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ABSTRACT

The Chapel Island Formation, a 1000 m thick shelf sequence of late Precambrian ---

Early Cambrian age, is rgceiving considerable attention as a leading candidate for the

boundary stratotype for the Precambrian — Cémbrian boundary. Thg fom)a.tfion,. composed
of five informally defined members, has been divided into six fucies‘;‘associations {1-6).

Facies Association 1 consists of red and green sandstones and shales (Facies ’
1.1/1.2), and grey to black, thiniy laminated shales and silty shales (Facies 1.3), depositcd
in tidally-influenced peritidal and semi-resn'icx,ed shoreline environments, respcq}ivcly.

Facies Association 2 consists of very thin to medium bedded sandstones and
siltstones (Facies 2.1/2.2) witr: subordinate green and red laminated silstones (Facies
2.3/2.4), deposited within a muddy deltaic systém. Stpnn-genera(cq sandstones
(tempestites), and other storm-related features (e.g., gutter and pot casts), dominate Facies
2.1 and 2.2. These facies are also characterized by abundant and diverse slide and gravity-

flow features (debrites, tgfl;fditcs, and liquefied flow deposits) formed under conditions of
high sediment supply in a delta front/upper prodela setting. Thin bedded-and lan)inaterd' '
siltstones of Facies 2.3/2.4 form excellent marker horizons and represent delta
abandonment facies.

Laminated green siltstones of Facies Association 3 are considered outer shelf
deposits. Sandstone laminae are interpreted as distal tempestites deposited by waning flows
below storm wave base. |

Facies Association 4 consists of red, green and gfay mudstones of inner shelf
origin and thin fossiliferous algal limestones deposited in peritidal énvironments.

Depositioh took plz;ce on a low energy, oxygen-stratified muddy shelf, with the limestone

beds forming during low stands of sea level.




y Facies Associations 5 and 6 were deposited on a storm- and wave-dominated shelf

[)clow uhd above the influence of sform waves, respectively. The thin to medium bcdd.ed
sandstonqs an(:l siltstones of Facies Assocfation 5 represent distal tempestites. The pl\%nm
laminatcd‘karid hummocky/s»ulfaly cross-stratified sandstones of Facies Association 6
represent inner shelf and shoreface environments.

The dc_positio’n;al history of the Chapel Island Formation records a shift from

_ tectonically-active fault-bounded basins (underlying Rencontre Formation) to a tectonically-

stable platform (overlying Randon; Formation). Three distinct phases of sedimentation

have been delineated. Phase 1, corresponding to the lower part of the formation (members

1-3), is a period of relative sea level rise recording a shift from marginal marine

environments to delta fmnt/prodelta settings to the outer shelf. Phase 2, represented by

members 3 and 4 , is interpreted as a time of dropping relative sea level and low sediment

input. Small scale relative sea level changes are recorded by variations in color,

sedimentary and biogenic Stmcmrcs. diagenetic fcatﬁres and the dcposiﬁon of thin peritidal
limestone beds. Phase 3 (member 5) is a period of rapid deepening followed by shallowing
with the progradation of a storm- and wave-dominated shelf. This phase, recording high
-sediment influx and strong storm and wave influence, is associated with major uplift and

re-orientation of the shoreline from the southwest to the nottheast.
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Chapter 1

INTRODUCTION

LIINTRODUCTORY REMARKS

Interest in shelf sedimentation has increased dramatically during the past two
decades. This is particularly true for storm deposition, for which interest seems to have

" been sparked by early studies of the effects of hurricanes in the Gulf Coast region (e.g.,

Hayes, 1967). These were later followed by numerous studics of ancient storm deposits,

with particular emphasis on hummocky cross-stratification (HCS). The shelf environment

is onc of the most complvcx because of the complicated interaction of tides, waves, storms,

a variety of shelf currents, and additional factors such as the Coriolis effect and biogenic
activity. This complexity makes it difficult to study modemn shelf envimnmehls. particularly .
during storm events. Much of the stratification formed on shelves seems to be produced by
omnidirectional oscillatory currents or combined-flow currents, the latter having oscillatory
and unidirectional components, either or both of which n;ay vary in intensity and

orientation with time. Present understanding of stratification styles such as hummocky
cross-stratification or combined-flow ripples is still in a formative stage and requires flume
experiments of greater sophistication (complex flows) and more detailed obscrvations on

medern shelf processes and deposits as well as ancient shelf deposits.




Facies models for storm deposition along fine-grained shorelines have received little
attention in comparison to their sandy counterparts. Areas in front of, and flanking, major

~

river systemns are characterized by high sedimentation rates and metastable sediment
accumulaxion; that are sites for a spectrum of mass movements. Storms can be a major
factor in tnggering these movements. Stides and other mass movenients are well
documented from modern deltaic settings but are poorly known from the rock record,
éspecially those formed in sillétones and mudstones. Poor preservation of attributes of
fine-grained flows is due to their fissile nature and their susceptibility to cleavage
development.

The Chnpgl Island Formation (CIF), of late Precambrian to Early Cambrian age, is
arelatively undeformed sexjucncc of sandsmnes.'silr‘stc.mcs. mudstones and minor
limestones exposed on the Burin Peninsula and throughout Fortune Bay, Eastern
NcwfoundlandA‘(Figure 1.1). Excellent coastal exposures.nre available for study, especially
ak;ng the southwestern part of the Burin Peninsula, where this study is pimarily focused.
The CIF consists of siliceous volcaniclastic sediments like many other unifs in the
Newfoundland Avalon Zone (Hughes, 1976). The silicéous nature renders these rocks
nonfissile a}ld less sus—ceptible to cleavage development, providing a rare opportunity for
the detailed study of sedimentary strﬁctures in fine-grained rocks, panicularly gravity-{low
deposits. |

The CIF contains a wide variety of shelf deposits including fine-grained deltaic
deposits with well preserved storm- generated sandstones and a wide variety of marine
slides and gravity-flow deposits. The CIF strata provide an excellent opportunity for the
construction of depositional models for fine-grained shorclines and thé detailed process

interpretation of storm-generated features and shelf sediment failures.

+




Figure 1.1: Qutcrop distribution of Chapel Island Formation (shown in black). The
formation occurs within the Newfoundland Avalon Zone (index map)
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1.2 PURPOSE QF STUDY

The aim of this thesisis a scdjmentoloéical study of the Chapel Island Formation,
including facies analyses and detailed process interpretations of sedimentary structures. The
development or modification of models for particular facies or sedimentary structures is a
fundamental aspect of this work. One aim of this work is to present, through careful
measurement and correlation of outcrops, a revised lithostratigraphy which can then serve
as a framework for the tabulation of accurate range charts of biostratigraphic data,
especially of :mce fossils and shelly fossils. This is particularly important because
exposures of the CIF on the Burin Peninsula are presently considered one of three potential
candidates for the Precambrian—Cambrian boundary stratotype.

This study attempts to fill a gap in our understanding of the Late Prccamh;'ian —
Early Cambn’an‘f\valonian sedimentary histery of this arca, outlined by Hiscort (1982) and
.Smith and Hiscott (1983), but based mainly on the formations that stmtigraphically bound
the CIF: the Rencontre below and the Random above. A sedimentary history of the CIF,
including the consml.ction of a rclat;vc-sea»level curve, is attempled following measurcment

of stratigraphic sections and collection of paleocurrent data from outcrops throughout the

Fortune Bay area.

1.3 REGIONAL GEOLOGY
1.3.1 Introduction

The Chapel Island Formation lies within the Avalon Zone, a tectonostratigraphic

subdivision of the Appalachian Orogen (Williams, 1979; Williams and Hatcher, 1983). The




rocks of this zone in Newfoundland are ‘co,m:lalcd with rocks in Nova Scotia, New
Brunswick, Massachusetts, the Carolinas, the British Caledonides, the Hercynides of
France and Ibema and along the northern and eastern margins of the west Afric;m Shield.

| The Dover - Hefmitage Bay Fault Zone defines the western l'imit of the Avalon
Zone in Newfound!and (O'Brien et al.,1983). To the east the zone extends offshore to the

present continental margin or beyond (Lilly, 1966; Haworth and Lefort, 1979).
1.3.2 Swratigraphy

The geology of the Newfoundland part of the Avalon Zone (Figure 1.2) has been
discussed by numerous authors (c.g., Williams et al,, 1974; Rast et al..1976; Strong,
1979; Strong et al.,, 1978b, 1980: King, 1980; O'Brien et al.,19823). The rocks of this zone
can conveniently be dividéd into three magor as.scmhlages (Bruckner in King et al.,1974).
The lower and middle assemblages are of ate Precambrian age. The lower assemblage is a
thick succession of tcncslri.al and rﬂarine, acidic to basic volcanic rocks (Harbour Main and
Love Cove Groups), and marine fine-grained volcaniclastic flysch (Conception and
Connectintg Point Groups). The middle assemblage consists of marine black shales (St.
John's Group) and a thick overlying sequence of coarse deltaic and alluvial deposits

(Signal Hill Group). The upper assemblage is of Paleozoic age, earliest Cambnan to Lower

Ordovician, and it includes quartzites, sandstones, limestones and shales.

The geology of the southern Burin Peninsula V(Slmng, 1979; Strong et al., 197Ra;
Strong et al., 1980) — the area that contains the rocks dcscn'bcd in this thesis —- differs in
some respects from the above scheme. The sequence on the Burin Pcninlsuln begins with
the Burin Grou.p, a series of mafic pillow lavas, volcanigenic sediments, shales and
limc;tnncs (somc containing large, as yet unidentified, stromatolites) (Strong ct al,
1978a). Even though this is an oceanic sequence - alkalic at 1ts base, but dominated by

oceanic tholeiite - it does not resemble a typical ophiolite sequence in that it conspicuously
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Figure 1.2: Correlation chart of stratigraphic sectreasfrom thg southern Burin Peninsula,
Bonavista Bay — west Placentia Bay, and eastern Avalpn Peninsula regions. The
Gaskiers Formation is a submarine debris flow formediduring a late Precambrian
glacial period. the Precambrian—Cambrian boundary, shown in a heavy ling, is found
within the Chapel Island Formation. This figure is madified from Smith and Hiscott
(1983 Fig. 1). Correlations are essentially those of O'Brien and Taylor (1983). No
age relationships are implied for the older units in this diagram.
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lacks the lower ophiolite layers (i.e., ultramafics and sheeted dikes) (Strong, 1979). A
1500 m-thick sill intruding the Burin Group , the Wandsworth Gabbro, had been dated at
763+ 2 Ma (Krogh et al., 1983). '
.Thc Burin Group was subjeclcd to greenschist metamorphism ;md mild tectonism
" (tilting and faulting) prior to deposition of the overlying Marystown Group. The
lefystown Grdup is a thick succession of bimodal (basah-rhyoli'te) volcanics (mostly
acidic pyroclastics) and suPordinatc volcaniclastic sediments, which formed in a subaerial
environment (Strong et al.: 1978a; O'Brien and 'l:aylor, 1983). Equivalcnt rocks in the
- northern part of the peninsula have been dated at 608 * 25 Ma (U-Pb in zircgns: Dallmeyt;i',.
1980). The lower part of the Marystown Group is stratigraphically ro:lghly equivalent té,
or somewhat younger than, Conception Group §trat§ on the Avalon Peninsula (O'Bnien and
Taylor, 1983) that contain late Precambrian soft-bodied megatossils (Anderson apd Misra,
1968; Misra 196Y; Anderso;u 1978; Anderson and Conway Morris, 1982). '
The Marystown Group is overlain disconformably by a continuous sequence of
‘siliciclustic rocks that spans the Precambrian-Cambrian boundary: in ascending order, the
Rencontre, (;‘hapcl‘lsland and Random formations. The redbed cong_lomcrau;s; sandstones
and shales of the Rencontre Formation were deposited ina variéty of fluvial and marginal
marine settings (Smith and Hiscott, 198-4). The sandstones, siltstones and minor
limestones of the Chapel Island Formation wérc dcposiicd in nearshore and shelf
environments (Crimes and Anderson, 1985; Myrow, '1985; and this study). The
sandstones, shales and quantzites 9( the Random Formation were deposited in tidally
dominated nearshore afid shoreline environments (Anderson, 1981; Hiscott, 1982; Smith
“and Hiscott, 1984), ' '
While the pre-Random volcanic and sedimentary sequences described aonc were
forming in timc Fortune Ba'y region, a scparatc’chucncc \;as forming on the Avalon
F;éning»ula, presumably in an isolated and distinct basin from t.hc‘ Fortuné basin. The strata

in this region include the Conception, St. Jol.m's, and Signal Hill groups.gvh‘ich recor.cl/
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shoaling from deep-sea fan environments thfough to a prograding delta front and a broad
alluvial plain (King, 1980). Paleocurrents and lateral lithofacies distnbutions imply multiple
source areas within the basin. The Random Formation is stratigraphically the first
regionally correlatable unit in the Newfoundland Avalon Zone.

In the Fortune Bay area the Random Formation is in conformable contact with thu;
underlying Chapel Island Formation, whereas elsewhere, to the northeast and east, its base
is unconformable (Hutchinson, 1953; McCartney, 1967; Fletcher, 1972; Anderson, 1981).
Where the base is unconformable, the underlying strata provide evidence for gentle folding
and, in places, deep erosion prior to the deposition of the Random Formation. Thus 18(K)
m of Precambrjan sediments were eroded from an area southeast of Trinity Bay
(McCartney, 1967), and over 450 m of Precambrian sediments were removed from the
southeastern part of the Cape St. Mary's Peninsula (Fletcher, 1972). The Ralndom
Fon;m(ion was deposited during a marine transgression, with the marine basin opening
toward the southwest, and depositional onlap toward the north and northeast ( Andcrsbn,
1981; Hiscolt, 1982).

In the Trinity -].3ay area, the Random Formation is disconformably overlain by
fossiliferous Cambrian mudstones and carbonates: in ascending order, the Lower Cambrian
Bonavista, Smith Point, and Brigus formations and Middle Cambrian Chamberlain's

Brook Formation (Jenness, 1963). Deposition of the Cambrian sediments took pl:icc

“during marine transgression in a northeast-southwest-oriented trough whose axis extended

from the northern end of the Bonavistar Peninsula through Random Island and the isthmus
of Avalon into Placentia Bay (Hutchinson, 1962). The advance of the sea was from the
portheast, implying a 180 de < shift in shoreline orientation from that associated with the
undcrlying Random I':ormation. As &ansgrcssion proceeded, it resulted in a gradual
widening of t.he elongate basin and the progressive onlap of youngcf and younger
sediments outward from the basin axis. Hence, on the west side of the Burin Peninsula

(e.g., Dantzic Cove) the Random Formation is overlain by the lower part of the Early




Cambrian Brigus Formation, and still further west, north of Furune Bay, the Random

Formation is overlain by the Youngs Cove Group, the base of which is equivalent to the

uppc'r: part of the Middle Cambrian Chamberlains Brook Formation (Hutchinson, 1962;
---" Anderson, 1981).

The Bonavista Formation consists of red, green and purple mudstones, calcareous
nodules and bedded limestones. Deposition was in peritidal (Benus and Landing, 1984)
and subtidal settings. )

The Smith Point Formation (0-16 m) is z; stromatolitic limestone containing mud
mounds, oncolites, tepee and sheet crack structures, and numerous hardground surfuces,
which formed during a period of shoaling and emergence (Landing and Benus, 1984).
Puleocnvironments range regionally from peritidal to normal marine. In the Avalon Zone of
Newfoundland Callavia broeggeri and other trilobites make their first appearance close to
the top of the Smith Point Formation' (Walcon. 1900:; Hutchinson, 1962; Flétcher, 1972).

The overlying Brigus Formation (10-210 m) consists of red fmd green mudstone
and minor limestones that are of medial to late Early Cambrian age. On the east side of

Conception Bay the formation overlies granitic rocks ‘(Holyrood Granite) and Harbour

Main volcanics.

1.3.3 Tectonism, Structure and Metamorphism

Three periods of deformation have been identified in the Avalon Zone of
Newfoundland, the first two of which were major events. The first period of deformation
was the late Pn:cambn'an' "Avalonian” Orogeny. Evidence for this orogeny includes the,

"H.D. Lilly Unconformity"” (Anderson etal,, 1975), in which sediments of the Signal Hill

Group shed from a major uplift north of the Bonavista and Avalon peninsulas overlie an

erosion surface in folded Conception Group shales (King; 1980); also, at Bacon Cove,

flat-lying Lower Cambrian sediments of the Bonavista Formation overlie folded and
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cleaved siltstones of the lower part of the Conception Groﬁp (King, et al., 1974; King and
Anderson, 1982). The effects of this orogeny included block faulting, pranitoid
emplacement (Folyrood granite), and gentle folding, but no extensive metamorphist or '
penetrative fabric development (O'Brien et al., 1983).

The second and most widé’spread orogeny lo affect the Avalon Zone was the Late
Devonian Acadian Orogeny (Dallmeyer et al., 1983). The effects of the Acadian Orogeny
are :trongest in the western part, of the Avalon Zone "...where the Paleozoic and older
sequences of the Burin Peninsula are asfymmetrically folded and thrust mwnrids the
southeast...” (Strong, 1979). Melamorphism' in this part of the Avalon Zone occurred
under prehnite-pumpellyite to mid-greenschist facies conditions (King and O'Bricn\, in
press). -

The t};‘iqrd deformational event is the poorly defined Late C:xrhmifcrous (Hc.rcyni;ln)

deformation represented by granitoid plutonism and very localized folding and faulting

(King and O'Brien, in press).
1.3.4 Tectonic Models

The tectonic history of the Avalon Zone is distinct from that of much of the
Appalachian Orogcn: "The Cambrian strata of the Avélon Zone indicate that it acted as a
- stable plaiform during Early Paleozoic time, when the [apetus cyclé was most in evidence -
in _the'wesl" (Williams, 1979, p. 793). The Avalon.Zone is'considcrcd by some authors to
be a Pan-African temrane. "The term Pan-African (-‘Kt‘:nncdy, 1964) is currently used to -
denote the late Precambrian to carly Paleozoic period of orogenesis, basin rejuvenation,
' granitoid emplacement, and thermal ox;erpn'nting recognized throughout much of the

African continent” (O'Brien et al., 1983, p. 211). This time period is loosely considered to

range from 1000 Ma to 500 Ma.
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The "docking” of the Avalon Zone with the adjacent Gander Zone (these “Zones”
being "Terranes" in recent analyses; e.g., Wiiliams and Hatcher, 1983) took place prior to
intrusion of the Ackley Qranixc {Dallmeyer, 1980), a pluton that Sfraddlcs the two
tectonostratigraphic zones. Dallmeyer et al. (1983) place the age of the intrusion at 352-356
Ma, using 40Ar/39Ar dating techniques. They conclude that the deformation and
metamorphism in the western Avalon Zone occurred simultaneously with the tectonic
"docking™ of the Avalon Zone during the Acadian Orogeny.

Hughes (1972) correlated the rocks of the Avalon Zone with those of Morocco.
Schcnl'( (1971) provides a review and correlation of Marilin;c geology with African
geology, and provides plate reconstructions for various time peﬁods. More recently,
O'Brien et al. (1983) ,:md‘ King and O'Brien (in press) have pmposed more detailed
correlations between eastern Canada and ﬁonhcm Africa and have offered tectoni¢ models
for the Avalon Zone.

Two contrasting tectonic models have been suggested for the Avalon Zoncr. The
first involves a nft setting (e.g. Papezik, 1970; Strong et al.', 1978b; Strong, 1979), am;
the second a consuming plate margin or ensialic island arc (e.g. Rast et al., 1976; Hughes,
1970). According 1o Strong et . (1980), the Avalon "...succession indicates a Prolcrozoi{.
tectonic history of prolonged continental extension and local rupturing, with eventual -
stabilization duning the Paleozoic.” Schenk (1971) called for extended rifting of an
Avalonian microcontinent from the North American craton. More specifically, Strong
(1979) envisioned a "long-lived tensional environment with local rifting and oceanic crust v
~ formation..., ...p$ssibly indicating rifting of a West Africa-North America-Baltic
supercontinent at this time."” These views are opposed by workers like Hughes (1970),
who proposed that the Ava‘lonian volcanics evolved as part of an island arc, despite the

disturbing lack of compressional tectonic features. Rast et al. (1976) envision an island arc

underlain by continental basement. They note a limited extent of metamorphism in the
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Avalonian rocks of the British Isles (Angicscy). and cxpliﬁn it by collision between an
island arc and a continent, as opposed to a continent-continent collision.

By comparing the geology of thc.Avalon Zone with parts of other Pan-African
terranes, notably in Morocco, O'Brictl etal. (1983) have rais_ed some very important points
conceming the variablility of tectonic settings along the length of a single orogen. Thci-r
review of the Pan-African of Morocco indicates that both extensional (rifting) and
compressional (folding, thrusting, ophiolite obduction, etc.) tectonics took pl:x&c
" simultaneously, in different regions along thevlc\nglh of the orogen. Coupled with temporal
tectonic changes, these observations place serious limitations on the development of unitied
models for the Avalon Zone of Newfoundland. _ ’

Working within these constraints, O'Brien et al. (1983) prc;s’cnt a model for the
tectonic history of the Avalon Zone. Their model is an elaboration of the maodel of Strong
(1979), especially of the later stages. The model begins with initial auempts at rifting
(ensialic flysch-basin deposits of the Green Head Groﬁp of New Brunswick, and
flyschlike parts of Burin Group). The second phase is further rifting to produce the Burin
Group. The third phase calls for closure of local ocean basins, the collision resulting in
crustal melting to yield late Proterozoic volcanics. The next phase consists of marine to

terrestrial sedimentation (King, 1980). This is followed by peneplanation and transgression

of the Cambrian sea.
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1.3 PREVIOUS WORK

Dale (1927) examined a number of outcrops in .the Fortune Bay region. During a
traverse along the coast from Point May to Dantzic Cove he found tnlobite fragments
(Paradoxides bennetti Salter and Paradoxides steminicus Matthew) in a gray shale, and
Qalm broeggen (Walcott), Coleoloides, Micrometra labradorica, and hyolithids in
nodular limestone and mudstone units. Dale considered the rocks aiong this part of the
coast to be entirely of Lower and Middle Cambrian age. He noted a similanty l,)etwcen the
Cambrian faunas of Newfoundland aqd those of America and Europe, p:miculﬁrly Europe.
In comparing the faunas with those in England he stated that "many of them [species] are
identical — which seems to indicate that the Cambrian areas of England and Newfouﬁdland
consisted of a single life province, made up largely of .sha'llow-water forms which migrated
back and forth over the shortest route between these two regions” (Dale, 1927; p. 429).
White (1939) mapped in the Rencontre East area of Form.ne Bay. He proposed the
name Young's Cove Group for a 610 m (2000 feet) thick sequence of siltstones,
sandstones and shales, that confortnably overlie the red beds of the Doten Cove Formation
(also named by White). White considered the Young's Cove Group to be early Middle
Cambrian to Late Cambrian or Early Ordovician in age. White was mistaken about the age
relationships and correlation of some of the units in this region. These errors were not |
rectified until the early 1970's (see Williams, 1971, p. 13-14). White believed that the
Young's Cove Group is overlain by a thick sequence of silicic to mafic volcanic rocks and
associated sedimentary rocks that he called the Long Harbour Series. The contact between
lhém was later interpreted by Williams (1971) as a thrust fault. The Long Harbour Series is
overlain by the same red beds that underlie the Young's Cove Group. White, believing the
red beds above the Long Harbour Series to be a separate, younger sequence, named it the
Rencontre Formation. Thus White unknowingly erected two discrete formations, Doten

Cove and Rencontre, for the same set of red beds, and assigned diffement ages to them,




Early Cambrian and Silurian, respectively. Both names have been used in the litemmré
sinéc that time, but the name ‘Rencontre’ is now preferred (Williams et al., 1985). The
Long Harbour Series (changed to the Long Harbour Group by Williams, 1971) and the -
Rencontre Formation are of late Prccémbn'an age. However, prior to 1971, they were
considered to be of Lower Palcozoic age (Ordovician — Silunian).

The geology of the Hermitage Bay area (including the west side of Fortune Bay and
Chapel Island) was-studied by Widmer (’1950). He proposed lhE formation names Chapel
Island and Blue ?in‘:on for, respectively, a sequence of green and red siltstones overlying
the Doten CO\;c Formation, and a sequence of white quartzitic sandstones overlying the
Chapel Island rocks_; both scquences crop out on Chapel Island and at other localities
around Hermitage and Fortune Bays. The rocks of these 'new’ formations had b—ccnn
included by Whité (1939) in the Lower part of his Young's Cove Series. Widmer therefore -
found it necessary to redefine that series as "...those shales above the white sandstones
| Blue Pinion Formation] that contain Medial Cambrian fossils and the related rocks of
definitely Medial Cambrian age (1950; p. 198). He considered the 'new’ formations and
the Doten Cove Formation (conformable a’bo»vc with the Chapel lslanfi Formation) to be
Lower éambrian. N

Hutchinson (1962) reduced the status c;f the Middle Cambrian Young's Cove

Group to that of a formation. He was apparer{t]y the first to recognize that the rocks of the

Chapel Island and Doten Cove (Rencontre) Formations underlying the Blue Pinion
Formation north of Fortune Bay are :h¢ same as those bencath the Blue Pinion Formation
in the southwest part ofthc Burin Peninsula. The rocks of that part of the peninsula were
mapped and described by Pottef (1949) bcf.ore Widmer completed his studies in the
Hermitage Bay region, and therefore he gave different names to the rock units he
distinguished in the local succession (which correspond closely to those recognized
elsewhere iﬁ Fortune Bay), namely: Admiral Cove= Doten Cove (Rencontre), Point May=.

Chapel Island, and Point Crew= Blue Pinion. Potter's work reccived little recognition from
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later workers in the area, including Green and Williams (1974), and Hutchinson (1962)
appears to have been unaware of it.

Potter (1949) was, in fact, the first person to give a detailed account of the Chapel
Island Formation (his Point May Formation). He distinguished three facies in a- .
stratigraphic section measured at Grand Bank Head. Facies 1 consists of red and green
thin-bedded sandstones, s.illstoncs. and mudstoncé (estimated at 400 m; 1300 feet) that are
found in transition with thelundcrlying redbeds of the Rencontre Formation (his Admiral
Cove Formation). The base of th¢ Chapel Island Formation was arbitranly placed at the
oldest green bed. Potter considered Facies 1 to be a shall(;w-water deposit - based on the
presence of mﬁd cracks, raindrop prints, and ripple marks - that was laid down during “the
catly stages of a transgressive sea which reached its greatest extent during the deposition of
the second facies” (p.'28_). |

The second facies of Potter (1949) is made up predominantly of thn-bcddcd gray
and grté:n silty argillites and siltstones (185 m; 600 feet) commonly containing c;irbpnalc
nodules. Included in the upper part of this facies are intercalations of red and brown
mudstones and, marking its top, a thick bed of limestone. POIlcf noted algal structures in
this limestone, that he attributed tG the genus Collenia. The third facic; consists of 275+ m
{900+ feet] of green-gray sandstones and éilty sandstones. Red sandstones at the tdp of
this sequence were plaécd by Pouter in a separate formation called the Dantzic Fonﬁation.
Walthier (1948) considered these sandstones as a scpafale member (Fortune Head Member)
within the Chapel Island Formation. .

De La Rue (1951) described the succession-of sediments underlying the French
island of Lahgladc in Fonunc'Bay. The Rencontre, Chaf)el Island and Random fqnnadon§,
as well as trilobite-bearing Middle Cambrian shales, are all represented there. However, De
La Rue (1951) placed all these unit's (distinguished by lithology and unnamed at that time)

in the Cambnian, as he considered the trilobite-bearing shales to be the oldest beds in the

sticcession. The order of deposition of the lithological units recognized by De La Rue was

¥
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reinterpreted by Anderson (1975). Recent mapping by Green (personal communication)
has revealed much structural complexity that is not evident on De La Rue's map.
Hutchinson (1962) disagreed with the inclusio'n‘by White (1939) and Widmer
(1950) of the Chapel Island and Rencontre Formations in the Lower Cambrian. Hé noted
that even though these rocks underlie Middle Cambrian rocks, there is no fossil evidence to
suggest that these f'ocks are Lowcr.Cambn'an, and so he placed them, and the overlying

Blue Pinion Formation, in the latest Precambrian.

The work of Williams (1971) was instrumental in cs(ubli\‘hing the correct
waugmphlc order for the volcanic and sedimentary rocks in the Fortune Bay region.

Howcver Williams erred in rcstonng the Chapel Island and Blue Pinion formations to the

Young's Cove Group, so that they do not appcar as separate units on his map. Thn change
was made despite the fact that Williams bchcvcd the Chdpel Island Formation, at least in the
Chapd Island area, to probibly be of late Precambrian age.

Greene and William§ (1974) discovered fossils in the Chapel Island Formation near
Little Dantzic Cove thereby cstablishihg that, at least at the southern end of the Burin
Peninsula, the overlying Blue Pinion Formation is of Early Cambrian age. They also®
established that the Blue Pinion Formation of the Fortune Bay reg%on is a lateral equivalent
of the Random Formation of other parts of eastern Newfoundland. The name ‘Blue Pinion’
therefore became redundant. Green and Wiliams also presented stratigraphic sections of '
the Random Formation and adjacent units for a number of localitiés in Fortune and

Placentia Bays to show the position of the base of the Cambrian in those parts of

southeastern Newfoundland. Most imporantly though, it was their fossil discovery that
artracted the interest of paleontologists, who were concerned with finding a suitable
stratotype candidate for the Precambnian-Cambnan boundary.

The Harbour Brctox; area (northern side of Fortune Bay) and, north of it, the ‘

adjoining Gaultois area were mapped, respectively, by Greene (1975) and Greene and

O'Driscoll (1975). Their maps show the most westerly known cxposu‘rc:fof the Rencontre,
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Chapel Island and Random Formations; the last named is, however, unrepresented in the
’ Gaultoi‘s area. |

The first detailed geologic maps of the entire southern portion of the Burin
Peninsula (Grand Bank, Lamaline, and Marystown-St. Lawrence map areas) were
prepared by O'Brien et al. (1976, 1977) and Strong'ct al. (1978a). At that time, the
relationship of the succession of late Precambrian — Cambrian scdirﬁcmury rocks exposed
on the east side of the Buﬁn Peninsula to successions of comparable age in the Fortune Bay
area (including the southwestern part of the Burin Peninsula) and elsewhere in the Avalon
Zone -was ﬁnccnain O'Bnen et al (1977, p. 7) stated lhai "It is.possible that the
sedimentary sequcncc west of the Fortune Mounmn Fault System was formed in a
deposmonal basin Wthh was separated from the castern basin by a volcamc hlghland in

late Hadrynian times”. However, Green and Williams (1974) had earlier correlated units
found at localities on the eastern side of the Burin Peninsula (Duck Point, St. Leonards,
Come By Chance) with the Random and Chapel Island Formations of Fortune Bay.
Strong (1976) also used these formation names in his S!l‘ldy of the Lawn Area (including
Duck Point). Nevertheless, O'Brien et al; (1976) gave the name [nlet Group to all the late
Precambn"an and Lower Cambrian sedimentary rocks at these east side of the Burin
‘Peninsula south of Marystown. Formation names were subsequently given by Taylor
"(1976) to the four numbered but unnamed units of the Inlet Group distinguishc& earlier by
O'Bdcn etal (1976), namely, in ascending order, the Bay View, Salt Pond, Burnt Island,
and Pleasant View Farm formations. These names were also used by Strong et al. (1978a)
in.lhcir description of the geology of the Marystown and St. Lawrence map areas;

The Bay View Formation is a sequence of grey-green silt‘stones and red micaceous
silty sandstones. According to Strong et al. (1978a) this formation unconformably overlies
the Burin Group and underlies fossiliferous mudstones of the Salt Pond Formation
(approximately equivalent to the Bonavista Formation, the oldest Lowcr Cambrian

formation recognized at that time in southeastern NpMoundland). In the upper part of the
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Bay View Formation there are several beds of quantzite that were correlated by Taylor
(1976) and Strong et al. (1978a) with the Random Formation. The underlying pan of the
formation was therefore considered equivalent to the Chapel Island Formation, plus,
possibly, the uppermost part of the Rencontre Fonmti_on. The quartzites in the Bay View
Formation, attnibuted to the Random Formation by Taylor, are presently considered to be

_interbeds in the Chapel Island Formation. The formations in the Inlet Group were poorly
defined, and the use of local names for formations lithologically indistinguishable from
already named formations elsewhere was confusing and unnecessary. Hence the
formations proposed by Taylor (1976) and later by Suwong et al. (1978) were not adnptcd.
by later workers. o

In ;.rcpon on silica recources in Newfoundland, Butler and Greene (1976) dgvoted
a significant part to a comprehensive review of the Random Formation that included an
isopach map, a facies distribution map, and numerous measured stratigraphic .scL‘lions. In
addition, they reproduced a modified and updated vérsion of Walthier's (1948) geological
map of the southwestern tip of the Burin Peninsula.

In a discussion aimed at establishing the age and rclatio'nship of the R:m_gp.m 1o
Bounding form;itions, Anderson (1981) showed that (1) the Random Formation
(pfcviously believed to range in age from early Lower Cnmbﬁan to early Middle Cambrizn)
is of early Cambrian (T‘ommc_)/tj;m) age throughout southeastcmNewfotm‘dland, (2) the
b;;_sc of the Random is only slightly diachronous (a little older west of the Burin Peninsula
than elsewhere in the Avalon Zone), and (3) the underlying Chape! Isltand Formation is,l
with the exception of its lowermost part, also of Early Cambrian (Tommotian) age. -
Anderson also noted the presence of a wide 'variery of trace fossils in l;lc Chapel Island .
Formation and their absence in the ﬁnderlying Rencontre Formation. He atrributed the

sudden appearance of the trace fossils in these strata to a change from fluvial to marine

paleoenvironments.
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Bengtson and Fletcher (1983) prov'idcd info?ma{ion on the Lower Cambrian
biostratigraphy, including a discus;ion of the small shelly fossils present in the Chapel
Island Formation. These-authors divided the formation into five members (not f()rmzilly
named -— see Section 1.5 below). They collected shelly fossils from the iimcsioncs toward
the top of the Chapel Island Formation (member 4) and from the Bonavista Formation at
localities on the southern pan of the Burin Peninsula. The skeletal fossils fqzom ;hcsc units
compnse what Bcnl,tson and Fletcher (1983) call an Ammmdm_[mm‘ assemblage, a
fauna that subgests correlation with the Tommouan Stage of the Lower Cambnian of the
Siberian Platform. Bcngﬁon 'md Fletcher (1983) were the first to recognize the changes in
trace fossit assemblages in the lower part of the Chapel Island Formation. They reported
Precambrian trace fossils in their member 1, and an assemblage of well preserved
diagnostic Paleozoic trace fossils that first appear in member 2.

A detailed analysis'of the trace fossils present in the Chapel Island and Random
formations was undertaken by Crimes and Anderson (1985). They described the different
forms, and the associations of such forms (assemblages), present within each member of
the Chapel Island Formation (as defined by Bengtson and Fletcher (1983)) and in the
Random Formation. Generalizations concerning the depo§iliona] environments of these
units were also given. _

Hiscou (1982) provided a sedimentological analysis of the Random Formation,
which he interpreted as macrotidal, shoreline and nearshore deposits. He provided a‘
description and imcrprciau'on for the red sandstones that are present in the Random
Formation and the upper portion of the Chapel Island Formation (member 5). His
discussion of other facies and structures in the Random Formation are also pertinent to the
analysis of the Chapel Island sequence.

The red shales, sandstones and conglomerates of the underlying Rencontre

Formation were recently studied by Smith and Hiscott (1984). Their description of these
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terrestrial to shallow marine deposits included a general discussion of Lhc latest |
Precambnan to Early Cambrian basin evolution of the Fortune Bay region. The focus of
this work was on the tectonic and depositional history of the Rencontre Formation, but the
d‘igcussion also included younger units such as the Chapel Island Forr'nm‘pn. Smith and
Hiscott (1984) concluded that the Rencontre Formaridn was deposited during peniods of
active tpctonisﬁ, possibly strike-slip in character. They attributed the change in the
character of sedimentation from the Rencontre Formation into the overlying Chapel Island
and Random formations to a general waning in tectonic activity accompanied by a gradual

global nise in sea level. ‘ .

LS5 LITHOSTRATIGRAPHY OF THE CHAPEL ISLAND FORMATION

The thickness of the Chapel Island Formation in northern Fortune Bay was

- estimated by Widmer (1956) as 520 m [1,700 feet] minimum. There are several estimates

for the thici(ness of the sequence in the Grand Bank area. Potter (1949) estimated 855 m
{2,800 feet] for the Point May Formation (= most of Chapel Island‘Forma(ion), gnd’70 m
220 feet] for the Dantzic Formation (= rcd sandstones at lo;) of Chapel Island Formalion),
Chdpcl Island Form.mon of 920 m [3()2() feet).

which means an overall thicknesy

Walthier (1948) gave a thickness gﬂté)o m 13600 fect] for the same sequence. O Bricn et

al. (1977) reported a thickness of 740 meters. The author considers a measurement of this
accuracy irﬁpo‘ssib!e given the problems of structure and lack of exposure in centain
localities, .’and agrees with Bengtson and Fletcher (1983) that the thickness is "over 900 m"; -
in fact over 1000 m.

The most useful published scheme for the stratigraphic subdivision of the Chapel
Island Formatlon is that of Bengtson and Fletcher.(l983), in which the formation is divided

into five informal members, numbered 1.5, based on the oﬁtcrops at Grand Bank (lower .
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members) and Little Dantzic Cove (upper members). This same scheme was also used
without modification by Crimes and Anderson (1985), who studied the same outcrops.

These informal members are easily recognizable in the field and are used in this study

. (Figurp 1.3).

Previous studies of the CIF have not mncluded measured sections, and the

boundaries betwee.1 scme members have not been clearly defined. During the course of this

" study it became evident that facies changes within the formation are more complex than

previously thought and that both the thickness of members (which in cases had to be
radically altered) and the member boundaries need(;d to be better defined. Figure 1.4 s'hows
the location of outcrops measured during this study. Correlations between outcrops,
including the positions of member boundaries, are given in Figures 1.5 and 1,6:

, / The base of the CIF, most easily defined at Grand Bank Head, is arbitrarily taken

- as the first green interval greater than 1 m thick in the transition from the underlying

redbeds of the Rencontre Formation, following Pottér's (1949) suggestion. Member 1
consists of ~180 m of red and grcén. thin to medium bedded sandstones, silistones and
shales with intervals of laminated black shales and gr:iy Shaly siltstones in the upper half.
?hc contact between member 1 and member 2, bést exposed at Fortune Dump, is
herein p{aced at the first stratigraphic occuménce of the very diagnostic and easily
recognizable gmy-grcen siltstone and sandstone beds that characterize most of memt')er 2.

Packages of red and greea sandstones and shales, similar in character to those in member

.1, are present above this base but are included in member 2. It is unclear where the -

1
boundary between member 1 and 2 was placed by earlier woikers, but the estimate of 400

m fer mcmbcr 1 ‘b‘y Bcr_lglson”and. Fletcher (1983) suggests cither a large error, or that the
higher redbeds were ysed as an upper boundary for member 1.

The contact between members 2 and 3 was placcé by Bengtson and Fletcher (1983)
and Crimes and Anderson (1985) at thc-ba‘sc of a red siltstone unit (Facies 2.3 of this

study) at Grand Bank Head. At this locality, the red silistone is succeeded by several

v




Figure 1.3: Generalized stratigraphic column of Chapel Island Formnation, its subdivision
into members, and the distribution of facies described in this study. Note that certain
member boundaries have been redefined, see text for details. Scale is in meters.
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Figure 1.4: Fortune Bay area with the locations of measured stratigraphic sections. Locality
abbreviations are as follows: Brunette Island (BI); Chapel Island (CI); Dantzic Cove
(DC); Grand Bank (GB); Fortune Dump (FDJ; Fortune North (FN): Lewin's Cove
(L.C); Pg)im May (PM); Radio Station (RS); Sagona Island (SI).







Figure 1.5: Correlation of outcrops for the lower Chapel Island Fonmation. The section at
Duck Point is tectonically disrupted and was therefore not measured; its presentation is ‘ .
schematic. Symbols used in this diagram are the same as those used for measured
sections; see Figure 2.4.
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Figure 1.6: Correlation of outcrops for the upper Chapel Island Formation. Symbols used
in this this diagram are the same as those used for measured sections; see Figure 2.4,
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/

meters of green laminated siltstone (Facies 2.4 of this study), at which point the outcrop
becomes highly faulted. These previous workers equated these laminated siltstones with
mcmbcr 3, which is lithologically similar and is found (with its base not exposed) at
Dantzic Cove. At Fortune Dump, however, these red and green siltstones (formerly part of
member 3) are succccdcd by green sandstones and siltstones of the same facies as that of
member-Z; this.can also be demonstrated at Grand Banthcad by carefully tracing beds
across numerous faults. The lowenboundary of member 3 has therefore been moved
-upward from its former position to a point higher in the formation where the sandstones
and siltstones grade into the laminated siltstones of member 3. The old boundary between
member 2 and member 3, which now Alics within member 2, is used to separdie the member
into two parts, 2A and 2B. This is done because of the usefulness of the red siltsione
horizon as a marker unit (traceable from Point May to Grand Bank), and also to retain a
reference to the old member boundary so that other workers cah compare the results of this
and future work with that of earlier workers. The early estimate of 50 m for member 2 ims
been revised in this study to ~430 m, with 265 m for 2A and ~165 m for 2B. '
The change from member 2 to the carbonate-concretion-bearing laminated siltstones

of member 3 is gradational, and records a decrease in sandstone beg thickncss and a
concomitant reduction in percentage of sandstone. No outcrop of the CIF contains a full
transition from member 2 to member 4, and a tack of marker beds leaves the exact
thickness of member 3 in question. The most complete stratigraphic section of member 3 is
found at Dantzic Covc, where the 135 m of strata serve as a minimum thickness. Facies
cha@tcﬁsﬁcs indicate that the thickness of member 3 is not significantly gmatér than the
estimate of 150 m given by Bcngtson and Fletcher (1983).

" = Member 4 consists of red and green bioturbated mudstoneﬁs, gray pyritiferous
mudstones, and thin, micritic and stromarolitic limestones. The contact between member 3

and member 4 is defined as the base of the first limestone bed at Dantzic Cove (LS 1). The

few meters of red mudstone that underlie this first limestone can be traced to Fortune

i
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North, where the top 6f these red mudstones defines the top of member 3 iﬁ the abscnc; of
LS 1. Using these boundaries, separate mcasurcménts of the thickness of member 4 at the
two localities are 85 m (ihe two measurements differed by only 20 cm!). The estimate of '
165 m given by Bengtson and Fletcher ( 1983) was based on an incorrect correlation ’
between a limestone bed (coalesced carbonate vconcrctions) within member 3 at Fortune
North and the lowest l{mestor;é bed (LS 1) at Dantzic Cove (Fletcher, pcrs.l comm.; 1985).
Member 5 consists, at the hasé, of green, thin to medium bed- sandstones and
sandy siltstones that show an uanrd inc;reasc in bed ihickncss and sandst'on. peréemagc.
This trend continues into the upper part of member 5, which coﬁsists of medium to thick
bedded, red, micaceous sandstones: The thickness of member S, with its base at the top of
the third limestone bed at Dantzic Cove (LS 3),'anci its top at the ﬁrS:I qhinzitic sandstone
_ bed of the Random Formation, is 178 m (previous estimate was ca. 1_56 m).

" The thickness of the members of the CIF may be different in separate areas; the
figures quoted abovc/are drawn entrely frorﬁ the Grand Bank Head, Fortune Dump and
Dantzic Cove exposures. It should be emphasized that these members are informal, and thut
the foc\‘:‘us of this study is brimarily scdimcntologigal; not straligmphi.c, so that formal

members are not proposed in this thesis.

