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Abstract

Emerald Basin is a glacially overdecpened basin located on the central Scotian
Shelf, where Quaternary sediments form a thin veneer over Tertiary bedrock.
Nineteen piston cores and 1200 line km of seismic data were obtained from the
basin, from which seven acoustic facies were recognized: (i) Cambro-Ordivician

Tertiary sediments (

metasediments

i) Scotian Shelf Drift (till) (iv) acoustically
stratified Emerald Silt (v) acoustically unstratified Emerald Silt {vi) Lallave Clay

(vii) diffused gas. Six i seq were recognized in the Emerald Silt

and Lallave Clay facies, and were correlated with sediments recovered in piston
cores. Depositional sequence 0 is a strongly stratified package which drapes over
the Scotian Shelf Drift. It is correlated with stiff, unbioturbated, slightly gravelly
sandy muds, with no in situ molluscs, and is characterised by an ice marginal
foraminiferal assemblage. Depositional sequence 1 drapes over depositional sequence
0 and shows onlap on topographical highs. It is correlated with slightly gravelly
muds, which are characterised by alternating bioturbated and unbioturbated hands,
and monospecific molluscan and foraminiferal assemblages. Depositional sequener 2

asymmetrically drapes over and onlaps onto depositional

sequence 1, and i
correlated with bioturbated, slighty gravelly muds, with monospecific mollusean and
foraminiferal assemblages.  Depositional sequence 3 infills the basin  deeps,

crosionally truncating reflections of depositional sequence 2. 1 iy correlated with

bioturbated muds which are characterised by a monospecific  foraminiferal

assemblage and a slightly diverse moll semblage. Dep | sequence 4

drapes over the erosional upper surface of depositional sequence 3, and is correlated
with bioturbated muds which are characterised by a diverse mollusean assemblage.
Depositional sequence 5 onlaps onto depositional sequence 4, infilling the basin
deeps, and is correlated with soft, bioturbated sandy silts, which are characterised

by diverse molluscan and foraminiferal assemblages.

The present day scafloor in Emerald Basin is marked by small gas escape
structures intepreted as pockmarks. Buried pockmards are observed in Jepositional

sequences 4 and 5. Buried iceberg scours are observed on the upper surface of



depositional sequence 0, and within depositional sequences 1 and 2. Small ridges,
interpreted as *lift-off* moraines, are formed on the upper surface of the Scotian
Shelf Drift, and are oriented transverse to ice flow directions during glacial retreat.

‘Wedge-shaped, ied features, i as till tongues, are

rooted in moraines on the basin flanks, and were deposited simultaneously with

depositional sequences 0, 1, and 2.

Detailed interpretation of the seismic and core data suggest that glacial ice
advanced across Emerald Basin, reaching the shelf edge at approximately 24 ka.
Melting of the ice sheet resulted in deglaciation of Emerald Basin at 17.5 ka, by lift-
off of the grounded ice sheet to form a floating ice shelf of 10-100 yr duration.
Sediment beneath the ice shelf was primarily supplied by subglacial meltwater
streams. Prior to lift-off, till was squeezed into basal crevasses in the ice to form
features known as "lift-off* moraines. The ice shelf calved at approximately 17.4
ka, causing intense scouring of the seafloor by in situ icebergs, and isolating ice rises
on the banks surrounding Emerald Basin. These ice rises disintegrated rapidly,
except for the rise on Emerald Bank, which contributed sediment to Emerald Basin
until 12 ka. Sediment was primarily supplied by subglacial meltwater, and
deposited out of suspension, except near the ice margin, where ice rafting and
gravity flow mechanisms were important. Iceberg scouring occurred until about 14
ka. The main ice margin remained on the northern flank of the basin until 15.4 ka,
at which time it retreated landward. A widespread erosive event, caused by storm-
driven currents, occurred at 13 ka. Rain-out from suspended sediment plumes was
the dominant depositional mechanism until 12 ka. LaHave Clay is primarily
derived from inner shelf sediments reworked by rising sea level. Storm-generated
currents have created an erosional surface at the present day seafloor around the

flanks of the basin.
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1. Introduction

Emerald Basin is a glacially oversteepened basin located on the central Scotian
Shelf 80 km to the south-southeast of Halifax, and is centered at 43°50'N 62°50'W
(figure 1.1). It is 100 km long (SW to NE) and 45 km wide in the north, narrowing

to 25 km in the southern half (figure 1.2).

1.1 Morphology of the Scotian Shelf

On the basis of bedrock and surface morphology, the Scotian Shelf is divided
into three regions: (i) the inner shelf, underlain by Cambro-Ordovician rocks of the
Meguma group, (i) the central shelf, underlain by seaward dipping Cretaceous
bedrock, and (iii) the outer shelf, cuaracterised by flat-topped banks separated by
saddle-like depressions, and one large submarine canyon, the Gully (King, 1960;
King et al., 1970; King and MacLean, 1976). The central shelf west of 81°W is
characterised by basins, while to the east, it is characterised by a series of partially
dissected valleys with the appearance of a former drainage system (King et al.,
1970). Emerald Basin is the easternmost of three basins, which are located seaward
of the boundary between the inner and central shelf, and are separated by isolated
mesas. Although of subaerial origin, these basins have probably been overstecpened

by Pleistocene glacial events (King et al., 1970).

1.2 Previous work

The Quaternary sediments on the Scotian Shelf form a relatively thin veneer
over the bedrock, which largely controls the surface morphology (King, 1969; King
and Fader, 1988). They are composed of five formations: Scotian Shelf Drift.
Emerald Silt, Sambro Sand, LaHave Clay, and Sable Island Sand and Gravel (King

and Fader, 1986).



Figure L.1. Bathymetric map of the Scotian Shelf, showing the It

Id Basin.

Contours in metres beiow sea level.
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Scotian Shelf Drift forms a 10 to 15m chick blanket over the erosional surface
of the inferred Tertiary-Cretaceous sediment, except where eroded by the the late
Wisconsinan marine transgression, but may reach >>100m in moraines on the basin
flanks (King, 1969). Wedge shaped till bodies, described as till tongues, are rooted
in the distal side of moraines and on the flanks of the basins (King and Fader,

1986). On acoustic records, Scotian Shelf Drift appears as a dense mass of

herent reflections, with limited p i It has a wide variation in grain
size, from gravelly sand to mud with minor sand and gravel, and is interpreted as a

till deposited from grounded ice (King and Fader, 1986).

Emerald Silt is an acoustically stratified unit which drapes over and
interfingers Scotian Shelf Drift. On the basis of acoustic and sedimentological data,
King and Fader (1986) divided Emerald Silt into three separate facies: facies A,
characterised by strong, closely spaced, coherent reflections and consisting of muds
with alternating silt and clay layers, (i) facies B, an onlapping facies characterised

by medium to low litud: il coherent i consisting of weakly to

strongly banded silts and clays, and (iii) facies C, characterised by discontinuous

coherent reflections.

LaHave Clay is an acoustically transparent unit, which fills in depressions in
the underlying Emerald Silt. There are very weak continuous coherent reflections
near the base of this unit. It is interpreted as material reworked from the inner

shelf during the postglacial marine transgression (King and Fader, 1986).

Regional ions of late Wi i laciation allow for two possible



states (i) i ice, ded out on the i shelf, with degl:

led by marine p and (ii) mini ice, of limited offshore extent, with

deglaciation controlled by terrestrial processes (Ives, 1978; Denton and Hughes,
1984; Prest, 1084). There is little doubt that glacial ice traversed the Scotian Shelf,
but there is some question as to when it happened (Denton and Hughes, 1984).
Evidence for glacial ice on the Shell at 20-26 ka exists on Banquereau (Amos and
Knoll, 1887). Ice may have been present near the shelf edge at about 24 ka
(Mosher, 1087). Glacial tunnel valleys >40 ka beneath Sable Island Bank imply
that the most intense glaciation on the Scotian Shelf occurred prior to the late

Wisconsinan (Boyd et al., 1988; Scott et al., 1988).

In the early Wisconsinan, the Maritime provinces were covered by an ice shect
with a uniform flow direction of NW-SF, with a terminus near the shelfl margin
(Grant and King, 1984). On the basis of total organic matter (TOM) radiocarbon
dates, King and Fader (1986) inferred ages of 50-45 ka for Scotian Shelf Drift, 45-32
ka for Emerald Silt facies A, 32-15 ka for Emerald Silt facies B, and 15-0 ka for
LaHave Clay. From these ages, King and Fader (1986) estimated sedimentation
rates on the order of 1m/kyr, from which they inferred the existence of a marine
based ice sheet extending across the Scotian Shelf as early as 70 ka, which deposited
Scotian Shelf Drift and Emerald Silt during a continuous recession starting at about
50 ka. Although non-glacial conditions may have existed in parts of New Brunswick
and Nova Scotia in the mid-Wisconsinan (Grant and King, 1984), offshore basins
remained covered by a floating ice shelf, depositing Emerald Silt facies A, while the
Scotian Shelf moraines remained in contact with grounded ice until 32 ka,

h the ice shelf disi ted (King and Fader, 1986). Ice continued to




recede from the Scotian Shelf, depositing Emerald Silt facies B, retreating entirely
between 15 and 10 ka, after which LaHave Clay was deposited (King and Fader,
1086).

The chronology proposed by King and Fader (1988) i not supported by a
TOM radiocarbon date of 15 ka for Emerald Silt in Emerald Basin (Vilks and
Rashid, 1976), nor by AMS shell radiocarbon dates obtained from central Emerald
Basin of 14-15 ka for Emerald Silt facies B (Scott, pers. comm., 1989), nor by the
oldest AMS shell radiocarbon date from Emerald Silt facies A of 17.4 ka (Gipp and
Piper, 1989).

1.3 Scientific objectives
The objectives of this thesis are: (i) to define the acoustic stratigraphy of the
Emerald Silt and LaHave Clay in Emerald Basin (ii) to define the lithostratigraphy

(iii) to ch ise the acoustic archi of the seismic di itional

within the Emerald Silt and LaHave Clay (iv) to establish a chronostratigraphy
correlated with the acoustic stratigraphy using AMS shell radiocarbon dates (v) to
determine the timing of the last deglaciation of Emerald Basin on the basis of

acoustic

'y structures, ll-scale seismic features, and

paleontological data.



2. Methodology

2.1 Seismic data collection

Over 1200 line km of high resolution scismic data were collected using (i) the
Huntec deep-tow seismic (DTS) system (Hutchins et al., 1076), with a 5 kJ source
(930 km) (table 2.1), (i) Nova Scotia Research Foundation Corporation (NSRFC) V-
fin system (Bidgood, 1974) using either 180 J or 300 J sparkers (280 km) (table 2.2),
and (i) Ocean Resource Equipment (ORE) 3.5 kHz transceiver (20 km) (figures 2.1,
2.2). Output from these systems was recorded on nineteen inch EPC recorders,
with sweep speeds of either 250 ms or 500 ms. Huntec data were collected with the
fish towed at depths down to 70 m below sea level (b.s.l.). V-fin sparker data were
collected with the fish towed at depths down to 250 m b.sl. ORE 3.5 kHz data
were collected on CSS Dawson cruise 83-012 from a hull-mounted system. Transtex
copies of the seismic records were produced with 50% reduction, from which

blueline working copies were produced.

In marine acoustic profiling, a sound source and a receiver, or an array of
receivers, are towed behind a moving ship. The sound source generates a pulse at
fixed intervals, which is transmitted into and reflected back from layers in the
sediment, detected by the receivers behind the ship, and recorded on a moving strip
of paper (Telford et al., 1978; Van Overeem, 1978). In this way, a profile is
obtained, which has the appearance of a vertically exaggerated drawn geological
section. As the depth to the reflectors is a function of time, some form of correction
is needed to convert the time record to a geologic section (Telford et al., 1976; Van

Overeem, 1078).



Table 2.1: Huntec DTS data collection

Cruise Ship Amount time/Julian day Year
nusber (line km) (start - finish)

77-006 CSS Hudson 40 ©400/105 - 0800/105 1977

Q-68 CFAV Quest 60 1130/041 - 2100/041 1978

s-24 CNAV Sackville 120 1900/238 - 1930/239 1978
79-011 C55 Hudson 350 2200/157 - 0810/169 1979
86-034 CSS Hudson 150 0440/315 - 0530/317 19886
87-003 CSS Hudson 210 0200/094 - 1000/095 1987
Table 2.1. Cruises on which the fluntec data used in this thesis was collected. Data

collected prior to 1986 was presented in King and

Table 2.2: NSRFC V-fin data collection

ader (1986).

Cruise Ship Azount time/Julian day Year
nuzber (line km) (start - finish)

Br '73* ¥.V. Brandal 40 0000/039 - 1845/040 1973
74-M18 CNAV Sackville 60 2130/093 - 0600/094 1974
K 76" CNAV Kapuskasing 110 0000/103 - 1230/109 1976
86-035 CSS Dawson 70 0430/306 - 1130/306 1986
Table 2.2, Cruises on which the NSRFC: Vefin data useel in this 1

Data on cruise R6-035 was collected by R. Boyd (B¢
made

collected by D. Bidgood. V-fin data
Scotia Research Foundation Corporation.

L 1ORG): o
able by permission of the

L " o .
Cruise numbers are unofficial designations used by the author




N —

43 300 —]
s Honlac OTS ey

i UGS

NSAFC V=fin ines

Figure 2.1.

level.

Seismic control map o present day bathymetry. Contours in m helow sea



oW 2 30w

# 43 30N =

Figure 2.2, Index map showing the position of ilusteated profiles by figuee numbee



11

Deep-towed systems have a number of advantages over surface-towed systems.

Surf towed systems are i d greatly by ship noise, the vertical motion of

the towing vehicle as well as the system, and the instrument-sea floor separation is

so great that the area insonified by the i is large, ging out
features of small lateral extent (Bidgood, 1974; Sheriff, 1977). Because of the
increased distance between the ship and the instrument, deep-towed systems are less
affected by ship noise, and wave and swell motions are reduced at depth, as the

cable dampens the vertical motion of the towing vehicle. Furthermore, by reducing

the instrument-sea floor distance, the horizontal resolution of the data is increased.

The acoustic source of the Huntec DTS is a broad-band (800 Hz to 10 kHz)
boomer (Hutchins ¢t al, 1976). The boomer is an electromechanically driven
aluminum plate which is repulsed when a capacitor bank is discharged through a
potted wire coil (Orange et al, 1974; Telford et al, 1976). The plate is repelled from
its start position so rapidly that a vacuum is left Lehind it, imploding water into the
evacuated volume (Teliord et al, 1076), and drawing the plate back to its rest
position as the capacitor bank becomes fully discharged (Orange et al, 1974). As
the transmitting plate has a fixed aperature, the pulse shape varies with beam angle
(Maclsaac and Dunsiger, 1977), and the acoustic signal has a high degree of
repeatability (Hutchins et al, 1976). The Huntee DTS system is capable of
achieving 100 m penetration i:‘:to soft bottom sediments, and up to 33 metres in
hard bottom sediments, with a vertical resolution ot 6 to 8 cm achieved by
processing (Hutchins et al, 1976), although the resolution actually obtainable is

limited to the resolution of the EPC recorders used.
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The acoustic source of the NSRFC V-fin is a deep-towed sparker (Bidgood,
1974). A sparker operates by generating a spark between the two poles of a sparker
tip. The potential is generated by discharging a capacitor bank into the tip, and a
spark is generated. The spark vaporizes water creating an oscillating bubble. A
seismic signal is thus created, but rather than consisting of a single impulse, the
signal has the form of a damped oscillation. The portion of the signal after the first
impulse is termed the bubble effect or pulse (Olhovich, 1964). The damping of the
bubble pulse increases with depth such that at depths greater than 100 m, it is
considered to be negligible (Bidgood, 1674). The pulse length of a single-tip sparker
source with a 200 J electrical input is about 1 ms at 100 m depth, and about 0.7 ms

£ 200 m depth (McKay and McKay, 1082).

The acoustic source for the ORE 3.5 kHz sounder is a piczoelectric transducer,
commonly referred to as a "pingec®. A potential difference is applicd across a
piczoelectric erystal, causing a rapid distortion in the crystal which gencrates a
seismic signal radiating from the instrument.  When the signal returns to the
instrument, it causes the crystal to experience a change in pressure which, in turn,
generates a potential difference across the crystal. The potential difference so

generated is a function of the strength of the returning signal.

2.2 Core collection and sampling

Four benthos piston cores (barel length < 12 m, inner diameter 7.6 cm:) and
twa long coring facility (LCF) piston cores (barrel length 20-30 m, inner diameter 10
cm) were collected for this study. Six additional Leheigh piston cores (barrel length

< 12 m, inner diameter 10 cm) and two additional LCF cores, collected for
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geotechnical studies, were made available to the author. A total of nineteen piston

cores have been collected in Emerald Basin since 1975 (figure 2.3: table 2.3).

Cores 021, 022, 023, and 025 were split, photographed, and described as
outlined by Mudie et al. (1984) at the Atlantic Geoscience Centre (AGC). Colours
were delermined using a Munsel soil colour chart. Shells observed along the split
core face were collected. identified, and were used to provide four AMS radiocarbon
dates (Gipp and Piper, 1089). X-radiographs of core 022 and the upper five metres
of core 023 were recorded as negative images, while x-radiographs of cores 021, 025,
and the lower remaining section of core 023 were recorded as positive images on
videotape. ~ Cores 024, 02%, 029, 030, 031, and 032 were collected in order to
correlate geotechnical properties with elastic properties obtained through the
construction of s i+ .1etic seismograms (Moran, pers.comm.) Consolidation samples
were taken prior to splitting. The cores were split, described, and photographed.
The CORE velocimeter (Mayer, pers. comm., 1987) was used to determine the
longitudinal velocity profile downcore. Shear vane measurements, bulk density, and

water content samples were collected.

LCF cores 002 and 008 were collected primarily for stratigraphic purposes,
while cores 003 and 004 were collected for the seismic-geotechmical program
(Manchester, 1988). All cores were processed on board: magnetic susceptibility,
velocity, and shear strength profiles were determined; the cores were photographed
and described; and samples were collected at variable intervals for bulk density,
water content, and grain size determinations (Manchester, 1988). These grain size

samples were analyzed by Maritime Testing using sieves and hydrometers (K.



%,

aw 82 30w

oo
fs o
FN W+ o =
o | @
oo
008 g
i 3% o2
bae °%
938
oy
foor
-~
+ 43 30N =y

Figure 2.3, Cate location map. Core aumbers are lited 1 bl



Table 2.3: Piston cores

collected from Emerald Basin
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Core number Latitude Longtitude Water Length Designation
depth (m} (m)
76-007-008 43°67.4°N  62°45.2°W 240 11.0 0082
76-007-009 43°57.3'N  62°46.2°% 244 6.0 009
77-002-020 43°63.6°N  62°63.1°W 271 11.0 02022
79-011-12p 43°47.8°N  62°36.3°W 159 8.2 o124
83-012-001 44°03.34'N 62°60.80°% 245 10.31 001°
86-034-021 44°01.1'N 62°39.00°W 177 5.74 021
86-034-022 44°00.52°N 62°35.63'W 179 8.50 022
86-034-023 43°67.28°N 62°36.52' 176 8.09 023
86-034-024 43°62.27°N 62°42.93'W 204 7.37 024
86-034-025 43°41.80°N 62°47.65°W 208 8.40 025
86-034-028 43°53.22°N 62°60.77'W 256 9.22 028
86-034-029 43°62.92°N 62°46.97°W 233 9.20 029
86-034-030 43°62.90°N 62°46.98°W 233 9.05 030
86-034-031 43°62.17'N 62°42.75°W 207 8.36 031
86-034-032 43°62.15°N 62°43.08°W 210 4.44 0l
87-003-002 44°00.93°N 63°02.04'W 216 16.86 002
87-003-003 43°52.90°N 62°46.97°W 232 12.09 003
87-003-004 43°63.10°N 62°47.70°% 236 19.27 004
87-003-006 43°37.56°N 83°04.99'W 247 16.67 008

Table 2.3. Core location data for Emerald Basin cores. The first five digits in the core
number refers to the cruise on which the core was collected. Cruise 83-012 was a ('S
Dawson cruise; all other cruises in the table were on CSS Hudson. The *designation®
column indicates the number used to refer to a particular core in the text. Cores 002,
006, 021, 022, 023, and 025 were collected for this thesis. Access to other cores from
cruises 86-034 and 87-003 was by permission of K. Moran, L. Mayer, and the Bedford

Institute of Oceanography archives.

