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" slope. High sedimentation rates and vigorous ervirormental

ABSTRACT /

. The late Quaternary stratigraphy and sedimentation of a small,

" morphologically smooth region on the Scotian Slope, known as the
- Verrill Canyon area, has been invmtlgated using lugh-reﬁolutlon

seismic prwofll&s and piston cores.
4

The acoustic stratlgraphy in the area has been established
with the use of high resolution seismic profiles. Most of the
study area is underlain by evenly stratified, coherent reflectors
which' thin downslope. These reflectors are rooted in outer shelf/
upper slope tills and till-like tongues which extend over the shelf
break and interfinger with upper slope sediments. Gullies cut the
upper slope and a few extend downslope as erosional valleys.
Widespread sediment failure has resulted in detachment scarps,
slunps and acoustically-defined disturbed zones.

' Piston cores from mdlsturbed and erosmnal zones wn,thm the
study area provide a camposite stratigraphlc section over 20 m
thick which extends into the M:Ld-Wlsconsuxan (approx. 32,000 yBP).
Five lithofacies are identified: (1) bloturbated mottled mud; (2) -
hamogeneous mud; (3) laminated nud (4) thin-bedded sand; and (5)
poorly sorted mud. Hemipelagic, or "no—-event" lithofagies oonprlse
about 50% of total sediment cored. Mass-transported sediment, or
"event" 1ithofacies, including fine-grained turbidites and debris
fluws, conprise the remaining cored material. Synsedimentary ‘ . -
-deformation features were abserved in cores taken fram the + 7]
acoustically identified disturbed zones.

Wisconsinan sedimentation on the Scotian Slope has been
largely affected by glacia"i' events. Processes related to ice
margins and lower sea levels served to transport material to the

conditions resulted in abundant sediment failures, producing the
event lith'ofacieﬁ. During non-active sedimentation periods,
background depositional processes resulted in hemipelagic
deposition with abundant bioturbation. The entire study area is

iii
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covered by a ane to two metre drape of fine-grained, .bioturbated,
Holocene sediment. . .

The acoustically-defined disturbed zones record the occurrence
of a large scale sediment failure. Sediment deformation in cores |
fram these failed zones indicates they are composed of a complpx
arrangement of slide blocks, wh'i.c;t.i'tramfom"at the distal margins
Of the disturbed zones into debrites. Erosional scours downslope

- of the 4i zones®suggest that this sediment failure developed
. into a large idity current. This failure eGe.nt was likely
seismically triggered. P _ . .
< 'Y rl
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" CHAPTER 1

1.1 General

. During the last decade continental slopes have receivéd
increasing geclogical attention (see bibliographies of publications
edited by Shepard, 1973; Burke and Drake, 1974; Bauma, Moore, and
Coleman, 1976; Doyle and Pilkey, 1979; and Stow and Piper, 1984).
This tremd is in[;?artdlatotheremntdeyelq]rm'ltofdeep—tmaed
instrumentation, permitting detailed surveys of continental slopes,
and in part to the need to explore for natural rescurces. Research
by both academic and industrial cammmnities is beginning to provide
an understanding of the geological processes that take place along
passive margin continental slopes. '

This thesis examines the late Quaternary sedimentology of an
area on the Scotian Slope. The locality is a target of recent
-hydrocarbon exploration, and an area of demonstrable seabed
instability. A thorowh investigation of the site will lead to a
greater understanding of geological processes on the slope, and
~ define possible ‘haZards that may be met while exploring in this

ervirorment.

Heezen et al, (1959) define the slope as "that relatively
steep (3-6°) portion of the sea floor which lies at the seaward
border of the continental shelf."® Morphologically the slope
begins at the shelf break and ends at the continental rise, though
this latter bourdary is less well defined (Bouma, 1979). It is
thus a transitional enviroment between the continental shelf and
the continental rise -'ocean basin floor.

 Morphologically the cantinental slope is a diverse
envirorment, in places mrotonously smooth (Swift, 1985), and in
others rugged, unstable, and prone to slumps and other mass
movements (Jaoébi, 1976; Embley and Jacobi, 1977). These mass
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movements (slumps, slides, debris flows, turbidity cnrmnts) are
now acknowledced as camnon and inportant)slqae processes (Doyle and
Pilkey, 1979; Embley, 1980; Stow and Piper, 1984).

With increasing interest in exploit':ing offshore deep water ,
(>200 m) xysoum, a greater knowledge of slope morphology and
processes will be required (Palmer,1979; Pereira, 1984). Such an
interest has developed within the petroleum industry for offshore
Atlantic Canada with the discovery of the hydrocarbon potentlal in
the area (Pereira, 1984).

1.2 Purpose

It is the purpose of this thesis to‘study and interpret the
" Late Quaternary geological‘history of a small area on the Scotian
Slope. A priority in this study is to analyze sediment stabihty
based predominantly on geological informtim Data were oollected

L 4

by studying: . T

1) Acoustic characteristics of the bottam sediments using side-scan
" sonar imadges, high-resolution seismic reflection profiles, and
bathymetric profiles.
2) Sediment lithologies and structures from piston cores.
3) Physical properties of the sediments in these cores.
4) Radiocarbon dates, micropaleontological, and oxygen isctope
data from the cores.

Acoustic information helped to establish a geological
framework within which to site core positions. It also facilitated
correlation of the stratigraphy fran one core site to ancther.
Piston cores provided the sediment from which to study the detailed
geology. Such a study helped refine interpretation of the acoustic
data. Physical property masurmrts provided quantitative data on
the stability of the sediments. Down core physical property
measurements were used as a ‘tool for stratigraphic correlation and
aided in the interpretation of the geology. Radiocarbon, oxygen
isotope, and micropaleontologic (foraminifera) data provided a time
framesork for the geology and useful information concerning

)




1.3 Location and Bathymetry

The ‘study area, informally referred to as. the Verrill Canyon
‘area, is a site of approximately 60 km? in size lying between
42° 30'N and 43° 00'N latitudes; and 61° 15'W and 62° 00'W
longitudes (Fig. 1.1). The area lies on the Scotian Slope fram
about 200 to 2500 m water depth (Figs. 1.1 and 1.2). Two petroleun
exploration wells, the Acadia K-62 and Shubenacadie H-100, are
located in the area.

The large scale bathymetry of the Scotian Slope (Fig. 1;1)
shows two distinct morphologies: a highly dissected, or canyoned
area to the east of the 61° 30' W longitude line, and a smooth,
relatively featureless area to the west. Verrill Canyon, which is
located in the eastern part of.the survey area (Fig. 1.2) marks the
beginning of the canyoned slope. This study, however, concentrates
on the western part of the study area which is’d;aracterisedbya
broad scale sinuosity of the iscbaths. Sharp indentations of the
isobaths in the westerrmost part of the area define the East and
West Acadia Valleys. In the upper slope regior; small inflexians
can be seen in the contour lines. These features represent small
slope gullies which in some cases indent the shelf break. The
upper slope, defined by the steepest part of the slope
(approximately 5°), extends fram the shelf break to the 700 m
isobath. The gradient of the remainder of the slope averages 2.5°.

1.4 Geological Setting -

Heezen (1974) described the continental slope of eastem North
America as part of a tectonically stable trailing ed;é
(i.e. Atlantic type) margin. The stratigraphic framework of the
outer Scotian Shelf and Slaope is discussed by McIver (1972), Jansa
and Wade (1975), King and Young (1977), and Piper et al. (1987).

The overall sedimentary sequence of the slope camprises a thick
progradational Tertiary saccession, overlain both conformably and

mmxfoi:mb;yby Pleistocene sediments. 'n\a'nertinrystmtaam

[
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Figure 1.1 Iocation of Study Area (black box) and bathymetry of
Nova Scotia continental margin.
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v

Bathymetry of study area showing ocore locations
(modified from Piper et al,, 1985). Iscbaths are in
metres, solid lines representing areas of good control
and dashed lines of less control. Open circles

represent piston core locations and the two closed
circles are petroleum exploration wells.
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a.ésigned to the Bancuereau Formation (Jansa and Wade, 1975) which
consists predaminantly of shales that thicken seawards. The ’
Quaternary sediments have acamulated on the slope as a well
stratified progradational sequence (Piper et al., 1985) .

Piper et al, (1987) suggest that much of the Pleistocene
sedimentary the Scotian Slope was deposited raéidly in
a proglacial env . Rapid deposition creates high pore
pressures in the sediment (low consolidation and low shear
strengths) (Morgenstern, 1967; Keller et al,, 1979; Prior and-
Coleman, 1984). OCombined with the effects of rapfd and extreme
loading, or steep slopes, these properfies can result in mass
wasting.

Massnma!mtsarg, and have been, important processes on most
continefital slopes. Mass-wasting processes were involved in the
creatjon of both the dissected and smooth morphologic regions on
the Scotian Slope (Hill, 1983, 1984a; Swift, 1985), thus attesting
to the caplexity of the sedimentary processes that have occaurred
there. s -

On a local scale even the apparently smooth region of the
Scotian Slope is actually rugged, being marked by slide scars,
scarps, slump blocks, debris flows, and small incised chamnels and
valleys (Hill, 1981, 1983). These small-scale irreqularities were
produced by mass movements,” folding and faulting, diapirism, and
slope erceion during Pleistocene and especially late Wisconsinan
events, Evidence for diverse sedimentary processes during the
Wisconsinan were seen by Hill (1981, 1983) from his study area on
the Scotian Slope (lat. 42° 40' to 43° 00'N, and Long. 63° 20’ to
630 30'W). He found it very difficult to correlate Wisoonsinan
sediments from core to core because of the small scale facies
changes and sequence discontimuities. ' t

In contrast to Wisconsinan deposition, the Holocene record is
one of unifarm, hemipelagic deposition (Hill, 1981, 1983; Stow,
1977; Swift, 1985). Hill (1981, 1983) records only one apparently
slunped bed in the Holocene section of his studied cores. The




Holooene section drapes the underlying sedl.me.nts ard is everywhere
less than 2 m thick (Hill, 1983). The oontact between this section
ard the underlying unit is recognjzable throughout the Scotian
Slope. This contact has been dated at 17,000 to 20,000 yBP (Hill,

" 1981, 1983).

1.5 Regional Geology and BErwirormental Setting

There is a close oceanographic and sedimentological
relationship between the Scotian Slépe and its adjacent shelf
(Bouma, 1979; Hill, 1981, 1983, 1984a, 1984b; Hill and Bowen, 1983;
Hill et al., 1983; Swift, 1985). The shelf geology affects the
slope as it is the source area for slope sediments. The sea level
over the shelf affects the slope by determining the amount and
style of off-shelf transport of sediment. Glaciation acts on the
slope because it affects the geology of the shelf and determines
the sea-level history over the shelf and slope. To better
understand Quaternary sedimentation on the Scotian Slope it is
flISt necessary to review the shelf geology ard 1ts sea-level and

glacml histories.

Scotian Shelf:

The Scotian Shelf is 125 km wide in the west and 250 km wide
in the east. It has been divided into three physiographic _
- provinces by King (1970): ‘1) an inner shelf of rough topography |
which borders mainland Nova Scotia; 2) a central rone of isolated .
banks and intervening basins; and 3) an outer zone of wide, flat, , R
- shallow banks. The Pleistocene sediments of the central amd outer

shelf are underlain by well stratified Tertiary and Cretaceous
sequences that dip gently to the southeast (King and Fader, 1986).

The central shelf ranges fram 145 to 225 m in water depth.
The isolated banks within the central shelf are erosional features
resenbling mesas, and are camposed of Tertiary strata. The outer
shelf is shallower, ranging frmgSmwaterdepmmmeqan}s to |

/
100-125 m in the saddles, or depressions. This region is -




;
approximately 50-65 km 'wide. The outer banks form a chain which is
interrupted by the saddles. These banks are camposed: of Tertiary
strata underlain by Cretaceous ‘and Jurassic sediments. Erosion has
transformed them into cuestas. King (1970) suggested that the
shelf morphology was largely determined by fluvial processes during

‘a mid-Tertiary low sea level Subsequent sedimentatim has, for

the mosst part, dxapedthew:derlymtopography

The 1lithology and sedimentology of the surficial sediments on
the shelf have been studied by King (1970), Kirg and Mclean (1976),
King and Fader (1986), and Amos and Knoll (in press). King (1970)
has identified five "map units" (i.e. formations): 1) Scotian Shelf
Drift, 2) d Silt, 3) Sambro Sand, 4) LaHave Clay, and 5)
Sable Islard Sand and Gravel. These sediments are flat lying and
ormably on the pre-Pleistocene strata. They are
interpreted as variably reworked glacial debris fram various stages

of Wiscansinan glaciation.

King (1970) grouped the upper slope sands with the ielatively

poorly sorted Sable Island Sand and Gravel unit. Hill et al.

(1983), during a submersible dive, cbserved large erratic boulders
on the upper slope and outer shelf. They also noticed that the
surficial sediment grades from gravelly sand at the shelf break,
through sand to silty sand at about 400 m depth, and finally to
silty mud at depths greater than 400 m. Hill and Bowen (1983) and
Sbanléy et al. (1972b) have recognized recent transport of sediment

over t.he. shelf edge. Doyle et al. (1979) suggest that sgpillover of
material ooccurs along the entire eastemn North American shelf-slope

‘bamdary.

Gl éciaﬁ ion:

Enormous amounts of sediment can be transported long distances
as a result of glacial action (Flint, 1971). It is believed by
King and co~workers (King, 1970; King and Maclean, 1976; Grant and

" King, 1984; King and Fader, 1986) that the majority of Quatermary

sediment on the Scotian Shelf is glacial in origin and that most of
this sediment was deposited during the Middle to late Wisconsinan.

10




Older deposits were essentially removed by erosion during the last

- major glacial advance (King and Fader, 1986).

The extent and timing of the last (Wisconsinan) ice sheet in
eastern Canada and northeastern USA is a controversial topic
(e.g. Ives, 1978; Prest, 1984), that consists of two "end-member"
theories a&vocatin; maximm and minimm extent. As far as Atlantic
Canada is.concerned, the maximm theory proposes that the -
laurentide ice sheet extended seaward as far as the edge of the
continental shelf during the late Wisconsinan. The minimm theory
arques that only local ice caps developed in the Athptic regior;
during the Late Wisconsinan, leaving same coastal regions ice-free
(Mayewski, et al,, 1978; Ives, 1978; Prest, 1984). '

. The Wisconsinan Stage refers to the last major period of
glaciation. For reasons discussed by Prest (1984) this stage
\bc;ins at the end of oxygen isotq:e'stage 5, approximately 75,000
yBP. The Wisconsinan is divided into Early, Middle, and late
substages (F\%?n, 1984) . Early Wisoconsinan has been referred to
as a time of major glacial advance, with many workers proposing
that Wisconsinan ice-sheets reached their maximum extent in Eastern
Canada durirq this time. The Middle Wisconsinan substage is a time
when ice retreated from much of western and southern Canada, and
there was probable thinning of ice in the Atlantic region. The age
of the base of this substage is defined as the boundary between
oxygen isotope stages 3 and 4 (approximately 64,000 yBP). The late
Wisconsinan ranges from the base of the Holocene to appfoximately
32,000 yBP. It corresponds to the last time Canada was covered by
major ice sheets.

Glacial advances in the Early and late Wisconsinan are
incorporated by King and Fader (1986) in their five-phase model for
the Wisconsinan glacial history and sedimentation on the Scotian
Shelf (Fig. 1.3). This model is based on abundant geological
evidence, and mmerous radiocarbon dates.

In phase 1 of the model (70,000 to 50,000 yBP) the Laurentide
ice sheet had extended to the shelf edge as a grounded, dry-base

11




5-phase model of Wisconsinan glacial advance and
retreat across the outer Scotian Shelf (after King and
Fader, 1986). The attributes of these phases are

discussed in the text.

Wt '
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- ' : ¢
ice sheet. This advance is known as the Scotian Shelf - Grand
Banks advance. The ice sheet had presumably entrained abundant
basa)l and englacial debris as it advanced across terrestridl and

-

shallow marine areas.

Rafting from icebergs, as proposed by Piper and Slatt (1977),
and Stow (1977), cammencing during this phase and ending at the erd
of phase 5, could have provided a significant amount of sediment to
the Scotian Slope and Shelf. ‘ '

Phase 2 (50,000-45,000 yBP) represents an early recesgional
phase (beginning of the Scotian Shelf - Grand Banks recession). As
the ice melted and receded, lift-off moraines and early
glaciomarine sediments were deposited. Deposition beyond the shelf
edge was probably most active at this phase. The ice sheet became
an ice shelf, estimated at 200-500 m @1ck(l<mg and Fader,

1986). »

Phase 3 extends from 45,000 to 32,000 yBP. Recession rates of
the ice margin reached a maximm during the early part of this
phase. The greater part of phase 3 involved minor surges ard }
retreats of the buoyancy line (line of seabed - ice shelf
contact). This oscillation of the buoyarx:y line is believed to be
responsible for the development of mapped till tongues (King and
Fader, 1986). Moraine development and deposition of glacicmarine
sediments continued with increased melting of the ice shelf. The
larger banks may have sustained local ice domes with dry-base ice
for perlods during this phase, accampanied by local ercsion on the
banks (King and Fader, 1986). This situation would result in
further contribution of sediment beyond W‘iéncal'shelf edge.

In phase 4 (32,000-16,000 yBP) the ice shelf retreated to
preﬁehtla:ﬂéreas.' A surge of grounded ice to parts of the inner
and outer shelf may have occurred for a short interval (King and
Fader, 1986). Biological activity on the shelf increased during
this phase and sedimentation rates decreased. )

The lowest sea-level stand (115-120 rd below present sea level)'
ocaurred during phase 5 (16,000-10,000 yBP). This low sea-level
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stand left some shelf sediments subaerially exposed. As the

Holocene transgression progressed, these shelf sediments were '
reworked, leaving large areas of clean, well ‘sorte® dands and ¢

gravels that now underlie the Sootian Shelf.

Sea level:

Fluctuations in sea level can be associated with episodes of
glaciation. Sea level, in tum, can control significantly the
amount and coarseness of sediment supplied to the slope (Emery,
1968; Bouma, 1979; Piper et al,, 1987). Changes in the physical
opeancgraphic setting at the shelf break brought about by sea-level

changes cause the style of sedimentation at the margin to charge.

Evidence for the lLate Wisconsinan low stand of sea level is
well_expressed along the entire Scotian Shelf (King ard Fader,
1986)‘. Based on the presence of terraces and associated textural
changes smhassortedarﬂmnﬁedsarﬁardgmvels, on the outer
Scotian Shelf King (1970) ard King and Fader (1986) suggest that
the lowest stand of sea level in the Pleistocene occurred about
15,000 yBP at 110 to 120 m below present sea level (Fig. 1.4b).

‘These data correspond well to the sea-level curve produced by

Milliman and Emery (1968) for the Atlantic Continental Shelf
(Fig. 1.44).

. Using a migrating peripheral bulge mathematical model, Quinlan *
and Beaumont (1981) calculated the maximm lowering. of sea level
following the last glaciation to be 50-70 m. The difference
between this estimate and the previous one of ‘King (1970) and King
and Fader (1986) is quite significant in terms of sedimentological
conditions. If the sea level were 120 m lower than at present,
mxch of the outer-shelf banks would be exposed. If thé level were

only 70 m lower then anly’ Sable Island bank and Banquereau would be

exposed. No indeperdent geological evidence exists for the =70 m,

lowstamd of sea level. - ' .
'Ihelast sea-level rise (Holdoene transgression) began between

15,000 ard 13,000 yBP (Millimaﬁand Brery, 1968(: King and Fader,




Fiqure 1.4

a) Sea level curve for the Atlantic continental shelf
(Milliman and Emery, 1968). b) Cross-section of the
‘Scotian Shelf, showing sea levels at 15,000 yBP, 10,000
yBP and present (from King ard Fader, 1986).
éxpose’d outer banks during lower sea levels.

Note the
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'1986) Transqression over the Scotian Shelf is indicated by large
areas of well washed, well sorted sands and gravels (King, 1970).
The shelf break now rests in 100-200 m of water so that shelf
influences on slope sedlnter}t.atlm are significantly reduced.

1.6 Teminology

“The term disturbed zone is a descriptive term used by Piper et
al. ¢1985) to define areas of characteristically rough seabed
lacking internal reflectors on acoustic px':{ofiles and interpreted as
consisting of either slump, slide or debris flow deposits.

A slide as defined by Saxov (1982), and Cook et al. (1981) is
sediment displaced by any slope failure. They define a slumwp as a
- slide in which the mass of material moves as a unit or as several
subsidiary units*along one or several curved slip surfaces, usualiy
with-backward rotation of the mass. Embley and Jacobi (1977), and
Jacobi (1984) further distinguish sediment that is deformed and
liquified during transport downslopé in a slide, resulting
ultimately in a slurry or debris flow. In a slup, sediment is
downdropped and mrtated but contortion of mternal layermg is
m.Lm.mal. '

The term d is used for. sedunent mterpreted to have been
deposited by a ‘debris flow. A debrite consists of mixed
lithologies, ranging fram muds containing only a few sand- to
boulder-sized clas{s to a bouldery mass containing little md
(Stow, .1986, 'p. 414). The use of the teym in this study is in )
reference to beds showing characteristics such as clasts supported
in a matrix (i.e. pebbly mudstone), erosional bases to beds, and
inverse. and normal grading (cf. Walker, 1984, p. 177).

m@g@ are sediments dépositéd by a turbidity cun;e.nt;
‘The use of the term in this thesis is generally restricted‘to the
fme—gramed turbidite varlety as described in Stow (1986, p. 415),
Stow and Sharmugam (1980), Piper (1978), and Hesse (1975). A
-g;égmamm_gmmisasedimmdmedepositedbyament
that has not fully develcped into a classic mzbidity current.,

P
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The term facles is used as defined by Middleton (1978{: A unit .
distinguished by lithological, structural, and organic aspects
detectable in the field. It ls understood that facies will

| -ultimately be given an enviromental interpretation. Facies
associations are groups of facies that ocour together and are.
considered to be genetically or envirormentally related (Reading,
1986, p. 5). For this study facies associations were created by
cbservation only, not by any mathematical or statistical
calculations. The association makes envirormental interpretation
easier than treating each facies in isolation.

