predaminant ly Chondrites, minor bioturbation -
zones; minor aEETT_EEETE, low-angle trough
cross-stratificatich. Sideritic at top,
glauconite increases downsection. Gradational
upper contact not present.

177
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(1053.5 - 1054.4m) - MISSING OCRE
Lithofucies 3: Ribbon sediment-dark colour.
Silt-V.F. gruined sublithuarenite. Framework
constitulnts decreasing downsection 70%-50% -
very light grey. Irregularly interlaminated with
an organic-rich nudstone - black; occasionally
lenticularly bedded with shales; containing also
centimetres scale M. grained sand stringers, orten
loaded into the rikbon sediment. Moderate to high
burrow density (predaminuntly Chondrites); minor
small scale low-angle cross-stratification;
nodular and dissaminatca pyrite; glauconite

- abundant. Gradational upper contact, lower
contuct not observed.

6-28-5-5W4M

(1053.0 - 1062.0m)

Lithofacies 5: Sandstone. V.F.-M. grained
litharenite. Light grey to buff with varying silt
and matrix mud. Stratirfication varies from poorly
defined parallel bedding, to low-angle
cross-bedding, to massive bedding. Cross-bedding
appears restricted to sub-units within the facies
which containn the coarsest grain sizes; minor 18
centinetre shale lense near buse. Carbonized — .
rooctlets towards the top, additional veinlets
infilled with calcium carbonate and kaolinite are
present which may represent diagenetically .
infilled root systems. Clay clusts (1-3cm) in
lenigth are observed throughout the unit.

Sideritic is present predaminantly near base.
Erosional upper contact, gradational lower

contact. ‘

(1062.0 - 1066.1m) ‘
Lithotacies 4: Ribbon sediment-light colour.
Silt-V.F. grained sublitharenite; framework
constituents 70-30% - systcmatically decrease
towards the base of the unit, with a well
developed mud-rich lense at 1065.4m. Colour of
framework constituents is predaminantly very ligiht
grey; wavy to irregularly interlaminated with
mudstone-light grey. Aaditionally contains
centinetre-scale M. grained sand stringers.
Moderate burrowing, predominantly Chondrites,
minor bioturbation zones; miner small scale,
low-angle trough cross-stratification; Sideritic
at top, glauconite increases downsection.
Gradational upper contact and sharp basal contact.
(1066.1 - 1067 . 0m) ’
Lithofacies 1: Shale - predominantly massive.
Minor silt lenses; carbonaceous detritus common:
pyrite and glauconite observed. Upper contact
sharp, lower contact not observed. :



6-29-5-5W4M

(1040.0 - 1047.8m) '

Lithofucies 4: Ribbon sediment-light colour.
Silt-V.F. graincd sublitharenite; tramework
constituents 65-756% - very light grey, wavy to
irregularly interlaminated with nudstone-light
grey. Additionally contains centimetre-scale M.
grained sand stringers. Moderate burrowing
predaninantly Chondrites, minor bioturbation zones
minor small scale, low-ungle trough
cross-stratification. Siderite not observed;
minor glauconite visible. Grao -tional lower
contuct (upper contuct not present).

(1047.8 - 1053.0m) :

Lithofacies 3: Ribbon sediment-dark colour.

Silt-V.F. grained sublitharenite. Framework

constituents decreasing slightly downsection
- 70%-55% - very light grey. Irregularly
interlaminated with an orgainic-rich mudstone,
grey black to black; containing abundant
centimetre-scale M. grained sand stringers, often
loaded into the ribbon sediment. Intervals
1055-1056.8m and 1058.6-1061m are dominated by the
mediun sund component, These thicker intervals
contain some gooa planar cross-stratification.
Some intervals near the top ot facies 3 contain
low-angle sand/shale lumination, which may
represent slumped surfaces. Minor fractures
(2-10¢m) in length are present. Moderate to high
burrow density (preacominuntly Chondrites); miror
small scale low-angle cross-stratification;
nodular and disseminuted pyrite; glauconite
abundant. Gradational upper contact, lower .
contact not observed, but:thin 8-10cn lenses of
lithofacies I are observed near the buse of the

core.
8-29-5-5WdMi “ e
(1050." - 1053.0m) e

Lithofacies 5: Sandstone. V.F.-F. grained -
litharenite. Light grey to buff with abundunt
silt and matrix nud. Predaminently massively-
bedded, possibly fining - upwards lithofacies;
minor soft sediment deformation, extensive
carbunized rootlects towards the top, clay clasts
observed sporadically throughout, increasing
towards base. Erosional upper contact, sharp .
lower contact.. ' :