1'Vilks and Rashid (1976)

2 Mudie (1980)

3 Scott et al. (1984)

* King and Fader (1986)

5 Scott, pers. comm. (1989)
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Moran, pers. comm., 1988). Shells observed on the split core faces were collected
for identification; some of these were used to obtain four AMS radiocarbon dates
(Gipp and Piper, 1989). X-radiographs were recorded as positive images on
videotape. Core 004 was sampled at 25 cm intervals for foraminifera and the
lithology of the >500 um fraction was identified. Samples <lem® were taken at
variable intervals from cores 004 and 006 for grain-size measurements on the

Coulter Counter (Coulter Electronics Inc., 1979).
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3. Definition of Seismic Units

An acoustic facies is defined on the basis of surface morphology, occurrence
and intensity of internal reflections, magnitude of apparent acoustic contrast, and,
in the case of outcropping units, acoustic reflectivity values (Belknap et al., 1988).
Acoustic reflectivity values can be estimated from Huntec records (Parrot et al.,
1980). There is no necessary stratigraphic relationship between acoustic facies: two
acoustic facies may interfinger, or one may overlie another. The acoustic facies
discussed in this chapter are defined in the same manner and based on the same
criteria 's those defined by King and Fader (1986), witk the exception that Emerald

Silt facies is not divided into two subfacies.

A seismic depositional sequence is defined as a relatively conformable
succession of reflection events bounded at its top and base by unconformities or

their correlative conformities (Mitchum et al., 1977). Therefore, seismic depositional

are i hically signifi one sequence must everywhere either
overlie or underlie another; two itional q cannot
Depositional are defined ind dently of acoustic facies, so that one

depositional sequence might include more than one acoustic facies.

Seven acoustic facies are recognized on seismic records from Emerald Basin.
Two of these may be correlated with pre-Quaternary units, and a third may be
correlated with Scotian Shelf Drift. Six seismic depositional sequences are defined in

the acoustic facies corresponding to the Emerald Silt and the LaHave Clay.



3.1 Definition of Acoustic facies

Acoustic facies 1 (a.f. 1) is characterised by a high intensity return from an
irregular surface (figure 3.1). This facies exhibits no internal reflections and surface
reflectivity values are as high as 45%5. The occurrence of a.f. 1 is restricted to the
area north of Emerald Basin, where Ordovician bedrock of the Meguma Group is
known to occur (King and MacLean, 1970, 1978). This facies has been interpreted

as Paleozoic bedrock of the Meguma Group (King and Fader, 1988).

Acoustic facies 2 (a.f. 2) is characterised by continuous, coherent, near
horizontal internal reflections (figure 3.2). The intensity of the acoustic contrast
between facies 2 and the overlying facies is apparently low. The upper surface of
1coustic facies 2 is commonly defined by the truncation of its internal reflections.
Wherever a.f. 2 is identifiable, it is always stratigraphically the lowest facies
present. Acoustic facies 2 has been interpreted as Mesozoic-Cenozoic bedrock of the
Atlantic Coastal Plain sediments (King and Fader, 1986). This interpretation is
supported by the occurrence of a.f. 2, which is restricted to areas south of the
northern limit of Atlantic Coastal Plain sediments defined by King et al. (1970), and
King and Maclean (1976). Additionally, the upper surface of a.l. 2 has been eroded
(figure 3.2), as has the upper surface of the Atlantic Coastal Plain sediments (King

t al., 1970).

Acoustic facies 3 (a.f. 3)is characterised by a uniform pattern of incoherent
reflections (figure 3.3). The upper surface of this facies is very irregular, and
appears as a very strong, occasionally ringing, reflection on both Huntec and

NSRFC records, with acoustic reflectivity values as high as 25%. This facies occurs
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Figure 3.1 Huntec DTS profile from the northern end of Emerald Basin, showing
examples of acoustic facies 1, 3, 4, and 6 (discussed in text).
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Figure 3.2. NSRFC

examples of acoustic facies 2, 3, 4, 6, and 7. Slight downwarping of gently dipping

/-fin sparket profile from the central axin of Emerald Hanin, showing

reflections in acoustic facies 2 beneath the channel in probably a velocity anomaly

Record appears by permission of NSREC
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Fiqure 3.3. Huntec DTS profiles from Emerald Basin showing three types of occurrences

of acoustic facies 3. From top to bot'om. (2) a flank mound (b) a till tongue (c) *lift-ofr*
moraines.
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in thick mounds at basin flanks, and as a relatively thin veneer within the basin
itself. Acoustic facies 3 is also observed as wedges, called till tongues, which are
acoustically continuous with the flank mounds (figure 3.3), and as small isolated
hummocks, called *lift-off* moraines, which sidescan sonar records have
demonstrated to be in the form of ridges (King and Fader, 1986). Acoustic facies 3
has been interpreted as Scotian Shelf Drift Formation, and includes sediments
varying from gravelly sand to mud with minor sand and gravel (King and Fader,

1986).

Acoustic facies 4 (a.f. 4) is characterised by continuous, coherent internal
reflections, usually appearing as distinct bands that are correlatable across the basin
(figures 3.1, 3.2). The lowermost internal reflections conform to the morphology of
the underlying unit, which is most commonly Scotian Shelf Drift, while the
uppermost internal reflections display a more ponded style (cf. Barrie and Piper,
1982). Acoustic reflectivity values are 5-20%. This facies is equivalent to the
Emerald Silt facies described by King (1969), and the Emerald Silt facies A and B of
King and Fader (1088). The author does not divide a.l. 4 into two subfacies because
the primary differences between Emerald Silt facies A and B, while apparent on
some Huntec records, arc not apparent on NSRFC records. Acoustic facies 4 is
observed to intercalate with a.f. 3 on the north flank and locally in the southwest

end of the basin (figure 3.4).

Acoustic facies 5 (a.f. 5) is ch ised by di i coherent refl

grading laterally into a.f. 4 (figure 3.5). Acoustic facies 5 is restricted to the eastern
flank of Emerald Basin (figure 3.8) and is equivalent to the Emerald Siit facies C

(King and Fader, 1986).
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Figure 36. Paleobathymetric map showing the lateral extent of acoustic facies 5 and 6.

Acoustic facies 5 is restricted to the central axis of the basin, while acoustic facizs 6 is

observed on the eastern flank. Contours are in ms twt below a datum plane at 110 m
below present day sea level. The datum plane was chosen to reflect possible lowered sea

level.
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Acoustic facies 8 (a.f. 6) is generally transparent on both Huntec and NSRFC
records, with one continuous coherent reflection visible in the middle, and some

weak continuous coherent reflections near the base. The top of af. 6 is

% hibit

d by a weak reflectivity values of about 5%, and is
marred by small features, termed 'pockmarks’ by King and MacLean (1970).
Sidescan sonar records show pockmarks to be roughly circular and of variable size
(Josenhans et al., 1978; Hovland et al., 1984). The base of a.f. 8 is marked by small
erosional features, which have been interpreted as relict pockmarks, formed at a
surface, and subsequently buried (Josenhans et al., 1978; Hovland et al., 1984). This

acoustic facies is restricted to the central part of Emerald Basin (figure 3.8), and is

equivalent to the LaHave Clay facies of King and Fader (1986).

Acoustic facies 7 (a.l. 7) appears to be a single or a series of convex upward
reflections, below which there is a package of incoherent reflections (figure 3.2).
Occasionally, coherent reflections are visible within a.f. 7, which can be correlated
to coherent reflections beyond the limit of occurrence of the facies. As underlying
reflection events are apparently attenuated by a.f. 7, other authors have described
such facies as acoustic wipeout zones (Belknap et al., in press), acoustic mask
(Hutchins et al., 1976; Josenhans et al., 1978), acoustically turbid zones (Schubel
and Schiemar, 1973), shadow zones (Harbison, 1969; Van Weering et al., 1973),
impenetrable layers (Keen and Piper, 1976), acoustic blanking (Boulton et al., 1981),
acoustic impenetrability (Belknap ct al., 1986), and masking reflections (Acosta,
1984).  Acoustic f. cies 7 grades laterally into a.f. 4 and 6. Acoustic facies 7 is
restricted to the central axis of the basin (figure 3.7). Acoustic facies 7 has bheen
attributed to diffused gas in the sediment (Josenhans et al., 1978: King and Fader,

1986).



27

0230w

“n —

43308

Figure 3.7. Distribution map of acoustic facies 7 plotted against present day bathymetry.

Basin.

Contours are in metres. Acoustic facies 7 is restricted to the central axis of Emerald
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3.2 Depositional Sequences
Six depositional sequences, numbered from 0 to 5, are identified in the

stratified sediments of Emerald Basin.

The lower boundary of depositional sequence 0 (d.s. 0) is the erosional upper
surface of acoustic facies 3. The upper boundary of d.s. 0 is marked by apparent
onlap at the flanks of small moraines (figure 3.8). Depositional sequence 0 typically
consists of acoustic facies 4 reflections. Internal coherent reflections are abruptly
interrupted by *lift-off* moraines (King and Fader, 1986) (figure 3.3). Detailed

of the internal in d.s. 0 reveals that small scale undulations

in the uppermost reflections are often recorded in the underlying reflections, as
occurs when multiples are present (figure 3.9). The detail to which the band of
lower reflections mimics the upper boundary of d.s. 0 is unmatched by any similar
bands of reflections in Emerald Basin. Such a series of reflection events could be

caused by a well-draped sequence of stratified sediments, by interformational

multiples, or by reverberation: d by deep i of a ringing source
(Simpkin, pers. comm., 1987). The intensity of the upper boundary of d.s. 0 implics
a large acoustic impedance contrast. None of the other reflections near the same
stratigraphic level display a similar acoustic impedance contrast. As two reflectors
with large impedance cont-asts are required to generate interformational multiples,
d.s. 0 cannot be a series of interformational multiples. Figure 3.10 illustrates that
the internal reflections in d.s. 0 are correlatable between two crossing seismic lines,
one collected by the Huntre DTS, and the other by the NSRFC V-fin sparker. Any
reverberation generated by a particular system would not be expected to correlate

to reverheration generated by the other system. The degree of correlation observed
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Figure 39 NSRFC V-fin sparker profile from the eastern flank of Emerald Ban
Reflections within depositional sequence 0 ate tegular, rxeopt near the small acour-ike
feature. Erosion is apparent at the base of depostional sequence 3 dieectly above 3 group

of *lift-off* moraines Record appears by permsion of NSIk




NSRFC V-fin record Huntec OTS record

Figure 3.10. Crossover of Huntec DTS and NSRFC V-fin sparker profiles on the eastern
flank. Note the high degree of correlability of depositional sequence boundaries and

internal reflection events. especially within depositional sequence 0.
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in figure 3.10 precludes reverberation as the sole cause of the reflections in d.s. 0.
The morpholegy of the upper boundary of d.s. 0 is not carried through the
underlying reflections of d.s. 0 near a scour-like feature (figure 3.9), which provides
evidence that the reflections are real. The internal reflections of d.s. 0 probably
represent real reflection events in some parts of Emerald Basin, and reverberation

elsewhere.

Depositional sequence 1 (d.s. 1) is uniformly draped over d.s. 0, except over
some topographic highs (figure 3.8). Its lower boundary is defined as the upper

Refl.

boundary of ds. 0.

of overlying onlap ontu the upper
reflection of d.s. 1, implying a non-d-positional hiatus near topographic highs (figure

3.11). The upper boundary . d.s. 1 is the | flection in a prominent band

of reflections correlatable across the basin. Depositional sequence 1 is characterised

by a.f. 4 within the basin, and by a.f. 5 on the basin flanks.

The lower boundary of depositional sequence 2 (d.s. 2) is the upper boundary
of d.s. 1, while the upper boundary is defined by apparent onlap and non-deposition
at the basin flanks and by apparent erosional truncation or toplap of the underlying
reflections (figure 3.9). The upper boundary of d.s. 2 can be correlated to the
boundary between Emerald Silt facies A and B of King and Fader (1986), which was
deseribed as being an unconformity of wide regional extent. Depositional sequence 2
is characterised by a.f. 4 within the basin, and by a.f. 5 on the basin flanks. The
internal reflections of d.s. 2, while observed to be draped over the underlying
reflections, show great asymmetry about topographical highs, particularly on the
castern flank of Emerald Basin (figure 3 12). This marked asymmetry is unique to

ds. 2.



Figure 3.11. Interpreted NSRFC V-fin profile over a small moraine on the eastern flank
of Emerald Basin, showing apparent onlap on the upper boundary of depositional
sequence 1. and erosion at the base of depositional sequence 4. Record appears by
permission of NSRFC.
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Figure 3.12. Interpreted Huntee DTS profile from the eastern Mank of Emerald fasin
showing that depositional sequence 2 is preferentially accumulated on the left mide of the
tapographic high 1oft of the centre of the figure. Ieflections apparently onlap onto the
upper buundary of depositional sequenee 0 at right
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The upper boundary of depositional sequence 3 (d.s. 3) is defined as an
erosional unconformity (figures 3.11, 3.13). Erosion at this reflection is apparent
around topographi:. highs in Emerald Basin, as well as on all of the basin flanks
except to the southeast, where the two bounding reflections define a sequence which
steadily increases in thickness to the south (figure 3.14). Depositional sequence 3 is

characterised by a.f. 4 and, in places, a.f. 7.

Depositional sequence 4 (d.s. 4) overlies d.s. 3 in the centre of the basin and
d.s. 2 on the northern and southwestern flank of the basin. Its lower boundary is
the widespread erosional event at the upper boundary of d.s. 3, while its upper
boundary is defined by apparent onlap on the northern flank (figure 3.15).

Depositional sequence 4 is ch ised by af. 4 and 7.

Depositional sequence 5 (d.s. 5) is the uppermost depositional sequence in
Emerald Basin. Its lower boundary is defined as the upper boundary of ds. 4,
whereas its upper boundary is defined as the seafloor. It is characterised by a.f. 6

andaf. 7.

3.3 Implications of thickness variability

The depositional style of a seismic depositional sequence can be used to
suggest its origin. Barrie and Piper (1982) demonstrated three depositional styles
observed in acoustic profiles in Makkovik Bay on the coast of Labrador: ponded,

f bl

cover, and onlappi basin-fill (figure 3.18). A fourth depositional

style, wedging, indicates the dominance of currents during deposition (Piper et al.,
1983). The conditions in figure 3.18 represent endmembers, whereas there is

probably a continuum where more than one process operates. By considering
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Figure 5.13. Interpreted NSRFC V-fin profile from the westesn flank of Emerald Basin,
showing the erosional truncation of depositional sequence 3 internal reflections at the base

of depositional sequence 4. Record appeats by permimion of NSRFC"
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Figure 3.14. Interpreted NSRFC V-fin profile from the eastern flank of Emerald Basin,
showing tbe progressive southward thickening of all depositional sequences. Record
appears by permission of NSRFC.
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Figure 3.15. Interpreted Huntec DTS profile from the northern flank of Emerald asin,

showing erosion at the base of depositional sequence 4 and onlap of deponitional requence
5 onto depositional sequence 4.




Figure 3.16. Cartoon depicting the effects of dominant depositional m-chanism on
acoustic style of a depositional sequence. Modified from Piper et al. (1983) and Syvitski
(in press).
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d itional style as a i rather than as an absolute, the relative

importance of two or more mechanisms can be assessed.

Thickness variability is considered to be a function of depositional and
erosional style, sediment source location, where thickness will increase with
proximity to the source, and morphology of the underlying surface, where thickness
will increase in troughs and decrease over crests. If a sequence has a conformable
cover depositional style, the isopach map of this sequence will reflect both large
scale and small scale variations in the underlying morphology. The onlapping basin-
fill depositional style will result in an isopach map which preferentially represents
large variations over small ones, although the small variations may be resolved if
the sequence is thin. If the sequence is ponded, then large-scale variations will be
recorded in the isopachs, but not small-scale variations, because the regional change
in thickness of the sequence will be orders of magnitude greater than the change in
thickness over small features. If the sequence demonstrates wedging, then the
maximum thickness of the sequence does not occur in troughs, but rather on the
flank of a topographical high.

Depositional Sequence 0

The thickest occurrences of d.s. 0 in Emerald Basin are found along the
northern flank and the eastern flank south of the eastern channel, and in the
eastern channel (figure 3.17). Within the basin, d.s. 0 is of uniform thickness, but
thins rapidly towards the flanks. This sequence exhibits the conformable cover
depositional style of Barrie and Piper (1982), which suggests deposition from
suspension, including sediment plumes and ice rafting. The increased thickness of

d.s. 0 on the eastern flank and in the northern end may be attributed to either
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Figure 3.17. Isopach map of depositional sequence 0. Contours in ms twt. The thickness
of depositional sequence 0 is considered where it consists of acoustic facies 6, or 7.

The serrations on the O ms contour represent intercalation with acoustic facies 3. Dashed

lines represent inferred contours where no data is available.
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wedging by currents, or proximity to sediment source. If current wedging were

solely responsible for the i d thick of d.s. 0 on the flanks, then d.s. 0
should thicken on all of the flanks. As the flank thickening is restricted to the
north and to the southeast, both of these areas were probably close to sediment
sources.
Depositional sequence 1

Depositional sequence 1 is deposited as a relatively uniform blanket
throughout Emerald B sin, thickening slightly alcag the central axis and in the
eastern channel, with the thickest deposit on the eastern flank south of the eastern
channel (figure 3.18). Depositional sequence 1 exhibits a conformable cover
depositional style, but further displays slight thickening in small troughs. This
thickening is similar to the onlapping basin-fill style described by Barrie and Piper
(1982), probably indicating a contribution by either storm wave resuspension or
minor underflows. Overlying reflections terminate along the upper boundary of d.s.
0 only in the proximity of topographic highs, suggesting local non-deposition or
erosion. The thickening along the northern and eastern flanks probably indicates
the proximity of a sediment source.
Depositional sequence 2

Depositional sequence 2 blankets Emerald Basin, with thick patches in the
eastern channel, along the central axis, and on the southeastern flank, and thinning
near the eastern flank north of the eastern channel (figure 3.19). Depositional
sequence 2 asymm-trically overlies topographic highs, especially near the eastern
channel (figure 3.13). which is similar to the onlapping basin-fill style of deposition,

modified by the Coriolis effect (figure 3.16). The thickening of d.s. 2 along the
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Figute 3.18. Isapach map of depositional sequence 1. Contours in ms twt. The thickness
of depositional sequence 1 is considered where it consists of 4 54,5, 6, or 7.
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Figure 3.19. Isopach map of depositional sequence 2. Contours in ms twt. The thickness
of depositional sequence 2 is considered where it consists of acoustic facies 4, 5, 6, or 7.
The serrations on the 0 ms contour represent intercalation with acoustic facies 3. Dashed

lines represent inferred contours where no data is available.
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central axis of the basin also suggests that d.s. 2 exhibits the onlapping basin-fill
style of deposition. The increased thickness observed along the southeastern flank,
is not suggestive of onlapping basin-fill, and probably represents proximity to a
sediment source.
Depositional sequence 3

The thickest deposits of d.s. 3 are observed at the northern end, along the
central axis, along the southeastern flank of the basin, and in the eastern channel,
while the thinnest deposits are found along the eastern flank and near the western
flank in the northern end of the basin (figure 3.20). The thickening of d.s. 3 on the
southeastern flank probably indicates sediment supply from the south into the
basin. The thickening of d.s. 3 along the central axis anc in the eastern channel
suggests that d.s. 3 exhibits the onlapping basin-fill style of deposition, implying
that the sediment is either reworked by storm or tidal currents, or that sediment
rained out of suspension, possibly with a minor contribution by turbidity currents.
An alternate explanation is that the thickening in the centre of the basin is
apparent because d.s. 3 was eroded from the basin flanks during a widespread
erosion event at the base of d.s. 4 (figure 3.21). The boundary of this erosive event
is roughly parallel to paleobathymetric contours in the northern end of the basin,
but in the central basin, it increases in depth, probably in response to stronger,
deeper currents in the middle of the basin. Storm currents would be accelerated
nesr the steep flank of Sambro Bank, and near the eastern channel. The absence of

p y y around

highs implies little reworking by

currents while d.s. 3 was being deposited.
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Figure 3.20. Isopach map of depositional sequence 3. Contours in ms twt. Thickness of
depositional sequence 3 is considered where it consists of acoustic facies 4, 5, 6. or 7.