L6 BIOSTRATIGRAPHY OF THE CHAPEL ISLAND FORMATION AND THE
PRECAMBRIAN-CAMBRIAN BOUNDARY

Ever since the discovery of small shelly fossils in the CIF at Dantzic Cove by Green
and Williams (1974), there has been increasing interest in defining the Precambrian-
Cambrian boundary within these strata. The International Precambrian-Cambrian Boundary

Working Group, established in 1972 by the International Commission on Stratigraphy to

examine potential boundary sfrmotypcs around the world, concluded at a 1983 meeting in
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Bn';lol, England, that Lﬁe Burin Pc'ninsiﬁla; was one of ihrcclscﬁous candidates 10 receive
more ih-depth ahalysis (Cowie, 1985). The oihcr two sections, located in the Ulakhan-

: Suluéar region, Siberia, U.S.S.R. and the Meishucun region of sdulhcm China, are
dominated by carbonate rocks and an: therefore more fossiliferous than the Burin section,
which is dominantly silicicla;tic. The Burin section does, however, have the most ahund;m-l :
and diverse assemblage of trace fossils of this time period. These &ucc fossils shova H
“distinct shift from sirﬁplc 'Precambrian’ forms to complex ‘Palcozoic-type’ trace fossils
(Bengtson and> Fletcher, 1973; Crimes and Anderson, 1985; Narbonne et al., 1‘)87). It has
beén suggested that trace fossils should be used to define the brecamhrian-Cumhéi:m' '
Boundary in the Burin section and for correlation of the Houndary around the \».:(w'rid
.(Narbonnc etal., 1987). Part (;f the appeal of lf;c BLm’n section as a boundary slrumtypc'is
its great thickness of sub-trilobitic Cambnian strata — greater than 1((X} m as L‘nmp:xrcd to \A
less than 100 m for the other leading candidates= | |

_Prior to this study, a major drdwback to the Burin section has been the lack of a
det_ailcd measuréd stratigraphic section through the CIF. Because of t.lh'lis. faunal
occurrences have been considered on a member-by-member or formational scale. The lack
of‘measurcd. sectionsed to poorly defined member boundaries, erroneous mcmhcr
thicknesses and miscorrelation of local outcrops. During the course of this study these ‘\ '
problt?ms were rectified and a significant body of new biostratigraphic data doc'umcmcd.‘
Although the aims of this thesis are p‘)n‘man'ly sedimentological the author also carefully

. noted the position of numerous trace fossils. Several new forms were found; and the-

ranges of some extremely imporiant traces (e.g., arthropod resting traces) were ckrcndcd 1o

far lower stratigmphic’positions. These ﬁndings pbrompu‘:d the author to cngagc the help of

trace-fossil specialists G.M. Narbonne and M.M. Anderson, and shclly-foSsil expert E.

. Landing. Collaborative studies with these workers during the last two years have lc;i 10

revision of the biostratigraphy of the CIF and formal proposal of a boundary stratotype

(Narbonne et al., 1987). This group is organizing a mceﬁng of the Prccambﬁan-Cgmbrian
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Bﬂound:u'y Working Grox]{a during August, 1987 in St. John's. A post-meeting field trip
will visit three of the méjor outcrops on which this thesis has been based: Dantzic Cove,

Fortune Dump and Grand Rank Point.

‘1 7 ORGANIZATION

This thesis is subdivided into ten Chapters. Chapter | is an introduction to the
thesis aims, the general stratigraphic and geologic history of lheﬁﬁeld area previous work
and the l_ilhosvtratigraphy-aqd biostratigraphy of the Chapel Island Formation.

-Chaplcr 2 outlines the approach to the study, including the techniques and methods
employed, and includes a section on lémﬁnology and definitions in which abbreviations
and sedimentologic terms used with-in the thesis are defined. The organization of lithofacies
into facies associalions‘is also discussed.

Chapiers 3-8 include a thorough description and process i.p(e.rprcmtion fbr each of
the lithofacies from each facies association. For each facies associa(io.n, a summary of the
lithofacies distributions, descriptions of individual outcfob localities, and a
pa‘hocnvimnmcnml analysis are provided. Facies churécleristics like color, texture, grain
size, bed thickness and overall geometry, organic structures, anid sedimentary structures are
used to interpret the processes of sedimentation including: role of tides, waves, variou.s
currents and variable sediment input; timing and relative intensity of erosion and deposition;,
support mechanisms in gravity flows; relative water depths; approximations of current
strengths; paleo-(;;(;gen cc;ndidons during deposition and early diagenesis; and biogénic
influence on sedimeptation. A

Chapter 9 contains a gymhesis of the sedimentary history of the Chapel Island

Formation within the overall context of known Avalonian gcology. Chapter 10 presents a

summ:iry of the salient points of the thesis.
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Chapter 2

INTRODUCTION TO LITHOFACIES DESCRIPTION AND
INTERPRETATION

2.1 APPROACH TQ STUDY

‘Q This study is field-based, with particular emphasis on detailed description and
imérprcmtion of lithofacies from outcron and slabbed éarﬁples. Field work was carried out
over the course of four summers from 1983 to 1986. Stratigraphic sections were measured
at outcrops around the perimeter of the southern Burin Penisula and throughout northern '
Fortune de (Figure 1.4). Emphasis has been given to those outcrops on the southwestern
Burin Peninsula, in particular those at Dantzic Cove, Fortune Dump and Grand Bank
Head, where long, relatively continuous exposures of the entire formation a%c;)rendily
,accessible. , ‘

Stratigraphic sections were measured with a metric tape and Jacob staff. Over 2160
m of strata were measured and drafted at a scale of 1 inch = 5 m; 528 m of this, and an
additional 156 m section, were measured in more detail and plotted at a scale of 1 inch =1
m. Several hundred hand samples wEre collected and slabbed. Many were then polished
and sprayed with a clear laquer finish. 681 paleocurrent measurements were obtained from

a wide variety of different scdi;nentary structures and plotted on equal-area rose diagrams.

Paleocurrent measurements taken-from dipping strata were rotated to correct for tilt directly
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in the field using a wooden board with a built in level. Where heccssary, correction for
plunge’ot folds was"done with the use of a stereonet. 120 standard thin sections of .
siliciclastic samples were examined. In addition, 40 standard and 35 3X2 inch thin sections
of limestones were polished, stained with Alizarin Red Sand potassium ferricyanide and

then coated with a spray-on cover. Wet chemical analysis for P205 was performed on 5

samples of phosphatic shale.

. * '
2.2 TERMINOLOGY AND DEFINITIONS
. » \ '

The following section is a guide 10 the description of lithofacies that follows.

Terminology and abbreviations used in the thesis are explained.
2.2.1 Descriptive Hierarchy of Stratification and Grain Size .

Unless otherwise stated, stratification is described using the scheme of Ingram
(1954). The use of this sCheme has some drawbacks, and aucmpts. are made, ;vhenever _
p(:lssiblc. to provide specific unit thicknesses. Figure 2.1 symmarizes th'e. terminology used
for the éubdivision of beds and the grouping of beds into faciés and facies associations.
‘Facies and facies ‘associations‘are referred to by number in the order in which they appear
in the text. Thc abbreviation FA is used for individual facies associations, followed by the
appropriate number; ¢.g., FA 2. Facies are given numbers accordiy to the facies
association from which they are described. The first number refers to the number of the
facies asﬁociation and the second number is the facies numbér: e.g., Facies 2.2 is the
sccond facies described from Facies Association 2. |

Grain size and roundness were determined in the field by comparison with a

commercial sand gauge (McCollough, 1984). The size grade scale used in this study is the




Figure 2.1: Terms for fi¢ld descriptions of beds, their subdivision and their arrangement
into larger sedimentary units. Modified from Blatt et al. (1980; Fig. 5-1). Beds are
layers of sedimentary rock that are distinguishable from layers above and below based
on rock type, sedimentary structures, or texture. Beds do not have distinct
discontinuities but are composed of divisions with their own suite of sedimentary
structures. Amalgamiated beds are composite or multiple beds deposited from more
than one event; the separate portions of these beds are called layers. Beds are grouped
into facies according to lithologic, structuralor organic aspects detectable in the field.
Facies which are stratigraphically interrelated are grouped into facies associations.




39

l'-'“ C—

— —

UOIJBIDOSSY  S3lde4 pag speg  suoIsIAIg

| mm_omu pajeweblewy

L4

pueg
SuaT




40

Udden-Wentworth scale (see Blatt et al., 1980, Table 3-3). Field names for texture follow
Figure 2.2 (temary diagram). The terms 'siltstone’ and ‘mudstone’ are used in field
determinations, but for description of cut slabs the siltstone and mudstone fields have been

subdivided (see Figure 2.2).
2.2.2 Outcrop Localities and Stratigraphic Position of Beds

'Abbreviations for outcrop localities are given in Table 2.1. Specific beds or
in’tcrvals from particular Stratigmphic sections will be referred to during the course of the
thesis. In orer to locate these more easily on the drafted sections provided, the bed or
horizon will be referred to using the abbreviation for the outcrop followed by the
stratigraphic position above the base of the section. For example, a bed with base located .
240.5 meters stratigraphically above the t;a.sc of the measured section at Dantzic Cove 1\
referred to as DC-240.5. The three localities most commonily referred to in this way are: ()
Grand Bank Head, GB; (2) Fortune Dump, FD; (3) Dantzic Cove, DC. Some oulcrops,
including the Grand Bank Head section, were divided into several subsections labelled A,
B, and C, each of which is numbered individually starting with O m at the base. This was
done whc;'e the outcrop had a covered or inaccessible imer;/al of unknown stratigraphic
thickness. In these cases reference to stratigraphic position is similar to that described
above, but the stratigraphic position is followed by a letter referring to the subsection at that
locality, e.g., GB-122.8A. In addition to outcrop abbreviations, the abbreviation used |

throughout this thesis for the Chapel Island Formation is CIF.

2.2.3 Sedimentological Terminology and Definitions

The terminology used to describe climbing-ripple cross-laminae comes from Harms

etal. (1982). Examples that record only lee-side pitscrvarion will be referred to as




Figure 2.2: Terary diagram of grain-size terminology for use in facies descriptions. The
terms ‘mudstone’ and ‘siltstone’ are field terms. Further subdivisions are used for
analysis of cut slabs.
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TABLE 2.1: OUTCROP LOCALITIES

Dantzic Cove
Fortune Dump
Grand Bank Point |
Fortune North
Radio Station
Lewins Cove
Sagona Island
!?runclte Island
Chapel Island
Point May

Boxey Point




"erosional-stoss” cross-laminae, while those in which the stoss side of the ripple form has
been preserved will be referred to as "depositional-stoss” cross-laminae. The former were
designated Type A’ by Jopling and Walker (1968) and Type 2' by Reineck and Singh
(1980); the latter were called Type B' and Type 1" by the same -aulhors. respectively.
‘Oscillatory’ and ‘bidirectional’ currents are alluded to in this thesis. These terms
are used as follows: the term ‘oscillatory’ is used in reference to short-period reversing
flows beneath wind-generated waves, and the term 'bidirectional’ is uscd in reference to

long-period reversing currents such as tidal currents.
2.2.4 Mass-movement and Gravity-Flow Deposits

Mass-transport, processes a-nd deposits are discusised in detail in Chapter 4. The
term 'slide’ will refer 1o essentially n'éid masses that move zlliong discrete shear surfaces,
‘Slumps’ are considq@ a subset of slides in which rotational movement occurs along a |
curved shear surface (Nardin et al., 1979). Sediment gravity flows are classified according
to the dominant scdiment-s_upport mcchar‘\isms‘gMiddlc(on and -Hampton,f 1973). In
turbidity currents, griin support comes from the upward component of fluid turbulence.
Grain flows are thosé in which grains are supported by direct grain-to-grain interactions
(collisions and near collisions). Debris flows are sediment gravity flows in which grains
are dispersed in a slurr_y of water and fine sediments and grains are supported by the
inherent strength of this slurry. In liquefied flows, grains are suspended by water that is
upwardly displaced (by settling of grains) during readjustment of loosely packed sedi;ncnt

to a more stable packing (Lowe, 1976a). These gravity flows will be discussed in more

detail later in the thesis.
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The grouping of facies into facies association is subjective, based on intimate
association of sets of facies. The facies associations tend not to range over more than one
member, one exception being the presence of Facies 1.1, 1.2 and 1.4 within member 2
(Figure 1.3), and no facies are found in more than one facies association. This reflects the
progressive evolution of fundamentally distinct depositional systems through time (i.e.,
large-scale, nonrepetitive change). The correspondence between facies ass;)ciations and
members results from members being fundamentally distinct lithologic groupings. Those
facies association numbers that do not correspond directly with member numbers are: (a)
the incluston of units of facies from FA 1 within member 2, and (b) the division of member
5 into two facies associations (FA S and 6) (Figure 1.3).

~ A section on palcocnvironn{cmal analysis immediately follows the description and
process interpretation’of each of the six fucjes associations. This approach is adopted due to
’ tiw considerable length of the sections ‘on description and process imcrpretatioh. The .
interpretation of paleoenvironment rests in part on the stratigraphic relationships between
facie$ associations, so the lithologies, sedimenmry‘ structures, and environmental
intarpretations for each facies association have been summarized for reference in F4 gure
. 2.3. '

Measured stratigraphic sections from thc principal localities of Fortune Dump,
Grand Bank, and Dantzic Cove are given at this point in the thesis (Figures 2.5-2.7; a
lepend is provided in Figure 2.4). The location of measured sections at these and all other
oulcrops is given i Appendix A. :lhc remaining’stratigraphic sections (CI, LC, BI, PM,
RS and SI localities) are given in Appendix B. Detailed sections are given in Appendices C
(FD locality) and D (DC and FN localities). Reference to Appendix C is strongly urged for-

discussion of member 2..




Figure 2.3: Generalized stratigraphic column and vertical facies distributions of the Chapel
Island Formatien and list of lithologies, sedimentary structures and paleoenvironmentale
interpretations. \
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LITHOLOGY

Red micaceous sandstone;
minor siltstone and conglomerate

Interbedded green sandstone and
sandy siltstone

Red to white micritic and
stromatolitic limestone
Gray mudstone

Red and green mudstone

Green laminated siltstone

Red and green laminated siltstone

Thin to medium bedded gray-green
sandstone and siltstone

Very thin to thin bedded gray-green
sandstone and siltstone

Medium bedded red sandstone and
shale

Gray to black laminated sandstone
and shale

Red and green sandstone and shale

SEDIMENTARY STRUCTURES

Parallel lamination; hummocky and
swaly cross-stratification; wave ripples

Graded sandstones,; parallel lamination;
current ripples; rare convolute bedding

Fossiliferous; desiccation cracks; tepee
and sheetcrack structures; mud mounds;
planar/columnar stromatolites; oncolites

Burrowed; pyrite nodules; pyritic steinkerns
Bioturbated; abundant carbonate concretions

Paraliel lamination; current ripples; carbonate
concretions; current/parting lineations

Red: parallel lamination, wave-ripple lamination
Green: carbonate nodules, pyrite nodules

Grading; wave and combined-flow ripples; pebble
lags; parallel |lamination; mass movement
deposits; HCS; graded rhythmites

Abundant gutter and pot casts; pinch-and-swell
and lenticular bedding; unifite siltstone beds

Channel sandstones; parallel lamination; shale
fip-up clasts; synaeresis/desiccation cracks

Contorted bedding; synaeresis cracks; pyrite
and phosphate nodules; channel sandstones

Flaser, wavy and lenticular bedding; scour and
channel sandstones; synaeresis/desiccation
cracks; parallel and ripple cross-lamination

ENVIRONMENTAL INTERPRETATION

Prograding storm-dominated shelf
(nearshore)

Prograding storm-dominated shelf
(offshore)

Peritidal; low energy

Low energy dysaerobic shell

Low energy oxygenated inner shelf
Outer shelf (sub wave-base)

Low energy subtidal shelf;

Delta abandonment facies
Storm-influenced subtidal

Lower deita front/prodeita
Storm-infiuenced shallow subtidal

Upper shoreface/delta front

Peritidal, high energy.tidal influence

Semi-restricted low-energy

Peritidal, tidally-influenced

LY



Figure 2.4: Legend for stratigraphic Lolumns for FD, GB, DC (Figures 2.5-2.7) .md Cl,
LC, RS, PM, BI, SI (Figures Bi-B6: Appendix B).
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Figure 2:5: Stratigraphic section from the Fortune Dump locality. Detailed section of this
l(x‘tlny is given in Appendix C.

-




51

o

m. n [,
m iy TRy L i Qi 2 i) Ircong

RALIIAA AR A11A AALIA AARRALALAR A SR,
m”u HH 1 H HITF : ;I HTTF il g HHHHE | H TR TRTHTHE [
2 BHLHINILELER UL LRI
£ NI AT R b et B s R e

O G

\\(P% <Jd< Nx W AAA vfa bee @ muj L N anenil eus<
RIALLAR ALLAR AplAIARLARAAIUALIALAIAR 8 1A A A ALLALLA AR AAA
2l REIIEL CHEL WHTHTHETE WHHTTE] (W [ HTH HTETIH H ] H H[H]|H B H HHHNHH
IR BEHERE: | LIELLAR A RHIEHE )t | [ I (BT L
g g - A ) 3 3 g
o N« o N o A M, L N N o ~ ~ 26. 3
[ 4
N ohina _M nnm- mq,‘ b.m . m- Mvaennmw/w.. oo -A o = vﬂvM«MMvAfA..f < M_,M:n
_ W] HH[H{HHH H HE H{[H thn m:@
] RLEIEL LIRAELL R I It | gipli :
MU .\J ~ //M Wr M ./._/m ~ W/ m \ m m ‘ m
a
y e {
Rl e p
e
ool o
oL LIS
o o
S8 i JANRE




Figure 2.6: Slmngmphm section from the Grand Bank lO\.dllly Pomons of this section are
accessible only by boat.
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Figure 2.7: Stratigraphic section from the Dantzic Cove locality. Detailed section of
members 3 and 4 at this locality 1s given in Appendix D.
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Chapter 3

FACIES ASSOCIATION 1

3.1 INTRODUCTION

Facies Association 1 has been divided into four lithofacies, each of which is
described below. Facies 1.1 and 1.2 are intcrgrada)ional, and in"plnccs, interlayered on a
small scale. The four facies described below constitute all of Member 1 and a small part of
Member 2 (Figure 1.3). A discussion of the vertical and lateral lithofacies distribution is

given in Section 3.5.

3.2 RED AND GREEN THIN/MEDIUM BEDDED SANDSTONE/SHALE FACIES (1.1)

@

Facies 1.1 is cdmposcd of red and green, thin to medium bedded, fine to medium
grained beds of sapdstdhcs, interbedded with thinner beds of siltstone and shale (Plate 1a).
The séndslonc component makes up roughly 50-80% of this lithofacies. Only a handful of
examples were noted in which maximum grain size exceeds sand grade. In these, small

pebbles are present at the base of sandstone beds.

Red and green strata alternate stratigraphically on a meter scale, with a very minor

percentage of strata color banded on a centimeter or decimeter scale. Such mixed units

always exhibit green sandstone and red or pink siltstone and shale beds. Individual




PLATE 1: RED AND GREEN SANDSTONES AND SHALES (FA 1)

a: Typical exposure of Facies 1.1 strata at GB illustrating the style of interbedding and the
irregularity and lenticularity of sandstone beds. Stratigraphic top is to the left. Scale is
9 ¢m long.

b: View of steeply dipping strata at GB looking stratigraphically upsection. These well-
exposed soles show synaeresis and desiccation cracks and the imprints of current
ripples. Cliff is approximately 15 m high.

¢: Polygonal cracks on the base of a bed at GB-21.2A. These are interpreted as desiccation
features. Scale is 15 cm long.

d: This close-up of green Facies 1.2 strata shows the scale and style of these wavy and
lenticular bedded sandstones and shates. Starved ripples and shrinkage cracks (mostly
ptygmatically folded synaeresis cracks) are especially abundant. Stratigraphic top 18
up. Scale is 9 cm long.

e: Discontinuous, spindle-like shrinkage cracks at the base of GB-24.1A. These are
interpreted as synaeresis cracks. Scale is 9 cm long.
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packages of red or green strata vary considcrably in thickness from S0 cm to 10 m. At least
L]

70-80% of these packages are between | and 5 m thick. Diffcrénccs exist in the overall
character of green versus red parts of this lithofacies; these differences are generalized, not
rigid, and will be discussed in more detail below. The green units usually contain thicker
and more abundant sand}lonc beds.

Flaser, wavy and lenticular bedding are characteric features of this lithofacies.
Lower bcddi'ng surfaces are sharp, and may be planar or irregular. Upper surfaces are also
sharp, and are either flat, rippled, or very irregular, with truncation of underlying laminae
(Plate 1a). Sandstone beds less than 3 cm thick may be slruclureless; parallel laminated, or
ripple cross-laminated, and are ofleﬁ discontinuous, deﬁ.ning lenticular bedding. Form sclsk
of asymmetrical ripples are abundant, and provide abundant paleocurrent data. These
thinner sandstone beds also include starved ripples, with asymmetric profiles and
unidirectional cross-laminae.

Thin to mediun1 beds of sandstone are more diverse internally and often contain
amalgamation surfaces. A common motif in these beds consists of: (1) a lower division of
structureless sandstone with abundant angular shale clasts, ovcrlu'in by (2) parallel-
laminated sandstone with or without minor quantities of shale clasts, capped by (3)
unidirectionally cross-laminated, asymmetric ripples. Shale clasts in the lower division of
these ‘motif-beds’ show grading in terms of abundance, and to a lesser degree in terms of
size. Many beds are composed of both top-cut-out motifs (Divisio}ls 1 and 2 only) and
base-cut-out motifs (Divisions 2 and 3 only). The bases of these beds are usually quite
irre gulur, truncating laminae in the beds below.

Some beds display complexly cross-stratified sahdstone in which cosets of cross-
strata are separated by curved lower surfaces that show multiple orders of truncation and
are found at various angles to bedding. These beds, and other less complicated cross-
stratified beds, may display depositional-stoss and erosional-stoss climbing-ripple cross-
laminae (Joplin_g and Walker, 1968; terminology of Harms et al., 1982),

N




Sandstone beds are characteristically discontinuous. This is due, in part, to the
abundant erosional surfaces that churacterize this lithofacies. There are two types of
erosional surfaces in this lithofacies. The first type consists of irr§gulnr. extensive surfuces
that pass laterally into amalgamation -surfaces. These surfaces m;|y be overlain by fine-
grained rocks (shales or laminated shales) or by sandstone.

A second type of erosional surface defines — with an overlying sedimentary
package — isolated, lgnticular, concave-up beds. Geometrical data for some of these beds
‘are given in Table 3.1, and include (a) the product of width x thickness, a rough measure
of cross-sectional area, and (b) the ratio of width/thickness, called the 'scour-and-fill index’
(Nagtegaal, 1966). The beds above these scour surfaces vary lithologically from 100%
sandstone to sandstone 'interlaminated or interbedded with shale, and include structureless,
parallel-laminated and ripple-laminated sandstone beds. In all cases, layering abﬁts sharply
against the margins of the scours (Figure 3.1). Sandstone beds may show asingle set of
cross-lamination (Figure 3.2a,c), like that illustrated by Potter (1963, l‘;gurc 22). In some
cases, a complex series of sandstone-filled erosional surfaces is preserved, with clear
cross-cutting relationships (Figure 3.2c).

,Srcdimcnlary structures on upper bedding plane surfaces include straight, sinuous, A
and interference ripples, and rare raindrop prints. It is not unusual to find two separate
ripple sets preserved on one bedding surface, one ripple set superimposed on the other.
Many lower bedding surfaces have ball-and-pillow structuyes. In places, load halls of
sandstone are found 'floating’ in shale (Figure 3;2b).

Sandstone-filled shrinkage cracks are conspicuous features on both upper and
lower bedding surfaces. In cross section these features are found projecting down as much
as several centimeters from the bases of sandstone beds into underlying shale layers. They

may cut through as much as 5 cm ormore of shale, or interbedded sandstone and shale.

Though irregularly bent and commonly ptygmatically folded, most crack fillings are tapered

&




TABLE 3.1: LENTICULAR SANDSTONE BEDS: FACIES 1.1/1.2

(cm) . (em) . (cm?)

80 14 1120

50




Figure 3.1: Sketch of outcrop of Facies 1.1 at GB-16.3A. Features include discontinuous
and lenticular bedding; erosional upper and lower surfaces; unidirectional ripple cross-
lamination with bidirectional pattern; transitions from parallel lamination to ripple
cross-lamination; lenticular beds of both sandstone and thin beds of siltstone, shale and
sandstone. - :

)
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Figure 3.2: Skeiches of outcrop of Facies 1.1/1.2.

(A) GB-70.0A. Note lenticulur bcdding. abundant shrinkage cracks, and thick lenticular
sandstone bed with a single set of cross-laminae.

(B)y GB-3.8A. Note discontinuity of bedding, erosional upper surfaces, bidirectional
orientation of ripple cross:lamination, transition from paralle! lammdnon to ripple
cross-lamination, shale chips, and load-ball horizon. .

(C) GB-44.5A. Note erosional upper surfaces, graded beds, shale-chip conglomerate,
transjions from structureless to parallel-laminated divisions and a discontinuous
rippled bed. Note lenticular sandstone beds with cross-laminattsn and evidence for
multiple periods of downcutting,
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Idlownwa.nd. A few examples have a nontapered rectangular shape with unusual sharp, flat
b,dttoms.‘Cross-sectiOnal ir;'egular'l‘ﬁes include downward varialio_n in thickness m.:d
downward bifurcation or merging 6f adjacent cracks (Plate 1d).

In plan view these shrinkage cracks weather as sandstone ridges that show the
following morphotypcs H polygons several centimeters across (Plate lc) ) thorcc am1ch
star shapcs and (3) linearly oriented, straight to slightly mtgul.nr spindles (Plate le). In the
last, the ridges may bifurcate, with the two forks remaining, essentially parallel to the
overall préfcned direction. The lincér examples extend along ihe bedding plane anywhere
from l-2,cr.n' té tens aof cemir_neters. Their width may vary from a few millimeters to gréatcr
than 1 cm: Polygonal patterns are only slightly less common ihan the other types. These
generally have a polygon width of several centimeters, but larger examples tens of
centimeters across were noted at several localmcs .

In general, green units in this lithofacics have: (1) a éreatcr total percentage of n
sdndstone (2) greater average bed thickness, and (3) lower abundanée of shrinka ge cracks
and starved ripples than red units.

~ The paleocurrent data gathered for Facies 1.1 and 1.2 (Figure 3. %‘)?grc grouped
together because of the diffrculty in _dlstmgulshmgﬁn all cases, these two transitional
lithofacies in the field. Greater than %% of the data are derived from tocks that cenainly
vcz_m be defined as Facies 1.1. Very fe\;v measurements were taken from strata decidcdly of

- Facies 1.2 because of the smooth wc_athéring pattern of these rocks.

3.2.1 Process Interpfetation

Flaser, wavy, and lenticular bedding styles aré formed by alternations of (i) current-

induéed bedload transport and depositfon of sand and (ii) slack-water deposition of muds

“from suspc:{sion (Rcincck and Wunderlich, 1968). The ﬁne-gfaincd fraction of this

lithofacics comams little or no dlsscmmatcd sand-sized grains, ruling out a winnowing




Figure 3.3: Paleocurrent rose diagrams from Grand Bank Point (GBP-A) of Facies
1.1/1.2. "A" shows data on ripple paleocurrent (n=58) and "B" shows data on ripple
crest-trend (n=19); see text for discussion.
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origin for the sandstone beds. Most of the sandstone beds have tractional scdiméntary
structures such as ﬁpple§ and parallel lamination. Only a small proportion of sandstone
beds; and divisions of sandstone beds, are nonlahinaled and therefore may have been
deposited directly from suspension.

Flaser bedding resulted from (a) partial erosion of, and sand deposition over, clay-
draped sand beds, and (b) sand deposition into partially clay-draped scours. Lenticular
bedding was formed under depositionﬁl conditions in which the supply of sandy sediment
was insufficient to allow the full development of a ﬁppled bed surfaccv, resulting in sand
lenses and starved ripples. i} ‘ -

The motifs that are common in the thin and medium bedded sandstones represent
deposition by decelerating currents. The lower, mudstoﬁc—clast-bcan'ng division of the |
motif represents the highest energy conditions, and was itself deposited by decelerating
flow, as indicated by the grading of shale clasts. This division is either massive, indicating
deposition from suspension with possible short-lived, postdepositional l/iqucfaction,‘ as
suggested for the Bouma 'a’ division of turbidites (Middleton, 1967, Middleton and
Hampton, 1973), or it contains discontinuous flat-lying laminae, indicating that some
traction transport occurred before deposition. The 5irj1ilarity of the mudstone clasts to the
surrounding mudstone layers, the angularity of the Tlasts, and the erosional bases of these™.
beds indicate that strong currents scoured the sediment surface, eroding semilithified

- !
-~ mudstone layers, just prior to or during deposition of this basal layer. Desiccation and

cracking of shale layers (discussed bélow) may have aided in the formation of these shale

chips.

'Ihé'gafallcl-laminatcd division of the motifS‘rcpr'escn(§ traction transport and i
d%"position in uppcr~planc-bed conditions, and ﬂthc rjbplcd 'Lippci'division indicates traction
transport and deposition in the lower flow regime. BaSe;—cut-out motifS were formed by

currents that were of insufficient strength to strongly erode the underlying substrate. The




top-cut-out motifs were likely formed by currents that decelerated from upper-plane-bed
coﬁditioni to no moveme;n too rgpidly to allow the development of ripples.

The nipples in this lithofacies were formed by unidiréclional .cum:nls. as indicated
by their: (M asymmetrical proﬁ/l\e. (2) lack of bifurcating crests, (3) lack Gf draping
laminae, (‘i) form-concordance, and (5) unimodal foreset orientation within individual
ripple trains,

| Shrinkage cracks form during volume decrease of fine-grained sediments.

Laboratory experiments indicate that these may form subaqueously, from changes in

salinity or from sediment compaction and dewatening. In the formier case this occurs at the

'sediment-water interface, and in the latter the process occurs substratally (Donovan and

Foster, 1972; Plummer and Gostin, 1981; J.R.L. Allen, 1984). These subaqueous features
are called synaeresis cracks. Shrinkage cracks that form at the surface due to subaerial
evaporative water loss are termed desiccation cracks. These involve tensile stresses orders
of magnitude larger than than those associated with synaeresis (JR'.L. Allen, 1984; p. 550).
Early workers postulated, from examples in the rock record, that some shrinkage
\cracks formed gdbéqucousl; {Pettijohn, f949; Rich, 1951). Later, synaerésis cracks were
formed in the laboratory (Burst, 1965; Jungst, 1934; White, 1961). Picard and High
(1969) describe modern subaqueous shﬁnkégc cracks from .. fluvial environment. The
distinction of these two types of shrinkage crack in the rock record has been discussed by
Donovan and Foster (1972), .Plummér and Gostin (1981), and others. Based on these ‘
references the shrinkage cracks in this lithofacies are interpreted as both desiccation and
synaeresis ‘types. The star-shaped and oriemed\spindle p;mcrhs are generally considered
characteristic of synaeresis crackiné, while the polygonal shapes are gc.ncrally attrib/utcd to
desiccation, although it must be noted that "...overlap in crack morphology exists between
the two groups (Plummer and Gostin, 1981, p. 1153). Many examples of polygonal cracks

in the CIF display overprinting of several generations of cracks, a feature very strongly

diagnostic of desiccation cracking (Plummer and Gostin,1981).




The arguments uséd by Hiscoit (1982) 1o suggest a shallow-water origin for

synaeresis cracks in his Facies 1 of the Random Formation hold for this lithofacies; i.e.,
(1) §ynaercsis is favored by high salinities and is therefore most probable in shallow-water -
sertings, and (2) asﬁociaﬁon of synaeresis cracks with flaser, wavy, and lenticular bedding,
.imerfercncc ripple marks, and abundant mudstone rip-up clasts is strong evidence for
shallow-water conditions, perhaps with periodic exposure. Tﬁc formation of synacrc.sis-
style cracks may have been aided, in part, by short-term exposure. Such an inferpretation is
supported by the close stratigraphic proximity to beds with polygonal cracks and rare
examples of rz;indrop prints.

The abundance of truncation surfaces and scour-fill sandstones indicate that local
erosion was very common during deposition of this lithofacics.l’l‘he data in Table 3.1
indicate that scour depth docs not increase with scour width. The degree of lithification and
consolidation (especially for the muds) may have been a prime factor in controlling the \
depth of scour. Rapid consolidation of the sediment with dcplh' might have inhibited deep
crosion, and enhanced iafcml erosion, resulting in wider, rather than deeper, scours with
prolonged erosion.

The paleocurrent data (Figure 3..3). >90% of which is from this lithofacies, consists
of measurements of current-ripple migration and ripple-crest trends. Data on ripple-crest
trends were taken from those ripples for which it was not possible to acquire paleocurrent .
infdrmmion directly due to poor weathering or exposure. The ripple-migration readingS
{n=58) indicate bimodal-bipolar ﬁow conditions, with the stronger mode towards the
southwest. The ripple-crest trends (n=19) are moré or less uniform!y distributed, with a
very weak preferred northeast-southwest orientation. These latter data indicate that a small
pctrccmag‘cxof ripples were oriented at all angles to the strong bipolar pAitem. The weak

northeast-southwest orientation to this data is somewhat puzzling, but may be partly
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attributable to preservational biaﬁ, by which, due to the strike and dip of bedding, it would
have been more difficult to gather paleocurrent data frpm these ripples.

The difference in.Lhe bedding charactgristics and abundance of sedimentary
structures in the green versus red units of this lithofacies indicates that the green units were
formed under hi gher-énergy conditions. Observations indicate that the abundance of
shrinkage cracks Ain the red units cannot be attributed entirely to a greater pcrcentagc and
thickness of shale layers in the red uni;s. It is therefore likely that these sediments suf'fcrcd
one or more of the following: (1) a greater degree of subaeriz;l exposure, (2) higher
salinities, or (3) more intense compaction and water expulsion.

The strong red coloration of the terrestrial and marginal marine Rencontre

Formation (Smith and Hiscott, 1984) and parts of Facies Association.l, with features

indicating very-shallow-marine conditions with periodic subaetial exposure, indicates a

strongf:nvironmental control on the development of color. With few (but important)
exceptions, it is a recutring aspect of the CIF and the underlying Rencontre Formation that
shallow-water or sut;acn'ally exposed sediments are red and ‘that deeper-marine deposits are
darker colored. The following discussion on the origin of color in these dcpbsils has been
included so that associations of color and other aspects of the rocks such as Scdimemary
structures can be uscled to refine or su ppbrt process interpretations and later

paleoenvironmental interpretations.

3.2.1.1 Color

The question of how sedimentary rocks zicquire their color has been a long-standing
“question in geoloéy. Much of the work has centered around explaining the red coloring of
red-bed sequences. The consensus is that color is almost always an early diagenetic
phenomenon (Tomlinson, 1916; Downing and Squirrel, 1965; Walker, 1967; Thompson,
1970; Van Houton, 1973; McBride, 1974; Hubert and Reed, 1978; Mcl;herson, 1980;
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Potter et al., 1980).The early work of Tomlinson (1916) demonstrated that the controlling
factor in the development of color in shales iithc Fe*3/Fe*2 ratio and not the total percent
of iron. McBride (1974) postulated that a‘s the Fe+3/Fe+2 ratio in a rock decreased, the
resulting color change would be fromred to purple to gray. Potter et al. (1950) further
suggest that organic content determines a second g;olor sequence from greenish gray to
black that is independent of the oxidation state of iron (Figure 3.4). Figure 3.4 suggests
that the sediments of this lithofacies contained very little organic matter, less than ~0.1
pcréem. Although color is a function of the final Fe*3/Fe*2 ratio, an important pn'mar?
control is the organic content of the sediment, because the quantity of organic matter
controls the Fe+3/Fe*2 ratio by oxidation-reduction reactions (Potter et al., 1980;
McPherspn, 1980). The quantity of erganics in a sediment is controlled by many factors,
most importantly: (1) rate of supply ;f organics, (2) rate of accumulation and (3) rate of
decay of organics in the upper few centimeters of the sediment column (in turn a function
of oxygen levels) (Potter et al., 1980).

Red color is imparted to sediments under oxidizing conditions by the early- .
postdepositional alteration of iron-bearing minerals, including: (1) dehydration neac‘;ions in
which the limonité stain on detrital particles is altered to hematite, (2) dissolution of iron
.silicatcs and prcci\pitalion of the released iron and (3) direct oxidation of magnetite and
ilmenite grains (Hubert and Reed, 1978). Red sediments can later be converted to green by
reduction of the iron (Hubert and Reed, 1978; Potter, et al., 1980), which is then carried
away in solution (‘Picand, 1965; Friend, 1966; McPherson, 1980) or reprecipitated as iron-
rich clays such as chlorite (Thompson, 1970).

M_chridc (1974) noted that the strength of the color, red of green, in a sediment or
rock, is a function of grain size: fine-grained rocks have higher iron content and therefore
more intense color. According to vicPherson (1980), the precurser to hematite in red
sediments is an amorphous or poorly crystalline iron oxide that attaches itself to clays. The

diagenetic change from red to green, occurring as sediments are buried below the water




Figure 3.4: Graph relating color of rock (Y axis), which from empincal data is shown to be
a function of organic content and oxidation state of iron, to Eh and Time (X axis).
"Time" refers to the length of time that pore fluids interact with the sediment prior to
lithification. Sedimentation rate is inversely related to time because it controls the
length of time that sedimenf'undergoes reactions with shallow surface waters. The
development of dark coldrs, olive gray to black, are primarily determined by organic
content, and for a given unit of sediment the trend through time is toward lighter color
with the oxidation of organic matter; this change is-irmeversible. The lighter colors,
green-gray to red, are controlled by the mole fraction representing the proportion of
iron in the +2 state (each unit in fraction represents the number of moles of iron per
gram of rock) - colorchanges are reversible through time depending on Eh. Assuming
that there is dissolved oxygen available in the sediment, the trend through time will be

~ toward lighter color, first through the oxidation of organic carbon and later through the
oxidation of reduced iron. For instance, if one starts with a black sediment rich in
. organics and a pore water of moderate Eh, at T} the sediment will be gray, at T, it will -
" be green, and at T4 it will be red. The left side of this graph is modified from Potter et
al. (1980, Fig. 1.25).
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table, results from interaction with reducing fluids. It is therefore likely that the
relationship between g}ain size and color is controlled by pemwcabililyf relatively high
permeability for sands, low for muds.‘

The factors contmlling. color in the rocks of Facies 1.1 are vaned. The general
difference in the lithology and sedimentary soructures between green and red units indicates
that they may have been deposited id Slightly different settings and expericnced different
diagenetic geochemical conditions. The sedimentology of the green units indicates slightly

-

deeper-water conditions in which c#'»osure was less likely. Under these conditions one
mig—h; expect incomplete oxidation o{ organics and lherefo.re a lesser intensity of oxidation
and dehydration reactions involving iron-bearing phases. The coarser, more pcnﬁcublc
nature of the green units would have gnhanced penetration by reducing fluids during later
burial. The gedinxcntplogy of the muddier, red parts indicates shallower-water conditions,

-with higher likclihoc;d‘of exposure. l}'ndcr these conditions the sediment would have
experienced a greater degree of oxidation prior to.bun'al, and therefore early decay of any
organic fraction. The early decay of organics allowed thorough 6xidati0n of the imn., and

the low permeability of the sediment stified any flow of reducing fluids from adjacent

sediments.

{

~

3.2.2 Summary: Facies 1.1

In summary, the alternation of traction and suspension ‘dcposilion, availability of
sand, and oveml‘l energy conditio;xs during deposition were important factors in
determining bedding styles in Facies 1.1. Deposition took place under reversing currents.
Erosion was a very important process, creating bedding discontinuities and scour-and-till
structures. Finally, shrinkage of shale layers (desiccation and/or synaeresis) produced
s;nd-ﬁllcd cracks and aided in tr;c formation of shale clasts. Some of these cracks were

formed under subaerial conditions. Finally, the red units in this lithofacies were: (1)
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dcptcjsilcd under slightly lower energy conditions, (2) subaerially exposed more frequently

and (3) subjected to stronger oxidizing conditions and were more impermeable to reducing

fluids during deposition and early diagenesis, than the green units.

313 SHALY FACIES (1.2)

This lithofacies is similar in most respects to Facies 1.1 but‘is distinguished by a -
lower sandstone/shale ratio and diffcremaproportiohs of primary sedimentary structures.
The shale content of this lithofacies varies from 50 to 85 percent. The sand#toné fraction is
anminamly*very thin beds and laminae, while thin and medium beds of sl’mdstonc make up
a small percentage (< 10%) of this lithofacies. Bedding planes are not well exposéd. The
abundance of starved ﬁpples and shrinkage cracks is higher than in Facies 1.1. Also, the
association of shrinkage cracks with color of strata is more pronounced: red units nermally
have very abundant shrinka® cracks, while green units are more variable with some
r'mving‘a moderate number of shrinkage cracks, and others having few, if any.

- Wavy and lenticular bedding dominates this lithofacies; flaser bedding is absent.
Unlike Facies 1.1, there are fewer pa.rallel-lamina(cd beds, shale-clast conglomerates and
fining-up motifs. This lithofacies also contains fewer erosional surfaces. As a result,
bedding planes are more extensive. Lenticular erosional-based sandstone beds are present
but :lré generally n(.)l. as thick or abundant as in Facies 1.1. Also found in this lithofacies,
but not present in Facies 1.1, are rare carbonate concretions within which original

depositional structures and thicknesses are delicately preserved,




3.3.1 Process Interpretation: Shaly Facies (1.2)

The wavy and lenticular bedding is attributed to alternation between tmctic;n
Wtrdnspon.and deposition and suspension deposition, the latter being the dominant process.
The higher shale/sandstone ratio and lower average 'sandst.onc bed thickness indicates
lower-energy conditions than for Facies 1.1. The pauciwy of large-relief erosional surfaces
and the reduction in abundam;c ;and scale of small’séours and channels means that current -
energy was mostly below thal*sufﬁc‘it}nl to 'eroc‘ie semilithified mutl. The difference in
average bed thickness and the abundance of shale indicate gcﬁerally lo’wc'r—g‘nc,rgy .
conditions. The abundance of starved ripples indicates low sedimenf supply.

e plan-view geometry of shrinkage cracks i3 in most cases'unl‘mown because of
poor exposure of bedding planes, but éhﬁnkagc cracks of both desiccation and syn:lcrésis
type were observed. The increase in abundance of cracks (s_eén in cross section) in, .‘
comparison to Facies 1.1 indicates that the sediment was more often subjected to

. ) - .
shrinkage, and therefore was more often under one or more of the environmental

conditions that form these cracks (desiccation, elevated salinities, dewatering and

compaction). It is therefore also likely that the sediments of this lithofacies were also more

often exposed subaerially.

1.4 BLACK THINLY LAMINATED SHALE/SILTY SHALE FACIES (1.3)

/

*

The Black Thinly Laminated Shale/Silty Shale Facies occurs™within the middle and
upper parts of Member 1 (Figure 1.3). It varies from very thinly laminated (pinls[ripcd),
dark gray to black shale, containing 40-60% very fine and fine grained, white, quanzose

. : IR § .
sandstone laminae (Plate 3¢), to a complex interbedding of dark shale, silver-grey siltstone,
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and ihin to medium-bedded quartzites and sandstones (Plate 2a, 3a). The quartz arenites

‘and sandstone beds are very irregular in thiékncss. and are often lenticular in geometry.

These rangc.‘from very thin beds of starved ripples to medium beds with channel-like
geometries (Plate 2c) to those with rclz{tivcly flat bases and tops that show evidence of

considerable erosion (Plate 2a). The thicker quatzite and sandsfbne beds }nay contain large’

" mudstone flat pebbles. The gray siltstone is interbedded with the shale on a lamina-by-

»

lamina scale or on a .larger scale in which centimeter-scale siltstone beds altcmalc’with
centimeter to decimeter-thick beds of pin-striped shale. Appreciable thicknesses of strata
(decimeters to meters) may contain litte o; no siltstone. | .

In the pin-striped shale, individual whité-wcathering sandstone laminae rarely
exceed 2 mm in thickness, Mini-loads (0.5-1 mr;l wide) may be present, projecting ﬁp u;
0.5 mm off the base of these laminae (Plate 3c). The laminae are grciuped into sandy
;Zackages.up to 1.5 cm in thickness, and shaly packages of subequal thickness. These
packages are less clearly de;'med w‘hen observed close-up, where one can see their complex
and transitional nature. The sandy packages coﬁtain slightly thicker sand laminae, with
closer spacing, than those in the shaly package's, Thickness of the lamin:;e is generally
uniform, but thicker sand laminae display pinching and swelling, dcﬁning‘a blebby
structure. Subtle, low-angle, undulose and planar laminae appear to form incipient ripples
defined by very small cross-lami nae; In most cases it can be demonstrated that these
features are different vjcws of laminae that drapc very-low-angle erosional surfaces. Low-
angle érosional surfaces, with relief of less than a few centimeters, are locally abundant
(Plate 3a). In some cases these surfaces define the boundary between sandy and shaly
packages. '

One of the most dominant aspects of this lithofacies is the abundance of soft-

sediment deformation structures. Much of the strata contain small-scale slides,

" convolutions and ball-and-pillow features. Some samples contain small (1-3 mm long)

injection structures (clastic dikes) and small-scale synsedimentary faults (Plate 3c). The




PLATE 2: FACIES 1.213

. a: Panticularly sandy interval of Facies 1.3 at GB-~105-107A. Medium sandstone bed on
the right has an erosional base and top, while bed in center of photo has an erosional
top and is laterally truncated near base of photo. Stratigraphic top is to left. Scale is 15
cm long, '

b: Load ball horizon in Facies 1.2 at GB-48.8A. Stratigraphic-up is to right. Scale is 15 cm
long. , L :

¢: Lenticular, channel-fill sandstone in Facies 1.3 at GB-107.7A. Little or no internal
structure is visible on the weathered surface. Stratigraphic top to right. Scale is 15cm
long. '

d: Bedding plane view of Facies 1.3 at Member 1-2 boundary at FD-18.26. These rounded
shale tlasts are scattered across the surface and are concentrated in erosional irregular,
pantially-dendritic erosional scours. Note shrinkage (desiccation?) cracks. Scale is 15
cm long. :







PLATE 3: GREY/BLACK SHALE FACIES (1.3)

a: Pin-stripe interlamination of shale and fine sandstone showing subtle multiple scour
surfaces. Note shrinkage cracks in thick shale lamina. Stratigraphic top is up. Scale is
15 ¢m long. '

b: Locally abundant synaeresis cracks. This is an oblique shot of bedding with stratigraphic -
top to upper left. Scale is 15 cm long. - .