Other sedimentary geology terms can be found in sedimentology
texts by Pettijohn (1975), Blatt, Middleton, and Murray (1980),
Leeder (1982), Walker (1984), and Reading (1986). Other terms
referring to gravity flows are defined by Lowe (1979, 1982) and
Nardin et al, (1979) S :

1.7 Mathods | —

Acoustic data and piston cores were collected <during the
following Atlantic Geoscience Centre cruides: C.S.S. Dawson) 8200
and 83012, and C.S.S. Hudson 82014, 84029, and 85001. Ship
navigation data were acquired with an integrated system of
hyperbolic IORAN-C and satellite navigation (BIONAV). It is
accurate to within +100 m in the survey area. Figure 1.5 shows the
ship tracks for the various cruises. Most laboratory analyses were -
conducted at the l}tléntic Geoscience Centre, Bedford Institute of

Oceanography.

Acoustics: .

] Various acoustic systems were used to collect data in the
. Verrill Canyon area, the results of which have been reported in
several reports (Piper et al., 1983, 1985; Piper and Wilson, 1983)
amd in this thesis. All calculations'of depth (in metres), both to
. seabed and sutbottom, were calculated assuming an acoustic velocity
of 1500 m/s. Over 2000 line-km of bathymetric data have been

)

)




Figure 1.5 Ships tracks over study area and piston core positions.
Open circles represent piston ¢ore positions.
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collected in the study area with hull-mounted 12 kHz transducers.
Approximately 790 line-km of 3.5 kHz high-resolution seismic
profiles were collected using hull-mounted transducers on the
C.S.S. Dawson, andtwirganOREpolywogfrunthecss Hudson.
Using a V-fin sparker system (see Bidgood, 1974) ; 380 line—km of
high-resolution seismic profiles were collected. This system uses
a 300-7000 Hz sparker sourd source with a 250 joule output, firing
at 250 or 500 ms. The towfish, containing sparkei', hydrophone and
depth transducer is depth compensated. It was towed at a depth of
approximately 100.m. A short (4‘f km) Huntec DTS profile (broadband
deep~towed boamer source and receiver; see Hutchins et al,, 1976)
and a 110 km 40 ind air gun line were run through the area during
the Hudson 85001.cmis§. | -

The Study Area (Fig. 1. 2) was surveyed with two different
ccmbmed—deep—tow sidescan sonar and high-resolution seismic
profiling systems During Hudson cruise 82014, 315 line-km of Sea
MARC I data were collected, pmv:.dmg coverage of over 1500 kmé.
_»Sea MARC I is a neutrally buoyant vehlcle towed about 300 m off the
sea floor (KoSalos and Chayes, 1983). The system is equipped with
27. and 30 kHz side looking sonars, producing a maximum swath width
of 5 km, and a high-resolution subbottom profiling system operating
" with a.4.5 kHz pulse length. , &

The SEABED IT 2000 m system utilizes sidescan sgnar -
transducers similar to those on Sea MARC I, but with.a swath width
of 1.5 km, and a prototype-pressure canpe:lsated deep—ocean boamer
(seismic source - similar to the Huntec DIS) (Hutchins et al,,
1985). About 190 line-km of SEABED II high-resolution seismic
reflection, and 236 line-km of SEABED II sidescan data were
collected during Hidson cruise 84029. ‘This survey was conducted
during develdgnent of the SEABED II system. Inherent heave is
present on the seismic records due to the motion of the tow
vehicle, thus severely limiting the use of these profiles.

Coring:

Pist‘g cores were collected during Dawson cruises 82004 and
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83012, and Hudeen cruise 85001. A gravity trigger-weight core was
used with P coring attempt. Omparism of the trigger-.
weight core with pistmmm;gestsﬂntﬂ)etmenmtmetre'
or so of sediment was lost in piston coring. The core positions
are jllustrated on Figqures 1.2 and 1.5, and are given in Table 1.1.

For the most part coring was carried cut with a split-piston,

. 3.5 in. (8.9 cm) ixrternal diameter corer. Core barrel lengths of

20, 30, or 40 ft. were used. Cores 85001-01 and 85001-02 were
collected using a system known informally as the giant piston

"corer. It is similar to the above described system except the

barrels have an 8 in. (20 cm) internal diameter. Once an board
ahipﬂxecomsmartintolSmlerqthsarﬂsealedw1metﬂ ,
caps. Oorestakmforgeotedmimlamlysiswrecareﬁxllyharﬂled
and the ends were sealed with beeswax to prevent desiccation.

Core descriptions:

To split the cores, the plastic liners were first ot
lengﬂwiaemeadxsideottlucom The sediment was then cut

'1ergtmisewithaﬂ'dnwire one half was saved as an archive

section, meoﬂxarasamrkqusectim. The core halves were
sealed, then stored at 4° C. Detailed descriptions, usiipg
techniques of Piper (1980), were conducted cn each care. The cores
mmmminedmﬂermiteﬂinrescentligmmaaﬁcribedin
conjunction with X-radiographs of the half core, or of core sihbs

'(lbshermﬂhspteymas), ardwithsnnarslidesot‘thesed.ment

Descriptions included thé noting of structures, lithologies and
ocolours (usirq the Mmsell colour scale for soils). Many .of the

cores were photographed to keep a visual log of the material.

Gebte&niml Analysis: -

Geotedmicaltastswemcarriedoutassomaspossmleafterv
carhx;toavoidmysubseq.m:tdistm‘baxmtothecoms Vane’
shear tests determinad the shear strength of the sediment.: A
‘with a vane 0.5 x 0.5 inches was employed. Sampling intervals of

A ’
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Tablerl.l: Piston core locations and lengths -
Cruise Core Thesis latitude Iongitude Length TWC Length
number Core no. cm an
4 - .
Dw82004-01 21 420 56,731 612 40.76' 641 . 48
w02 22 429 56,75' 619 38.86' 850 53
¥ —04 24 420 55,981 10 35,54' 340 126
" 05 25 420 54,65' 61° 38.72' 740 150
" 06 26 420 58,83' 619 39.95' 353
" 07 27 420 57,83 619 37.90' 267 :
" --09 29 42° 52.89' 61° 56.19' 1020 125.
Dw83012-02 32 420 34.63' 619 34.89' 877 26 ! : .
" -03 33 - 429 44.28' 619 37.74' 539 S
v "o -04 34 429 41.84' 619 38.92' 700 75 .
: " _08 36 429 39,10' 61° 40.02' 471 - .75 -
" 207 37 429 47.22' 61° 43.85' 222 60
) " =10 31 420 38.61' 61° 49.06' 6 25
. Hu85001-01 51 429 47.85' 619 37.20' 610
w02 52 . 429 50.95' 6]19 35.02' 725
" -04 54 429 34,71' 61° 41.30' 840 - 141
" =05 55 429 44.60' 619 42.54' 1099
- " -06 56 420 42,83 61° 32.12' 122 142
24 “
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15t02.5mmeqer1era11yattenpted The result is the undrained
shearstrengthofthesednnentirkllopascals(kl?a) In same cases
the vane was twisted several times in the sediment and the test was
run again to give the remolded shear strength of the sediment.

Sampl&n for bulk denszty a.nd water content neasuxarent:s were
taken fram the cores at 15 to 25 cm intervals. They wera. extracted
, with a thin walled, stainless steel piston sampler. This sampler,
if used correctly, p.rovid'ed "plugs” of sediment of a Known volume.
Thesa plugs were weighed in pretared bottles, oven dried at 40° C
for 24 hours, then weighed again. The bulk density (BD) was
calcilated as the Wet weight of the sediment plug divided by its
volume, which is the intermal volume of the piston sampler. The
natural water content (WC) is defined as the ratio, given as a
percent, of the weight of water to'the weight of sediment grains
based on the oven-dried weight of the sediment (Holtz and Kovacs,
1981). All water content values were corrected for salt content
according to ASTM procedure D2216-71 (Bowles, 1970; ASTM, 1981).

.

Sediment analysis: -

] Grain size analyses were conduct:ed on 139 samples from chosen
‘intervals in the ocores. The mi scale is used for grain size
measures (Krumbein, 1934). Ninety-three camplete grain size
analyses (down to 11 phi at 0.2 phi intervals) were nn at the
Atlantic Geoscxenoe Centre on the camputer-driven settling tower
ard sedigraph 5000D. Sample preparatlon included dispersing the

—

original sediment by 45 minutes of rigorous shakmg inas4 % sodlum

hexanetaphosphata (calgen) salution, separating the sand and gravel
fraction from the muds using a 4.25 phi (53 micron) mesh sieve,
separating the gravel from the sand uSing a -1 phi (2 m) sieve,
and splitting the sard to a sample size of about 1.5 g for analysis
in the settling tower. Size data were calculated from the settling
velocity using Gibbs' equation (Gitks gt al., 1971). The fine -
fraction was subsampled using a pipette to cbtain about 1.5 g of
sample. - This fraction was then insonified in an electrolyte
sdlution far about 10 seconds before analyzing in the sedigraph.’




Gravel, ‘ sand, silt, and clay percentages ‘only were determined
for 46 samples. The gravel and sand fractions were separated from
the md by sieve according to ‘the methods explained above. The
remaining fine fraction was analysed in the sedigraph 5000D
system.

Grain size percentages are g4iven and discussed throughout this
thesis as weight percentages. Data were cutput a'S'oarpxter
calculations of cumilative and frequency curves, moment measures on
mean and median grain size, standard deviation, skewness and
kurt0515 values (See Hackett et al., 1986). GStatistical measures
were camputed using the method of moments (Krumbein, 1936; Krumbein
and Pettijchn, 1938; Irman, 1852). The termxnology used for .
referring to grain size classifications is that proposed by
Wentworth (1922), as presented in Folk (1980).

Other Analysis: .

Organic carbon content was determined using the loss-on-
ignition technique on a Leco Carban Analyser, model WR12. )
Approximately 1 g of sediment was oven dried and crushed for each
analysis. The difference in weight beforg and after incineration
yields the weight of carbon in the samplée. It is express '
weight percent.

Over 300 foraminifera per sample were hand picked fram the
sand fraction of selected samples for foraminiferal abundance
studies. Foraminifera were identified by Gus Vilks at the Atlantic
Geoscience Centre.

Radiocarbon dating was conducted by Beta Analytic
Laboratories. These dates were cbtained by analyzing material from
mollusc shells found within the cores. Due'to the small ‘sample
. size analysi.s required the recently developed Accelerator Mass
Spectometry (AMS) technique for dating. .

. gen: isotope analyses were conducted on the planktonic
foraxniniferg( -ina pachyderma by A.E. Aksu at Dalhousie
University according to the methods discussed by Aksu (1985). Al
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samples analysed contained more than 0.5 mg carbonate (200
specimens). The isotopic ratios are expressed as per mil (Y/o)
difference between the 180/160 in the samples and that in the
laboratory standard "Pee Dee Belemnite" (PDB) (Aksu, 1985).

1.8 Statement of Work

Piper and co-workers have conducted extensive surveys in the
,Verrill Canyon area, and have published on the rstfltsand
interpretations of this work. Their interpretations are based
primarily on acoustic data and lack sedimentologic groundtruthing,
They also had no chronologic or climatic framework on which to base
‘interpretations. These insufficiencies are especially-evident in
their 4nterpretation of the disturbed zones, in spite of little
sedimentologic evidence. This thesis is aimed at examining -
' sediments of- the area in order to inéégrate acoustic amd
sedimentologic information. The results may serve to support,
refine, or challenge the theories of Piper and others on the
Wisconsinan geologic history of the Verrill Canyon area. )

The autho: ccmnenoed work on this project in January, 1984.
.Abundant data had been col‘lected prior to this date. Cruises
82004, 82014, ard 83012 had taken place and thus the majority of
acoustic information and cores had been collected. The cores from
these cruises were described preliminarily (Piper and Wilson, 1983)
- ard the acoustic information was interpreted (Piper et al., 1983).
The author did hot take part in cruise 84029 but the data‘had not
been used beyond interpretation of small sections of the seismic
and sidescan records (Hutchins et al,, 1985). The author did,
however, take part in cruise 85001 to the Verrill Canyon area, and
cruise #4003 on the St. Pierre Slope — laurentian Fan, as this area
. was jnitially to be part of the project. )

As part of the research for this thesis the author conducted
the following work:: 1) detailed descriptions of all cores
including taking and processing X-radiographs of the cores
(including all cares collected from 84003); 2) the development of
the slakbing technique (Mosher and Asprey, 1986) for viewing the

=y




fine structires of sediments in X-radiographic prints. 3) the
design and construction of light boxes to facilitate similtanecus
X-radiograph viewing and oore description; 4) grain size analysis
on all sediment samples from the studied cores; 5) Taking of vane-
shear, water content, and bulk density measurements on the 85001
cores (and 84003 cores), and subsampling of all cores for other
geotechnical tests; 6) ‘review of previously collected and new
(84029 and 85001) acoustic information, and revision of
interpretations based on this review; and 7) the extension of the .
previously established acoustic stratigraphy to accamodate new
data and the establishment of this acoustic stratigraphy at the

core sites.
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CHAPTER 2

2.1 Introduction L

Side-scari sonographs and high-resolution seismic reflection .
profiles have proven useful for the interpretation of sedimentat ion
proc&ses?ctiveboﬂ'i at the present ard during the Late Quaternary
(knott apd Hersey, 1956; Egloff and Johnson, 1975: Damuth, 1978,

'1980; Flood, 1980; Ryan, 1982; Sim ang‘Kldd 1983; Hutchins et

al., 1985). As discussed in the preceding chapter, the thesis area'

has been surveyed with va;'ious acoustic systemé. Data 'oolléct;ed' o
during surveys prior to 1984 have been presented in two open file
reports ard one publication: Piper and Wilson (1983), Piper et al.
(1983), and piper et al. (1985). Figure 2.1 is a morphologic map - |
resulting from these studies. This chapter shall integrate the -
findings of these reports with data collected during two subsequent

cruises (Hu84029 and HuB5001).

2.2 Aco_ustic Characteristics

Verrill Canyon:

. The steep slopes of the canyon walls'yield poor acoustic - -
return signals, and the irreqular morphology of the walls and floor
causes hyperbolic reflections, thus few useful séismic data can be
collected from Verrill Canyon. Parts of the camyon walls and the
floor appear to be overlain by 5 to 10 ms (7-15 m) of accustically
transparent sediments which Piper and Wilson (1983) interpret as

debris flow deposits. . E

. Scotian shelf:

V-fin sparker profiles on the continental shelf north of the
study area reveal up to 40 ms (ca. 30 m) of sediment overlying a

~ strong reflsctor inferred by Piper and Wilson (1983) to be Tertiary

bedrock. The lower 20-25 mS (15-19 m) has the acoustic|
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Figure 2.1 Morphologic features map of Verrill Canyon area with
core locations. Main features of the map are two
disturbed zones and two valleys. Verrill Canyon is in
‘the northeast of the map area (a'fter Piper et al.,
1983, 1985). ' ' ‘
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characteristics of till (cf. King and Fader, 1986). Overlying this
unit is 10 ms (ca. 7 m) of evenly stratified sediment interpreted
“as either sand ard gravel or till (Plper and Wilson, 1983). The

_ uppermost 2-7 ms (1-5 m) of sediment rests umdnformably on the
urderlying sequence. It shows discontimuous stratification, |
including prograding channel fill. This configuration may have
developed during progradatmn of a barner beach system (Piper and
Wilson, 1983). Figures 2. 5 and_ 2.6 (p. 40 and 42) show the
massive, inccherent character td acoustic records, mtexpreted to
represent till, on the outer shelf and uppermost slope.

Upper Slope:

The shelf break and slope, to about 400 m water depth, are
characterised by a sharp initial bottom return with no or little
subbottom penetration on the 3.5 kHz and V-fin sparker systems (the
SEABED II system achieved same penetration). This type of record
is created by a@stic reflections from a hard bottom. It
originates from a coarse sand ard gravel lag, relict from the -

Wisconsinan low sea-level stard (King, 1970; Swift, 1985).
~ rough, ercsional seafloor and downslope trending qullies have been
observed in this area (<700 m)\ (Fig. 2.2).

~ Sidescan images from the SEABED II system reveal relict
iceberg furrows ard pockmarks (gas escape features, see Josenhans
et al., 1978) on the seabed in this area down to about 600 m water
depth (Figs. 2.3 and 2.4). Relict scours and pockmarks have been
noted on the Scotian Shelf. (King and Maclean, 1970; Joserhans et
al,, 1978; King, 1980) but not this deep on the Scotian Slope prior
to cruise Hu84029 with the SEABED II systan

 Acoustic penetration increases beyond about 400 m water depth
’ to reveal a thick sequence of parallel reflectors representing well
stratified éediments (Figs. 2.5, 2.6, 2.7). Throughout much of the
study area Quatermary’ sediments are relatively evenly stratified.
Individual reflectors can be cormelated over tens of kilameters .
(Piper et al,, 1985), though Sediment thicknesses tend to decrease
downslope and locally vary along strike. Most reflectors
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Figure 2.2 V-fin sparker profile of the uppermost slope. - Note
) poor acoustic penetration and erosional characteristic
of the seabed (gullies and depressions).
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Figure 2.3 Nova Scotia Research Foundation sidescan image of _
yperslope - shelf break area showing relict iceberg
furrows.
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‘Figure24 SEABEDIIsmw@nlmageoflwerslq:es}mumg
pockmarks, mrgmalescamlent and hummocky surface
characteristic of disturbed zone (note that the

pockmamsamtirmmtotheu;perpommofun
disturbed zone). ‘ -

L J







igure 2.5 Forty cubic inch airgun profile fram the upper slope
showing coherent, parallel reflectors which thin in the
downslope direction. Note the two sediment tonques
which show a till-like echocharacter and extend into
the upperslope stratigraphy from till deposits on the







Figure 2.6

\
SEABED I1 bocmer profile across the outer Scotian Shelf
and upper slope. Nete the two till-like tongues which.
are rooted in outer-shelf tills. Remaining slope
reflections are parallel, stratified in nature, and
thin down slope. These harizons appear rooted in the
outer-shelf tills and till-like tongues. Note the
interbedded, thin, acmstim_lly'imdmnt)xorimns,
possibly representing debris flow events. Note also
the stratigraphic depth of traced acoustic horizons
(Red and Yellow). The large-scale simiousity of the
profile was caused by heave in the towed vehicle.
Small-scale surface irreqularities are Gonsidered real.

-
-







Figure 2.7 SEABED II boamer profile downslope of Figure 2.6. Note
| that the till-like tongues pinch aut, and are
stratigraphically equivalent to disturbed zones. The
xﬁnqinhu horizons in the figure are evenly stratified,
thinning downslope, glacial-marine sediments. Thin,
acoustically incoherent, but traceable reflections are
interbediedkwim the stratified sediments. Note the

stratigraphic position of the Red and Yellow
reflections. Sirmwsity of the profile was caused by
heave in the towed vehicle. ‘







ﬂmx;imtthe_stx‘xdyareacanbetracednq:slopetotemimteintm
" outer shelf till deposit,

On. the upper slope and interbedded with the sequence of
parallel reflectors are wedged-shaped beds which pinch out
dovmslope and show incoherent reflections within the bed (Figs. 2.5
and 2.6). They are best abserved on Huntec boamer, airgun, or '
V-fin sparker profiles. It is possible to see these beds at two
subbottam horizons.  They are referred to as tongues because of
their shape. The acoustic characteristic of these tongues
resembles that interpreted for till (i.e. the massive, incoherent,
amorphous character - cf. King and Fader, 1985), hut without
sampling they cannot be identified as such. They are therefore .
‘referred to as till-like tongues.

The uppermost tongue can be seen on the airgun records of the
HuB5001 cruise (Fig. 2.5). This tongue occurs at about 13 ms (céa.
10 m) subbottom on the upper slope. It thins downslope, where at
700 m water depth it is about 35 ms (ca. 25 m) thick and occurs

within 6 ms (ca. 4 m) of the seabed surface. The same tongue can
be seen further east in the study area on SEABED II profiles from
cruise Hugd4029 (Fig. 2.6). Here the tangue occurs at 5 ms (ca. 4
m) subbottam and is 35 ms (ca. 25 m) thick at its uppermost slope
setting. It continues downslope for about 7 km (660 m water depth)
‘where it has thinned to only 1 ms (ca. 1 m) thick but still occurs
at 5 ms (ca. 4 m) subbottaom.

. A second, underlying tonque is apparent on the Huitec boamer
‘records of the SEABED II system (Fig. 2.6). The surface of this
tongque can be seen at 90 ms (68 m) subbottam at its uppermost slope
position, where it is about 25 ms (19 m) thick. It gradually thins
downslope to about 700 m water depth where it occurs at 52 ms (39
m) subbottom and is 17 ms (13 m) thick. . It is stratigraphically
equivalent to the horizon which Piper et al, (1985) termed a buried
disturbed zane (Fig. 2.7). The second tongue on the Hu85001 airgun
record (Fig. 2.5) is at 120 ms (90 m) subbottom and is 40 ms (30 m)
thick at 400 m water depth. It thins to 25 ms (19-m) thick and 110
ms (82 m) subbottom by 500 m water depth. ‘
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Itcanbe'arguedtmtﬂ\esetcn';uesammttilltamguesin

© their strictest sense (cf. King and Fader, 1986), but rather a
camplex deposit of outwashed and slurped glacial sediment released
from a nearby ice margin, prcbably at the shelf-edge. Without '
coring into the units it is impossible to interpret their origin
with any degree of certainty. The important point to note about
these acoustic packages is that they are rooted in possible shelf-
edge till (Figs. 2.5 and 2.6) and hence the material within the
package is likely glacial sediment.