Dashed lines represent ‘nferred contours where no data is available.
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Depositional sequence 4

Depositional sequence 4 is thickest in the southern end of Emerald Basin,
particularly along the southeastern flank, and is thinnest near the eastern flank, and
near the western flank in the northern half of the basin (figure 3.22). Depositional
sequence 4 exhibits the conformable cover depositional style, implying that
sedimentation is dominated by raining out processes. The thickening of d.s. 4 in the
southern end of the basin is probably related to the proximity of a sediment source
south of Emerald Basin.
Depositional sequence 6

Depositional sequence 5 is thickest in the northern end and along the central
axis of Emerald Uasin, but is absent in the eastern channel, and shows no thickening
along the eastern flank (figure 3.23). Depositional sequence 5 appears to exhibit the
onlapping basin-fill depositional style, implying a dominance of either storm wave
reworking, or sediment raining out of suspension with a minor contribution from
turbidity currents. The wiuespread erosive event at the present-day seafloor (figure
3.24) thins d.s. 5 around the basin flanks. The boundaries of this erosive event are
approximately parallel to bathymetric contours, but increase in depth near the steep
slope of the western flank, and near the mouth of the eastern channel, where
currents might be expected to be accelerated. Reworking of sediment in the
southern end of Emerald Basin is as a result of storm-driven currents (Kontopoulis
and Piper 1982), and it is probably these currents that are presently reworking the

seafloor in Emerald Basin.
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4. Sedimentology

4.1 Lithofacies definition
On the basis of descriptions of split core faces, x-radiographs, grain-size data,

and sand and gravel mineralogy, five lithofacies are identified.

Lithofacies 1 consists of olive-grey (2.5Y4/1-5Y4/2) or olive-brown (10YR3/1)

sandy silt with ional wispy laminations observed in di hs. The sand

content is 15-30% (figure 4.1a), of which the >500 um fraction is 90-99% biogenic
(figure 4.1d), being primarily foraminifera. Some slight bioturbation and pyrite

mottling are present. Macrofauna consists of bivalve mollusc shells and scaphopods.

Lithofacies 2 consists of olive-grey (5Y4/2-2.5Y3/2) sandy silts with occasional
sandy lamina and rare sand layers. The sand content is as high as 32% and only
rarely falls below 20% (figure 4.1b). The sand consists primarily of quartz grains
and metamorphic rock fragments with less than 1% biogenic materials (figures 4.1c,
d). X-radiographs show well defined laminations, especiully near the sand layer in
core 87-003-008. Structures within the sand layer are similar to ripples (figure 4.2a).

Macrofauna consists of bivalve molluscs, but scaphopods are absent.

Lithofacies 3 consists of olive grey-brown (2.5Y3/2-5Y4/1-5Y4/2) silty muds
with occasional sandy laminations. Sand content is generally below 10%, but
reaches 20% in samples of coarse laminae, while clay content is generally 25-50%,
but is as low as 10% in a few samples (figures 4.1a, b). The coarse sand of this
facies is dominated by quartz grains (figure 4.1c). The fossil content of the coarse

sand T:action is much lower than that of lithofacies 1. while authigenic mineral




Figure 4.1. Ternary plots depicting the characteristics of lithofacies 1.5.

a) Grain-size distributions from si data. Classification scheme is that of
Folk (1954).

b) Grain-size-distributions from Coulter counter data. Classification scheme is that of
Folk (1954). Lithofacies appear more silty than they do in 4.1a because the Coulter
counter assumes there is no material finer than the finest resolvable size.

¢) Relative amounts of quartz (including quartzite), feldspar, and rock fragments from the
>500um fraction.

d) Relative amounts of organic materials (including foraminifera, fish bones and scales,
and shell fragments), authigenic minerals (generally pyrite and goethite), and inorganic

materials (rock and non-authigenic mineral fragments) from the >500um fraction.
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Figure 4.2. Core x-radiographs of sedimentary structures.

a) Possible ripple within a sandy horizon in lithofacies 2, core 006, 797 em.

b) Pyritized burrow fillings in lithofacies 3, core 004, 301 cm.

¢) Laminations in lithofacies 5, core 004, 1691 cm.

d) Laminations in lithofacies 2, core 006, 750 em.

) Gravel and sand in lithofacies 4, core 021, 194 cm.
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content is much higher (figure 4.1d). The dominant authigenic mineral present is
pyrite, both recovered in samples and visible in x-radiographs (figure 4.2b), which
has crystallized in burrows. The facies is slightly bioturbated. Macrofauna are
primarily bivalve molluses and gastropods, with very few scaphopods near the top of

the facies.

Lithofacies 4 consists of olive grey-brown (2.5Y3/2-5Y4/1-5Y4/2) muds with
occasional black (N3/0) bands up to 15 em thick and brown (10YR3/2) ungraded
sandy and gravelly bands up to 10 em thick. Scattered gravel and dropstones ~5
mm in diameter, and up to 10 cm in length are present, and increase in abundance
downcore. This facies contains less than 10% sand, and 50-70% clay (figure 4.1a).
The coarse sand fraction is 5-40% biogenic, with the lowest percentages of biogenic
materials near the base of the facies (figure 4.1d). The coarse sand is dominated by
metamorphic rock fragments (figure 4.1c). Goethite dominates the authigenic
minerals, although pyrite is present in samples near the top of the facies. The facies
is heavily bioturbated, usually with burrows which are darker than the surrounding

sediment. Macrofauna consists of gastropods and bivalve molluscs.

Lithofacies 5 consists of stiff brownish grey (2.5Y3/2-5Y3/2) gravelly sandy
muds (figures 4.1a, b) with oceasional laminations (figure 4.2c). The coarse sand is
primarily rock fragments, with minor biogenic and authigenic components (figure

4.1c). The facies is generally unbioturbated and barren of shells.

Lithofacies correlations between piston cores across the basin is
straightforward (figure 4.3). Erosion at tle present day seafloor is apparent in the

cores taken on the eastern flank



Figure 43. Lithofacies correlations between

locations given in figure 2.2.

piston cores from Emerald Basin.

Core
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4.2 Coarse sand and gravel petrology

Pebbles, gravel, and coarse sand samples from all lithofacies have been
studied. The coarse sand residues (>500 um) are taken from 25 cm® foraminifera
samples at 25 cm intervals down core 004. Gravel is obtained from sieved grain size

samples, and dropstones are recovered directly from cores.

The non-biogenic content of the sand fraction in lithofacies 1 is very low
(figure 4.1d). Two samples contained enough material to plot on a quartz-feldspar-
rock fragment (QFR) ternary plot (Folk, 1980) (figure 4.lc). Other samples
contained three or fewer grains of non-biogenic sand. Most of the quartz is in the
form of clear composite metaquartzite grains. The rock fragments include schists,
chert, and sandstone. One sample from lithofacies 2 is dominated by quartzite and
quartz grains, with minor metamorphic rock fragments and K feldspar grains (figure
4.1c). The coarse sand fraction of facies 3 is 20-60% inorganic (figure 4.1d), and is

d d by single or posite clear quartz grains, with minor quantities of

cloudy vein-quartz (figure 4.1c). The dominant rock fragments in this facies are
metamorphic rock fragments with minor K feldspar. The non-biogenic coarse sand

fraction in lithofacies 4 is i d by rock imarily schists with

minor amphibole and chert grains, and clear composite metaquartzite grains (figure
4.1c). One dropstone (7 cm in length), identified as a quartz-biotite schist, has been
recovered from lithofacies 4. The gravel and coarse sand of two samples from
lithofacies 5 are primarily metamorphic rock fragments and quartzite with minor K

feldspar (figure 4.1c).

Very few igneous minerals are present in the coarse sand fraction.
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rock

implying that most of the sands and gravels
are derived from erosion of the Meguma Group, which underlie coastal Nova Scotia

and the inper third of the continental shelf (King and Maclean, 1976).

4.3 Grain-size analysis

lithofaci

Twenty-two samples rep: ing four were analyzed on a Coulter

Counter (Coulter El ics, 1079). Seventy-five samples rep ing all five

lithofacies were analyzed using sieves and hydrometers by Maritime Testing (Moran,
pers. comm., 1988). Grain-size curves are plotted against the & scale, as suggested
by Inman (1952). The sieve samples were chosen to determine the lithofacies
characteristics, whereas Coulter Counter samples were used to investigate small-

scale features and to provide grain-size distribution plots at 1/3¢# intervals.

The Coulter Counter results in this thesis have been modified to correct for an
error introduced by the processing system at BIO. This error originated when the
results of the 560 ym tube were combined with the results of the 30 sm and 200 sm
tubes. Addition of the coarse fraction resulted in a suppression of the fine fraction
which varied with the amount of coarse material in each sample. The resulting
plots showed a slight reduction of the <8# fraction, and an extreme reduction of
the 5 to 64 fraction (figure 4.4). As the reduction was a function of the amount of
coarse material in the sample, the errors varied from sample to sample. In order to
correct for this error, the following procedure was carried out on each sample. The
grain-size curve produced from all three of the tubes was compared with that of the
two smaller tubes. The total grain-size curve was assumed to be correct for

material >4.58, while the fine grain-size curve was assumed to be correct for
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Figure 44. Raw Coulter counter data for ome ssmple, illustrating the distortion
introduced when adding the data obtained using a 560um aperature to data oblained
using 30 um and 200 um aperatures. (a) Analysis using the two small speratures. (b)
Analysis combining data using all three aperatures.
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material <4.58. All of the <4.5# values on the fine grain-size curve were adjusted
by the same factor so that the two curves would fit together without any
discontinuity. The two curves were then merged at 4.5 pusition on the size axis,
and the hybrid curve was renormslized.
Curve Dissection

Cumulative grain-size data are usually plotted against a probability axis
because normal distributions plot as straight lines (Rissik, 1941). Both Coulter
Counter data, obtained in this study, and sieve-hydrometer data are plotted against
a probability axis, using a FORTRAN routine developed by the suthor. The
cumulative curves do not plot as straight lines, but rather as "segmented® curves
(figure 4.5). Previously, "segmented® grain-size curves have been considered to be a
mixture of two or more truncated noa-overlapping log-normal populations (Visher,

1969), a mixture of two or more pping log: 1 populati (Harding, 1949;

Spencer, 1983), a log-hyperbolic curve (Bagnold and Barndorff-Nielsen, 1980;

Christiansen gt al., 1984), or the result of hydraulic processes (Bridge, 1081).

Visher (1969) supposed that a segmented cumulative grain-size curve could be
represented by straight line segments, each of which would represent one mode of
transport. The truncation of each of the segments was believed to result because
grains of a certain size would be transported by one and only one mechanism. Shiki
and Yamazaki (1985) reject this hypothesis, as samples from the Okinawa Trench
curved continuously, and would thus require numerous very short segments.
Christiansen et al. (1984) also demonstrate that this method is not applicable

because grains transported by onme mechanism displayed a log-byperbolic size

distribution rather than the d 4 d log- 1 distrib
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Figure 4.5. Cumulative grain-size curves for two samples analyzed on the Coulter

counter. Note the *segmented® appearance of the curves.
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Previous workers have idered non log: 1 ive grain-size curves
to be the result of two or more grain populations (eg. Spencer, 1963; Shiki and
Yamazaki, 1985). Variations in kurtosis, skewness, and standard deviation of a
grain-size population have been tied to variations in the composition and relative
amounts of the composite populations (Folk and Ward, 1057; Spencer, 1963).

Graphical dissecti hoi have been d by Harding (1949) and Hald

(1952). A typical cumulative grain-size distribution resulting from the mixing of
two overlapping log-normal populations will consist of a concave-downward section
and a concave-upward section (figure 4.6), and the cumulative probability (P(y)) for

particles finer than diameter 'y’ is

Lo il #
== . Pl /) + =Py apl~

where 4, 4y are mean grain sizes of the two populations, o, 0, are the
standard deviations of the two populations (4 scale). Pl is the relative weight of the

first parent populati If the two comp do not overlap too much, then the

composite curve will have one inflection point. The location of the inflection point
was used by Harding (1949) to estimate the relative amounts of the two log-normal

This estimation is ble if the two lati have similar

standard deviations and are mixed in subequal amounts, but is misleading when well
sorted and poorly sorted components are mixed in unequal amounts, especially if the
mean diameters of the two populations are similar. The situation is complicated
when more than two components are present. For a mixture of *n* log-normal

components, P(y)) is found to be:

1. e t P
=_§:p exp(—~—)2/2) dz
e IR
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Figure 46. The modelled cumulative grain-site curve (curved line) resultiog from the
mixing of two overlapping log-normal populations (A and B). The modelled curve is 40%
population A and 60% population B.
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‘Two parameters, the mean and the standard deviation, are required to define

2 log: 1 population, but four are required to define a log-hyperbolic
curve. The log-hyperbolic distribution was first noted by Bagnold (1937). It derives
its name from the shape of the log-log plot of the relative weight of the grain size
curve. Bagnold and Barndorff-Nielsen (1980) suggest a general mechanism by which
a sediment with a log-normal distribution evolves into one with a log-hyperbolic

distribution during transport (figure 4.7). The expression for a log-hyperbolic

cumulative curve is given below:

Vey -y Sy T b1
H(y)=—————— V& + (2 + — )] &
o= [ eant= 4 e+ S is

‘where H(y) is the probability that a unit of sediment will be coarser than size
y, which is the natural logarithm of millimetre grain size, » is the abscissa of the
intersection point of the iwo asymptotic lines of the hyperbola, ¢ and 7 are the
slopes of the two asymptotic lines defining the hyperbola, and ¢ is a scaling
parameter (figure 47). The function K,(:) is a first order modified Bessel function
of the third kind (Bagnold and Barndor{f-Nielsen, 1980). The resulting curve, when
plotted against a probability axis, co-sists of a concave upwards section and a
concave downwards section with one inflection point (figure 4.8). This curvature

scheme is opposite to that of the composite curve in figure 4.6 and the data in figure

4.5. It is possible for two ly overlapping log: 1 populati to produce
a curve similar to a log-hyperbolic curve (figure 4.8), but the similarities are
superficial. The composite curve has three inflection points, is symmetrical about

the second inflection point, icall; hing the lation with the




Figure 47. Explanation of the parameters of the log-hyperbolic function. On a loglog
plot of the grain-size plot, the grain-size curve has the form of an hyperbola (curved line),
defined by asymptotes of sope @ and v (straight lines). & and r are sealing parameters.
4 is the ordinate of the intersection point of the two asymptotes, while v is the mode of
the grain-size distribution. Sorting into a log-hyperbolic function occurs because the

probability of a grain belng present is a function of size. There is a probability that a

grain is (0o large to have been transported to a site, (line with slope &), and 3 probability
that a grain is too small to have beea deposited at a site (line with slope 7). The grain-
size distribution is therefore controlled by the two asymptotes. Modified from Bagnold
and Bamdorff-Niclsen (1080).
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Figure 4.8. Comparison of log-hyperbolic cumulative grain-size curve (bold curve) with a
cumulative grain-size curve modelled from the mixing of two overlapping log-normal
populations. Distortion in the log-hyperbolic curve above the 9% percentile is due to

inaccuracy of Bessel function table in Goudet (1965).
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pulation with the

larger standard deviation, while i i i the
smaller standard deviation at the point of intersection of the two log-normal curves
(figure 4.8). It is theoretically possible to distinguish a log-hyperbolic grain-size
distribution from a log-normal composite curve like that in figure 4.8 if accurate

data from the tails of the distribution is available.

The grain size curves in this study are considered to be the sum of log-normal

populations because the curvature scheme of the data is similar to that of two

pping log-normal but not that of a log-hyperbolic population
(figure 4.5), and because previous models of marine sedimentation near ice margins
predict at least two modes of deposition (eg. Drewry and Cooper, 1981; Powell,
1984). The majority of the curves studied require three component populations to
produce a good fit. Coulter counter and sieve-hydrometer samples from core 008
are composed of two poorly sorted populations and one well sorted population. The
Coulter counter samples from core 004 are generally composed of two well sorted
populations and one poorly sorted population, whereas the sieve-hydrometer
samples from core 004 are represented by one well sorted and two poorly sorted
populations (figure 4.9).  Sieve-hydrometer samples from core 002 represent

lithofacies 1 and require as many as five components to produce a good fit.

All samples from cores 002, 004 and 006 show a fine, poorly sorted component.
In samples from core 002, this component has a mean of about 6.5¢ and a standard
deviation of 1.0-1.5¢. In samples from core 004, this component typically has a
mean of about 7.5¢ and a standard deviation of about 1.7¢. The fine component of

core 008 samples is both finer and better sorted than that of core 004 samples, with



Figure 4.0. Dissected cumulative grain-size curves, showing component log-normal
populations (straight lines), modelled cumulative curves resulting from mixing the log-
normal populations (curved lines), and the actual data (asterisks). Modelled curves in this
and other figures are defined as form of EPX (u:ta) where P is the relative weight of the
population (1>P>0), 4 is the mean of the log-normal component, and @ is the standard

deviation).

2) 0.20% (3.986:£0.356)+0.42 (5.126:£1.156)+0.38 X (8.009:+ 1.508)
b) 0.25 X (4.299+0.46$)+0.45 X (6.436+2.006)+0.30 X (10.384+1.384)
©) 0.05X (2.9182£0.518)+0.04 X (5.466+0.330)+0.91 X (7.520+1.83¢)
d) 0.03% (2.799+0.496)+0.05 X (5.586:+0.48¢)+0.92 X (7.546:+1.799)
€) 0.28X (3.054-£0.506)+0.14 X (5.566:£0.619)+0.58 X (7.380+1.828)

1) 0.34 X (4.146:£1.008)+0.01 X (4.78:+0.308)-+0.65 X (7.618::1.66¢)
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a mean size of about 8¢ and a standard deviation of about 1.38. The fine
component dominates the samples from core 004, comprising 90% of each sample.
The fine, poorly sorted component only comprises 30-70% of each sample from core

008, and 10-18% of samples in core 002.

A coarse, well sorted population is recognized in Coulter counter samples from
core 004, a sieve-hydrometer sample from cores 002, and all samples from core 006.
In one sample from core 002, this population comprises 7% of the total population
with a mean diameter of 4.7¢ and a standard deviation of 0.45¢. In core 008, grains
of this population comprise 9-30% of each sample, and have a mean diameter of
about 3.84 with a standard deviation of 0.4¢. The coarse, well sorted component of
core 004 rarely exceeds 10% of each sample. Grains of this population have a mean
diameter of about 3.0¢ and a stendard deviation of about 0.6#, making it coarser
and more poorly sorted than the equivalent population in core 008. The sand body
in core 008, which appears to be a sorted sand similar in character to this
population, indicates that this apparent component probably represents a real grain-

size population.

A fine, well sorted population is recognized in samples from core 004 and 002.
Grains of this population comprise <5% of most samples froin core 004, but reach
15%, and have a mean diameter of about 6.0¢ and a standard deviation of 0.5¢. In
core 002, this population comprises 45-75% of the samples, with a mean diameter of
8.5-7¢ and a standard deviation of 0.3¢. This population must comprise at least 3%

of the sample for it to be resolved because of the compression of the probability axis

near a of 50%. coarse or ly fine, well
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sorted populations can be resolved even if they comprise <1% of the sample
because of the expansion of the probability axis at extreme values. At 1470 cm of
core 004, the fine, well sorted population is apparently absent, even though it
appears in four other samples within 8 cm (figure 4.10). In the two neighbouring

sample-;, this component was at the limit of resolution.