)

\ ,

1

)
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(1053.0 - 1054.7m) ’

Lithofacies 4: Ribbon sediment-light colour.
Silt-V.F. grained sublitharcnite; francwork
constituents 70-80% - very light grey, wavy to
irregularly interlaminated with nudstone-light
grey. Relatively low burrow density; swall scale,
low-ungle trough cross-stratification. Sideritic
at top, glauconite increases downsection. Shuarp
upper und lower contacts.

(1054.7 - 1061.0m)

Lithofacies 1: Shale - preduninantly massive.
Unit possesses a very si'lty top, as well as, a
silty base; additional amall-scale ( 0.5cm) silt
lenses are observed throughout Chondrites -« -
burrowing observed necar top. Carbonaceous
detritus common; pyrite and glauconite observed.
Upper and lower contacts sharp.

16-29-5-5W4M
(10470 - 1050.8m) ,
Lithotacies 5: Sandstone. V.F.-M. grainca
litharenite. Light grey to buff with abundant
silt and matrix mud. Preaaminantly massively
bedded, coarsening upwards lithofacies; minor sort
sediment deformation, carbonized rootlets
preduaninantly in silty base, clasts in coarsening
transition. Authigenic siderite increuasing
towards base. Erosional upper contuact,
gracational lcwer contact. .

(1050.8 -~ 1059.0m)
Lithofacles 4: Ribbon sediment-light colour.
Skt -V.F. grained sublitharenite; framework .
WS tituents 65-75% - very light grev, wavy to .
irregularly interlaminated with mudstone-light .'"
grey. Additionally contains centimetre-scale M.
grained sand stringers. Moderate burrowing,
predaminantly Chorarites, minor bioturbation
zores; minor small scale, low-angle trough
cross-stratification. Sideritic at top,
glauconite increases downsection. Gradational
upper and lower contacts.



(1059.0 - 1052.7m) ,
Lithotacies 3: Ribbon scdinent -dark colour.
SilteV.F. grained sublitharenite. Francwork

constituents decreasing downsection 70%-30% - very -

light grey. Irregularly interlaminated with an
organic-rich nmdstone, grey black to black - shale
increaging téwards base, minor lenticular bedding;
containing also centimetre-scale M. grained sand
stringers, often loaded into the ribbon sediment.
Moderate to high burrow density (predominantly
Chondrites); minor small scale low-angle
cross-stratification; nodular and disseminated
pyrite; glauconite abundant. Gradational upper
contact, debatable lower contact.

14-34-8-TWaM

,,

(1043.4 - 1049.0m)

- Lithofacies 1: Shale - predaminantly massive.

Minor silt lenses; carbonaceous detritus comon;
predaninantly quite structureless and very
crumbly; small pyrite blebs and glauconite
observed. Upper contact unclear, lower contact
not observed. ‘

14-5-6-5\4M

(1059.0 - 1060.5m). .

Lithofacies 5: Sandstone. V.F.-M. grained
litharenite. Light grey to buff with abundant
silt and matrix mud. Predominantly massively
bedded, coarsening upwards lithofacies; minor sof't
sediment deformation, carbonized rootlets towards
the top, clay clasts observed predominantly near -
base. Authigenic siderite increasing towards
base. Erosional upper contact, gradational lower
contact. :

il ;

(1060.5 - 1073.6m) .
Lithofacies 4: Ribbon sediment-light colour.
Silt-V.F. grained sublitharenite; framework
ccenstituents 65-75% - very light grey, wavy to
¥rreguldrly interlaminated with mudstone-light .
grey: ‘Additignally contains centimetre-scale M.