Mid to Lower Slope: Slide Scarps

Between approximatel-y- 700 and 2500 m water depth sidescan and

o seismic data show widespread occurrence of step-like escarpments
(Fig. 2.8). 'me\se features are the scarps left from bedding-plane
slide detachment (Piper et al., 1985), resulting in a terraced
morphology to the seabed and the abrupt termination of reflectors
at each scarp face. The scarps are relatively linear, face
downslope, and are pafallel or subparallel to contours. The _
escarpments provide evidence that sections of the study area have
had 5-20 m thickness of surface sediment removed (Piper et al.,
1983). Piper et al, (1985) estimate surface sliding has removed
between 4 and 7 X 10%m3 of sediment.

Mid'to' Lower Slope: Disturbed Zones

“The most notable features within, and comprising almost half
of the studied region are two large areas where the seabed
morphology is highly irregular (Figs. 2.4, 2.9, and 2.10). The
‘surface of these areas appears hummocky, in many places yielding
hyperbolic acoustic returns on seismic profiles (Figs. 2.9 and
2.10). Pockmarks can be seen on the up-slope end of the surface of
the disturbed zones (Fig. 2.4). Subbottom reflectors are lacking
in the upper 5-15 ms (3-12 m) of sediment in these zones giving the
‘acoustic records a semi-transparent character (terminology of
Damuth, 1980). The absence of any structure suggests that the zone

" lacks any intermal organization, or is comprised of tilted blocks
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Figure 2.8 Sea MARC I sidescan image amd 4.5 kHz profile showing
scarps resulting fram bedding-plane slide detachment,
and streamlined erogional depressions, interpreted as

- linear, scours (Piper et al., 1985). Scarps and soours

mxihastlmepe’mitoorirqtodeeperstfatiqramic
depths than is otherwise possible by standard piston
coring techniques (from Piper et al,, 1985). °







which are small or have dips of more than 15° (Piper et al,,
1985). The sediments underlying the disturbed zanes are well
- gtratified.

4

The two ancmalous areas are termed the eastern and western
disturbed zanes by Piper et al, (1985) (Fig. 2.1). . The eastern
zone is same 5 km wide and extends downslope towards Verrill
Canyon. The western disturbed zane is 15 km wide. The two zones
are separated by about 5 km of evenly stratified sediment. Further
west fram the westermn zane is another area of undisturbed,
stratified sediment. The disturbed zones are roughly labate in
plan-view and in profile are thickest at their upslope ends. They
appear to originate from the upperslope ‘gullies in about 800 m
water depth, and terminate at approximately the 1500 m iscbath.

" Upslope, the lateral margins of the disturbed zones are fault-
bound (Figs. 2.9 and 2.10). Proceeding west on Figure 2.9 the
hummocky surface terminates at a scarp, showing the start of an
even bottam and parallel reflectors at the near-surface. Deeper in
subbottam, however, the profile still shows a semi-transparent zone
of no reflectors. The profile is thus still within the disturbed
zane. Still further west, cantimxous intermal reflectors are
identified at all depths cammencing at a recognizable fault. This
fault marks the begirming of the undisturbed zone. Downslope, the
disturbed zones may either terminate at slide scarps or valleys, or
thjnailwgradimts. Marginal escarpments at the edges of the
disturbed 2anes suggest material has been removed from the surface
(Fig. 2.9 and Appendix A - Figs. A12 and Al5).

Sets of long, simuous, subparallel ridges are praminent
features on the surface of these disturbed zones. They are
typically 6-10 ms (3-5 m) high with a wavelergth of 50 m.
Generally they are parallel to the cantours (transverse to the
inferred direction of flow), hut tend to swing around at the edges
of the disturbed zona.to become subparallel to the margin. The
most distal parts of the disturbed zones lack these surface ridges.




Figure 2.9 V-fin sparker profile showing hummocky morphology and

semi-transparent internal acoustic character of
disturbed zones, fault-bound marginal slide block, and
undisturbed area between the two disturbed zones. Note
also the key aocoustic reflectors.







o
Figure 2.10 V-fin sparker profile over the western disturbed zone
and East Acadia Valley, showing the generally draped
sediment configuration and the distribution of surface
and subsurface disturbed sediment zones (from Piper gt
al., 1985).







Accordmto?iper_e;gl‘ (1985) the total volume of disturbed
sediment approximates 5 x 10° m°. This volume consists largely of
material derived from sediment slides that have slipped downslope.
~ The surface morphology of the two zones is similar to that seen in
. retrogressiye rotational slumps, both of marine and terrestrial
erviromments (Piper et al,, 1983, 1985).

V-fin sparker and Huntec profiles reveal a subsurface horizon
with a similar acoustic signature to the disturbed zones at the
surface (Figs. 2.7 and 2.10). This buried disturbed zane is
approximately 6 ms (ca. 4 m) thick and is characterised by
incoherent reflections and a hummocky surface. It is
stratigraphically equivalent, and continuous with, the lowermost
till-like tongue, hut varies slightly in acoustic character fram
the tangue (Figs. 2.6 and 2.7). It may be interpreted that this
zone represents a thick acammlation of debris flows originating
fram the till tongue. Altermatively it can be interpreted as an
older equivalent to the surficial disturbed zones (i.e. zone of
surficial sediment failure) (Piper et al., 1985). It can also be
interpreted as a zane of intermal deformation such as described by

O'leary (1986) on the New Erngland continental slcpe or Hill et al.
(1982b) in the Canadian Beaufort Sea.

The sediments above and below the disturbed zones consist of
coherent, conformable, draping reflections, though the SEABED I¥
profiles of Figures 2.6 and 2.7 show numerous thin horizons between
the two tongues, midaaaxrnsttateasimilarmticdnracterto
the disturbed zones. These horizons can be traced from the outer-
shelf till for many kilametres downslope. They may represent thin,
apparently non—erceive, debris flows whith travelled downslope from
the outer-shelf till.  They may also represent thin zanes of
internal deformation, though it seems unlikely as they can be
traced over great distances at the same stratigraphic horizon, no
faulting is observed associated with them, and they are rooted in
the outer-shelf till.




Mid to Lower Slope: Streanlined Erosxcmal Depressions

sidescan images downslope fram the western distirbed zone show
the eeafloor is marked by a field of down-slope trending,
streaﬁﬂ.imd, linear depressions that are interpreted as scours
(Piper, et al,, 1985) (Fig. 2.8). These depressions vary dquite
considerably in plan—view size (502000 m long, and 10~700 m wide)
"and shape, but everywhere they have flat floors and are cnly a few
meters deep. Their margins, both up and down slope, are generally
pointed, thouch same are sibrounded to carplexly indented.

The moxpholog.y drd graup association of 'the depressions
suggest they were eroded by downslope travelling currents which
selectively scoured easily erodible material (Piper et al., 1985).
The currents which created these features were possibly initiated
by the slumping event which produced the disturbed zones. These
fmhmhﬁéb&nseenWsMsaar(Seam&) on cther
" continertal slopes, yet there origin is still uncertain (W.B.R.
Ryan, personal cammmication, 1986).

Mid to Lower Slope: Valleys and Channels

East and West Acadia Valleys trend south - southeast

v (Fig. 2.1) and are asymmetric in croes-section with steep walls.
These walls can reach as mich as 70-200 ms (50-}50 m) above the
valley floor (Fig. 2.10, Apperdix A - Fig. A4). The levees are
higher and steeper in the upslope reaches of the valleys. Several
small valleys and channels (50-100 m wide and 2~5 ms (1-4 m) Qeep)
lie west of the West Acadia Valley and between the two valleys
(Apperdix A - Fig. A10). They parallel the main valleys rather
than feed into them. ~ '

The floor of the West Acadia Valley appears hard from acoustic -
profiles; possibly representing sandy material (Appendix A -
Fig. M). In contrast the floor of the East Acadia Valley is
filled with approximately 10 ms (ca. 7 m) of acoustically .
transparent sediment: probably debris flow material (Fig. 2.10)
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(Piper and Wilsan, 1983). These valleys are presently inactive,
and are covered by a Holocene drape. They probably acted as |
conduits for the downslope transport of sediment in the late
Pleistocene (Piper et al,, 1985). ‘
’ ]

Mid to Lower Slope: Large Slump Features

Large slump scars are camnon in the study area, often with
marginal escarpments 70-130 ms (50-100 m) high (Fig. 2.11). The
majority of slumping appears to be into the Verrill Canyon, or

_associated with the East or West Acadia Valleys. Many slump scars

are, however, noted downslope from the eastern disturbed zane. The
slumps into the canyons and valleys may be attributed to failure
due to oversteepening. 'Iheslxmbsmathaveooaxrredmgentle
slope gradients mist have been caused by static or cyclic loading,
either from earthquake aooeleratims or fram the displaced mass of
the distarbed zone.

»

\

2.3 Acwstic Stratigraphy

The acoustic étratigraphy of the Verrill Canyon area was first
established by Piper and Wilson (19983) and is also reported in
Piper et al. (1983). They identified and traced several prominent
acoustic reflectors throughout the study area. Table 2.1
sumarizes their s\ej.sm.lc tyre section with the addition of one new
reflector (Brown) defined in this study. By tracing these
reflectors through the seismic records (Fig. 2.12 and Table 2.2) it
is possible tg detexmipe the acoustic strat_l_ggi;%ﬁ at each core

" site where a seismic pfbfile'passw through or nearly through that

site.

Considerable downslope thinning of the strata between
reflectors is apparent (Table 2.2, ard Table 2.3). For example, ‘at
upper slope crossovers (Table 2.2) Brown is a strong reflector at
aba:tsms(45m)subbottcmarxinedisastncrgref1ectoratabout
35 ms (26 m) subbottam. Atlowerslopecmssovemazwnisso
shallowtrzatltlsmtdzstirx;uismmeammdoowrsatabwtls
ns(lOm)sutbottcm '

-
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Figure 2.11 SEABED II boamer profile showing a 70 m mass-mcvement
scarp. This feature is the result of mass failure, not
faulting, as reflectors underlying the scarp are
continuous and coherent. Note the good depth of
subbotton penetration (100-150 m) with this system.

Note also the jagged appearance of reflectors is not° *
real but rather is a prublem in the camputer processing

program,







Figure 2.12 Tracks of data used to campile and trace the acoustic
stratigraphy through the core sites (see Tables 2.1,
2.2 ard 2.3). C represents cross-overs. Crossovers
' . ‘provide the chance to check the stratigraphy fram one '
various horizons have been traced correctly.

&
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Table 2.2A mc(:rigxagxg?@y inmad (ms) at ltme cross-over

Crossover Brown Orange Graen Red Pink
Cl 4.5 (6) 7 (9 9 (12 12 (16 18 (24 25 (33
2 7 (9) 9 (12 12 (16 25 (33 17 (23
c 12 (16 19 (25 26 (35
Cc4 6 (8) 11 {15 16 (21
c5 a1 {15 22
C6 5 (7
Cc7 S (7 9 (125 12 ’16 19 (2 ] 28 (37
&) S (7 7 l 10 (1 14 (19 19 (25 24 (32
9 4 (5 { 0) 11 (15 19 (25 28 (37
gﬁ 4.5 (6) - 21 (28 gg 33 37 (49)
Cl2 . 6 (9 16 (21 20 (27
- C13 - ?24.5 (6) 9 (12 13 (1 21 {30 29 (39
gg 4.5 ke, ‘8 (11) 16 (22 22 (29 71,2 ig ig 3?—,
Cl6 10 (13 19 (25 23 (31
C17 6 (8) 11 (15) 20 (27 28 (37
2
C20 5 (7) 10 (13) 12 (16) 22 (29)

Table 2.2B Cross-over data collection: system types and'ship timas

Croes  Cruise Time

System Cruise Time System
over (@) . (Qm)
Cl 82-014 157/15:30 SeaMarc 85-001 80/04:25 Huntec

153/23:04 SeaMarc .

2 82-014 153/22:20 . SeaMarc 85-001 79/17:00 3.5 kHz
3 82-014 153/20:10 SeaMarc 83-012 12J11:25 3.5 kHz
C4 82-014 157/13:20 SeaMarc 83-012 126/12:05 3.5 kHz
. 82-014 152/15:10 SeaMarc 83-012 126/11:30 3.5 kHz
cé 82-014 152/18:20 SeaMarc 83-012 128/20:27 V-Fin
C? 82-014 157/16:00 83-012 128/19:10 V-Fin
C8 85-001 80/03:55 Huntec 83-012 8/19:20 V-Ft:
(o] 82-014 152/19:30 farc 82-004 69/23:30 V-F
Cl0 82-004 70 00:09 V-Fjn 85-001 B80/02:54
Cl1 82 00:30 V-Fin 85-001 79/22:36 3.5 kHz
Q12 82-714 15 /18 30 SeaMarc 82-004 70/01:05 V-F
C13 2=-914 152/20:00 e 82-004 707/03:50 V-F
C14 70 03 21 V-F 85-001 80/02:37
C15 82-004 V-F 85-001 79/22:50 3.5 kHz
Cl6 82-004 78/02 10 V-Fin 82-014 157/18:50 SeaMarc
17 82-004 70/11:11 V-F 82-014 /20:30 SeaMarc
C18 82-004 70/11:17 V=fin 85-001 80/02:20 Huntec
C19 82-004 70/11:54 V-Fin ‘85-001 7(9/23 :05 3.5 kHz
20 82-014 152/21:10 SeaMarc 85001 80/02:13 -
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Table 2.3 Dq:rth from ?eafloor to reflector in metres (and ms) at
each core 8

Core Surface Brown Orange Green Yellow Red’?ink

4.5 (6) 11 (15) 18 {24;
15 (20

{ri 9 (12)
a5 (6) 6 (8) 8 (11)

6
%

\

2.5 (3)

0
0
0
0
Q
0
0
0
0
o
0
0
0
0
o
o
0
0

? 240
2
22 (29




Seve.ral factors limit the reliability of acoustic correlation with
core lithostratigraphy: 1) the accuracy of the ship's
navigation system (i.e. +100 m); 2) the proximity of the seismic
line to the core site; 3) the reliability of the traced acoustic
stratigraphy (i.e. error due to channel cruesings where subbottem
horizons are lost, en'or in crossovers between acoustic systems
with different sound sources (different wave-lengths)): amd

4) differences between assumed and actual acoustic velocities in
the sediment (assumed = 1500 nys).

Figure 2.1 shows the location of the cores with respect to the
morphological features of the area. Table 2.3 shows the depth to
the various reflectors at each core site. Appendix A contains
acoustic profiles through each of the core sites. Oores 21, 22,
and 26 are from the undisturbed area between the two disturbed
zanes in the uppermost slope setting. Core Site 26 is located
above the slope break in 300 m water depth. No acoustic profiler
lines were run over the core site; however, high-resolution seismic
profiles in proximity to the core site show a sharp bottom return
and a.prolanged subbottom echo (terminology of Demuth, 1980) (Fig.
2.2). This characteristic echo-type is typical of many areas on
the Scotian Shelf (King and Fader, 1986; Amos and Knoll, in prep).
A Sea MARC line runs 900 m west of core site 22 (Fig. Al). The
bBottom mozphology at this position is hummocky and acoustic
resolution is poor but reflectors are discermable. A similar
record type is achieved by the Huntec DIS system over core site 21
(Fig. A2). g

High-resolution profiles through upper-slope core sites 25 and
29 display up to 50 ms (ca. 35 m) of subbottom pm(ration. The é
records show a camplete, undisturbed seguenee of continmuous,
parallel reflectors at these sites (Figs. A3 and AM4). Oore site 29
is located on the eastern levee of the West Acadia Valley. It is
impossible to trace acoustic refléctors identified in the survey
area, acrves the East Acadia Valley, to the eastern levee of the
West Acadia Valley. Partial stratigraphy, however, is determined
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based on the similarity in acoustic character and subbottam depth
ot&wnarﬂﬁedmﬂectorsmthemtamsideofthaﬁlleyﬁit}x‘
B:umaridlbdmﬂectorsinthemainpartof'ttpéuweyareaata
similar water depth. ' '

Core sites 51f,°52, 32, and 56 progress, in order, downslope
fram core site and remain in the undisturbed zone. Profiles
over core site 52 show that the core was taken from a depression at
the base of a scarp face ard suggest that the cored material is -
disturbed (Fig. A6). Sequences of parallel, continuous reflectors
are apparent at tha other core sites (Figs. A5, A7, ard A8).

Cores 34, 36, and 310 were taken in the area of eroesianal
steps and linear depressions, cutside of the disturbed zones. The
erosion of sediment that has taken place at these sites allows
coring to greater stratigraphic depths than would otherwise be
possible,. Core site 34 represents an apparently camplete
stratigraphic sequence with no sediment having been eroded, but
since it is located midslope the reflectors have thimmed and are
located closer to the seabed surface (Fig. A9). Some surficial
sediment erceion has ococcurred at core site 310 as Green is the
first recognizable reflector at 3 ms (ca. 2.5 m) subbottam
. (Fig. A10). OCore site 36 is located at the base of an erceicmal’
scarp. The subbottom stratigraphy at this site is still parallel
and continuous, but the Pink reflector occurs at 5 ms (ca. 3.5 m)
subbottom (Fig. All).

Several cores were collected within the two disturbed zones.
Core site 27 is located at the upslope margin of the easternm =~ °
disturbed zone in less than 500 m of water depth. The hard '
seafloor at this depth limits the amount of acoustic penetration
and makes acoustic interpretation difficult. A Sea MARC I line
passi{guOOmtoﬂneastofﬂqecomsi_te,Mer, shows
approximately 20 ms (ca. 15 m) of disturbed material overlying the ’
Red horizon (Fig. Al). The thickness of disturbed sediment
overlying the Yellow reflector suggests that there has been little
removal of material from the area. :
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Core site 24 is within the upper slope area of the eastern
disturbed zone. It lies just to the east of a failure scarp,
termed a marginal escarment, where the urndisturbed area begins.
The scarp is 20 ms (ca. 15 m) high, thus it appears that this
thickness of sediment has been removed fraom the site. The
disturbed zone is 12 ms (ca. 9 m) thick at the core site and
overlies the Red reflector (Fig. Al2).

~ Core site 37 is located near the centre of the western

disturbed zone. Tha seabed surface at this location is relatively
smooth (Fig. Al4). The disturbed zone is 13 ms (10 m) thick at the

core site and overlies the Red reflector. The Yellow horizon may
lie within the disturbed zone at approximately 5 ms (4 m). Given
the thickness of the disturbed zone overlying the Red reflector,
and the possible Yellow horizan within the zone, it is conceivable
that there has been little net removal of sediment from this site.

Core sites 54 and 55 are located towards the downslope end
of, but still well within, the western disturbed zone. The -
disturbed sediment is 16 ms (ca. 12 m) mickatccmasite&arp 13
ms (ca. 10 m) thick at core site:55 (Fig. A15). At both locations
these thicknesses of disturbed material overlie the Yellow
veflector, indicating very little, if any, net removal of material
from the site. Beneath the disturbed zone are parallel, contirmous
reflectors. " |

Core 33 was taken near the southeast margin of the western

- disturbed zaone. 'Ihes:rfacein‘thi‘sareaamearsh\mmdcyma.
' large scale (Fig. Al6). The thickness of the disturbed zone near
this site is highly variable lut approximates 13 ms (ca. 10 m)
overlying the Red reflector. A possible Yellow reflector is
agaanehtat?ns(ca Sm. huﬁﬂeseﬂlicb\essesitsem
prubablethatsanemberialhasbemremwedfmmissite though
1tmaybed15plaoedaﬂyaverysthtdlstame The core site is
justscuthofthemaxqiml&scamnentmaﬁungtheedgeqfthe




2.4 Sumary

Due to the perceived significance of the upperslope till-like
téngues on sedimentation in the Verrill Canyon area it is important
to note where they fit into the defined acoustic stratigraphy.
Figure 2.13 is a summary sketch of the significant acoustic
features with the stratigraphy labelled ard the relative positions
of a mumber of cores indicated. The yellow reflector correlates
with the base of the uppermost tongue on the high resolution system
of SEABED II (Figs. 2.6 and 2.7). The red reflector correlates

- wi&ﬂgb&seofﬁmetoxguemﬂ:eahgunrec’ord,h:tthe
resolution in this system is not fine enough to differentiate
_ between the yellow ard red horizons. The lowermost tongue probably
underlies any of the sediment collected in this study. )

Figure 2.13 demonstrates core stratigraphic positions based on
- the interpreted acoustic stratigraphy. From this figure it is .
" apparent that the studied cores ‘can be campiled to produce a
canposite stratigraphic section. The interpretation of this
section will be based on the lithologic/sedimentologic \
‘characteristics of the material in the cores combined with the
known acoustic characteristics. ' '
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Figure 2.13 Summary diagram of a downslope profile through the -
' study area, demonstrating the acoustic stratigraphy and
_stratigraphic relationships of the various features.
.Core posiéions are relative, not real or to scale.
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CHAPTER 3

3.1 Introduction

~ This chapter presents the findings of detailed ‘litfologic
description’ and grain size analysis of 18 piston cores and _
correspanding trigger weight cores fram the Verrill Canyon area,
- Based on this research the sediments are categorized into |
lithologic facies, and facies associatidrs. The sediments are -
subsequently interpreted as to their mode or modes of deposition.

3.2 Facies D&scrlptlcxs '

'Ihesedimentsareseparatedintosnﬂmofacieﬁbasedm
sechmentarystmctures visual estimates of grain size, .the nature .
ofbedim;cmtacts,.mdcolmr 'Iheseare '

Facmﬁ 1: Bloturbated mottled mxd
Facies 2: Homgeneous mad

Facies 3: Laminated mud

Facies 4: Thin—bedded sand
Facies 5: Poorly sorted mud

Facies 1: Bioturbated mottled md

, This muddy facies is characterized by the presence of
bioturbation structures amd mottling (Fig. 3.1). Lithologically it
varies in texture from clay to sandy-md and is either olive, olive
grey, or dark brown in colour. Planktonic foraminiferal tests are
- abundant in many parts of this facies. Contacts with most adjacent
facies are gradational. Facies 1 comprises the majority of
sediment within the top 2 m of most core sequences, and thus is
likely being deposited on the Scotian Slope at present. It also
ocours at several horizans within the subsurface as thick (1-5 m),
massive beds. This facies camprises approximately 40-50 t of the
total thickness of cored sediment. -




Figure 3.1 X-radiograph slab of an example of Facies 1 sediment. -
Note Zoophyoos burrows with backfill struchares. Black







In olive coloured sediments bioturbation traces are cammonly
parallel-sided, subhorizontal burrows, often with crescent-shaped
backfill structures (Fig. 3.1). These traces are interpreted to be
Zoghvoos trails (cf. Chamberlain, 1978), and are most easily seen
in X-radiographs, but can be seen faintly in the split core face.