A coarse, poorly sorted population is obtained from the samples in core 006,
from one of the Coulter counter samples of core 004, and from the sieve-hydrometer
samples from 004. This population comprises up to 70% of the sample and has a
mean diameter of 4-5¢ and a standard deviation of 1.2-1.5¢ (figure 4.10). This
population is the one most likely to be associated with the dispersed gravel and

pebbles found in all cores. Schiebe et al. (1983) demonstrated that the differences in

the grain size distributi d on the it Particle Size Analyzer and
the Computerized Electrozone System (CES) can be explained by the restricted
range of the CES. The CES and the Coulter Counter function on the same
principle, and have similar range restrictions (Coulter Electronics, 1979; Schiebe et
al., 1083). Thus, grain-size data from a sample analyzed on the Sedigraph can be
mathematically converted to appear as it would had the analysis been run on the
Coulter Counter. A similar method would probably work for the sieve-hydrometer
data. Sieve-hydrometer data from 1410 cm in core 004 indicates the presence of a
coarse, poorly sorted population in addition to one well sorted population, but when
the data is converted to appear as it would on Coulter Counter, a coarse, well
sorted component is observed, along with two fine populations, as in 1484 to 1470
em in the same core (figure 4.10). The Coulter counter’s inability to detect gravel

and coarse sand results in increasing the apparent mean and decreasing the



Figure 4.10. Dissected Coulter counter cumulative curves from core 004 near 1470 cm.
2) 0.03X (2.946:£0.520)+0.05 X (6.179:+0.496)+0.92 X (7.620::1.589)

b) 0.05X (2.75¢::0.556)+0.04 X (5.709:£0.756)+0.91 X (7.30::1.808)

) 0.04 X (2.808:£0.619)40.04 X (6.206:0.308)+0.93 X (7.474:1.756)

d) 0.05X (2.99%:+0.388)+0.05 X (6.48$:£0.408)+0.90 X (7.7704::1.60¢)

€) 0.07X (2.076:£0,580)+0.93X (7.5341.756)
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tandard deviation of coarse p i It is probable that the coarse, well sorted
component in core 004 Coulter counter samples is an artifact of the instrument, and

actually represents a poorly sorted component.

A very fine population is inferred from samples from core 002, as in both
samples, 6-10% of the sample is finer than 108, although very little sediment falls
into the last two or three size intervals. These inferred populations cannot be
accurately defined, although estimated parameters are used to fit a cumulative
curve to the data (figure 4.11). The sieve-hydrometer analyses from 87003 cores
show the influence of a very fine, well sorted population, which, in lithofacies 1, has
a mean of 8.5 to 8¢ and a standard deviation <0.5¢. This population has not been
detected in any of the 86034 samples, even in cores within 2 km of core 004, nor

does it appear in Coulter counter samples from cores 004 and 006.

G < tmolicati of log: 1 curves

The ch istics of the log: I populations are nearly

constant in each core, so that changes in grain size are related primarily to

variations in the relative amounts of each population. If the comp log: |

actual ions each of which have been deposited by a

different mechanism, then the location of points plotted from entire samples on a
CM texture plot (Passega, 1057) would be a function of mixing rather than

More useful infc jon is obtained if the dissected log-

normal populations are plotted (figure 4.12) against the transport-related fields of
Passega (1957). The fine, poorly sorted components of all cores plot near the
pelagic sedimentation field, while the coarse, well sorted components plot in the

coarse end of the turbidite field. The fine, well sorted log-normal components of

!




Figure 4.11. Dissected sieve-hydrometer cumulative curves.

a) 0.04X(2.736:£2.008)+0.02 (4.006£0.018)+0.94 (8.67¢2.138) The apparent very
well sorted population (vertical line) results from a break in the data at 4. Sediment
coarser than 49 is measured using sieves, while that finer than 4 is measured using

hydrometers. Only the two poorly sorted populations represent real populations.

b) 0.03%(3.306£0.66¢)+0.05X (4.95¢+0.354)+0.92X (8.106£1.604) A plot of the
preceding sieve-hydromeler data as it might appear had the analysis been performed on
the Coulter counter. Note that the coarse, poorly-sorted population has been converted
into a coarse, well-sorted population, and that the apparent sorting and the me. grain

size of the fine, poorly-sorted component have been increased.

<) 0.20X (1.746:+1.056)+0.45 X (6.548::0.306)-+0.07 X (4.709:+0.450)+
0.10 X (6.786:1.506)

d) 0.01X (1.426:£0.918)+0.05 X (5.508£0.220)+0.69 X (7.879:£1.569)+
0.25 (9.28¢:+0.286)

€) 0.03X(1.880:£3.120)-+0.00 X (4.850:£0.606)+0.12 X (9.456:£0.200) +
0.76 % (7.986:+1.904)

1) 0.15 X (2.002::0.998)+0.16 X (6.50:£0.908)+0.63 X 7.189:£0.289)
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Figure 4.12. CM texture plots (after Passega, 1957) of dissected log-normal components
and total populations of grain-size samples from a) core 002, b) core 004, and ¢) core 006.
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core 004 samples plot in the fine end of the turbidite field, and the coarse, poorly
sorted log-normal components of cores 004 snd 008, which plot near to the field of
pelagic sedimentation, probably represent ice rafted sediment. The coarse, poorly
sorted components from core 002 plot in the turbidite field, as do the fine and

coarse, well sorted components.

The data from core 004 suggests that 90-99% of sediment from lithofacies 3,
4, and 5 is deposited from rain-out processes, with <10% due to ice rafting or
turbidites (ice rafting generally being of greater importance than terbidites). In
core 008, ice rafting is responsible for 35-80% of the sediment of lithofacies 2 and 3,

with underflows being nearly as important as rain-out from sediment plumes. The

samples from core 002, particularly those from lithofacies 1, indicate that underfl
or storm-wave/tidal current reworking dominate sedimentation, although there is a

strong component of suspension rain-out.

4.4 Sedimentary structures
Pyritized tubes and bioturbation

Bioturbation occurs as thin vermicular tubes black with organic material
(referred to as "black® bioturbation), and as faintly visible tunnels and chambers
filled with light grey or brown soft mud (referred to as “white® bioturbation). Only
one type is usually present at any-one place in the cores, but in between 1100 and
1170 cm in core 004, both types are present. *White® bioturbation is usually found
in lithofacies 1, in the upper part of lithofacies 3, and, rarely, in lithofacies 4.
*Black® bioturbation is abundant in lithofacies 4, the lower part of lithofacies 3,

but is very rare in lithofacies 5.
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Large numbers of vermicular tubes are visible in x-radiographs (figure 4.2b).
Where recoverable, they are found to be flattened tubes of pyrite and clay minerals.
Pyrite forms a microcrystalline aggregate that coats the inner surface of these tubes.
These tubes can be straight or sinuous, branching or non-branching. The presence
of these tubes corresponds to the absence of the black burrows observed on the split
core surface (figure 4.13). Where the black burrows occur, no pyritized tubes are
observed, but nodules of goethite and clay minerals are found, which do not appear
on x-radiographs (figure 4.14). The pyritized tubes and goethite nodules comprise
the authigenic component of the coarse sand and gravel samples from core 004.
Pyrite is known to oxidize to Fe(OH); via a reaction which is strongly pH
dependent when pH > 5.5 (Fenchel and Blackburn, 1979) thus the goethite nodules
are thought to represent pyrite tubes which have subsequently been oxidized. It is
impossible to determine whether the black burrows are enhanced by the oxidation
of pyrite or the organisms which form them were restricted to sediments of high pH.

Pyritized burrows an. burrow fillings are produced by the reaction of iron with

dissolved H;S duced by bacterial ion of organic matter under anaerobic
conditions (Berner, 1970), and are thought to represent periods of increased

meltwater influx (Thomsen and Vorren, 1984).

Distinct all ing bands of bioturbated and unbioturbated muds are

observed to grade into alternating bands of heavily bioturbated and sparsely
bioturbated muds near the base of lithofacies 4 (figure 4.15). The bioturbated

bands are 5-15 em thick and ch ised by black, icular burrows. The

unbioturbated bands are 2-10 cm thick. This banding could be caused by periods of

relatively slow and uniform deposition punctuated by episodes of rapid
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sedimentation, as observed in front of McBride Glacier in Alasks, which caused
sedimentation rates to increase by an order of magnitude (Cowan et al, 1088).
Bands of black mud, which are occasionally burrowed, occur further upcore, but are
restricted to lithofacies 4. These bands probably represent extreme reducing
conditions.

Laminations

Unlike glacil i 1a.cimaris are rarely rhythmicall,

bedded because (i) the density of sea water is often greater than turbid meltwater,

p ing rain-out from

p rather than turbidites, (i) flocculaticn of clay-
sized particles causes them to behave as silt-sized particles, (iii) bioturbation may
destroy sedimentary structures (Edwards, 1978; Domack, 1984). Glacimarine
rhythmic sediments are probably formed close to the ice margin (Domack, 1984). In

brackish waters, clay and silt do not separate thoroughly, and the resulting varves

are described as symmict (Edwards, 1978).

Laminations are observed in x-radiographs from lithofacies 2 in core 008, in
lithofacies 3 in cores 023 and 025, in lithofacies 4 in core 004, and in lithofacies 5 in
cores 004 and 023 (figures 4.2¢, d). The laminations in the Emerald Silt were
chosen for study, and several small grain size samples were chosen from alternating
lamina near the base of core 004. Several Coulter counter analyses were also
performed on samples in the laminated section of core 008, however these samples
were not taken lamina by lamina. The grain size data is presented in the section
above. At the interval 1690-1696 cm in core 004, the laminations are associated
with variations in the relative abundance of the coarse, well sorted component, and

the occurrence of a coarse, poorly sorted component in the coarsest lamination.
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Laminations in core 006 are iated with variations in the abund. of the three

d ined above. Laminations may be the result of changes in iceberg

flux, with coarse laminations resulting from an increased supply of coarse ice rafted
material during periods of increased calving, or of changes in the meltwater flux,
with fine laminations resulting from an increase in meltwater at the ice margin
suspending more sediment in the water column. Such changes may be seasonal or
storm-related.
Gravelly and sandy horizons

Horizons of gravelly and sandy mud 10-20 ¢m thick are found in lithofacies 4
(figure 4.2e). These are apparently ungraded, and matrix supported. As ice rafting
is established as being the mechanism responsible for gravel (chapter 4.3), these
bands either represent iucreased influx of ice, or material dumped by the
overturning of icebergs. As iceberg berm thicknesses are observed to be up to 2 m
thick, these horizons probably do not represent berms. Overturning of icebergs,
however, may result in coarse deposits (Drewry and Cooper, 1981). This material
may form a deposit consisting of a lenticular body of gravel enclosed by muds if if
the water is shallow and the iceberg releases the material sitting on its upper surface

suddenly, by overturning or breaking (Ovenshine, 1970).
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5. Biological Data

5.1 Macrobenthos

On the basis of bivalve molluse, gastropod, and scaphopod shells recovered in
cores from Emerald Basin or identified in core x-radiographs, four macrobenthic
assemblages are defined. Because the number of valves recovered is small, and the
sample sizes are inconsistent, no numerical or statistical methods are used to
determine the significance of each assemblage. Key shells have been identified by

F. E. Cole at Atlantic Geoscil Centre; sub i have been identified

by the author.

i) Assemblage M1 consists of small numbers of fragments, primarily of Yoldia

hyperborea Torrel, and is restricted to lithofacies 5 and the base of lithofacies 4.

There is a gradual transition upcore to overlying ass ge M2,

ii) Assemblage M2 is dominated by articulated Portlandia arctica (Cray)
valves, with minor occurrences of single valves and fragments of Y. hyperboren, is
restricted to lithofacies 4 and the base of lithofacies 3, and is probably equivalent to

the ‘pioncer Portlandia assemblage' of Syvitski et al. (in press).

iii) Assemblage M3, a more diverse assemblage than M2, is dominated by P

arctica with lesser numbers of Macoma calearea (Gmelin), Nucula tonuis (Montagu),

Nucula delphinodonta Mighels and Adams, and Nuculana pernuls (Muller). This
assemblage is generally found in sediments of lithofacies 2 and 3, and is probably

equivalent to the ‘mature Portlandia assemblage’ of Syvitski et al. (in prems).
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iv) A bl M4 is domi d by hopods of the genus

Siphonodentalium Sars, and is generally restricted to lithofacies 1. Also present are
N. tenuis, N. delphinodonta, and Astarte subaequilatera

valves of N. pernula,

(Sowerby).

The lack of well-preserved mollusc shells in the assemblage M1 implies that

for molluses. In

ditions during the deposition of lithofacies 5 were
addition, the presence of worn bivalve shells suggests that there is a component of

reworked marine sediment in lithofacies 5.

The earliest in situ molluscs observed are individual P. arctica specimens of

M2 in lithofacies 4. Spjeld (1978) d. that while P.

arctica and M. calcarea survive in waters of low salinity and temperature, M.

s

calearea is a superior competitor, and tends to domi under opti

while P. arctica dominates when salinities fluctuate and waters are very turbid,

because of the reduced predator load under such conditions. The P. arctica valves
recovered from Emerald Basin are much larger than those recovered from the
present day Beaufort Sea (Wagner, 1977), and are approximately the same size as
fossil valves recovered nmear Oslo Fjord (Spjcidnaes, 1078). Other examples of
molluscs reaching unusual sizes due to a low predation load include the largest
known specimens of Crassostrea virginica (Gmelin) recovered from the shell middens

of the Damariscotta river estuary (Kelley and Kelley, 1986). P. arctica is observed

to colonize sediments within 25 years of glacial retreat (Gilbert, 1082). The
Portlandia assemblage like the 'pioneer Portlandia assemblage’ (Syvitski et al., in

press), probably represents colonization near an ice margin, possibly within decades



93

of glacial retreat, when considerable suspended material from sediment plumes and

ice rafting would be expected.

Assemblage M3 demonstrates higher faunal diversity than assemblage M2.

Small P.arctica valves are better represented. There are occasional colonies located

in the cores; one in core 008, dominated by P. arctica and sampled extensively, and

another in core 004, apparently dominated by P. arctica and N. delphinodonta

(figures 5.1a, b). As the ice margin retreats, the supply of meltwater decreases,
lowering the suspended sediment load, stabilizing salinity, increasing faunal

diversity, and ending the dominance of P. arctica (Syvitski et al., in press).

Syvitski et al. (in press) predict an domi d by filter-feeding

molluses during the last stage of deglaciation of Arctic fjords, while sediment load is
minimized.  Assemblage M4 of Emerald Basin is probably analogous to the
'Ophiurid assemblage' of Syvitski et al. (in press). Scaphopods (figure 5.1¢) live on
the seafloor, partially embedded in mud or sand, and feed on benthic foraminifera
and other similai viganisms, flushing wastes through an apical aperature protruding

above the seafloor (Pojeta, 1087). As the flushing of products is probably most

efficient when the water is low in ded sediment, this blage indicates a

further decrease in sediment meltwater plumes and ice rafted debris.

5.2 Microfoessils

Five cores in Emerald Basin have been studied by previous workers,
Foraminiferal studies have been carried out in cores 008 and 009 (Vilks and Rashid,
1675; 1976), 020 (Mudie, 1880; Scott et al., 1984), 012 (King and Fader, 1986), and

core 004 (Lewis et al., 1988; Miller, pers. comm., 1988). Vilks and Rashid (1076)
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calculated faunal diversity index values using the information function
H(s) = —)::_l p;lnp; (Buzas, 1972). H(s) is the diversity index value, and p, is the
relative amount of the *i*®® species (0 < p; < 1). From the table in Scott et al.
(1984), foraminiferal diversity index values have been calculated. As of this writing,
full identification tables are not available for either of cores 012 or 004.

Palynological work has been carried out in cores 008 (Mudie, 1980), and on 020

(Mudie, 1980; Scott et al., 1984).

5.2.1 Benthic foraminifera
On the basis of samples from the composite of cores -008 and -009, and cores

87-003-004 and 77-002-020, three benthic foraminiferal assemblages are recognized.

(i) Assemblage F1 is moderately diverse, and consists of E. excavatum, C.
reniforme, with minor [. helenae. Faunal diversity index values are 0.9 to 1.5 (Vilks

and Rashid, 1078).

(ii) Assemblage F2 is characterized by low faunal diversity index values (~
0.1) with E. excavatum comprising R0-096 of benthonic foraminiferal tests {Vilks

and Rashid, 1976; Lewis et al., 1988).

(iii) Assemblage F3 is characterised by high faunai diversity values (10 to 30),
and is represented by peak values in Cassidulena laevigata, Bolovina subacnaniensis,

Bulumina aculeata, and Bulumins marginata.  Faunal diversity index values

increase upward (Vilks and Rashid. 1876), and the number of benthic species

inereases from 15 to 45 (Lewis ot al , 1084)
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The C. reniforme and E. excavatum assemblage (F1) is commonly observed in
sediments from the Labrador Shelf to the Gulf of Maine, and is characteristic of
glacimarine sediments in northern Europe (Scott et al., 1984). This fauna represents
a "warm® ice margin—one where the ice margin is melting (Scott and Medioli,
1080). No modern analogue for this assemblage is known (Scott et al., 1984). This
assemblage is noted at the base of cores 004, and 009, as well as at a depth of about
5 m in core 004, where it is thought to indicate an influx of Laurentide meltwater
discharged through the St. Lawrence Valley (Lewis et al, 1988). It can be

correlated roughly to mollusc assemblage M1 (figure 5.2).

The E. excavatum assemblage (F2) is observed in all of the cores from
Emerald Basin. It is also observed in cores from Country Harbour moraine and the
Gulf of Maine (King and Fader, 1988), and the Labrador Shelf (Josenhans et al.,

1986). This bl estuarine diti with salinities probably

lower than 25 per mil (Vilks and Rashid, 1976). Schnitker (1978) suggests that such
a fauna may be indicative of turbid waters, where sediment rates would be high and
salinities would fluctuate. The exclusion of other foraminiferal species in
assemblage F2 may be a function of fluctuating salinity as opposed to low salinity.
Assemblage F2 corresponds roughly to mollusc assemblage M2 and the lower part of

assemblage M3 in core 004 (figure 5.2), both of which contain P. arctica valves in

large number.

Increasing species diversity in assemblage F3 represents a change from

tuaril ditions with fl ing salinities toward a normal marine environment

(Vilks and Rashid, 1976). The peak ia E. excavatum tests noted in core 020 is



Figure 5.2, Correlations between lithofacies, and faunal assemblages
The poliea assemblage boundaries do not correlate with the

foraminiferal assemblage boundaries between cores 020 and 00X,
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probably due to reworking of sediments rich in this species (Scott et al., 1984).
Modern sediments in the southern half of Emerald Basin, as well as in the seaward
approaches to the Basin are rich in E. excavatum tests; however their worn
appearance and the complete lack of living specimens indicates that they are
reworked (Williamson et al., 1984). This assemblage roughly correlates with

macrobenthic assemblage M4 (figure 5.2).

5.2.2 Dinoflagellates

On the basis of dinoflagellates from cores 020 and 008, Mudie (1980)

d three dinocyst 1 (i) blage D1 is defined by low dinocyst
concentrations, low diversity, the absence of cysts common in modern sediments,
and the presence of freshwater taxa. (i) Assemblage D2 is defined by a large
increase in the number of cysts, including Peridinium species, an increase in O.
centrocarpum, and the presence of Spiniferites species (iii) Assemblage D3 is defined
by large numbers of Quaternary dinoflagellates, and dominated by Peridinium
conicoides with decreased numbers of Operculodinium centrocarpum and minor

amounts of Spiniferites species.

Dinocyst assemblage D1 is similar to that found in turbid water basins of
upper Bay of Fundy. The presence of freshwater taxa indicates low salinities or a

supply of freshwater into Emerald Basin (Mudie, 1980). This assemblage can be

to iniferal blage F2 and mollusc assemblage M2 (figure 5.2).

A bl D2 r water similar to those of today
(Mudie, 1980). The number of cysts in assemblage D2 declines downward in core

020 (Mudie, 1980), corresponding to the increasing importance of E. excavatum.
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Assemblage D2 corresponds with the lower part of foraminiferal assemblage F3 and

mollusc assemblage M3 (figure 5.2).