¢: Slabbed and polished surface of pin-striped black shale from Point May. Note
synsedimentary faults, small injection structures and small load structures at the base
of many laminae. A large, rounded, phosphatic shale clast (center) affected the
overlying laminae during compaction. Stratigraphic top is up. Scale is 1 cm long.

d: Lenticular, bedding-parallel phosphate nodules (arrows) from GB-110A. These formed
in situ as concretionary growths. Stratigraphic top is up. Scale is 15 cm long.
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injection structures are often squashed or ptygfnatically folded, imparting a blebby
- appearance to the rock where abundant. The synsedimentary faults record both brittle and

‘plastic behavior at dit_’fcrcn‘t points along their length. In some cases the faults flatten toward

Bedding and die out with depth, appearing listric in nature. A few soft-sediment dikes -

appear to follow these fault planes (Plate 3c).

Shrinkage cracks are localiy abundant in this lithofacies (Plate 3b). They are
conspicuously absent in this lithofacies at GB-77.9-80.2A, whereas only a few metc.rs
above and below this interval shrinkage cracks are abundant. At LC, sh'rinkagc ‘cracks are
abundant throughout this lithofacies. At LC-87.4A, aligned linear shrinkage cracks are well
exposed on a bedding plane.

Pyrite and phosphatic shale nodules are common in this lithofacies. Wct-chemica‘l

~ analysis for percent P,Og was pcrfom';ed on several phosphate nodules from this
lithofacies at various localities; the data are given in Table 3.2. Some of the phosphate -
nodules are found with their long axes at an angle to bedding, while ot}'lers are parallel to
bedding. The bedding-parallel examples show the following characteristics: (1) tapered, . .
clongate geometry (Plate 3d), (2) curved, but continuous, underlying and overlying '
laminae, (3} incorporation of laminaé within somé\nodules. and (4) indistinct, gradational
contacts in some examples. Both bedding-concordant and bedding-discordant nodules
__(Plate 3c) were noted at PM-15.4A.

This facies contains a nﬁmbcr of small and simple trace fossils. The concentration

of trace fossils is not very high, nor is there evidence to suggest that the sediment was

burrowed to a signiﬁcant degree.




“TABLE 3.2: PHOSPHATE NODULES: WET CHEMICAL ANALYSIS FOR P>05

SAMPLE" % P20
FD-18.26 18.6
FD-18.26 14.6
FD-1531° 11.8
LC-9.1B . 204
GD-10.0B 20.4




3.4.1 Process Interpretation

) ”
This lithofacies is similar to the "Finely Laminated Mudstones” of Hentz (1985).

He describes calcitic lenticular, wavy, and planar laminae of similar scale and style (ha;
contain jn-sity phosphate nodules, phosphatic shale clasts, and synsedimentary faults.

The characteristics of this lithofacies indicate a low-energy setting periodically
subjected to high-energy events. The deposition of sand beds up to several orders of
magnitude thicker than the norm for the facies argues for deposition by high-energy events.
The compositional maturity of many sandstone beds indicates transport from an adjacent,
high- cncrgy (nucro)cnwronmcm. Some of these beds may have formed as shallow
] channels. lhat cut into a fine- gramed substrate and generated mudstone fragmcnts (flat

pebbles).

The gray to black shale, with its lenticular/wavy bcddmg and incipient ripple cross-

Limmae records suspension deosmon of sand and mud with gentle, episodic current
activity that formed microripples on a silty bottom. Extremely shallow, shale-draped scours
mark occasional, min01;, erosional events. Thé synsedimentary fz;ults in these shales may
have formed from hydraulic fracturing during the release of high poﬁ: pressures (Pickering,
1983). The association of’\sot;t-scdimem micro-dikes, especially those along the fault traces,
support this interpretation.

The abundance of soft-sediment deformational structures indicates conditions of
high pore pressure. High sedimentation rates and the presence of liquefaction-susceptible -
silts probably cor;Mbutcd to the repeated sediment failures that characterize this lithofacies
(full discussion of liquefaction, its caus;cs and susceptibility, is given in Section 4.16.2.1).
Based their morphology, the shrinkage cracks in this lithofacies are attributed to synaeresis.

The phosphatd nodules in this lithofacies formed early enough, and at shallow

enough depths, to allow for erosion and transport of some nodules by rare, strong




87

currents Worldwide, phosphmc is found as emall nodules in gray and back shnlce (c.g.,
Kidder, 1985; Hentz, 1985) and carbonates of a wide variety of ages (Caok and
MCcElhinney, 1979), especially at the Precambrian — Cambrian boundary (Cook and
Shergold, 1984). ' o

o~
-

The analysis of phosphate conccnﬁtions and solubility in scz:guu:r is complex
(Waples, 1982, p. 141); the reader is referred to reviews by Baturin (1982) and Froelich et
al. (1982). Baturin (1982, p. 23) conélud::s that the available evidence from field and
laboratory rules out "...the posiibility of chemical precibitation of phosphate from ordinary

sea and ocean waters under natural conditions”. In a purely chemical sense, the

prcciﬁitation of phosphorus is strongly controlled by pH and generally unaffected by Eh

N

conditions in the sime manner as is calcium carbonate (Krumbeiq and Garrels, 1952),” The
solubility curves of calcite and calcium phiosphate are similar, wilh the latter having a lower
absolute value, so that water satura‘tedrwil.h rcsbect to both minerals will only precipitate
calcite. Kfumﬁein and Ganéls (1952) therefore corrcludc that the precipitation of calcium
phosphate would occur in restricted basins with pH too low for calcite to form (pH 7.0-
7.5). ' v |

Organics, and therefore indirectly Eh, play an important role in the deposition of
phosphorus (Bushinski, 1964; Christie, 1978; Baturin, 19§2; Waples, 1982; Kidder,
1985). Accumulation of organic matter is greatest in anoxic or.near-anoxic conditions.
Under low-oxygen but ndt completely stagnant conditions, the phosphate stored in orgdnic
matter is degraded by micro-organisms at, and immediately below, the sediment-water
interface (Waples, 1~982, p- 143). Under rhcsc conditions the released phosphorus is
retained in the Qadirhent. raising the concentration and allowing for precipitation (Baturin,
1982; Froelich et al., 1982; Waples, 1982). Restricted or semi-restricted conditions are
very important in concentrating organic matter over a small region to produce anoxic
bottom conditions (ﬁcckcl, 1977, p. 1055). In these settings the loss of phosphorus to the

overlying water column is minimized (Waples, 1982; Hentz, 1985) by preventing the carly




oxidation of organic matter (low Eh) and the loss of phosphorus by physical agitation of

the sediment by waves (Zicker ct al., 1956) or burrowing organisms. .

- Ina plonccnng study of phosphomc deposition, Kazakov (1937) drew attentionto -
the imponancc of upwellmg of cold, phosphate-rich ocean water for the precipitation of
phosphate. Bromley (1967) mcqg;lizcd that the bathymetric distribution of phosphate-rich
water in the occané today is controlled by the loss of phosphorus from descending organic
. matter, most of wﬁich is released Wt_:ll above 1000 meters. He suggests that opLiAmum
conditions are shailow. warm waters, paniculariy between 30 and 300 meters \-,vatcr depth.
‘The deposition of phosphorus is now thought to be. concentrated within, and paniculafly at
t"boundan'cs of, the oxygcn-rni"nimum zone (Vct':h etal, 1973;- Heckel, 1977, Waples,

1982). According tq Christie (1978), most phosphates form at " watcr‘d‘cpths
considerably less than 500 m — possnbly between 50 and 150 m as off southwcst Africa
today"” (p. 3). Bromley (1967) suggests 30-300 m, and Bushinski (1964), 30-200 m.

To review, the phosphate nodules indicate: (1) low-oxygen, anoxic or near anoxic, .

conditions, (2) a restricted, low-energy setting, (3) a lack of burrowing organisms and (4)

.warm, shallow marine waters.

Bl

The high concentrations of organic marter that favor the prccipitatioh of phosphorus

also favor growth of pyrite nodules. High sedimentation rates, inferred from the abundance
of soft-.scdimcn‘t features, would also favor high organic content by shortening the tim<‘: in
which .organic matter remained in the upper, oxidizing diagenetic zones. According to
Potter et al. (1980), the dark gray to black color is characteristic of shales with high organic
content: greater than 0.5% for dark gray shales and-greater than 3 percent for black shales
(see Figure 3.4). thrcas le oxygen conditions are indicated by the dark color and
presence of phosphorus and pyrite concretions, dysaerobic rather than anaerobic conditions
are favored because of the presence of a modémtc abundance of trace fossils.
In.summary, the characteristics of this hthofacnes indicate: (1) restricted, low-

energy conditions with pcnodlc high-energy events, (2) high scduncntanon rates and




locally t_ligh postdepositional pore pressures, (3) shallow-water conditions, probably with

_ ogcasional elevated salinities, (4) high organic concentrations, (5) presence of a limited

comumunity of burrowing organisms, (6) nearly anoxic (dysaémbic) conditions.

The following description is based on cxposilre of this facies in the intervals FD-
103.7-~115. This lithofacies consists of red (and minor green), thin to thick, massive and
laminated §andstones. siitstones and shales (Plate 4a). Well soned fine snndstone beds,
generally forming 80-90% of the facies, avcragé 15-20 cm i'n"th_ic\kncs\s‘ and reach a

-maximum of ~60 cm. Lower and upper bedding surfaces are mildly to very strongly
erosional, and amalgamation surfaces are common (Plate 4¢.d). ‘Sc‘our surfaces are overlain
by medium and thick lenticular sandstonegpeds, with o}\wi(hout a thin intervening shale

. layer (Plate 4b,c). One large sandstone lens is 4 m Iong,an;'l 35 cm thick, in cross section.
These lenticular sandstones are mostly parallel laminated; a few show cross-lamination.

- Stratification in the sénd'stonc beds is dominated by parallel lamination with mindr
trough cross-stratification. Sedimentary structures include abundant mud-chip
conglomerate (Plate 4¢), synaeresis and desiccation crﬁcics. small current ripples, rare
current lineation aﬁd convolute lamination (Plate 4b). Desiccation polygons reach large

dimensions: in one example one arm of a polygon is 40) cm long.

-

4

3.5.1 Process Interpretation: Red Medium-Bedded Sandstone/Shale Facies (1.4)
G:

Many of the conditions under which this lithofacies was deposited are similar to

those of Facies 1.1, and to a lesser degree Facies_1.2. Sandstone bed thicknesses, and

-
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PLATE 4: MEDIOM-BEDDED RED SANDSTONES AND SHALES

a: View of strata from FD-~105-115. Strétigraphic top to right

b: Convolute Jaminae in sandstone bed at FD-108.5. Stratigraphic top is up. Scale is 15 cm
“long. . .

¢: Erosional surface at FD-104 overlain by sigle then sandstone with rippled top (on right).
Stratigraphic top 1s up. Notcbook is 18.5 Cm long.

-d: Shale-draped scour surface and lenucular sandstone beds from FD- 104. Stratigraphic top
is to right. Notebook is 18.5 cm long.

. €: Mudstone intraclast conglomerate on upper bedding plane at FD-114. 3 Sca]c is 15 cm
long.
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depths of crosion associated with scour surfaces, are much larger than that of Facies 1.1.

implying generally higher-energy conditions. The red coloring and the presence of

shrinkage cracks, pariicularly large polygonal desiccation cracks, indicate well oxygenated

-

conditions with periodic cxpo§urc. Shale chips may have formed from the erosion of the
curled-up edges of desiccation polygons.

Clay drapes on scour s{urfa‘ccs imply a timg lag between the erosion and infilling of
channels. Amalgamation surfaces evidence repeated cpisu‘ics of ergsion, parssive
accumulation of shale and later erosion of the shale drape and deposition of another sand
bed. The lack of lag deposits and the well sorted nature of the sandstonés implies a fairly

homogeneous source of sand.
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Facies Association 1 is genenally confined to member 1 of the CIF (Figure 1.3).
. The base of member 1 is composed of the red and green strata of Facies 1.1 and 1.2, The
upper part of member 1 consists of the gray to black Facies 1.3, with thick intercalations of
Facies 1.1 and 1.2. One thick'pnckage of Facies 1.1 and 1.2 is also present in membcer 2
(see Figure 1.3). FA 1 distributions: Facies 1.1=40%, 1.2=30%; 1.3=25% and 1.4=5%.

The lithofacies of this facies association are best exposed at Grand Bank lead. The
section at this locality is cut by a series of northeast-trending faults. 'I'hcse:‘ausc only minor
stratigraphic disruption (the throw on the faults is not large - usually several meters - and
the fault planes are often nearly paralle! to bedding), but result in High rugged cliffs and
steep-walled coves, making access difficult. At Grand Bank Head, the transition from the
upper pant of the underlying Rencontr‘e Formation to member 1 of the CIF is well exposed.
This transition is also present on Brunetie Island and Chapel Island and at Boxey Point. At
these three latter localities the top of the underlying Rencontre and the l‘owcr mmsilion zone
into member 1 of the CIF is much thicker bedded, containing large channel fills and wabular
cross-bed sets up to 1 m thick. At Grand Bank the bedding styles in the top of the
Rencontre Formation are qualitatively similar to Facies 1.1 and 1.2 of FA 1, but the strata
are entirely red, and less variable in termsof sedimentary structures.

Facies Association 1 is also exposed at FD. At the base of the section, only 20-25
m of strata from member 1 are accessible without a boat. Strata o'f Facies 1.1, 1.2 and 1.3
are found in this interval. Red and green sandstones, siltstones and shales of Facies 1.1,
1.2 and 1.4 are exposed between FD-103.7 and FD-~154 in two thinning- and fining-
upward sequences. The medium-bedded red sandstones of Facies 1.4 are found at FD-
103.7 in sharp contact with a P;ighly cleaved 'transition zone' (Facies 2.1 is below), and

extend to FD-~111.5, wf\crc they are stratigraphiéa]ly transitional into alternations of Facies

1.1 and 1.2 that continue until FD-137.3. At FD-137.3, in sharp contact with several




meters of Facies 1.2 below, is a second fining- and thinning-upward package, the base of
which is sharply defined at the base of a 1.8 m-thick sandstone bed. This sandstone bed
and the immcdiately overlying strata, green siltstone and sandstones, are part of FA 2 and
are discussed in Chapter 4. The upper part of this fining-upward package, however, also
contains strata of Facies 1.1 and 1.2 (FD-145-150.8). The palecoenvironmental
interpretation of this second fining- and thinﬁing-upward sequence will be discussed in

Section 4.23.4,
The stratigraphic equivalent of the strata described above (FD-103.7 and FD-~154)

1s exposed (GB-248-283A, but 1s poorly accessible and obscured by weathering. The strata

are predominantly red, as at FD, and are certainly similar in character — e.g., the litholégy
is the same and desiccation cracks, current ripples and other similar sedimentary structures
were noted. There was no evidence at GB for the second fining-upward sequence seen at
D,

At Point May about 135 m of strata from this facies association are poorly exposed
and generally accessible only at low tide. Approximately 125 m of this facies association
are moderately well exposed at Lewins Cove in low-relief outcrop. Exposurcs of FA 1 at

Brunctie Island, Boxey Point and Chapel Island arg thin and/or incomplete.

The red and green alternations that characterize FA 1 have been explainedasa |
transition between the dominantly red fluvial rocks of the Rencontre Formation
(Twenhofel, 1947; Smith and Hiscott, 1983) and the green 'marine’ rocks of Member 2.
Anderson (1981) describes the beds as alternations of fluvial and marine sediments. Potter

(1949, p.34) says they are of a "littoral or completely subaerial nature”. Crimes and




Anderson (1985) give a> tcﬁiativc interpretation for the lower part of Member 1 as fluvial to
shallow marine, with tidal sand$ and mud flats.

Manyof the fca’tﬁres of the sandstones and shalesof FA 1 a;rc found in fluvial
environments (e.g., rip-up clasts, desiccation cracks), Bul the full suite of sedimentary
structures and overall organization of beds — there are no fining-up sequences — indicate
marine conditions, as does the albeit limited suite of trace fossils. Many of the structires
found in FA | are well known from modern and ancient shallow-water, tidally influenced
facies (see Klein, 1977 ab), although these structures are certainly not restricted to tidal
settings. Thinly interlayered bedding (Reineck and Singh, 1.973. 1980), prominent in FA
1, consists of alternations of sandstone and shale, and was initially named "tidal bedding’

by Reingck and Wunderlich (1967, 1968), who attributed this style of bedding 1o

alternation of current or wave action (traction or suspension deposition) and slack-water

suspension deposition, characteristic of tidal cycles. The:tylcs of bedding range from

flaser to wavy to lenticular. Thinly interlayered bedding is found in many ancient tidalite
sequences (Singh, 1969, Wunderlich, 1970; DeRaaf and Boersma. 1971; Johnson, 1975;
Vos and Eriksson, 1977, Driese et al., 1981).

The bimodal-bipolar paleocurrent distribution from Facies 1.1 and 1.2 is also
typical of modem tidal systems (Reineck, 1963; Klein, 1967), and is common in ancient
tidal sequences (Klein, 1970a; De Raaf and Boersma, 1971; Johnson, 1975; Rust, 1977,
Vos and Erniksson, 1977; Mazzullo, 1978; Hiscott, 1982). Data from this facics association
(Figure 3.3) and FA 2 (Chapter 4; Figure 4.2) indicate a norjhwcst-soulhcast trending
shoreline during deposition of the lower CIF. Flute marks in FA 2 indicate unequivocally
that in Fortune Bay the shoreline was situated to the southwest, so that the .daxa in Figure ’
3.3 signify a tidally influenced system characterized by flood-tidal asymmetry.

The ubiquitous mud-chip conglomerates of Facies 1.1 and 1.2 are also found,
though not exclusively, in modem tidal settings (Van Straaten, 1954b; Reineck, 1967), and

are a prominent feature of ancient tidalites (Johnson and Friedman, 1969; Klein, 1970a;
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Von Brunn and Hobday, 1976; Eriksson, 1977; Rust, 1977; Tankard and Hobday, 1977,
Vos and Eriksson, 1977, Driese et al,, 1981). In modern environments, erodedinud chips
can be transported for hundreds of meters or more (Wunderlich, 1970, p. 115). These
often form by erosion of mud-cracked sediment, and a similar origin is envisioned for
those of FA 1.

Modem tidal flats have received considerable study, beginning in earnest with the
pioncering work of Van Straaten (.., 1950; 1953 a,b; 1954 a,b; 1959) on the tidal flats of
the Dutch Wadden Sea. Numerous studies were undertaken in the following dccadc.by
Reineck (e.g., 1963, 1967) and others (e.g., Houbolt, 1968) on North Sea tidal flats. This
work laid the foundation for recognizing and interpreting ancient tidalite sequences. The
paper by Evans (1965) on the environments of the Wash, England, was particularly
inmpon;tanx, not just in providing a better understanding of modern tidal flats but also in
pruposing a vertical sequence of facies that would form during tidal-flat progradation. This
formed the basis for later facies models that predicted small-scale ﬁning-upward cycles in
tidal-flat settings (e.g., De Jong, 1965; Eriksson, 1977; Tankard and Hobday, 1977;
Kicin, 1970b, 1971).

The differentiation of intertidal and subtidal deposits is difficult in ancient rocks,(De
Raaf and Bocrsma, 1971; Reineck and Singh, 1980). Tidal flats are oflc‘n well zoned (see
Evans, 1965). the general trend is to have the coarsest sediment at and below low tide mark
and a steadily increasing quantity of mud toward high tide level (Van Straaten and Kuenen,
1958). The sandy sediment that forms flaser, wavy and lenticular bedding on tidal flats is
derived from sand ba{s in the shallow suivtidal. and is carrted by udal currents up onto tidal
flats during the flood stage. As the flood stage progresses and higher levels of the flat are
inundated, the current velocity decreases, resulting in: (1) lower-tidal-flat facies that are
sand-rich and flaser bedded, (2) mid-flat facies that are thinner bedded with ;ubcqual
quantities of mud and fine grained sand and (3) upper flat facies that are dominated by mud

with lenticular bedding - often in the form of starved ripples (Klein, 1970a, 1977a).




The bedding style and associated structures of Facies 1.1 would be most typical of
lower-tidal-flat-to shallow-subtidal settings. Synac'msis—stylé cracks, abundant in Facies
1.1, are common in modern tidal settings (Van Straaten, 1954b). The numerous scours and
erosion surfaces of Facies 1.1 are consistent with this sefting as well. In tidal settings, "the
main morphoiogical fcatqg’cs of subtidal zones are channels and sandbars” (Reineck, 1975,
p. 6). In the shaljow subtidal environments of the North Sea, the bathymetry may change
by several meters within one day (Wunderlich, 1970, p. 124).

In contrast to Facies 1.1, the pyocess interpretation for:Faéics 1.2 (Section 3.3.1)
calls for lower-energy c‘urrcnts. less channélling, and more éxtremc and frequent
desiccation. These requirements suggest, in the context ofits close association with Facics
1.1, that Facies 1.2 was deposited in shallower water than Facies 1.1, probabl)" inra middle
1o upper tidal flat setting. Middle to upper.tidal flats are characterized by thinly il}tcrlaycrtd
bedding, abundant starved ripples and mudcracks (Klein, 1970a), features common in
Facies 1.2. |

The influence of storms during the deposition of FA 1 is difficult to assess. It is
well known that a combination of storms and tides can move significant quantities of
sediment: according to Wunderlich (1970, p. 124) as much as 100,000 m3 of sand can be
eroded and redeposited within a single tidal cycle during a storm. Johnson (1975) describes
a tidal-flat facies containing sandstone beds with erosional bases, upper-flow-regime
bedforms, and wide lateral extent, that he attributes to deposition by storms. Many of the
FA 1 sandstone beds could be attributed to storm-enhanced tides. There is no direct
evidence for storm deposition, but the common sandstone bed motifs of Facies 1.1 and
1.2, with mud chip conglomerate, parallel laminae and ripple cross-lamifac, are iﬁdicativc
of strong current velocities capable of eroding mud and'gcncrating upper-flow-regime planc

beds. These beds could have been deposited by storm-enhanced tidal currents.




The abundance of synacresis cracks and the intimate large-scale intcrbedding with
Facies 1.1 and 1.2 supports a shallow-water interpretation for Facies 1.3. Most of the
strata of Facies 1.3 consist of a mixture of black shale and a distinctive §ilvcr-grecn
siltstone that is a dominant lithology of FA 2 and 3. The siltstone was widespread on the
shelf during member 2 (and 3) deposition. During lh;late stages of Member 1 deposition,
;ilt that 1s believed to have come from the adjacent shelf (environments analogous to Fl: 2

and FA 3) was periodicaily introduced into the more restricted coastal area where the black

shales accumulated.

Black shales, such as those that make up part of Facies 1.3, are generally attributed

to anacrobic conditions, but not to any specific environment, although deep-water settings
are most commonly reported (Pettijohn, 1975, p. 284; Heckel, 1977). Restricted, low-
-oxygcn. nearshore sctti;és might include lagoons, estuaries, tidal-flat ponds and
interdistributary bays of deltas. A lagoonal environment would imply the presence of a
barrier island, for which there is no direct evidence in FA 1. The thickness of Facies 1.3
alone (up to several tens of meters) precludes deposition in individual fidal ponds or
abandoned tidal creeks, deposits of whith are quite thin (i.c., tens of centimeters; see, for
cxample, Goodwin and Anderson, 1974). More likely paleoenvironmental settings would
be (a) a delta-plain environment such as an interdistributary bay or (b) a broad estuary.
Although no features of FA"1 are diagnostic of deluaic sedimentation, such an interpretation ~
is permitted by the data. De Raaf et al. (196‘5, Figure 9) illustrate deposits remarkably
similar to Facies 1.3 which they interpret as ‘subaqueous topset’ deltaic deposits.
Interdistributary bays can be very extensive and contain thick deposits, ;whilc maintaining
generally shallow-water, restricted conditions. The medium quarntz arenite and sandstone
beds appear, from their geometry, and scale in relation to surrounding strata, to be high-

energy event beds or channel deposits.




The medium to thick bedded red sandstones and shales of Facies 1.4, in its sole

stratigraphic occurrence at FD-103.7-~111.5, form the base of a thinning- and fining-

tjpward sequence, the upper sediments of which belong to Facies 1.1/1.2. The strata of
Facies 1.4 are in striking contrast to the underlying thin-bedded green sandstoncsrund"
siltstones of F.A. 2, which were deposited in a variety of subtidal deltaic environments
(discussion to follow; Section 4.22 and 4.23). Channel sands are abundant at the base of
the exposure and become less abundant above as this facies becomes transitional into
Facies 1.1/1.2, which have already been intérprclcd in terms of a tidal-flat model.

The characteristics of Facies 1.4, and the vertical facies relationships, indicate that
this facies wis deposited in a periodically subaerially exposed, high-energy, shoreline
environment or a near-shoreline fluvial setting. The abrupt stratigraphic appearance of this
4Iith6facies suggests a shallowing event that represents an incursion of land-derived
sediments. Possible environments include bamrier beach, ebb-tidal delta, distributary
channel, distnibutary mouth bar or estuary. There are no sedimentary structures strongly
diagnostic of fluvial conditions (e.g., basal lags, fining-upward sequences), and there arc
no paleocurrent data to draw on. Despite vigorous searching no trace fossils were noted,
buit this does not rule out marinc conditions for much or all of the facies, as very few traces
are found in the red rocks of Facies 1.1/1.2, which are of certain marine origin, The
presence of shale drapes covering erosional surfaces and a lack of a beach-style facies
argues against a barrier beach origin. The presence of desiccation cracks within the first
few meters of the fining-upward cycle indicates that these were not dcposite;i at the base of
a distributary channel or as distributary mouth bar sands, the latter of which would also
tend to leave coarsening-up deposits. In light of (a) the brcscncc of shale beds, (b) the
transition into Facies 1.1/1.2, and (¢) the constraint of deposition within a deltaic system
(FA 2), a strong possibility is that this facies was deposited in a delta-front estuary just

upstream from a distributary mouth. According to Elliot (1978, p. 112), in delta-top
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séuings influenced by tides “inner deltas comprising a maze of sand bars and mudflats

occur at confluences between distributary channels, upstream from their outlet to the sea”.
Studices indicate that tidal processes are a major controlling factor in sediment distribution
patterns and facies characteristics in modemn estuaries (Postmna, 1967; Boothroyd and
Hubbard, 1975). The upward transition from the highly channelized deposits of Faciés 1.4
into those of Facies 1.1/1.2 can be understood in terms of a shift in the position of the |
distnbutary channel(s) with the subsequent loss of direct fluvial input allowing for the

establishment of tidal flats.
3.7.1 Tidal Range

Modem shorelines display a full spectrum of tide- and wave-influenced settings.
Tidul_ range and tidal-current velocities arc a function of shelf width (Redfield, 1958) and
other factors. Tidal currents appear to have been an important influence in the deposition of
FA 1, but the paleotidal range is not obvious. Macrotidal (> 4 m tidal range) deposits in the
ancient record (chtt.ct al., 1971; Von Brunn and Hobday, 1976; Klein, 1977a; Rust,
1977; Tankard and Hobday, 1977; Hiscott, 1982) are dominated by compositionally and
texturally supermature sandstones. This is particularly true for the lower Palecozoic, and for
the late Precambnan — Lower Cambnian in particular. The deposits of FA 1 lack
significant quantities of mineralogically supermature sandstone, and also lack important
tide-diagnostic features like large herringbone créss-bcd sets, reactivation surfaces in sand-
wave deposits, and well defined fining-upward cycles. Apparently the tidal ange was not
macrotidal. Lack of evidence for sandstone beach deposits, so typical of microtidal
shorelines and many mesotidal shorelines, indicates that the the tidal range was not
extremely low either. A reasonable, but highly speculative, estimate of tidal range is 3-4 m.

The depositional environments outlined for FA 1 have not been placed in the

framework of a larger depositional system. The data available solely from this FA 1
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appears to be too limited. The stratigraphic relationships with FA 2 and the consequences

of the inferred depositional environments of FA 2 are important factors for defining the
depositional framéwork of the paleoenvironments of FA 1. Further discussion of FA 1 will
be given in Chapter 9 following the description and interpretation of the remaining facies

associations.




Chapter 4

FACIES ASSOCIATION 2

4.1 INTRODUCTION

Facies Association 2 consists dominantly of interbedded sandstones and siltstones.

There is a wide variety of different bed types, with varying lithologies and sedihcmhfy'

structures, that punctuate a volumetrically dominant ‘background’ of silver-grecn siltstone.

These 'punctuating’ beds include thin laminae to medium beds of sandstone, thin
conglomerate laminae/beds, and a variety of 'disturbed’ or resedimented beds.

The different bed types in this FA are given letter and number designations.
Different portions of these bed types will be used to define lithofacies. Figure 4.1 is a
detailed section (GB-153.6-158.618) that shows the scale and style of imcrbccjding of
several of the volumetrically dominant bed types: S0, S1, S2, and S3. This same interval
is shown in Plate Sa. In the following sections each bcci type will have a scparate
description and process inlerpremtion.‘Paleocurrcnt information from sole markings in this
facies association (Bed-types $2-S4; sce below) is plotted next to thie stratigraphic columns
for FD and GB in Figures 2.4 and 2.5. The most abundant and complete paleocurrent data,
including sole markings, current lineations, and nipple data, is from I-D, and the rose

diagrams for this locality (Figure 4.2) will act as a representative suite for the following
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Figure 4.1: Representative detailed stratigraphic section from F.A. 2 showing the scale and
style of interbedding of SO-S3 beds. This is a 5 m section from the Grand Bank
locality (GB+153.6-158.6B).
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BED-TYPES N
S1
&
s2 80cm- Widely spaced SISt stringers, form smail pods (burrows?s
zone w/ 4 discontinuous FS iam's composed of
closely-spaced 0.1-0.5mm thick lam’s, grade laterally
into 0.5-1.0cm lam's, traces on sole
S
S1 (some S2)
8Scm- SISt w/ discontinuous stringers ot VFS/FS (0.5mm ave)
St1/52 35cm- SISt w/ mm-thick VFS/FS lam’'s/streaks;
widely spaced icm (ave) FS lam's
s2 8cm- FS/MS; ave=1-2cm, max=3.5cm;
drastic changes in thickness, ripple x~lam’s, draping lam's
S1/82 18cm- SISt w/ mm~thick iam’'s/streaks
sa 1.5-2.5~ Undulatory lam's - ripples,
Low RAJ. with varable ave. =12cm
s2 12cm- Four FS lam's, 5-10mm thick, pinch and swell,
flutes and traces on sole
S1/52 40cm~- SISt w/mm-thick VFS/FS lam's/streaks
S3 2cm- Ripple form-set at base, draping iam's over ripple
flutea on sole (7
S1/82 48cm- SISt w/ mm-thick VFS/FS lam’s; 1 8mm FS lam
1.5-2.5cm- MS/FS bed; Concreted thickness up to 7cm;
S3 ~ Complex cross-lam’s, form-discordant ripple
x~tam’s, climbing wave-ripple lam’s, draping lam’s
110cm- SISt w/ mm-thick SS lam’'s and lenticular streaks;
aiso 0.5-1.0cm lam’s every 3-8 cm,
s1/s2 show grading and ripple cross-iam’s
S3 2cm- Graded bed MS—SISt
S1/82
S3 3-4cm- Graded bed: 2cm C/M SS — 1-2cm rippied FS
S1/52 33cm- SISt w/ mm-thick SS iam's
S3 8cm- Low-angle cross-lam's; discontinuous; 2-3m lateral extent
S1/82 25 cm SISt w/ mm thick SS lam’s; A few 2-4mm thick
s3 8.5 - Complex cross-lamination and climbing wave-ripple lam's
- Concretioned bed: max. thickness = 10cm
S1/52 22 cm ~ SiSt with mm thick SS streaks
- one 5-10 pat. !am. FS lam,
S3 S cm Parallel laminated — Wave ripples -45 cm



PLATE 5: FA 2 OUTCROP, SO AND S] BEDS (FA 2) -

a A detailed drawing of this 5 m interval (covered by streiched tape) from GB-153.6-
158.6B is given in Figure 4.1. This zone is particularly silty, and appears to be fining-
~ upward in character. Stratigraphic top is to left. Scaleis 1 m long

b: Small, wiry traces within SO siltstone. These are dominandy Planolltcs montanus traces.
View looking roughly perpendicular to bedding. Scale is in 10 cm divisions.

c: S1 laminae and SO siltstone from GB-~S0B. Some of the S1 laminae form gfaded
rhythmites (GR beds). Some S1/S2 interlaminae show evidence of bioturbation, while
‘others are very delicately laminated. Stratigraphic top is up. Scale is 10.cm long.

d: Close-up ofograded rhythmite (center) showing upward decrease in thickness of
sandstone laminac. Note discontinuous S2 beds and SO bed (directly above scale),

Stratigraphic top is up. Scale is 10 cm long.

N







Figure 4.2: Paleocurrent information from Facies Association 2 (Facies 2.1/2.2) from
Fortune Dump. 'A'= orientation of current lineations, ‘B'= groove trends, 'C'=
paleocurrent data from cument/combined-flow ripples, 'D'= lute paleocurrents, 'E'=

. “trends of wave ripple crests, and 'F'= ripple-crest trends (ripple tvpe unknown).
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discussion. A full range of paleocurrent data from localities throughout the field area is
summarized on rose diagrams in Figure 4.3,

A brief review of oscillatory bedforms and internal structures is given below as
background to lhc‘dcscrip(ion gnd process interpretations of many of the bed types that will
follow, particularly 82, S3 and S4 beds. '

~ -

4.1.1 Review of Bedforms and Intemal Structures Produced by Oscilltory [Flow

The sizes and shapes of various types of wave ripples have recently received

_ considerable attention as a tool in reconstructing ancient sea conditions (e.g., Harms et al.,
1982; _P. Allen, 1981a, 1981b, 1984; Clifton and Dingler, 1984). The terminology for
wave ripples, however, is compléx. One classification scheme concerns the relanonship
between ripple spacing and orbital diameter. According to Inman (1957), and later Dingler
(1974), the spacing of ripple crests is directly proponionui to orhital diameter up to a critical
diameter, above which the spacing at fist decreases and then levels off at a fixed value.
The ripples at the three stages of this relationship are defined as ‘orbital’, 'suborbital” and
‘anorbital, respectively (¢f. Clifton and Dingler, 1984, Fig. 5). A second scheme is
concemed vith the relationship between orbital diameter and the wavelength-to-height
rult-io. Bagnold (1946) coined the name rolling-grain ripples’ for the low-amplitude npples
that form under small orbital diameters at the onset of grain motion, and 'vortex ripples’ for
those fonﬁs with low wavelength-to-height ratios in which sediment is carmed in"a-voncx
over the crests during each flow oscillation. At high flow velocities and large orbital
diameters, before the transition into sheet flow, sand is eroded from rippled crests during
each oscillation, resulting in low amplitude ‘post-vortex’ ripples (Dingler, 1974; Dingler
and Inman, 1977), and at loné oscillation periods ‘reversing-crest’ ripples (Harms et al.,

1982). Confusion arises because some workers use the term ‘rolling-grain ripple’ for all

wave ripples with high wavelength-to-height ratios (Sleath, 1976, Allen, 1979), which
—_ ,




Figure 4.3: Paleocurrent information from Facies Association 2 (Facies 2.1/2.2) from
localities throughout field area. 'CL'= orientations of current lineations, 'GT = groove
trends, 'FP'= flute paleocurrents, ‘RP'= ripple-paleocurrents, ‘'WR'= wave-ripple-
crest trends, 'RC'= ripple-crest trends (ripple type unknown). ‘
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would include these 'post-vortex' and ‘reversing-crest' ripples. The gc‘ncml consensys is
that rolling-grain ripples, which form just above threshold velocities, are metastable and
quickly convert to vortex ripples (Harms et al., 1982; Clifton and Dingler, 1984). These
forms are apparently stable only on artificial oscillating beds in flumes (Miller and Komar,
1980). There is litde or no information concerning the internal structures of post-vortex

- ripples.

According to Clifton and Dingler (1984), the two ripple classification schemes are
not entirely correlative, although they sﬁ’ongly overlap. Postvortex and reversing-crest
ripples (Harms etal., 1982) are considered anorbital ripples, but some orbital ripples are
not vortex ripples, even though many workers have equated the two (Clifton and Dinglcr,
1984, p. 182).

The previous discussion has been concerned with the characteristics of oscillatory
bedforms under simple oscillatory motion. Many of the osci}latory bedforms found in
ancient marine strata may have formed under complex wave motions. The lack of empirical
data on bedforms under nonsimple (;scillations is a major gap in the understanding of
oscillation ripples.

Wave-formed ripples have historically received little attention from geologists,
especially in comparison to current-formed ripples. Until the miq-l%O's the standard
dogma was that the internal structure of wave ripples consisted of simple chevron-style
lamination (Newton, 1968). McKee (1965) and Newton (1968) demonstrated that wave
ripples often do not contain these chevron-style laminae, and that both wave and current
ripples could exhibit similar characteristics. Boersma (1970) lhordughly described and
summarized a whole suite (;f features diagnostic of waves. According to J.R.L. Allen
(1984; pt. A, p. 428), these form when "...ripple marks become reformed under conditions
of changeable waves and a low sediment net deposition rate”. P. Allen (1981a) mlysee

some of these features in terms of various wave parameters. The features diagnostic of

waves, as outlined by Boersma (1970) and De Raaf et al. (1977), are given in Figure 4.4,




Figure 4.4: General wave-diagnostic features of cross-lamination. Modified from Boersma
(1970). ) .
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4.2 SILVER-GREEN SILTSTONE: 80

' These beds censist of homogeneous silver-green to grey-green muddy siltstone
(Plate 5d). This siltstone is the background sediment for all other beds. These beds vary in
thickness from a millimeters to tens of centimeters. This siltstone ranges from undisturbed
10 strongly biolurbatcdr, as deduced from the preservation or disruption of interbedded
delicate sand laminae (S1 and S2 — described below). Distinct traces are locally present in
large numbers (Plate Sb). The traces in this siltstone are primarily simple forms (e.g.,
various species of Planolites).

One charactenstic of this siltstone, especially prominent when interlaminae of
sandstone are widely spaced, is the presence of extremely small fragments of shale a few
millimeters.long and less than 0.5 mm thick. These are noticeable on the weathered surface

because of orange stains (halos) that surround the clasts.
4.2.1 Process Interpretation

The homageneity of grain size and lack of lamination indicates unifonm deposition
from suspension. All or most of this siltstone could be attributed to slow fallout from the
ambient wacers. Some of this silfstone might be attributable to late-stage fall-out associated
with deposition of interbedded sandstone beds. Distinction between these processes would
be somewhat analogous to the distinction between Ty and T, units in tur.h_iditcs (Van der
Lingen, 1969; Hesse, 1975, specifically the ungraded E3 division of Piper, 1978, or the T,
division of Stow and Shanmugam, 1980).

Itis likely that the density and shape of the shale chips in this siltstone was such

that they were roughly hydrodynamically equivalent to the surrounding silt, or at leas! close .
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enough to have been casily transported in suspension. The orange halos around these chips

are iron-oxide staining, a weathering feature.

Thin S1 laminae consist of coarse siltstone to fine sandstone that are less than 0.5
mm thick and,.in most cases, are remarkably persistent laterally (Plate Sc¢,d). The thickest
of these laminae may weather positively, standing out from the surrounding fine si.ltstt_)nc
by a fraction of a millimeter. These laminae may be closely spaccd (millimeter scale) or
< .

more widely spaced (0.5-5 cm apart). These S1 laminae may show a ventical increase in

.\;pucing within clearly defined beds, described below as graded rhythmites (Section 4.7).

4.3.1.Process Interpretation

L

- ~
Several aspects of these S1 laminae indicate deposition from suspension: (1)

extreme thinness, (2) lack of visible intemnal structure, (3) l;ncral persistence, (4) uniform
" thickness and (5) lack of evidence for erosional lower contacts.
Where these fraction-of-a-mm-thick laminae are separated by several centimeters of
" homogeneous siltstone, the laminae may be related to variation in the size of the sediment
being supplied, or 1o vaniation in flow velocity. If oscillatory currents were involved, they
were weak, as S1 laminae display no features diagno;tic of waves. Thc.s:mdstone la‘rninac
can be seen to be coarser than the coarsest grains in the muddy siltstone, ruling out in situ -
winnowing as a mechanism for generating the thin saﬁdslonc laminae. \

In stratigraphic intervals where the very fine sandstone laminae are most abundant

and thickest, the lithology (interbedding of S1 and S0) begins to resemble thinly

interlayered bedding or 'rhythmites’ (se¢ Reineck and Singh, 1980; p. 123-130).
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44 SANDSTONE LAMINAE 82

S2 laminae consist of discontinuous, grey- to brown-weathering sandstone. These
sandstone laminae generally range from | to 10 mm in thickness (average ~5 mm), but
pinch and swell (Plate 6a,e), locally reaching a maximum thickness of 1.5-2 cm. Radical
changes in thickness and pinch-outs are diagnostic of $2 beds. These variations in
thickness are most often associated with erosion at both the upper and lower surfaces. 1o
some cases neither surface appears erosional, and changes in thickness are associated with
small-scale incipient or fully developed ripple cross-lamination. S2 Laminae :lr;'vl(X':xlly
disfuplcd by burrows (Plate 6¢,d). ’

"Most of the sandstone laminae appear internally massive. Where these laminae
locally swell to | cm or greater in thickness, they exhibit grading, parallel lamination and
ripple cross-lamination. Parallel laminae may pass laterally imto unidirectional ripple cross-
laminae. Upper bedding surfaces locally show sharp-crested symmetrical ripples with large
spacing-to-height ratios; some of these ripples ase starved and have crest heights less than 5
mm (Plate 6b). Cut slabs display form-discordant ripples with bundled lenses and irregular
lower set boundaries and climbing wave-ripple laminae. Only a few examples of simple
form-concordant ripples were noted.

Very few solc:marksl are exposed due to the thin and discontinuous nature of these
" beds (Plate 6a,c,d). Those that are exposed show small trace fossils (e.g., Planolites) and

sole markings such as flute, groove and procl marks.

4:4.1 Process Interpretation

Where S2 laminae are interlaminated with SO laminae/beds, the bedding style

resembles 'thinly interlayered bedding’ (Reineck and Singh, 1980).- This term was




I’LATE 6: S2 BEDS (FA 2)

a: The discontinuous character of S2 beds is illustrated in this photo from GB-~50B. A
small p:m"ofthc soles of a few of these beds are exposed here. Stratigraphic top is up.
Scale is 10cm long. ]

b: Partially- starved wave ripples at FD- 364 5. Note tuning-fork junction. Stratigraphic top
is up. Scale is 10 cm long.

¢: Close-up of burrowed S1 and S2 beds. Note limited exposure of soles. Stratigraphic top
is up. Scale is in 10 cm d1v1510ns

d: Burrowed S1 and S2 bcds as scen at GB B. View is shgh(ly obliqué. to bedding and
stratigraphic top is up. Scale is in 1() cm divisions.

¢: Discontinuous $2 laminae at FD-~22. Many of these lamninae have flat bases and rounded
tops while others have concave-down bases and flat tops.sNote clastic dikes (arrow).
Stratigraphic top is up. Scale is 10 cm long.
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introduced to replace Lhc term 'tidalr bedding’ (Wunderlich, 1970) whigh had obvious
genetic connotations. Interlaminae of SQ 4nd S2 beds resemble Dc Raaf et al.'s (1977)
'Lithbtypc M2'. The scale and pinch-and-swell nature of the saﬁdstone laminae in their
Lithotype M2 is panicula}ly similar. Incipient-ripple lenses and latcral transitions from
parallel laminae into cis-larT\Tnae. both features of §2 lamiha'c. were attributéd by De Raaf
et al. (1977) to wave reworking during the late stages of deposition. A heterolithic facies
described by Socgaz;rd‘apd Eriksson (1985) is also similar in that it includes form-

discordant ripples with bundied upt;uilding, draping laminae and other features that they

* attribute to waves. These wave-generated features are discussed by Boersma (1970), De

Raaf et al. (1977), Allen (198 1a), Hamms et al. (1982) and others (see Figure 4.4).