Bioturbation in dark brown sediments is typically seen as
amundant mottles (black, grey or red), and rare large unfilled
burrows. These structures are associated with abundant black -
authigenic pyrite, the black colour indicating the presence of
mnosulmzde ('Ihcmsen and Vorren, 1984). Thomsen and Vorren (1984)
ascribe the pyritization of burrows and traces to the decamposition

_and decay of organic matter, associated with cold temperatures, and
reduced salinity and oxygen content. '

Facies 2: Hamogeneous mud

Sediments of Facies 2 are dominated by mud but may contain as
much as 30 % dispersed fine sand. Foraminiferal tests are cammonly
' abundant. The facies mdnxacte.nzedbyelthertheabsenceof
pmm\cedsedimnta.xystmcum(nqs. 3.2, 3.3, ad 3.4) or,
local.ly, the presence of very faint parallel laminations, or
"wispy" laminations (cf. Hill, 1981) (Fig. 3.5). These structures
are visibl? in X-radiographs. ‘

Facies 2 occurs as beds between 5 and 20 am thick, and bedding
contacts can be sharp or gradational. These beds are generally
olive grey or red brown in colour, but can also be gréy brown or
brown. This facies comprises approximaiely 5 % of the total cored
sediment. ~

Facles 3: laminated mud

-Facies 3 is reoognizéd by distinct, generally horizontal,
nillinetre-thin laminae (Figs. 3.3, and 3.5). The laminse are
defined by colour and grain size differences, forming graded
sand/silt - mud oouplets. Repet;{tim of cauplets may produce beds
tens to hundreds of centimetres thick. Sand and silt laminae are

L




X-radiograph slab of Facies 2 sediment, showing
structureless natvre of this facies. Specks on the
image are likely scattered fine sand. laong, linear,
and predaninately vertical structures in the X-

radiograph are algal growths of Mylenia, and are post
depositional. '







Figure 3.3

X-radiograph slab showing examples of Facies 2, Facies
3, ard Facies 4 sediment. In Facies 2 note the lack of.
sedimentary structures. Fine structures such as wispy
laminations may be present in Facies 2. In Facies 3
note the fine scale, yet distinctiveness of

. laminations. Facies 3 passes gradationally upwards

‘into Facies 2. Coarse sard and pehbles seen within
these two facies are believed to be ice rafted debris.
Facies 4 isseenasathinbed (1 cm) of fine sad. It
underlies Facies 3. Facies appearing in this plate are
grouped into Facies Association B.







typically dark brown in colour and clay laminae are light brown to
reddish brown. Individual laminae appear sorted and in same
instances cross-laminations are apparent. Clay laminae may be
slightly burrowed. Graded bedding occurs locally, evidenced by
thinner and less frequent laminae towards the top of the bed (cf.
graded laminated bed of Piper (1973)). Lower bedding contacts ave
sharp, while upper contacts may be sharp or gradaticnal. lLarger
pebbles or clasts may cut throuwgh and downwarp laminae of ‘this
facies (Fig. 3.5), or they may be present ard yet conform with
finer grained laminae. This facies comprises approximétely 15 % of
total sediment volume of all the cores. o

Facies 4: Thin-bedded sand

This facies is easily recognizable in the core as 1-10 cm
thick, sorted fine sand - coarse silt beds (Fig. 3.3). These beds
occur irfrequently throughout the cores, sometimes at the base or
within Facies 3 beds, or sametimes within Facies 2 or 5. They are
olive-grey in colour at the top of the cores and dark brown in
lower parts of the cores. Upper and lower contacts are sharp and
horizontal, except where the bed has been post-depositionally
deformed. Undisturbed beds may be parallel~sided or lenticular
shaped. Rare, faint parallel and cross laminae may be seen in X-
radiographs of the Facies. This facies comprises only 1 % of the
total cored sediment. '

Facies 5: Poorly sorted rmud

Relatively structureless mxds with varying amounts of sand and
gravel are designated as Facies 5. This sediment tYpe thus
includes a range of lithologies from muds with occasional scattered
sand and gravel (Fig. 3.5) to muds with abundant (30 %) sand and
gravel (Fig. 3.4). In same instances the coarser sard and gravel
occurs in poorly sorted horizontal laminae. Both normal and
inverse grading are developed locally. The facies is dark brown,

ired brown, or grey brown in colour. Red-brown and grey colour
mottling and marbling occurs within same of the dark brown beds.
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Figure 3.4 X-radiograph slab of an example of Facies 2 and Facies

' 5 sediment. Note the sharp contact between the two
facies, the rare occurrence of coarse sédiment in
Facies 2, and the abundance of coarse sediment in
Facies 5. There is a hint of structure in Facies 5 in
that pebbles seem to be aligned in a steeply dipping
fashion.
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an ice-rafted clast dowrwarping laminae of Facies 3.
Also in the X-radiograph is an example of Facies 5,
urderlying Facies 3, and a thin bed of Facies 4 within
Facies 5 sediment. A sharp contact exists between
Facies 5 and Facies 3. Note, in this instance, the
scattered sand and pebbles in Facies 5.

Figure 3.5 x-xadimm slab of an example of what appears to be \







Grain size contrasts between the mottle and tha.matrix were noted.
Bedding contacts are sharp and often irreqular. Facies 5 is medium
to thick bedded (10 - 100 cm). This facies represents about 40 %

of the total of all cored sediment.

3,3 Deformed Beds.

_ Deformed beds are seen only in cores fram the acousticélly
defined disturbed zones (Chapter 2), but not all cores from these
zanes show deformed bedding. Deformation overprints original
depositional features but rarely abliterates facies characteristics
such that the ariginal facies cannot be ¥ecognized. Sediment from
cores of the upslope portions of the disturbed zones is deformed
only in several thin {10 cm) horizons (core 37). In cores from the
mid-slope area of the disturbed zones (54, 55) deformation is
extensive. Deformation features are not.cbserved in cores from the
extreme down-slope portions of the disturbed zones.

The types of deformation W within the cored sediment
depend upon the facies and the degree of deformation. Tilted
1amij\aé*.arpi bedding surfaces, irreqular laminae, convoluted
laminae, overturned folds, stretched mottles, eyelet (lensoid-
shaped) structures, rolled balls, and microfaults are recognized in
the sediments and on X-radiographs (Fig. 3.6a-c).

" 3.4 Grain Size Analysis

Grain size is the basis of classification for clastic
sediments and a principal criterion for the interpretation of past
and present depositional processes (Kranck and Milligan, 1985).
The grain size characteristics of clastic sedimentary deposits
depend upon four general factors: (1) grain size distribution at
the source; (2) transport history (transport medium, current
velocity, distance from source, settling distance); (3) physical
changes in size (i.e. flocculation and deflocculation due to
mechanical, physicochemical, or biological interactions): and (4)
post-depositional processes (bioturbation, curent iwrking) .
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Figure 3.6 X-radiograph slabs of deformed sediments (disturbance
recognized by various deformation features): a) tilted

laminae, b) tilted laminae and microfaults, .

———==—=- c) overturned folds andeaxpletely MMgenlzed sediment
(i.e. lac.king structures) . :
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It is difficult indeed often inpossible, to determine the
mode of depositim for fine-grained sediments from the grain size

7 distribution: (Kran:k and Milligan, 1985). Grain size spectra of

finegrained sediments are camplicated by their dependence upon
both method and duration of sample pretreatment and analysis

(Nelsen, 1983} Andersan et al,, 1984). It is difficult, therefore,

to relate grain size parameters of fine-grainedsedimtspc;
specific criteria such as paleccrrrent velocity (Singer and ~
Anderson, 1984; Anderson and Kurtz, 1985). It is possible,
however, tomegrajnsizedatatodifferentiatebewemsed;mm
types (e.g. facies), to higmight gross trerds (e.g. fining
downslope), and to recognize ancmalies (e.g. ice-rafted debris).
Ultimately grain size information can support an interpretation for
the mode and envirorment of deposition of a paxticular bed or
facies, but itmmwtbeusedtodetemireproosses’w1ﬂmt other

'Ihisstudyimorporatesdatafrunlssgramsizeamlysam
order to: (1) dxaracterize ard classify lithologic facies, (2)

‘ cmpamgminsizedistrihxtimsmgstfaciestoaidm

sedimentological intezptaat.ia'ts, and (3) recognize spatial and
temporal trerxds within and between cores. The methods of analy51s
have been' discussed in Chapter 1. Besides gravel/sand/silt/clay
ratios, other measures considered important in describing the grain
size distribution of a fine-grained sample are the mean, medién,
°nnde, and starﬂarddeviatim. Appendix B includes a table of these
measures for each sample. Table 3.1 contains the averages of these
measures for each facies and for each analyzed core. A discussion
of me'gravel sand, silt;-and clay components, and the
distribution measures of the various facies and cores follows‘“
Representative grain size distrimtim curves for each facies are

presented in Figures 3.7a-e. _ .
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Table 3. 1 Ave;'agq gram size Earamete.rs Percentages of qravel
s sand, Se! 57 54 conducted on Samples™f

jﬁ

, N $ % $ % mean mediap mode S
Facies Gravel Sand Silt Clay phi phi phi

¥

— T -

1. 0.03 8.33 40.19 51.42 8.03 7.95 2.69
- 2 010 10.35 37.94 51.56 7.80 7:68 - 5.95
3 0.18 7.22 41.06 51.49 7.56 7.23 M5 2.72
2 0,10 32,81 136.78 30.20 6.33 5.65 3.71 2.98
5  0.59 14.61 .35.22 49.56 7.60 7.71  ©6.33 3.16
Core no,
29 0.24 -19.20 44.32 36.24 6.98 6.58  4.03 2.96
37  0.267 5.63 137.48 56.55 '
54 0.19 8.30 39.80 51.70 NO DATA .
85  0.21 6.03 41.29 B2.47 |
32 0.36 14.78 35.94 48.90 '7.%52 7.68  5.68 ~ 3.03
36 081 12017 33182 53lfs O DATA .

1 10.28 34.21 . 54.90 8.15 8.24 7.02 2.98

%] .
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BExamples of grain size distribution curves for the five
lithofacies (note the dip in the distribution curve

© within silt sizes - about 4 phi - is not real but is a
function of the cut-off used for size analysis between
th¥ settling tower and the.sedigraph (53 microns)):

a) Facies 1: note the facies is comprised of a mixture
of sediment sizes from sand to clay, with clay and silt
"being predaminant. Very little gravel has been
cbserved in this facies. The bars in the histogram
represent relative foequency percerrtageﬂ at 0.2 phi

* intervals, spikes represent logaritimic relative
Frequency percentages, the lower curve represents the.
amulative relative frequency bercmtagcs, and the
upper curve represents the camulative probability
frequency percentages.
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" Figure 3.7 ‘b)‘Pacié's 2: showing almost equal portions of sard,

——

silt, and clay in this fdcies, but the sand portion is
very fine andain fact appears to have a sharp artt-off
at about 2 phi. Very little gravel has been noted °
within this facies. Bars of the histogram represent
logarithmic relative frequency percentages at 0.2 phi
intervals, and the curve represents cumlative
probability frequency pesdieentages.
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Figure 3.7 c) Facies 3: note the percentages of samd, silt, and
| clay are similar to those of Facies 2 but the sand
portion extends into the coarser grain sizes (about 0
phi) anddms a more normal distribution (i.e. is
négat:ively skewed) . These analyses are not fram
individual lamina but from bulk samples. Distributions

fram single lamina are expected to be much better
sorted. Bars of the histogram represent logarithmic
relative frequency percentages at 0.2 phi intervals,
ard the curve represents cumilative probability

frequency percentages.




ik [

M‘m p_H

[

|
nn‘i:mamm

L4 1]

S W

. SIMLG l&(’l’;?.l. 11171808

:-unm':'lmn; M,

M

¢.0t .01
SUGWAITD GLM THM
. 812 T\
B+ 2D WUSI¢ KO I




Figure 3.7 d) Facies 4: showing the well sorted nature, and high

fine and very fine sand content (peaking about 3.5 phi)
of the facies. The tcp diagram is a distribution from
a sanple carefully collected within the bed itself,v
showing the sarted nature of the facies. The lower
arrve is fram a bulk sample which includes sediment

surrounding the bed, thus the distribution is more
poorly sorted and positively skewed. The bars in the

histogram represent: relative frequency percentages at
0.2 phi intervals, spikes represent logaritimic
relative frequency pexcéntaga;, one curve represeats
the cumilative relative frequency percentages, and the
other curve represents the camilative probability

frequency percventages.







e) Facies 5: shows the poorly sorted nature of the
facies, including a relatively high gravel percentage 4
Bars of the histogram represent logarithmic relative

frequency percentages at 0.2 phi intervals, and the
curve represents caumlative probability frequency

percentages.
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Facies Vari.atid;usz . .

It vas attempted to classify the defined lithofacies according
to Folk (1954) and Dean et al. (1985), based on sand:silt:clay
ratios (there is not encugh gravel present to affect '
classification) (Fig. 3.8). Facies 1 and 2 sediments plot
predaminately in the mud field, with very little scatter into the
sandy mxd range. Facies 3 sediments (Fig. 3.8) plot in the mud and
sandy md fields. Samples fram this facies generally include
_ several laminae. If individual laminse were sampled it is expected
they would plot into mud, silt, and muddy sand fields because of
‘the graded couplet nature of the laminae and the high degree of

sorting within each lamina, as described in smear slides. Facies 4
sediments plot in thé sandy mxd to muddy sand fields (Fig. 3.8).
Sampling intervals MIIY included mud surrounding the thin
Facies 4 beds. A sample carefully taken within the bed was
ocamposed of 84 % sand and 14 % silt, thus plotting in the silty
sand field. Facies 5 sediments plot in two fields: mud and sandy
md (Fig. 3.8). :

The ternary diagransb of Fiqure 3.8 show the lithologic
similarity of most of the sediments within the cores.;, Grain size
" differences amongst facles are gene.lrally'subtle, ard are perhaps
better shown by distribution curves and statistical measures (Fiqg.
3.7, Table 3.1, and Appendix B). o

Gravel

Thoush the gravel fraction of sediment from the Scotian Slope
represents a very small, perhaps insignificant, percentage (0-5 %)
of the total size spectra,‘ its presence is conside'@ significant.
The gravel population is poorly sorted, and consists of numerous
lithologies. Gravel locally dowrwarps laminae (Fig. 3.5), and can
occur either scattered throughaut the cored sediment, or in
concentrated beds or lenses. Gravel is interpreted to be ice-rafted
in origin, though may have been subsequertly reworked or -
resedimerited. ‘
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F(igure 3.8

Ternary diagram for classification of sediments
according to their samd, silt, and clay ratio (after

" Folk (1954), and Dean et al. (1985), and ternary

diagram plots for each of the facies. Note the
similarity in the grain size classification for most of

[y

the sanples.

o







Fbs'tsanplesoff‘ac.{eeswmaingnwel samtimesreadung
4.5 § of the sample (Fig. 3.7e). Mmruusszmplesﬁmhcies:!
w!taMamllpemtageofgraval(AmerﬁixB) Only three
samples of Facies 1 four of Facies 2, and ane of Facies 4 contain
anygravel(ApperﬁiXB)-

Sand _ -

Sard content varies fram 0 § to a maximm of 84 % (Table
3.1). If the sand is treated artificially, as a separate
population, then this fraction is dcnsis‘bently very well sorted
(s.d.= 0.80) ard possesses a similar mean size ( 3.2.phi)
thnmghout all the facies. The sand fraction is predominantly
quartz, same of which is stained red. : It is most abundant in
Facies 4, and least abundant in Facies 1.

Silt and Clay:

The silt fraction ranges between 20 and 60 %, generally
camprising about 3040 % of the sarple. The clay fraction
caprises between 13-77 %, but averages béetween 50-60 % of the
sample. Analyses indicate that silts and clays of the studied
sediments are typically very prorly sorted. Silt to clay ratios in
the cores show a downslope fining trend, ranging fram 1.2 in the
uppermost slopa cores to 0.62 in the laaembst slope cores.

Mean, Median, and Mode:

Only three cores have full grain size analysis available,
permitting calculation of statistical measures. Average mean,
median, aid modal sizes are given in Table 3.1. Statistically
" (cne—way analysis of variance) the means of each facies are not
significantly different. Averages from each core’show mean,
median, and modal sizes decreasirq downslope.

Standard Deviation:

Standard deviation (s.d.) or sorting is a measure of variation
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in the grain size population (Folk, 1980). According to the
classification of Folk and Ward (1957) the sediments of the studied
cores are all very poorly sorted. Mean stardard deviations of the
facies indicate that Facies 5 is the most poorly sorted, followed
by Facies 4, 2, 3, arﬂlinorderofirx:reasedsortlng (decreasing
s). Statistical Student's T-tests define only the standard

_ Gdeviations of Facies 5, and 1 as significantly different.

3.5 Facies Interpretations

Deposition of fine—grained sediments in deep ocean
enviroments can occur by a variety of processes, including
settling fram suspended sediment plumes (nepheloid layers)
(Cacchione and Drake, 1986), bottom current reworking (Stow and
Lovell, 1979; Chough and Hesse, 1985), Ice rafting (Piper and
Slatt, 1977; Hugget and Kidd, 1984), and mass movement (slunps,
slides, debris flows, turbidity currents) (Stow and Piper, 1984;
Stow, 1985).. {‘igure 3.9 demonstrates the conceptual overlap'of

_ these processes.-

Distinquishing hemipelagites from contourites from fine-

* .grainaed turbidites is a most difficult problem (Hesse, 1975; Stow
1979, 1985; Hill, 1984b; Shor et al., 1984). No general set of
quidelines exist for such distinction but mmerous workers: have
-approached the problem and have established criteria fgy specific

. cases (Hesse, 1975; Kurtz and Anderson, 1979; Stow, 1979, 1985;
Stow and Lowvell, 1979; O'Brien et al., 1980; Stow and Sharmugam,
1980; Hill et al,, 1982a; Hill, 1984b; Shor et al., 1984; Stow and
Piper, 1984; Chough and Hesse, 1985).

Facies 1: pioturbated mottled md

~ Abundance of bioturbation structures and abundant biogenic
' material in the form of foraminiferal tests in this facies is
suggestive of slow sadimentation rates. Hessa (1975) regards
intense bioturbation as one criterion for identification of
hemipelagites in ancient slope segquences. Stow (1985), and CGHough
and Hesses (1985) maintain that bioturbation ¢an be intensive
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Figqure 3.9 Ternmary diagram demonstrating “the conceptual overlap
and camplexity of sedimentary processes affecting the
continental slope. This process overlap makes it
difficult to recognize the mode of deposition for

s certain sediments and demonstrates the short-camings in
classifying sediments according to their mode of
deposition.
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throughaut contourites as well as hanipelagif':nﬂ. 'l‘hey also infer
that both deposits may have high biogenic . Both
processes typically involve low in tion rates (<10 am/1000
yr) (Stow, 1979, 1985).

~.

Contacts between beds of this facies and with other facies are
gradational and often bicturbated beyond recognition. This feature
is ubiguitous in hemipelagites but ooccurs in cantourites as well
(Stow, 1985).

- The lack of coarse sadiment within these facies implies that
sediment transport processes were unable to carry coarse sand and
gravel, ice rafting was minimal, ami'/orthenewasmscnroeof
coarse material. Facies 1 sediments are presently being deposited
on the continental slope, and hence similar deposits in the
stratigraphic record likely reflect similar oceanographic -
sedimentologic conditions as today. V'

In conclusign, bioturbated, mottled mud may represent either
hemipelagic deposition or deposition from weak, slowly depositing,

Facies 2: Hamogeneous mud

. General lack of primary sedimentary structures in most
oocurrences of Facles 2 and grain size distributions of Facles 2
samples (i.e. daminance of fines and cut-off at 2 phi) imply
suspension deposition from a nepheloid layer or from weak currents.
lLack of abundant bioturbation, however, suggests that deposition of
this facies is more rapid than that of Facies 1. Complete
bioturbation may result in thorough mixing, and homogenization of a
sediment, but it is believed that if the hamogeneity were due to
bioturbation, same trace of the presence of biota would be -
apparent, as it is in Facies 1.

Iocaile.spy laminae within Facies 2 beds may represent cross-
laminations, indicative of traction transport by bottom amrrents.
These currents may be contimiously flowing, such as contour
currents, and hence the deposit is a contourite; ﬂ\eymympresent
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arrents generated within a mass flow event and hence the deposit
may be part of a turbidite; or they may be the result of a storm

event which resusperded sediment, such as a surface storm during

Mmdmimls,craa:bamfwestmasdescribaibycamner
ard Sullivan (1981) arﬂfbllisterarﬂm (1984) at the HEBHIE
site on the Scotian Rise. Wispy beds typically have a higher sand
content than other beds of this facies. The preservation of these
structures probably reflects a high rate of sediment supply (Hill,
1984a) and rapid burial. B '

In summary, hamogenscus mud was deposited either by _
hemipelagic processes, or by bottom currents generated by ocedan
cim.llatidm pattermms (contour currents), storms, or mass-wasting
. events. Homogensous mud may also be generated by thorough mixing
of a sedimentary sequence in the shear zane of a slide or slump.
Inanycﬁsedq:ositimisasamedtoberapidelnx;htoavoid
significant amounts of post-depositional bioturbation.