Assemblage D3 is similar to present-day surficial assemblages, but also
includes continental slope fauna (Mudie, 1980). This assemblage is correlatable to

foraminiferal assemblage F3 and molluse assemblage M4 (figure 5.2).

6.2.3 Pollen and spores
On the basis of pollen samples from cores 020 and 008, Mudie (1080) defined

four pollen assemblages: (i) zone G, defined by the presence of Arctic herb pollen

taxa, (ii) zone L, a spruce-birch-shrub tundra blage, (iii) zone A, a spruce-pine-
fir pollen bl with d d rep jon of shrub tundra pollen, (iv)
zone C, a spruce-hemlock-oak-birch blage, including temp decid tree
pollen taxa, indicating a mixed decid boreal forest

Pollen and spore zone C represents conditions similar to the present day, zone
A represents the post-glacial to early Holocene interval, and pollen zones L and G
represent late-glacial palynofacies (Mudie, 1980). The presence of herb pollen taxa
in pollen and spore zone G, which are not adapted for long-distance transport,
implies that even during glaciation, there remained ice-free refuges near Emerald

Basin (Mudie, 1980).

Correlation of the pollen bl to the fc iniferal bl: of cores

008 and 020 is not as i ward as the lation of the dinoflagellate and

foraminiferal assemblages (figure 5.2). The polien stratigraphy for core 008 appears

to be consistent with the implied envi of the di and
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assemblages of the same core, with glacial vegetation corresponding to turbid waters
of low salinity, whereas in core 020, pollen zones L and G correspond with warmer
water dinoflagellates, and less turbid water foraminifera. As the two core sites are
so close together, the pollen zones would be expected to be time-synchronous,

indicating that the ini and di | bl are time-

transgressive (Mudie, 1980). However, it is unreasonable for the surface water

ditions to have been ti gressive over the distance between the two cores,

and there appears to be some i i in the di and pollen

stratigraphies of cores 008 and 020.
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8. Chronology and core correlation

6.1 Correlation of cores to seismic records

Positioning the core within the acoustic igraph done by

changes in p or of the core to reflection

events. All cores are positioned in the acoustic stratigraphy assuming a constant
velocity of 1470 m/s, which is typical of velocities measured in cores from 87-003

(Mayer, pers. comm.) (figure 8.1).

6.2 Radiocarbon dates

A total of 23 radiocarbon dates are available from Emerald Basin, of which 13
are accelerator mass-spectrometer (AMS) dates from shell material (table 6.1), and
10 are obtained from total organic matter (TOM) (table 8.2). All dates are less than
20 ka, with the exception of two of the TOM dates from core 012 (King and Fader,
1988). Contamination by reworked organic material increases the radiocarbon
derived age of organic matter (Nambudiri et al., 1880; Fillon et al., 1081). Although

have been d to correct for ination (Nambudiri et al

1080), TOM dates must be interpreted with caution.

All AMS shell dates from Gipp and Piper (1089) were taken from fresh-looking
valves which were either articulated, or for which matching valves could be found.
As the valves of these shells tend to separate easily, it is unlikely that they have

been transported.
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Table 6.1: Shell AMS Radiocarbon dates

Core Interval Depositional Lab number Age (y BP)
(cm) sequence
001 221-223 5 T0-93 11“0:1201
001 608 3 To-91 14050+140!
001 869-662 3 T0-90 14130+ 90!
001 868-870 3 T0-89 144402+160"
001 874-876 3 T0-88 14360+170"
002 764 3 Beta 22229 1443043002
002 1190 3 Beta 22235 1487042802
002 1380 2 Beta 22231 1600043202
008 922 2 Beta 22236 1606043102
023 60 3 Beta 20737 1496022402
023 339 2 Beta 20735 16690+3102
025 292 4 Beta 20736 137402202
025 681 1 Beta 20738 1738023002

Table 6.1. Shell AMS radiocarbon dates from Emerald Basin cores.
Ip, Scott, pers. comm., 1980

2 Gipp and Piper (1989)
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6.2: TOM radiocarbon dates

Core Interval Depositional Lab number Age (y BP)
(cm) sequence
008 160-192 5 * 7180#120%
008 350-392 5 * 77304150%
008 1050-1092 2 * 16290+280*
012 30-60 4 6X-8547 20750+12002
-1050
012 190-220 3 GX-8548 17715+8002
-600
012 425-455 2 asc-3261 36000216002
012 570-600 2 asc-3244 27300# 6002
020 200-225 5 RL-1110 1010043002
020 400-425 5 RL-1111 116004300
020 675-695 5 RL-1112 1210023602

Table 6.2. TOM radiocarbon dates from Emerald Basin.
*radiocarbon dating provided by Teledyne Isotopes
! Vilks and Rashid (1976)

? King and Fader (1986)

3 Mudie (1980)
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6.3 Dating the acoustic stratigraphy
In defining depositional sequences, it is usually assumed that if the

is ti ive, the difference in age along the

reflection is small compared to the length of the depositional hiatus represented by

the reflection. Radiocarbon dates, as ized in table 8.3, provide dates for the

acoustic stratigraphy.

On the basis of the first occurrence of European pollen at a depth of 20 cm in
the trigger weight core of core 020 (Mudie, 1980) and the estimated age of the base
of ds. 5 (table 6.3), a sedimentation rate of 1m/ka is estimated for d.s. 5. The
sedimentation rate cannot be calculated for d.s 4 as there is only one date in this
sequence. On the basis of (i) two dates from core 002, 4.4 m apart and differing by
440 years and (i) four dates from core 001, a sedimentation rate of 10m/ka is
estimated for d.s. 3. On the basis of the estimated ages of depositional sequence
boundaries and the observed thicknesses, a sedimentation rate of 5-15m/ka is

inferred for d.s. 2, 2-10m/ka for d.s. 1, and >20m/ka for d.s. 0.
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Table 6.3: Chronology of the acoustic stratigraphy

Depositional Age range of bounding reflections (ka)

Sequence Lower boundary Upper boundary
13 13 0-12
4 14 13
3 14.4-16 14-14.2
2 17 14.8-16
£ 17.4 17
0 17.6 17.4

Table 6.3. Age of depositional sequence boundaries as determined from AMS
radiocarbon dates.



7. Seismic Features

Small-scale seismic features are found restricted to specific areas or to specific
Gepositional sequences. Erosion fealures are recognized at three stratigraphic levels:
at the seafloor, within depositional sequences 4 and 5, and within depositional
sequences 1 and 2. Depositional features are observed at two levels: at the base of

depositional 0, and within d itional 0,1, and 2.

7.1 Erosion features at the seafloor

Seafloor depressions varying from 15 to 400 m in diameter and 1 to 20 m in
depth are identified from seismic records obtained in Emerald Basin (figure 7.1).
These features, referred to as pockmarks, appear on sidescan sonograms as sharply
defined cone shaped depressions without raised edges, often elliptical, with irregular
perimeters (King and MacLean, 1970; Josenhans et al., 1978; Hovland et al., 1984).
Their size and distribution are primarily controlled by the sediment type in which
they occur (Josenhans et sl, 1078). For instance, in Emerald Silt, pockmarks
average 55 m in diameter and 4 m in depth, with a maximum depth of about 8 m,
whereas those in LaHave Clay are 150 m in diameter and 10 m deep (Josenhans et
al,, 1078). They are interpreted as the escape structures of gas leaking upwards

from derlying hyd b ing bedrock, slowly growing by the

accumulation of large numbers of "unit pockmarks® (Hovland et al, 1984).
Because gas can escape around coarse grains without disturbing the sediment,

pockmarks are generally not recorded in coarse sediment (Josenhans et al., 1978).

The distribution of pockmarks in Emerald Basin is found to be independent of

water depth (figure 7.2). As no systematic variation in pockmark occurrence with
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Figure 7.1, Interpreted NSRFC V-fin sparker profile near the eastern flank of Emerald

Basin, illustrating surficial pockmarks. Record appears by permussion of NSRFC"
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Figure 7.2. Map showing the distribution of sutficial pockmarks, as observed on acoustic

profiles, plotted on a map of the preseat-day bathymetry. Contoursin m bs.l.
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seismic line ori ion is observed, the pockmarks are not distrib slong lines of
preference.
7.2 Erosion fe ind itional 4 and 5

Subsurface erosion features 1-2 m deep and up to 40 m wide, restricted to d.s.
4 and 5, are observed in high resolution 2coustic profiles from Emerald Basin (figure
7.3). Apart from their small size range, they are morphologically similar to surficial

pockmarks, and are interpreted as buried relict pockmarks (Josenhans et al., 1978).

Buried pockmarks appear to be restricted to water depths greater than 220 m,

probably due to the restricted of dep qt 4 and 5 rather

than some depth control mechanism (figure 7.4). Because the number of these
features encountered per unit distance (referred to as ®linear density® herealter)
does not systematically vary with seismic line orientation, it is concluded that they
are not preferentially oriented linear features. The distribution of the features has
the form of a collection of either randomly distributed point features, or randomly

oriented linear features.

There are very few possible mechanisms that will form linear features with
apparently random orientation. Ice scour direction is \controlled by bathymetry
(Todd et al., in press). No evidence of faulting has been observed in the Quaternary
sediments of Emerald Basin, so the features would not be expected to lie along
faults. The feeding scours of grey whales that have been detected on the Alaskan
Shelf are only up to 2 metres wide and a few em deep (Nelson et al., 1987), which

are much smaller than the observed features in Emerald Basin.
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Figure 7.3. Interpreted Huntec DTS profile showing a buried pockmark at the base of
depositional sequence 5.
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Figure 7.4. Map showing the distribution of buried pockmarks, as observed on acoustic

profiles, plotted on a map of the present-day bathymetry of Emerald Basin. Contours in
m bsl.



114

The fact that buried pockmarks are smaller in size than those at the surface,

and that they grew through the gradual jon of *unit k ks®, it
follows that they formed in a shorter time than those at the surface. Paleosurfaces
containing buried pockmarks may represent a depositional hiatus during which
many such features accumulated (Hovland et al., 1984) or a paleoseismic event. But
if pockmarks grow steadily during sedimentation, then periodic increases in
sedimentation rate might 1ill them in unless their supply of gas is sufficient to
prevent it. They would possibly erode slowly downwards into older sediment, so
that the deepest reflection event cut by a pockmark represents its maximum
possible age. The large surficial pockmarks, then, have been accumulating over 14
ka. If this model is correct, then the buried pockmarked horizons may represent
increased influx of sediment rather than depositional hiatuses, and can only occur

when the sedimentation rate is sufficiently low to allow pockmarks to grow. In

rates in

support of this interp jon, inferred
4 and 5, the pockmarked sequences, are 5-10 times lower than those in depositional

sequence 3, in which there are no buried pockmarks (figure 7.5).

7.3 Buried ind itional 1and 2

Buried erosion features which cut into underlying reflections are observed
between the base of depositional sequence 1 and the upper half of depositional
sequence 2 (figure 7.6). They are typically 2 to 5 metres deep (crest to trough), and
30 to 120 metres wide. Although the characteristics of these features appear to be
generally similar to those of the surficial pockmarks, there are important

differences:
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Figure 7.5. Generalized figure comparing sedimentation rates to the occurrence of buried
pockmatks. Buried pockmarks are observed at the base of depositional sequence 4, at the

base of depositional sequence 5, within depositional sequence 5, and at the seafloor.
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Figure 7.6 Interpreted NSRFC V-fin sparker profile aear the eastern flaok of Emerald
Basin, showing features interpreted as buried iceberg scours. Note the presence of berms
on cither side of the scours, and the lack of noticeable indentation at the presentday
seafloor.
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(i) Some of these erosion features exhibit raised edges and asymmetrical

deposits at their peripheries, which are not observed in pockmarks (figure 7.6).

(ii) The plot of buried features and paleobathymetry shows that the erosion
features are restricted to the basin flanks and are absent in the basin deeps (figure

7.7). There is no depth limitation for surficial pockmarks (figure 7.2).

(iii) On the eastern and southwestern flanks of the basin, the frequency of
buried erosion features detected in north-south running seismic lines is greater than
that in zast-west running seismic lines (figure 7.8). This implies that they are
orien‘ed linear features, trending E-W, because the frequency of detection of
oricnted linear features increases with increasing angle to the transverse line.
Pockmarks, however, are point erosional features. Elongation of pockmarks has
been observed by Josenhans et al. (1978), but for point features to have an apparent
linear distribution, they would have to occur along nearly parallel lines. Such a

distribution has not been observed in Emerald Basin.

iv) X-radiographs of cores 021, 023, 025, 004, and 008 indicate the presence of

d gravel in d itional 0, 1, and 2. Pockmarks are observed

in fine-grained sediment, and are absent in gravelly muds (Josenhans et al., 1978).

The differences outlined above suggest that the erosion features of depositional
sequences 1 and 2 are linear scours exhibiting depth iimitations and a preferred
orientation. The available seismic lines crossing the linear scours allow the direction
of the preferred scour orientation to be calculated. Figure 7.9 illustrates a

deterministic solution for the average orientation of a linear scour population. For
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Figw Paleobathymetric map of the top of depositional sequence 1 showing the

distribution of buried scours, as observed on acoustic profiles from Emerald Basin. Scours
are concentrated in the southern end, along the eastern flank, and within the eastern
channel. Contours in ms twt below 3 datum plase 110 m bl
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Figure 7.8. Enlargement of figure 7.7 on the eastern flank near the eastern chanoel
Seours near the channel are concentrated on seismic lines runding approximately N-5, aad
are less common on lines running E-W
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Figure 7.9. Explanation of terms used in calculation of scour orientations from seismic
data. Both population 1 and population 2 will cause the same pattern of scours on
seismic lines AA' and BB', resulting in two possible solutions, oriented from line AA’ by
angles «, and a,. For a pattern of scours on two intersecting seismic lines, there are two

possible solutions, which together are referred to as a solution-pair.
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any combination of linear densities measured on two intersecting seismic lines, two
scour populations are possible~hence two solutions arise from each seismic
intersection. The two solutions from a single seismic intersection will be referred to
as a solution-psir. Linear densities are determined by calculating the average
number of scours that are detected per line kilometre. For each solution of a
solution-pair, an average direction and a corresponding optimum scour density are
calculated. The optimum scour density is related to the average scour length per
unit area. To use the following equations, one of the seismic lines is arbitrarily
dubbed BB, and the other, AA’. The scour orientations relative to seismic line AA’
(figure 7.9) and the optimum scour densities for each solution-pair are determined in

the equations below.

_y_sin¢
a=taml——  (11)
p+cose
(7.2)

—tan ! _s_i.lli._ (7.3)
2= p—cosd g
oy (7.4)
where:

oy is the linear density on line BB'

IR is the linear density on line AA'
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# is the acute angle between BB’ and AA’

a, is the angle between line AA’ and the orientation of the first solution (in

the direction of the obtuse angle)
»y is the optimum scour density of the first solution

ay is the angle between line AA' and the orientation of the second solution (in

the direction of the acute angle)
23 is the optimum scour density of the second solution

The solution-pairs generated at each of sixteen intersection points in scoured
areas are calculated in table 7.1 and are plotted on a paleobathymetric map of
Emerald Basin (figure 7.10). Three solution-pairs on the eastern flank of the basin
(in figure 7.10) are expanded in figure 7.11, to illustrate how several solution-pairs

in close proximity permit the significant solution to be determined.

Two of the three solution-pairs drawn in the south-western end of the basin
(in figure 7.10) were not derived from the intersection of two lines, but rather from
the two lines leading away from a turning point in the ship track. The linear
densities were calculated over a length of 1.5 km of seismic lines, not 3 km as is the
other data. The significant solutions of these solution-pairs are oriented ENE to

Wsw.

Nine solution-pairs are generated on the eastern flank of the basin. In seven

of these, the two solutions of each solution-pair are nearly paralle! to E-W trending
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Table 7.1: Seismic ions and solution-pai

Cruise time/day/yr Cruise time/day/yr Acute Angle Solution-pairs
BB’ AA’

#(degrees) ay a,
K 76 0120/103/76 x 79-011 0716/168/79 67 33 19
86-034 0940/315/86 x 79-011 0710/168/79 68 44 28
K *76 0110/103/76 x 86-034 0945/315/86 56 28 17
79-011 0528/168/79 x 5-24  1612/239/78 76 34 27
79-011 0516/168/79 x §-24  2156/238/78 80 387 31
K *76 0857/103/76 x 79-011 0436/168/79 76 10 9
79-011 0410/168/79 x 5-24  2103/238/78 86 1 3
Br '73 1712/040/73 x §-24  2047/238/78 87 9 9
74-M18 2250/093/74 x §-24  2047/238/78 78 16 13
Br '73 1745/040/73 x 79-011 1739/168/79 86 24 23
77-006 0620/106/77 x 79-011 1747/168/79 87 14 14
Q-68 1740/041/78 x 79-011 1819/168/79 69 41 23
K ’76 0951/109/76 x 86-034 0519/316/88 62 41 24
K *76 0833/103/76 x S-24  2110/238/78 83 8 8
86-034 0408/317/86 x 79-011 2218/158/79 68 37 26
86-034 0332/317/86 x 86-034 0330/317/86° 76 42 32
79-011 2359/158/79 x 79-011 0001/169/79* 46 26 14

Table 7.1. Seismic cruise intersection points, intersection angles, and o angles for
solution-pairs generated in Emerald Basin. Huntec data was collected on cruises Q-68
(CFAV Quest), S-24 (CNAV Sackville), 77-005 (CSS Hudson), 79-011 (CSS Hudson), and
86-034 (CSS Hudson). NSRFC data was collected on cruises Br '73 (M/V Brandal), 74-
M18 (CNAV Sackville), and K '75 (CNAV Kapuskasing).

= Solution-pair calculated at course change rather than intersection.
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Figure 7.10. Solution-pairs from table 7.1 plotted on a paleobathymetric map of the top

of depositional sequence 1. Contours in ms twt below a datum plane at 10 m b.s.l.
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Figure 7.11. A demonstration of how the significant solutions of three closely-spaced
solution-pairs can be determi <. The actual scour orientations must be parallei to one of
Ay or Ay, one of B, or By, and one of P, and P,. Only a population of scours oriented

N5 can satisfy the requirements of all three solution-pairs.
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seismic lines. The significant solutions of each of these seven solution-pairs is WSW

to ENE.

Mapping the significant solutions against paleobathymetry demonstrates that
the features are generally oriented parallel to paleobathymetric contours (figure
7.12). Exceptions occur near the mouth of the channel on the eastern flank, and at

the southwest flank of the basin (figure 7.12).

Optimum scour densities for the significant solutions show a strong negative

correlation with depth (figure 7.13), as was qualitatively demonstrated in figure 7.7.

An T test, which is a statistical test to d ine the signifi of the relationship
between two variables, indicates a 99.9% chance of a significant relationship

between depth and scour density.

Meltwater and turbidite channels would be expected to be oriented normal to
bathymetric contours, thus eliminating them from consideration as a potential

source of the linear scours. Scours oriented parallel to bathymetric contours are

infl d 1 q

rather than gravity-i The upper boundary

probably t
of d.s. 1 is marked by "moats® around some topographical highs (chapter 3.2) and
depositional sequence 2 shows evidence of currents (chapter 3.3), implying that
currents are strongest during depositional sequence 2. Because there was no
simultaneous increase in the size or number of scours at this time, they probably do
not form by the direct action of currents. Ice scouring mechanisms are the most
probable cause of these features. Fast ice and multi-year ice scour to a maximum of

47 m below sea level (Hibler et al., 1972; Lewis, 1977). The paleobathymetric range
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Figure 7.12. Significant solutions of scour orientations plotted on a paleobathymetric
map of the top of depositional sequence 1. Where significant solutions could not be
determined, the origit.il solution-pairs from table 7.1 are plotted. Contours in ms twt

below a datum plane at 110 m bl



128

“psq w o171 aueid wnyEp € wosj |

a0manbas eaonsodap Jo doj 9y o} qidap "sA A11suap anods wnwido Jo J0ld “g1°L NBLY

owy jeres ABM-OM) Sw U] suBId WNIEP YIRELEq Y)JBPOGIE]

08 06 001 on oz
T T T T y 0
i
c
5
: £
¢
L] 2
.
, g
I
S 5
3
2z
e
<4 6




120

of scours is in excess of 130 ms twt (100 m). Thus, fast-ice and multi-year ice are
insufficient by themselves to cause all of the scours observed. The paleobathymetric
range is too great for the scours to have been caused by a floating ice shelf, as the
undersurface of such a shelf becomes smooth rapidly (Paterson, 1981), whereas the
paleobathymetric range of scours observed at the top of d.s. 0, at the top of d.s. 1,
and within d.s. 2 and 3 is large. Icebergs and ice islands are the most probable
mechanism, although some of the scouring may have been due to multi-year ice.
King (1976) demonstrates that iceberg scours may be detected on high-resolution
seismic records even after burial. Todd et al. (in press) note that icebergs do not

show preferential orientation except in the presence of strong translatory currents.