The few examples of sole markings on these sandstone laminae indicate that the
initial sand deposition was by unidirectional currents that were capable c;f scouring the
underlying sediment surface. The lack of 'visib.le internal laminae in many of the sandstones
reflects a homogcn.t:ous_grain-sizc population and leaves little information about

depositional processes. During the late stages of deposition or after deposition, the sand

© was reworked by waves, forming incipicﬁt ripples, small form-discordant ripples and

sandstone lenses, climbing wave-ripple laminae and in some c_as_és starved, low-amplitude
wave ripples. The lack of current lineations or parting lineations may reflect a loss of
upper-plane-bed parallel laminae during this late stage reworkin g '
The straight-crested ripples with high spacing-to-height ratios rnust be either
- .

rolling-grain ripples, postvortex ripples or early-formed vortex ripples. 'i‘he internal

structures of the 52 ripples are similar to those of two-dimensional vortex ripples (Hams et

al., 1982). Therefore the low-amplitude ripples are considered vortex ripples that were in

the early stages of development, formed in a thin layer of sediment.
The scale of bedding is indicative of either low-energy currents or low sediment

supply. The latter is favored, as the nature of the bedding and the internal sedimentary

-
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structures indicates frequent, episodic transport of sand by currents and frequent remolding

of the sediment surface by waves.

45V ' -S§3

These beds consists of 1-10 cm-thick, brown-weathering, fine sandsténc. Over
large stratigraphic intervals S3 beds constitutes 20-40% of the strata (the rest being
d‘ominamly S1 and S2 beds), while thin stratigraphic intervals(a few tens ofcemiméxcrs)
may contain as much as 80% or more. The beds are generally continuous and fairly even in
thickness. /

Internal sedimentary structures are often well preserved in these sandstone beds.
The beds are always sharp-based, but may have sharp (Plate 7a,b.d.e.f) or graditional
(Plate 7c¢) upper surfaces. Grading characterizes roughly half of these beds, the rest
appearing ungraded on the weathered surface. The grading is generally from fine sandstone
to very fine sandstone, or from fine sandstone to siltstone; a small fraction of beds may -

- grade up from medium sandstone. The following intermnal structures have been noted: (1)
non_graded, apparently structureless, (2) graded but otherwise structureless, (3) ripple
crosé-laminatcd, including erosional-stoss and &positionzﬂ-stoss climbing-ripple types
(Plale 7b.f, 7), the latter of .which, in turn, includes those with symmetrical and
‘asymumnetrical-profiles showing upwardly dec;easing amplituds (Type C' climbing ripples
of Jopling an'd Walker (1968) (Plate 8c), (4) ripple form sets with asymmetrical profiles
and .form-concordancy (Plate 7a), and those with symmetrical profiles with high or low
spacing-to-height ratios, (5) ripples with bidirectional bundled lenses, unidirectional cross-
laminae opposed between adjacent crests and offshooting laminae (Plate $d; Figure 4.5b),

and (6) planar or undulaldry parallel laminae. The following sequences of structures have

been noted: (1) asymmetrical or symmetrical ripples overlain by draping laminae, (2) cross-




PLLATE 7: S3BEDS (FA 2) *

a: $3 beds from GB+49.2B with sharp bases and sharp or gradational tops. Low-relief
ripples in center of photo show variation in internal structure between crests (a feature

. of wave ripples). The crest on leftis symmetrical, with wavy lamination, while the
creston the right appears slightly asymmetrical and is unidirectionally cross-laminated.

Stratigraphic top is up. Scale is 15 cm long.

b: Wav-y 10 stoss-preserved climbing ripples in $3 bed at FD-271.65. Stratigraphic top is
up. Scale is 15 cm long.

¢: The S3 bed below the scale has a sharp base (arrows) with large flute marks that are seen
in cross-section. The top of the bed is gradational into the siltstone above, with
draping/offshooting lamination cryptically preserved in siltstone at the top of the bed.
this weathering pattern, which is shared by graded rhythmites, makes it difficult to
define the top of the bed. Stratigraphic top is up. Scale is 10 cm long.

d: The reworked upper surface of this parallel laminated bed (GB-76.5B) locally displays
symmetrical sharp-crested ripples. Note paraliel lamination below the crest on the nght
side of photo. Stratigraphic top is up. Scale is 15 cm long.

¢: Parallel to wavy laminated bed (FD-332.5) with upper surface that is locally remolded
into a ripple geometry. The rippled upper surface of the overlying bed displays
variability in crest size and shape. The crest in the top left comer is somewhat rounded,
unidirectionally cross-laminated and has very low-angle cross-laminae, features
associated with combined-flow ripples. Stratigraphic 1op is up. Scale is 10 cm long.

f: Stoss-preserved climbing wave-ripples lamination from $3 bed at FD-226.3 showing a
high angle of climb (below scale) and symmetrical profiles. S tratigraphic top is up.

~

Scaleis 15.cm long.




— 1d3 i




PLLATE 8: S3 BEDS CONTD (FA 2)

“a: Symmetrical ripples at FD-75.3. Note differences in peakedness of adjacent crests.
Stratigraphic top is up. Scale is in 10 cm divisions.

b: Fine sandstone bed (S3) at FD-274.2 with variation in size and shape of adjacent
symmetrical crests along a ripple trdin. Stratigraphic top is up. Scale is 15 cm long.

¢: Depositional-stoss ¢limbing wave-ripple lamination in an S3 bed from Bruneute Island
(Brl-98.6). Note upward change from asymmetrical to more low-relief symmetrical
ripple crests. Stratigraphic top is up. Scale isin cm.

d: Symmetrical form-discordant ripples in concretion from GB-137.7B with bundled
upbuilding, scooped lower bounding surfaces, bidirectional bundled lenses and
draping lamination. These are ‘classic’ features of wave-formed ripples as originally
outlined by Boersma (1970). Stratigraphic top is up. Scale is | cm long.

e: IFeatures preserved within this carbonate concretion include parallel lamination (top and
bottorp) and climbing-ripple cross-lamination separated by scooped lower bounding
surfaces. Stratigraphic top is up. Scale is 15 cm long.

f: Low-relief, long wavelength, sloés-preservcd climbing ripples with locally high angles
of climb preserved within this carbonate concretion from GB. Stratigraphic top is up.
Scale is 10 cm Jong.
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Figure 4.5:

a) Sketch of carbonate concretion from a rippled S3 bed at GB-156.9B. Note strong
variation in size, shape and internal structure between adjacent crests.

(b) Sketch of rippled $3 bed at FD-298.75 showing form-discordance, unidirectional
cross-lamination opposed between adjacent crests; and offshooting and draping
lamination.
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laminae draped by laminae from adjacent cross-laminated set, and (3) planar or undulatory
parallel lamin'ae“ overlain by asymmetrical or symmetrical ripples\(high or low spacing-to-
height ratio) with or without draping laminae (Plate 7d.e). Parting lineation and current
'lincution is found associated with parallel 1anﬁnation.Data on parting/current liﬁcmion
orientations are given in Figure 4.2a (most of the data in'this figure are from S3 bed's; some
data from S2 and S4 beds are also included).

Carbonate concretions, retaining precompactional thicknesses two to three times

| that of the rest of the bed, often preserve a wide variety of interesting sedimentary

structures that are not visible in the portions of the bed not cemented by carbonate (see
Figure 4.1). The following features have been noted from ripples in these concretions: (1)

‘é_cli—mbing sets of cross-laminae separated by irregular, often concave-up scour surfaces
(Plate 8e), (2) stoss-preserved climbing-ripple laminae with symmetrical profiles (Plate 8f),
and (3) form-discord:.mt ripples that internally display bundled upbuilding, offshooting
foresets, bidirectional bundled lenses and draping laminae (Figure 4.6; Plate 8d). In
addition, some examples of both carbonate-cemented and non-carbonate-cemented ripples
show strong variation in size, shape and internal structure of adjacent crcSts'alQn g ripple
trains (Plate 7a,d, 8a,b; Figure 4.5a).

Lower bedding surfaces are well exposed and are covered by a wide variety of trace
fossils and sole markings. The latter include flutes, grooves, prods, and currcﬁl crescents.
Flute marks vary from simple rounded and pointed t:ox.ms to those with strongly curved and .
prominent 'beaks’. Although they may be found isoiated or-a surface, ihey are usually
found in large numbers, as is generally the case with sole markings (Plate 9a). Different
groove sets on the sole of a bed may vary m orientation, by as much as 50 degrees in
extreme cases (Plate 9¢). The various sole marks are well oriented wilh a consistent

northeast-southwest trend (same as current lineations). The paleocurrent data from flute

marks show a strong unimodal oﬁcntaﬁon toward the northeast (Figure 4.2d).




Figure 4.6: Line drawing of carbonate concretion from S3 bed at GB-137.7B. The ripples
display such wave-diagnostic features as form-discordance, bundled upbuilding,
offshooting forsets, bidirectional bundled lenses and draping lamination,
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PLATE 9: $3 BEDS - SOLE MARKS (FA 2)

a: Multiple surfaces decorated with solemarks from fallen block at GB. Sole marks include
grooves, ftutes and prod marks. Scale (lower left) is 10 cm long.

b: Bulbous, irregular flute marks from the base of an S3 bed at GB. Groove marks are also
present along sole at right side of photo. Flow was to upper right. Scale divisions are.
10cm.

¢: Several sets of divergent and cnossmg grooves mdxuung paleoflow variation by as much
- as 50-60 degrees. Scale is in cm.
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Upp;ir bedding s.urfaccs are also decorated with a wide variety of trace fossils and
sedimentary snucturcs.,.Ribples are the most common feature on these surfiaces. By far the
most common are ripples with large spacing-to—hcighi ratios ‘and straight t(; slightly "
sinuous, sometimes bifurcating crests (Plate 10d,¢), and interference ripblcs with thin,
widely spaced (at maximurﬁ spacing) crests (Plate 10c5. One common type of ripple has
sharp crests, sligh'tly asymmetrical profile and high spaciﬁg-to—f{cighl ratios. The crests
range from wavy with bifurcations to a nearly polygonal pattern (Plate 10f). The bedform .
migration directions can be deduced from the truncated stoss lamination (Plate 10c,f). The
cr'csts of asymmetrical ripples range from straight to lingucid. Many of the as:ymmctrical.
_ unidirectionally cros&laminatcd ripples are highly three-dimensional and have rc;undcd
crests.and ve‘ry'gemly dipping lee surfaces (less than angle of repose) (Plate 104,b).

Structures similar in character to wrinkle marks (Kinneya structures) are found

- . along internal partings and at upper bedding surfaces of some sandstone beds.
4.5.1 Process Interpretation

The sharp lower surfaces covered with sole markings indicate that the currents
transponing the sand were strong enough to scour the underlying siltstone. Prod and ’ .
groove marks indicate that the current also carried tools that gougeg,’scrapéd the silty
surface. It should be noted, given the discussion that will follow concerning the formation
of various internal structures by waves, that most of these beds have cither flat or only
slightly wavy bases (not a characteristic of wavc-f‘ormcd beds; De Raaf et al., 1977). This,
and the consistent unidirectional oriention of flute marks, indicates that for these beds the
initial transport and deposition of sand was under the influence of unidirectional currents. -

Most of the internal features of lh_ese beds — undulatory laminac, complex

]

upbuilding 6f cross-lamination sets, etc, — are considered by various workers 10 be wave-

I
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- PLATE 10: $3 BEDS: WAVE/COMBINED-FLOW RIPPLES (FA 2)

a: Bedding-plane view of combined-flow ripples at FD-270 with stréngly 3-dimensional
geometries and rounded crests. Scale is 15 cm long.
b: Cross-sectional view of "a". An anomalously sharp and symmetrical crest in the center
of the photo displays the low-angle (lower than angle-of-repose) of these cross-
* laminae. Scale is 15cm long. o

¢: Combined-flow ripples with sinuous, slightly asymmetrical crests (FD-346.15). Eroded
stoss laminae indicate flow from upper right to lower left. Slight interference pattem is
indicated by'sut;tle crests that are oriented roughly right to left. Scale is 15 cm long.

d: Combine8-flow ripples from FD-271.5. Note sinuous, bifurcating crests. Eroded s10ss-
laminae indicate ripple migration towards the right. Scale is 10 cm long.

e: Extrérriely low-relief (<5 mm height), straight-crested wave ripples at FD-364.5. Note
- bifurcation of crest at top of photo. View of upper bedding surface. Scale divisions are
10 cm. . : i .

"

f: Close-up of "c -wl\wcre the crests form a near-polygonal pattern. The eroded stoss laminae
indicat: migration towards the base of the photo. The origin of these kind of
polygonal-crested ripples is enigmatic, forming either by pure oscillatory flow or
combined-flow (J.B. Southard, pers. comm.). Scale is 10 cm long.

L
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generated structures (Figure 4.4). In the $3 sandstones the most common of these features

include l_)undlcd upbuilding, dissimilarty in internal structure and shape of adjacent sets,
offshooting and d}'aping forcscts\latc-smgc draping laminae, and irregular, undulatory set
boundaries. The complex upbuilding of sets of cross-laminae that characterize many of the
S3 beds are diagnostic of lwo-dimcnsional vortex ripples (Harms et al., 1982). Climbing
wave ripple laminae are very common, including those with upward decrease in amplitude
like the current-generated Type C climbing ripples (Jopling and Walker, 1968). The latter
ripples are attributed to deposition from rapidly décelerating currents experiencing
simultaneous (oscillatory) traction transport and suspension deposition. The strongly three- |
dimensional ripples with asymmerrical profiles and unidirectional cross-laminae are
interpreted as combined-flow npples based on their rounded crests and low-angle foresets
. (Harms, 1969; J. B. Southard, pers. comm.). Experimental data on combined-flow
bedforms appears to be reialivcly meager. Work to date indicates that combined-flow
ripples have charactenistics of both unidirectional and oscillatory ripples, bearing more
resemblance to one or the other depending on the relative importance of either process
(Hamms, 1969; Harms, et al., 1982). Combincd-ﬂow ripples are generally asymmetrical,
but in comparison to current ripples, have more r;gular plan geometry, more rounded
crests and lee faces’lhat slope less than the static angle of repose (Ham'ls, 1969). Very few
" nipples were noted that could not be readily attributed to éixher combined-ﬂbw or purely
oscillatory processes. Even the small percentage of asymmetric, form-concordant ripples
could have formed from wave motions (McKee. 1965, Boersma, 1970).

There are very few symmetrical ripples with small vertical form indices typical of
fully developed vortex ripples, even though the intemal structure of many S3 beds is one of
intricate braiding of cross-lamination, typical of two-dimensional vortex ripples (Newton,
1968, see Figure 3-16, Harms et al,, 1982). This can be explained by the fact that in most
cases the upper portions of the sandstone beds are covered by late-stage laminae that drape

these ripple forms, smoothing the topdgraphy of the small vortex ripples. Orbital (vortex)
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ripples like these would have formed under conditions of short oscillatory motion, most
likely "...in very shallow water under short-period waves. Long-period waves can generate
similarly short orbital flow at the bottom in deeper water, but because of the [inverse)
relationship [between mean velocity and period]..., ..the velocity will be reduced and
threshold conditions are less likely to be reached” (Clifton and Dingler, 1984, p. 177).

Parallel laminae, where found at the base of $3 beds, are interpreted as having
formed from strong unidirectional currents because of their association with current/parting
lineations, and sole markings, such as well oriented flute marks. Flat to undulatory laminae
above the base of the bed could also have formed by unidirectional curments, waves, or
combined currents. Undulatory laminae are thought to be a feature of intense oscillatory
flow (Allen, 1981a, p. 372; Harms et al,, 1982).

In summ;:y, the S3 sandstone beds were formed by a combinmioﬁ of waning
unidirectional currents and waves. Sole markings indicate the influence of strong
unidirecﬁpnal currents during the initial stages of transport and deposition. The waning
nature of the currents produced grading and vertical transitions from parallel laminae to
combined-flow or oscillatory-flow ripples. In the late stages of deposition, waves

-reworked the sediment forming complex cross-laminae, offsﬁooting and draping lambae

and other features diagnostic of oscillatory flow.

4.6 THIN TO MEDIUM SANDSTONE BEDS: $4

These S4 beds consist of grey-green to brown weathering, fine-grained sandstone.
. They display a remarkable range of internal structures. With fcw-cxccp(ions. these beds are
normally graded. Their bases may be planar (Plate ilc,e) or highly irregular, showing
truncation of underlying laminae or beds. These erosional irregulanities’include pot casts

and gutter casts. The upper surfaces of these beds may be gradational into muddy silistone




PLATE 11: S4 BEDS (FA 2)

a: The wavy to irregular lower surfaces (top is to right) and clearly erosional upper surfaces
of these beds create lenticular and pinch-and-swell geometries (FD-241.5-242). The

bed on the left is amalgamated. Scale is 15 cm long.

b: The upper portion of this bed at FD-318.7 is carbonate-cemented and displays complex
cross-lamination passing upward into parallel lamination, which in turm pass upward
into erosional-stoss climbing ripples. The parallel and ripple cross-laminae at the top of
the bed may have been amalgamated to the lower division. If not, then the flow passed
from the ripple field into the upper plane bed field-and finally dropped back down into
the ripple field during the final stages of sedimentation. Stratigraphic top is up. Scale is

15cm long. ‘

¢: This complexly cross-laminated bed from 262.15 contains climbing stoss-preserving
ripple lamination and smooth low-relief erosional surfaces. The rounded crests and
low-angle cross-lamination indicate deposition from combined flows. Stratigraphic top
is up. Scale is 15 cm long.

. ¢+Polished slab of graded bed from FD with complexly cross-laminated lower division and
a gradational top into muddy siltstone. Details of the stratification are slightly obscured
by the fracture pattern and speckles of carbonate cement. Stratigraphic top is up. Scale
is 1 cm. '

.¢: Parallel laminated bed from FD-169.8 with relatively flat, though slightly fluted, base
and a sharp upper surface. On the left side of the photo the bed is carbonate-cemented
and the lamination stand out clearly. Stratigraphic top is up. Scale is 15 cm long.

?
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(Plate 11d), or erosional, with extreme cases showing local complete removal of the bed
(Plate 11a). Internally, S4 beds range from apparently structureless to complexly
laminated. They displiuy parallel and wavy laminae (Plate 11e), complex upbuilding of
cross-laminated scts separated by .scooped bounding surfaces, and a wide variety of ripple-
related laminae similar to those described for S3 beds (Plate 11b,c,d). Common vertical
transitions include parallel laminae to complex cross-laminae and parallel laminae to form-
concordant ripples, or form-discordant ripple form-sets, the latter showing draping and
offshooting laminae.

Amalgamation of bedding is common, especially in the thicker beds. Each division
of these amalgamated beds may show its own set of internal structures or sequence of
structures, such as grading or pérallcl-laminated to ripple-laminated transitions. Vertical
sequences like parallel laminae to ripple laminae are completely preserved only in the
uppermost division. The lower layers show evidence of truncated structures and structure
sequences.

ﬁc lower and upper surfaces of beds are often decorated with a variety of trace
fossils and sedimentary structures. The beds display a suite of current- and tool-generated
sole markings similar to those described for S3 beds. Ripple marks range from large
asyrminetrical forms with sinuous to linguoid crests, lhfough straight-crested symmetrical
forms, to interference types. Kinneya structures are also present on upper bedding plancs.

Postdepositional infaunal trace fossils are commonly absent from the lower parts of the

thicker beds.
4.6.1 Process Interpretation

The processes associated with the deposition of the S4 beds are similar to those

associated with 83 beds: the initial phase of deposition was dominated by unidirectional

flow and the latter stages were dominated by combined flow or oscillatory flow. These
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beds are different from S3 beds in that: (1) parallel laminae are more common and form
thicker divisions, (2) the thicker beds more commonly have gradational tops with thick
fine-grained caps, and (3) these beds are thicker and more commonly amalgamated. The
prcpondcrancé of parallel laminz}c indicates relatively prolonged deposition from currents in
the upper flow mgime (whether unidirectional, oscillatory or combined). The greater
thickness of these beds may also have contributed to the preservability of the parallet
laminae, most common in the lower divisions of these beds, in that late-stage reworking by
waves may have been confined to the uppermost part of the newly deposited sediment. S4°
beds with thick fine-grained caps must have been deposited in a setting or ata time ;vhcn
postdepositional reworking by oscillatory currents was at a minimum. Amalgamation of
beds indicates either a short ime span between the deposition of successive sand beds or

more vigorous erosion associated with the emplacement of these sands, by which a greater

amount of intervening siltstone was eroded.
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Graded rhythmites in the CIF comain the following scclqu'cnce of structures: (1) a
basal division (not always present) of fine sandstone with a sharply defined erosional lower
surface and a sha;p or gradational upper surfa.ce' (essentially identical to an S2 or §3 bed)
overlain by (2) fine siltstone (>50%) with coarse siltstone/very ﬁnc' sandstone laminae (S1
laminae) that become thinner, more widely spaced and finer upward, followed by (3)
smooth-weathering fine siltstone with only a few (if any) very thin and widely spaced S1-
type laminae (Figure 4.7, Plate 5c,d). The thicknesses of the upper divisions are
approximately 3-10 ¢m. The upward increase in spacing of laminae is a general trend; there

“are some ventical variations of the spacing and coarseness/thickness of laminae. Individual
laminae are remarkably planar and extensive, with very little varia-rion in thickness.

The soles of the basal sandstone divisions have erosional markings (grooves,
prods, flutes) and trace foksils, while the upper surface may be flat or rippled. Directly
above the lower division, the lnminéc in the central division mimic the underlying surt':‘n.cc,

;md_ then lose their topography upward.
4.7.1 Process Interpretation

The upper division of the CIF graded rhythmites contain no evidence of tractional
processes, while the lower divisions (when present) may contain such evidence, in the
- form of upper-plane-bed parallel lamination and ripple cross-lamination. The initial phase
of dcpositi(;n of some GR beds was therefore preceded by some tractional transport, while
the upper divisions may have been deposited solely from suspension. This shift, and the

overall size grading, are strong evidence for deposition under decelerating flow. When

taken in the context of the underlying and overlying divisions, the upwardly thinning and
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Figure 4.7: Schematic diagram of graded rhythmite beds showing erosional lower surface
(+/- sole marks), lower sandstone division (+/- traction structures), middle divisidan
with upward increase in spacing of fine sand Jaminae within siltstone, and upper
siltstone division. Details provided in text.
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fining laminae of the thick éenual‘division must also owe at least part of their charucter to
| decelerating flow conditions.
Graded rhythmites, described from both modern and ':mcicnt shallow marine facies,
have been attributed to deposition from suspension clouds (Gadow and Reineck, 1969;
Reineck and Singh, 1972; Dott and Bourgeois, 1982; Walzehuck, 1982). According 10

Reineck and Singh (1972), gradcd rhythmites are deposited from suspension during the

waning stages of a storm. The settling of suspension clouds creates individual graded )’

sand/silt laminae, which because of the weakness of the bottom currents are left
unreworked as successive layers accumulate. The storm-generated rhythmites figured by
Reineck and Singh (1972, Figure 2) are generally thicker and much less regular than those
in GR}Bcds. Laminae produced by oscillatory flow are very irregular in general (De Raaf et
al., 1977), while the laminae in these beds are planar, extensive, and of relatively even
thickness.
Alternative explanations include storm-surge ebb currents, density currents, or

" either of these combined with osciilatory flow. It is unlikely that beds deposited from
storm-surge ebb currents would differ greatly from those deposited from density currents.
Ebb-surge currents on the Beﬁng Shelf deposit beds that mimic Buuma turbiﬁlc sequences
(Nelson, 1982). The role of oscillatory currents is difficult to cvﬁluatc. The laminae
themselves show no evidence to suggest direct interaction of waves with the sediment, yet
waves may have played an important part in maintaining sediment in suspension and

regulating the rite of déposition from suspension.

These beds consist of medium- to very coarse-grained, white-weathering,

carbonate-cemented, quartz arenitic sandstone beds (Plate 12a). Dark laminae, <Imm to




PLATE 12: Q-TYPE BEDS £y

. a: These thin t6 medium Q-beds (arrows) include one anomzilously thick bed at FD-86.4
(~20cm thick). Stratigraphic top is to upper left. Scale is 15 cm long.

b: Soft-sediment injections are illustrated in this close-up of FD-86.4. Note the | cm-wide
vertical dike in center of photo. Thin sandstone sheets above the bed represent sills that
spread out from these dikes. The sills tend to overlie depressions in the upper surface
of this bed, further linking loss of sediment to injections above the bed. Stratigraphic

top is up. Scale is 15 cm long.

: Cross-laminated Qy,-type bed whose top surface was molded by waves into round-
crested ripples (FD-225-226). Stratigraphic top is up. Scale is 15 cm long.

(2]

: Irregularly-shaped wave-ripples are amalgamated to the top of this Qy-type bed at FD-

189.3. The amalgamation surface (arrow)is replaced laterally by a thin shale layer. In
the lower part of the bed low-angle lamination pass upward into cross*lamination. A
thin Q,-type bed is located directly under the scale. Stratigraphic top is up. Scale is 10

cm long.

[=9

: These symmetrical wave-ripples at FD-99.5 have rounded crests with variable heights
(rough to crest). Note flat base to bed and small synaeresis cracks below crest on
right. Stratigraphic top is up. Scale is 10 cm long.

(2]

: Sharp-crested ripples (FD-260.1) with a thin division of grey fine sandstone above an ~2
cm-thick parallel laminated quartzitic division. In the center of the photo the quartzitic
division has been completely eroded and a thin draping of fine sandstone covers the
trough and the thin crest on the right. This bed formed as a graded bed that was
reworked by waves into sharp-crested rippics. Stratigraphic top is up. Scale is 15 ¢m
long. ‘

-

g: This thin lenticular Q, bed appears to be formed by the infilling of small, shallow
scours. Stratigraphic top is up. Scale is 15 ¢cm long.
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several millimeters thick (Plate 12d), are defined by, in addition 1o grain size variation and
minor clay content, the concentration of chi;ﬁtc patches that represent altered glauconite
grains. These grajns give the laminae a spotted appc;;rancé. Qn the ﬁ'esh surface these -
grains are bright green.

. 53 and S$4 sandstoﬁc beds locally contain a thin basal division ot: this lithology’;ﬂbu;'
these are not included in the following discussion. Beds th;n are dominantly (>50%) whi\tz.__ ~
quanziti,ﬁ,sandstonc but contain 3 ;hin graded top of gray san‘dstqne -(Platc~l20 will bc

. included in this.discussion. TthC beds can be divided intd two types according 10°

thickness; each .is discussed below.

4.8.1 Laminac to Thm Beds: Q,

~ Q-type beds lessthan 3 cm in'thickness are defined as Qa types. These beds-
typically pinch ‘and,swell, commonly to the point of being discontinuous over short ‘
distances. The majority of beds owe their discontinuity and thickness changes to infilling of
shulloQ erosional scours (Plate 12g), while a small percentage are truncated from above.
TT;Tn, continuous laminae were also noted. Rare examples are slightl& graded from coarse
sandstone 10 medium/fine sandstone. Q, beds are either devoid of internal .f,,edimentﬁry'
Suuqtures or are ripple cré;és-laminated. Ripple form sets ;éngc i;'a character from small,

starved, asy;nmeuicél ripples 1o fairly continuous symmetrical ripples. .

4.8.2 Thin to Medium Beds: Q,

Qp beds consist of conspicuous, thin to medium beds of white-weathering
sandstone. These beds have both flat and irregular lower surfacés and gradational or sha:p
upper surfaces. Both lower and upper surfaces locally show evidence of erosion. The beds ]

are usually extensive, but cases have been nogéd of both erosional truncation and
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depositional pinch-out. Internally, these beds are structureless t slightly graded (coarse
sandstone 1o mc;iium/ﬁx_le sandstdhc), parallel laminated or cross-laminated. Well
dcvcloped‘synimcluical ripples (Plate 12¢,¢) and asymmetricul ripples were alse noted
(Plate 12d); these show signiﬁcan‘t changes in the size and geometry of adjacent crests
(Plate 1:2c,d,c). Small gurter casts have been noted at the base of these beds, as well as
small flame structures. One particulariy thick sandstone bed (~20 cm) at FD-86.4 contains a
transition from planar laminae to mree-dimchsiqnal lenses. The upper part of this bed is
irregular, and in places small vertical sandstone dikes, 1-2 cm wide, lead to sandstone
lenses and sheets fepresenting sills tl;at spread out over a thin shalc layer (Plate 12b). Smhc_
of the sandstone lenses aonq this bed show well developed cros;;-stratiﬁcalion and uppcur-
to be three-dimensional ripples that mu‘st have formed from rc\_rvorking of these sills.
éross-‘bcdded units may contain a thin t;ppcr division of parallel laminae or small
ripples. In some cases the upper surface of these cross-stratified beds appears to have been -
molded into n'ppies (Plate 12¢). In Plate lid an amalgamated bed is shown with a rippled
upper layer; laterdlly these ripples separate from the hndcrlying cross-bedded sandstone to

. '
form a distinct bed with an intervening thin shale bed.

4.8.3 Process fnlerprctation: Q Beds

/ Q beds are ndt just better sorted but-also coarser grained than the beds with which

thcy.am interbedded, which mcari’s that they do not result solely from reworking and
sorting of the available sediment, but rather from transport of sediment f) rom adjacent areas.
The depositional structures prcscrvéd in these beds record, for the most part, rc“;orking of *
the sediment by waves. i |
Deposition of Q, beds was often preceded or accompanied by erosion. Thin layers
of quantzitic sand were spread out, dominantly by traction, to form thin beds and to fill in

shallow, erosional scours. The sand was probably distributed by unidirectional currents
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and then reworked by oscillatory currents into wave ripples — even the asymmetrical
ripples have rounded crests and strong irregularities between crests. Starved ripples formed
when the layer of sand undergoing traction uaﬁspon was 100 thin to create a complete -
bedform, In these cases the current stength was either too low to transport enough
sediment to the depositional site, or the amount of sediment available at the source was
insufficient. The first scenario is more likely, given that Q, beds can be found in close
stratigraphic proximity. -

Assuming dn abundant source of sand, Qb béds formed under higher-energy
cor;dilioﬁs than Q,, simply on the basis of bed thickness. The well sorted sand was
transported by traction, forming parallel laminae and cross-aminae. Evidence for
pn:dcpositionél or syndepositional erosion of the substrate is foulmd in some beds (gutter
casts) and not in others (sharp, flat base). During the later stages of deposition or after the
initial dcposi‘tit.).n, the sediment was reworked by oscillatory currents into large symmetrical
two-dimensional and three-dimensional vortex ripples. Currents also scoured the upper
surfaces of these beds, locally eroding through the entire thickneds of the bed.
Postdepositional features like flame structures and sand volcanoes formed as a result of

‘ L
postdepositional liquefaction.

These beds consist of thick to very thick (up to. 1.8 m), grey-green weathering
sqnastones that are dark gray to black on the fresh surface. These are exposed over a
narrow stratigraphic range ffom FD-137.3 to FD-143.2 (Plate 28a,g) and at FD-168.2. In
most cases these beds have ama]gamition surfaces that break the beds up into divisions 10-

50 cm thick. The lower and upper surfaces are commonly erosional, although not highly

¥
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irregular. The lower bedding surfaces truncate underlying bedding, and the upper surfaces
cut down to different levels in the bed.
Most of these sandstone beds appear structureless. Two exceptions were noted: one

in which the lower amalgamated division of one bed has horizontal famiuze, and a second

in which alenticular, concave-up division at the top of one bed has cryptic cross-luminae.

1.9.1 Process Interpretation

In a fine-grained, thin-bedded sequence like the CIF, sandstone beds like these that
are one to two orders of magnitude thicker than the surrounding beds are recording rare
Asedime‘ntary environments or unusual conditions. Unfortunately there is a paucity of .
sedimentary structures, and to a large degree the weatheriﬁg pattern has further concealed
those structures that are present. It appezlrs that the vanation in thickness of these beds is
primarily explained by inﬁlling of an erosional depression. There is no evidence to indicate
that these beds formed as lateral accretion deposits in a migruling'chunnc] (i.e., there are no.
thick cross-sets). These beds do contain amalgamation surfaces, indicating that deposition’
was in stages and that shale drapes may have separated the sandstone layers before Emsiun |

_and deposition of sand, but the depositional processes remain enigmatic.
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. A summary of hummocky cross-stratification is given below. This is folowed by

\ 4
the description and process interpretation of H-Beds.

4.10.1 Surﬁmury/Proccss Interpretation: HCS

Hummocky cross-stratification (HCS) has received much attention from
scdimentologists during the last ten years. The term was coined by Harms et al. (l975), but
the structure was described earlier by Gilbert (1899), Campbell (1966) and Goldring and
Bridges (1973). HCS has the following characlcrislics: (1) lower bounding surfaces are
erosional and low-angle (<15°); (2) lan:inae’an: parallel or near-parallel to the lower surface;
3) lﬁminae thicken iateml_ly (usually into.sx;/alcs) within a set, with their dip diminishing
upward; and (4) dip direction 6( laminae are scattered. In plan view, well preserved HCS
beds show isolated, radially symmetrical mounds (hummocks) sbaccd 1-6 m apart (Duke,
1985). Beds may i\ave prod and drag marks on their soles and wave ripples on their tops.
Individual beds range from tens of centimeters to 5-6 m thick; most are 20-80 ¢cm in
thickness (Dott and Bourgeois, 1982). HCS is most commonly found in well sorted
sediments of coarse silt to fine sand size; coarser grained exceptions exist (up to medium
sand). According to Dott and Bourgeois (1982, p. 675) "The almosf universal fine grain
size of humchky stra'tivﬁcalion muﬁt reflect efﬁciem selective sorting of sand ‘by
suspension transport to the site of deposition”.

Nearly all interpretations of HCS, including the carl; ones by Gilbert (1899), .
Campbell (1966) and Harms et al. (1975), emphasize the role of oscillatory currents.
Purely unidirectional flows are generally ruled out due to the isotropic orientation of
dipping laminae and the common éssociation with wave ripples. Some workers (Harms et

al,, 1975; Dott and Bourgeois, 1982; Harms et al., 1982; Southard, 1984) interpret the




structure solely as a wavc-génera(ed bedform. Laboratory data from wave tanks and
oscillatory flow duc(sw(Hamm etal., 1982) show a distinct stability field for three-
dimensional wave ripples between two-dimensional ripples and oscillatory-flow plane bed.
These three-dimensional wave ripples look similar in plan to bed-surface geometnies
observed in HCS, and they become less stécp and more rounded with increasing maximum .
orbital speed (Um) (Southard, 1984). Peak velocities would be greater than that necessary
for the formation of regular, straight-crested wave ripples: 0.5 m/s or more (Harms et al.,
"1975). It is not known, however, whether such three-dimensional vortex ripples in regular -
oscillutory flow figure in the generation of HCS observed in the sedimentary reéord.
Soulthard (pers..comm.) feels that many if not most styles of HCS are formed from large
three-dimensional bedforms deposited under conditions of complex rather than rcgulair
oscillatory flow, of the kind thaymust be felt by the sediment bed under complex sea states
during passage of large storms. Confirmation of this hypothesis by laboratory experimerits
or systematic observations in shelf settings is lacking.

Dott and Bourgeois (1982, p. 667) believe that "...Huminocky cross-stratification
is the result of a combination of fallout and the molding of stationary hummocks and
swales by flow induced by vigorous but waning wave oséillation as sand falls onto the
smooth but undulating bed"”. They envision a zone of intense oscillatory flow near the bed -
where the HCS bedform is produced by deposition occurring near the boundary between
the dscil]alory lower rippled field and upper flat bed conditions (sheet flow).

The most widely held view is that HCS has a combined-flow origin (Allen and
Pound, 1984; P. Allen, 1985; Gr'cénwood, 1984; Greenwood and Sherman, 1986; Hunter
and Clifton, 1982; Swift et al., 1983; Swift, 1984; Nottvedt and Kreisa, 1987). Swift et al.
(1983) outline the hydraulic condit;ons: responsible for bedforms on the Atlantic shelf that
they call 'hummocky megaripples'. These bedforms are thought to.form by combined flow

in which there is an angular relationship between the unidirectional flow component and the

-wav“c-orbital component, or by multiple orientations _of the latier. Allen (1985) argues on
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theoretical grounds that given the observed wavelengths of HCS, an origin by progressive
gravily waves is incompatible with the possible values of a/L. under waves (a=amplitude of
oscillations, L=wavelength of bedform), and suggests that a unidirectional component is
necessary to explain the hummock spacing. This must be regarded ?pcculativcly, given the
paucity of empirical data on complex oscillatory flows. If most HCS shows no strong
preferred migration direction then this would argue strongly against combined flow with an
appreciable unidirectional component. |

Greenwood and Sherman (1986) provide the first verifiable, atbeit limited (0.45 m
x 0.30 m epoxy peels of box cores), description of HCS in -reccnt sediments. Their data
suggest that some HCS is a combined-flow bedfornm deposited under conditions close to
those of upper plane bed. During deposition of their hummocky sands, oscillatory currents
were dominant, with velocities greater than 1 mys, while the unidirectional component was
measured at 0.27 m/s. Deposition was triggered by sharp reductions in both unidirectional
flow velocity (67%) and orbital velocity (179%); "...Since transport is proportional to the
third power of the velocity, then rapid changes in sediment load accompany relatively small
changes in orbital velocity” (Greenwood and Sherman, 1986, p. 40).

Walker and his students (Hamblin and Walker, 1979; Wrightand Walker, 1981;

Leckie and Walker, 1982; Walker, 1979,1982,1984) maintain that HCS beds are crﬁplaccd

by turbidites. This is based on the fact that HCS beds have: (1) sharp lower surfaces
) witﬁout tractional structures, and (2) sole mark orientations that are consistent with
stratigraphically adjacent turbidite sandstones. Thé sand is thought to be worked by waves.
during dcpositio-n from the turbidity current.

Laminac in HCS tend to conform to underlying scour surfaces, with individual
. laminae draping both swales and adjacent hummocks. An upward flattening of laminae
within swales results from a general thickening of laminae towards the swale center, and
the fact that the lowermost laminae in a swale may terminate against the margins

tangentially (Hunter and Clifton, 1982, p. 132). Hunter and Clifton (1982) suggest that
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these lamination styles indicate a combination of scour-and-drape and vertical growth of
hummocks. Dott and Bourgeois (1982, p. 677), Bourgeois (1984), and Bourgeois and
Smith (1984) consider HCS solely as a scour-and-drape struclur‘e. Brenchley (1985) and
Brenchley and Newell (1982) describe cxampl.es in which laminae thicken over crests, and
the generul geometry indicates accretion instead of infilling of a hununoL‘ky surface. Ata
recent symposium (CSPG, 1984, Calgary) P. Allen postulated that HCS was polygenetic,
with three types of lamination: (1) scour and drape, (2) vertically accreted or upbuilt and (3)
tangential (laterally’accreted from crests). It would appear from published accounts of HCS
_ that many authors consider the first of these styles to be dominant. Observations by the
author and J. Southard on the Late Precambrian Johnnie Formation in southeastern
‘ California indicate that in many cases lamina« that appear to have formed from scour and
drape can be shown to have bcgn formed from migrating three-dimensional bedforms.
Hunter and Clitton (1982) and Dott and Bourgeois (1982) note that, in some cases,
internal scour surfaces die but laterally into conformable, depositional, flat-lying laminae.
Similar relationships have been noted by the author in sandstone beds from the Ordovician
Beach Formation of Bell Island, Newfoundland and from numérous beds in the upper
Proterozoic Johnnie and Wood Canyon Formations in Nevada and California. Such a
relationship indicates that both erosion and deposition occurred simultaneously. This could
be modelled as deposition from a stationary hummock that is incrlcasing its ‘amplitude under
conditions of low to moderate aggradation rate, or from migration of a hummock under
similar conditions. .

Nottvedt and Kreisa (1987) suggest deposition from migrating bedforms, but they
emphasize 'directional’ aspects of HCS such as subtle downlaps and onlaps, and question
the validity of the measurements and obs;crvations that suppont a truly three-dimensional
geometry. Nottvedt z'md Kreisa believe that HCS is formed from an equilibrivm bedform —
a low-relief megaripple — whose migration creates a low-angle variety of trough cross-

bedding that geologists call HCS. It seems likely that there is a complete spectrum from




purely oscillatory bedforms to purely unidirectional bedforms and that workers are

approaching the study of these intermediate bedforms from different perspectives.
4.10.2 Description of H-Beds

These beds consist of medium beds of fine and very fine sandstone that are either
hummocky (with meter-scale spacings) in their overall geometry, or display stratification
similar to that described for hummocky cross-stratification (HCS), or both. Ab(;ut half of
these beds are discontinuous across the outcrop exposure. In addition, many of those that
are continuous change significantly in thickness or internal structure laterally. These beds
may contiin amalgamation surfaces, usually with the hummocky-cross-stratified sandstonc
truncating an underlying unit of structureless to parallel-laminated sandstone. The tops of H
beds are marked by erosional truncation surfaces or by symmetrical ripples (Plate 14¢). The
lower surfaces are either very irregular or planar. | |

Convex-up hummks and concave-up swales contain curved laminae that both ’
dip, and intersect, at low angles (<20 degrees). Beds may be entirely composed of
truncated swales without any hummocks, although many of the beds in this facies do
,di.splay well defined hummocks (Plate 13b,c,d, 14b). At FD there are several
discontinuous beds showing amalgamation with underlying sandstones. Well developed
sandstone hummocks are spaced several meters apart. The hummocks are thickest above
the deepest level of erosion into the underlying sandstone as seen in Figure 4.8, a sketch of
FD-367.2 (Plate 13a,b). This bed displays: (1) complete erosion of the underlying bed
under the main part of the hummock, (2) lenticularity of the hummocky-cross-stratified

sandstone, (3) a relationship by which the sandstone hummocks are located above

erosional depressions'in the underlying sandstone bed, and (4) large symmetrical ripples on

the upper surface. Many of these features are also displayed by FD-367.7, shown in Figure
4.9a (Plate 13d, 14b). This bed has symmetrical to slightly asymmetrical climbiﬁg ripples




/
PLATE 13: H-BEDS (FA 2) ' /

i
a: A detailed sketch of this hummocky bed from FD-367.2 (stratigraphic top t lett) is
given in Figure 4.8. Note hummocky geometry next to notebook and erosional lower

surface that locally defines a surface of amalgamation with an underlying sandstone
bed. Notebook is 18.5 cm long.

b: Close-up view of "a” (stratigraphic top to left) showing hummocky internal structure,
lower amalgamauon surface (arrows) and symmetrical ripples on the upper surfuce
near the top of the photo. Notebook is 18.5 cm long.

367.2 (not on Figure 4.8). This bed (stratigraphic top to left) demongtrates complete
erosional truncation of an underlying sandstone bed directly undemnegath a hummock.
Notebook is 18.5 cm long. ‘

- ¢: Completely isolated lenticular sandstone hummock with convex-up lm}lination at FD-

d: Hummocky sandstone bed at FD-367.7 (stratigraphic top to right). Diagmm of this bed
is given in Figure 4.9. Bed pinches out at the top of photo and off photo at the bottom.
Erosional lower surface truncates underlying sandstone bed (arrow). Symmetrical
ripples cover top of bed in foreground. Scale is 15 cm long.







PLATE 14: H-BEDS CONTD (FA 2)

a: Hummock with low-angle concave-up lamination at FD-367.2 (not on Figure 4.8). Note
erosional lower amalgamation surface (arrow). Stttigraphic top is to upper right.
Scale is 10 cm long.

b: Close-up of FD-367.7 showing convex-up lamination and low-angle inemal scour
surfaces. Stratigraphic top is up. Scale is 15 c¢m long.

¢: Depositional(?) termination of an H-bed at FD-251,65. Base of bed essentially flat-lying.
¢+ Stratigraphic top is up (bedding actually dipping near-vertical). Notebook is 18.5 cm
long.

d: Close-up of FD-251.65 showing convex-up lamination that flatten out laterally across
hummock. Stratigraphic top is up. Notebook is 18.5 cm long.

¢: Symmetrical nipples at top of H-bed at FD-367.5. Nearly flat-lying laminae beginning 1o
define hummock at right side of photo. Stratigraphic top is up. Scale is 10 ¢m long.
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Figure 4.8: Sketch of H-Bed at 367.2. Full bed shown on top, and close-up of bcd shown
in two lower panels. See text for details.
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on.the flanks of a hummock. Spillover lobes (see Séilacher, 1982) associated with
unidirectionally cross-laminated symmetrical ripples were noted at &e top of an H bed at
FD-238.95 (Fi gurc 4.9b). Itis interesting to note that the lobes are spread out opposite to
the direction of dip of the cross-laminae.

Oné discontinuous H bed at FD-251.65 has a planar base and no evidence of
erosion at its upper surface (Plate 14¢,d). In ihis case the bed Consists of unidirectionally

oriented very-low-angie cross-lamination. The bed pinches out in the same direction that

_the laminae dip, without indication of erosion of these laminae from above.