- graingd san#l.€tringers. Moderate burrowing,

predaninant 1y’ Chondrites, miror bioturbation
zones; minor small scale, low-angle trough
Cross‘stratifé§ﬁ$ion. Siderdtic ut top,
glauconite indgases downsection. Gradational
upper and lower contacts. .
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. (1073.6.- 1081.0m) ‘ oy
ol - : Lithofacies 3: Ribbon sediment-dark colour.
.. Silt-V.F. grained sublitharenite. Framework
L - constituents decreasing downsection 70%-30% - very

light grey. - Irregularly interlaminated with an
. organic-rich midstone, grey black to black; ’
..~ containing also centimetre-scale’M. grained sand
~~t. stringers, often loaded into the. ribbon<sediment.
- Moderate.to high,burrow density (predominantly.
" CHondrites); minor small scale low-arigle. . ‘
crpss-stratification; nodular and ‘disseminated
pyrite,-glauconite abundant.  Gradational upper
g . + and lower conthct. T ) . .
. . ~ . e P - o
(1081.6 -~ 1034.0m) Lo : !
- Lithofacies 2: Ribbonsedjment-dark colour o
(lenticnlar-silt-streakedfx, Predaminantly
giltstone sublitharentie. Fymework constituents
below 35%, very light!grey; encompassed in an . :
organic-rich shale-grey black te black. Low -
_burrow density, Chondrites  damingnt; yery minor .V
‘small scale, low-angle trough ’
cross-stratification; pyrite common nodudar and
disseminate; glauconite abundant. Lensing uppér
contact, sharp based. '
L : L ] i ) o ‘ .
o 4m2-l-dewani o - - ~ S .
L (740.3 - 744.9m) - o : L X
: o Lithofacies 1: ,Shale - predaminantly massive.
i Abundant sil{ lenses; carbonaceous detritus
) cammon; pyrite observed in small nodules and _
disseminated; glauconite abundent,’predaminastly
- concentrated in thin lenses; very micaceous. Both °®
contacts appear to be quite sharp.

-

T

7-31-6-12W4Ni

_ (889.5 - 896G.7m) .
“  Lithofacies 5?: Sandstone. F.-C. grained
' litharenite. Light grey to buff with abundant
S - :silt and matrix mud. Unit also contains lenses of.
' ' "cleaner" mediun sand. Predominantly ‘massively
bedded, however, coarse-grained base has varying )
~ angles of cross-stratification dip. Authigenic o
- sicderite increasing in basal region. Upper
- contact not present, lower contact quite sharp.



. thin laminae ne

S .
10-5=6-13W4N

(913.1 - 914.6m) !

(890.7 - 894, 2m)
Lithofacies 4: .Ribbon sediment-1ight colour
Silt-v.F.* graﬁx\ed sublitharenite; framework
constituents 55-40% - very llg‘ht grey, wavy to
1rregularly interlaminated with mudstone- light
grey. Addi tionally contains centimetre-scale M.
grained sand stringers. Very low burrow densi ty,
predaminantly éﬁqnarltcs minor Skolithos; minor
small scale, low-angle trough
cross-stratification, becoming distinctly bimodal «
in some regions. 4 Sideritic at top, glauconite
increases downs@wn, becaning concentrated in

[ base. Sharp upper and lower
coritacts. '

(894.2 - 895.5m) -

Lithofacies 2: Rlbbon sedlment ~-dark colou1
(lenticular-silt-streaked).- Predcmmantly
siltstone sublitharenite., Framework constituents
below 35%, very light grey; encoampassed in an ¢
organic-rich shale=grey black to black. Sand
stringer Facies 6 very rarely observed. Extremely
shaley unit with predommantly poker-chip
fracturmg habit. Low burrow density, Chondr ¥ tes
daminant;” very minor small scale, low-angle t/rough
cross/stratlflcatlon, pyrite common nodular 4nd
disseminate; glauconite dbundant Lensing
contact, sharp based. :

per

L g

Lithofamqs 5: Sandstone. ' V.F.-F. gr 1ned
litharenite. Light grey to buff with abundant silt
and matrix mud. Predominantly massiv ly-bedded, .
coarsening upwards lithofacies; minoy soft
sediment deformation, authigenic siderite
increasing towurds base. Upper contact unclear,
gradational lower contact.
(914.6 - 919,0m) . A
Lithofucies 4: Ribbon sediment-light colour.
Silt-V.F. grained sublitharenite; framework

constituents 65-75% - grajn size systemat1cally : /“

de%redbmg downsection fr

V.F. sand to silt; //

. wavy to irregularly inter)aminated with

mudstone-light grey. Addittionally contains /
centimetre-scale M. grai

35an thick wit observed at 917.6m. Low burrow
‘density. Minor small scale, low—angle trough _
cross-stratification. Siddritic at top, =
glaucomte increases downsectlon pyrite observed
slightly dbove the dark/llg'ht ribbon transition..
Gradational ‘upper and lower contacts.