Frequencies of iceberg impact decrease exponentially with depth (Barrie,
1980). The paleobathymetric range of the data plotted in figure 7.13 is insufficient
to determine whether the relationship between scour depth and scour density is
exponential or linear, although there is clearly a decline in scouring with incressing
water depth. The optimum scour density decreases by a factor of about three over
a paleobathymetric range of 30 m, implying a decrease in the average scour length
per unit area. Modern scour densities on Saglek Bank are observed to decrease by a

factor of three over a bathymetric range of 30 m (King and Gillespie, 1986).

Iceberg and ice island movements are controlled by currents, winds, seafloor
morphology, storms, wind and water drag forces, and the Coriolis force (Barrie,
1980; Sodhi and El-Tahan, 1980; Drewry and Cooper, 1981; Woodworth-Lynas et
al,, 1085). Currents and seafloor morphology are dominant (Todd et al., in press),

whereas the other forces cause only small-scale changes in iceberg motions (van der
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Linden, et al., 1976). Because the movement of scouring icebergs is similar to that
of free-floating icebergs (Woodworth-Lynas et al., 1985), scours reflect paleocurrent
directions (Todd et al., in press). The number of impact marks on the west side of
a sill across the eastern channel is larger than that observed on the east side of the
sill (figure 7.14) implying a paleocurrent flow direction from west to east. This
inferred flow direction suggests that icebergs exited the basin via the east channel,
drifting through Western Gully to the sea. Although no orientations could be
determined for the scours in the southern end of the basin, their numbers imply that
there was a conduit for icebergs through the saddle west of Emerald Bank. The
intercalation between Emerald Silt and the till in the southern end of the basin
(chapter 3.3) implies the presence of a ridge of grounded ice. The presence of
iceberg scours on both sides of the ridge further implies that ice was calving on two
fronts. The orientations of the scours west of the ridge indicate drift along a
southwest-northeast track, thus icebergs were probably calved off the ice margin
and drifted to the southwest, before turning to the south and exiting the basin
through the saddle west of Emerald Bank. The icebergs east of the ridge calved off
the ice margin, drifted along the southeast flank to the northeast, some drifting out
the east channel to the sea, the rest drifting northward along the eastern flank

(figure 7.15).

7.4 "Lift-off* moraines

*Lift-off* moraines are described as subparallel ridges of till that have
complex relationships with overlying (Emerald Silt) reflections, which terminate
against their edges (King and Fader, 1988). “Lift-off* moraines have been

interpreted to be synchronous with the Emerald Silt. (King and Fader, 1986).
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Figure 7.0 NSRFC Vefin sparker profile from the eastern chanuel showing
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Figure 7.15. Inferred iceberg movement directions from profiles plotted on a
paleobathymetric map of the top of depositional sequence 1. Contours inms twt below a

datum plane at 110 m bsl.
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*Lift-off* moraines in Emerald Basin are usually less than 3 m high and 80 m wide,
and usually occur in fields (figure 7.16). The average spacing between them ranges
from 100 m to 400 m. The upper boundary of ds. O is the upper limit of most of
the moraines, and the internal reflections of d.s. 0 terminate against the edges of the
'lift-off* moraines (figure 7.16). Their distribution does not appear to be depth-
controlled (figure 7.17). King and Fader (1986) proposed that "lift-off* moraines
form when a grounded marine ice sheet becomes buoyant, depositing till where the
ice remains in contact with the seafloor, and depositing stratified material beneath
the floating ice. In the NSRFC record (figure 7.18), the reflections of d.s. 0 overlie
the ®lift-off* moraines. Emerald Silt was not, therefore, deposited simultaneously
with the *lift-off* moraines, as King and Fader (1986) have suggested. The *lift-
off* moraines also appear to be only about 25 m wide as opposed to 50-80 m wide
as they do on Huntec records (figure 7.18). The terminating reflections shown in
figure 7.1 are probably a result of high ship speed (>14 km/hr), the large distance
between the fish and the seafloor (> 150 m), and the large vertical exaggeration of
the figure (>30 X). NSRFC data is typically collected at low speed (<6 km/hr),
with a small distance between the towed fish and the seafloor (<50 m), and with a

low vertical exaggeration (8 X).

The attenuation of the reflection events over the *lift-off* moraines (figures
718 and 7.18) may indicate that their slopes are greater than they appear.
Subbottom features with very steep slopes may not be recorded accurately on high

resolution seismic records (Van Overeem, 1978). A sharp peak usually generates a

hyperbolic reflection. The abundance of back ed energy from reflections from

Scotian Shelf Drift (Maclsaac and Dunsiger, 1877) would generate incoherent
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Figure 7.16. Interpreted Huntec DTS profile from the eastern flank,

Emerald Basin,

showing internal reflections of depositional sequence 0 terminating against the fanks of

*lift-off* moraines.
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Figure 7.17, Distribution of *lift-off* moraines plotted on a paleobathymetric map of the

top of depositional sequence 1. Contours in ms twt below a datum plane at 110 m bs.l.
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Figure 7.18. Interpreted NSRFC V-

showing that the internal reflections of depositional sequence 0 are draped over top of

in sparker profile over the same area as figure 7.16,

*lift-of f* moraines.
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reflection events beneath such a hyperbolic reflection, resulting in what would
appear to be s broad *moraine® (figure 7.19). The apparent form of such a
*moraine® would be s function of the height of the feature and the distance
between it and the seismic source/receiver (figure 7.19). The height and width of
the apparent feature can be used to determine the apparent height of the towed fish
above the feature.

2
.
1w
Ap=—— (1)
app

where Ap is the apparent height of the fish above the moraine
Y and h‘w are the apparent width and height of the moraine

Approximately 50% of the features sampled generated apparent fish heights
(Ap) less than or equal to the actual fish height (Ac) (figure 7.20), indicating that
the morphology of 50% of the sample depends on the height of the towed fish.
Such a result indicates that most of the features are not recorded accurately. Only
35% of the features sampled plot far enough away from the (Ap=Ac line on figure
7.20) to be considered accurately recorded. These data suggest that while the slopes
of some *lift-off* moraines are 1-3°, the slopes of others are >10°. To accurately
record the shapes of the steeply sloping moraines, the fish must be towed closer to

the seafloor.

King and Fader's(1088) interpretation of *lift-off* moraines were based on
Huntec data which showed Emerald Silt rreflections terminating against the flanks

of *lift-off* moraines, and in which the apparent width was probably exaggerated.
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Figure 7.19. Cartoon showing the effects of seabed-receiver distance on the apparent
morphology of small til ridges. While the hy perbolic reflections of point reflectors are
exsily recognizable, hyperbolic reflections caused by narrow till ridges may not be so
casily recognized, because energy is returned not only from the erest of the ridge, but is
also scattered from the side of the ridge, generating incoherent reflection events which
apparently *fill* the area beneath the byperbolic reflection. The hyperbolic reflection
intersects the till surface whea the height of the seismic source above the till surface
equals the separation between the sowce and the crest of the ridge so that

2
Wl 2=V, Apth, %
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Figure 7.20. Apparent fish beight (calculated from morphology of *lift-off* moraines)
plotted against known fish height. Where apparent fish height equals real fish height
(along the diagonal line), the morphology of the "lifl-off* moraine is hyperbolic. Most of
the points plot near the diagonal line, implying that the morphology of most *lift-off*
moraines may not be accurately recorded. In general, as the height of the fish above the
seafloor increased, so did the apparent width of *lift-off* moraines of a given height.
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NSRFC data, which suggest that *lift-off* moraines may have steeply dipping
flanks and were formed entirely before deposition of Emerald Silt, imply a different
origin. The inferred morphology of a typical *lift-off* moraine (up to 3 m in
height, apparently <20 m in width) is similar to that of deGeer moraines i~ central
Finland, reported by Zilliacus (1987), and of moraines which form transverse to ice-
flow directions (Prest, 1988). Because they are subparallel linear ridges (King and
Fader, 1986; King et al., 1987), their average orientation, and thus ice-flow
directions may be estimated using the method described in chapter 7.3. On the
basis of the significant solutions, the basin is divided into four areas: the western
area, where orientations are N-S, (ii) the northern area, where orientations are NW-
SE, (iii) the southern area, where orientations are E-W, and (iv) the central area,
where significant solutions were not determined (figure 7.21). There is a single
solution-pair in the eastern channel, oriented differently from the sofution-pairs in
the basin, which probably represents features similar to cross-valley moraines
(Andrews and Simpson, 1966). If the orientation of the *lift-off* moraines is normal
to ice flow directions, then the data imply at least two lobes of ice flowed into
Emerald Basin, one from the north end of the basin, flowing down the centre of the

basin, and one from Sambro Bank, probably flowing through LaHave Basin.

7.5 Till Tongues

Till tongues are described as wedge-shaped bodies of till, which are
acoustically continuous with constructional mounds of basal till, with the thin edge
interbedded with Emerald Silt (King and Fader, 1988). They were, therefore,
formed simultaneously with the iill mounds. Emerald Silt reflections diverge upon

encountering the thin edge, or ®feather edge®, of the till tongue. Reflections
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Figure 7.21.  Significant solutions for the orientation of *lift-off* moraines on a
paleobathymetric map of the top of depositional sequence 0 (contours in ms twt below a
datum plane 110 m bs.l). On the basis of oricntation, the basin is divided into four
areas: (i) the northern area, where moraines are oriented approximately E-W, (i) the
western arca, where they are otiented N-S, (i) the southern area, where they are riented
roughly E-W, and the central area, where the significant solutions could not be

determined.



142

seismostratigraphically higher than the till longue feather edge continue over top of
the feature, while those reflections lower than the feather edge of the till tongue
continue underneath (King and Fader, 1986). Some reflections gently onlap onto
the till tongue’s upper surface, implying that the feature is deposited simultaneously
with Emerald Silt, though at a much higher rate (King and Fader, 1986). King et
al. (1987) describe such features as linear buoyancy line moraines and include them

as a subclass of till tongues. The basal layer of till in the Norwegian Sea is

idered to be an aggl ion of stacked till tongues (King et al., 1987). In
longitudinal section, a till tongue appears as a characteristic wedge-shaped outline,
progressively thinning from root to feather edge (figure 7.22), while in transverse
section, it appears as a series of lenticular bodies with no apparent internal

structure, pinching out along the same reflector (figure 7.23).

Each till tongue in Emerald Basin is designated a number from 2 to 6, in
order of occurrence, as in King and Fader (1986) and King et al. (1987). A till
tongue number refers to the seismostratigraphic level at which the till tongue

occurs. Till tongue 2, therefore, refers to all till tongues occurring at the same

level irrespective of whether it is a single till tongue of regional

extent, or a series of small till tongues.

The interfingering relationship between till tongues and Emerald Silt implies
that they accrete gradually rather than forming instantaneously. X-radiographs
from core 87003-008 show bands of alternating silt and clay within about 1 in of the

inferred horizon corresponding to the feather edge of a till tongue.
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Figure 7.22. Interpreted Huntee DTS prohle from the northern end of Emerald Basin,
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depicting a transverse section of the same till tongue as in figure 7.22
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On the basis of geometrical relationships between till tongues and

constructional ridges of till, King and Fader (1988) proposed that till tongues are

deposited at the fl ing buoy line of a floating ice shelf. Unstratified
diamict is deposited where the ice remains in contact with the seafloor, while

stratified sediments are deposited beneath the adjacent floating ice shelf.

Longitudinal and transverse seismic lines were run over till tongue 5. The
longitudinal line (figure 7.22) shows a single feature which satisfies the criteria
proposed by King and Fader (1986) for the definition of a till tongue. Some
overlying reflections gently onlap the till tongue's upper surface, and there is a
similar relationship observed between the underlying reiections and the lower
surface. The transverse line (figure 7.23) shows that the feature has the form of an
irregular lenticular body. The limits of the till tongue are apparently defined by
small crests, while the main body of the tongue occupies the trough in between. As
the underlying Emerald Silt facies reflections do not appear to be disturbed, the
trough is probably not caused by the till tongue. The till tongue has, therefore,

formed in the trough.

Under the mechanism proposed by King and Fader (1988), till tongues would
ocenr along topographic highs. Till tongues 2, 3, and 5 appear to be occurring in
topographic lows, suggesting a different mechanism. The depositional style of till
tongues is similar to the irregular style of Syvitski (in press), which often indicates
slumping. The acoustic signature of these till tongues is not consistent with
material that has been deposited through a water column. The relationship with

the adjacent Emerald Silt reflections implics that the features built up by a process
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of gradual accretion, in such a manner as to prevent the development of internal
structure. Because they are acoustically continuous with constructional ridges of
basal till, they are ice marginal. A till tongue stratigraphy, as in King et al. (1987),
can, therefore, be used to estimate the position of the ice margin at stratigraphic

intervals where till tongues occur (figures 7.24 to 7.26).

Till tongue 2 (figure 7.24) occurs in depositional sequence O and is the most
extensive till tongue in the basin. It is observed along the northern and eastern
flank of the basin. This data implies that grounded ice surrounded the northern
half of Emerald Basin during much of depositional sequence 0. Till tongue 3 (figure
7.25) occurs at the top of d.s. 0, but is only observed in the eastern channel. This
data need not mean that there was no grounded ice around the basin at the base of
depositional sequence 1, but rather that conditions were unfavourable to till tongue
formation within Emerald Basin. Till tongue 4, which occurs at the top of d.s. 1, is
limited to the northern flank of the basin, near the termination of the old Sackville
River Channel (figure 7.25). There was ice along at least part of the northern
margin of Emerald Basin at the end of depositional sequence 1. Till tongue 5,
which occurs within depositional sequence 2, is also restricted to the northern flank
of the basin (figure 7.26). Its occurrence is more widespread than that of till tongue
4. Till tongue 8, which occurs at the top of d.s. 2, is restricted to the southern part
of the basin (figure 7.26), probably indicating grounded ice in the southern portion
of the basin. Iceberg scours occur in the upper part of depositional sequence 2
southwest of this Lypothesized ice margin (chapter 7.3). If grounded ice in the
south of the basin formed this tongue, then it must have had the form of a slender

d where d itional 0, 1, and 2 intercalate with till.

bridge of ice,
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Figure 7.24. Lateral extent of till tongue 2, as mapped from seismic profiles.
Paleohathymetric contours are depth Lo top of depositional sequence 1 in ms twt from a

datum plane at 110 m bs.l.
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Figure 7.25. Lateral extent of till tongue 3 and 4, as mapped from seismic profiles.
Paleobathymetric contours are depth to top of depositional sequence 1 in ms twt from a
datum plane at 110 m b,
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Figure 7.26. Lateral extent of till tongues 5 and 6, as mapped from scismic profiles.
Paleobathymetric contours are depth to top of depositional sequence | in ms twt from a

datum plane at 110 m bas.l.
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Till tongues probably form at an ice margin when the amount of sediment
supplied by subglacial meltwater increases over a period of time, possibly due to a
widespread melting event behind the grounding line. In grain-size samples from
core 006, near the level of till tongue B, turbidites comprise up to 30% of the
sediment. In the same core, at the level of till tongue 6, there is a well sorted sand
layer which may also be deposited from a turbidity current. In grain-size samples
from stratified Emerald Silt taken from core 004, far from any till tongue, turbidites
only comprise up to 10% of the samples, and no well sorted sand bodies are found
(chapter 4.3). Sediment-laden meltwater may result in turbidites and slumping at
the grounding line, which could be responsible for the acoustic character of till
tongues. Till tongues would not, then, be expected to form all around the basin
simultaneously, but should form simultaneously along all parts of the ice margin
supplied by the same source of meltwater. The fact that a till tongue 3, at the top
of d.s. 0, occurs along the eastern flank of Emerald Basin, but not along the
northern flank (figure 7.25) need not imply that ice was grounded only along the
eastern flank, but could imply s sudden influx of meltwater from the direction of
western Sable Island Bank. Likewise, the restriction of till tongues 4 and 5 to the
northern flank would imply an increase in the supply of meltwater from the north,
possibly transported along the old Sackville River channel, whils till tongue 6
(figure 7.26) suggests melting of ice in the southern extreme of Emerald Basin. Till
tongue 2, which surrounds the basin, would imply a melting event that affected ice
all around Emerald Basin. When till tongue 2 was forming, the ice surrounding
Emerald Basia acted in eancert, but when subsequent till tongues formed, different

lobes or rises of ice were acting independently.
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8. Reconstruction of the late Wisconsinan
environment in Emerald Basin

8.1 Ice flow directions

The extent of the ground till sheet, combined with the wedge-shaped features
observed in Verrill Canyon (Mosher, 1987), indicates that glacial ice reached as far
as the shelf break in the late Wisconsinan. Ice flow directions during the advance of
the ice are usually estimated on the basis of the limits of the basal till sheet (eg.
Josenhans et al., 1986), taking advantage of the fact that the flow direction of a
fluid is perpendicular to its margin. As the dates obtained in this thesis (chapter 6)
cannot be extended to the base of the till sheet, the age of the ice advance is only
speculative. The wedge-shaped feature of Mosher (1987), which may represent the
period of maximum ice advance, is estimated to be about 24.5 ka. Amos and Knoll
(1987) estimate an ice advance on Banquereau at 20-26 ka. The ice probably

advanced directly across the basin (figure 8.1).

Ice surges, which are thought to be the most important process acting during
the breakup of ice sheets (Denton and Hughes, 1984), are known to cause basal
crevasses in ice (Zilliacus, 1987). Zilliacus (1987) proposes that a retreat of the
buoyancy line brought on by a sea level rise causes DeGeer moraines to form by the

squeezing of wet-based till into the basal crevasses of the ice, which are mainly

to ice-flow directions. Such a hanism would produce positive

topographic features which show no i ion with the sub ly deposited

muds.
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seeeves  southern limit of significant gravel

— inferred ice fiow directions

Figure 8.1. Map of the Scotian Shelf showing estimated ice flow directions during the
advance of & iate Wisconsinan ice sheet. Limit of significant gravel is derived from King
and Fader (1986). Ice flow directions inferred to be normal to the maximum extent of ice,
and to be slightly influenced by shelf topography. Verrill Canyon is at the shelf edge just
east of the figure.
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The ice flow directions during retreat (chapter 7.4) imply that there was an
ice rise on Sambro Bank, and ice flowing along the eastern channel, either westward
from Sable Island Bank or eastward from Emerald Basin. There are two possible
implications for flow directions in the centre of the basin: i) ice flowed from the
northern margin of the basin, through the central trough, and southeastward out of
the basin, (figure 8.2) or ii) ice flowed from both the northern and southern margins
into the centre of the basin (figure 8.3). While ice is grounded, it flows outwards
from spreading centres. If it loses contact with the seafloor at any point, the
remaining grounded areas form ice rises, in which ice flow directions are
independent of the regional flow directions (Thomas, 1979). Sambro Bank and the
other banks on the Scotian Shelf are observed to have erosional terraces on them
which are presumed to represent the low stand in sea level. If the banks were
exposed, or at least under very shallow water, they could serve as grounding points
for glacial ice. For the pattern of ice flow depicted in figure 8.3, there must have
been ice rises on Sambro Bank and Emerald Bank, and ice grounded north of
Emerald Basin. The large sediment wedge on the southeast flank of Emerald Basin
(chapter 3.3) which thickens towards the southeast implies a large sediment source

on Emerald Bank.