4103 Proccssllnterpretation of H-Beds

H-beds show most of the features normally associated with typical HCS, including
wave- npplcd tops. prllovcr lobes, found at the top of FD-238.95,-are also indicative of
wave rewéfrkir;g Planar-based beds indicate relatively litle scouring of the underlymg
§urfacc prior to depositon. H-beds with lower amalgamation surfaces have indications that
as much as 10 ¢m of sand was eroded from thé undgrlyiﬁg layer (Figures. 4.9a, 4.8).
'i'hese bcds are thickest, with well developed hummocks, where much or atl of the '
underlying layer is ;eroded. Efom Figures 4.9a and 4.8, one can see that the upward-
doming lenses of sand must have had consideraﬁle relief aboyve the sea bed. The curious

position of the hummocks above the erosional depressions can be explained in a number of

‘ways. Firstly, it is possible that the position of the hummocks over erosional dcprcssions is
_entirely coincidental, and that with a statistically significant number of observations (2

_ greater number of exposed examples), no correlation might exist. A second alternative is

that the irregular erosional topography was sculpted by the same flow conditions that

" affected the overlying bedform, and that the shift from an erosional depression to a

hummock of sand reflects a simple shift in the spatial position of hummocks and swales

. with time. The author has seen numerous examples of HCS in the rock record containing




Figure 4.9:

(A) Sketch of H-bed at FD-367.7. Note amalgamation surface and the development of the
hummock over the erosional low.

(B) Sketch of H-bed at FD-238.95. Laminae in this bed dip at a low angle and contain
subtle truncation surfaces. There are no well developed convex-up surfaces (>5 m
lateral exposure) and the laminae have an apparent dip towards the northwest.
Symmetrical ripples at top of this bed show similar apparent dip of cross-lamination.

_“Spillover lobes associated with these ripples indicate movement of sand in a direction
opposite to the underlying cross-lamination.
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evidence for the shifting of hummocky bedforms wuh time and the vertical transitions from
hummock to swales and vice versa. Reasons for a shift in bedform position with time
would be numerous in both oscillatory and combined flow (e.g., shift of wind direction,
change in orbital diameter or amplitude of oscillations during waning flow, variation in
oscillatory asymmetry, shift in a unidirectional component due to Coriolis effccts). s
The discontinuous nature of most of these H beds is a reflection of the original
d_cposilioﬁal geomelry of the bed, and not later erosion of the upper surface. The spacing of
the bedform in the bed atFD-367,7 (Figure 4.9a) is on the order of 3-4 m, and thicknesses
of this bed and the one at FD-367.2 (Figure 4.8) are approximately 15-20 cm. In
summarizing the artributés of HCS, Walker (1982) suggests that typical Spacings are 1-5
m, and typijcal heights, swale to hummock, are 20-40 cm. It is therefore apparent tﬁai these
CIF beds, whose spacings are typical of most HCS .(possibl‘y-.evcn larger than average),

have thicknesses that are smaller than the lowest suggestéd heights of these bedforms.

Keeping in mind that the underlying substrate was not sand, but difficult-to-erode muddy

siltstone, the discontinuity of the CIF beds is believed to rgsult from deposition undet
conditions (long wave periods and large orbital diameters) that would have been capable of
géneratin g large, continuous HCS beds, but due to insufficient sediment supply, the
construction of full-size equilibrium bedforms was not possible. By anéiogy withlbcdfonns '
formed under unidirectional flow, these beds will be referred to as 'starved HCS" The
excellent preservation of hummocks and the lack of cofn;iletc swales is not just unusual,
bﬁt essentially the reverse of what is normally féund in the rock record (Dott and
Bourgeois, 1982). Litde or no documentation exists for large-scale starved HCS features
like these in the CIF. The closest analog would be the 'micro-hummocky lenses' of Dott
and Bourgeois (1982; p. 678). These consist of small sand;tonc lenses in shale, with

features 'suggestive' of HCS, which they also compare to starved ripples.




The following description concemns one bed, exposed at FD-332.95 (Plate 15).
This bed has, in two-dimensional cross section, a plateau-and-trough shape, with the bed
thicknes§ ranging from 0.4-17 cm. The ‘plateaus’ are very broad (several meters), with
linle surface relief (almost flat), while the troughs are much narrower, and are symmetrical
in cross section. The symmetrical nature of the troughs on both northeast-southwest and
northwest-southeast exposure faces indicates that these may take the shape of circular
basins in three dimensions. The thickness of the bed in the troughs ranges from (0.4 t0 4
¢m. The troughs are spaced approximately 5 m apart. The widths of the troughs are 1.5 10
2 m. A deuwailed drawing of the salient features of this bed is given in Figure 4.10.

The internal structure of this bed is unique in that it contains very-low-angle laminue

with a consistent dip towards the northeast (restored downdip direction of forsets is 059°).

- There are no internal truncation surfaces, and the laminae are remarkably uniform and quite

~ planar (Plate 15d,e). Individual vlaminac, when traced from the base to thc‘tdp of the bed

" across a hummock, extend for 2.6 meters horizontal distance, recording an apparent dip of |

2.8°. True dip of the laminae, restored for dip of beddiﬁg, is 8°, much lower than angle of

. ,reéosc for sand in water — about 34 degrees (Pettijohn et al., 1973l). The upper surface of
this bed is generally flat to slighdy undulating. The eastern limb of one trough is molded
into large;'irregular ripples (Plate 1 5¢). Interestingly, small symmetrical ripples are found _
along a lamina for ~30 cm near the top of the bed (Plate 15¢). In the axis of another trough
the laminae terminate z;gainsf a smooth, sharp, curved surface that is overlain by'1-2 cmof
draping laminae, followed by small, ;traight-crested, symmetrical ripples whose crests ~
parallel the long gxis of the trough (Figure 4.10, Plate 15a,b). On the western lirﬁb the
dfaping laminae parallel the underlying laminae, while on the eastern limb there is sharp

discordance with the undcrlying laminae.




Figure 4.10: Low-angle cross-stratified bed at FD-332.95. Enlargement on left shows
features in the swale. Enlargement on right show the extensive planar lamination.
Further blow-up shows the presence of small wave ripples at the top of the bed and the
upper reaches of one lamina. o : . -
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PLLATE 15: LOW-ANGLE CROSS-STRAT[FIED BED AT FD-332.95 (FIGURE 4.10)

a: Close-up of "b” showing draping lamination and symmetrical ripples as shown in Fig,uré
4.10. Stratigraphic top is up. Scale is 10 cm long. :

b: Upcurrent (western) limb of one swale. Note that the upper surface of in this bed is
parallel to the internal lamination. Stratigraphic top is to upper left. Notebook is 18.5
cm long,

¢: Broad shallow ‘swale’ with evidence for remolding of the upper surface of bed on the
right (eastern) side of swale into large symmetrical ripples. Stratigraphic top is up.
_Notebook is 18.5 cm long.

d: The internal structure of this bed is one of low-angle cross-stratification that is
.remarkably planar and uniform. Stratigraphic top is up. Scale is 15 cm long.

e: Close-up of "d" demonstrates the planar nature of the laminae, even at the base of the bed
where they do not appear to become asymptotic to the lower surface. Note symmetrical
ripples on upper surface and small symmetrical ripples below scale along one lamina
(see text and Figure 4.10). Stratigraphic top is up. Scale is 10 cm long. :
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4.11.1 Process Interpretation

The laminae in FD-332.95, which (1) were deposited at an angle much lower that
than angle of ,repose, (2) contain no internal truncations, and (3) are relatively planar, are
most reminiscent of beach laminae formed from swash-back wash processes. The dip of the
laminae in this bed is in the range reported for beach laminae, which are generally
characterized by long latera) extent and even and rggular thickness of laminae (Reineck and
Singh, 1980, p. 107). Beach laminae usually contain planar imem;l truncation surfaces
(see Thompson, 1937, Figure 2). Objections to a beach origin for these laminae, in
addition to the lack of emergence features in the surrounding beds, include: (1) the overall
bed geometry, which is similar in some respects 10 HCS, and (2) the clear evidence of
erosion on 'downcurrent’ sides of the troughs (downdip direction of lamina;s), and the
conformable laminae on the upcurrent sides (roughly the same angle of dip as the laminae).
These data suggest migration of a low-relief hummocky bedform under conditions of little
or no aggradation. »” |

The migrating bedform would likely have had a slightly higher amplitude, but
postde positional erosion of the ridges reduced the onginal topography. Wave ripples,
formed mainly in the troughs, implicate oscillatory currents in the deposition of the
underlyinvg bed, and suggest that, as with ‘typical' HCS, the upper surface layer of sand
was reworked into ripples as the orbital velocity decreased during the latter stages of
deposition. The small wave ripples on the upper part of the one lamina must have formed
during a short break in deposition when the orbital velocity temporarily dropped into the
ripple ficld. Later migﬁm'on of the bedform buried the partly rippled siipface to preserve it
as a lamina within the bed.

Nottvedt and Kreisa (1987) attribute HCS with asymr"netry in both external

geometry and internal structure (the dips of laminae are nonisotropic) to deposition from
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migrating low-relief megaripples. The HCS beds that these authors describe also contain

convex-up surfaces (preservation of stoss and lee sides), and were therefore formed by
climbing bedforms (internal truncation surfaces dip upstream in the same manner as
erosional -stoss climbing-ripples, but these climb at a higher angle than the stoss side of the
" bedform, preserving stoss laminae). The lack of internal truncation surfuces (form-
concordance) in FD-332.95 is remarkable when one considers that beds with very-low-
angle stratification — from wave-ripple laminae to HCS — are characterized by abundant
internal truncation surfaces. Typical' HCS, as well as the most highly asymmetric forms
described by Nottvedt and Kreisa (1987), contain low-angle truncation surfaces formed
under strong oscillatory flow. In the case of FD-332.95, the lack of these scour-and-drape
surfaces, the lack of convex-up (stoss) surfaces, and the planarity of the laminae is
enigmatic. Some of this may be rationalized in terms of deposition under negligible
aggradation rates. The preservation of the stoss sides of bedforms, whether they be _
climbing-ripples or HCS, is attributable to a high ratio of aggradation rate to migration rate.
Migration of this hummocky bedform well past the time of dcpositior; could explain the
lack of stoss surfaces and inlcr'nal_ truncatidﬁs, assuming they were presént initially, The -
planarity and regularity of the laminae are still particularly disturbing.

There is at present no agreement as to whether HCS is an oscillatory or a combined-
flow structure, although the latter appears to have more support in the literature (see Section
4.10.1). One must question if FD-332.95, and for that matter the beds described by
Nottvedt and Kreisa, might hévc been formed by asymmetrical Q;g_ﬂhﬂgz_y_ flow.
Unidirectionally cross-laminated ripples (and,climbing-n'pplc laminae) have been produced
in flumes under asymmetrical oscillatory flow (Reineck, 1961; McKee, 1965) and are the
most common types of small-scale oscillatory ripple structures in 1}_1.e rock record (Harms et
al., 1982, p. 3-28). These smaller-scale structures are different m fundamental ways from
FD-332.95, but the analogy is presented to indicate that purely oscillatory flow should not
be.ruled out.




412 THIN PEBBLE CONGLOMERATE (PC) BEDS -

These beds consist of thin, leaticular, very coarse sandstone to pebble
conglomerate, with v?u'yin g proportions of finer-grained, well sorted sandstone. These
coarsc-gminéd sediments are found: (1) as thin laminae (minimum of 1-2 grains thick) to.
very thin beds within siltstone, (2) at the base of thick laminae/very thin graded beds, (3)
along cross-laminae or gently undulating parting (amalgamation) surfaces within beds, (4)

on the top surfaces of sandstone beds and (5) within smalil, lenticular, concave-up beds

(Plate 16d). The conglomerates arc dominated by quartz and volcanic clasts, with a small to

moderate percentage of shale clasts or siltstone/mudstone intmclasté. These thin layers are
hi;_:hly discontinuous, but are gcr;éml]y extensive at any particular horizon at the outcrop
scale.

Thcré are several examples in which a thin la)"er.of pebble- or granule-sized grains
- cover an upper bedding surface. At FD-34.9. sub-rounded quartz grains up to4cm in
diameter overlie a thin, clean, coarse/very coarse sandstoﬁc bed. Plate 16e shows lo;v-
angle, cross-laminated, granule-bearing, coarsc,;vcry coarse sandstone that directly overlies
a fine sandstone bed 1-2.5 cm thick at FD-342.05. QuM granules are concentrated along
foresets in this bed. The coarse sediment has a mounded top and thins rapidly. A few
examples were noted in which isolated pebbles were floating within wave-ripple-laminated
sandstone beds.

Small, thin lenses of conglomerate may contain remarkably coarse sediment. A pod
of coarse/very coarse sandstone at FD-58.15 is less than 1 cm thick and only 6-7 cm long,

yet contains a well rounded quartz clast nearly 2 cmin diameter on its upper surface.




PLATE 16: CONGLOMERATES (FA 2)

a: Bedding plane vi ew of ﬂat -pebble conglomemte at FD-162.8. Note gn:y silistone clasts
and darker phosphatic shale clasts. Scale is 15 cm long.:

b: Cross-sectional view of pod of flat-pebble conglomeraxe at FD-158.7. Strangraphlc top
is up. Scale is 10 cm long.

c: Slabbed surface of flat-pebble conglomc'mtc from FD-158.7. Note in'cgular verf thin
clayey siltstone bed and similarity in color and texture o some cla.sts Stratigraphic top
isup. Scale is 1 cm long,

d: Discontinuous lamina of granule conglomerate with erosional lower surface at FD-
341.3. Stratigr‘aphic top is up. Scale is 10 cm long.

¢: This lenticular granule-bearing coarse/very coarse sandstone at FD-342.05 directly
. overlies a thin fine sandstone bed.. Note concentration of granules along low-angle
™ cross-laminae: Stratigraphic tdp is up. Scale is 10 cm long.

{2 Ourtcrop view of Pcbbly mudstone at FD-48.45 . Note clast-nich lower division and .
thicker overlying division with scattered small clasts. Stratigraphic top is up. Scﬂe is
incm.

g: Inthis polished slab of "f", the contact between the lower clast-bearing division and
upper claystone division is very sharp (arrows). The three parts of the lower division
are clearly visible: 'A' sandstone laminae (arrow at base of bed), ‘B’ laminated silt/clay
with large clasts, and ‘C’ clast-rich silty mudstone. The lower division is normally
graded in terms of maximum clast size and reverse-to-normally graded in terms of
average grain size. Note flat to low-angle lamination within the clast-rich lower
division that are defined, in part, by elongate shale clasts. Stratigraphic top is up. Scale
1s 1 cmlong.







4.12.1 Process Interpretation

‘In a facies association dominated by siltstone and sandstone, the presence of

coarser-grained sediments point to special conditions. In marine sequences, thin beds of -
these types are corﬁmonly interpreted as lag or condcnsatiqn deposits. Brenner and Davies
(1973) distinguish between ‘swell lags’ and 'storm lags’. Swell lag's are formed ms_l_x_u by
repeated cycles of disruption and gr;avity settling of sediment that result from pressure
gmdiéms associated with high-amplitude ocean swells. Storm lags are gravels that are
. transported d:;;;;;rms {hrough channels and laterally spfcad out into sheets. The almost
corﬁplctc lack of 'scattcred coarse-ghained sediment in the siltstones and sandslonc_$ with
which these beds are interbedded clearly indicates lateral mmspoﬁ of this coarse-grained
sediment. Transport was often by traction, as attested by granules/pebbles resting oﬁ- iow—
angle cross-laminae. The association of pebbles with wavé;ripple laminae indicates
transport by strong oscillatory currents, proballl y associated with storms. Wﬁcn found at
the tops of beds, pebble layers are diagnostic of storms (Levell, 1980b). |
The extensive (albeit discontinuous) nature of many PC beds may have an analog in

pebble 1~nyers d‘cscn'bed from a number of ancient sequences (Anderton, 1976; Brenner and
Davies, 1973; Johnson, 1977; Levell, 1980a, 1980b: McCave, 1973). Well sorted
sheetlike pebble beds are considered by McCave (1973) to be diagnostic of wave action.

_'Lchll (1980a) presents a model for granule/pebble lags found at the top of sheet
sandstones in Late Precambrian rocks from Finnmark, Norway. These lags are formed by
winnowing of gravel-bearing sand, which implies conditions in which the rate of erosion
‘exceeds the rate of depbsition. Most of the lags described by Levell have evidence of
transpont — some are cross-bedded. The concentration of coarse-grained sediment is

atributed to currents, waves/stomms or a combination. Lags may form jn sity by storm

waves or in the scour pits of migrating megaripples under the influence of strong currents.
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bdring storm.s these megaripples may be reworked, further winnowing and concentrating
gravel-sized sediment. '

ﬁc PC Beds, being significantly coarser graincdlthan the lithologies with which
they occur, were likely transported some distance by storm cdm:nt;s‘ and thcn.'in_cascs.
reworked by waves. In many cases, these lags were deposited in depressions that were
likely created by erosjon just prior to theirdeposition. It is unlikely that these lags
developed in th:: scour pits of nzmigrating megaripples, given the intemal structure and

thinness of the sandstone beds with which they are interbedded.

Flat pebble conglomerates occur at several levels within the FD:and SI outcrops,
The bases of these beds are very sharp, and they rest almost exclusively on fine-grained
beds. Their fabric is one of grain support, with a variable quantity of clean, coarse and very
coarse sandstone matrix (Plate 16b,c). v

Nearly all clasts are of two types: (1) black shale clasts that weather wiI}Ta blue linl'
(revealing their phosphatic nafure), and (2) gray to green siltstone to mudstone clasts.
These clasts occur in subequal proportions. Brown-weathering sandstone clasts and white
quartzite pebbles were also noted in beds at Sagona Island. '

The thickness of the conglomeratic beds varies significantly over short distances.
Ovcf the length of an outcrop these beds are often discontinuous. These include thin
lensoid beds (Plate 16b), with erosional concave-up lower surfaces, that range in lcngl};
from a few centimeters to 70 cm. On a small séalc, beds may have mounded upper

surfaces, with local near-vertical imbrication in the upper parts of the bed. Flat-pebble

conglomerate is also found in the lower parts of sandstone beds. AtFD-161.] , the lowest

" centimeter of a 3 cm thick, parallel-laminated fine sandstone bed is conglomeratic. The
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lower bedding surface is planar, and the conélomera(e pinches out laterally, with the

laminae 'in the overlying sandstone hping over the conglomeratic division.

‘ Locaill);, conglomerate is complexly interbedded with thin siltstone/mudstone
layers. Lenticularity of the different lithologies makes it difﬁcu“lt, in some Qlabs cut from
large rock samples, 10 distinguish between thin siltstone layers and long siltstone clasts

(Plate 16c). B

Both the siltstone clasts and the phosphatic shale clasts show evidence of partial to

complete replacement by amoeboid patches of neomorphic sparry calcite crystals UP 025
mm in diameter. The siltstonc)mudston; clasts are replaced more often, and more
thoroughly, in this way than the black shale clasts. The pséudospar is light colored, as is
the sandy matrix, requiring more than cursory observation to d;:tcnninc the relative, )

abundance of these two materials.

The phosphatic shale clasts are variable in shape. Many are near-spherical or
bladed, but the dominant form is disc-shaped (Plate 16c). There is a general relationship
between shape and size, with the larger grains bcing more disc-shaped and less spherical
than the smaller grains. Most shale clasts are well rounded. Some have sharp edges —
most common in disc-shaped examples — that indicate brittle ﬁacture.‘ Calcite- or quartz-
filled tension gashes pnesént in these clasts do not penetrate the surrounding-matrix,
indicating that Lhe:se were present in the clast prior to deposition. The composition of these
clasts ranges from homogeneous shale to laminated shale to shale with floating medium to -
coarse quartz sand émins to clasts that are nearly 50% sand grains and 50% mud. These
clasts reach large proportions;-the SI-61.3 bed contains one disc-shaped clast whose long
and intermediate diameters are 22 cm and 12 cm, respectively.

'f'he siltstone/mudstone clasts vary from gray (siltstone) to bright green (mudstone).
. These clasts are also elongate in cross scction.v but their three-dimensional geometries are

difficult to discemn on the weathered outcrop. Slabbed hand samples show that these clasts

exhibit evidence of internal plastic deformation; this includes tapered and ragged edges,
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: aﬁgula’r bends, and indentation by 9!hc_r more competent clasts (e.g., black shale clasts)
- (Plate 16¢). A minor percentage of clasts have sharp irregular edges indicative of brittle-
deformation. The color and texture of many clasts are identical 10 the underlying
siltstone/mudstone. Some slab surfaces show the arrested disarticulation of parts of the
substrate to form clasts. - »

The clasts in these beds define a fabric that is highly variable along strike. Clasts
may be found at any angle to bedding, including vertical. The dominant fabric is one in
which the tabular clasts have their long and intermediate axes parallel or subparallel to
7 ‘bedding. Most samples contain domains in whichﬂclasts are imbricated at an angle to
beddiélg. Large domains with jmbﬁcation angles of 30 degrees from beddin are not
unusual. Some small domains may exhibit hearly vertical imbrication.

4.13.1 Process Interpretation: Flat Pebble Conglomerate Beds -~

The sharp, primarily concave-up, lowér surfaces indicate erosion of the uhdcrlying
h substrate prior to deposition. These lenticular beds record the conglomeratic infilling of
shallow scours or channels. One might specﬁlate that despite the lack of three-dimensional
exposure the consistent thinn\:;s and limited extent of these beds as seen m two dimensions
indicates that the scours were not very extensive, even élong their long axis. FD-161.1,
described above, is the one bed in which thc‘ lower bedding surface is demonstrably planar.
This bed is difficult to .imcrprct'bccausc deposition of the conglomerate may have been
synchronous with the overiying sandstone, or may have Vpreccdcd it by a short period. If
the latter is true, then the cqnglomcratc stood up in relief above the sea floor. Either way,
the déposition was not preccdcd by erosion directly under the bed at that particular locat;on.
In another case, relief above thc'sca floor is indicated by the irregular, mounded upper

surface, with local vertical packing. This resulted from deposition and reworking of a




““Tucker, 1968, 19697 Sandérson and Donovan, 1974). Most ancient flat-pebble
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small, conélomcmtic, low-relief 'bar, possibly by waves (see discussion of fabrics
below).

The siltstone/mudstone clasts were in various stages of consolidation at the time of
crosi'qnﬂand deposition, showing evidence of both brittle and plastic deformation.
Semilithified clasts were plastically deformed by inieractions with surrounding, competent
clasts. The lithologic similarity with the surrounding fine-grained bcd‘s and the rhcblogic
behavior indicates that these siltstone/mudstone clasts are rip-ups of the underlying
scdﬁnent surface. Similar squeezing and distortion of clasts are recorded in flat-pebble
conglomerates described by Berg (1975). | "

The black 'phosphatic shale clasts show no indication of plastic dc%ommtion. Their
well rounded, tabular shapes, quartz-filled tension gashes and sharp, broken edges indicate
that these clasts represent long-feworked, lithified fragments of shale and sandy shale that
deformed britti$ly.

There are several published accounts of modern cxémplcs of vertically imbricated

flat pebbles (Dionne, 1971; Sanderson and Donovan, 1974)'and shells (Greensmith and

' .

conglomerates have fabrics similar to these CIF examples — dominantly flat-lying and less
well sorted than the modem examples (McKee, 1945;' Roehl, 1967; Jansa and Fischbuch,
1974; Kazmierczal and Goldring, 1978; Chow, 1986).

Winnowing by currents is indicated by the quartzitic, mud-free matrix. This is also

supported by the Jocal development of imbrication, especially the small microdomains of

near-vertical imbrication. Well sorted flat-pebble conglomerates with consistent vertical

packing of clasts (see Roehl, 1967; Sanderson and Donovan, 1974) represent a more

~ reworked state than thcs"e CIF examplcﬁ, which arc more poorly sorted and predominantly

have bcdding-pafallcl fabrics. The polymictic nature of the conglomerates and the 'exotic’

nature of the shale clasts indicates at least modest transport of the shale clasts to their site of
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deposition. The large size of the clasts in these beds and the fact that semilithified, fine-

grained sediments were eroded prior to déposition iﬁplics high-energy current conditions.

~ The following discussion is based solely on bnc interval (primarily oné 5ed)
exposed at FD-48.45. Plate 16e,f should be referred to for the followmg descnpnon This
bed is wclk graded, with the grading defined on a number of different criteria. The bcd is
normally graded overall, with a distinct grain size brcak_ncar the base that divides lhc bed
into a lower clast-rich division and an upper ﬁnc-graincd division. The lower division is a
matrix-supported sand- and pebble-bearingsilty mudstone of variable thickness (3-4 cm
average). The dpper)division is a normally graded, green cléys-lonc with thin silt laminae ot

the base and widely: scaticred sand grains throughout. The thickness of this upper division

" is difficult to discern, because the top of the bed is difficult 1o define in the outcrop, but it'is

at TEast 10 cm and possibly as much as 20 cm. The contact bctwccn these divisions-is
deﬁncd by a sharp color contrast as well as by an obvnous grmn sxzc difference.

The lower clast-rich division is quite variable bolh laterall y and vertically. l(

~ consists of subround to round, fine sand to pebble-sized clasts of various composmons

supported by a matrix of green-grey clay and fine silt. This coarser fraction makes up
approximately 25% of the lower division. The clasts are ﬂoa(iné in the _ﬁne-grainca matﬁx. »
yet along strike there is variability m the degree to which clasts are found in point contact. )
Thé lower division can be subdivided into three parts. At the base isa- - _
discontinuous, and sometimes wispy, véry fine-sand lamina. The maximum thickness of
this sand lamina is 3 mm. Even where this lamina is missing, the cdntras! is sharp between
the pcbbly. lower division and the green mudstone that underlies this bed. Above this sand

lamnina is 5-8 mm of interlaminae of clayey siltstone and claystone with widely dispersed
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large pebbles. The third part of this lower division is 2-3 ctn of silty claystone with

abundant, pormally graded. sand to granule sized clasts. Ignoring the thin sand hmina at

_ the base, the whole lower division can be considered normially graded in terms of .

maximum grz;in size (pebbles to granul;s to various grades of sand). The transition from
}hc lower parts of this division to the graded clast-ricl: horizon makes the whole lower:
division inverse-to-normally graded in terms of average grain size.

In some places, elongate shale clasts and sand grains in the Lower division are well
aligned, forming horizontal or low-angle planaf laminae that alternate with clast-pobr silty
mudstone laminae. The laminae may be difficult to define, but an estimate of thick_ncsﬁ for
the coarse laminae is 1-2 mm, and for the silty mudstone laminae, 1-3 mm. )

The clasts include wh’ile to pink quartz grains and clasts of siltstone and dark shale.
The latter are in most cases cloﬁgare and range compositionally frorn homogeneous §halc 10

laminated shale to shale with floating sand/silt grains. These shale particles reach.

- dimensions of 1.8 cm X 3 mm in cross section. Cross-sectional diameters of the more

sphcr_«ical quartz grains range up-to 11 mm.

The upper division of this bed consists of 10-20 cm of claystone contafining

approximately 15% floating detritus. Most of this detritus is very fine sand, while a fraction

_consists of medium to coarse sand-sized quartz and sedimentary rock fragments and

elongate black shale clasts (4 mm maximum length). The elongate clasts are predominantly |

oriented parallel to bedding—The initial 3-4 cm that immediately overlies the lower clasi-n'ch

‘division consists of light-colored claystone with wispy, irrégular, thin silt laminae. These

laminae die out rapidly above into'siltstone with only rare, discontinuou§ silt laminae.
Normal grading in this'division may be defined on the percentage of silt and on the
dbundmcc (but not size) of floating coarse gfains. -

A centimeter below this bed is a thin (<2 mm) discontinous very fine sand lamina
similar in character to the basal lamina in the bed above. The intervening green claystone.

contains widely dispersed clasts of similar composition to those described above. The
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matrix is relatively homogeneous and the clasts, although less abundant than in the bed

above, are r‘cmarﬂably large (up 1o 1.5 X 1.5 cm). A _

4.14.1 Process Interpretation: Pebbly mudstone bed : ) /
¢ L

The bed described above is surprisingly complex. The variety of well preserved

_depositional fabrics in this bed indicates that the presence of matrix-supported clasts is not

related in any way to f)osldcpositional processes (e.g., inmixing by burrowing organisms).
Pebbly mudstones are characteristically intcrprctéd as debnis flows (e.g., Hampton, 1972;

Crowell, 1957 — although Crowell did not specifically use the phrase ‘debris flow, he did

. talk about "viscous sluggish slumps” p. 1004). The matrix—supponcd fabric of this bed

does indicate that at the time of deposition the flow had some degrcc of matrix strength.
The clast density and number of clast contacts is greater than the more 'typical" pebbly

mudstones described in the literature (Aksu, personal communication). In a few places

" along the length of exposure of the bed it appears that the density of clasts is significant
\

enough to warrant the consideration of dispersive pressure as a support mechanism during
transport. The style of lamination in the upper division seems too regular and organised for
debris-flow deposition, yet sand is dispersed in the fine-grained matrix. These data suggest
that the depositing flow was likely of intermediate character, involving a number.of
different support mechanisms ihat_changed with time.

The inverse-to-normal grading in the lower, coarse-grained division is similar to
that described by Aksu (1984) for inferred Quaternary debris flows bin Baffin Bay. At the
base of debris flows, é zone of strong shear is éharacterizcd by decreased strength and -
competence, making inverse grading likely at the base of debrites (Hampton, 1975).

Stratification in debrites, with elongate grains parallel to flow, reflects laminar flow

conditions (Fischer, 197 l).> The laminae in the normally graded part of the lower division

of FD-48.45 could be attributed to sorting along shear planes at the base of a rigid plug




~ amass settling event. If this flow was uniformly turbulent and dilute, the coarse grains
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exhibiting discontinuous, downwaid growth during ffeczin g of thc flow (Hampton, 1975;
~ Aksu, 1984). However, laminae in dqbﬁs flows are typically qu_ite crude, while in this
facies they are on a very fine scale. The ﬁlativcly-high concentration of coarse grains a}d
the presence of thin laminae may inliicaté that this bed was deposited by a dcbn's flow with
a lowereq density and viscosity.”

. The charactey of the upper division suggests even more dilute flow with
significantly less strength. The silt laminag that characterize the lower part of this upper
division are simiiar to Stow and Shanmugam’s (19805 T4 and Ts laminae described for (
fine-grained turi:ﬁ.tcs. The matrix-supported 'f_a‘bn'c is in'tcrprcted as a function of matrix

strength. The presence of silt laminae and the high clay content of the matrix argues against .

would have settled Yo the base of the flow. The flow associated with the upper division of
the bed was probably'a slighdy diluted, paﬁly turbulent debris flow. The dilulior;, and
therefore the degree of turbulence, may have been more impona.ﬁt at the base of this upbcr
division, where the turbiditelike laminac arc best developed. =

The nature of the Somacl between the upper and lower Qiﬁsiéns isa rapid
" gradation, showing no evidence of an erosional or depositional time brt;ak. If these
divisions were not dcposil'cci by two temporally distinct flows, a mechanism would be
required to generate two different density regimes within one flow (ie., a stra(iﬁcd ﬂaw).

" Perhaps the ‘uppcr division represents a low-density cloud of sediment formed by the

stripping of sediment off of li:e upper surface of the debris flow during transport. The
shear associated ‘with downslope movement of the debris through water would allow for
erosion and mixing of ;c,cdimcm above the dc’bris flow. In the expertments by Hampton
(1972), debris flows with moderate water content (70-75%) formed denser clouds of
suspended material than did flows with lower water content. The sediment, supplied by
erosion of the snout, travelled backwards and mixed with the overlying water to form a

" cloud. In a natural setting, this dispersion, moving slower than the head of the debris flow,
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Awould flow downslope over the top of the debris after it had come 1o rest. bcpcndiﬁg on
the. dua,mity of sediment thrown into suspengion, and the qﬁantity of fluid inmixing, the
rcsultig'g dispersion might bcr of 'vériablc characler. but with (urbulencc a very l'ikely_
attribute (Fisher, 1983). Whethera surface transformation’ (FlShCl’ 1983) as described by.
Hampton (1972) could yield a slurry with any strength — the upper divison does have
medium/coarse sand-sized grains — has never been demonstrated.

Assuming that the lower division of FD-;18.45 wa'\s_ transported predominantly as a
debris flow, an attempt is made to calculate the strcng.th, (;f liu: flowing debris and the slope ‘
on which it came to rest. Two parameters of the flow must bc estimated in order to pcrform :
thcsc calculations: dcnsnty of debns (for calculation of sm:nglh and slope) and thickness of '

“bed at time of deposition (for calculation of slope). Modern subaetial debris flows have |
densities from 2.0-2.4 g/cm3. Lintle is known about ihe densities of modemn suhaqueoﬁs
debris flows, but an estimate of 2.0 g/cm3 seems reasonable (Hiscott and James, 1985, use

/2.2 g/cm3 for subaqueous flows in tbc €ow Hgd Group). A value of 8 cm, which is twice

the thickness of the lower clast-rich division, is used as an estimate of original bed
thickriess. This value seems x‘eéspnable given the mud/silt content, and agrees ‘wid’\
estimate’ of compaction derived from carbonate conc;'etions in the CIF. These estimates
have been bracketed 10 cover ‘a range of possible values. The upper and lower density
ranges pickc;i wcn;. 1.5 and 2.4 g cm-3 for density and 6 and 10 cm for bed thickness (1.5
and 2.5 times observed bed thickness). Debris strength can be calculated based on
maximum clast size (Dyy,,,) using the formula

Dmax= 8.8k/g(s-0
where k is yield strength, s is dcnsxty of the clast, fis densuty of the fluid matrix and g is
the gravitational constant (Hampton l97()) Using a Dy, of 1.1 cm and a value of 2. 65
(quanz) for s, strength values for fluid densities of 1.5, 2.0 and 2.4 g cm3 are given in
Table 4.1. These values were used in estimation of slope (Hampton, 1970) using the

formula
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f k B T, " §in ) Slope
(g cm-1)  (dynescm-2) (cm) (degrees)
15 140.9 6 0479 2.746
10 0288 1.650
24 30.6 6 .0037 0.212
10 0022 0.122
2.0 797 8 0102 0.584 .

TABLE 4.1: Debris strength and slope estimates for FD-48.45. Debris suengi‘h‘xvas

calculated from maximum clast size Dmax using Hampton's (1970) formula
—Dmax=8.8k/g(s-f), where k=yicld strength, s=density of clast, f=density of fluid

matrix and g=gravity constant. The calculations are based on a measured value of D,,,
of 1.1 cm and a clast denshy (s) value of 2.65 (quartz). Three bracketing values of
strength were calculated using fluid matrix densities (f) of 1.5, 2.0 and 2.4g cm-2.
Slope estimates were calculated using Hampton's (1970) formula Tc=k/ysin ¢, where
T, =critical thickness, y=unit weight of debris and e=slope angle. Slope calculations
are included for upper and lower bracketing values of fluid density and bed thickness.




T.= k/ysin e
where T, is critical tjickness, y is unit weight of dcbns and 9 is slope angle. Table 4.1
. contains the slope caLcu_lauons using lhc upper and lower bracketing values of fluid density

-

and bed thickness. The calculated minimum value of slope is 0.126 degrees, and the
maximum'‘is 2.746 dg grees. Using the assumed values of T.= 8 cm and f=2.0 g cm3, the
strength of the flowipg debris is estimated at 79.65 dynes'cm-2, with depésition on a slope

estimated at 0.584 dfgrees, - 7

" The term "‘gutt r cast” has been used by v:irious workers to refer to erosional
jsth:c;ures that range frdm downward-bulging sole structures to isdlatédﬂchannels. The
following discussion wil\ refer almosvexclusively to decp, narrow, crosil'onal featﬁrcs
which occur isolated or ‘dpnnected’ by an overlying thin sandstonc bed (e. g Plate 17¢).
Pot casts (cylindrical pillags of s:mdstonc) are also prominent features of F.A. 2. ’

. Thci gutter casts of this facies association show variability in lithology and in
geometry, as secn in cross section (Figure 4.11; Platé 17) and plan view (Figure 4.12;
Plate 18). The gutter casts are dominantly composed of fine sandstone, and less commionly
of whitc-wcaihcring. well sorted fine to medium sandstone (Figure 4.11d; Plate 17¢) and

_granule to pebble conglomerate (Figure 4.11k; Plate 17b). The latter consxsts of phosphaue
shale clasts, green siltstone intraclasts and large quartz pebbles set in a wcll sorted mcdmm
to coarse sandstone. Cross sections. perpendicular to the long axes of the gutfer casts show |
the long axes of the clast§ to be dominantly paralleT to bedding, with a few cases showiné
local imbricationﬁof the clasts at the sides of the structure. These conglomét:atic bcd'; also
shbw weak nommal grading. The sandstone gutter casts are most commonly either massive

. or planar-laminated. Oscillatory-ﬂow-rypc laminae, including low-angle wavy, draping» and

)

>




. . . ‘

Figure 4.11: Schematic diagram of cross-sectional views of gutter casts. Labels "a" to "k"
are referred to in text. Gutter cast "f" is unusual in that it has a lower projection that
may link up with a sedimentary dike. The presence of current-generated markings rules
out an ‘injection’ origin for the cast, but this association of features was noted in
several beds.

-

~
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Figure 4.12: Schematic diagram of Plan vie®wT of gutter and pot casts. Labels "a” to "g" are
referred 1o in text. . :

{f) The trend and plunge of the long axes of pot cast "A” and the mold left by the
cxcavation of pot cast”B” is toward the left (roughly northeast). Potcast "C” indicates
a long-axis trend and plunge towards the right (southwest).
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PLLATE 17: GUTTER CASTS (FA 2) I o=

a: Flat-bottomed, steep-walled gutter cast. Bending of the gutter cast and overlying
sandstone laminae is attributed to compaction. Note irregular injection feature
(arrowed). Stratigraphic top is up. Black division on scale is 10 cm.

b: Irregular V-shaped conglomeratic gutter cast. Note large quartz clasts up to 1 cm across.
Stratigraphic top is up. Scale is 2.5 cm wide.

¢: The internal lamination of this hour-glass shaped gutter cast is slightly disturbed by
compaction. The locally overhanging wall (on the left) is considered an original
feature. Stratigraphic top is up. Black division on scaleis 10 cm. ‘

d:-This gutter cast also has ovcrhariging margins near the base of the structure. Note
asymmetry and mild bending of laminae. Stratigraphic top is up. Divisions on scale are
10 cm. >

¢: Rounded symmetrical gutter cast at base of quartzarenitic sandstone. Stratigraphic top is.
up. Divisions on scale are in cm.

f: Bilobate gutter cast with steep wall on left and more gentle wall on right (base highlighted
in ink). Stratigraphic top is up. Scale is 15 cm long.

g: Three dimensional view of steep-walled, U-shaped gutter cast. Note small trace fossils
and spiraling (?) groove marks on the side. Stratigraphic top is to upper left. Scale is
2.5 cm wide. :
* \
h: Slightly-oblique cross-sectional view of large, wide gutter cast. The well-defined
laminae (lower right) are within a partly-formed carbonate nodule. Stratigraphic top is
up. Divisions on scale are 10 cm. '

i: Close-up of "h" above showing parallel lamination (in nodule) that are overlain by
climbing wave-ripple lamination. Stratigraphic top is up. Scale is 10 cm long.







-

PLATE 18: GUTTER CASTS - PLAN AND SIDE VIEWS (FA 2)
a: Sinuous gutter cast. Bedding plane view. Scale is 10cmlong.

b: Oblique view of the side of an isolated gutter cast (no overlying sandstone bed) from
GB. Stratigraphic top is to upper right with the maximum thickness of the gutter cast
on the left. Note erosional termination of underlying sandstone bed. Post-depositional
trace fossils are only found along the sole on the right, on upper portion of wall near
the top of the gutter cast. The thickness normal to the top of the gutter to which these
burrows are found is approximately 3.5-4 cm. Scale is in cm.

¢: The geometry of this gutter cast is straight to slightly irregular in‘plan view, Note
widening of gutter cast opposite scale. Divisions on scale are 10 cm.

" d: This bedding plane view shows pinch-out of a gutter cast toward the northeast
(background). Divisions on scale are 10 ¢m.

¢: Bedding plane view of two gutter casts with wave-rippled upper surfaces. The guttog cast
on the left has multiple sets of ripple crests. See Figure 4.12a and text for details.
Divisions on scale are 10 cm.
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offshooting laminae and climbing symmetrical-ripple laminae, have also been noted in the
upper @ions of some beds. Subtle disconformities within the internal stratification of
gutter casts were noted in only a few cases. Amalgamated gutter casts are also uncommon.
Carbonate nodules are found within these beds (Figure 4.11g; Plate 17h,i), and in many
cases the entire bed experienced early carbonate cementation.

The cross-sectional shapes of these gutter casts range from symmetrical (Figure
4.11a,d k) to strongly asymmetrical (Figure 4.11h), and include U-shaped, bilobate
(Figure 4.111; Plate 17f), V-s.hapcd (Figure 4.11k; Plate 17b), semicircular (Figure 4.11d;
Plate 17e), flat-based forms (Figure 4.11c; Plate 17a) and wide, shallow forms (Figure
4.11g; Plate 17h,i). Extremely steep to overhanging walls are common (Figur\e
‘4.1 lc,e.f.h; Plate 17a,¢.d). Compaction has altered the shape and internal stratification in
some of these beds (Figure 4.11c,e; Plate 17a,c). Cross-sectional views that are parallel
or nearly parallel to the long axes of these gutter casts are wide and shallow. 'f"he ratio of
maximum width to maximum thickness (taken roughly normal to long axes of the gutier
casts) for a small sample of jsolated. gutter casts (n=16) is 2.6, with ratios noted as low as
0.4, Average maximum width is 9.1 cm and average maximum thickness is 6.2 cm. The |
thicknesses are generally one or more orders of magnitude thicker than the sandstone beds

with which they are intercalated.

Sole markings are common features along the sides and bases of these beds. The
markings include groove marks, poorly developed prod and flute marks, and
postdepositional trace fossils. Groove marks are generally parallel to subparallel to the long
axes of the gutter casts and circular to downward-spiraling on pot casts. In the case of one
sinuous gutter cast, grooves on the wall are parallel to the gutter between meanders and
;;lungc obliquely downward along the ‘inner’ wallof the gutter at the meander bend (Plate
17g). Trace fossils on the walls of isolated gutter casts are found to a depth of only 3-4cm
below the paleosurface; deeper surfaces of the gutter cast are either srnooth (Plate 18b) or

bear current marks. The traces are generally small and show no evidence of fluting.
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The plan-view shapes of the gutter casts vary from narrow (Figure 4.12d-g; Plate
18a and 19a,b) to wide (Figure 4.12a,c; Plate 18¢,d,e) and straight (Plate 18¢) 1o sinuous
(Figure 4.12d,f,g; Plate 18a and 19b) to highly irregular. The long axes of 90 gutter casts
measured at FD (Figure-4.13b) show a strong northeast-southwest orientation. Full three-
dimensional views of several sinuous gutter casts show that their geometry is comparable
~ 1o modemn meandering rivers in that cross sections perpendicular to flow are strongly
asymmetriéh] on the bends, with the steep to overhanging walls on the outside of the
meander bend. Well defined sinuous gutter casts are thin, with widths less than a few
centimeters. From the small number of observed sinuous gutter ca.sts it appears that the
thinner ones are also more sinuous. Numemus examples of bifurcating gutter casts were
noted, as well as those that taper and pinch out along strike (Plate 18d). All of the
bifurcating beds that were noted had their ‘forks’' opening toward the northeast, and nearly
all of those that showed pinchout did so towards the northeast as well. The upper bedding
surfaces of some gutter casts are covered with symmetrical ripple marks with high spacing-
to-height ratios. The crests of these ripples are generally perpendicular to the trend of the
gutter cast, but beds with multiple directions were noted. The crest orientations appear to be
controlied by the plan-view geometry (Figure 4.12a; Platc 18e).

In some cases pot ca:ets are closely associated with gutter casts. Gutter casts are
seen originating from and ieading into, then out of, pot casts (Figure 4.12¢ e.f; Plate
19a,b). One interesting example is shown in Figure 4.12f (Plate 19b),. where a slightly
sinuous gutter cast leads into the mold of a pot‘ cast, which leads to a thinner, more sinuous
gutter cast and finally into a small pot cast. The pot casts in this facies association have a
wide variety of shapes and sizes. Most are composed of sandstone without a basal lag,
while others are conglomeratic. These pot casts commonly weather out as partially free-
standing structures. They range from discs to Tounded loaflike forms (o tall pillars. They

«

range from remarkably small ( cm in diameter) to large (ncarly 20 ¢cm in diameter; Plate




PLATE 19: POT CASTS (FA 2)

a: Pot cast found along the length of a gutter cast. Bedding plane view. Scale is 10 cm
long. ~ .

b: Bedding plane view in which northeast is to the left. The large pot cast to the left of the
scale has its central-axis plunging roughly south. Above the scale, a small pot cast and
an exhumed (larger) pothole are found along a gutter cast that is wider and slightly
sinuous on the right and thinner and more sinuous on the left. The central-axis of the
small pothole plunges toward the northeast and the shape of the exhumed pothole
indicates a similar tilt. See Figure 4.12f and text for details. Scale is 10 ¢m long.