L4

d sand stringers, with a
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6—33#7—3W@W

~

(919.0 - 920.5m) ,
Lithotacies 3: Ribbon sediment-dark colour.
Silt-V.F. grained sublitharenite. Frameworl . .
constituents approximatley 45% - very JigﬁY'grey.
Irregularly interluminated with an organic-rich

nmudstone, grey bluck to black; containing also

centimetre-scale M. grained sand stringers, often

burrow density (predaninaﬁtly'Chondrites);'mino
small scale low-angle cross-stratification,
appears to be undjrectjonal. Nodular and'
dissanindted\pyrite'present;,glauconite abundant.
~Gradational upper contact, lower contact fot )
observed. - ‘ : \ ‘ ) -

loaded into the ribbom sediment. Nbderate;to h{s? o
r

(1430.8 ~ 1434.0m) _
Lithofacies 4: Ribbon sediment-light celour.
Qilt-V.F. graiped sublitharenite; framework
constituents 65-85% - very light grey, wavy to .
irregularly interlaminited with mudstone-light
grey. Additionally contains centimetre-scale M.
grained sand stringers. Low burrow dens#ty)
predominantly Chondrites, where present; minor
small scale, low-angle trough- o '
cross-stratification, reactivation usrfuces .
observed. Siderite and-glauconite present. ‘Upper
contact not observed, lower contact -unclear.

(1434.0 - 1446m) , BN
Lithofacies 3: Ribbon sediment-dark colour.
Silt-V.F. grained sublithareq;te. Frameworkh . )
constituents decreasing downsection 70%-40% = very
light ggp?x Irregularly interlaminated with an
organicfrich nudstone, grey black to black; -

. containing also centimetre-scale M. grained sand

strinfers, often loaded into the'ribbon sediment :
from 1440.5 to 1442 metres, zone of predominantly
coarser sand (Facies 6). DModerate to high burrow
density, abundant bioturbution zones ‘
(preduminantly Chondrites); minor smuall scale
low-angle cross-stratification; nodular and
disseminated pyrite; glauconite abundant, often
upper contact, lower contact not observed.

| S | .
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. 2-21-8-16W4M Lo

v

(980.8 - 984.3m)T%

. Lithofacies 5: Sandstone. V.F.-M. grained .
litharenite. Light grey to bufY with abunaant
silt and matrix rud, as well as, '

. silty/argillaceous zones (10<15cm thicknesses). _
Very carbonaceous. Predominantly massivel
bedded, coarsening upwards lithofacies; mf%r soft

_ sediment deformmtign, carbonized rootlets towards

™ the top, clay clasts observed lower in the unit.
- Minor authigenic siderite. Contacts do not appear
“to be present. x '
‘ . S

- . , ‘ J
.(¥{—1~8—4W4M ‘ ) , :
v o
3 (1261.0 - 1261.3m) -
Lithofacies 4: Ribbon sediment-1ight -colour.
. Silt-V.F. grained sublitharenite; framework
can§tituents 75-85% - very light grey, wavy to
~irregulaly interlaminated with tudstone-light
grey. Additionally contains centimetre-scale M.
grained sand stringers. Moderate burrowing,
' predominant ly Chondrites, minor bioturbation
zones. Erosional upper contact, lower contact
gradational,

»

Y

(1261.3 - 1262.2m) ‘ '
Lithofacies 3: Ril{gg; sediment-dark colour.
Si1t-V.F. graintd shhlitharenite. Framewqrk
constituents decreasing downsection 60-45% - very
light grey. Irregularly interlaminated with an
organic-rich mudstone, grey black to-black; .
containing also centimetre-scale M. grained sand
: stringers, often loaded into the ribbon sediment.
- Nbderat\e to high burrow density (predominant ly
Chondrites); minor small scale low-angle “
. scross-stratification; nodular and disseminated ~
¢ pyrite; glauconite abundant. Gradational upper
contact, lower contact not observed.