Facies 3: Laminated mud

Laminated muds can be generated by a variety of processes
(Stow and Bowen, 1978, 1980; Mackiewicz, et al., 1984; Carey and
Roy, 1985; Hesse, 1985; Reading, 1986). In the Scotian Slope
envirorment it is possible that beds of this facies were deposited
by oontour caarrents (cf. Chough and Hesse, 1985), storms (cf.
Gardner and Sullivan, 1981; Hollister and McCave, 1984), or by
turbidity axrents (cf. Piper, 1978; Stow, 1979; Stow ard
Sharmxgam, 1980; Hesse and Chough, 1980; Mackiewicz et al,, 1984).

" \ Very little evidence of bicturbation and a small biogenic
camponent. in- the sediments of Facies 3 suggest rapid )
sedimentation. Hemipelagites and contourites are typically
deposited slowly (hence, biotuwrbation is prolific), while turbid-
ites result from relatively rapid deposition (hence, little
biocturbation) (Piper, 1978; Stow and Sharmugam, 1980; Stow, 1985;
Chough and Hesse, 1985).

b}

Facies 3 seams to occur at all waterdepthsonthe Scotian
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Slope, including water depths in excess of 1500 m. It ig unlikely

" that it was deposited at these deepwater locations directly by
ice-margin melt out (cf. Mackiewicz, et al, 1984),. though this
process may have had a role in generating a downslope-flowing
turbidity current. {

Internal structures and sequences (parallel laminations, .
cross-laminations, grading) and bedding contacts are similar to
those of fine-grained turbidites as described in the literature
(Heese, 1975; Piper, 1978; Hesse and Chough, 1980; Stow and
Shanmugam, 1980; Stow and Piper, 1984).

Fine gravel and coarse é.and, presumably ice-rafted in origin, -
is seen scattered ﬂmrcmghout the sediments. There is no evidence
that this coarse debris has been wirmowed by bottom currents,
though in some cases this sediment appears to have been transported
and sedimented with. surrounding finer sediment.

Furthermore there is abundant accustic evidence for mass
wasting processes in the study area (chapter 2). Turbidity
currents are one form of mass-wasting, and are often associated
with other types. It is, therefore, highly likely that they occur
in the area. Turbidity currents are demonstrably the principal
mechanism for transporting sediment to deep continental margins
(Hesse, 1975; Piper, 1978), ard are expected to have widespread
occurrence on the Scotian Slope.

In conclusion, it is believed that Facles 3 results from
"turb,i;lity currents transporting and depositing fine-grained
sediments. The physics of these turbidity currents and their
mechanisms of deposition are discussed by Hesse (1975), Piper
(1978), Stow and Sharmugam (1980), and Stow and Bowen (1984).

4

Facieg 4: Thin-bedded sand

Sorted éand, the lenticplar, ripple shape of some beds, and
the yare pr'esencé of internal structures such as cross-laminations
in Facies 4 sugests that sediment within these beds was deposited
by a current, with same of the sediment possibly having been
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transported as bedload. From the data available it is impossible
to specify whether this current flowed parallel to the contours
(contour current) or downslope (turbidity current). Hill (1984)
considers beds of similar descriptioch as turbidites because of
their coarse grain size, water depths they are found in, and bed
thicknesses.
Facies 5: Poorly sorted mud
The pehbly texture of Facies 5§ is characteristic of cohesive
'debris flows (Pettijohn, 1975; Sharmugam and Benedict, 1978; Hill
et al., 1982a, Visser, 1983), but also of ice-rafted deposits
(Anderson et al., 1979; Kurtz and Anderson, 1979). Hugget and Kidd
' (1984) have found ice-rafted debris in sediments at abyssal depth
in the oceans. The coarsest grains cbserved within Facies 5 are
normally fine gravel. lowe (1982) notes that many cchesive debris
flow déposits show an upper size limit to the supported particles.
This abservation suggests that larger grains, if originally
present, were able to settle through the matrix during flow. If
the gravel in Facies 5 were in situ ice-rafted debris, then a -
broader spectrum of sizes would be expected Grain sizes at outer
‘ shelfanduppe.rslopeswrce areas show a continuous spectrum of
sizes from clay to boulders (King, 1970; Hill et al., 1983).

Bedding contacts are almost always sharp, often irrequiar, and
sanetimes steeply dipping. These features indicate that each bed
is‘a distinct depositional event and camonly erosional in nature,
thus supporting a mass flow origin. Kurtz and Anderson (1979), .
Aksu (1980), and Hill et al, (1982a) use these characteristics as
criteria for distinguishinq debris flows from parcxtills (ice-rafted
debris). A clast that was ice-rafted can be seen in Figure 3.5.
Though the basal cantact is sharp it is not erosional, but rather
it dowrmarps the laminae, possibly from the force of impact when it
fell to the bottam, or possibly from subsequent cmpa‘:tion.

. Sediment fabric in Facies 5 is generally isotrqaié‘, with the
sand and gravel occurring randaomly throughout a mad matrix. This
characteristic can be caused by: 1) the buoyancy effect of the
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cohesive matrix; 2) lift due to flow furlwlence,' 3) intergramilar
dispersive pressure; 4) any cambination of the above processes
(Lowe, 1979, 1982); and 5) slow accumulation of ice-rafted debris.

local faint horizontal laminae of coarse grains in Faclies 5
can be created by shear sorting, or by laminar flow in a cohesive
debris flow (Enos, 1977; lowe, 1979, Nardin et al., 1979). These
laninae can occur at any level within the debris flow. Cparse
laninae could also result from winnowing bottom currents, or they
may represent lenses of ice-rafted debris.

_ Poorly developed, nomal and inverse grading has been noted
locally in Facies 5. These characteristics are often associated
with mass flow deposits (Hampton, 1975; Lowe, 1979; 1982; Nardin et
at., 1979; Aksu, 1980, 1984). The type af-grading that develops
depends on ¢the. clay mineralogy, grain size-distribution, and the
nature of the flow (density, water éontent, rheologic behaviour)
(Enos, 1977; Hampton, 1972; Lowe, 1979, 1982; Nardin et al., 1979).
Normal grading can be the result of settling of ooafser particles
into a less-dense underlying matrix. If deposition of the mass
flow is rapid (i.e. as in a freezing plug: Enos, 1977; Lowe, 1994,
1982) then the flow itself mist be graded. Settling of ice-rafted
debris may also produce normal grading. Inverse grading can occur
as a result of intergramular dispersive praséure, or through
turbulence -(Lowe, 1979). Deposition must be rapid for this
characteristic to remain in the rock record. -

In sumary, a wide range of sediment textures and structures
characterize Facies 5. t is not always possible to differentiate
the mechanism g~ ition for these sediments because of the
similar dmarac;teristics expected for a variety of processes. These
types of sediment could result fram hemipelagic deposition combined
with an ice-rafted component, or they could result from mass
movement processes, such as debris flowS. It is suspected that the
majority of Facies 5 beds were deposited as a result of a
cambination of these processes, whereby accumulation of ice-rafted

and ice-margin meltout debris was followed by instability resulting
' in mmerous thin-bedded debris flows. ' .
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‘ 3.6 Faciea Associations: descriptions and distribations

In order to understand the context of the staudied lithofacies
it is necessary to observe lateral and stratigraphic relationships
between facies. To this end facies are grouped into facies
associations. Facies associations for this study were created by
gruxpingfaciesthatmobsezvedtoocmrtogeﬂxermﬂappearto
be genetically related.

f‘acies Association A: Facies 1, 2, ard 4

‘ Facies 1 occurs in association with minor amounts of Facies 2,
and 4. Facies 1 bedding contacts with Facies 2 are everywhere
gradational, while with Facies 4 they are usually sharp but
disrypted by bioturbation. This association forme thick (>1 m),
correlatable sequences at the tops of all cores and at variocus
stratigraphic horizons within the bores.

Facies Association B: Facies 2, 3, and 4

Facies Association B typically consists of thin individual
. Facies 4 beds separated by 10-30 an-thick beds of Facies 3, or 2.
t Facies 4 may be missing from the sequence, leaving thick sequences
' Of Facies 3 and 2 beds. The association is thickest (>2 m) in
‘mid-slope cores and is correlatable from core to core in this . .
area. Elsewhere the association is seen as thin (<1 m) sequences
often interbedded with Facies Association C. .

Faciee Asaocintim C: Facies 5 and 4

Facles Association C generally ooccurs as thick (1-2 m)-
pequemas of individual Pacies 5 beds, occasionally interrbedded
with thin (cm) beds of Facies 4. Association C ococuxs within most
cores and is coomonly éither stratigraphically or laterally -
_acoapenied by Facies Association B. Together the two associations
cocur throughout the study aregat varicus carrelatable
stratigraphic horizons (Figs. 4.2 - 4.5).
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3.6 Facies Associatia's 1nterpretaticns
Facies Associaticn A:

As previously discussed it is difficult to distinquish between

contourite and hemipelagic sediments. Facies 1 i:?ggn.hmt
facies type in Association A and its characterisitcS meet criteri

for hemipelagic and contour current deposition. The fact that, at
present, contour currents are not documented on this part of the
Scotian Slope impliea that the topmost ococcurrences of }‘acies 1 were
not deposited by contourites; however, it has been suggested by
Hill and Bowen (19233) that present-day storms can generate currents
which flow parallel to contours. Prolific bioturbation in this
facies reflects slow sedimentation.

Facies 2 in Facies Association A resulted from slightly higher
sedimentation rates than Facies 1, giving little time for biogenic
rewcrking. The local presence of cbscure structures within this
facies and the presence of fine sand &ggestdepositimbyueak
bottam axrnem:s. '

The rare oco.zn'moe of Facies 4 within this association is
believed to mlt fram pulses wltlu.n these bottom currents that
cause temporary m:reases in auarent velocity. These pulses
imseﬂncmpqta‘mofﬁxeamrtarﬂitsabuitytotmrk
bottam sediment.

. Sedjment colour changes ref?ect‘eithera change in the
sediment source and camposition, or a change in depositional
enviroment (e.g. reducing to oxidizing). In this study there is a
distinct ocolour difference between Facies Association A (olive—
greys and dark browns) arﬂﬂxaoﬂiqrassociatias (red—bruméard
browns). This colour difference does not suggest a depositianal
mechanism, but in this case it can be used as an aid to readily
dj.stirgu.i.sh Facies Association A from cther associations. Organic
" carbon analysis .on sediments of different colours show slight

differernesinpematozganicarbmmrtmtofracmslfm
other Facies (Table 3.2), but whether this fact contributes to the
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colour change is not known. Sediment colour has been used to
distinguish hemipelagic sediments from turbidites in both rocks
(Hesse, 1975) and recent sediments (Piper, 1973; Stow, 1979, 1981;
Hill, 1981). This characteristic, therefors, has potential as an
aid for easy recognition and intezp&:stgtim of sediment types.

Facies Association A is interpreted to reflect sediment
‘deposition and resorking during periods of quiet oceanic conditions
‘ *and low sedimentation rates. Such criteria may be met durihg high
sea levels (such as at the present), during long periods of ice
cover, or during static conditions at the shelf break.
- : x
Facies Asspcinticn B: s '

The characteristics of Facies Association B campare with data
and criteria presented by Hesse (1975), Piper (1978), Stow and ) .
Bowen (1978, 1980), Stow (1979), Stow and Shanmuxgam (1980), O'Brien
+ et al. (1980), Hesse and Choush (1980), and Hill (1981, 1984b) to
~Suggest c!epositim from & ‘low density, slowly depositing turbidity

Facies 4 beds coincide with Stow and Shanmgan's (1980) T and
Bouma's (1962) A, B, or C divisions. These are thin to thick beds
of ‘'sand, often lenticular shaped, with internal cross-laminations.
These beds, where they oocur, ccuprisethe base of a turbidite 7
unit. ’

Facies 3 muds are equivalent to Stow and Shamxyam's (1980)
7 T,, Ty, and Ty divisions (Piper's (1978) E; division). These are
laminated muds that form a graded sequence from thin silt laminae
to low amplitude climbing ripples (rarely distinguishable in a
‘piston core sample), tothinregdlarlandnae to thin indistinct
laminae. This facies is the most common sediment type in this
association. Partial and truncated sequences are the normal mode
of ocnu:‘z%na, therefore, evidence of grading is often lacking.

-
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Table 3.2 Organic Carbon Analysis

Core  Depth (cm) $0C Facies
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Facies 2 mxds in Facies Association B correspond to SL’J and
Sharmugam's (1980) Ty, Ts, Tg, and Ty divisions, and to Piper's
. (2978) E; and Ej divisions. These are indistinctly laminated,
graded, and ungraded, relatively hanogeneous muds. R

The Tg division of Stow and Shammugam (1980) (F of Piper
(1978) ) is bioturbated mud that caps the turbidite sequence.
Bicturbation is seen in thin (5-10 cm) intervals interbedded with
sediments of this facles association. It is also noted in the
capping md laminae of some sand/silt - md couplets.

It is inporb;.\nt,to note that in the studied cores whole
sequences, such as Top-Tg, or D-F, are never campletely preserved.
Typically only one or several of these divisions is present in any:

one turbidite sequence (Hill, 1981; Chough, 1984; Thornton, 1984).
! i

Fiqure \3.3 is an X-radiograph of a section fram ope of the
studied cores showing Facies Association B. This section is
believed to represent one turbidite event, and is the most
sequence that could be found. At the base of the saction
bed less than 1 am thick (Facies 4) (Tg). Overlying this
rumerous well defined, silt and clay laminae (Facies 3) (Ty).
These laminae beccme less well defined and thinner up-sequence
(Tg4). About 10 cm above the basal bed of sand the seguence becomes
structureless (E"acies 2) (Tg-T7). The origin of pebbles seen
scattered throughout this turbidite sequence is unknown, hut it is
a camon characteristic. They may represent ice-rafted debris
dropped into the sediment as the turbidite was being deposited. -
Same of this gravel, however, seems to conform with the fabric of
the beds, suggesting that it was transported and deposited by the
turbidity current. '

Facies Association C:

An all-encampassing intezpmtation for this association
remains elusive. In same instances Facies 5 sedimert® fit cited

_ descriptions of debrites (Walker, 1984; Stow, 1986), but in most
. casa‘they may represent either sediments with an ice-rafted
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. catponent or mass flow deposits at varlous stages of develcpnent.

Facies ‘4 sediments interbedded with Facies 5, though they are
equally interpreted as mass-flow dep051ts are believed to have a
_ separate gen&sls from Facies 5 for several reasons: 1) if they '
repr%ent bedload deposu:lon 1t is likely they were deposited from
a high density turbidity current. Interpretations do not support
the presence of mature, high-density turbidity currents in the
formation of Facies Association C: 2) if they resulted from
deposition by a turbidity current that e;rolved from the .mass‘ flows
vhich deposited Facies 5 one would expect to see a sequential
relationship of sediment textures with Facies 5. No intermediate
textures between Facies 5 and Facies 4 have been observed; and 3)
they are thinly bedded, which is out of scale with the thicker beds
of Facies 5. The conclusion is that Facies 4 beds represent
turbidity currents initiated from a different sediment source than
Facies 5, and probably generated by different mechanisms than the
mass-movement everits responsible for Facies 5 beds.
P

3.7 Deformed Beds: interpretation

Soft sediment deformation features canbegenerated by a
nurber of mecham.snrs, including flow shear, loading, campaction,
creep, slumping, and éliding Deformation features from the
studied cores are considered to have resulted fram large scale
sediment slumpmg and slldmg for the followmg reasons:

1) Effects of deformatlon cross-cut facies boundaries and beddmg ’
oonfacf?s and occur throughout thick sequences (10 m). Feau.xres
are not facies or bed specific as would likely be the case for
corvolute intrafotmational laminations, ball and pillow structures,
or load casts and flame structures. '

2) The cores containing deformational fea;:ures are from the
acoustically defined disturbed zones. Acoustic data from these
zones reveals no evidence of sediment creep (cf. Hill et al,,
1982b; Silva and Booth, 1984), but rather that the disturbed zones
are similar in morphology and structure to large scale, c:arple:k
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ritmgnmiva rotational slunps (Piper et al,, 1985). Only cores
fram within theef disturbed zanes show deformational features.

3) Cores show interbedded blocks or plugs of undisturbed or
naarlymﬂisuxrhedstratawimindismrbedseq\mnes If creep
were the daminant cause of deformation it is expected that the
entire saquence would be disturbed. Likewise structures do not
cmpamtot:mepxodmdb;cm@asidentifiedbywmttg;g_
(1977). » :

4) Obeerved deformational features fram the studied cores

(Fig. 3.6a-c) campare with features resulting from slumping and
sliding (Pettijohn, 1975; Embley and Jaccbi, 1977: Hill, 1981,
1983, 1984a; Pickering, 1982,' 1984; Jaccbi, 1976, 1984; Coniglio,
1986) . These features lend support to the Piper et al. (1985)
interpretation of the disturbed zones resulting from rotational
Eluupirg. | ‘ :

3.8 Sumary

Facies relationships and sediment characteristics have led to
the following inmterpretations (Table 3.3 is a synopsis of facies
characteristics and interpretations): 1) Facies 1 was dq:csitea by
a cambination of hemipelagic and contour current processes and ‘
might be termed a bioturbated hemipelagite or middy contourite.’

. ,2) Facies 2 was deposited by either: a) cambinations of hemipelagic
and contour current processes, -in which case‘bedsmldbetemed
hemipelagites or maddy contourites, or b) by low-density, slow-
moving fine-qirained turbidity arrents, in wvhich case an individual
bedm;ldbatezmdatine—gninedtm‘bidite .3) Facies 3 was (\
deposited by low-density, slow-moving faxrbidity currents, producing
laminated fine-grajnad tirbidites. 4) Facies 4 was deposited
either as: a) bedload from fast flowing turbidity currents (sandy
turbidite), or b) by bottom current pulses (contourite). 5) Facies
5, depending upon the sediment characteristics, was deposited by
thin debris flows (fine-grained debrites), or by dense, immature
turbidity anrents (disorganized turbidites). 6) Deformed beds
‘resulted from 13/:99 scale sediment failure, such as slumping or
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sliding, involving downslope displacement and creation - ’)
synsedimentary deformation features.

Facies Association A 'is interpreted as sediment deposited ard
reworked during periods of quiet oceanic conditions and low
sedimentation rates (hemipelagites and oontourites). Such criteria
may be met during high sea levels (such as at the present), during
long periods of ice cover, c;r during static conditions at the shelf

break. '

The characteristics of Facles Association B suggest deposition ‘
from mmxfimd low density, slow moving turbidity currents. A
single turbidite évent may take from weeks to months to fully
deposit its load (Piper, 1978; Stow and Shanmugam, 1980). These ~
events were likely initiatadbysedimantfailureinmaterxalmthe "
upper slope or shelf break. : :

*Facies Association C was deposited by thin-bedded, fine-
grained debris flows (Aksu, 1984; Hill et al,, 1982a) ard
disorganized turbidites, with rare influences of fast flowing

' turbidity currents depositing beds of Facies 4. Beds camprising
Facies Association C were also likely initiated by sedinent failure
in upper slope or outer shelf glaciogenic: deposits. :




CHAPTER 4

\
4.1 Introduction

This chapter describes the stratigraphy of the Verrill Canyon
area based on the study of piston cores and acoustic data. Using‘
lithologic, micropaleontologic, oxygen isctope, chronologic, and
physiCal property information, cambined with the acoustic data of
Chapter 2, correlations between cores are attempted. '

4.2 Lithostratigraphy

The sequence of facies associations in each of the cores is
presentéd in Figures 4.1, 4.2,- 4.3, and 4.4. Correlations of
facies associations between cores, bhased on the acoustic
stratiqraphy, have been attempted in Fiqures 4.2, 4.3, and 4.4. No~
correlation lines are drawn in Figure 4.1 because acoustic
resolution is poor at these core sites. TFigure 4.2 stiows,t.he
downslope correlation of cores fram the undisturbed area between
the two disturbed zones. Figure 4.3 demonstrates a cross-slope
correlation of cores, forming an east-west transect of the area.
Figure 4.4 is a carpiiatidn of five cores that have been, according
to acoustic infom\atioh, taken from different stratigraphic
horizons. These five cores in Figure 4.4 produce a camposite
stratigraphic sequence about 20 m in measured thickness, but may
represent a thicker sequence if downslope fining trends are taken
into consideration. . - |

4.3 Biostratigraphy . T -

" Foraminifera ,‘ - \

Foramini feral types and abundances were studied from 35 cm3
samples taken fram four cores (21, 24, 34, and 310).
Identifications were made by G. Vilks (in Piper and Wilson, 1983,
and parsonal camunication, 19'85). rdividual of
certain key species can be used to interpret enviromment of
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Figure 4.1 Lithostratigraphy of three cores (27, 24, and 52)
stratigraphically positioned on depth to the red
reflector. No correlation is-attempted because poor
acoustic resolution at each of the core sites does not
permit accurate statigraphic positioning. Note that

the legend of graphic symbols Yepresenting facies
associations applies to all other figures with core
representations in them. Also note that a diagonal
‘line across a core colum represents a missing or void
section, and a dashed vertical line at the édge of the
core .colum designates the séparation of a piston core
from its trigger weight core when no overlap can be
correlated between the two cores. Core locations are
plotted on Figures 1.2 and 2.1. '
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Fiqire 4.2 Lithostratigraphy and correlation of facies
associations of seven cores (26, 21, 22, 25, 51, 32,
~ and 56) resulting in a downslope profile (colours
‘indicate acoustic reflectors established in Chapter 2).
Coree are stratigraphically positioned assuning the
topsofﬂncmasrepresmtﬂnseabedmrfacé:" This
positioning emphasises the fact that these cores were

collected from stratigraphically camplete (i.e.
-unidisturbed) sedimentary sequences. Note downslope
shallowing of acoustic reflectors and thirning of beds.
Core locations are plotted in Figures 1.2 and 2.1.