¢: Bedding plane view of two pot casts. Pot cast at top of photo widens and spirals
downward. Divisions on scale are 10cm.

d: Oblique view of prominent-weathering pot cast with wclldcvelobcd downward-spiraling
shape. Scale in foreground is 10 cm long:

e: The shrinkage cracks on the upper surface of this pot cast are the only ones noted on any
pot or gutter cast, or any beds with which they are intercalated. Scale is incm,

f: Cross-sectional view of a downward-widening, asymmetric pot cast. Divisions on scale
are 10 cm. ‘

g: Oblique view of bowl-shaped pot cast. Concentric grooves are visible on sides. Scale is
incm.

h: Bedding ‘plamc view of very large pot cast exhibiting a slight tilt of the central axis toward
upper night. Black division on scale is 10 cm.

i: Loaf-shaped, downward-widening pot cast with grooves on side. Stratigraphic top is up.
White division on scale is 10 cm.

J: Sharp rectangular cross-sectional shape of this pot cast is unusual. The pot cast shows
grading from laminated fine sandstone to massive to subtly-laminated very fine

sandstone. Stratigraphic top is up. Width of scale is 9 cm,
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191). Numerous examples were noted in which pot casts widened downward (Plate
19¢.d.f,1), and a few well exposed exanﬁples had a snaillike or corkscrew shape (Plate
19¢.d) sirﬁilar to potholes found in bedrock along modem rivers. The bottoms of pot casts
‘are commonly deepest around the outside, with a central erosional high: the form resembles
the buse of a wine bottle. Shrinkage cracks were noted at the top of one pot cast (Figure
4.12b; Plate 19¢). The central axes of the pot casts are commonly til}cd fromthe
paleovertical (<30°) (Plate 19c.d.h.i); measurements of the direction in which these

potholes tilt (given as the trend-direction in which the ceneral axis plunges) is given in

Figure 4.13a.
4.15.1 Process Interpretation

The term "gunier cast” was first used by Whitaker (1973) for downward-bulging
sole structures and isolated channels in Llandoverian rocks in Norway. The gutter casts
were interpreted to form from current erosion. Erosional structures of a variety of sizes and
shapes have been described in the literature using a host of difi‘crcnl names such as priels,
furrows, Rinnen. Erosionrinnen. large groove casts, rills, cut-and-fill, scour-and-fill, and
gouge channels (Table 4.2). The wide rrmlgle of size, shape, lithology and internal stuctures
of these emsional structures arguc that tr'1eir origin is polygenetic. This may be true for the
gutter casts in F.A. 2.

Field observations are in agreement with Whitaker (1965.1'973) that there1s a
continuum between isolated or "separated” gﬁ(ter casts.and those connected by an overlying

-bed that may be a small fraction of the thickness of the gutter cast to several times its
thickness. It is reasonable to assume, as Whitaker suggested, that the control on this
variation is one of sediment supply. Separated types are formed when there is insufficient’
sediment to form a complete bed, while the other types form under conditions of higher

sediment supply.




Figure 4.13: Rose diagrams: (A) trend associated with direction of plinge of the central
axis of pot casts (n=31), and (B) trend of long axes of gutter casts (n=90). Data frnm
the lower 35 meters of the Fortune Dump section. -
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There are two main phﬁscs in the dcvclépmcm of these gutter casts: erosion,
followed by deposition. The timing between erosion and deposition not only may be
difficult to ascertain.but also may vary from bed to bed. Goldring and Aigner (1982)
present criteria for recognizing time breaks between erosion and deposition. These criteria
include: (1) fine-grained and banded (heterolithic interlamination) fills, (2) the history of
colonization and/or trapping of organisms, and (3) evidence of predepositional
bioturbation. Close examination did not reveal any fine- grained gutter casts, and there 1s no
sign of predepositional colonization, borings or burrows. The burrows on the base of the
. gutter casts are considered postdepositional because: (1) they are not fluted, and (2) they
extend only a limited, yet consistent, depth below the ancient sediment-water interface. A
preliminary study of the sandstone beds in F.A. 2 by the author and G. Narbonne (data not
. included in thesis) indicates that the depth of burrowing by infauna during the deposition of

the Lower CIF was ~3-4 cm. Sandstone beds greater than this thickness show no evidence

of postdepositional burrowing. This is consistent with data from the ‘guuer-cast beds. All of

the above observations support a relatively short time between cutting and filling of the

gutter cast beds in F.A. 2.
In some CIF beds steep side walls are obviously due to differential compaction
(Figure 4.11c), while many clearly represent an original erosional geometry (Figure
4.11¢,h). Goldring and Aigner (1982) consider sandstone gutter casts, especially with
steep to overhanging margins, as early-filled structures. Overhanging walls must have been
"very common in the CIF potholc;, because many if not most pot casts are tilted and/or
widen downward. Even in quite cohesive sediments, however, such steep walls would not |
be expected to endure the combined influence of waves and sediment-laden currents for a
prolonged lcnélh of time.
The process of fluvial pothole gmsion was thoroughly covered by Alexander

(1932), who studied the potholes found in bedrock in glaciated regions. His conclusion
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that these were formed by the grinding action of tools (s;ml to boulder size) carried by

stationary eddies replaced the longheld belief that they were formed by vertically plunging
water (see review by Higgins, 1957). The characteristics of bedrock potl;olcs are
remarkably similar to the pot casts from F.A. 2, and are considered good analogues in
terms of process. One major difterence is that the CIF potholes were eroded into a
semicohesive to cohesive substrate of clayey silt, and bccausgvpf this, cn}ren,ts alone could
fomlha pothole without the need of a large tool. The presence of delicate groove marks on
the side of the CIF pot casts indicates that sand-sized sediment may have aided in the
erosion of the pothole as an abrasive agent. Alexander (1932) dcmoﬁstmlcd that the flow
within.potholes takes the form of a jet thatenters at one side of the pothole and spirals
downward along the oﬁlcr wall to form a vortex, with flow returning upward through the
center of the vortex. The axis of the vortex is not vertical, but forms a spiral. “The working
end of this axis is obliqucly directed and off center at the bottom of the tube, and this off-
center position moves about the axis of the pothole as it is deepened. The spimi vortex acts
as a sort of spiral tool and under favorable'and constant conditions dnlls into the rock in
‘corkscrew’ fashion, thus giving rise to spiral fluting” (Alexander, 1932, p.‘322). The
pattern of grooves and the geometry of some pot casts in the CIF indicate a similar ongin.
The occurrence of a spiraling 6r ropelike pattern of grooves on the soles of gutter
casts has led to the suggestion that they are formed by helical flow of currents moving
parallel to the long axes of the gutters (Williams, 1881; Schroder, 1965; Bridges, 1972;
Whitaker, 1973). Other authors (Kuenen, 1957; Wood and Smith, 1957; Prentice, 1962;
Aigner and Futerrer, 1978) describe parallel or near-parallel onientations of sole markings
(grooves, prods, flutes) that also argue for unidirectional flow as the agent of erosion. On
the other hand, Allcn'sl(1962) ‘elongate flute marks' have unoriented prod t_narks and
Bloos's (1976) gutter casts have bidirectional prod marks, which raich the possibility of

erosion by multidirectional and bidirectional currents. The longitudinal grooves of the CIF




gutter casts — and the one example with suggestions of a spiral pattern — argue for
erosion by unidirectional flow.

Another indication of unidirectional flow is the observation that some gutter casts
originate from potholes. Aigner and Funterer (1978) noted gutter casts in the field that had
pot casts at one end and gradually died out at the other. They suggested that these potholes
and gutters are produced by currents interacting with obstacles forming horseshoe hollows
that were later developed into channels in a downsuream direction. They simulated these
conditions in the laboratory and created what they considered similar—iooking potlike and
channellike scours. In the few examples in the CIF in which a gutter éast is seen to
originate from a pot cast, the pot cast was on the southwest end of the structure, which
would support unidirectional flow toward the northeast. The origin of gutter casts outlined
by Aigner and Futterer may be applicable toonly a small percentage of CIF gutter casts.
The main evidence against such an origin for most of these guttci casts is that (1) there are
very few examples in which gutter casts are directly associated with potholes, (2) many
gutters are very extensive and of remarkably uniform width for several meters, and (3)
some gutter casts are wider than any of the observed potholes.

In Aigner and Futterer's cxberiments the hollows (potholes) that formed around
obstacles became deeper on their upstream end and shallower on their downstream end,
where they eventually graded directly into a gutter. The resulting 'tilt’ of the hole (ccntrzﬂ
axis plunging upstream) corroborated their field observations in which pot casts were
similarly tiltcd with respect to the inferred (unidirectional) paleocurrents. If, as the work of
Aigner and Futterer indicates, the 'tilts’ of pot casts have paleocurrent significance, then the -
bimodal-bipolar data on pothole tilt for F.A. 2 (Figure 4.12a) would suggest the influence
of bidirectional currents such as tides (the strong mode to the southwest would suggest
more active flow to the ﬁonheast. as the experimental.data suggest 'upcurrent’ tilﬁng). This

means either: (1) flow was bidirectional, (2) both unidirectional and bidirectional currents -

were opcrafing at different times, or (3) the polarify of the tilt of a pothole can vary under
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unidirectional flow (i.c., central axes of adjacent potholes tilt upstream or downstream).
The third possibility is preferred based on the lack of supporting evidence for bidirectional
flow and the facts that: (1) the pinchouts and bifurcations of gutter casts are preferentially

. oriented toward the northeast, (2) those guttcf casts that onginate from pot casts suggést
northeast flow, and (3) the sandstone beds with‘ which these features are intercalated
contain abundant edldence that the initial stages of deposition of these beds took place
under northeast-directed unidirectional flow (see Chpt4). The possibility that some or all of
the pot and gutter casts were formed by oscillatory currents (waves) is considered unlikely
given the features observed. |

The differences in the plan-view geometry of CIF gutter casts r;my be related to
flow par;melers such as veloity, intermittency of flow, and patterns of water motion.
Straight, well oriented forms suggest regularity in flow, possibly associated with
longitudinal vortices (Willia.ms, 1881). Sinuous gutter casts show numcrous features, in
addition to spiraling grooves, that suggest erosion by longitudinal vortices in a manner
similar to modern rivers (see Bridges, 1972; Whitaker, 1973). It is likely that the narrow,
sinuou§ gutters in the CIF formed from slower flows, and that wider, straight to highly
irregular chanhels form from faster flows tha'l »yould tend to cut through the meander
bends.

As discusgcd above, lh_'c' 'depositional’ stage in the formation of the gutter casts
appears to be one of rapid accumulation of sediment in freshly croded scours. The massive
and uniform parallel-laminated natyre of most of the sandstone beds supports this
i‘nterprctario‘n."l‘hc ripples found on the top of scveral'guncr casts are considered wave
ripples on the basis of their symmetrical profile and their extremely large spacing-to-height.
ratios. These ripples and the oscillatory-flow-type ripple laminae in the upper portions of
some gutter casts indicate that waves influenced the late stages of deposition of these gutter

_casts. The thickness of the gutter casts (generally 10-100 times thicker than the associated

sandstone beds) and the evidence for rapid infilling of the gutters is compatible with

~
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deposition under thick sediment flows that deposited seciiméni almost exclusively in the
gutters.

In at least one example (Fu,ure 4.12a), it appears that the erosional structure may -
not have been (,omplclcly filled during the deposmonal stage, so that lhc lip apd the shapc
of the scour affected the flow. The pattem of ripple-crest orientations in Figure 4. 12a, with
crests transverse to the gutter in its narrow portion and nearly parallel to the gutter in the
widened portion, indicates that both directions of oscillatory ﬂow may have operated
51multane0usly, as neither set of crests shows evidence of superposition or modification of

g \hc othe.[ This variable orientation of ripples is best explamed as a wall effect that is in pm
Lovemcd by 1hc ovcrall gcomctry of the scour.
In summary, the characieristics of the gutter and pot casts indicate that: (1) despite

~ some ambiguous, and possibly contradicliné, evidence, crosion is thought to have been
caused by unidirectional (possibly reversing '.5) flow; (2) the timing between etosion and
scdianl infilling was short, possibly only a few hours or less; (3) in at least a few cases,
nblably the small sinuous gutter casts, longitudinal helical flow is suggested; (4) potholes
were formed by stationary eddies in a manner similar to that outlined for bedrock potholes,-
except with currents causing the erosion (with sand as an abrasive) instead of a large tool;

and (5) gutters are well oriented in a southwest-northeast orientation (present-day

cvordinates), and related evidence suggests paleoflow toward the northeast.
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4.16.1 Disturbed Beds

These béd-s consist of slightly to moderately disturbed interbeds of siltstone (SO)
and sandstone (Sl; S2 z}nd S.’;) (!)'late 20)). The deformed units are underliin and overlain
by hérizontal strata, but lack a well defined scar or slip surface (shear plane) and therefore
have subtle boundaries. Internally these units contain planar laminae at angles to bedding,
swirled and ‘roll"e'd laminae, and small recumbent tolds. jl'hcrc are also planar-tabular clasts
and partially detached layers with relatively sharp tcnﬁinalion.s of laminae. Disruptions are
such that the various pieces of gcndy folded strata may either be visually reconstructed or
generally placéd in an undisturbed stratigraphic framework by the rccogni(ipn of muwrker .

beds. Folds it_] fhe strata lack a consistent vergence. _

Examples of these beds vary from poorly exposed strata like that at Fb~392, ;~hcrc
a thin ionc of bedding is> sligﬁlly undulose, to well cxpossd cases like FD-168.2, where
over 80 m of excellept lateral cXposuzc shows evidence of progressive deformation along
the bed (Figure 4.14). The exposure at FD-168.2 has been divided into eastern and western
sections (Figure 4.14). The fﬁndamcnml feature of this exposure is a clearly dcﬁh'cd lgtéraj

. change from (a) well-bedded sandstone and siltstqgc layers wi;h disturbed bedding (eastern
section), to (b) a clast-rich siltstone bed (Raft-Bearing Bed — Section 4.16.3) (western
section). An 8-10 m covered interval separates these sections. Marker horizong that :
stratigmphically overlie the raft-bearing siltstone bed in the western section can be traced
across to the eastern section. The western section is dcscr_ibed bclqw. in Section 4.16.3.

At the eastern limit of the eastern section only the slightest hint of bedding

disruption can be detected. This disruption is stratigraphically equivalent to'the top and

central parts of the siltstone bed in the western outcrop. Thin beds are locally gently folded,

)

resembling small ball-and-pillow structures. From east to west across this eastem section




PLATE 20: DISTURBED STRATA AT FD-168.29 (FA 2)

a: The slightly deformed zone is in strata beneath the hammer handle. Stratigraphic top up.
Hammer is 38.5 cm long.

b: The disruption of bedding appears to be confined 10 a small area above the scale, with
the laterally adjacent strata on the left side of the photo relatively undeformed. Stratigraphic

top is up. Scale is 15 cm long.

¢: Isolated synclinal forms of disrupied strata, as seen in this photo (arrow), are common
along this hon'mn Stratigraphic top is up, Scaleis 15 cm long. '

d: A more strongly-deformed portion of this horizon is shown beneath %alc Smmgraphm
lop to upper left. Scale is 15 cm long. ,







Figure 4.14: Sketch of outcrop at FD-168.2. The outcrop is divided into an 'Eastern
Outcrop’ of disturbed bedding and a 'Western Outcrop’ with a raft-bearing bed. These
1wo exposures are separated by a covered interval several meters wide. The exposure
is otherwise continuous, with the exception of a covered interval of 1.8 m between B
and B' in the Eastern Qutcrop. The scale for each part of the outcrop is the same.
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there is a progressive increase in the intensity and depth of bedding disruption. Within this
dcformcd zone, packages of strata are rolled and bent (Plate 20a) locally into widely spaced
synfonnal structures (Plate 20d). At the wcstcmmost part of thxscastcm section (Figure
4.14, A-B), a strau graphlc interval equivalent to the upper 25-30 cm of the correlative raft-
bearing bed (Figure 4.14, D-G) is disrupted strata. It is more difficult'to visually
reconstruct original configurations of strata in this area.

There is litile evidence to suggest significant lateral transport. Ti)er'c isno well
defined basal shear plane wi;hin the exposure. The base of the dcfbﬁmed strata is loc}fa;lly
better defined than elsewhere, but would be considered a shear ione. and not a sheur plunc.

e

4.16.1.1 Process Interpretation: Disturbed Beds

" The deformation associated with these beds was largely plastic, as indicated by the
folded, rolled and swirled laminae. The sediment was likely semiconsolidated at the time of
deformation. Brittle dcfon’nauon was minor. o . A

~The lack of a well defined scar or slip surface (shcar plane) and the.lack of
consistent vergence to the folds suggest that sngmﬁcam dowmlope movement did not
occur. In the western half of this eastern exposure (Figure 4.14, A-B) the base of thc
di;turbeq zone is better defined, and may repncsént a shear zone. This may mark a lateral
transition from more or less jn sity deformation to sliding, or downslope movement.

The semiconsolidated nature of these beds at the tirhc of deformation, and thc“

appanent lack of significant downslope motion, suggest that much of the disruption took’

place by loadmg. possnbly associated with hlgh pore prcssurcs and pamal liquefaction.
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4.16.2 Unifite Beds

These beds are composed of graded llo nongraded siltstone and silty mudstone
characterized by a lack of ebvious internal structure or very subtle fine lamination l(PIme
21). The bases of these beds are very sharp, and the tops vary from gradational to very
sharp: The lower parts of these beds are géncrally too fine grained to allow exposure of
soles by preferential weathering. These beds range from 10-70 cm i;m thickness, averaging

-36 cm ;ll the FD expc.)surc These beds are called ’uniﬁtes' a descriptive term applied in the
-deep basins of the Mcducrrancan by Smnley (1981, p. 1) t0 struuurclcss or faintly
larmnatcd often thick, mud ]d)’Cl‘[S] revcalmg a ﬁmng upward trend”.

These beds are normally tabular over‘thc fall extent of their outcrop exposure. At
FD-27.3, however, there is an abrupt termination of a 35 cm thick siltsione bed. This bed
is macroscopically homogeneous and devoid of ‘rafts’ or clasts of any kind. The bed 15
tabular in shape ové;r'most of the outcrop. Atits eastern limit the bed dramatically pinches
from its noﬁnal thickness of 35c¢cm to 20 thickness over a distance of 1.4 meters (Plate
21a,b). The geometry of the bed over this mlcrval is Lhat of a channel margm wuh a
horizontal upper surface and a gcmly curvcd downcumng lower surface against which’

‘ under]ymg sandstone and siltstone beds tcnmnate The exact geometry of this pinch-out is
<hghtly obscurcd by weathering and cleavage effects. |

" Cut and polished slabs provxde information about the mtemal sedimentary

structyres of thcsc bcds that cannot be gained from the outcrop due to the fine grain size
and homogcn’c;)us texture of these beds. Slabs reveal beds ranging from (a) megascopically

_ ’structureleés_', 1o (6) very sligﬁtly’laminated, to (c) subtly graded and laminated, to (d)
graded and laminated with current-generated structures. Figure 4. IS shows an end-member

classification scheme for these unifite beds; a continuum of bed styles exists between the

" end members.




* PLATE 21: UNIFITE BEDS (FA 2)

a: Channel-like mafgin_ (arrows) of macroscopically homogcricous unifite bed at FD-27.3.
Stratigraphic top is up. Scale has 10 cm divisions.

b: Close-up of “a” showing termination (arrows) of surrounding, flat-lying beds.
Stratigraphic top is up. Scale has 10 cm divisions. -

¢: Polished slab of Type 1A unifite from PM-100.2. Close examination reveals no visible
size grading or lamination. Note the extremely sharp base and top and small pseudonodules :
detached from base of the bed. Straugraphlc op is up- Scale is 1 cm long.

d: Disorganized beds from FD-~72-76 wnh unifite bed (onright below white- wcathenng,
" quartzitic bed) and raft-bearing bed (underneath notebook). These beds are considerably
thicker than the surrounding thin beds of sandstone and silistone. Stratigraphic top is to
upper left. Notebook is 18.5 cm long.







Figure 4.185: Unifite classification scheme and process interpretation. Dominant
characteristics of the three unifite types are given on the right. These represent a
continuum of bed types whose characteristics are thought to be a function of degree of
water entrninment and the extent to which turbulence is a factor (represented on left).
Turbidite divisions for Type 3 Unifites are those of Stow and Shanmugam (1980)).
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Type 1 unifite beds are massive (1 A) or very cryptically laminated (1B). Plae 21c

shows a polished slabof a 14 cmthick, type 1A siltstone bed from PM-100.2. No grading

or unambiguous lamination are visible. Throughout the bed are slightly elongate shalé
particles of coarse silt to very fine sand size. These particles appear to define a §ligh( '

- bedding-parallel fabric, and in the lower half of the bed, possible vague laminae by
variation in their abundance. The base of this bed is sharply defined and displays flame and
load structures. Small pseudonodules detached from the base of the bed are presentinall .
stages of formation. The upper surface is remarkably sharp and planar.

PM-98.9 is another bed that appears structureless in the field —‘i[ contains onl-y the
slightest hint of lamination (Type 1B) on the slabbed surface. Where this bed is locally
carbonate-cemented, however, it appears to contain vcr;/ thin laminae. 7

Type 2 unifite beds contain subtle laminae but lack strong grading. Subte grading,
if present, consists-of a slight increase in clay content at the top of the bed. Mnac,
defined by subtle changes in grain size, are found near the base in some beds (e.g., FD-
21.3) and near the top in others (Fb-65.95). Yery thin coarse silt léminae are locally visible
in outcrop. As arule, laminae are not detectable on the outcrop, but they are in slabs, where
they may be quite subtle.

| Type 3 unifites are characterized by distiﬁct lamination and grading, both of which
may or may not be detectable in outcrop. Groove marks, flute marks and small gutter casts
have been noted on the base of two beds (FD-33.4, FD-51.4). Typical ‘of these Type 3
beds is a 55 cm at FD-33.4 that contains a lower division of silty mudstone with indistinct
and wispy silt laminae and a thick, light-green claystone cap. Large carbonate concretions
formed within this upper mudstone unit.

Grading (clayey siltstone to claystone) is obvious in a slab of a bed at FD-27.3.

This bed contains a variety of subtle internal structures. A 5 cm green clayey siltstone layer

forms the basc of the bed. The central part of the bed (~19 cm) is an interlayering of light
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green silty mugdstoné with: (a) thick (up to 1 cm), distinct, regular to slightly irregular silt

laminae, and (b) thin, streaked, indistinct silt laminae. The former are extensive but are
neither planar nor uniform in thickness. These thicker laminae locally contain subtle low-
angle Cross-laminae. The upper S-ll cm of the bed consists of light green claystone. The
base of this claystone division is gradational from the silt-streaked mudsione 'bclow. The
entire bed, including the claystone cap, contains black clay particles of fine sand to silt size.
A fairly uniform concentration throughout the bed indicates that their abundance is nota
function of grain size. The claystone cap contains a few large grains, the largest being a
very coarse sand-sized, black, siltstone rock fragment,

A few exceptional examples of Type 3 unifjtes consist of relatively coarse-grained
sediments with well preserved intemal sedimentary structures. A 35 cm thick siltstone bcd
at FD-174.4 has a 2-7 cm thick graded layer at its base. Parallel-laminated mediunm sand in
the lower few centimeters is overlain by a form set of small current Aipples with variable
crest height in fine sandstone. The overlying clayey siltstone is macroscopically devoid of
structure except for grading to a claystone cap.

‘Slurried beds' described by Hiscott and Middleton (1979, p. 317-318) are similar
in thickness to the CIF unifite beds, and are similarly devoid of internal sedimentary
structures. The beds described by Hiscort and Middleton are sandier and'in some cases
have characteristics in common with the raft-bearing beds (e.g., large rip-up clasts). The
'slurried beds’ described by Burne (1970, p.221-226) are also similar to the CIF unifites,
in that the lower division of these beds consists of clayey siltstone with a normally' graded
sand component overlain by a thick division of mudstone. The top of these beds contains
radially arranged cross-laminae of fine sand or silt that are interpreted as sand volcanoes
formed by eruption of water from the compacting deposit. The central parts 9_f the beds
described by Bume (1970) contain vertical tubes of lighter-colored sediment representing

_fluid-escape pillars. These beds also contain variable quantities of mudstone fragments.




4.16.2.1 Process Interpretation: Unifite Beds -

- Unifite beds were clearly deposited by single events. This conclusion is based on
their: (1) anqmalous thickness rcléti;/é 10 the beds in surrounding strata, (2) relatively
homogeneous graih size and texture, (3) normal grading (some lbcds). and (4) sequences of
sedimc;nary structures (some beds). The thicknesses of these unifite beds are at least an
order of magnitude greater th/ag the average thickness of the beds with which they are
found. Aside from reworkirig of sediment By burrowing organisms, of which there is no
evidence in this case, there are no ri:asonablc mgchanisms by which one could generate
these anomalously thick, very homogeneous, fine-grained beds except by resedimentation-
of unlithified sediment. The differences in internal structure between the various types of
unifites argues for variation in depositional processes, which will be outlined below.

These CIF beds are closely similar to unifites described from the Mediterranean Sea
by D. J. Stanley and others (Rupke and Stanley, 1974; Stanley, et al., 1980; Stanley,
1981, Stanley and Maldonado, 1981). Stanley's (1981, p. 79,81) idea]lized unifite
sequence consists "...at the base, of graded, faintly laminated, silt and silty clay ..., and
trends upward to more subtly or not graded, structureless and somewhat finer-grained
mud...". Most of the unifites fall into one of two groups: (1) uniform, subtly graded muds,
and (2) fainﬂy laminated and graded muds. In comparison with published ‘ideal’ fine-
grained turbidite sequences, Stanley associates the first group with Piper's (1978) E, and

E1 divisions and Stow and Shanmugam's (1980) Tg and Tq divisions. The faintly

laminated beds are compared to the E) to Ey and T4 1o T divisions of these workers,

respectively (Stanley, 1981, p. 79). When compared with the fine-grained turbidite models

of Piper (1978) and Stow and Shanmugam (1980), the massive, nonlaminatéd Type 1 7
unifites (e.g., PM-100.2, see Plate 21c) would correspond with the E3 and T divisions of

their idealized sequences, respectively.
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The model for deposition of the CIF unifites (Figure 4.15) emphasizes the
continuum of characteristics of these beds and relates them to a continuum of proposed
processes. The primﬁry controls on the presence or absence of features such as grading and
Jamination are: (1) concentration in the flow, and (2) the degree 10 which turbulence
becomes an effective mechanism of grain support. In this model, concentration and level of
turbulence are a function of the degree of entrainment of ambient fluid.

A turbidity-current rllodel is considered inupbropriale for Type 1 beds because of:
(1) their sharp upper surfaces, (2) the lack of internal structure, cspcciall)f iumi'rmiun«und
grading, and (3) paleoenvironmental considerations. Instead, deposition frbm high-
concentration liquefied flows (Lowe, 1976a) is advocated. Sediment concentration and
gritin size are primary éontrols on the character of the dcpbsit from a liquefied flow.
Deposition from liquefied flows can be described in terms of a hinderéd-seuling madel
{Middleton and Southard, 1984, 'p. 4-18 t0 4-21) in which the interfaces between clear
water and the dispersion, and between the dispérsion and the deposited sediment,
converge, with the dispersion maintaining constant density throughout. In high-
concentration flows with limited size range, there will be limited size segregation and
therefore litte or no grading (Middleton and Southard, 1984, p. 89). High concentrations
would certainly preclude any traction processes (Middleton and Hampton, 1973; Lowe,
1976a). Flows of this nature would be nonturbulent (Lowe, 1976a). Lower concentrations
and a more variable grain size distribution would lead to turbulence and the development of
grading, lamination and other internal sedimentary structures.

Terzaghi (1950, 1956) pioneered the work on spontaneous liqyéfaclion and
described natural occurrences in Holland and Norway. Liquefied flow results from gravity-
induced movement of a liquefied sediment, or from liquefdction of a moving sediment slide

(Lowe, 1976a, p. 289). Spontaneous liquefaction takes place in loosely packed or

metastable sediment subjected to vibrations or other stresses (Seed, 1968). Attainment of a
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stable conﬁ‘gurc_‘xtiori with closer packing, an:d reduced pore volur‘né requires the expulsion of
\;zatcr from the systcrﬁ. The active displacémcnt of water creates high pore pressures thaf
sﬁspend and separate the grains, counteracting nomal stress and al]owing fluid tu;havibr.
"lhcorctiéally; liquefied flows will therefore flow on very gentle slopes, until the excess
pore-fluid pressures 'dissipa-tcs. o

Grain size is one of the major controlling factors determining (a) the léngth of time

. that a liquefied flow experiences high pore pressure, and therefore (b)- the distance of\.t]Pw.

Using a velocity estimate of 1.7 m/s, derived from laboratory and field data for ligwgfied

o

flows, Lowe (1976a) predicted that the distance of lrével for a 1 m-thick flow of 0.0625

~mmsilt could be as great as 2.0 km. The influence of grain size is dramatically illustrated

by his estimation of only a 19 m flow distance for very coarse sand (0.1 mm) under the
sume coriditions.‘ » l‘
‘Middkton (1969, 1970) calculétcs the time for pore pr;tssure to dissipate within a
liquefied flow using the equation:
. T=dpiv (eq. 1)

\ where T is time, d is thickness, p is the fractional increase in porosity produced by
liquefaction, and v is'upward flow velocity of escaping pore fluid. For 0.1 mm sand, he
gives estimates for p and v of 5 per cent and .01 cm/s, respectively. Based on grain size
and con;paction data from carbonate concr\c:\tions in the CIF, a precompaction thickness of
75 centimeters (twice averagc' bed thickness) is coﬁsidercd areasonable estimate for the
unifites of FA.2. The time for dissipation of excess pore pressure using these values would
be approximately 375 seconds. Pore-fluid expulsion times are a direct function of
permeability, which means that the addition of small clay-sized particles, which clog pore
throats, will cause a marked increase in these times. Because the above estimate is valid for

¢

well sorted 0.1 mm sanh, and the CIF unifites are mostly clayey siltstones, it follows that

the expulsion of pore fluid in the unifites must have taken considerably longer than the time

calculated above.




Van der Knaap and Eijpe (1968) make a similar atrempt to calculate ‘relaxation’ time
using the equation ',‘
T=4Ll%em? K  (eq.2).
In this equation, the mlaxa{ion time T, is calculated from the sediment thickness L, um'i i
relaxation coefficient ¢, calculated from various empirical data. Results are given for coarse
and fine sand. Using the lower of the ¢ values from the two rﬁns on fine sand given in their
Table 1, and a th?cvk'ness of 75 centimeters, gives a relaxation time of 161.7 seconds. The

' permeability of the sediment was measured and used by Van der Knaap and Eijpe to

c;xléula'lc ¢. From their formulas it is clear that a linear relationship exists between

* permeability and relaxation time. If the permeability of the CIF unifites was an order of

magnitude smaller than the well sorted fine sand used in their experiments (a reasonable
assumption), then the relaxation time waould increase an order of magnitude to 1617

seconds (~27 minutes).

Lowe (1976a) gives resedimentation rates (resedimentation time divided by bed
thickness) for liquefied beds of uniform spheres (from Andersson, 1961). Assuming that

_ the dissipation of pore pressure calculated in the above equations would result in -

deposition, Lowe's (1976a) resedimentation rates should be comparable with those given
above. For grains of diameter 0.0125 mm the resedimentation rate is 2.7 s/cm. This means
a bed 100 cm thick would rc-scdimcnt 270 seconds after liquefaction. This value is very
close 10 287.2 derived from eq. 2. A similar thickness of’0.0625 mm silt would resediment

in 1188 seconds (~20 ﬁinutcs). The addition of a component of fine silt and c¢lay in the CIF

unifites would substantially increase this estimate of resedimentation time. Even the shorter - -
times calculated for fine sand are considcrcd—by Morgenstern (1967) and Middleton (1970)
to be large enough "...Io permit acceleration of the liquefied sand mass down slope to

velocities where turbulence and mixing with the overlying water might lead to the formation




of a turbidity current” (Middleton, 1970; p. 267). This would imply that, on theoretical
grounds, the transformations envisioned for the CIF unifites (Figure 4,15) are feasible.

| If the interpretation of Type 1 unifites as products of liquefied flows is cormrect, then
these beds were deposited prior the onset of turbulence ip the flows, because of either: (a)
the early dissipation Q}" chccss pore pregsures, or (b) a decrease’in slope before a significant
distance of flow. 'Eithcr of these alternatives are plausible. The average slop::' on continental

shelves is only 0° 07" (Morgenstemn, 1967), but much higher slopes are found in certain

nearshore environments (Terzaghi, 1956; Moore, 1961). Estimates of slope during the

deposition of the lower pén of member 2, based on the pebbly mudstone bed at FD-48.45,
.

range from 0.126° 10 2.746°, with 0.584° considered the most reliable estimate (see Section
4.14). The reductions in slope necessary to trigger deposition of the Type 1 liquefied flows
might have been fairly small, and could be reasonably explained by local variations in shelf
topography. |

| The graded and lamina(cd?):pc 3 unifite beds are believed by the author to
represent those liquefied flows that became turbulent (Figure 4.15), and transformed into
lurbidi;y currents. This ransformation was likely accomplished by cntrairvlmem of water,
causing reduction of density and viscosity and allowing Reynolds number 1o increase
ah(wc‘valu,c’s for onset of turbulence.
| Str:ugturcs found in beds like FD-27.3 compare favorably to those described for-
fine-grained turbidites (Piper, 1978; Stow and Shanmugam, 1980), and thick unifites
described by Stanley and others (see Stanley, 1981). This bed is characterized by distinct
grain-size breaks, but overall it can be said to exhibit distribution grading, considered a
feature of low-density tur’t")‘i:iity currents (Middleton, 1967). The thin, regular to irregular
laminae found above the lower silt layer in this sample are comparable with Stow and
Shanmugam’s (1980) T, and T laminae, even to the point of having subtle low-angle

cross-laminae. Laminae of this type indicate that silt grains, deposited from suspension,

were subsequently moved as traction load, possibly as low-amplitude clirﬁbing nipples. "
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Indistinct and wispy laminae i‘ri this bed wcr)\uld ‘corrcspond to Stow and‘Shanmu;:ams' Ty
and Ts units. Laminae of this type are a('tn’t;‘utcd by Stow and Bowen (198()) to sorting
processc§ acting on silt grains and clay flocs in‘thc viscqus sublayer. The graded ¢laystone
cap simply represents suspension deposition of clay-sized particles from the diiute tail of
the flow. The T — Ts laminae locally occur out of sequence. Factors responsible for these
perturbations in sequence include fluctuations in flow velocity, and nature of the bed
surface (i.e., cohesive or granuia: or rippled) (Stow and Shanmugam, 1980, p. 39).

Visual estimates of the clay content of Type 3 beds range up to S0% (claystone Curpx
may constitute as much as 15% of the thickness of the bed). Depending o‘n the sediment
concentration in the flows, there is the potential for the depositing lﬂows to have some

. degree of strength, assuming that at least some percentage of this clay was unflocculated. -

Whatever strength these flows may have h’d, it was not great enough to suppress
turbulence — the well developed grading and sil/mud laminae clearly reflect turbulence -
during depositj’on. ’

Type 2 beds exhibit charactcris'tics transitional between Type 1 and Type 3beds. @
These beds are therefore interpreted as the deposits of flows that reached only an -
intermediate stage in the evolution of a liquefied flow (Type 1) 1o a fully turbulent flow
(Type 3). The development of lamination and minor grading indicate that some size
segregation occurred. Development of these features is again considered a byproducpf

_entrainment of water into a liquefied flow (Figuré 4.15). Grain-support mechanisms in

Type 2 flows probably included: (1) high pore fluid pressure and (2) minor turbdlence.

-

4.16.3 Raft-Bearing Beds

Raft-bearing beds consist of siltstone, similar in character tc the unifite beds, that
contain clasts, or 'rafts', of thinly interbedded sandstone and siltstone of the same nature as

the interbedded lithologies (S0, S1, S2 beds). These raft-bearing beds also display laminae
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that are co;nmohly swirled and deformcd around. clasts (Plate 23c,d). Bedding thickness
| var’ics from 16to 110 cm, with an évcragc of 45-50 cm. Where laminae are cryptic and
rafts are pargjcularly spérsc, the distinction betweecn these beds and unifite beds is

' somctimés difficult. In extreme cases, such as FD-67.3, the bed wouldubc essentially
indistinguishablc from those in the unifitc subfacies (Type l{ or 2) except for a few small
rafts in the upper part of the bcd One must therefore assurr‘lve- that there is‘-a-cominuum

between these bed types.
Rafts are found in a vaniety of sizes, from a few centimeters across to large ones 60
X 20 cm in cross section. The rafts occur as contorted masses, angular fragments, and
coherent slabs with relatively intact, gently folded to flaﬂying bedding (Plate 22g.h,
23a,b)‘. These rafts are found at many'ﬁositions withi‘n a bed. Some beds, such as FD-
88.2, !‘\avc rafts concbntraged in fhe lower third of the bed (Plate 22c), while others (e.g.,
F'D-360.lS)‘have rafts conccntrate(; in the central and upper parts of thé bed (Plat.e‘: 23d).
Slabbed surfag‘es of sémé of these rafts show features similar to the 'flow rolls’ of Sorauf
( 1965); including basin-shaped curvature, local éevélopment ot: tight folds, z;nd fault offset
of luminae (Pialc 22e). Redeposited carbonate nodules hive also been noted in lhesc beds.
Grading, where present, is defined by a thin layer at the baéc only, with the
remainder of the bed macroscopically ungraded. An cxémplc is a 20 ¢m bed at FD-71.7 that
has at its base 4 1.6 cm parallel-laminated fine sandstone div.ision with a sharp base and an
' ‘indistinct top. At one point along the base, there is a thin (1cm thick), tapered pod of well
sorted, cparst sand 26 cm long (Figure 4.16, Plate 22¢). The lower laminae in the fine | |
sandstone division terminate against the side of the pod, \w}hilc the uppé; laminae drape wver
the pod. Another cxamplc of grading is fOUI?d a‘t FD-251.05, where 2 40 ¢m siltstone bed
- with abundant rafis has a graded division 2-cm thick consisting of well sorted, coarse to

fine sandstone, at its base.

‘Several raft-bearing beds show signs of incorporation by gravitational sinking of

laminae/beds from above. For example, vefy thin fine sand beds that overlie a raft-bearing ‘




PLATE 22: RAFT-BEARING BEDS (FA 2)

a: A 45 cm-thick bed at FD-223.6 (arrows at top and base) with rafts (including wransported
carbonate nodules) at all levels within the bed. Stratigraphic top to upper left. Notebook is
18.5cm long. : °

b: Closc up of "a" shows downward loading of overlying sandstone bed and deprez#ﬁion of
laminae directly undcmcath the load feature Stratigmphic top is up. Scale iv. 2.5 em wide.

°C: ThlS one meter-thick raft-bearing bed at FD- 88 2 has rafts confined to the lower 30 cmof
the bed. Stratigraphic top to upper left. Notebook is 18.5cm long _

d: Thin pod of well-sorted coarse sandstone and overlying fine sandstone laminae at the
base of a 20 cm-thick bed at FD-71,7. Sketch is given in Figure 4.16. Stratigraphictopto .
up. Scaleis 15 cmlong. - -

e: Slabbed surface of raft from FD-276.75. Note tight fold on right and fault offset of .
laminae on the left. Width of photo is 21 cm.

f: Large raft at the topof a bed at Brunette Island (BI-38.4). Division on scale (lower left)
is 10) cm. Stratigraphic top to up.

g: This bed at FD-360.15 has an extremely sharp base and large contorted rafts that are
confined to the central and upper portions of the bed. Stratigraphic top to up Scaleis 15
cm long.

h: Same bed as "g" with large bowl-shaped raft. Stratigraphic top is 10 upper right. Scale
(on left) is 2.5 cmwide. .







PLATE 23: RAFT-BEARING BEDS CONTD (FA 2)

a: This photo of the bed at FD-168.2 (Figure 4.14) shows a large folded raft at the top of
the bed and two :ounded sandstone clasts on the right ("A" and "B"). See text for details.
Stratigraphic top is up. Scale is in 10 cm divisions.

b: Close-up of top ot large raftin "a". The laminae/very thin beds within the raft are sharply
terminated at the tor, including the carbonate nodule directly above the scale. Stratigraphic
top is up. Scale is in cm. -

c: This 65 cm-thick bed at FD-74.0 contains swirled laminae and rafts at all levels within
the bed. Rounded comers of folded strata on seen on the right, while more angular clasts
are found above scale. Stratigraphic top is up. Scale is 15 cm long.

d: This photo of FD-168.2 shows the well-developed lamination that characterize this bed.
These laminae are bent over and under the rafts. Stratigraphic top is up. Scale is in cm.
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Figure 4.16: Sketch of 20-cm-thick raft-bearing bed at FD-71.7. Lower division of fine
sandstone at the base contains wavy and climbing-ripple cross-lamination and pods of
white-weathering coarse sandstone.







bed at FD-54.7 are in various states of disruption, and in various states of detachment and
loading into the upper mudstone division of the underlying bed. This is the only example |
noted in which Lher.g: are irregular patches of sandstone without sharp boundaries. At the
top of FD-223.6, the overlying very thin bed of sandstone and siltstone is bent into a

-~

downward—oriénlcd ball that has intemally broken and distorted sand laminae (Plate 22a.h). .
The spacing of laminae shows a fourfold decrease directly under the ball and a bowing up
of laminae on either side of the ball (Plate 22b).

Raft-bearing beds are generally tabular. FD-360.15, for example, may be traced for

over 120 m without any change in thickness. In a few cases thickness and character of

these raft-bearing beds change along their length. The best exposed example, FD-168.2, is

described below.,

As mcntion::d in the Section 4.16.1, the outcrop at FD-168.2 has been divided into
an eastern section with disturbed bedding and a western scction with a rafi-bearing siltstone
bed. A detailed drawing of this westemn section is given in Figure 4.14 (D-G). Most of this
exposure consists of a 55-60 cm thick raft-bearing siltstone bed. Near the castern end of
this exposure the siltstone Vbcd pinches out. The change in thickness across the outcrop
(from west to east) is fairly gradual, becoming more dramatic over the last 3I m At the point
of termination, a massive, gray, fine sandstone bed cuts downsection toward the east. The
top of this sandstone bed is planar, with the exception of a 10 ¢m deep, meter-long,
siltstone-filled scour. This bed increases thickness rapidly, from0to 30-35 cmover a
distance of 60 cm, maintains constant thickness for 1.5 m, then increases in thickness to 60
cm thick before the end of the oulcrop.

Measurements were taken from a marker horizon several meters below this bed to:

(1) the top of the siltstone bed at the far western end of the outcrop, and (2) the top of the

disturbed zone on the far eastern end of the outcrop, where bedding is only mildly

~ disrupted. The measurements were made ~80 m anart and were different by only 1 cm.




The siltstone bed at FD-168;2 is noteworthy in many ways. Firstly, the top of the
bed is remarkably planar. The top of one large raft of interlaminated sandstone and siltstone
shows evidence of sharp truncation where the upper bed surface cuts indiscriminately
across the laminae at a high angle to the intemnal bedding of the raft (Plate 23b). Sccondlly.

across most of the outcrop the bed contains laminae that are best developed in the central

part of the bed (Plate 23a,d). The lower part of the bed is locally massive, while the upper

part either has well defined laminae like the central part of the bed or, more commonly, a
swirled, partly homogenized texture. In several examples, laminae in the central part of the
bed, directly under large rafts, are curved downward and compressed (Plate 23a). Laminae
are similarly bent over some rafts, but are slightly less deformed in these situations (Plate
23c). In one case, the central laminae are bowed up over a clast projecting upward from the
massive lower part of the bed.

Restricted to the lower part of the bed are rounded, gray, faintly laminated
sandstone clasts that are similar in cBlor, grain size, and texture to the thick sandstone bed
at the eastern end of the western outcrop (Figure 4.14; Plate 23a). The laminae in these
clasts may be gently folded or planar. In either case, they terminate abruptly at the edges of
the clasts.

Most contorted sandstone/siltstone rafts are found in the upper part of the bed. One
raft consists of a fairly coherent bedded slab that, with slight reconstruction, samples a
eruligrabhic thickness of approximately 25 centimeters. Several fragments of carbonate
concretions are present as clasts within this bcd

There are few good ancient analogs for these raft-beariing beds. The 'slurry
sandstones' of Hiscolt. and Middleton (1979, p. 317) consist of "...fine to coarse sand
dispersed in an abundant muddy matrix”. Most of the beds are structureless, though a few

have “...swirled internal structure, distorted fragments, convolute bedding and
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pscudonodules...”. These beds contain large slabs of shale and siltstone up to, and greater
than, I min length.