N

14-20-7-16W4M
. ’ I R . N
({019.0 — 1019.7m) ,
~ Lithoracies 5: :Silty-{\hlds.s.tone, very carbonaceous.
Preduminant ly massively bedded, may be rooted.
Upper contact not observed, sharp lower contact.



(1039.7 - 1021.2m) : - .
Lithofacies 4: Ribbugysedimeyt-light colour.
S11t<F. grained sublitharefifte; framework
‘constituents 65-75% - very light grey, wavy to
irregularly interlaminated with mudstone-light
grey, good smal} scale cross-stratification. Very
low burrow density, minor pyrite in thin laminae
towards base., Sharp upper contact, gradational,
lower contact. L [l

(1021.2 - 1028.5m) , ,
Lithofacies 1: Shale -~ predominantly massive.
Minor silt lenses;-very silty tep - grey-green.
Upper 2-3 metres not calcareous; becoming both
calcareous und more cohesive towards the base.
Gradational upper contact, lower contact ot

observed. ' .

7-29-2-8W4M

(858.0 - 861.Cm) |

Lithofacies 4: Ribbon sediment-light colour.
Silt-V.F. grained sublitharenite; framework
constituents 75-85% - very light grey, wavy to
irregularly interlaminated with mudstone-light . .
grey. Additionally contains centimetre-scale M.
grained sand stringers. Moderate burrowing,
-predaminantly Chondrites, minor bioturbation
zones; minor small scale# low-angle trough
cross-stratification. Sideritic at top.
Erosional upper contact, gradational lower
contact. . : *

\

(861.0 - 867.4m). -

Lithofacies 3: Ribbon sediment—dark/éolour.
Silt-V.F. grained sublatharenite. Rramework

constituerits decreasing downsection 0-35% - very
light grey. Irregularly interlaminafgd with an
organic-rielrmudstone, grey bladk to bltack; |
containing also centimetrevscale M. grpined sand

stringers, often loaded into the ribbgn sediment.

Low to moderate burrow density {predabinantly
Chondrites); excellent small scale low-shgle
cross-stratification; nodular and disseminated
pyrite, minor siderite; glauconite abundant.”
Gradational upper contact, lithofacies z,appeaging
in thin lenses towards base (vet base-not -,
observed). . B ™



6-36-1-10WaM - ‘ N

{864.8 - 871.4m) A o
. Lithofacies 4: ﬁ?ﬁbon sediment-light colour.
Si-1t-V.F. grained sublitharenite; framework
constituents 45-60% - very light grey, wavy to
irregularly interluminated with nudstone-light
grey. Additionally “tontains centimetre-scale M.
L grained sand stripgers. Law burrow deﬁsici ‘
\\ Minor ‘small scale, low-angle trough
s cross-stratification. Sideritic near top,
-glauconite increases downsection. Upper contact
not'dbse;ved, nud laginae darkening_downsectﬁqn

yet lower contact not presént. ¢
: ’ i »
6-1-4-9W4M
(878.5 - 884.1m) - Coa
Lithofacies 4: Ribbon sediment-1ight  colour. “W¢§h~
Silt-V.F. grained sublitharenite; framcwdrk e,

constituents 40-80% - very light grey, wavy to |

irregularly interlaminated with mudstone-1light \
grey. Additionally contains centimetre-scale éh
.grained sand stringers. Moderate burrowing,
predominantly Chondrites, niinot bioturbation N
zones; minor small scale, low-angle trough _
cross-stratification. Sideritigc at top, slightly
pyritic near base. Erosional upper contact, very

' gradational lower contact; darkening downsection
from 882.5m.

(884.1 - 887.0m) oo -
Lithofacies 3: Ribbon sediment-dark c¢oléur.
~8i1t-V.F. grained sublitharenite. Framework
constituerits increasing downsection 40-55% - very
- light grey. Irregularly interisminated. with an
" organic-rich mudstone, grey black to bluck,

. containing also centimetre~scale M. grained ¥8hd
. stringers, orten loaded into the ribbon sedi nt,
* - greater pergentage ‘of sand stringers towards base

conc, at 886m. Moderate to .high burrow density
(predominantly Chondrites); increasing markedly
downsection, closely.related to sand in flux.
Minor small scale low-uangle cross-stratitication;
nodular and disseminated pyrite; glauconite '
- abundant. Gradational upper contact, lower
contact not ebserveds .

o