Because Quinlan and Beaumont's (1981; 1982) model of isostatic rebound
implies only minor ice on the Scotian Shelf, the ice advancing to the shelf edge must
have been thin. For it to persist for several thousands of years, the outer banks
must have been accumulating areas. This is not unreasonable, considering that the
ice would not likely be in contact with the Gulf Stream, there is an inexhaustible
supply of moist air, and the thermal gradient at the ice front would probably have

formed an intense storm track.
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Figure 8.2. Possible ice flow directions during retreat of ice from Emer'4 Basin, as
determined from the orientation of *lift-off* moraines. This model implies an ice rise
grounded on Sambro Bank, ice flowing westward along the eastern channel, and

southwards through the basin.
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1 |

Figure 8.3. Possible ice flow directions during retreat of ice from Emerald Basin,
determined from the orientation of *lift-off* moraines. This model differs from that of
figure 8.2 in that it implies ice flowing northwards into the basin from an ice rise on
Emerald Bank.



8.2 Lithofacies interpretation

Lithofacies 5 is a sandy mud, the coarse sand of which is dominated by
metamorphic rock fragments (chapter 4.1). As this lithofacies correlates with d.s. 0,
the rate of sedimentation is inferred to be at least 20m/kyr (chapter 6.3). There are
1o in situ molluscs, the numbers of benthonic foraminifers is very low, being about
25 tests/g (Lewis et al., 1988), and there is very little bioturbation, which implies

that conditions were for marine i F inil zone F1,

which has been interpreted as a warm ice margin fauna (Scott et al., 1984) is related
to this lithofacies. These data suggest very high sediment loads and the proximity
of melting ice. Such conditions could suggest the calving of ice in and around

Emerald Basin, or the existence of an ice shelf.

Lithofacies 4 is a slightly gravelly mud, the coarse sand of which is generally

domi d by hic rock fi but includes quartz and

ic goethite.

rates are implied to be 10-15m/kyr, and grain-
size curve dissection suggests that plume sediments dominate, whereas ice rafting
contributes <10% of the total sediment in the central part of the basin. The

present are of

F2, molluses are of assemblage
M2, both of which suggest turbid waters with a high sediment load (chapter 5.2).
These data suggest a large supply of meltwater and debris, with most of the
sediment being supplied by meltwater. Ice rafted debris may be supplied by
icebergs calving from a tidewater margin. This lithofacies represents deposition

while the ice margin is proximal to the basin.

Lithofacies 3 is a mud, the coarse sand of which is dominated by authigenic

!
{
i
i
1
{
;
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pyrite and composite metaquartzite grains, with minor amounts of metamorphic

rock i Di: i of the grain-size curves suggests that plime
sedimentation dominates in the centre of the basin, with ice rafting and underflows
being of less importance. In the southern end of the basin, however, the one sample
from this lithofacies suggests that half of the sediment is ice rafted, with suspension
rain-out and underflows contributing the rest. Lithofacies 3 is characterised by

foraminiferal blage F2, moll blage M3, dinoflagell bl

D2, and pollen zones L and G, implying turbid waters and high sedimentation rates,
and glacial to late glacial conditions on land (Mudie, 1980). The increasing diversity
of the molluscs suggests a decline in the turbidity of the water. Whereas the coarse
sand of lithofacies 4 had been dominated by metamorphic rock fragments, with
minor quartz and quartzite, the coarse sand of lithofacies 3 contains much quartz
and quartzite, but only minor metamorphic rock fragments. The decrease in the

d-sized phic rock ceuld be caused by an increase in the

transport distance of the sediment, which would cause metamorphic rock fragments
to break down into clays and silt-sized quartz grains, implying either a retreat of
the ice front, or melting and sediment supply from more distant areas in the ice

sheet. Lithofacies 3 probably rep: ition from

plumes, ice

rafting, and turbidites from distal tidewater ice sheets.

Lithofacies 2, a sandy mud, is only observed in core 008, collected near the
feather edge of till tongue 8. In terms of grain-size distribution and coarse sand
content, it is similar to lithofacies 5. Dissection of the grain-size curves suggest that
ice rafted debris comprises up to 35-70% of the sediment, with the rest being

divided up evenly between underflows and suspension rain-out. Few molluscs are
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present, il bl M2. The imp of ice rafted debris and

underflows, plus the low numbers of shells present, and the proximity of a till

tongue, suggest that this is an ice marginal facies.

Lithofacies 1 is quite distinctive from the other four lithofacies in terms of
grain-size distribution and coarse sand composition. It is a sandy silt, the coarse
sand of which is dominated by organic debris (chapter 4.1). Dissection of the grain-
size curves suggest that the sediment is dominated by components that plot in the
turbidite field (chapter 4.3). As the sedimentation rate is inferred to be on the
order of 1m/2000y, which is <10% that of underlying lithofacies, the dominance of
organic debris could be a function of lowered sedimentation rates, or increased
production. This lithofacies is characterised by foraminiferal assemblage F3 (Vilks
and Rashid, 1076; Scott et al., 1984; Lewis et al., 1088), molluscan assemblage M4,

dinoflagellate zone D3, and pollen assemblages C and A (Chapter 5.2; Mudie, 1980).

Lithofacies 1 probably repi deposition in an ice-free environment. Ice was
likely not present on the Scotian Shelf or near the coast. Sediment was supplied
from reworking of material on the inner shelf, and later, by reworking of Emerald

Silt, from within Emerald Basin (Williamson et ., 1084).

The differences in sedimentology between core 004 and core 006 may be
explained in terms of the difference in distance from an ice margin. Core 006 was
taken very close to till tongue 8, at a point <2 km from the estimated position of
the ice margin, whereas core 004 was taken >20 km from the estimated position of
the ice margin of the eastern flank. The formation of till tongue 6 implies an ice

margin in the southern end of Emerald Basin at approximately 15 ka. It is known
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that the rate of deposition of ice rafted debris decreases rapidly away from an ice
margin (Drewry and Cooper, 1981). The importance of underflows will also
decrease rapidly from an ice margin. Thus, a core taken near an ice margin will
have greater relative amounts of ice rafted debris and debris flow sediments than

will a distal core.

8.3 Depositional interpretati

Depositional sequence 0

The base of d.s. O represents the onset of deposition of sediment through a
water column, and thus, the retreat of grounded ice from Emerald Basin. There are
two possible mechanisms by which the ice may retreat from the centre of the basin:
i) lift-off, to form a floating ice shelf or ii) retreat of a tidewater margin (Powell,

1984).

Depositional sequence 0 is characterised by lithofacies 5, which is interpreted
to have been deposited from either a floating ice shelf, or from a rapidly calving
marine ice sheet. Because no buried iceberg scours occur in d.s. 0 (chapter 7.3), it is
unlikely that there were many icebergs in the basin. Depositional sequence 0 is
suggested to have been deposited beneath a floating ice shelf of short duration
because (i) it is draped, covering most topographic features uniformly, unlike
overlying depositional sequences (ii) it does not show influence of storm-wave
resuspension, implying either a lack of storms, or that the seafloor was somehow
protected from their influence (iii) till tongue 2 is observed to extend around the
basin, with the exception of the southeastern flank (iv) there are no buried iceherg

scours (v) there are no in situ molluses (vi) the numbers of benthic foraminifers is
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very low—8 tests/g in core 000 (Vilks and Rashid, 1076), and sbout 25 tests/g in
core 004 (Miller, pers. comm.) (vii) there is very little bioturbation. (viii) 50% of

all buried scours in Emerald Basin occur on the top of d.s 0.

The data suggest a short-lived floating ice shell over Emerald Basin, which
suddenly calved at the top of ds. 0, with a buoyancy line as depicted in figure 8.4
at about 17.5 ka. Ice would have remained grounded on the banks, forming ice

rises. Because P. arctica valves are found in ds. 1, the duration of the ice shelf is

probably no more than about 100 years. The sedimentation rate is implied to be at
least 1m/50yr, which, although high, is less than the rates measured in Muir Inlet,
Alaska (Mackiewicz et al., 1984), and in fjords in Spitzbergen (Elverhoi, 1984). This
amount of sediment would be supplied to the ice margin by subglacial or englacial
meltwater (Gustavson and Boothroyd, 1987), rather than by basal meltout (King
and Fader, 1988). The isopach map of d.s. 0 (figure 3.17) suggests a sediment
source to the southeast of Emerald Basin, as well as one to the north.
Depositional sequence 1

The upper boundary of ds. O is marked by a large number of iceberg scours.
This reflection, therefore, represents the sudden calving of the ice shelf responsible
for d.s. 0. No further scouring is observed until the top of d.s. 1. Non-deposition is
observed around positive topographic features with very steep sides, probably due
to a sudden increase in current strength. The effects of currents do not persist, and
the upper half of d.s. 1 is only slightly affected by currents. When an ice shelf
calves, current strength may increase due to the reduction in friction at the ice-
water interface. The subsequent decrease in current strength could be due to the

beginning of sea level rise at about 17 ka (Dillon and Oldale, 1978), which increases
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Figure 8.4. Estimated position of ice margin ca. 17.5 ka on the basis of the lateral extent
of till tongue 2.
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the cross-sectional area through which the currents must flow, decreasing their
velocity. Till tongue 3, which occurs at the upper boundary of d.s. 1, indicates
grounded ice on the eastern flank of the basin, and an increase in meltwater from
the direction of western Sable Island Bank (chapter 7.5). The location of the

buoyancy line is not known elsewhere.

‘The acoustic archi ofds. 1is i with a unit deposited by rain
out of either sediment plumes or ice rafted debris, influenced by storm-wave
reworking of sediments (Barrie and Piper, 1982). Yet the non-deposition observed
at the base of the unit around topographical features indicates that currents are also

a factor.

The sediment in ds. 1 is usually of lithofacies 4, representing ice proximal
deposition, either beneath an ice shelfl or near a tidewater margin. The presence of
floating ice is reflected in the numbers of dropstones and the occasional sandy and
gravelly layers thought to represent material dropped from overturning icebergs
(chapter 4.4). Laminations observed in core 004 at this horizon represent
alternation between layers dominated by rain-out of suspended sediment, and ice

rafted debris (chapter 4.3).

‘The upper boundary of d.s. 1 is also heavily scoured. The scours on this
horizon account for 30% of the total scours observed in Emerald Basin. There is
non-deposition around positive topographic features, but on a larger scale than at
the base of d.s. 1. This may be explained by either the formation of a new ice shelfl

during deposition of d.s. 1, slowing down currents and preventing further scouring
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until the ice shelf calves again, releasing more icebergs and increasing current
velocities, or by raising sea level, causing rapid retreat and calving of ice, opening a
conduit from the eastern channel through the Western Gully to the sea, accelerating
currents near the mouth of the eastern channel, where most of the non-deposition at
the top of ds. 1 is found. The second explanation is to be preferred, because there
is no decline in abundance of molluscs near the top of d.s. 1, as would be expected if
an ice shell re-established itself, and current effects were concentrated around the

mouth of the eastern channel.

The series of events during depositional sequence 1 is thought to have been as
follows: (i) at the top of d.s. 0, the floating ice shelf calves, creating numerous
icebergs in the basin, which move counter-clockwise, with the current (i) till tongue
3 forms in the eastern channel, possibly signalling the retreat of ice west of the.
channel (iii) sea level begins to rise ca. 17 ka, causing rapid calving of ice on the
fanks of ‘the basin, initiating a new phase of scouring (iv) ice completely clears the
eastern channel, opening a conduit between Emerald Basin and the sea through the
eastern channel and the Western Gully.

Depositional sequence 2

Depositional sequence 2 exhibits the conformable cover style of deposition

(chapter 3.3), with slight infilling of the basin deeps, suggesting slight influence by

storm waves or by turbidity currents. The isopach map suggests a major source of

di to the h (probably from Emerald Bank), another source to the
north (retreating ice margin), and another to the east (possibly from the unnamed
banks east of Emerald Basin, or Western Bank). Depositional sequence 2 is

characterised primarily by acoustic facies 4, but acoustic facies 5 is present in two
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areas (chapter 3.1). This acoustic facies corresponds to Emerald Silt facies C of

King and Fader (19886), which they interp d as ing deposition beneath a

floating ice shell near the buoyancy line. The limits of a.f. 5 are marked by a
number of iceberg scours, which could represent the calving margin of small ice
shelves, one grounded on Emerald Bank, and the other on the unnamed banks on
the northeastern flank of Emerald Basin. Alternatively, acoustic facies 5 may

represent an ice-keel turbate.

The feather edge of till tongue 4 corresponds to the upper boundary of d.s. 2,
confirming the presence of grounded ice on the northern flank of the basin. Till
tongue 5 also occurs during dss. 2, and signifies the presence of ice across the
northern flank of Emerald Basin at about 16.7 ka. As till tongue 5 is the last till
tongue across the northern flank, it may be related to the retreat of the grounding
line north of Emerald Basin. The presence of till tongue 8 on the upper reflection
event of d.s. 2, as well as the intercalation of till and Emerald Silt in the southern
end of the basin probably indicates a rapid advance of ice into the southern end of

Emerald Basin from either Emerald Bank or Sambro Bank.

The derived orientations of iceberg scours in d.s. 2 indicate current directions
are counter-clockwise, which is the expected direction of storm-driven currents in
the basin. Iceberg scours southwest of the ®neck® of ice between Sambro and
Emerald Banks are oriented towards the southwest. These icebergs either flow into

LaHave Basin or out to sea between Emerald Bank and LaHave Bank.

The sedi ding to d.s. 2 is lithofacies 4, an ice proximal deposit,




185

in the middle of the basin, and lithofacies 2, an ice marginal facies, in the southern
end of the basin. There are a few of the gravelly sandy mud horizons in cores
which are thought to represent material dumped from overturning icebergs (chapter

14).

Thus, during ds. 2, floating ice did not entirely cover Emerald Basin,
although there were numerous icebergs. The ice margin around the basin is
interpreted to have been a tidewater margin. Emerald Basin was surrounded by ice
rises on the banks, but there were open conduits to the sea through the eastern
channel, leading out to the Western Gully, and through the trough between
Emerald and LaHave Banks.

Depositional sequence 3

On the basis of the dates from chapter 8, a period of non-deposition at the

upper boundary of ds. 2 is inferred. Its duration and timing are variable.

D itional sequence 3 i ionally on all flanks except the southeastern

flank. The erosion is most pronounced around the mouth of the eastern channel,
where current velocities are expected to be Ligher (chapter 3.3). The thickening of
d.s. 3 towards Emerald Bank suggests the presence of ice on the bank. The
thickening of d.s. 3 in the northern part of the basin indicates the ice margin north

of the basin il to provide sedi The depositional style of this

depositional sequence is controlled by storm-wave reworking of sediments, or by a

mixure of underflows and suspension fall-out (chapter 3.3).

The sediment is generally lithofacies 3, which is interpreted to be an ice-distal

glacimarine sediment. The declining number of dropstones upsection, and the
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increased ponding of the unit (especially in the basin deeps) indicates that the
relative importance of ice rafted debris and suspension rain-out decreases upcore,
while that of sediment gravity flows increases, The changing importance of
depositional mechanisms is difficult to verify, as d.s. 3 cannot be sampled where it is
ponded in the basin deeps because the overlying depositional sequences are too
thick. Molluscan faunal diversity increases upsection, which is consistent with
either a decrease in the sediment load of the water, or an increase in either
temperature or salinity. However, because this sequence is characterised by
assemblages F2 and D1 (chapter 5.2), meltwater continues to be an influence. The

pollen in this sequence represents a terrestrial glacial assemblage (Mudie, 1980).

The differences in the effects of currents on this sequener and on lower
sequences possibly reflects a rising in sea level. The non-depositional hiatus inferred
between depositional sequences 2 and 3 may have been caused by currents.

Di itional 3 was deposited symmetrically about high points, especially in

the basin deeps. Thus current strength was weak from 15 ka to about 14 ka, but
became suddenly much stronger after 14 ka, when the widespread erosion at the

base of d.s. 4 occurred.

This sequence was deposited under the influence of meltwater, although some
distance from the ice margin, signifying a retreat of ice northward. Ice was
apparently still active on Emerald Bank.

Depositional sequence 4
Depositional sequence 4 mainly occurs in the basin deeps, but is thickly

deposited on the southeastern flank of Emerald Basin. The lower boundary of d.s. 4
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is erosional around the flanks of Emerald Basin, except for the north flank. Buried

are possibly i

dicati 11

periods of high and low

di 1 L

form <hen sedi ion rates are low, and are

rates, as

buried during times of rapid sedimentation (chapter 7.2).

Depositional sequence 4 is characterised by lithofacies 3, which is interpreted

to rep ice-distal glacimari dii i The pollen record probably

indicates the ice retreating from the coastline, as refuges are large enough to grow
trees. Ice is still close enough to the coast to provide substantial meltwater to the
basin.

Depositional sequence &

Depositional sequence 5 exhibits the onlapping basin-fill style of deposition,
implying that storm-wave reworking, and possibly turbidites, are the major
processes affecting sedimentation (Barrie and Piper, 1982). The isopach map
suggests that the thickness variability of ds. 5 can be explained in terms of basin

topography, with no active sources to the south or east of Emerald Basin.

At the base of d.s. 5, the molluscan assemblage is M3, similar to the 'mature
Portlandia' assemblage of Syvitski et al. (1988). The importance of E. excavatum

in the fe iniferal bl di d tically, ding to an increase

in C. reniforme and L helenae. Faunal diversity increases upwards from there, as
the foraminiferal assemblage changes from F2 to F3. At the same time, the number
of dinoflagellate cysts increases sharply, and the assemblage changes from D1 to D2.
Assemblage D2 has been interpreted as indicating surface water temperatures as

warm as those presently in Emerald Basin (Mudie, 1980). The terrestrial pollen
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assemblage changes to zone A, interpreted as the transition from early postglacial
floral assemblages to the early Holocene assemblage (Mudie, 1980). A second
change in biofacies occurs one-third of the way through the sequence. The
molluscan assemblage changes to M4, while the dinoflagellates, and pollen change to
present day assemblages. Variable numbers of E. excavatum tests are found in
assemblage F1, but these have been found to have been reworked (Williamson et al.,
1084), implying that reworked Pleistocene sediments are an important component of

ds. 5.

Depositional sequence 5 rep the Holocene deposition in Emerald Basin.

There is a decline in the sedimentation rate, to a maximum of 1.5m/kyr, which is
reflected by both the thickness of the unit and the number and size of pockmarks at
the surface. The pollen record indicates the disappearance of ice from Nova Scotia,
and the marine microfossil record indicates the disappearance of meltwater
influences. The erosion occurring at the present day seafloor was probably initiated
about the time that numbers of reworked E. excavatum tests increase in
foraminiferal assemblage F1 (~2 ka). This last period of erosion may have been
triggered by a changing circulation pattern brought upon by sea level rise rather
than by a fall of sea level, as there is no evidence of sea level fall on Sable Island
Bank at this time (Scott et al., 1988).
8.4 Deglaciation and post-glacial history

Deglaciation of Emerald Basin was likely induced by surging of grounded ice
within the basin. This surging led to the formation of crevasses in the ice (Zilliacus,
1987), which increased the rate of meltiu ;. Basal crevasses squeezed material of the

basal till sheet to form "lift-off* moraines oriented normal to ice flow directions
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when the ice sheet lifted off the seafloor at about 17.5 ka. An ice shelf of very
limited duration (<100 y) covered Emerald Basin, during which d.s. 0 was
deposited (figure 8.5). The ice shell calved, producing numerous icebergs which
heavily scoured the upper surface of d.s. 0. As eustatic sea level began to rise
around 17 ka (Dillon and Oldale, 1978), the ice margins around Emerald Basin
retreated, calving rapidly, releasing another group of icebergs which heavily scoured
the upper surface of d.s. 1 (figure 8.8). Molluscs established themselves near the
base of d.s. 1, and increased in numbers and diversity through d.s. 2 and 3. The
dominant process of sedimentation through d.s. 1 and 2 was rain-out from sediment
plumes, and sources were primarily from ice grounded north of Emerald Basin, from
ice grounded on either western Sable Island Bank or on the unnamed banks east of
the basin, and from ice grounded on Emerald Bank. Ice on the outer banks was
maintained by high rates of winter accumulation, which offset the high rates of

summer ablation.