The 'rubble bedding' of Morris (1971, p. 415-418 ) consists of nononented,
angular to rounded, unfo!dcd to rolled-up blocks of sandstone or thinly bedded
sandstone/shale set in- mudstone of different character. The mudstond may be massive,
folded and squeezed ﬁssil:shalc, or sccminf;ly uncontorted shale. The clasts, derived
locally from afljacent strata, 'may be as'large as 150 m OF MOre across. Tln 'slurried
bé(:fding'- described by Morris ( 1971, p. 418-419), was deposited by flows of friable sand
that incor.pomted varying quantities of mud, both nonlithified ;ndulithiﬁed.

© The 'fragmented bedding' of Wobd and Smith (1957, p. 172) consists of muddy
siltstone, 0.3-0.6 m thick, with a thin graded layer at the base and tabular to strongly
curved fragments of bedded sap:(islonc and mudstone above. Sandy patches with indefinite
boundaries were also nétcd. These patches are analogous to the sand patches described
above for FD-57.4. Patchcis such as these were pot noted in any other CIF beds.

The 'slurried beds’ of Burne (1970, p. 221-226, see his Figure 8) consist of three
units: (1) a graded layer of sand in muddy siltstone matrix with few shale clasts, (2) muddy

siltstone with 'partially digested’ and contorted fragments of mudstone and fluid-escape
pillars, and (3) cross-laminated sand volcanoes. Some aspects of the CIF beds are

analagous to features from his two lower units. His upper unit is not found in the CIF

beds.

4.16.3.1 Process Interpretation: Raft-bearing Beds

Raft-bearing beds display a fairly wide range of charactenstics that indicate
deposition by a variety of pr()cesscs. Atone end of the spéctrum are beds that would be
unifites if not for the presence of a few scattered rafts. Other beds contain well developed

lamination and large and abundant rafts. The presence of these clasts at all levels in these




"beds, especially at the top, indicates that the sediment had strength. Strength is considered a
property of debris flows. The scdimcniary structures/fabrics of debris flows include: matrix
suppont, random fabrics, variable clast size, variable matrix, rip-up clasts, rafts, inverse
grading, and possible flow structures (Nardin et al. 1979). Many of these characteristics
are typical of the raft-bearing beds. .

In debris flow, strength and buoyancy effects, ﬁeccssary for the support of large
clasts, are provided by muddy matrix. Strength is divided into cohesive strength, from
clc;tmsmgjc attraction of clay minerals, a'nd frictional strength, due to grain-to-grain
contacts; according 1o Trask (1959) and Pierson (1981), frictional strength (due to grain-to-
grain contacts) is significantly more important as a means of clast support than cohesive

-

strength,

Particle support in debris flows n‘;‘ay be derived from: (1) frictional resistance to
settling, (2) matnix cohesion, (3) buoyancy, (4) elcvat.ed pore pressures, and (5) dispersive
prf:ssure (Pierson, 1981). Any combination of these mechanisms may have been important
in the transport and deposition of the raft-bearing beds, with the exception of dispersive
pressure. The strength of a fluid strongly influences the role of dispersive pressure ina

flow. Once grains are dispersed in a matrix-nich slurry, matrix strength can suppor them,

and dispersive pressure becomes less significant because grains are not free to collide as

frequently or with significant momentum (Middleton and Hampton, 1973). The prescricc of
clay in the matrix of the raft-bearing beds makes dispersive pressure an unlikely means of
significant particle support .

The rafts in the CIF beds are clearly ripped-up pieces of previous]y dcg;osilcd
sediment. Early-formed carbonate nodules in the sediment were also eroded and carried in
these flows. The rafts were in a semilithified state at the time of their erosion and |
deposition. Most rafts deformed plastically, if only at their cdées. A few of these rafts may

be load features like the examples of Sorauf (1965) (e.g., FD-223.6). Incorporation of

younger, overlying sediment by postdepositional liquefaction and loading occurred in a
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disorganized manner (FD-54.7) or as well defined load balls (FD-223.6). Wood and Smith

(1957) anthiscott and Middleton (1979).descﬁbe load balls and pscudonodules,
respectively; from similar types of beds. The r:m'tf of sand patches (as in FD-57.4) in raft- ‘
bearing beds indicates that the incorporation of complelel& unlithified sand was minimal.
Other workers have described large, variably deformed rafts of eroded underlying or
adjacent sedimént from a wide variety of de‘bris-ﬂow deposits. These include ‘slurry’
dcposi‘;s (Wood and Smith, 1957; Burne, 1970; Morris, 1971; Hiscott and Middleton,
1979), p;cbbly mudstones (Dott, 1963; Stanley, 1975; Alvarez et al,, 198S; Hein, 1985),
and clast-supported to matrix-supported conglomerates (Fisher, 1981). In debris flows,
large clasts can be moved at low velocities on low gradients (Middlcton and Hampton,
L1973). |
The dramatic manner in which the laminae at the top of FD-223.6 change spacings
under; and next to, \thc large load ball (Plate 22b) indicates that the depression of laminac
under this feature and other rafts was caused by early loading, with possible later
+ exaggeration by compactibn. Such postdepositional plastic behavior might explain why no
beds display clasts that project above thei'r'top. Debris flows (or any hybrid flow that has
enough strength to carry large clasts) can contain clasts that project above the top of the bed
'I(Johnson, 1970). Many of the raft-bearing beds have rafts exclusively in their upper parts,
Qflen right at the top, but none that p‘mjcct above the top of the bed.  One possibility is that
the ﬁows were not QCnsc enough to suppoh projecting cl&s;s: the clasts were at best
- neutmliﬁnuoyam. A gcconld alternative is that a small percentage of these clasts were
projecting above the top of the bed at the time of deposition, and that these clasts either: (1)
sank down into the underlying sediment shortly after deposition, (2i were etosively planed
off, or (3) both. Evidence that clasts may have been projecting above the surface of some
beds is found in a large raft at the top of FD-168.2. Strong depression of the laminae below
this raft indicates gravitatioral sinking after deposition. Sharp termination of the bedding in

this raft clearly demonstrates that strong erosional planation formed the flat upper bed
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surface. These data s'uggcst, but do not prove conclusively, that the clasts projected above
the fnp of the bed after deposition.

The outcrop is not extensive enough to prove that these raft-bcaﬁng beds were
deposited by channelized flows (the best exposure, FD-352, shows over 120 m of constant
thickness).'The field relationships at FD-168.2 indicate that at least some were dc;;osited by
channelized flows. Of the original sediment that must have been excavated to form the |
shallow channel at FD-168.2, only a small percentage can be accounted for by the rafts.
The rest must have been carried downslope, either with the flow, or in part by processes
acting prior to arrival of the flow (e.g., slumping). It is remarkable, then, (hal'ihc
stratigraphic position of the top of FD-168.2 is identical to the top of the corrcsbonding
slightly disturbed zone 1o the east, Assuming that before failure and movement of the
sediment the sea floor was essentially pianar on a large scale, then either the deposition of
this bed resulted in no chapgc in topography, or erosive processes subsequently acted on
the new depositiémal surface to reestablish planarity. As stated above, the sharp, planar
crosional top to this bed indicates that currents acted to greatly reduce topographic
irrcguiarilics after deposition. |

Flowing debris normally consists of a two-part system: the lower zone is
characterized by high shear stress, in which flow is taking place, and the upper zone is a
rigid plug that is being carmied passively (Johnson, 1970). Deposition occurs by downward
growth of the plug as the shear stress drops below the shear strength for progressively
~ lower parts of the flow (Hampton, I9'i§). Rheological models for debris flow include
‘cohesive’ modéls (Coulomb-viscous and Bingham plastic models) and 'dispersive-
pressure’ rﬁodels (Shultz, 1984; Lowe 1976b). The muddy nature of the CIF beds
. Indicates that thc-sc beds were deposited by flows that exhibited dominantly cohesive-plastic
behavior (Shuliz, 1984: Type | ﬂ;w).

Lirttle is known about vanations in rheological behavior within individual debris

flows, due to the inherent problems involved with monitoring such flows in the field and in




the laboratory. Vertical variations in strength within a flow could be influenced by a

number of factors, such as variations in density, viscosity, water content, pore-fiuid
pressure, texture, and others. The features in the bed at FD-168.2 (Flgurt 4.14) may be
partly cxplamcd by rheologlcal variation within the deposmng ﬂow As described earlier,
this bed may be very loosely divided into: (1) a lower, clast-bearing, locally massive layer,
(2) a laminated, clast-poor, middle-layer, and (3) an upper, raft-rich layer w.it'h swirled,
partly homogenized laminac. The upper part of the FD-168,2 flow exhibited substantial
strength, as evidenced by the large size of the clasts it maintained. The disrauption of the
laminae in this upper layer is most complete in zones where rafts are most abundant (sce
Figure 4.14). If the flow in thxs part of the flow was larninar, then the mlxmg, and swirling
of laminae was due to interactions among clasts.
Thc lower, nonlaminatcd part of the bed also contains scattered clasts, but most of
the larger ones can be seen to be lying dirgctly on the lowér bed surfiace. The gray
‘ sandstone clasts are found only in this posigion within the bed {Figure 4.14). The simijlarity
in color, grain size, etc. with the sand body shown in Figure 4. 14 suggests that these clustst
‘wcrc derived from the upslope extension of that sand body, or from a similar sand body,
when it was in a semilithified state (the clasts have bent laminae). The fact that these blocks
were resting directly on the underlying substrate at the time of deposition indicates they
were too heavy to be carried by the flow. The presence of other, less dense, rafis on the
base of the bed indicates that, possibly as a result of liquefaction, elevated pore pressures
or higher water content, the strength in this part of the flow may have dropped significantly
in the late stagcs of deposition, though not completely because there are numerous clasts
floating well above the base of this"lower layer. Aksu's (1984) descniption of Quaternary
submarine debrites includes those in which he feels the lower part of the flow exceeded the
" plastic limit and behaved as a liquid, while the upper part of the flow continued to deform
plastically. Pierson (198]) and Hampton (1975) both mention liquefaction or fluid behavior

in debris flows. Pierson (1981, p. 58) gives three mechanisms that could convert the
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gravitational energy of a flow into particle lift: wrbulence, di_spersive pressure, and

dilatancy. These factprs would "enlarge the pore space between grains and break grain

contacts, throwing more of the load weight on the fluid and cffc;clivcl'y éausing partial
) liquefaction of the dcbri>sb mass" (1bid., p. 59).. .

Ignoring effects from dispersive pressure, a likely scenario for FD-168.2.ivs one in
which the lower part of the flow experienced a dccréasé in shear strength to the boim where
it hchavpd partly like a I:quid. This léss of strength might be attributable gd (1) high shcﬁr _
stresses i this part of the flow and/or (2) an increase ih'water content in the Jower layer by.
incorporation oi’ water bclc;\;v the nose of the flow. (‘surface tr:in‘sition'; Fisher,"1983). The
heavier, less buoyant clasts could have then settled to the bottom, while _otiu:rs were ' \
maintained above the sea floor. The midfilc and uppér pdns of the bed might hévc been
riding as a passive semirigid plug at the time. Coleman (1981) describes mudflows from’
the MissiSsippi Delta in which the melhod of transport involves movement of a rigid plug
over and within a zone of liquefied mud. He notes for these flows that "the pre;cr}c,e of -
partially disintcgratcd rafted blocks suggests lamina{ or plug floaw rather than turbulent
flow" (p.74). | o

An altemative Scepario would see depos.i‘lion‘ of the bed completed wit‘hout the flow
exhibitiné any li‘qu.id b;:havior. but with residual high pore pressurein mé lower layer th.at v
_facililaicd partial, postdepositional liquefaction. The presence of ihin,A coarse, sométimés

. » : .
graded layers at the base of some of these beds supports a syn-transport reduction in ‘

* 'strength at tvhe\ base of some of these flows. In these cases, the lower parts of these flows
may have become partly turbulent, permitting size grading. ., -.

If, at FD-168.2, the disturbed horizon and the raft-bearing bed were formed
§imuitaneously, then this horizon would represent either: (1) the lateral devclopm'em (;f a.
debris flow from an incipient slump, or (.2) a difference in deformation style related to a
difference in such factors as the local dcpositiénal slope, degree of liquefaction, or variation

S

of lithification/sediment strength.
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‘In summary, raft-bearing beds h'a‘vc features that indicate lh1t the depositing flows:
(1) hud strength (large ﬂoaung clasts), (2) detormcd plastically in places (contorted
intraclasts, mlemal fold and swirl structures, loaded lammae) and (3) were laterally
assaciated with disturbed bcddmg, (of slump origin). These features are bcslexpl:uncd by
subaqueous debrs-flow mechanisms. ; |

’

4.16.4 Chaotic/Deformed Horizons

Two cxamplesy of chaotic/deformed horizons from FD are discussed in detail below.

/Si'rr-nilar beds were also nofcd in FA 2 at Brunette l_éland. At FD-231.1, a horizon 1.7 m
thick consists of a lower chaotic unit 30-560 cm thick and an upper siltstone unit 1.2-1.4 m
tﬁick (Figurc 4.17). The upper siltstone unit contains no macroscopically recognizable
5 lammae The chaouc lower unit consists ofa sandstonc bcd 0-19 c¢m thick overlain by -

' lnrge variably onented sandstone slabs wuhm dcfonncd interbeds of sandstone and
 siltstone, The lower sandstone bed displays rapid changes in 1h1_ckncss, mostly as a result
~of basal erosion (Plate 24¢). The upper surface of ;his bed, how,c,ver, is not planar. Some
~clasts at high angle_s to bedding appear to have pierced down into the sandstone bed and
caused sharp reductions in thickness (Figure 4. l7).’Pans of the sandstone bed appear
massive, while others display contorted Iarmnac and ball-and-pillow structures, as well as
irregylarly shaped c]a}ns and oblate spheroxds of carbonate-cemented sandstonc One slab
10-12 cm thick, lying 15 cm above the lower sand bed, is oriented parallel to bedding, and
appears to be an 'in-place’ erosional remnant of a once more extensive sandstone bcd (Plate’
24c "a"). Very thm sandstone and siltstone beds that intervene between 1hls upper
sandstone bed' and the lower sandstone bed are only Jocally comoned. This upper
sandstone bed has light-colored carbonate-cemented laminae in the lower 3-4 ¢m that are

also present in most of the clearly detached large blocks. The variable position of these
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Figure 4.17: Sketch of chaotic/deformed horizon. Note dramatic thickening of lower
sandstone bed. Laminae in the sandstone clasts match up with upper sandstone bed (on
right). Clasts are found in matrix of massive siltstone which forms a 1.2-1.4 m thick
bed above. Divisions on scale are 10 cm. Stratigraphic top to upper left.’
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PLATE 24: CHAOTIC/DEFORMED HORIZONS

a: Buckted horizon at FD-346.2 showing large synformal structures to the left of the
notebook and increased depth of disruption from top to bottom of photo. Stmngraphxc top
is to left. Notebook is 18.5 cm long.

b: Close-up of "a" showing hummocky cross-;tratiﬁed sandstone bed that overlies the
buckled surface. Stratigraphic top is up. Scale i1s 10 cm long.

¢: A sketch of this slide horizon at FD-231.1 is given in Figure 4.17. Note thickening of
lower sandstone bed, carbonate-cemented lower division of overlying sandstone bed ("a")
and fragments of this upper sandstone bed in the lower left of the photo ("b"). The
remaining strata in photo io left is structureless muddy siltstone. Stratigraphic top is to left.

Divisions on scale are 10 cm.

d: Another view of FD-231.1 with large clasts of sandstone. Bedding is vertical with
stratigraphic top to right. Divisions on scale are .10 cm.

e: Close-up of the lower part of "c" showing tabular clasts (ouLlincd in ink) with rounded
edges. The carbonate-cemented lower division of the 'upper’ sandstone bed in "c" is seen
in these clasts and the orientations mdxcatc both lateral and rotational movements, Divisions

on scale aré 10 cm.
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laminae in these blocks indicate that some clasts are upside down (Platc 24¢). The largest of
these blocks is 80 cm x 12 cmin cross section. The laminae within these blocks are flat-
lying to moderately curved and either terminate ;hmply or are bent at the edge of the clasts.
One large block pierces well into the lower sandstone bed, with a greater accumulation of
sand against the block on its southern side than the northern side, where there is a

'shudow; of little sand (Figure 4.17). Laminated carbonate concretions are also present as
clasts, g

A second example of a chaotic/deformed horizon is at FD-346.2, where 35-40 cm
of thin and very thin beds of sandstone and siltstone terminate against a westwardly
downcutung shear zone/surface that is overlain first by folded strata and then by cross-
stratified fine sand. The dislocation zone cuts stratigraphically down through the 35-40 cm
of strata across a lateral distance of 2-3 m, then assumes an orientation parallel to bedding.
To the west, the beddfng-paral]el surface is a well defined decollement. To the east, where
this disturbance is at a high angle to bedding, the surface is not clearly defined, and is more
akin to a shear zone (Plate 24a). In the western part of the outcrop the overlying strata are
regularly folded into sharp anticlines and wide, gentle synclines, maintaining a fair
continuity of bedding. The axes of these wide synclines are oriented N60E. To the east, the
folded strata are quite irregular, and small individual synclines (~8 cm stratigraphic
thickness) of folded strata are found surrounded, laterally and below, by churned siltstone.
The small synclines in the eastern part of the section show broken edges, often in é
stepwise fashion perpendicular to bedding. One of these small-synclincs has an axial
orientation of N47E.

The fine sandstone that overlies these folded structures is up to 40 cm thick in the
deep synélinal depressions, filling in the in’égular surface with crosé-laminac that indicate
slipface migration towards the NW. In the eastern part of the outcrop, where the folded and
partly homogenized strata define a thin zone of deformation, this sandstone bed is much

thinner, 8-10 cm. In this eastern area, the sandstone contains extensive, low-angle laminae
»

1




that form widely spaced, low-relief, convex-up domal patterns (hummock-and-swale
geometry) (Plate 24b). The laminae are locally separated by low-anélc internal tmnc‘aﬁon

surfaces, and the upper surface of the bed contains symmetrical-crested ripples. These

features are diagnostic of hummocky cross-stratification (see Section 4.10.1).

4.16.4.1 Process Interpretation

The horizon at FD-231.jl records a number of different processes influenced by
gravity. Sliding is recorded in the lower unit. A truncation surface is clearly visible at the
lcrmjnalion of the upper sandstone bed, and distinctive laminae in the sandstone blocks
indicate that these were derived from the upper sandstone bed Figure 4.17, and then rotated
wiihin the mass as it moved dowhslbpc. The clasts were only moderately deformed during
transpon. 'ﬁnc lower sandstone bed contains evidence of fluid flow: swirled and contorted
laminae, ball-and-pillow structures, and spheroids of sandstone.

The thick upper clayey siltstone unit has many of the atributes of the unifite beds
(described below), including abnormal thickness, lack of intemal structure (massive) and
lack of well defined grading. The observations that (a) siltstone makes up much of the
matrix of the clast-rich lower zone and (b) there is no distinct break between the lower unit
and this upper siltstone unit, indicate that the two are genetically related. It is not readily
apparent what sequence of events led to the deposition of this unit. If sliding (lower unit)
triggered a muddy flow (upper unit), then one would expect the muddy unit to have been
deposited downslope from the area of sliding. There are two possible explanations for the
superposition of these units: (1) the thick muddy flow had sufficient density to exert
enough shear stress on the sea floor to causé sliding under the flow, and also eroded and
moved the sand blocks, or (2) the muddy flow was generated upslope from the slide, bqt at
the same time, and the fine-grained flow moved over, and was deposited on top of, the

slide. The first explanation is less appealing because a slump- or slide-gencrated flow
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would likely be deposited pnmarily dm_x_nsl_gp; from the slide deposit itself. Stanley,(l9_82)
describes deep-water welded flows with lower slump division and overlying sandy
turbidite divisions that are similar to FD-231.1 in that the contact between the slump and the
turbidite is gradational and pieces of the slump are found in the overlying wrbidite. He
reasons that there are two conditions needed to produce a welded couplet: (a) short
transport distance between point of failure and site of deposition and (b) an cnvimnﬁcnt
that can accommodate and preserve these deposits. Stanley concludes that in the deep sea
the only likely setting for these welded flows would be a éhanncl with failure and sliding of
a fan valley wall followed by an overriding turbidity current. In the case of FD-231.1, the
exposure is not extensive enough to ascertain the geometry of this horizon. The great
thickness of lhc'uppcr siltstone division would argue for containment within a charinel, and
the channel geometry of some unifite beds in the CIF lends support to this possibility. Such
a channel might not have been a permanent feature on the sea floor, but rather may have
been a scar formed at the time of dcformation by downslope transport of sediment during
sliding. ] |

The horizon at FD-346.2 records somewhat less intense deformation. The
deformed sediment package moved along a fairly well defined surface/zone. From the
limited exposure, it appearé that the movement was towards the west or north. The sharp
anticlines énd wide synclines at the western part of the outcrop formed as an
accommeodation of stresses created by the sliding mass. The defonmation was
compressional, and the sediment responded plastically, but with some integrity. The sharp
terminations to bedding in the small synclines in the eastern part of the section indicate that
part of the deformation was brirtle, The overall structure indicates that the layers essentially
buckled, with the greatest amount of deformation occurring towards the west. The
northeast trend of the synclines indicates maximum compressive stresses oriented roughly
northwest, which is roughly the direction of erosional downcutting, and by inference the
general direction of dip of the local slope.




A close temporal association of sand deposition with sliding is suggested by: (1) the

juck of a fine-grained drape over the slumped surface (a clay drape would have been

elatively easy to deposit and difficult to erode in the topographic (synclinal) depressions),
'.;nd (2) the anomalous thickness of the sandstone bed (roughly 3-4 times the muximum
thickness, and an order of magnitude thicker than the average thickness, of the surrounding
s.',.j'mdstonq beds).

; The c-lose association between hummocky croés-stru;iﬁcd sandstone and this slide
fc;ature may be significant for the interpretation of the bed. It should be noted thit only a
fcz'w scattered examples of HCS \\;crc found in the several hundred meters of FA 2 strata
below this horizon. Hummocky bedforms are considered a storm-generated feature (see
Sc;_;tion 4.10.1), formed, at .lcasl partially, under the influence of long-period oscillatory
cu;lhrms. Storm-generated waves have been considered as a factor in slope failures by
ma;ly authors (Doit, 1963, Henkel, 1970, McGregor, 1981; Coleman, 1981; Prior and
Coleman, 1982; Saxov, 1982; Koﬁing, 1982). Henkel (1970) déscnbes how changes in
pressure associated with the passing of waves create cyclic shear stresses that remould the
sediment as a result of decrease in strength and increase iﬁ pore pressure. These chur)gcs 1o
the sediment result in failure and downslope movement. '

The intimate association of HCS and the slide features at FD-346.2 suggests a link
between stresses generated by major storms and initiation of mass movement. Such a link
has never been documented in the rock record, probably because of the.low probability of:
(1) depositing sand directly on the surface of a slide; (2) gcncmﬁng unequivocal storm
features in the sand bed, and (3) preserving the whole sequence. Most ancient slides are
described from deep-water settings (e.g., slope), where deposition is well below the

influence of waves.




4.16.5 Summary Process Interpretation of Disorganized Beds

There appears to be a genetic link between many of the 'disorganized beds described

_ above. The evidence for these various links, the evildence for ransitions between bscd types
and the processes assogiated with such transitions are reviewed below.

_ Liquefaction is likely to have been an important tnggering mechanism in all of these
bcd§ because of the abundance of muddy siltstone in FA 2. Unifite and raft-bearing beds,
as well as many of the thin interbeds associated with disturbed and slumped horizons, are

composed of sediment of this grain size. Cohesionless fine sands and silts possessing a

slight content of fines or organic matter are highly susceptible to liquefaction (Andresen and

Bjerrum, 1967; Terzaghi and Peck, .1948; Keller, 1982). Silt-sized particles are particularly
‘susceptible as they have no intergranular electrostatic attraction, but are also too light to
shift into stable packing at the time of deposition (Andresen and Bjerrum, 1967).

Given the proper grain-size distribution, other factors that control susceptibility to
liquefaction are: (1) vertical and ‘latcral homogeneity, (2) degree of lithification, (3) pore-
pressure conditions, ;1nd (4) rate of accumulation (Moore, 1961). The primary control is
accumulation rate (Terzaghi, 1956; Middleton and Hampton, 1973; Hein and Gorsline,
1981), which in metastable sediments is faster than the rate of consolidation increase and
pore-water reduction.

Earthquakes have been noted as a means of initiating liquefied flows (Andresen and
Bjerrum,-l967)"and slides (Morgenstern, 1967). Cyclic shear stress associated with storms
has also been implicated as an ‘initiation process’ by numerous authors (sce Section
4.16.4.1). The suite of features at FD-346.2 imply that storm-related forces may have been
an important causative element in the formation of these beds.

Most workers indicate that liquefied flows can originate on very low slopes (<1

degree) (Moo}e, 1961; Morgenstern, 1967; Middleton and Southard, 1977; Prior and
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Coleman, 1982). Depositional slope may generally have less effect than accumulation rates,
and the associated rate of consolidation, on the formation of a wide variety of ma‘ss—
movement structures. Morgenstern (I?b?) describes cases where highly consolidated
sediment is stable at very high angles (over 30 degrees). On the other hand, sliding is
common in areas of high accumulation rate, such z;s the MisSissippi Delta, on slbpcs as low
as 1 degree or less (Shepard, 1955;‘Tcrzaghi. 1956; Moqrc: 1961; Embley, 1982). No
particular feature or bed type described above requires high slopes (i.¢., debris ﬂows may
be common on slopes <1 degree — Hein and Gorsline, 198 15. The primary controls in
disposing the sediments of FA 2 to liquefaction and flow were probably grain-size
distributions and depositional rates. Intermediate to high (1-5 degrees) slopes, if present,
would have aided in the development of these gravity flows.

For many years authors have contemplated the continuum of processes associated
with gravity flows (e.g., Dott, 1963; Middleton and Hampton, 1973; Shultz, 1984), but
continue to use end-member Jassification schemes (e.g.. Middleton and Southard, 1984).
These end-member classiﬁ'cali(;ns are ingrained in our language and make it difficult to |
convey information without using them. Nevertheless, any number of support mechanisms
, may be active temporally and/or spatially (vertically or laterally) during the deposition of a
single bed. The sequental development of flows of different character has been addr.csscd
by Fisher (1983), Middleton (1970), Shultz (1984) and others. Figure 4.18 summarizes
what I believe to be the full range of possible transitions in transport mechanism. The
paleoenvironmental im\crprctations of the various facies in FA 2 (Section 4.22) will, in part,
determine the applicability of some of these process transitions. Baiscd solely on the
information from these beds, the evidence for certain transitions is more compelling than
others. Liquefaction and/or sliding are thought to trigger all of the various mass movements
and gravity flows (Figure 4.18). .

Liquefaction has long been implicated in the generation of turbidites (Morgenstern,

1967; Middleton, 1970). The evidence for transitions from liquefied flows to wrbidity




Figure 4.18: This diagram illustrates a wide variety of possible flow transitions for the
disorganized beds of FA 2. Flow transitions are summarized with arrows in lower
right. Some transitions are more likely than others based on facies characteristics
(discussed later). Quadrilateral in lower left shows interpreted support mcchamxm\ for
the dnfcrent bed lypcs at the time of deposition.
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currents (Unifites 1-3), given in Section4.16.2.1, is based on a wide spectrum of unifite

bed types. These bed types show features of both cnd—mt;mbcr flow types, as well as those

of mtcrmed:atc character (Type 2 Unifites), 1mplymg a lateral ransition between these, Sflow

' types. A ransformation from a slide to a debris ﬂqx{ or from a debris flow to a turbldny

current, requires strength reduction at the time of failure, and for the latter case, requires

- sufficient acceleration of the mass downslopc to reach velocities needed fdr turbulcncc

(Morgcnstcm 1967, p.206; Hampton 1972). Cohesive strength, an ambute of flows
with clay contents as low as 5% (Hampton 1972; Rodine and Johnson, 1976), may be
rcduccd dunng flow by dilation, entrainment of water, and an increase in pore pressure -
(Pierson, 1981). The association of structures at FD-168.2 stron gly lmplncs that th_c -
transition from sliding t'o. debris flow was important in the deposition of many‘ of these
disorganized beds. There is no direct evidence to suggest that debris flows (leading to raft-

bearing beds) may havc transformcd to turbidity currents (lcadxﬁ & to unifite Type 3 beds).

‘The fact that there are ajw examples of raft-bearing beds vmh few,if any, laminae and

rafts raises this pombxlny The downslope transition of a debris flow'to a turbulcm flow

. would be aCCompamcd by the settlmg of clasts througb a progresswcly ‘weaker slurry. This

type of transition would leave clast-rich deposns.upslope and clast-poor or clast-frec
deposits downslope (Shultz, 1985). |

la ziddition to temporal changes in flow types, theré is also ihc possibility that

" different bed types may have formed in different areas, from the same event or series of

events, and subsequently interacted during do:wnslopcrmovcmcnt_ Asan example, one
intcrprctatior'\ for the thick unifitelike cap to thé slide bed at FD-231.1s that it was
deposited from a flow generated simﬁltaneously upslope that later flowed over the siid
strata. . o

In summary, the argumcn‘ts out'lincd above, and those in the process interpretation
sections for individual beds, have established: (1) a grain size distribution that faQors

susceptibility to liquefaction, (2) a likelihood that high sediment accurhulation rates may
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have played a role in creatin g underconsolidated sediments (metastablé pucki‘ng). important.
for liquefaction, (3) a gi'adation of bed types in the unifite subfacies that can be related to

flows along a continuum between liquefied flows (T ype 1) and turbidity currents ('f‘ypc 3,

(4) a possible link between iﬁcipient sliding (disturbed subfacies) and debris flow (raft-

bcarihg subfacies) (e.g., FD- 168.2), (5) the theoretical feasibility of proposed flow
transitions (3 and 4), (6) a possible link between sliding and unifite deposition (e.g., FD-
23L.1), a;nd €)) smoﬁg evidence to suggest that sliding was caused, at least in some

instances, by storm-related processes.




The Gutter Cast Facies is dominantly composed of S0, S1 and 52 beds with
moderate t(; abundant gutter casts (Pl#te 25a,b,¢). The sandstone content, excluding gutter
casts, varies roughly from 10-40%, with S$3 beds making up a very minor percentage

 (<2%). Q beds make up about 5% of this facic‘s. Where the gutter casts are most abundant,
| the bedding is thinner, with féwcr Q beds. For instdnce. ah 11 m interval from FD-24-35
contains -no. sandstone beds thicker than 2.5 cm, except for gutter casts. Unifite beds
(Ty;;es 1 and 2) are _proﬁminem, forming 10-15 % of the facies. One or two raft-bearing
beds have been noted in strata that are marginally considered to be this facies (thicker
: sandstonc.bcds and few gutter casts). Ptygmatically folded sandstone dikes arcAsurprisingly
abundant (Plate 25b,c,d). Wave nipples are present on 52 beds, locally as stz;rved fonn#.

Wave ripples are also found at the top of wide gutter casts.

118 SANDSTONE—JSILTSTONE FACIES (2.2)

This lithofacies forms most of Member 2 and contains the full range of bed types
described above and a wide variety of sedimenta’y structures. Two subfacies are defined
below based on the clustering of bed types and scdimcntafy structures.

\

‘4.18.'1 Siltstone-Dominated Subfacies: 2.2A

Visual estimates of the total sandstone content of this subfacies (Plate 26d) range
from 5-40% and average about 15-20%. A few thin zones, r;ibst notably FD-168.8-170.7,
have abnormally high sandstone content (70-85%). primarily in the form of rippled, wavy,

and lenticular S2 and $3 beds. For comparison with Subfacies 2.2B, the percentages of

-




PLATE 25: GUTTER CAST FACIES (FROM FD-20-30)

a: This photo shows the general appearance of this facies. Note thin sandstone beds, gutter
casts (a few prominent ones are arrowed), and a few small carbonate nodutes ("C").
Stratigraphic top is up. Divisions on scale are 10 cm.

b: This close-up of the upper right of "a” shows the scale and style of interbedding of S1
and S2 laminae (and a few S3 beds). Note large, ptygmatically folded sandstone dike on
right. Stratigraphic top is up. Scale is 10 ¢m long. ’ ‘\

c: Large, ptygmatically folded sandstone dike (above scale) cutting across S1 and S2
laminae. Stratigraphic top to upper left. Scale is 10 cmlong.

d: Bedding plane view of “c"' Note triangular-shaped sandsrone body at intersection of
three arms (arrows) of the dike. Scale is 10 cm long.

, A
e: Close-up of bedding showing S1 and S2 laminae, unusual shaped gutter casts and
numerous Skolithes annularis traces. Stratigraphic top is up. Scale is 2.5 cm wide.







PLATE 26: FACIES ASSOCIATION 2

a: Fault separates Green Laminated Slltstone (Facies 2.4) from thick package of strata of
the Red Siltstone Facies (FD-285-294) (lower left of photo). At the top of the photo is the
_ thin package of Red Siltstone at FD-310.75-311.85. Stratigraphic top to upper left.

b: This strata (FD-347-350) of the Sandy Subfacies (2.1B) lies abové the slide horizon at
FD-346.2. These strata are in striking contrast with the very thin and thin beds below this
level. Stratigraphic top is up. Notebook is 18.5 cm long.

¢: The strata directly below the Red Medium-Thick Bedded Sandstone/Shate Facies (1.4)
above FD-103.7 consists of sandstones and shales that have picked up a strong slaty
cleavage (FD-99.8-FD-103.7). These are in sharp contact with the underlying sandstoncs
and siltstones of the Gutter Cast Facies (2.1) (in the foreground). Stratigraphic top is up.
Notebook is 18.5 cm long. .

d: Typical exposure of Silty Subfacies (2.1A) at GB with moderate amount of sandstone
(mostly S2 and S3 beds). Small portions of the thicker (53) beds are exposed. Many of the
~ thinner beds were disrupted by burrowers. Stratigraphic top is to left. Scale is 1 m long.

¢ e: Sandy Subfacies (2.1B) at FD-68-72 with numerous S3 beds and an S4 bed in the

' ,foreground. Stratigraphic top is to upper left. Scale is 15 cm long.
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various bed typcsrhavc been calculated for a 40-m interval of this subfacies (FD-155-195).
In this interval 2.0% of the strata are Qbeds, and significantly, only 2.75% are beds
thicker than 3 cm. Two gniﬁte/mft-beaﬁng beds make up 2.5%.

In comparison ,u:; Subfacies 2.2B, the S3 and S4 beds in this subfacies are more
continuous: there are ve;'y few pinch-outs and they less often exhibit pinch-and-swell
geometries. This coincides with fewer erosional upper surfaces. Fewer beds in this

subfacies display undulatory and draping laminae, form-discordant ripples, and complexly

interwoven cross-laminae.
4.18.2 Sandstone—Dominated Subfacies: 2.2B

The Sandstone—Dominated Subfacies is characterized i)y a high j)crcc‘nmge of
sandstone beds that are greater than ~3 cm in thickness (H beds, S$4 beds and thick S3
beds) (Plate 26b,e), and a distinct paucity of Q beds. Thickness percentages of these bed
types were calculated for this subfacies over a 40-m interval from FD-225-265. The
sandstone beds > ~3 cm thick comprise 19.7% of this interval, while 0.08% are Q bcds.'
The highesi percentage of these thicker sandstonc beds at the FD locality is found from FD-
345-350, where these beds make up 57.3% of the section. A lower limit of thicker-
sandstone beds (>3 cm) for this subfacies is arbitrarily placed at approximatcly 10:15%.
Visual estimates of the total sandstone cbntént of this subfacies, including H beds and S1-
S4 beds, is commonly 40-60%, reaching 70% or more for thin stratigraphic intervals.
Unifite and raft-bearing beds are present, buiv thesé are very widely spaced. For example, in
the 40-m zone described above (FD-225-265), there are only three such beds, forming only
6% of that interval (including the abnormally thick bed at FD-231.1).

This subfacies is ‘also characterized by the distinctive geomerry, scdimcntafy

structures, and textures of many of the S3 and S4 beds. In this subfacies there is a marked

abundance of oscillatory-flow structures, i.c. draping and offshooting laminag, form-
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discordant ripples, and symnictrical ripples. Even more striking visually is the percentage
of beds with significant irregularities in thickness associated with erosional lower and

a_—y
upper surfaces, especially the later. Compiete pinch-out of S3 and S4 beds is not unusual.

4.19 RED SILTSTONE WITH VERY THIN SANDSTONES: FACIES 2.3

Facies 2.3 consists of red siltstone with thickly laminated to very thinly bedded,
white to green, fine to medium sandstones (Plate 27c). This facies exhibits bedding styles
that range from regular and slightly disrupted to wispy, blebby, and extremely
dis&)minuous. Sa;xdslonc layers make up less than 30% of this facies. The san_dslonc
laminae are found in packages up té 15 cm thick that contain as much as 50% sandstone.
These alternate with siltstone-rich packages of subequal thickness that may contain as little
as 2-5% sandstone. Sandstoné beds are conspicuously bright green, in contrast to the
surrounding red siltstone. Many sandstone laminae and sandstone-filled burrows have
~ diffuse green halos. Isolated green spots occur within relatively homogeneous fcd siltstone,
but are not abundant. There is a conspicuous absence of shrinkage cracks in this red-

" colored fa;:ics. Sole markings are rare in these thin sands, but flutes were noted on the base
of one bed (FD-286.25).

The red siltstone is inhomogeneous in terms of grain size and structures. Subtle,
thin layers of light red mudstone are interlayered with the siltstone and sandstone. The
siltstone contains a small (<2%) but variable percentage of fine to medium grained quartz
sand and detrital micds {muscovite and minor biotite). The coarse fraction of the éiltstonc is
found as floating grains and as laminae thar are-a fraction of a millimeter (onc!o; two
grains) thick. Some layers have 20-25% coarse silt and very fine sand sized micas that

impart a sparkling sheen to the rock under the proper lighting conditions.
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PLATE 27: RED AND GREEN SILTY FACIES

» a: Qutcrop wcw (stratigraphic top to left) of Thinly Bedded Red Sandstone/Siltstone Facies
(2.3) at FD-285-294 (A" - between arrows) and at 310.75-311.85 (on far left of photo -
not clca.rly dlscqmablc) The Green Laminated Silistone Facies (2.4) at FD-295-310.75
("B™) is'in center and foreground. The green rocks on far right are Facies 2.2. The trace of
a thrust fault wu just a few meters of throw runs from the lower right to upper left in
photo. ! «

\

b: Close-up of Green Laminated Siltstone Facies (2.4) from FD-305.45 showing white-

weathering carbonatc—cememed sandstone laminae and poorly developed carbonate nodule.

Spacing of laminae inside and outside of the nodule indicate that it formed after

considerable comgactxon A small phosphatic nodule has been incorporated (?) into the

carbonate nodule. Straugraphnc top is up. Scale is 10 cm long.

c: Thinly Bedded Rcd Sandstone/Siltstone Facies (2.3) (FD-310.75-311.85). Note white-
weathenng, carbonate-cemented sandstone laminae with sharp lower and upper surfaces.
The irregular,slightly elongate vertical sandstone lenses (e.g., below scale) are cross:
scctxonal views of Teichichnus rectus. Stratigraphic top is up. Scale is 15 cm long.

\
d: Close-up view of Green Siltstone Facies (2.4) from FD-303-304 with thick parallel and
ripple cross-laminated carbonate-cemented sandstone laminae. Note Teichichnus rectus
burrow to right of rul‘:r Stratigraphic top is up. Scale is in cm.

e: This close-up of thé\ Green Siltstone Facies (2.4) (FD-296.8) shows a thick sandstone
lamination with incipient ripple cross-laminae (lower left) and rounded pyrite nodule with
orange iron-stain halo (center). Stratigraphic fop is up. Scale is in cm.
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Ripples are the dominant sedimentary structure. Sﬁall starved current apples are
locally very common. Sand beds at-lhc FD and PM localities display ripple bedding with
complex intemal structure. Irregular scour surfaces are present within these rippled beds,
and extensive laminae often drape the ripple form sets. One particularly inllcresting
concretionary sandstone bed at PM-15.6 shows starved form-concordant climbing ripples

overlain by draping laminae with intemal scour surfaces (Figure 4.19). Swongly

bioturbated zones, tens of centimetgrs thick, alternate with zones characterized by

moderately intact laminae/beds. ]‘gg‘hmhnm Sp. burrows dare locally abundant.

4.19.1 Process Interpretatior.

—

’I;hc thickly laminated/very thinly bedded nature of the sandstone beds and the fine
grain size of the background sediment indicate that the sediment was dcpositcd under
generally low-energy conditions. The abundance of small current ripples, and the lack of
current lineations or large-scale bedforms mdicates currents of low velocity. Starved ripples

indicate that at times the supply of coarse-grained sediment was low. Discontinuous and

t&“:..

disrupted bedding resulted, at least in pan, from the acticn of burrowing organisms, as
evidenced by a high concentration of burrow mottles and traces.

The millimeter-thick sandstone laminae in the silistone may be attributable to~
winnowing and rcworkiﬁg. Thick laminae to very thin beds of sandstone with ripple
lamination were deposited under lower-flow-regime conditions. The planar and wavy, /
horizontal and low-angle laminae in some sandstone beds indicate that at times oscillatory
currents were reworking the sea floor. The bed at PM-15.6 (Figure 4.19) records initial
unidirectional transport of sand in the lower flow regime (starved ripples), which was
followed by deposition and reworking of sand by oscillatory currents (draping and

complex cross-laminae).




Figure 4.19: This panially carbonate-cemented sandstone bed at PM-15.6 contains a form
set of small isolated current ripple crests (enlargement) overlain by draping lamination
with internal scour surfaces.

‘e
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The green coloring of the sandstone beds is a diagenetic byproduct formed under
reducing diagenetic cor;din'ons (;cc discussion in Section 3.2.1.1). Reducing fluids
preferentially moved through these coarser, more permeable layers imparting x;greer.) colof‘.
while the less permeabte muds retained theirred colag, These fluids affected the 7
surrounding siltsto"né; as shown by the color halos. Isolated green spots are 'reduction .

spots’ marking burrows or local accumulations of organic matter.

| F\acics 2.4 consists of green siltstone with very thin and thin fine sandstone beds,
many of which are carbonate cemented. The se beds do not weather prominently (Plate
27a), so bedding-plane and sole features are rarely observed, although a few groove and
flute marks and Planglites montanag traces h{"ave been noted. Although ripples are common,
they are difﬁc_dlt to measure due to lack of tﬁrcedimcnsional cxposufe. All noted cross-
seational views of ripples from this;lithofacics at FD’show ;1 consistent foreset orientation,
dipping roughly northeast. This lithofacies locally contains abundant Teichichnus sp. ‘
- burrows (Plate 27¢) and coarser-grained, very micaceous, thin sandstone beds.

This lithofacies gcncraily contains less than 5% s;"mdstonc. The most sandstone-
deficient exposures contﬁn as lit‘tlc as 1-2% sandstone and no sandstone beds >1.5 cm
thick for as much as 5 m of stratigraphic section. Despite the mostly structureless
appearance of the siltstone, thin laminae (<2 mm) (comparable to S1 laminae Facies
2.1/2.2), are visible on some weathered surfaces (Plate 27b,d). These millimeter-thick

laminae locally form graded rhythmite beds (see Section 4.7) with upward decrease in

sandstone laminae thickness and an increase in their spacing. Nearly all of the sandstone




beds are uniformly carbonate-cemented. Carbonate concretions are found along some

carbonate-cemented beds (Plate 27b), and more rarely along beds that are not carbonate-
* cemented. Sandstone beds dispiay the following scdirhcnlary sfructurcs: (1) parallel
| lamination, (2) ripple cross-lamination (Plate 27¢), (3) parallel lamination overlain by
current-ripple cross-lamination, (4) same as 3, but with a scoured upper surface filled in
with draping laminae followed by more ripple cross-laminae, and (5) complex cross-
lamination with intemal scour surfaccs. and draping lamina;. |

Notabie features of xhisﬁpfacies are pyritic and phosphatic nodules. Both typesf
nodule may also occur as single, isolated featﬁres or in trains along thin sandstone beds.
The phosphatic nodules are dominantly elongated parallel to bedding, and average
approxlm.nely 2-3cmin length and 1 cm in thickness. Evidence for early formation of-
thse fe.nures is given in Section 3 4. Additional evidence for early formation, noted in this
lithofacies, {ncludc: (1) the preservation of dehcatcvvan'chkc laminae of very fine sandstone
and siltstone in the nodules, and (2) the incorporation of these phosphate nodules into
larger carbonate concretions, which themselves contain evidence of devélopment prior to
' signiﬁcaht compaction. One or two isolated examples appear to be at a slight angle to
bedding.