R

Figure 4.3 Lithostratigraphy amd correlation of facies
' associations of six cares (29, 37, 55, 54, 33, and 32)
resulting in a cross-slope profile (colours indicate
i acoustic reflectors established in Chapter 2. Cores

are stratigraphically positioned on the red reflector -

which erphasises that some of the care sites have had
_ material removed. Core locations are plotted on
A  Figures 1.2 and 2.1. "







Figqure 4.4 Camposite lithostratigraphy and facies association
correlations of cores based on acoustic-data fram
Chapter 2 (colowrs indicate acoustic reflectors).
Cores are stratigraphically positioned on the yellow
reflector, except for core 36 which is aligned an the
pink reflector. Core locations are plotted on Figui:ves
1.2 and 2.1. C







depogition of the sediment in which they are found, assuming they
have not been displaced, or have been displaced only minimally (Be
et al., 1971; Feyling-Hansen et al., 1971; Lipps et al., 1979;
Miller and Zohmarn, 1982). Figure 4.5a-d sumarizes the data
collected in downcore plots of relative abundance curves for

certain key foraminifera.

Vilks (personal camunication, 1985) has found that the
studied cores show three foraminiferal assemblage zones: Zone A
contains mba,xvtic planktonic spec{es,(g@iﬂim quinqueloba and
G. bulloides making up 15-20 % of the total planktanic
foraminifera), low abundances of Neogloboguadrina pachyderma
(sinistral) and low benthic percentages. It is interpreted as
being post-glacial. Zane B contains high mumbers of N, pachvderma
(sinistral), high benthic percentages, and the daminance of
Cassidulina laevigata in the benthic population. The zome is
interpreted as ice distal. In zane C, 65 to 90 % of the
H.Mmsw,mcpemtagadrmoff,arﬁg.
laevigata remains present but may drop in relative abundance. ‘The
mCassaﬂ)la;emggwtsﬂxepméfapmimlioengin
mnig, 1nprgss)..

Vilks (persanal commmication, 1985) has also determined that
the variations in benthic foraminifera are less proncunced than
" those of the planktonics. The deminant species in zone A are
Islandiella helenae, Cassiduling laevigata, Oridorsalis urbonatus,
Globabulinming _auriculata, and Nenionella labradorica. In zone B
Cassiduling laevigata predaminates, with same Elphidiup excavatum
fozmslm Islandiella belenae, Nonionella labyadorica, and N.
mj.dn InmCspeciesdivezsityislmrardglg_;ggand
E. excavatup f. gmd:guaco—dmimrtmmlesaern.l_mgng

- N faxglida, and I, helenae.

A glacial enviroment interpreted from foraminiferal
assemblages in zones B ard € is indicated by the cold water species
present aml by the ten-fold decrease in total faunas: A decrease
in mumbers of foraminifera is expected on the continental slope
during periocds of glaciatian because of drastically increased
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Figure 4.5 Relative abundances of key foraminifera plotted
downcore and showing A, B, and C assemblage zones: a)
core 24, b)“core 21, c) core 29, e) core 3&%) core
310. % benthics calculated fram total rumber of

individGals, % N. pachyderma (sinistral) calculated .

from total number of planktonics, and % . laevigata

calculated from total rumber of benthi&s. Data is from
~Vilks (in: Piper and Wilson, 1983; and unpubl.).










sedimentation raie; (see later this chapter).

- \
Mollusca | ' -

Several mollusc shells were recovered fram the cores, though
for the most part macrofossils are rare. These chel ve been
identified (Table 4.1) by F.J. Wagner (in: Piper and Wilsdg, 1983),
and F. Cole (personal commmnication, 1985). Except for Macoma
mum all species are well within their normal geographic’
ranges (the identification of M, brevifrons is somewhat doubtful),
butfourotthespeclaarenotthoughtmmhabltasgreatawater
depthaswhemthesarml&smretaken ’Ih%especms along with
their cited depth ramges are: Qplus spitzbergensis (1-548 m),
Macoma brevifrons (9-24 m), Astarte undata (9-190 m), and Macoma
galcarea (1-360m). The fact that these samples are complete valves
and one sample is a set of both valves together suggests that
reworking, if any, has been minimal. This argqument is strengthened
by the fact that radiocarbon dates from these shells show '
increasing ages with -depth (Table 4.3).

4.4 Oxygen Isotope Stratigraphy

Oxygen'iSotopeanalyseswméor\ducbedbyAE.Aksuonthe
foraminifera collected from cores 32, 310, and 36. Table 4.2
meentsmedataardr-‘igm'e:t 6 is a plot of this data against
adepth in the cores. Peaks to the right in the curve reflect

interglacial or interstadial periods, or times of major freshwater
discharge. Peaks to the left indicate glacials. The isotope curve
can thus indirectly show fluctuations in climate:. The curves show
oxygen isotope stages 1 and 2, and possibly the end of. stage 3 (see
Shackleton and Opdyke, 1973, 1976 for iscotopic stage definitions).




Table 4.1 Mollusca

imens collected fram studied cores

(Identifications by F.J.E. Wagrer).

Core Depth (cm) ‘Mollusca
21 145 t pelecypod indet 6 fragments
188 1 fragment
ggg . ngg (Gould) 2 valves
4950-495 B (Bech)
22 84 Mla :umgala_(ﬁontaqu) 1 campleta
221 Macaoma cf. M, brevifrons (Say) Eorﬁplete
320 unda Gauld 1l lete shell
855 ASe s Caud) 1 cmplete o
24 67-74 Nautica clausa BroderYS & Sowerby
( .1 camplete s) imen
. Macoma calcarea (Gmelin) 1 smg valve
93 - ___, Bathyarca sp. 1 fragment
27 31 . Barmacles. several f ts
) ) Coral fxagnents ragmen
29 45 Yoldia Megayoldia 1s (Storer)
. Gastropod-—indet. fragn'ent .

I
i
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Table 4.2 Isotope valuess

{(for PDB standard)
Core no. Sample depth 180 value
. (cm) ' (PDB)
32 10-15 TwC 1.07
" 20-25 1.22
" B0-85 3.18
" 122-127 2.36
" 184-190 4.29
" 235=-240 * 3.95
" 345-350 2.93
" 476481 3.31
" 595-600 3.60
n 677-685 3.94
" 717-725 3.90
310 186-191 3.34
~ "o 289-294 3.74
" « 379-384 3.35
" 544-549- 3.83
__ " 605-610 3.85
- " 657663 4.23
36 94-99 3.93 .
" 225-230 3.96
n o] 315~320 3.89
" 430435 2.65

L

|

e
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Figure 4.6 Oxygen isotope values plotted for cores 32, 310, ard
36, showing isotopic stages 1, 2, and 3. Isctopic
stages are defined by Shackleton and Opdyke, 1973 and
1976) . : .
o~ ) /\\
A
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4.5 Carbon-14 Dating

Seven acoelerator mass spectrameter (AMS) radiocdrbon dates
have been determined on sarrpla of mollusc -shells (Table 4.3). The
fact the dates are strathrapmcally consistent within and between
oores based on lithologic correlations supparts the argument that
the shells were either not resedimented, or that downslope .
displacement was contemporaneous with the shells. 1In either case
the dates represent a legitimate time framework for the _
stratigraphy represented in” the studied, oores. These dates range
from 18,320 - 13,140 yEP. '

-

4.6 Physical Property Stratigraphy

Physical property measurements, including undrained shear
strength, water content, and bulk density were conducted on 10 of
. the studied cores. These data are illustrated in downcore plots in
Figures 4.7a-j, and are presented in tables in Appendix C.
Physical properties are deperdent upon the depositional environment
and subsequent burial history.of the sediment, and on ,
characteristics of the sediment itself (e.g. grain size, sedurent
nuneralogy)

At the top of cores (where data exists) the shear strength
profile decreases anamalously with depth. -This decrease correlates:
with decreasing water content. Marine sediments generally show
increasirg shear strengths with depth and decreasing water
, ocontents, representing the normal process of consolidation.

Below the anamalous topmost section of the physical property
curves, correlation between cores is more difficult. The shape 6f
thevanwsmseanstobedeperﬂmton factors of two orders
of mmrtance The first order control is the grain size of the
sediment at the sample level. Good examples of this control can be
séen in Figures 4.7e and g where the physical properties have
corresponding downcore grain size curves. In these examples
changes in grain size can be seen to correlate with changes in
physical properties. Bulk dersity and shear strength properties
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Table 4.3 Chronologic data from radiocarbon dates of mollusc
shell sanples (AMS technique). , : g

Core no. - Depth Beta lab lic age
{cm) 1O,
21 145 - Beta-10988 14,900 + 310
" 308  Beta-10989 16,100 ¥ 310
22 © 84  Beta-15242 13,140 + 195
" 221  Beta-15243 12,150 ¥ 250
" 320  Beta-15244 14,410 ¥ 205
" 659  Beta-15245 18,320 ¥ 440
24 75  Beta-10987 15,100 + 310
~
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Fiqure 4.7 Downoore curves of physical property measurements:
a) ocore 51, b) core 56, c) core 33, d) core 54, e) core
34, f) core 55, g) core 310, h) core 37, i) core 3§, j)
core 52. Note the scatter of plotted values, and
decreasing shear strengths at the tops of cores.




























seem to be especially affected. This order of control causes the
mtterséeninallottheunvesofdcmmmysimlpmperti&s.

The second order cantrol on the shape of the physical property
curves is sample depth (i.e. burial history). General trerds in
the curves show increasing shear strengths and decreasing water
contents with depth. 1In some cases, such as in cores 33 and 55
(Figs. 4.7c and f) the profiles are relatively flat. These cores
 are, however, fram the disturbed zones and the sediments in them
have been deformed. Physical properties in these cores have,
therefore, been altered (i.e. remolded).

Further correlation of the studied cores based on their

- physical properties 'my reqxite normalization of the properties
with the grain size distribution, as well as with depth of burial.
This approach is recommended for further work, but is beyond the

- soope of this thesis.

4.7 Interpretations

Sequences in the studied cores have been separated into

stratigraphic units based on the various stratigraphic data (i.e.
~ lithologic, micropaleamtologic, radiocarbon, and oxygen isotope

information). These units are correlated fram care to core in
Figtm 4.8 - 4.10. Figure 4.8 is a downslope correlation, Figure
4.9 is a cxoss-slope correlation, and Figure 4.10 is a
stratigraphic compilation. Most cbvious is the surface correlation
of Facies Association A. It lies above any of the key acoustic
horizons, is generally one to two metres thick, and is found at the
‘tops of all cores. This correlatable facies association is termed
unit 1. ' ' ,

¢

Unit 1 is roughly the equivalent of foraminiferal assemblage
zone A. Carbon~-14 studies suggest this unit is younger than 13,000
- 14,000 yBP. The light ocxygen isotope values indicate the unit -
represents isotopic stage 1. It can be concluded from this
informatioh that unit 1 was deposited during the warmest episodes
of all the sediments studied. It represents latest Wiscomsinan and
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Figuré 4.8 Downslope correlation of units. Note the downslope
shallowing of reflectors and thinning of units.
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Figure 4.9 Cross-slope correlation of um\s Note that cores from
) the disturbed zones are missing most of unit 2.







Figure 4.10 Campiled stratigraphic section and correlation of
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Holocenea deposition up until the present. The unit is, therefore,
post-glacial in origin. Sediments forming unit 1 accumilated at an
average rate of S cm per thousand years. Hill (1981) detemined a
similar rate for the Holocene surface sediment in his study‘area
further west an the Scotian Slope.

Unit 1 also correlates with the topmost section of the
physical property cuxves, which is best defined by shear strength.
n)eamualmuaﬂinﬂmemmyberelatedtoirmeashq
grain sizes with depth and poesible changing mineralogical '
camposition of the clays with depth. ' ’

Immediately underlying unit 1 is a 1-3 m section of Facies
Association B followed by a 1-4 m section of f‘aciei;s Association C.
This roughly correlatable sequence is termed unit 2. This unit
cantains the Orange, Brown, amd possibly the Green acoustic
reflectors. According to 6 AMS dates in cores 21 and 22 this unit
ranges from 18,000 YEP near its base to 13,000 yBP at its top, and
thus is entirely late Wisconsinan in age. These dates indicate
high but varied sedimentation rates. The average rate, calculated
between the olcest and the youngest dates in the unit, is 111 om
per thousand years.

7 Foraminiferal assemblage zones B and C occur within unit 2.
Oxygen isotope data are consistent with radiocarbon dates -
suggesting that the unit is within oxygen isotope stage 2. It is
concluded from this information, plus radiocarbon data, that unit 2
represents ice-proximal to ice-distal (glacial to late glacial)
sedimentation frad its base to its top.

There is a 3-5 m~thick section of Facies Association B and a
thin 'ocmrrenoe_ of Facies Association C underlying unit 2. These
two associations are separated by a thick (2-3 m) occurrence of
Facies Association A in same cores. This sequence is termed unit
3. Unit 3 may be separated fram unit 2 by a thin (50 cm) bed of
Facies Association A (e.g. core 33). Unit 3 includes Red amd
Yellow acoustic reflectors.

Unit 3 is similar to unit 2 in sediment types and lithologic
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sequences. Assuming similar rates of deposition as unit 2, unit 3
dates from about 18,000 yBP back to about 27,000 yBP (assuming that
the unit is 10 m thick and has had a rate of deposition of 111 cm
per thousand years). The base of the unit may be older as this
sedimentation rate does not take into account the slow rates of
deposition that occur in the Faclies Association A intervals, nor
the fact_that sedinentatim rates probably decrease downslope
(i.e. units thin in the downslope direction).

Oxygen isotope results from core 32 and foraminiferal
information from cores 34 and 310 are available, The extrapolated
dates and the oxygen isotope curve suggest the unit’is within
isotopic stage 2. Foraminiferal assemblages in the unit are
similar to those in unit 2, but assemblage C daminates, implying
predaminantly ice-proximal sedimentation.’

Only cne core (core 36) strﬁtigraphically urderlies unit 3.
Oxygen isotope data (Table 4.2, p. 136) and physical property
information (Fig. 4.7, p. 148) is available on this core. The
sedimentary sequence represented in this core is termed unit 4 and
is 'similar in lithologies to units 2 ad 3. Extrapolation of a
minimm sedimentation rate (36 cm per thousand years, based on
depth of oldest carbon-14 date to present) and maximm
sedimentation rate (110 am per thousand years based on the
sedimentation rate within unit 2), puts the bottcm of the core '
between 20,000 and 55,000 yBP. The isotope curve suggests the base
of core 36 demonstrates the erd of isotopic stage 3 (start of stage
2), which ocourred about 32,000 yBP (Shackleton and Opdyke, 1973, ,
1976) . [

4.8 Summary
The stratigraphic sequence in the studied cores, on the basis S
of lithologic, oxygen isctope, radiocarbon, paleontologic, and .
physical property mfomatim, is divided into four units,
' representing about 30,000 years of sedimentation.

The uppermost unit is 1-2 m thick and occurs at the top of all
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cores. Deposition of this unit began during the onset of the
Holocene transgression amd contirues atv the present. Deposition
rates were on the order™of 5 am per thousand years for this unit.
Unit 2 dates from about 13,000 YBP to 18,000 yBP. Data suggest it
was depésited during ox}:gen isotope stage 2. Sedimentation rates
were rapid for the unit, averaging 111 am per thousand years. No
radiocarbon dates exist for unit 3 bhut by extrapolating
sedimentation rates it 1likely oammenced more than 27,000 yBP (i.e.
near the beginning of isotopic stage 2). Sediment types are

similar.to those found in unit 2. The deepest part of the conpiled
stratigraphy is the base of core 36, which demonstrates the end of
isctopic stage 3. It dates at about 32,000 yBP.

on the basis of lithologic, oxyge.n.isotope ard foraminiferal -
analyses it is evident that sediments of unit 1 reflect post-
glac:.al deposition. Urr:lerlymg units are canposed of ice-proximal
and ice—-distal glacial-marine sediments, deposited during various .
stages of the Wisconsinan glaciation.’




/
5.1 Review

Tha Late Quatermary geology of an area just west of the
Verrill Canyon an the Scotian Slope has been stidied through the
examination and analysis of piston cores, and through the use of
high resolution seismic and sidescan data. The study area is a
site of recent hydrocarbon exploration and of known sediment
fajilure. The region ranges fram 500 to 3500 m water depth, with
gently sinuous bathymetric contours, except in the extreme east of
the area where Verrill Canyon crosses the slope.

The Scotian Shelf has been the primary source of sediment for
the Scotian Slope and hence the geology of the study area has been
greatly affected by the geologic history of the adjacent shelf.
King (1970) and King and Fader (1986) suggest that the majority of
Quaternary sediment on the shelf is glacial in origin, hence the

. study area must also have been greatly affected by glaciation.
Aocozﬂirqtoximarﬂi‘ader(mss) a grounded ice sheet extended
acmsstheentimSootianshelfdunrgthgaEhrlmeman
(between about 70,000 to 50,000 yBP).

' The Wisconsinan ice sheet probably entrained, transported, and
depoaitad aundant glacial debris as it-advanced and receded across
terrestrial and marine areas. Periods of minor recessions and ‘
advances probably occaurred throughout this period. Oscillations of

‘ the buoyancy line (line of seabed - ice 'shelf contact) are believed
to be respansible for the develcpment oftillt&uguesmthe
continental shelf (King and Fader, 1986). .Between about .
32,000-16,000 yBP the ice shelf retreated to present land areas. A
'mrgeofgzanﬂedicetopartsoftheimrarﬂcuterstnlfmay
have occurred during the late Wisconsinan (Kingamr‘ader 1986;
Amos and Knoll, in press).

Following the last phase of glaciation there was a period of
low relative sea level (=110 to -120 m) and subsequent sea-}avel\
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rise until the present (Milliman and Emery, 1968; Scott ¢t al,,
1984; King and Fader, 1986).. g

On the Scotian Slope, the effects of the last glaciation and
lower sea levels can be seen acoustically fram the presence of
tongues of material acoustically resembling till (Fig. 2.5). These
tongues extend into upper slope stratified sediments (Fig. 2.5, 2.6
and 2.7), and the uppermost tongue appears equivalent to unit 3 in
piston cores of this stady (Chapter 4). Exposure of till-like
material on the uppermost slope, relict iceberg scours on the upper
slope (Fig. 2.3), and erosional qullies at the shelf break (Fig.
2.2) are also evidence of Wisconsinhan glaciation and lower sea
levels. 4 . '

Mass sediment failure events have occurred in the study are;a,
indicated by the presence of surficial and buried ‘disturbed zones,
erosional scarps and depressions, and slump scars and deposits
(Fig. 2.1). Piper et al. (1985) estimate surface sliding has
removed between 4 and 7 x 10%m? of sediment from the study area.

Acoustic profiles reveal that underneath and ocutside the

- disturbed zones many of the slope sediments are evenly stratified,
yielding continuous, parallel reflectors on acoustic return. Six
key reflectors have been traced throughout much of the study area!
These horizons were used to establish the acoustic stratigraphy at
core sites and thus ald correlation of lithologic units between
cores. Removal of material by erosion and thimming of intervals
between reflectors permitted sampling to deeper acoustic horizons
than would have otherwise been possible.

Examination of sediments in 18 piston cores led to
-identification of 5 lithofacies: -

Facies 1: Bioturbated mottled mud
Facmd 2: Hamogeneous mud

s 3: mud
Facies 4: Thinbedded sand
Facies 5: Poorly sorted mxd




r-

Bioturbated, mottled mud (Facies 1) is interpreted to
represent aeither hemipelagic deposition or deposition from weak,
slowly depositing, bottam currents. Deposition is slow enough to
allow for abundant to ocaur.

., Homogeneous mad (FaciesAz) cauld result from a variety of
processes including: deposition by hemipelagic processes;
deposition by bottom currents generated by coean circulation
patterms (contour arrents), storms, or mass-wasting events; or by
tlmux;hmi)d:qofasediwvtaxyseq.minthesrmrzaweofa
slide or slump. In either case depositmn is assumed to be rapid
enough to avoid significant amounts of post—depositional
biocturbation.

on the Scotian Slope, laminated muds (Eacias_ 3) most likely
result from turbidity currents transporting and depositing fine- .
grained sediments by processes discussed by Hesse (1975), Piper
(1978), Stow and Sharmagam (1980), and Stow and Bowen (1984).

The thin sand beds (Facies 4) prabably result from bedload
beﬁx;transporbedbexmathamrrent. On evidence within the beds
almeitismtpossibletospecifywhetherthisctmwtﬂwed
parallel to the contours (contour current) ord:unslope (turbidity
current).

Poorly sorted mxd (Facies S5) could result from hemipelagic

- deposition combined with an ice~rafted camponent, or from mass

movement processes, such as debris flows., It is interpreted that
Facies 5 beds were deposited by a combination of these processes,
whereby accumulation of ice-rafted and ice-margin meltout debris
vas followed by .irsta_bi_lity resulting in small-scale, perhaps
local, thinbedded debris flows. ‘

Grain size analyses indicate subtle differences between facies
and-show a downslope fining trend between cores. The gravel
portion is significant, though it represents only a small
percentage of the sediment. It is interpreted that gravel comes
from a glacial source. This interpretation is supported by the
fact that the uppermost post-glacial sediment in the cores contains
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no gravel.

Synsedimentary deformation features, such as convolute
laminae, rolled balls, microfaults, and dipping laminae, were
recognized in a few cores from the disturbed zones. These features
overprint depositional structures in the facies, and suggest the
style of deformation in the disturbed zanes was primarily caused by
sluping and sliding of blocks of sediment.

Lithofacies were grouped into 3 facies associations:

1) Facies Association A is camposed of Facies 1, 2, d;rﬂ 4. It
. is interpreted as being deposited by hemipelagic and contour
current processes, and subsequently reworked by bicturbation. It
is believed that this association predaminates during periods of
_quiet oceanic conditions and low sedimentation rates. Such
criteria may be met during high sea levels (such as at the
present), dun_ng long periods of ice cover, or during static
conditions at the s elf break.