Pyrite qodulcs aré similar in size to the phosphate nodules, and while some are
elongate in shapé (roughly panallel to bedding), they tend to be more rbt@nded. These.
weather with a dull gray metallic sh?en or with light yellow to dark brown crusts and iron-
stain halos (Plate 27¢). On a fresh surface these nodules are gray and fine-grained, with a

distinct radial fabric.
4.20.1 Process Interpretation: Facies 2.4

The fine-grained nature of this lithofacies and the thickness of the sandstone beds

" point towards a low-energy setting with infrequent deposition of sand during higher-energy
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events. Sand transport direction is not known precisely, although it appears to have been
roughly towards ihe nonheést. The sand beds were deposited under upper-flow-regime
(parallel laminatibn) and lower-flow-regime (ripple lamination) conaitior;s. A few beds
have parall;:l-laminatc'd lower divisions and ripple-laminated upper divisions suggesting
~ decelerating flow conditions during deposition. Sandstone beds with complex cross-
‘laminae‘and scooped erosional lower bounding surfaces and draping laminae are diagnostic
of depbsilion by oscillatory or combined currents (Boersma, 1970; De Raaf et al,, 1977;
Hanns"(-:t al., 1982; Figure 4.4). The graded rhythmites ate aiso interpreted as beds
deposited from waning flows (see Section 4.7). The thin sandstone laminae, includiné
ihosc arranged in graded rhythmites, are enigmatic aﬁd contain no evidence diagn.ostic of
dcpositién from oscillatory/éombincd flow or unidirectional currents.
lnterstiﬁal ﬂuids. and possibly even the bottom waters, were reducing, as indicated

by the presence of phosphatic nodules and pyrite balls (sce Section 3.4.1). The green color
also supports reducing diagenetic conditions (Figure 3.4). The paucity of burrows —- only
a few were noted — may also reflect low-oxygen conditions inhospitable to burrowing
organisms. Calcite cementation of sand layers took place under the chemical condi('ior]s that
stimulated precipitation of phosphate, namely high pH (see Section 3.4.1). These sand
layers were preferentially cemented because their high pem]cabi]'ily allowed movement of

fluids during diagenesis.
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4.21 LITHOFACIES DISTRIBUTION: FA 2

LY

" .The Gutter Cast Facies (2.1) is present in the lower part of member 2. At FD, this )
* facies forms much of thc. strata from FD-18.3 (the member 1/2 boundary) to FD-99.8 (in
addition to Facies 2.2;Subfacies A). The strata most clearly distinct and recognizable as
Facies 2.1 are from FD-22-35 and from FD-~80-99. This facies is also present at GB (GB-
187-200B), but unfortunately much of the section at the base of member 2 is broken by -

faults at this locality. This facies is present at the same stratigraphic pos_»itibn — at the base

of member 2, on the east side of the Burin Penisula at Lewins Cove in the interval LC-12-
30B. This facies makes up ~14% of the strata of FA 2. o .

The Sandstone/Siltstone Facies (2.2) composes tﬁc t:::]k of member 2 (~80% of FA
2), and is found at FD, GB, LC, PM (Point May), BI (Brunette lslan-d), ana CI (Chapel
Island). The two subfacies are intergradational gnd interstratified. Only a few packages of
strata are clearly deﬁnaplc as Subfacies 2.2B; one 3.5 m-thick package is directly above the
buckled horizon at FD-346.2. The association of thisinterval with the buckled horizon is -
intriguing because other sandstone-rich (although not necessarily lthk bedded) zones are
found above a raft-bearing bed at FD-168.2 and a unifite bed at FD-92:6.

The redcolored Facies 2.3 (~2% of FA 2) forms two dx;tmcnvc hoﬁzon§ within
memiﬁer 2: athick one traceable between GB (GB-119.9-125.1B), FD (i:D-285-294), and
PM (PM-14.8-20.6), and a thinner, stratigraphiéally higher hoﬁzon, present at GB-141.5-
142.4B and FD-310.75-31 1'.85 only. The thick horizon at PM is the most sandy, FD is . ]
less sandy, and GB is the least sandy. The green, finely laminated siltstones of Facies 2.4
(~4% of FA 2)are found primarily between these two red horizons at GB (GB-125.1-
141.5B.) and FD (FD-294-310.75); the outcrop shows an upward increase in sandstone
content, and a short distance abovc the upper honzon of Facie’s 2.3 this facies grades
%ldly into Facies 2.2, Tcnchnchnus sp. burrows were noted in Facies 2.4 at FD a few

meters directly above the lower horizon of Facies 2.3. Facies 2.4 is found at PM where it is
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more §andy and more burrowed than at other localities. Facies 2.3 and 2.4 are both present-

on Brunette Island, and appear to also be present as far north as Chapel Island.

4.22.1 Introduction

The exceptiongfl preserva}ion of sédimenuw structures in mafty outcrops of FA 2
allows detailed description and process interpretation of various bed types (Chapter 4).
This facies association islvgntriguing in thét many of the features of Facies 2.2
(Sandstone/Siltsténe Facies) and to a lesser degree Facies 2.1 (Gutter Cast Facics) — the
‘ volumetrically dominant facies — are typically assqciatcd with deep-water sedimentary
sé’quences. These include: graded bedding with well cievelopcd flute marks and other sole
markings, graded rhythmites, and a host of gravity-flow deposits including slides,
liquefied flows, turbidites and debris flows (including pebbly mudstones). The close ~*
association Qith facies deposited in a shoreline setting (FA 1) makes this art unusual and
challenging sequence to interpret, and leaves great potential for refining and expanding
existing models for shelf sedimentation, particularly with reference to storm deposilién.
Evidence giv_cn earlier in Chapter 4 indicatés that the bulk of FA 2 was deposited in
nearshore and inner-shelf settings (between the shoreline and storm wave base). This is
based on the close association with facies deposited at the shoreline (with evidence of
" periodic exposure), the ‘prescnce' of HCS, and the abundance of wave ripples and wave-
ripple laminae. The hydrodynamic regime in this setting is one of the most complex of any
depositional environment because of the interaction of waves, tides, currents, fluvial input,

and storms. The following section will deal first with ‘evidence for waves and tides’,

——




' 2(21,22,23, and 2.4).
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which is followed by ‘evidence for storm sedimentation', particularly in relation to Facies

2.1 and 2.2.-This will be followed.by a section entitled: 'evidence for dcl;ajé

sedimentation’, which will include paleoenvironmental discussion of all of the faci;s inFA

422.2 Evidence for Waves and Tides

In the lower part of member 2, lhc Gutter Cast Facies (2.1) and the
Siltstone/Sandstone Facu:s (2.2) are transmonal with facies from FA 1 that clearlv suffered
subaerial ciposu{c 'at thc time of deposition. This indicates a shallow subtidal origin,
panic.ulaﬂy'for Facies 2.1. A very striking aspeﬁt of these facies is that, despite
éonsidérablc th‘ickn'css and excellent cx;;osm'tl:, there is a complete lack of direct evidence
for cithér bca;:hcs or tdal sand ridges, characteristic features of wave- and tide-influenced
shorelines, respcctivcl.y. There is, however, evidence thrdughout FA 2 for the influence of

L
=

tides and waves.

~~The cwdencc for tides includes ahmodai—bxpolanhsmbunonnfnppie
palcocum:nts from Facies 2 2 at FD (see Figure 4.2c). This paleocurrent information

suggests that sand beds emplaced from the southwest were at times reworked by ﬂood-fidal

" currents (thc palcocurrem information from FA 1 — Figure 3.3 — indicates cbb-udal

asymmctry) Addmonal albcnwcak cm:umstanua] evidence for-udal mﬂucncc is facncs

transitions-with well dcvcloped muddy mtcmdal facies (Faclcs 1.1, 1.2) in the lower part

of Mcmbt_:r 2.

The evidence for waves includes abundant wave ripples and wave-ripple larninac'.

although most of these are associated with thc storm dcposns discussed below. 'I‘hc wave-

npplc data from FD (Figure 4.2¢) mdxcatc a wide range of wave oncmatlons. but lhe data

from PM, CI, and GB (Figure 4.3) are compatible with a northeast-facing shoreline.
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Despite this c;/idcncc for wévé reworking'. waves appatently did not have a strong and
continuous influence on the Miﬁnnw of FA 2. '

Less is.known about the character of the shoreline, and the influence of waves and
tides, during the deposition of the uppcr part of member 2 than-for the lower pan, since \\
shoreline facies (.which best reflect these procc_sses) are not exposed in the upper part of the
SCCD:OI"I. There is, however, no evidence for major changes in_the sedimentary regime in the
upper p?m of member 2. Facies 2.2 dominates the upper part 6f member 2, and there is no

obvious difference in appearance from its occurrences lower in the section.
4.22.3 Evidence For Storm Sedimentation

For some time now there has been a growing awareness of the episodic nature of
sedimentary processes (see Dott, 1983). The role of storm events in carrying sand onto
shelves and forming distinctive 'storm-generated’ sedimentary structures and facies has

come to light only over the last 20 years. Studies of the effects of storms on modemn

shelves by Ball'et al. (1967), Hayes (1967), Perkins and Enos (1968), and Gadow and
Reineck (1969) sparked interest in finding analogs in the rock record. The early 197()"5
sav;'x_i proliferation in the description of ancient sté)r;ﬁ faciesf(/c.g..Bull, 1971, Gf)ldring.
1971, Hobday and Reading, 1972; Reineck and Singh, 1972; Brenner and Davies, 1973,
Goldring and Bridgcs, 197‘3; Ager 1974). Recent years have seen the refinement of facies

models for tempestite dcp@sition, with particular emphasis on HCS (the erm 'tempestite’ ’

was coined by Gilbert Kellir;g for storm-generated sandstones; see Ager, 1974).

The evidence that storm processes played an impoqént }bli_:" in the deposition of
Facies 2.1 and 2.2 comes from: (a) the $2-54 sandstone beds and (b) additional |
beds/features. $2-S4 sandstone beds (Sections 4.4->4.6) were deposited from waning flows .
* under conditions of combined dnidircctional/oscillatory flow. The early stages of

deposition were dominated by strong unidirectional flow and the late stages were
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i dc;minatcd by oscillatory flow. The upward transition from parallel lamin4e to combined-
flow or wave-generated laminae, so cémmon to the (;IF beds, are a fundamental
distinguishing feature of tempestite beds (De Raaf et al.,, 1977, Géldn'ng and Bridges,
1973; Kreisa, 1981; Aigner, 1982, .S"cilachcr, 1.982; Brenchlcy; 1985; and many others).-
This forms the upper part of an idealized tempestite sequence proposed by Aigner (1982),
based on obscrvation's on the Muschelkalk limestones of SW Gcﬁnany. The full idealized
sequence is similar to the Bouma sequence. in all respects except that the Bouma T, (and

T4?) division is replaced by wave ripples. Bouma-like sequences have been described from

graded sAnd layers in the Bering Sea that are interpreted as tempestites by Nelson (T§82).
The S2-.S4 sandstones of FA 2 generall); lack the lower "a” division that Aigner and
Nelson describe. 'fhis is attributable to a relatively homogeneous source df sediment,
lacking a.coarse-grained component that would normaily make up a graded lower division.
The data from thé CIF beds are consistent with models of storm dcpositioh (e.g., Walker,
1984) in which sediment is entrained near the shoreline and moves offshore in high- |
velocity, bottom-hugging, sediment-laden flows, with deposition\occurring under
conditions T high wave swell (above starm wave base) that continues long after most or all v

3

of the bed is deposited.
: There are many other aspects of these sand’s;onc beds and also other features and

bed types that are characteristic of storm deposition (e.g., pot and gutter casts, graded
rhythmites, and flat-pebble conglomerates). Table 4.3 is a compmison’o;stonn-genefatcd
features from ancient tempestites with those of Facies 2.1 and 2.2. The similarity is striking
and clearly suggests a strong influence of storms during the deposition of F.A 2.

The paleocurrent information from sandstone beds in Fécies 2.1 and 2.2 indicates
well oriented flow to the northeast, which is parallel to the inferred motion of tidal currents

from FA 1 (NE-SW bimodal/bipolar pattern). This imp]ics that the ternpestite flows were

moving more or less perpendicular to the shoreline,
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TABLE 4.3: STORM-GENERATED SEDIMENTARY FEATURES FROM FA 2

STORM-GENERATED SEDIMENTARY FEATURES

Interbedded coarse (storm) and fine (fair-wcz;thcr)_ beds

Sharp/scoured base — gradational top

Pot and gutter casts

Flal-pcbbfe conglomerate

Lags

Thickening and thimning and lentcular beds
- Reworked but autochthonous fauna

Infiltration textures

Escapel,burrows

Graded fhythmites

Wave-generated undulalory lamination _

Vertical sequence: planar lamination to wave-generated
' lamination

* N.A.= Not Applicable
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The mechanisms by which sediment is carried out onto the shelf are at present
poorly understood. Discussions iend to center on three types of currents: wind-forced

currents, storm-surge-ebb currents, and density currents (see discussion in Walker, 1984).

. Wind-forced éufrems are shore-parallet currents driven by shear stresses applied to the sea

surfdcc by the wind. Storm-surge-ebb currents are offshort-directcdv bottom currents that

Aform.in msp;nsc to hydraulic heads associated with coastal setups during storms. Modem-

day obscrvaﬁoﬁs of these 'rclaxali’on' flows in'dicaté that they are strongly affected by the

Coriolis Effect (except at low latitudes) and evolve into shore-parallel geostrophic flows. . -
Turbidity currents are a special case of density current in which the excess density is

supplied by dispersed sediment. - |

Turbidity currents flow downslope by gravity acting on the dendity difference ¢
between the diSpcrsion and the surrounding sea water. Grain support comes primarily from
turbulence generated by the flow, but on a high-energy shelf, _Wavcs. would tend to égitatc
and mix bottom flows like a stirring rod. Grain support from turbulence generated by -
waves and other currents may be an important factor in nearshore settings, 1osing inﬂucnce
with greater dcpth\: and distance from shore. Whether or not this additional sohrcc of
turbulence should invalidate unqualified use of the term 'turbidity current’ for these flows
may be debated, although it is important to recégnizc that, especially in proximal §itﬁations.
thcsc. aré in fact complex ‘combined’ currents.. .

Using a broad definition of the termn "turbidity current’, there is considerable
cvidcnéc‘ for shelf turbidity currents (for reviews see Walker, 1984, and Brenchley, 1985).
This includes evidence for storm sand transport more than 100 km offshore, and high
velocities (>~1 m/s — scc Section 4.10.1) at these great distances from shore. Many
6ccanographcrs doubt that storm surges would be capable of carrying sediment at these

- velocides for such distances.
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Studies of the rock record suggest intervals from 400-15000 years between ‘
tempestites, \yilh an average of 5000 years (séc Walker, 1984, Table 2; data from Hamblin
and Walker, 1979; Goldring and Langenstrassen, 1979; Brenchley et al.: 1979; Aigner,
1982, Kreisﬁ, 1981). It has been argued, using these data, that the events resp_onsibk for
tcmpcsﬁtcé in the rock record may not have been recognized by oceanographers and that
these events aré considerably stronger than those studied toaay. The sandst(;nes inFA 2.
have many of the chamctcﬁgdcs (;f wrbidites, but there is no evidence to rule out strong
storm-surge-ebb currents.

4.224 Thcorctice\ll interactive-flow model for deposition under oscillatory Emd

unidirectional currents: application to S3/54 Beds

From th; above discussion, it isé',nferrcd that tempestites deposited above storm

wave base, including the S3/S4 beds of this study, are affected initiallty by unidirectional
. flow and later by combined or oscillatory flow. The sedimentary structures, and sequences '
of sedimentary structures, in these beds can therefore be understood in terms of an
imcrplayhbctwccn unidirectional and oscillatory flow cc;mponcnts. An interactive-flow
model of deposition Iis presented in an attempt to explain a wide range of sedimentary
structures and structure sequences in-tempcstitcs, which will be then applied to 83 and $4
beds. The model attempts to explain the style, thickness and sequenct of stratification as a
function of the inital o§cillatory and unidirectional flow velocities and their relative rates ofl
dccrcasé.

| In nature, both flow components may change in both direction and speed during
storms (Swift et al., 1983). In order to accurately model #€mpestite deposition in nature
thcsevfaCtors énd others such as grain size would have to be addressed. This is a clearly

unmanageable number of variables, and so for simplicity it will be assumed that the
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unidiréctional and oscillatory ﬂoi' components ﬁave the same orientation and thatthe grain
size does not vary—signiﬁcantly dun"vng deposition. At this point an “initial-velocity graph”
can be constructed (Figmé 4'.203) whose axes an: the initial values of unidircc;ional |
velocity (Ug), and oscillatory velocity (Uy,),, the two components of flow. The initial _
conditions of any particular cvent%n be represented by a singie point on this graph. At
high velocities the initial conditions are associated with conditions of upper-flow-regime
plane bed, while at Jower velocities ripple bedforms of various types are stable. The plane-
bed field has been divided into an oscillatory-dominar;t. unidirectional-dominant and
combined-flow field, the last of which has sx{bcqual influence of both unidirectional and
oscillatory flow. When dqpositioh occurs in the bedform field, the nature of the ripples at
any particular time is a function of the relative strength of the unidirectional and oécillalory " .
components. . ' ‘

' For any particular flow, once thé .initial values of oscillatory and unidirectional
velocity are plotted on Figure 4.20a as a point, the conditions of deposition with time can
. then be presented by a curve on this graph. In nature, the veloéity of each component
would decrease with time during the course of a storm event but not in a simple manner. As
a simplification, only smoothrcurves will be considered. An infinite number of curves
could be drawn from e¢ach point, each of \yhici\ would result in a particular sequence of
stratification.

For the sake of this discussio;, predictive stratification Sequences will be based on

linear deceletation curves. With this in mind, a two-dimensional graph ("deceleration

graph”) whose axes are the rate of decrease of 'velocity of unidirectional -dU,/dt and

oscillatory -dUy/dt flow is constructed (Figure 4.20b). For any initial condition on the

initial-velocity graph, a deceleration history of both flow components can be represented on

13

the dccclcmﬁon_ graph. In the upper left portion of the deceleration graph, the
unidirectional-flow component has a more rapid deceleration, while the oscillatory-flow

~component has a slower deceleratioli. In the lower right portion of the graph the oscillatory-




Figure 4.20: Theoretical interactive-flow model for deposition under combined v
oscxllatory/umdxrccnonal currents.

(A) "Initial-velocity graph whose axes are initial unidirectional velocity (Uy), and initial
oscillatory velocity (U,),. The initial conditions for any particular flow can be plotted-

as a point on this graph. The upper nght -hand part of this graph, corresponding to
high values of oscillatory and unidirectional velocities, is the upper-regime plane-bed
field. This has been subdivided into oscillatory (OPB), unidirectional (UPB), and
combined (CPB) planc-bed fields based on thc dommam flow conditions.

(B) Assuming linear deceleraton conditions, the time hlstory of a flow can be reprcscmed
by asingle point on this _deecleration diagram” which plots the relative values of
negative acceleration of unidirectional flow -d¥J /dt and oscillatory flow -dU/dt
components. ) . vy

(C) Generalized bedform stability fields for combined-flow.conditions, assuming one
uniform grain size, are given in the plot of unidirectional velocity U, versus oscillatory
U, velocity. More comples graphs of this kind will be useful in the prcdn(.uon of
vemcal stratification sequences (Figure 4.21).
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ﬁow component has = faster deceleration, while thc unidirectional-flow component has a
slower deceleration. In the central area the components deceterate similarly (Figure 4.20b).

Figure 4.21 illustrates how lhese'graphs can be used to predict vertical stratification
scqucnce‘s‘. A point has been chosen on the initial-velocity gnl;;h in the plane-bed field
where the unidirectional component is dominant. This is done to make this discussion
relevant to the S3/54 tempestites of lhé CIF, whose initial stages of deposition were
dominated by unidirectional flow. Seven separate time-velocity histories are represented by
the letters A-G on the deccl‘cration graph in Figure 4.21. For cach point a vertical
stratification sequence 1s presented, flanked by a graphical r_cpreser;mtion of the c.h:mgc |n
velociiy with time of each component. Inborder to standardize the predictive stratification
sequences it is assumed that both the total thickness of deposited scdir‘ncnl and the rate of
deposition are constant. Variations in the latter would primarily affect only the rate of climb
of various bedforms.

The vertical stratification sequences ;rescmcd in Figure 4.21 are determined by a
combination of deductive reasoning, intuition, and educated guessing, due of the poor stiate
ofundcrslanding of combined-flow bedforms and their response to varying flow
conditions. The combined-flow stability fields given by Harms et al. (1982, Figure 2-18)
can be used as a guide, or predictive tool, in determining stratification type# under the
various flow conditions (assuming equilibrium between the flow and the bed). Figure
4.20c is a generalized two-dimensional representation of these combined-flow bedfonn
stability ficlds. There is, of course, some difficulty in comparing the predicted sequences
with the rock record, one of which is distinguishing between different types of ripples,
particularly the vanious types of combined-flow ripples. Ripples formed under complex

“oscillatory flow, which would not be represented in this model, are probably important |
components of tempestites, and these might be difficult to distinguish from other ripple
types. An added problem in comparing the predicted features with those observed is the

inability to distinguish betweendifferent types of plane-bed lamination (unidirectiorul-

o




Figure 4.21: Representative suite of vertical stratification sequences. A point has been
chosen in the upper-plane-bed field of the "Initial conditions” diagram. Seven different
deceleration histories (A-F) were chosen, each representing the change in velocity of
both components with time. The velocity-time histories of each component are
gruphically represented next to the proposed vertical stratification sequences associated
with each point. See text for details.
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dominant, oscillatory-dominant, or combined). Déspite these formidable difficulties the
mode! can be used to understand an individual vertical stratification sequence, or groups of
sequences.

In the case of S3/54 beds, it can be seen that under the initial conditions determined
for these beds, namely combined flow with high initial unidirectional vclocilics; that some
sets of deceleration curves are applicable, while ‘othcrs are not. For instance, the
stratification sequences associated with examples C, D, and E in Figure 4.21 are not

common in S3/S4 beds, and therefore the velocity-time histories associated with these

examples are not applicable. The implication is that the $3/54 flows did not decelerate at a

rate faster than bedforms could form (example C). and that the influence of unidirectional -
currents did not generally outlast the effects of vscillatory currents (examples D and E).

- It 1s possible using this model to focus on the bedforms that are found at the top of
beds (bed téps are passively draped to a,van'able extent), especially as cross-sectional
views are not available at some outcmpﬁ. 1t is obvious that, under the conditions outlined
f<;r this model, in most cases the velocity of one component of flow (b) will drop below a
level which is negligible in its effect on bedform development (at or near threshold velocity
for sand movement) before the other (a). As illustrated in the velocity-time diagram on
Figure 4.22, there will thcrtforc"hc a time gap between these components, designated T, .
where a’is the longer-lasting component. If this time gap is less than the time necessary for
the development of an equilibrium "a" bedform (T ¢q)- then the top of the bed will contain
either parallel lamination or combined-flow ripples. If T, 4, is greater than Teq: then current
or wave ripples will form at the top of the bed, depending on which component is "a", the
longest lasting (Figure 4.22). Of course, wave or current ripples can form at the top of
beds under wholly unidirectonal or oscillatpry flows, respectively, a;1d' therefore this
applies only to combined-flow situations. The time gap fa_h would depend on the slope of
each velocity curve and on the initial velocities of each component. For instance, in Figure

4.22, two separate points were chosen on the initial velocity graph (#1 and #2), and itis




Figure 4.22: Under the conditions of the theorstical interactive-flow model, the type of
bedform found at the top of a bed is a function of which component of flow drops
below threshold velocity for sediment movement first, and whether the time lag
between the first and second component's deceleration below threshold velocity (T, 1)
is large enough to develop equilibrium bedforms (i.e., >Teq)- The box on the right -
demonstrates that if the time lag is greater than Teq, the bed will be 1opped with current
or wave ripples depending on whether the unidirectional or oscillatory component is
longer lasting. The speed at which the flow decelerates and the initial flow conditions
are a factor. Points 1 and 2 have been chosen on the initial-conditions diagram. Similar
deccleration curves, shown as similar points on the deceleration diagrams, are chosen
for each. In "1" the time gap between components T, is <T¢, and therefore the bed is

- topped with parallel laminae or combined flow ripples. In "2" the time gap is greater
because of the initial disparity in the velocity of the components, and the time gap
allows for the development of current ripples at'the 10p of the bed.

Y
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shown that under similar conditions of deceleration (similar stopes on the velocity-time
graphs), one of these (#2) will develop éum:.m ripples during the latter stages of';c'iq)(.vsz_ili'(wn
and the other will not. | ’

If this diagram represents, at least in a general way, the main controls on vertical
stratification sequences in tcmpcétites, then it should be possible, considering the
underlying assumptions, to recreate these conditions in a flume or tank. A program 6(
experiments in a long-period combined-flow tank to gcner}nc a-wide range of combined-
flow stratification styles could aid greatly in the prediction of vertical stratification
sequcn;:es by, a@ng other things, constraining the siabili(y fields of particular combined-
flow bedforms. Work of this kind would also help in evaluating the feasibility of

reconstructing the conditions owtlined in this model within a flume or tank.
4.22.5 Tempestite Facies Model for CIF

Discussion of tempestites almost always concerns ancient or modern sandy
shorelines. The model developed by Walker (1984) is a paradigm used by most geologists.
In this model sand from the shoreface is carried offshore by turbidity currents and is
deposited in the form of HCS above storm wave base and distal tempestites below storm
wave base. An interesting aspect of this model is the hypothesis that part of the shoreface
liquefies in response to intense cyclic wave loading, allowing for the rapid passage of large
quantities of sediment into suspension. | ’

At several horizons within the lower part of member 2 there are gradational
transitions between intertidal and subtidal deposits. These indicate a shoreface dominated
by fine-grained sediments, not sand. The Gutter Cast Facies (2.1) is found at these
transitions both at the boundary between merﬂbcrs 1 and 2 and the transition into Facies 1.4

at FD-103.7. This suggests that Facies 2.1 was deposited in the shallow subtidal zone and

Facies 2.2 was deposited in deeper water. An interesting aspect of this reconstruction is a
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seaward shift from very thin lenticular beds (dominantly S2) and Qbundant gutter casts to
more co;ninuous and thicker beds (S3/54) without many gutter casts. Trends of
_proximality/distality for tempestites have been discussed by Brenchley et al. (1979), Aigner
(1382). Aigner and Reineck (1982), Nclspn (1982), and Brenchley (1985). Proximal to
distal trends in these studies include both changes in bed thickness and sedimentary
structures (Figure 4.23a). In these models, thick, often amalgamated, sandstone beds
(SCS) dominate the nearshore and progressively thinner sandstone beds (HCS and distal
tempestites) reflect incrcasing'distality. A model for FA 2, given in Figure 4.23b, hasa
very different association of sedimcnmiy structures and bed thicknesses. In this model the
shallow subtidal is a zone of throughput with high-velocity, sediment-laden flows eroding
deep narrow scours (gutter casts). Very little sand is deposited outside of these scours:
most of the sediment bypasses the very shallow subtidal zone and is deposited in deeper
water. As storm-generated flows move into deeper water they start to decelerate, resulting
in less significant erosion of the scz; floor and increased deposition, to form more
continuous and regular beds (Subfacies 2.2A). At some ‘dis(ance \from shore, bed thickness
reaches a maximum (Subfacies 2.2B). and more distally bed thickness decreases. The‘.
distal tcmpcstite_é‘ dcbosilcd below storm wave base, are represented by FA 3. Implicit in
this model is the understanding that ventical bed-thickness distributions at any particular
point along the shoreline must depend on the vanation in intensity of the storms involved. .
And so, for instance, 84 beds are sporadically found throughom the section within
otherwise thin-bedded strata, and S1-S3 beds are found within the thicker-bedded
Subfacies 2.2B.

. This model is based on observations solely from vertical lithofacies distributions.
The weakest part of this model concerns the development of the thicker sandstone beds
tincluding S4 and H-beds) of Subfacies 2.2B. The nela.tionship of these beds to the
shoreline cannot be demonstrated in the same manner as the thinner-bedded Facies 2.1 and

Subfacies 2.2A, and these beds cannot be related to storm wave base (except to say they
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Figure 4.23: Comparison of standard tempestite model versus proposed model for FA 2.
Proximality trends in the standard model (A) include constantly decreasing bed
thickness away from the shoreline with a shift from SCS sandstones to HCS
sandstones to distal turbiditelike beds. The Model for FA 2 (B) shows a bed-thickness..
rend that first increases then decreases away from the shoreline. The proximal setting
15 one of bypass with erosion the dominant process (many gutter casts). Passing
seaward, gutter casts die out and bed thickness increases; Rare HCS is formed in the
thicker sandstone beds farther out on the shelf. Below storm wa\;t_?_,l’\msc {SWB) distal

tempestites are turbiditelike in character (FA 3). H
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form above it) in the same way as FA 3. There is evidence to suggest that at least one
stratigraphic occurrence of Subfacies 2 2B may be related to a temporal Lhungc n the
depositional system. Approximately 3.5 meters of Subfacies 2 2B strata occurs
immediate]y above a chaotic/deformed horizon at FD-346.2 (see Section 4.16.4). Strati

above and below this package of Facies 2.2B contain widely spaced very thin to thin

sandstone beds, while the strata in the package contain numerous thin to medium sandstone

beds with highly erosional upper surfaces, amalgamation surfaces, and abundant wave
ri'pples. The origin of this package and other sandstone-rich packages associated Wilh"
aisorgginized beds will be discussed in more detail below. In the meantime it is important to
note tha( not all occurrences of Subfacies 2.2B appear as dramatically within the section: in
fact, most are highly gradational with Subfacies 2.2A. For this reason, there is no reason to
suggest that major changes in shoreline processes are necessary to explain a slightly higher
concentration and thickness of sandstone beds. Autocyclic changes associated with
particular depositional systems (e.g., deltas) will be disCussed below.

An impontant difference between the model pfoposed in Figure 4.23b and standard
models for storm-influenced shorelines (Figure 4.23a) is the rarity of HCS beds. There are
two possible reasons for this: (1) most beds in FA 2 are not thick enough to develop
recognizable HCS, and (2) the conditions necessary to proéucc HCS were not met very

" often. The most common bed thicknesses of HCS are 20-80 ¢m, although they range from
a few centimeters to well over 1 meter (Dott and Bourgeois, 1982). Very few data are
availahlg on bed thicknesses of HCS, but available data and observations b‘y the author
sx;ggest that there are no natural size breaks of the kind known to characterize unidirectional
bedforms, and therefore thin béds of HCS, if they had been abundant in the CIF, would
have been recognized. It appears at this time that HCS requires the following: (1) long
wave periods, (2) complex wave oscillations and (3) high velocities (See Section 4.10.1).
One aspect of the depesitional system of FA 2 that might have an effect on one or more of

these fuctors is the concentration of fine-grained sediment. It is readily apparent that for
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much of the time during the deposition of Facies 2.2 the substrate was fine-grained, and at
some periods the water column may have had high levels of suspended sediment. |
Numerous atithors (Nair, 197;’); Augustinus. 1980; Wells a;d Coleman, 1981; McCave.
1985; Rine and Ginsburg, 1985), in the siudy of deltaic systems, have comnmcntf:d on the

~
effects of high suspended-sediment concentrations on waves. These effects include: (1)

attenuation of waves, and (2) drop in amplitude, and change 10 solitary wave shape

{smaller, sharp—pca_kcd‘crests with flat troughs that are at still water level) (Wells and
Coleman, 1981 ); There is no way to know if, or how often, high sediment concentrations
characterized. the inner shelf during the deposition of Facies 2.2, but even partial attenuation
of waves by such a process might have be an important factor in suppressing the formation
of HCS.

¥

4.22.6 Evidence for Deltaic Sedimentation

The dynamics of deltaic sedimentation, affecting both the momholdgy and overall
character of the dc,Tla, are determined by the basin geometry, which in turn controls the
interaction among waves, tides and sediment input. Waves and tides tend to rework
sediment into well sorted sands in the form of beaches, shoals, and tidal sand ridgcs,rwhilc
the mud tends to be carried offshore, and in the case of tide-dominated shorelines, to the
idal flats as well. Deltas affected by high tidal ranges tend to form in large funncl-shnpea
indentations in the shoreline and contain large subtidal shc;mlinc-pcrpcndicxlln} sand ridges ‘
(e.g., Ganges-Brahmaputra and Ord Deltas). Deltas subjected to strong wave power fcr)d
to form beach-barrier shorelines (e.g., Sdo Francisco ar:d Senegal Deltas). Highly ~
constructive deltas, dominated by fluvial processes, tend to form with lobate to bird-foot
morphologies in enclosed or semi-enclosed basins (e.g., Mississippi and Po Deltas).

As mentioned in Section 9.22.2 there is no direct evidence for a beach facies in the

lower pan of Member 2, where foreshore/intertidal sediments are repeatedly exposed. One
- 0
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possibility is that the lack of a beach facies is related to the abundance of siltstone in FA 2. '

“Modem inner shelf settings with abundant fine-grained sediments are generally associated

with large deltas, cs;pccially in areas of moderate to low wave and tidal ir]ﬂucsncc. "Ihcsé
deltas may have high rates of deposition of fine-grained sediments: e.g., Mississippi and
Huanghe (Yellow River) Deltas. Muddy coasts are funhcmx:rc often characterized by high
suspended-sediment concentrations (Wells and Coleman, 1981). As mentioned above in
the discussion of HCS beds in FA 2‘(Section 4.22.3), the effects of a muddy substrate and
high suspenjcd-scdiment concentrations associated with deltas include significant’
attenuation of waves. The shape of dehas, which "...tend to be fronted by broad, gently
sloping subaqucous- profiles [may also cause] the wavc-.: [to] lindergo significant refraction.
shoaling and frictional :mcnu;nion as they approach the shoreline” ‘(Erlliot.' 1978, p. 112% If
the deposition of FA 2 was characterized by high depositional rates of fine-grained

sediments, the influx of sediments would work to offsct the destructive effects of tdes and

waves and explain the lack of beach or tida]-sand-ri(éms. If FA 2 was deposited -

within a deltaic sctting‘with’hi'gh suspended-sediment discharge, there should be evidence
for high depositional rates. Such evidence is dcscﬁhed below.

The most important aspect of FA 2 that calls for high sedimentation rate 1s the
abundance of nearshore instability features. The proc;:ss interpretanions for the gravity-flow
déposils of FA 2 (see Sections 4.14.1.2 and 4.14..5) cmplhasized the role of high
sedimentation rate in generating conditions suituah)c for failure (high pore pressures and

liquefaction) on-the slopes typical of nearshore marine settings. According to.Moore

(1961), fatlure of metastable (underconsolidated) sediments is ”...cf greatest importance in

specialized, near-shore neritic or estuarian |sic} environments”{p. 355-356), and is

~ "normally found in the mariné environment only off large rivers camrying predominantly

fine-gtained silt and clay-sized material” (p. 351).
Instability features from the Mississippi Delta have received considerable attention

(Shepard, 1955; Terzaghi, 1956, Moore, 1961; Coleman and Gamison, 1977, Roberts,
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198(); Embley, l982; Prior and Coleman, 1982). Mass-movement features from the
Mississippi Dc]la include collapse features, slides (botdgncck and rotational), mudﬂgws
(with gullics and overlapping lobes) and faults (Prior and Coleman, 1982). Active slope
failures, including collapse structures and silt flows, havé also been .describcd recently
from the Huanighe Delta (Prior et al., 1986). A variety of gravity-flow structyres, including
slidc.; and debris flows, have ‘becn described from the delta front at the head of a fjord in
British Columbia (Prior et al., 1984). Itis re:'tdily apparent that a full range of gravity ﬂo;avsi
is possible in dclta-fron({cnings. and that the types of mass movements degchbed for FA2
arevcompa(ible with a deltaic origin. In fact a deltaic setting may be the only reasonable
alternative, given the low slppes that are typical of most shallow shcl’t: settings and the fact
that on'modern shelves gravity-flow features are found only in areas of high sediment input
associated with deltas. h A

Additional cvidencc for high scdimcnta(ibn rates.of mud is the small number of
amalgamated sandstone beds in FA 2 (some Q, 84, and H bcds), Amalgumafcd tchlpes‘titcs a
would be cxpéctcd under conditions where little sedimcﬁt is’dei)osited between storms or |
where successive storms are separated by'ls'htl)r.t pcnods of time. There is pd way of
. knowing the timing of storms dun'né thc‘dépo"sitioﬁ of the CIF, bat it scems ur;lilsely that,
ina Tshallow subtidal setting, such a remarkable paucity of amalgamated beds could result -
without a high input of fine-grained sediment. Another piece of evidence to 5upp§n high '
sediment accumulation rates is the abunéiancc of sc_dimcntary_dikesin the shallow subtidal
deposits of Facies 2.1. These dikes register the movement of water-lad sand experiencing
elevated pore prcssﬁrcs. Rapid burial of water-laid Sand by ﬁnc-graincd sediments does not
allow the slow rclcasc_»of water, and the high poré pr_cssu'rcs that result évcmually lead 10
the ventical injections of sand. -

The ev'ider)ée oullined above indicalcs; ﬂ.’la’l depositon éf FA 2 w0k place in a
néarshorc setting characterrj_zed by high sedimeatation rates, probakﬁy w}thin or along the

flanks of a delia. Due to limitations imposed pumanl y byw‘lateral outcrop distribution a




detailed reconstruction of deltaic environments cannot be achieved. This is a serious
limiting factor in the reevaluation or modification of existing models of deltaic deposition.
The procéss interpretations of the various* facies have allowed the paleobathymetric
positioning of lithofacies and the rcconsirucu'oﬂ of depositional processes. Furthern ore,
the association of particular depositional processes, for instance storm processes and
gravity-flow deposition, may prove important in expanding facies models of shelf

sedimentation.

4,23 DEPOSITIONAL MODEI

The model for tempestite sedimentation developed for FA 2 (Figure 4.23b) is
compatible with a deltaic model. Sandstone beds with the characteristics of turbidites have
bccn\dcscribcdl from a number of ancient deltaic deposits (Mchn'de etal., 1975; De Raaf et
al., 1965; Walker, 1969; Horowitz, 1966; Allen, 1960). VS.torrh-_gener.ated sand beds with
Bouma sequences have been described from the Yukon River Delta in Norton Sound,
Alaska, a shallow embayment of the Bering Sea (Nelson, 1982; Howard and Nelson,
1982). The Yukon River Dqlla supplies sediment directly into the Bering Sea, where waves
erode and-suspend large volumes of sediment that are camed 6ff shore during storms. The
exact nature of the u;zinspon of the sediment is not known, although Nelson (1982) prefers

a storm-surge-ebb origin.

4.23.1 Source of Sand

One fundamental question concerning deposition of tempestites in FA 2is the
source of the sand. As argued above, during deposition of the lower part of Member |
m&ncc for beaches. One possible source of sand may have been the tida) flats
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(Facies 1.1/1.2) that flanked the inferred delta. Facies 1.1 contains abundant scours and
erosional surfaces, indicating that sediment-was-being actively rcmovcli from the ti;jul flat.
Itis dif;ﬁcuh to imagine, however, that the quantity of sediment removed from this seting
would be enough to form extensive sand beds over much of the shelf.

Another possibl'c source of sandy sediment within fluvial-dominated delta settings
is cheniers. Cheniers are found along coasts that flank large deltas; examples include the
Guy_ana and Surinam coasts flanking the Amazon River (Augusl'inus.A 1980; Brouwer
1953) and the Gulf Coast adjacent to the Mississippi Rivcr.(l{oyt, 1969; Gould and

McFarlan, 1959). These features form under conditions of low wave and tidal energy in

areas with effective longshore cyrrents and a variable supply of dominantly fine-grained

-sediments (Elliot, 1978). Cheniers form at times of low sedimentation rate when waves and

currents can winnow the shoreline sediments to form saﬁdy beaches. During times of high
sedimcntmion rate thcrc is progradation of mud flats. It has beén demonstrated in Gulf
Coast region that perieds of progradation and reworking correspond with times of -~
switching of the active delta (Gould and McFarlan, 1959). Because cheniers are a hkely

component in a ﬁnc-gminéd fluvial-dominated deltaic system such as envisioned for FA 2,

‘these cannot be ruled out as a possible source of sand. Cheniers may be appealed to

particularly in the case of the Q Beds, whereby these could act as a source of well sorted
sand. It has already been p<‘)|—n_l-ed‘ out that there is no direct evidence for the existence of
beaches in the lower part of member 2, while the upper part of member 2, which is sandier
than the lower part, does not have any preserved shoreline deposits. One could therefore
postulate that cheniers formed during the deposition of the upper part of member 2 and that
these acted as sand sourcés at this time. There is, however, a strong similarity in the

-

character of the sandstone beds (i.e., color, grain size, sorting) between the upper and

] -

lower parts of member 2, arguing for a continuity of sediment source during the deposition

of the entire member.




The most logical source of sand would be direct input from the fluvial
distributaries. McBride et al. (1975, p. 504) have interpreted deltaic sandstone beds from
Late Cretaceous rocks of northern Mexico as “...turbidity currents that were generated
when sediment-laden ﬂoo;i water debouched from delta distnbutaries”. The proximal beds
have erosional bases; rare flute and groove casts, but no graded bedding. Beds they
considcr prodeltaic contain more abundant flute and groove marks and common Bouma Ty,
and T units.

. The direct input of sand from distributaries may help explain a number of features
of the tempestite model for FA 2 that are at odds with thé,sumdard models. One major
difference between these models is the presence of an area dominated by erosion and
throuéhput in the shallowest subtidal setting (Gutter Cast Facies) in the mode! for FA 2.
One problem in understanding the de,vcldpmem of this faciesin its paleoenvironmental
setting, in terms of the standard models of tempestite deposition, is that there is a limited
space between the shoreline and the shallow subtidal zone in which sediment flows could

attain sufficient momentum (o create a zone of erosion and throughput. This enigma is
solved by allowing for fam-movir;g scdi'mcm flows to be debouched from distributary
channcl/s into the shallow subtidal environment, where they erode the sea floor on entry
into the marine setting and then spread out to deposit their load across the delta-front,
prodelta and shelf environments. The limited exposure of shoreline dcposiv(s in member 2

make such speculation difficult to prove, especially Since there are no preserved channel

deposits that are uﬁcquivocally distributary in nature.
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4.23.2 FA 2 Mass-Movement Deposits™
4.23.2.1 Introduction

The study of subaqueous mass-movement features has primurily been focused on
deep-sea fan and slope deposits, both Holocene and ancient. Holocene deltaic mass
movements have received increasing attention, particularly those of the Mississippi Delia;
however, these deltaic slides and gravity flows "...have rarely been observed in ancient
counterparts” (Coleman, 1981, p. 84).

| Hubert (1972) describes an example of synsedimentary slumps in Upper
Cretaceous dclmi(: deposits from Wyoming. Large, elongate sandstone pillows in the shape
of flattened cylinders formed in the outer delta platform/upper prodelta region with their

long axes parallel to the shoreline. Hubert documents a downslope progression from

~ vertically loaded pillows to inclined and overthrusted pillows to stump folds. This example

is a suitable analog to the style of (ic_formation envisioned for the disturbed facies described
in this thesis, particularly the lateral changes in degree of deformation described for FD-
168.2, and the model of proposed transformation from disturbed beds to raft-bearing beds.
It is important to note that the rocks that Hubent dcscﬁbcd were deposited in a sandy, wave-
dominated, highly destuctive delta.

Klein et al. (1972) describe one of very few ancient deltic dcpésils with abundant
and diverse gravi(y-ﬂoQ deposits. These include slump folds, pull-aparts, contortions,
pebbly mudstones, slurry deposits with large clasts, and sandy grain-flow {?] deposits.
These deposits are géographically and stratigraphically concentrated in what are thought to
represent lower delta-front troughs, as described by Shepard (1955) and Shepard and Dill

(1966). Klein et al. (1972) suggest downslope transitions from sliding/slumping (upper

delta front) to grain flows/slurry flows to wrbidity currents (lower dela front troughs).
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Despite having more sandy facies, the gravity-flow deposistr! similar in character and
variety to those of the CIF. .

Any model f(;r the mass-movement deposits of FA 2 must explain (a) the
abundance of unifite beds in the Gutter Cast Facies (2.1) and in strata transitional between
this facies and the Sandstone/Siltstone Facies (2.2), (b) the lack of any disorganized beds
in the shelf (below storm wave base) deposits of FA 3 (see Chapter 5), and (c) the presence
of disturbed and raft-bearing Beds and chaotic/deformed horizons in Facies 2.2,
particularly in association with sandy intervals that in cases are rich in S3/S4 beds. These

points are addressed below.
4.23.2.2 Unifite Deposition: Upper Delta Front

In the deep-sea setting a variety of mass movcmcms‘ including slumps, shdes and |
debnis flows are found along the continental slope and in submarine fan environments,
while unifites are found in basin plain depressions. Stanley and his coworkers (Rupke and
Stanley, 1974; Sunley e