2) Facies Association B is camposed of Facies 2, 3, and 4. It
is interpreted to result by deposition from unconfined, low
density, slowly depositing turbidity currents. These turbidity
currents were likely initiated by sediment failure in material on
the upper slope or shelf break.

3) Facies Association C is composed of Facies 5 and 4. The
majority of this association was likely deposited by thin-bedded,
fine-grained debris flows (Aksu, 1984; Hill et al,, 1982a) and
disorganized turbidites. - Rare fast flowing turbidity currents
deposn:ed beds of Facies 4. Beds camprising Facies Association C
were also likely initiated by sediment failure in upper slope or
outer shelf glaciogenic deposits.

Downcore variations in lithologic, dmfu'xologic, oxygen
isotope, foraminiferal, and geotechnical properties were determined
 in numerous cores. With the aid of the established acoustic
stratigraphy it was possible to position piston cores and their
studied properties into a correlatable sequence __uhidl demonstrates
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the stratigraphy throughout the study area (Figs. 4.8 - 4.10).
This correlation led to the definition of fgur units. ‘.

The uppermost unit (unit 1) is a sequence of sediment that is
a;parmtatthetopsdfall cores. It is camposed of Facies
Association A and contains no gravel. - A radiocarbon date of
13,000 yBP near its base results in a sedimentation rate for the
unit on the order of 5 am per thousarc: years. Oxygen isctope data
confirm the unit is Holocene in age (isotopic stage 1) and was
deposited outside of the influence of glacial ice (post-glacial).

An anamalous trend of decreasing shear strengths with depth is
consistently seen in’ this unit.

Units 2, 3, and 4 are camposed of Facies Association A, B and
C. Unit 2 dates about 18,000 YBP at its base and 13,000 YBP near
its top, giving sedimehtation rates on the order of 100 cm per
thousand years for the unit and 35 am per thousand years from the
base of the unit to the top of the core. Extrapolation of these
sedimentation rates to the base of core 36 (deepest part of the
' stratigraphy sampled) gives ages ranging between 20,000 and 55,000
yBP. This age range is large, but g.wen that calculated
sedimentation rates are so variable it is impossible to narrow the
range further without actual radiocarbon dates deeper in the

stratigraphic sequence.

Oxygen isotope data suggest units 2 and 3 were deposited
during igotopic stage 2 (stadial). The base of core 36 (unit 4)
shows the end of isctopic stage 3, suggesting the age is about
32, OOOyBPforﬂlisinterval This date is consistent with the
range of dates given above. Foraminiferal analyses indicate these
units were deposited under ice-proximal to ice—distal conditions.
The p;'eSerxce‘of gravel :Ln/units 2, 3, ard 4 is i.r\dicﬁative of a
glacial origin for /sediments. Shear strengths and bulk
dansities gererally , and water contents decrease with
depth in these units (1 e. mormal consolidation).




5.2 Discussion

Geologic History: stratigraphy and sedimentation

From the study of existing literature, and evidence presented
in this thesis, it is apparent that, over the past 70,000 years,
glacial ice crussed the Scotian Shelf and terminated an the upper
slope region of the study area. There is also evidence of major
sea-level lowerings over this period. These phenanena had profound
affects on sedimentation on the Scotian Slope and account for the
majority of Quatermary sediment underlying the si‘.udy area.

Holocene

Only unit 1, which is Holocene in age, waé deposited without
the influence of glacial ice. This unit forms a drape over the
stuciy area. In fact, sediments of simila}: type and age have been
described forming a drape over the entire eastern Canadian
continental SlOpé (Stow, 1981; Hill, 1983, 1984; Swift, 1985). The
rate of deposition for the unit is slow. The unit is camposed
almost exclusively of Facies 1 and 2 sediments, reflecting slow
déposit'ion.

It is intezpreted that the sediments of unit 1 were deposited
primarily by hemipelagic processes. Occurrences of Facies 2 and
rare Facies 4 beds near the base of the unit may represent current
deposition. These beds indicate the influence of lower relative
sea levels at the start of the Holocene. Coastal processes
affecting exposed outer shelf material led to shelf spill-over amd
downslope transport of sediment, resulting in turbidite deposition.
Shallower water depths over the upper slope meant that wave-
generated ard long-shore drift currents played a greater role in
resedimenting slope deposits (cf. Stanley et al., 1972a; Inman et
.al,, 1976). Finer sediments and increased bicturbation in the
upper part of the unit reflect the rising sea level and drowning of
the shelf break during the Holocene transgression.. ‘

-
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The lack of any gravel mumeﬂolécerleseqtmnesxxgg&sts that

‘sediment supply from glacial sources is negligible. Hill (1981)

maintains that sediments of a similar type to unit 1 in his stugy
areamtheba*i,nsmpeamlikelydenvedfmthewterbarﬂs
ott.heScotianShelf,ﬂnx;hthelrultmatesourcewuldbe
inshore, shelf, and on land. The recognition of icebery scours in
the north of the study area and on the auter shelf is important to
the interpretation of Holocene sedimentation processes on the
slope. Based on sea-level curves jceberg scours could not have

" oocurred at these water depths in about 10,000 years. Their still-
recognizable presence indicates that supply of sediment to the

slope by outer shelf erosion (at least aleng the shelf directly

north of the study area), and off-shelf transport; must be minimal
or the outer-shelf features would have been removed by erosion and
the upper-slope scours would be undetectable due to burial by off-

i shel.f sedimentation. This evidence suggests that most of the
' .sediments comprising unit 1 have been transported within the water

colum, fmnasmxfemre.distantthahthewbershelf. It is
accepted theory that sediment can bypass the shelf and upperslope,
ultimately to be deposited in deep water enviromments.

Mid to Iate Wisconsinan

The remainder of the sediments studied, including units 2, 3,
and 4, cﬂxprisetheﬂidto Iatewisconsinanéequerx:e in the study
area. These units, as seen in lithologic correlations and acoustic
profiles, thin downslope. In same areas, such as within the
disturbed zones, same of the upper portiocn of this sequence has
been removed by mass-wasting processes. This Wisconsinan sequence
contains examples of all facies (i.ef Facies 1 to 5).

Gravel ard clasts, interpreted to be ice-rafted, are present

in small amounts throaghout the sequence. This evidence, plus

foraminiferal data, and oxygen isotope results fram core studies,
along with the presence of till-like tongues and iceberg scours on

) _unwparslope,arguesuntsedimentsoftmnwtolate
' Wisccnsinan are primarily glacial in origin.
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The upper till-like tongue in Figures 2.5, 2.6, and 2.7 could
be a true till tongue (cf. King and Fader, 1986), kut the formation
of such a feature would require-a late glacial ice margin which
extended into present water depths of 700 m. This required extent
is not supported by any other types of evidence. This acoustic
feature may also represent an ice-margin delta, deposited on the
upper slope by melt-out from nearby glacial ice. This model would -
require an ice—margin which extended to the outer shelf. This
theory fltsbet’ce.rwithnndelspraentadbyothermrkersmeast
coast glaciation (King and Fader, 1986, Prest, 1984). The tongue
‘may also represent slumped outer-shelf sediments which have spilled -
over onto the upper slope. Again, however, giacial ice would have
been the most 1likely mechanism for transporting to the outer shelf
the large supply of sediment necessgry for such a deposit.

In either model, the presence of this upper till-like tongue
is possibly indicative of a late Wisconsinan glacial readvance.
Bonifay and Piper (in prep), on the St. Pierre ' Slope, also show
evidence for a late Wisconsinan glacial readvanoe Most of the
sed:.mentsstmd;edmp:.stonoomofthethes;s&ea (ie. units z
ard 3) are probably derived from this tongue. The fact that most-
acoustic reflections on the slope can be traced to, and appear
rooted in, ocuter-shelf/upper-slope till-like bodies is significant
evidence supporting the hypothesis that the Wiscgcmsinan secquence is
glacial-marine. ' ‘

The thick deposit of till and till-like material on 'the outer
‘Scotian Shelf and upper slope (Figs. 2.5, 2.6 and 2.7) could have
'supplied much Wisconsinan slope sediment through downslope
transporting mechanisms. Kortz and Anderson (1979), Wright and
Anderson (1982), and Wright et al. (1983) recognize the importance
of sediment gravity flows 'in modern ice-proximal slope enviromments
of Antarctica and describe sediments similar to-those found in
units 2, 3, and 4 of this study.

The mechanisms responsible’ for the deposition of these Late

 Wisconsinan sediments are likely dependent upon the proximity of
the ice margin, and the sea level. Figure 5.1 demnstrates varicus
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Figure 5.1 Summary diagram demonstrating history of Wisconsinan
ice margin conditions and related sedimentation
processes for the Verrill Canyon study area. '
a
A
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stages of ice margin advance and retreat, and the processes and
deposits resultant thereof. As can be seen from this figure,
various ice m&rg’in positic:is_ and sea levels can result in similar
deposits, thus it is impossible to tell the proxinity of an ice ‘
margin based purely on lithologic evidence. Foraminiferal analyses
indicate various periods of ice-proximal and ice-distal econditions.
These data can be used to support sedimentologic interpretations.

];t is believed that Facies Association C sediments in the
Wisconsinan sequence reflect sediment input of glacial material
onto the slope by thin debris flows of outer shelf and upperslope

" . glacial sediments. Kurtz and Anderson (1979) cbserve thick .
sequences of glaciogenic debris flows on the slope of the Weddel
Sea in Antarctica. Direct input of ice-rafted debris into beds of
this facies association is considered minimal because: 1) the
gravel is limited in size to small pebbles (i.e. is crudely
sorted); and 2) gravel, in same instances, is crudely laminated and
crudely oriented. These features are characteristics of debris
flows (Aksu, 1984; Hill et al., 1982a). T S

| The mechanism-of generation of debris flows at the Scotian
margin is thought to be: 1) rapid sedimentation at an ice front,
- and subsequent sediment failure, in which case a proximal ice
margin is required, or 2) failure of outer shelf/upper slope
[\glacial deposits due to wave loading or other coastal processes, in
' vhich case a lowered relative sea level is required.

Facies Association B is composed of resuspended outer
shelf/upper slope glacial sediment that was transported downslope
within turbidity currents. Anderson et al. (1979) found turbidites
on the slope of the western Ross Sea of Antarctica. Ice-rafted
debris can be moognized in Facies Association B sediments, though
some coarse sand and fine gravel, which seems to occur within an
ctherwise well-sorted, ‘fine-grained bed, may have been transported
within the turbidity curent. This idea is suggested because s&me
of this coarser debris does not appear to disrupt or disturb
lamime“(_f-"i—;: 3.3). Transport of fine gravel by a turbidity
curent would suggest a sediment source within glacial material.
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Gravel in a fine-grained turbidite also suggests that the
campetence of fine-grained turbidity currents is much greater than
normally considered by workers concerned with &lope sedimentation

(e.g. Hampton, 1975; Piper et al., 1978; Stow and Sharmugam, 1980,
Stow and Bowen, 1980).

Turbidity currents on the Scotlan Slope, during the
Wiscaonsinan, may have been generated by a variety of mechanisms,
such as: 1) failure of outer shelf/upper slope glacial sediments,
(cf. Morgenstern, 1967; Hampton, 1972), 2) Resuspensitn and
downslope transport of glacial material as a result of density
caurrents generated by cold, dense glacial meltwater washing over
the shelf-edge (cf. Mackiewicz et al., 3984), or 3) Resuspension
and downslope transport of glacial material as a result of coastal

processes during a low sea level (cf. Irman et al., 1976; Fukushima )
et al., 1985). ‘

N\ : ) i
The mass—sedimentation processes accounting for Facies
 Associations B and C would result in the greatest amount of

material being deposited on’ the upper slope, with decreasing
anumtsfurtherdownslopeasthedlstanoe fram the source beccmes
greater. This ;he.rm\erm accx:unts for the thmnmg of the unit
downslope. These processes waﬂd also account for the calculated
rapid sedimentation rates.

Occurrences of Facies Association A beds in the Wisconsinan
sequence imply periods of slow sediment accumilation. During slow
deposition abundant biocturbation can take place. Facies
Association A can be seen as thin to thick beds within the
sequence. Its occurrence is indicative of background sedimentation
on the Scotian Slope, but the presence of ice-rafted debris, and
oxygen isotope and foraminiferal results indicate it was deposited V
during glacial (stadial) periods. During relativeiy stable or
static ice-margin periaods. Li e. vhen melting of the ice margin is
mmmal, ﬂnmsedimantamplyisreduoed and/or when the ice
margin does not migrate, hence sediment "puseh" is minimal), upper
slope failures and turbidity airrents would not ococcur and Facies
Association A could resuit.




Early to Mid-Wisconsinan

The base of core 36 may penetrate to the Mid-Wisconsinan,
based on extrapolated radiocarbon dates. A glacial interstade
ocaxrred during this period, marked by glacial recession from the
" slope and auter shelf areas (Prest, 1984, King and Fader, 1986).°
Based on oxygen isotcpe data, the very end of this interstade is
-sampled in core 36 (unit 4). On scoustic profiles amd in oore 36,
Mid-Wiscansinan sediments do not appear significantly different
fram Late Wisconsinan material, thus they are interpreted similarly
as glacial-marine sediments.

No Early Wisconsinan sediments were sampled in this study, but
acoustic profiles penetrate to strata of this age. The Early
Wisoonsinan is characterised by a major glacial advance known as
‘the Scotian Shelf - Grand Banks advance (Prest, 1984, King and
Fader, 1586). It is believed that this advance is represented on
the slope by the lowermost till-like tongue of Figures 2.5-2.7. If
this tongue is a true till-tonque (King and Fader, 1986) then it
implies Early Wisoonsinan ice had grounded on the upper slope to
present water depths of about 700 m. The tongue may represent an
ice-margin delta, as is suggested for the upper till-like tongue,
in which case the ice was likely grouxied further upslope or on the
aater shelf, '

-

This period of major glacial advance is significant to the
study area. Advancing ice sheets entrained and transported large
volumes of debris, and subsequently deposited it as glacial and
periglacial sediment on the outer shelf and upper slope. These
deposits are the source of sediment for all subsequent Wisconsinan.
and perhaps even Holocene, deposition on the Scotian Slope.

Geologic History: instabllity

Instability featires in the stidy area have been recognized
both on acoustic records and in cores. 'nnaqu.sticrmds
indicate two large, near-surface zanes, about 25 km? in size and
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10-15 m thick, in which sediment failure has apparently cocurred
(Fig.2.1). These records provide little evidence for the style of
mass movement. As a result, Piper et al, (1985) avoided using a
nare with genetic connotations for these two areas, and termed them
simply 'disturbed zones'. Piper et al. (1985) did note, however,
that the surface characteristics of the disturbed zones are similar |
to those of terrestrial retrogressive rotational slumpe and '
interpreted the zones as submarine rotational slumps. Further
examination of acoustic profiles has provided evidence of slide
blocks ocaurring at the lateral margins of the disturbed zones
(Fig. 2.9). Other mass-wasting features, such as large slump
‘scars, scarps, and scours have been identified in the study area
{Chapter 2).

SwemlmrmfmﬂnﬁMbedszMmorli&le
evidence of a massive instability event, but a few, such as cores
54 and 55, contained thick sequences of cbviously deformed
sediment. The deformation features ococcurred throxghout abart 5 to
7 m of sediment cammencing just beneath unit 1. Most of unit 2 has
apparently been removed fram the core sites, prubably as a result
of the event. The instability phenomenon that resulted in the
‘creation of the two disturbed zones, therefore, mist have occurred
since the deposition of unit 2 and prior to, or during, the early
stégesofﬂxedepésitimofuﬁt 1. This reasoning places a 12,000
to 13,000 YyEP date on the event.

mzqsfrmﬂedismmedzcnesdmstratedamrééofsoft-
sediment deformation features, from tilted IEninae to overturned
folds and eyelet structures to corpletely hamogenized sediment
{Fig. 3.6a-c). Pickering (1982) classified soft-sediment
deformation into three main types: 1) brittle structures; 2)
viscoplastic structures; and 3) quasiliquid structures. It is
interpreted that dipping laminae and microfaults were caused by
brittle failure in the mre competent beds of laminated sediments.
Slight folds, canvolute laminae, rolled ball, and eyelet structures
(i.e. flow folds of Jaccbl, 1984) were caused by varying degrees of
viscoplastic deformation in ductile sediments. Oomplete
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homogenization of sediment, oftmammi}qeyeletarﬂball
structures was caused by quasiliquid flow and subsequent mixing in
highly ductile sediment.

Defarmation structures may be related to both shear stresses
acting on the sediments and variations in shear strengths of the
sadiments. This, the degree of deformation varies across the
disturbed zone according to the amount of displacement that has
ocoourred, and on the cohesiveness, grain size, water content, pore
pressure, and bulk density of the sediment. Brittle-failure
structures suggest only minimal shearing of the sedimént which will
terd to occur in sediments with the highest shear strengths;
viscoplastic deformation indicates higher shear stresses or lower
sediment shear strengths; and quasiliquid flow likely occurred in
high shear zones or sediments with low shear strengths. In the
extreme, shear forces cambined with low shear strengths have
resulted in the displacement of sediment and the lete removal
of sedimentary sequences from a site. This scenario\is exemplified
in core sites 54 ard 55 where most of unit 2 is missing. Because
deformation occamrs in same parts of the disturbed zone ard not -
others, and in same parts of the core and not others ~ even though
sediment types and physical properties are similar (Figs. 4.7a-3) -
it is suggested that deformation features within the sediments are
- primarily related to variations in shear stresses.

' The study of daformation features in recently slumped beds of
marine sediments is rare, because most recent submarine instability
events recorded in tha literature have been recognized purely by
acoustic means. Jacobi (1976, 1984) provides same examples of
sedimaent deformation features in piston cores. Thorough study of
synsedimentary mass fajlures is easier in cutcrop of ancient rocks.
Ooniglio (1986), for example, stidied sedimenmtary rocks from the
Oow Head Group in wectern Newfoundland. He describes deformation
'teaunesvaxysimuartothcseobservedinfhesbﬂiedcoresard
interprets them to represent shear zones within and below massive
slide blocks.

uﬂimarhligxtlydisumbedmseqmmnbesem
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underlain or bounded by sequences of defarmation structures in the
studied cores. These packages of sediment, similar to those
described by Coniglio k1986), are interpreted as-slide and slump
blocks, bounded on their upper and/or lower surfaces by mobile
shear zones. Figﬁre 5.2 sumarizes the mechanism proposed for the
creation of these deformation features within a slide block. '

The disturbed zones of the study area are interpreted to be
camposed of a camplex arrangement of slide blocks, amd debris
flows, produced as a result of displacement of the sediment during
a single, massive failure event. Slide blocks are reflected in the
hummocky morphology of the upper slope surface of the disturbed
zanes. A slide block, showing interstratal deformation, but a
coherent surface, is seen in Figure 2.9. Further downslope, the
scale of the humnocks on the surfaces of the disturbed zones became
smaller, and overall the surfaces appear smocther, sugqestqu the
sediment behaved more viscoplastically. At the most distal margins
of the disturbed zones the failed sediment has a smooth surface
morphology, it overrides acoustic reflections, seeming to ercde
very little, and it pinches out in a wedge-shaped fashion. These
characteristics typify debris flows as described by Damuth (1978).
Downslope from the disturbed zones the seafloor is marked by large-
scaleemsimalscdusarﬂdepmims. It is suggested that these
features were caused by an ercvsive ﬁxrbidi.tycurxextgenexatedasa
result of sediment failure in the disturbed zones, and carrying
material fram the disturbed zones. :

Fram acoustic and core evidence it seems that the disturbed
" zones of the Verrill Canyon area show a possible example of the
transformation in the style of sediment failure from a complex
slide in the upslope area, to a cchesive debris flow in the most
distal reaches of the disturbed zones, and ultimately to a
downslope (cf. Morgenstern, 1967; Hampton, 1972).

The cause of this massive slumping event, culminating in the
develomment of the two disturbed zones, can only be speculated
upon. Geotechnical measurements on cores fram undisturbed areas
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Figure 5.2 Schematic of slide block demonstrating the theory for
the develomment of deformation features as observed in
the studied piston cores. The surficial disturbed
zones are composed of a camplex arrangement of these
slide blocks (the slide block is on the order of metres
to tens of metres thick).







show present normal coneolidation to slight apparent

~ overconsoljdation. Moran (pefscnal camumication, 1987) suggests
that present physical properties of the sediments would not differ
greatly from their properties at 12,000 yBP (estimated time of mass
failure). From this evidence it appears that sediments in the

- study area are, and likely were at 12,000 yBP,.statically stable
(i.e. they will not fail under their own weight). This fact leads
to the conclusion that the failure must have been triggered by an

Ice load could act as an externmal trigger causing sediment
failure; however, at the estimated time of the event glacial ice
had receded far from the area. Wave loading on the sediments of
the upper slope is a possible cause as well, given that sea levels
were reduced at the time the event occurred. At 12,000 yBP '
(approximate timing of failure event) it is estimated that sea
level was between 50 and 75 m lower than at present (Milliman and
Emery, 1968). This places the shallowest parts of the disturbed
zones in 425 - 450 m water depth.—This depth is probably too deep -
for wave loading to be appreciable enough to effect sediment
stabjlity, especially given that the sediments are believed to be
inherently stab¥s. Moran and Rurlbut (1986) have shown that mass
mvemntscanbegmeratedbymeloédirginaﬂylimitadregimﬁ
of the continental slopes off eastern Canada.

The most reascnable explanation for slope instability in the
Verrill Canyon area is horizantal ground accelerations caused by a
seismic event. This explanation has foundation in the fact that
the east coast of Canada is prone to rare, large magnitude -
earthquakes (Basham and Adams, 1982; Piper, and Normark, 1982; Keen
et al,, in press). In addition, two major earthquakes with
associated sediment failures have been documented on the east. coast
of Canada within recent history:; namely the 1929 Grand Banks
earthquake (Heezen and Ewing, 1952; Piper and Normark, 1982; Piper -
ot al., 1984), and a 1933 event off Baffin Island (Keen et al.,
1972; Stain et al., 1979). A secaxd disturbed zone is apparent
between 30 and 75 m sukbottom in acoustic prefiles fram the study
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area (Fig. 2.7 and 2.10). It appears similar in echocharacter to
the surficial disturbed zones and hence it too may have developed
as a result of a seismic event (Piper et al,, 1985).

The best approach todetemim‘themagnitudevof ground
accelerations which could cause sediment failure in the study area
‘might be through detailed examination of physical,properties of the
sediment, with the application of these properties to an infinite-
slope nomogram for slope stability analysis_(Booth .g_t_: al., 1985).

This approach, however, is bgyog\ﬁme"s'c‘bﬁe of this thesis,

The tining of the sediment failure in the Verrill Canyon area
roughly correlates with the last glacial recession. It is also
cbserved that the surficial disturbed zones correlate along the
same stratigraphic horizon as the uppermost till-like tongue:
Likewise, the buried disturbed zone correlates with the lower till-
like tongue (Fig. 2.28). This evidence suggests that sediment
failure in the Verrill, Canyon area correspords to episodes of

_#glaciation and déglaci&tion. Stein et al, (1985)-have proposed,
for the 1933 event off of Baffin Islard, that qlac1atJ.on ablation,
following recession of ice from the area, causes selsmlc:.ty by
reactivating deep basement faults relict from previous tectonic °
stress regimes. A similar mechanism of seismic activation is
proposed for the Scotian Slope. Unfortunately quantitative
explanations for recent earthquakes off eastern Canada are still
lacking (Keen et al., in press).

5.3 Con¢lusions

The stratigraphy and sedimentQlogy of the Verrill Canyon study ~
area has been determined using the study of sediment in piston
" cores cambined with acoustic controls. Figure 5.1 shows the‘ )
development of the acoustic stratigraphy of the area. It | YV
demonstrates the camplex interrelationships of the shelf and’its
geologic history, with sedimentation on the Scotian Slope, and the

dani:nnt effact that glaciation has had on sedimentation of the
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A major glacial ‘advance dring Early Wisconsinan time led to
the deposition of thick sequences of glacial and proglacial
‘sediments at the outer shelf and upper slope. These sediments were
reworked and deposited downslqae through the remainder of the Early
and Middle Wisconsinan. The uppermost part of this sequence has
been sampled and has been classified as units 4 and 3. They are
camposed of debris flows ‘(Facies Association C), turbidites (Facies
* Association B), and bioturbated sediments (Facies Association A).
Bjoturbated beds reflect background slope sedimentation and
represent periods of slow depositim

A I.abe Wisconsinan glacial readvance again led to deposition
of glacial material on the upper slope and auter shelf. Mass-
movement processes such as debris flows (Facies Association C) and
turbidity currents (Facies Association B) transported these .
sediments further downslope. These sediments form unit 2.

Holocens deposition on the Scotian Slope has been dominated by
. processes with slow sedimentation rates such as’henipelagic'
deposn:lm The results are fine sediment sizes and prolific
bioturbation. Sed:.mentscurceamasmlaage.rappeartobethe )
glacial and proglacml deposn:s on the outer shelf and upper slope,
but rather the provenarne and transport:atlm hlstory of the
sediment appears to be more camplex. The Holocene sequence forms a
‘readily recognizable sediment drape overlylng all of the study
area.

[

LY

5.4 Implications for Offshore Development

~ Offshore industrial and scientific activities involve the
construction of structures on the seafloor. The geological and
gectechnical questions raised by these activities are of two kinds:
will natural processes cause slumping and other sediment failures
which in turn put the security of the structure at risk; and 2)
will the presence of the structure impse or induce loads and
forces on the seabed that will cause instability in the sediment,
again putting the security of the structure at risk?
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| Brown (in press) provides a list of 14 qeo/lggica]: features and
prooeseeshmhtoaffectseabedstabilityofth{easterncanadmn
continental margin. Sevmoftheseit;a:s applytotheVerrill

Chnymsmdyamaardslmldbemxderedaspcesmleconstmmts

'L

to development: ’ J
‘ ' ¥

1) Li.t'lhlpgy-the@ixty,of Wisconsinan sediments on the

uppermost slope are ret:edtohavebeendepositedbyprm

related to glaciation (ice mft.l.ng, till tongues, glacial melt-
out). COoarse detritus, é:uchas boulders, resulti.ngfzmttme

""j:reoesses (especially on the ugaer slope) can interfere with well

drilml;ard foundation support structures (McMillan, in pms)

Hill et al., (1983) cbserved bouldexs on the upper Scotian Slope

during amhnarsible dive. Indeq:ermtermtme Scotian Slope
chaxshunsedimmtsareintexpmtedtohave_beenlargely

deposited by mass-movement processes. These procesdes are thought |

to be inactive at the present, and beds deposited by them are
generally thin. .

2) Stratigraphy - the sediments examined for this thesis are
apparently geotechnically stable, hut for the occurrence of

* _intervals of low shear strengths, such as at the base of unit 1,

and within the disturbed zones where much of the.sediment has been
remolded. The cbeervation of interstratal deformation, as cbserved
in the slide block on Figure 2.9, does suggest, however, " that there
have been subsurface: horizons that were geotechnically weaker.

3) Seismicity - large seismic events fve occurred on the eastern
gnadianmarginwithafmcpencyof,anestjmted 10,000 to 100,000
years (Piper and Normark, 1982), and have possibly affected the

study area. Smllerseisnice\mtsamcaslderedtobeMmm

frequent (Adams, 1986).

4) Slumps - the area shows several massive slump deposits-
(distuzbed zcnes), along with numerous slump scars and erosional
surfaces. - The study area thus has a history of instability.

5) | Buried channels - Piper et al. (1985) have identified rumerous

buried chamnels in the area, and several apparently relict channels

-
.
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at the surface. 'nxeéed;am\elsitaym;incoars—gsedimtmidm

can interfere with well drilling and pile drivirg

6) Ice scours - relibtlcebgzgsc:nrsareamnmntmtheup[&er

slope. nnmlcebergsposemmdernﬁmtinthisarea,me

« effects of scouring on the gectechnical properties of the bottam

sedlmrrtismt)amn(ladsﬁgl_._, 1986) . The presence of scours
, therefore, be considered a possmle constraint todevelq:xmt

7)Pockmarks uesemamappammﬂmlmerslq:earﬂ
penetrate the disturbed zones, thus. are passibly still. active. As -
yetmtm.x:his)cmnofpoclcuarks t.heproc&ssesmiducau.-etlnn
mrthesedimentprqaertiesassociatedwithum 'Iheyamtrnaght
>tobe1rxi_1cztiveofgasseepage('Josexmarsg;g1_” 1978), and to

date it has been the general consensus of industry to avoid working

The Verrill Canyon area, therefore, demonstrates exanples of
geologic constraints to industrial dex}elogment in a passive margin
- .continental slope setting. This environment in the past has been
© considered relatively risk-free. what this stidy establishes is,
that no general geologic model fqr passive margin slopes is
universal. Rather each area of interest needs to be surveyed for
_ itswnsulteofcalstmuxtstodevelqnmrt Only then can the
'r:.sktotheprojectandtoﬂmeenvimment be minimized.

o
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APPENDIX A
(Acoustic Profiles Through Core Sites)
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Figure A1 Sea MARC I 4.5 KHz profile over core sites 22 and 27.

Acoustic resolution is poor at these sites but several
acoustic horizons have been defined.







Figure A2 Huntec DTS boomer profile over core site 21 showing
acoustic reflectors apparent at core site. Note the
hummocky, erveional characteristic of the seafloor.







Figure A3 Huntec DIS bgamer profile over core site 25 showmg key
: ’ acoustic horizons at this site. -Note the abundance of
ocontimious, parallel reflectors in the subbottam at

this site.







V-fin sparker profile over core site 29 and West Acadia
Valley. Key reflectors at this site were determined by
picking reflectors of similar acoustic character and

mbbdttcmdepmtottnseofsmllarwaterdepthsmthe
mainpartofthesuxveyarea :







Sea MARC T 4.5 kHz profile over core site 51 showing
camplete undisturbed sequence of 'key acoustic
reflectors. Note the easily dlstlnguished

~ echocharacter of the western disturbed zone in the

western portion of the profile.







Figure A6 '$ea MARC I 4.5 kHz profile over core site 52. Noge the
core was taken in what appears to be a slunp deposit,
where the acoustic stratigraphy camnot be defined.







Figure A7 Huntec DTS boamer profile over core site 32 showing the

key acoustic horizans recognized at the site.
. . .

»

Sa







3.5 KHz profile over core site 56 show:mg key acoustic
‘reflectors at this site. Note the continous, caherent,
parallel nature of the reflectors. This echotype is
characteristic of undisturbed areas on the slope.
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Figure A9 Sea MARC I 4.5 kHz profile over core site 34, showing
" that key acoustic horizons have thinned downslope and
* are closer to the surface.







Figure Al0 Sea MARC I 4.5 kHz profile over core site 310 and small
erosional valley between West and East Acadia Valleys.
Note the shallowest key reflector is Green, suggestmg
thatsedmne.nthasbeenmnoved fram the site.







Figure All Sea MARC I 4.5 kHz profile over core site 36 showing
Pink as the shallowest key reflector. Note the scarps,
resulting from bedding-plane slide detactment; and
scours which are the profiles of the linear erosional
depressions as seen on sidescan images:~ Note also the

termination of the Red reflector at the scarp face.
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Figure Al2

V-fin sparker profile over the eastern disturbed zone
and core site 24, showing key acoustic horizons. Note
the termination of reflectors and the relief at the

marginal escarpment where the disturbed zane begins,
sugesting sediment has been removed from the area.

Note also the characteristic hummocky morphology and
transparent nature of the acoustic profile over the

disturbed zone. )
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Figure A13 Sea MARC I 4.5 kiz profile over core site 37 within the
\ western disturbed zane, showing the key acoustic
horizons at the site. Note that Red is the first
recognizable reflector. '

=8







Figure Al4 Sea MARC I 4.5 kHz profile over core sites 54 and 55,
ardwithinthemte.zndxsmrbedzme, shom.ngkey
acoustic zveflectoxs at the sites. Note that Yellow is
the shallowest hdrizon recognized.
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Figure A15 Sea-MARC I 4.5 kHz profile over core site 33 and over
. the western disturbed zone; showing key acoustic
reflectors at the site. Note the termination of

horizons at the marginal escarpment.
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APPENDIX C
(PHYSICAL PROPERTY DATA)




Core 85-001-01

(m)

SS
(kPa)

.17

'S

e e s U dalde o o
Do o 0 We e O

UNONWHMANOUNUIHON

o vy

13.1191
11.2511
11.3788
10.0341
9.9063
11.5127
14.5917
13,1252
11.9143
10.5756
13.1191
13.393
13.6546
15.9365
11.9143
10.4479
15.9365

17.409
17.6768

Core HUB5-001-02

(m)

5SS
(kPa)

3.85

4.1
4.35
4.65

11.7865
11.7805
12.3159
13.3869
14.0562
15.6626
16.3381
14.4639
13.1151
11.1111
11.1172
8.166
8.1599

71.85

50.7424
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Core 85-001-04- \

Depth ss BD, we
(m) (kPa) (g/cml) (%)
0.08 \ 99.99
0.13 6.2918 4
0.26 7.3628 :

0.28 14.9933
0.29 85.98
0.31 ‘ 80.79
0.41 8.9753
0.48 14.5917 : :
0.49 N 80.25
0.57 7.8983
0.6 72.49
0.63 4.1499
0.65 1.498 99,99
0.66 71.11
0.74 1.483 87.63
0.76 6.8334
0.78 18.0784
0.82 14.1962
0.86 1.729 37.23
0.9 52.03
0.94 63.22
0.97 7.3567
1.17 66.79
1.18 16.472
1.2 72.63
1.23 2.9451
1,36 61.09
1.38 6.8273 :
1.51 . 1.667 61.95
1.53 3.8822
1.82 4.156
1.85 60.6
2.05 5,.3487
2.36 7.2289
2,38 1,752 46.45
2.4 1.705 52.69
2.55 1.738 54.22
2.6 9.6446 »
2.89 1.734 54.72
2,92 6.2918
3.14 53.81
3.29 6.8273
3.53 1.747 52.27
3.59 6.9673 :
3.82 1.765 50,9
3.88 7.3628 :
3.92 1.784 49.1

402 13.253
4.03 1.819 45.15
4.12 12.8575
4.25 16.8736
4.27 13.253
4.29 46.18
4.58 16.6058
4.62 1.787 48.49
4.68 14.5917
4.88 44.3167
4.91 35.4813
4.93 1.723  57.16
5.12 .784 48.86
5.18 14.7317
5.38 14.5978
5.45 1.788 42.81
5.62 1.698 35.73
5.65 16.8675
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Core 85-001-04 (cont 'db)
SS

. WC
(m) (kPa)  (g/cm3) (%)
5.95 18.2122 ‘
5.99 44.41
6.23 18.8816
6.48 17.8045
6.51 42.06
6.7 17.9445 ’
6.88 1.827 43.97
6.92 18.6119 )
6.96 1.816 45.95
7.11 18,7416 .
7.17 1.838 42.34
7.4 15.401° . ~
7.43 1.815 45.77
7.67 18.34
7.69 1.831 42.71
7.85 34.2765
7.88 17.1413
7.93 14.324
7.95 . 1.846 . 41.52
8.04 1%.2832
8.09 ‘ 1.758 52.38
8.22 12.4498
8.44 1.711
»
Core rmumber 85001-05
ss WC HD
(m (kPa) (})  (9/om)
0.4 14.19 -
0.45 68.01 1.65 .
0.62 10.04 -
0.65 97.51
0.75 11.52
0.8 : 65.22 1.66
0.9 10.04 ot
1. 47.55 1.79
1.05 8.7 ’
1.15 64.5 1.65
1.25 8.16
1.35 1.21
1.4 60.1
1.48 64.35 1.64
5 5.63 ‘
1.68 - 7.23
1.82 5.23
1.87 62.09
2.06 6.02
2.08 63.57 1.67
2.28 6.15 .
2.56 10.18
2.86 .
2.88 49.39 1.77
3.19 7.63
3.22 61.3 1.69
3.37 49.09 1.72
© 3.45 9.9 -
3.51 54.62 1.75
3.69 8.03
- 3.95 8.31
4,01 46.18 1.8
4.2 9.37
4.42 54.02 1.74
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Core number 85001-05 (cont'd)
3s e D
(mi (XPa) . (%) (g/cm3)
4.45
12.98

=

47.76 1.79

43.65 - 1.63
46.69 1.8

0o n

53ER

12.19
12.44

8.83

10.98
10.31

8.57
10.58
8.43
6.69
11.78
9.38
9.63
8.71

41.66 1.75
72.19 l.64

¢ \n
Smo o due
WOV

60.67 1.69
59.03 1.65
59.15 1.63
57.93 1.71
55.25

60.83 1.69
50.79 1.7
55.27 1.73

59.87 1.61
57.87 1.71

WNE
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mqqqqqq\lmmma«o‘o‘o«m
OB ODON NG
S ON N = @O ‘GH

COODe ® v ¢ o o s e
a8

®
:hmcn :
. e e
SO
[ 1¥e]

11.65
9.1
8.17
9.37

4.82
8.57

ooV

63.68 . 1.68
60.38 1.702

62.78 1.68
53.55 1.74

PAVILNO
LHOROOM

8

9.
9.
9.
9.
9.
9.
9.
9

11.24
.9.78

807
8.84
6.83

©
o

54.42 1.74
55.18 1.73
62.19

61.26 1.64




Core HUSS—OO%EOG BD -
¢ ,(m*) (kPa) (g/cm3) (%)

0.35 13.2591
0.65 12.4498

0.8 6.8334
0.95 10.9772
1.1 “6.0241
1.35  6.0302
1.35 5.6225
0.26 21.32
0.42 1.637  70.82
0.45 ' 64.51
0.55 1.636  60.32
0.6 : 64.08
0.7 61.36
0.85 79.54
] 1 1.594  80.27
1.15 ,
i3 1.471  99.99
oeS€§12'°3 ss WC  Rmld SS
(m) (kPa) (%) (kPa)
0.1 13.534 68.285 5.358
0.35 "8.042 €9.307
0.4 11.337 66.279
, 0.55 B8.042 44.946 5.715
0.7 8.042 55.325
0.85 3.658 55.263
_ 1 4.021 45.058  1.429
1.15 6.58 S1.452
.3 9.14 45.069  3.929
1.45 10.239 51.345
.6 B.042 48.34>
1.75 10.974 46.665  6.429
,,,,, —~ 1.9 8.a14 ..887
2.05 é. 42.655
.2 7.316 77.1a7  13.215
2.45 13.171  36.546
.6 . 7.316 44.226
2.75 10.974 44.284
2.9 77.316 41.29
"3.45  0.736 44.858
3.6 6.914 49.761
3.9 12.072 48.081
4.05 6.58 39.274  1.429
‘ 4.35 9.876 38.758
4.65 13.534 1.4
4,95 "7.316 43,44  5.715
5.1 11.337  41.686




sS WwC
(kPa) (%)
15.357 65.243
12.435 55.743
10.238 57.001
3.658 66.944
4.02 62.363
4.02 60.194
5.482
3.295
. 6.217
- 5.482

7.316
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%
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oCOQ0r O H
N
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Core number 83012-06

De?th BD SS mld SS we
(m (/cm3) . (kPa) (kPa) (%)
2.35 3.678 .
2.47 : 45.326
2.5 8.777 7.85
2.62 , 1.778 38.810
2.65 ' 22.674
2.75 1.53 39.199
2.8 14.269 6.072
2.9 1.473 47.909
2.95 21.57%
3.05 1.477 48.811
3.1 10.974
3.2 1.501 14.632 7.85 47.750
3.27 1.348 ; 51.400
. 3.35 . . 11.337 - .
3.42 1.499 41.923
. 3.5 14.995 |
3.56 - 31.785
3.65 . ©20.85 9.64
- 3.7 1.456 ° 48.472
3.8 ] 10.239
3.86 1.423 55.532
3.95 ' 11.337
4.03 1.531 \ 34,755
4,1 8.777 8.57
4.15 ' 31.729
4,25 11.337
4,32 1.549 33.514 -
4.4 8.777 ,
4.47 38.690
)
\
- .
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Core 83-012-08

Depth ~ SS we ED Rmld SS
(m) (kPa) (%) (g/cm3) (kPa)
0.05  3.658 1.67
0.1 61.812
0.2 - 6.953
0.35 1.461 50.419
0.67 1.098
0.72 54.522
1.95  7.679 5.25
2 54.601 1.39
2.7  9.876 2.45
2277 . 41.569 1.575
2.85° 8.777
2.93 56.539 1.363
3 6.953 -
3.07 42.753
3115 8.042 %.37
325 41.598 1.504
373 10.239 ,
3.2 64.25 1.342 - —
3.45 6.58 2.57
3.52 - 51.342 1.4
3.7 10.239 47.13 1.64
3.85 "9.876 53.683 .
4 5.855 50.897
 4.15 14.995 63.11 1.95
.3 8.042 47.223
4.45 12,798 46.445
.6  9.14 43.018 12.5
4.75  6.953 43.285
.9  7.679 51.784
5.05 6,58 41.141 : 2.57
.2 9.876 1.69
5.35 10.611
5.5 7.679
5.8  7.679 | 5.25 -
6.1 5.855 :
6.22 39.48 1.365
6.4 6.58 '
6.47 39.96 1.328
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pth ss wC BD Rmld SS
(m) (kPa) (%) (g/cm3) (kPal
0.05 . 14.632 ‘ 4.2 ‘
0.12 52.892 1.359 e
0.15 48.9
0.2 10.611
0.26 61.089 1.379
0.35 10.238
0.41 70.399 1.35 33
0.5 14.994 8.929
0.7 8.777 ~ - 3.572
0.77 67.814
0.85 10.611
0.93 65.581 1.262 : .
1 2,559 :
1.08 45.548 . 1.447
1.15 5.482 : ;
1.24 60.208 1.307 2.5
1.3 5.482 .
. 1.37 65.894 1.314
1.45 6.217 :
1.52 58.517 1.431 32
1.6 2.922 " 1.072
1.67 59.206 1.335
1.75 5.482 )
1.81 . 60.538 1.411
1.9 6.953
1.99 ‘ 46.235 1.52
2.8 -7.678 2.5
2.87 55.113 1.303
2.95 10.97
3.02 54.429 1.345
. 3.1 8.777
3.16 57.876 1.372 27.6
3.25% 9.512 1.786
3.31 55.728 1.427
1 3.4 11.699
; 3.46 52.555 --1.442
1 3.55  14.269 o
a 3.8 11.699 T 3.929 :
. 3.87 42.045 1.379 -
3.95 8.777
4.01 : 58.069 1.35 24.4
4.1 10.974
4.21 52.696 1.394
4.25 8.777 2.143
4.36 * 56,13 1.434
4.4 10.611 :
4.51 51.255 1.39
4.6 23.7
4.65 7.678 :
4.66 50.603 1.435
4.8 10.974 . 19.1
4.81 47.3331 - 1.521 :
4.95 5.482 ‘ e
4.97 50.897 1.496
5.1 -11.336
5.12 31.807 1.592 .
5.3 13.896 5.358
5.35 : ) 16.1
5.37 31.988 1.5
5.52 36.013 _ 1.508
5.6 6.953 -
5.66 39.487 1.512
’ 5.75 7.316 2.5
5.8 1.562 :
5.81 '35.938
~5.9

8.777

248




83012-10 (cont'd)
ss

WC BD . Rmld ss
() (kPa) (%) (g/cm3)  (kPa)
5.95 45.856  1.449 21.4
6.1 10.974 :
6.11 43.449  1.398
6.25 - 6.58 . .
6.26 50.431  1.398
6.4  9.512 20.7
6.42 "~ 46.768  1.374
6.55 11.336 )
6.56 ST ,1,235 '
6.58 24.753 . : .

~8 "
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