Ice retreated from the northern flank by about 16 ka, and by 15 ka,
sedimentation through most of the basin was an ice-distal facies, with sediment
plumes dominating the flanks of the basin, turbidites contributing to sedimentation
in the basin deeps, and an ice marginal facies in the southern end of Emerald Basin

related to a surge of ice fiom Emerald Bank (figure 8.7).

A rapid increase in current strength about 14 ka led to a widespread erosive
event of <200 yr duration (table 8.3). Sea level was rising, and ihis increase in
current strength may have been due to an improvement in circulation resulting

from the disappearance of ice in the southern end of Emerald Basin, opening the
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T
17.5 ka
43 = L
63" 62°
— ice flow S floating Ice shelf V til tongues

4% ico margin

Figure 8.5, Cartoon showing generalized position of grounded ice margin, till tongues,
and ice flow directions around Emerald Basin at 17.5 ka. Ice southeast of Emerald Basin
is grounded on Emerald Bank. Ice east of the basin is grounded on the small banks north
and east of the basin. lee west of the basin is grounded on Sambro Bank. The basin is
defined in this figure and in the next three figures by the 200 m contour.
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Figure 86. Cartoon showing generalized ice flow directions, ice margin positions at 17 ka
and 16 ka, areas of iceberg scour, and directions of current flow. Ice southeast of
Emerald Basin was grounded on Einerald Bank. Ice west of the basin was grounded on
Sambro Bank. By 16 ka, ice was grounded only on Emerald Bank and to the north of the
basin.
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Figure 87. Cartoon showing generalized ice and current flow directions, and ice margin
positions at 16 ka. Ice on Emerald Bank has surged into Emerald Basin, forming till
tongue 6, and probably hastening the subscquent disintegration of the ice rise on the

bank. Ice north of the basin has retreated from the margin of the basin.
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conduit between Emerald and LaHave Banks. Meltwater plumes supplied sediment
to Emerald Basin throughout d.s. 4, but the sedimentation rate was much lower
because the ice margin was distant (figure 8.8). Meltwater supply decreased

deposited di

rates

dramatically at about 12.5 ka, wh pon d.s. 5 was
slowed to <lm/kyr. Rising sea level caused reworking of inner shelf sediments,
which were the dominant source of material in d.s. 5. Starting at ~2 ka, erosion at

the seafloor began again, which apparently has continued to the present.
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Figure 88. Cartoon showing the generalized position of the ice margin, ice flow
directions, and current flow directions at 13 ka. The ice sheet has retreated to at least

the coastline and the ice rise on Emerald Bank has disintegrated.
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9. Conclusions

9.1 Summary

Seven acoustic facies are recognized in high-resolution seismic records from
Emerald Basin. Acoustic facies 1 is correlated to Paleozoic bedrock. Acoustic facies
2 is correlated to Tertiary bedrock. Acoustic facies 3 is correlated to Scotian Shelf
Drift, and records the advance of glacial ice across Emerald Basin. Acoustic facies 4
correlates to acoustically stratified Emerald Silt. Acoustic facies 5 correlates to
acoustically unstratified Emerald Silt. Acoustic facies 6 correlates to LaHave Clay.

Acoustic facies 7 is diffused gas in the sediment.

Six acoustic q1 are in acoustic facies 4 and 6,

which record the retreat of the Late Wisconsinan ice sheet from the central Scotian
Shelf. Depositional sequence 0, the lowermost depositional sequence, i a draped
sequence which is interpreted to have been deposited in a matter of decades beneath
a floating ice shelf of very short duration. Depositional sequence 1 represents rapid
deposition in front of a rapidly retreating ice margin, while icebergs scoured the
basin flanks. Depositional sequence 2 represents rapid deposition from rain-out

p with current

near the eastern channel and thickening in the
centre of the basin due either to storm wave reworking or turbidites. Depositional
sequence 3 represents deposition from distal ice margins. There is an erosional
event of great extent atop d.s. 3, after which depositional sequence 4, which
represents slow sedimentation from distal ice sheets, is deposited. Depositional
sequence 5 represents deposition from inner shelf sediments reworked by rising sea
level, hemipelagic processas, and, in the centre of the basin, deposition from early

and late Plei

reworked from the flanks of the basin.
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Like King and Fader (1988), the author argues that the Emerald Silt and
LaHave Clay in Emerald Basin record the retreat of glacial ice from the Scotian
Shelf, but that this deglaciation occurred from 18 ka to 13 ka instead of from 50 ka

to 15 ka.

Emerald Basin was most recently glaciated about 26 ka by an ice sheet that
reached the edge of the continental shelf. Deglaciation was probably caused by a
glacial surge within Emerald Basin, causing rapid wasting of the ice, leading to lift-
off of the ice in the basin deeps. The squeezing of till into basal crevasses caused
the formation of *lift-off* moraines, over which depositional sequence 0 is draped.
Depositional sequence 0 was deposited beneath a short-lived ice shelf, with
sedimentation rates >20m/ka, and dominated by rain-out of sediment from
subglacial meltwater plumes. Meltout from basal ice constitutes 10-30% of the
sediment. Variability in the relative importance of ice rafted sediment is likely
caused by the episodic nature of the meltwater plumes rather than by changes in

the rates of basal melting.

The ice shelf calved about 17.4 ka, producing large numbers of icebergs, which
heavily scoured the upper boundary of d.s. 0, leaving an ice rise on Emerald Bank.
Rising sea level probably initiated rapid retreat of the ice margins accompanied by
increased calving at the upper boundary of d.s. 1, at 17 ka. The ice margin east of
Emerald Basin retreated by 17 ka, while north of the basin, the retreat was about
16.7 ka. The ice rise on Emerald Bank continued to supply sediment to the

southeastern flank of Emerald Basin until 13 ka. Deposition from meltwater plumes

domi di ion until 13 ka, whereupon there is no further indication of ice



on the continental shelf. Holocene deposition is dominated by hemipel;

P
and sediment reworked by rising sea level, and, in the centre of the basin, early

Holocene and late Pleistocene sediments reworked from the basin flanks.

9.2 Suggestions for future research

Further research is required to resolve the problem of the morphology of the
slift-off* moraines, by towing seismic gear as close to the seafloor as possible, or by
running the same line repeatedly at different depths. In particular, the Huntec DTS
should be used at greater depths and lower survey speeds. Even in water depths

>250m, the tow depth of the Huntec rarely exceeded 90 m.

More research is required to resolve the problem of till tongue formation. It is

possible to core till tongue 8, at the southern end of Emerald Basin, and perhaps

long cores could be collected so that and

paleontological profiles through the till tongue can be constructed.

More detailed grain-size curve dissections would be possible if samples were

obtained and analyzed on the Sedigraph.

A study of the pore water chemistry may help determine the relationships
between occurrences of authigenic pyrite, goethite, *black® bioturbation, and

*white® bioturbation.
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I. Determining the average orientation of a
subsurface population of linear features
Given two seismic lines AA' and BB’ (figure L1), separated by a known acute
angle ¢, from which linear density values of p, and p, bave been respectively
determined, there are two possible populations of linear features with absolute
density values of " and 0y respectively, separated from line AA' by angles of
a; and a, respectively. To find a;, we construct line OP,, normal to the trend of
the first possible population of features, for which the apparent density will be e
As the angle between OP, and A" is §,, then the apparent density on line A" (,)
will be:
£y = pyrc0s By
Note that a + 4y =90°. As the angle between OP, and BB' is o—4, the
apparent density on line BB will be:

py=pycos (¢ — 4,)

Both p, and p, are known apparent densities. Therefore
oy pycos(®—4))

n pycos

cos $-cos A+ sin ¢:sin 8y

cos f;

= cos ¢ +sin ¢-tan g,

)
——cos ¢

A=

The ratio of the two apparent densities py/p, is referred to as the apparent



Trend 1

Trend 2

Figure 11, Figure explaming the terma used 1n the deris atin of the average wnentatuon

of a population of haear fratutes evhilating a preferential o

tation
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density ratio, and is replaced by the symbol p. Angle a; will be measured from line
AA'’ in the direction of the obtuse angle. As LA =00" - a), tan g, = 1/tan ay,

and
—y _sin¢®
) =tan Tl——
p—cosé

U]

The absolute density of the linear features, 5, is found by rearranging [1):
s

1= Gin a

12l

The second solution, ag is found by a process similar to that used to find ay.
The only difference is that 8, is the angle between line OP2 and line AA" and the
angle between OP, and BB’ will be 180° — ¢ — By Consequently,

Pg = #5008 5,
oy = py-cos (180" — (& + 3,))

= —pycos (8+5,)

Calculating the apparent density ratio (s, = p,/s,), and bringing all of the
known terms to the right side, we find
o, tcosd
tan g, = ————
Py sin ¢
—y_sin¢
ap=tan 7 ———
bt COsS P

13l

and
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A certain degree of error can be expected from this techuque The error
two components, one theoretical, and one observational  The obwersational error

and eerors i the deteciminatic

o
t

rrors in the measurement of the ¢ angl

con

et

of linear scour densities, and is minmized when the two sesme hines e

right angles. The theoretical error occurs because the seonring phenomena are
usually not parallel, but rather exhibat a population of onentatins that

noand s a funetion of the standard

approximate a normal distribution around a me

id af the arientation of the

deviation of the orientation of the population of seours,
two seismic lines with respeet to the mean onentation of the population of seaurs

The theoretical error 1s maxinmzed when the average onentation of hnear features

parallel to a seismic line. As the linear features are not absolutely parallel, several

of them intersect the seismie hne AA" resulting i the solution-pair depicted (figuee

1.2). The accuracy of the two solutions is improved by reducing the abudute valies
of apand a, The theoretical error 18 minumzed when the average onentation of

the hinear features bisects the obtuse angle of mtersection of the two sennue lines

Both solutions of a solution-pair are mathematieally sigmlicant However of

the erosional features have one dominant trend, only one of the solutione 1
geologically significant. There 18 no mathematical method o determine which of
the two solutions is geologieally sgnificant, bul if several solution-pains are
generated in close proximity, there will be one and only one wolution parallel L one

of the solutions of all of the solution-pairs in the group (figure 12) Semie hnes

th three distinet orientations are required to determine the uignificant slution




s

.y

8’

tally

population of prefe

Figure 1.2, Figure showing the solution-pair derived
oriented figure when one of the seimic Jmes i onented appremately paralled the

average onentation
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II. Computer programs and subroutines

A number of programs and subroutines were constructed during the writing of

this thesis. All of the programs use FORTRAN 77 code. Some of the programs are

too trivial to be listed, while others use a specialized plotting package, and it wonld

be inappropriate to fist them here. A number of the routines may be usefully listed

here.

A) Subroutines FRACTILE and IN'

FRACTILE and INTF

were used to convert normal avis values to
probability axis values.  Therefore, they were used not only to convert data ponts
to probability values, but to plot the computed curves on the probalality avis
These routines were also called by the program which was used to find inflection

points in grain size data plotted on the probability axis

What these subroutine do s convert percentage values into fractiles, or

et of standard

probability units. Fractiles may be thought of in terms  the nn

deviations from a mean. 50°7, therefore, converta to 0, and ¥4'7 and 185 convert
to approximately 1 and -1 respectively When fractles are plotted on 2 alar ain

which has been labelled appropriately, the result 1 3 probability ave

The relationship  between  pereentilea and fractiles, assuming & normal

distribution 1 given av

1 -
P=— [ ep-2¥nds

where I 1 the pereentile value and 5w the correspending fractile valoe The
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purpose of sub ine FRACTILE is, therefore, to estimate the value of s for each

input value of P. The subroutine is designed to work for 0.06% < P < 99.94%.
Although 4 cannot be directly calculated from P, P can be calculated from 4, so the
subroutine successively estimates values of » until the corresponding value of P is
sufficiently close (0.05%) to the input value of P. The corresponding values of P are

caleulated by the subroutine INTEG.

B) Subroutine POLHRES

POLHRES calcul the grain-size curve on a bability axis which results

from the mixing of NCOM log-normal components, where the value of NCOM is
defined in the calling program. This subroutine therefore requires FRACTILE and
INTEG. The points of the resultant grain-size curve are spaced at a distance of

1/10 &.

C) Program INFLECT

‘This program was used to find inflection points in lative grain-size data
plotted on a probability axis. Finding the inflection points is necessary to dissect
grain-size curves using Harding's (1949) graphical technique. Because the program
is likely to pick inflection points along flat portions of the curve, it is helpful to
estimate the location of the inflection points from the curve before running the

program.

D) Program PLOTPREP

‘This program was used to prepare grain-size data for plotting on the
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probability axis. The program acts as a ®geologist’s assistant®. The author did not
have time to develop software that would dissect grain-size curves. Instead, curves
were dissected using a graphical technique similar to that of Harding (1949), which
‘was used as a first estimate. The resultant curve was compared numerically to the
data, and the characteristics of the different log-normal components were modified

manually to improve the fit.

The program is designed to accept up to five log-normal curves. If more are
desired, some of the variable arrays will have to be increased in size. Those arrays

affected are P(5), MEAN(5), STAN(S), and PL(5,39).



107

SUBROUTINE FRACTILE(P)

€ SUBROUTINE TO CONVERT CUMULATIVE PROBABILITIES TO FRACTILES
C READ GRAIN SIZE (PHI UNITS) AND CUMULATIVE PERCENTAGE
c
5 READ (2,1) PHI, P
1 FORMAT(1X,2F9.2)
P=P/100.0
IF(P.GE.0.9994) GOTO 3000
IF(P.GE.0.998) GOTO 998

IF(P.GE.0.99) GOTO 99
IF(P.GE.0.985) GOTO 985
IF(P.GE.0.97) GOTO 97
IF(P.GE.0.93) GOTO 93
IF(P.GE.0.88) GOTO 88
IF(P.GE.0.82) GOTO 82
IF(P.GE.0.70) GOTO 70
IF(P.GE.0.69) GOTO 69
IF(P.GE.0.63) GOTO 63
IF(P.GE.0.50) GOTO 60
IF(P.GE.0.47) GOTO 47
IF(P.GE.0.41) GOTO 41
IF(P.GE.0.30) GOTO 30
IF(P.GE.0.18) GOTO 18

IF(P.GE.0.12) GOTO 12
IF(P.GE.0.07) GOTO 7
IF(P.GE.0.03) GOTO 3
IF(P.GE.0.016) GOTO 15
IF(P.GE.0.002) GOTO 102
IF(P.GE.0.0006) GOTO 106
GOTO 6

INITIALIZE VALUES FOR EACH OF THE POTENTIAL RANGES IN
PERCENT VALUES

aaaa

998 UBASE=2.912
UTOP=3.616
PBASE=0.998
PTOP=0.9994
GOTO 1000

99 UBASE=2.3337
UTOP=2.912
PBASE=0.99
PTOP=0.998
GOTO 1000
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93

UBASE=2.176
UTOP=2.3337
PBASE=0.985
PTOP=0.99
GOTO 1000
UBASE=1.8835
UTOP=2.176
PBASE=0.97
PTOP=0.985
GOTO 1000
UBASE=1.477
UTOP=1.8836
PBASE=0.93
PTOP=0.97
GOTO 1000
UBASE=1.1766
UTOP=1.477
PBASE=0.88
PTOP=0.93
GOTO 1000
UBASE=0.9166
UTOP=1.1766
PBASE=0.82
PTOP=0.88
GOTO 1000
UBASE=0.5245
UTOP=0.9156
PBASE=0.70
PTOP=0.82
GOTO 1000
UBASE=0.2276
UTOP=0.5246
PBASE=0.59
PTOP=0.70
GOTO 1000
UBASE=0.0766
UTOP=0.2276
PBASE=0.53
PTOP=0.69
GOTO 1000
UBASE=0.0
UTOP=0.26
PBASE=0.65
PTOP=0.8
GOTO 1000

108



47 UBASE=-0.0765
UTOP=0.00
PBASE=0.47
PTOP=0.50
GOTO 1000

41 UBASE=-0.2276
UTOP=-0.0766
PBASE=0.41
PTOP=0.47
GOTO 1000

30 UBASE=~0.5245
UTOP=-0.2275
PBASE=0.30
PTOP=0.41
GOTO 1000

18 UBASE=-0.9155
UTOP=-0.5246
PBASE=0.18
PTOP=0.30
GOTO 1000

12 UBASE=-1.1766
UTOP=-0.9165
PBASE=0.12
PTOP=0.18
GOTO 1000

7 UBASE=-1.477

PTOP=0.12
GOTO 1000
3 UBASE=-1.8836

UTOP=-1.477
PBASE=0.03
PTOP=0.07
GOTO 1000

16 UBASE=-2.176
UTOP=-1.8836
PBASE=0.016
PTOP=0.03
GOTO 1000

102 UBASE=-2.812
UTOP=-2.176
PBASE=0.002
PTOP=0.016
GOTO 1000

109
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108 UBASE=-3.516
UTOP=-2.912
PBASE=0.0008
PTOP=0.002

c

C ESTIMATION OF U VALUES (UEST) AND CALCULATION OF RESULTANT

C P VALUES BY INTEGRATING GENERATING FUNCTION (SEE HALD (1952)
C p. 128-128)

c
1000 PFRAC=(P-PBASE) / (PTOP-PBASE)
UEST=(UTOP-UBASE) +PFRAC+UBASE
IF (UEST.EQ.UBASE) UEST=UEST+0.0005
CALL INTEG(UBASE,PBASE, UEST, PEST)
PBASE=PEST
UBASE=UEST
COMP=ABS (PEST-P)
IF (COMP.LT.0.0006) GOTO 2000
GOTO 1000
c
C WRITES CALCULATED VALUES OF U INTO NEW FILE, ALONG WITH THE
C  GRAIN SIZE AND THE ORIGINAL CUMULATIVE PERCENTAGE VALUE
c
2000 P=P+100.0
WRITE (3,2) PHI,P,UEST
2 FORMAT(1X,3F9.3)
GOTO 6
3000 CLOSE (UNIT=3)
CLOSE (UNIT=2)
STOP
END
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SUBROUTINE INTEG(UBASE,PBASE,UEST, PEST)

INTEGRATION SUBROUTINE

CALCULATES PEST VALUES USING ESTIVATED U VALUES

BY SUM OF TRAPEZOIDS METHOD

20
16

DIMENSION H(6000)
SU=0.0

COUNT= (UEST-UBASE) #2000.0
N=IFIX (ABS (COUNT))+1

DO 6 I=i,N

FI=FLOAT(I)

IF(UBASE.GT.UEST) GOTO 20
H(I)=EXP (-0.5* (UBASE+0.0006#F1) #+2)
GOTO 15

H(1)=EXP (-0.5# (UEST+0 . 00064FI) #42)
SUM=SUM+H(I)

CONTINUE
SUM=SUM~H(1)/2. 0-H(N) /2.0
SUN=5UM#0.0005/SQRT (8 . 0*ATAN (1.0))
L=1

IF (UBASE.CT.UEST) L=-1
PEST=PBASE+SUM*L

RETURN

END
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SUBROUTINE POLHRES (NCOM,P,MEAN, STAN)

CHARACTER#15 AAA

REAL MEAN (NCOM)

DIMENSION PHI(120), P(NCOM), STAN(NCOM), PL(5,120)
WRITE (8,11)

FORMAT(1X, "NAME OF OUTPUT FILE?’)

READ (6,%) AAA

OPEN (UNIT=3,FILE=AAA, TYPE="NEW"}

DO 10 I=1,NCOM

10 WRITE(3,61) P(I),MEAN(I),STAN(I)

-
=

USING THE INPUT PARAMETERS OF THE CO.FONENT LOG-
NORMAL CURVES, THE COMPONENT POPULATIONS AND
THE RESULTING CURVES ARE PLOTTED.

130 DO 50 I=1,120
40 PHI(I)=0.1sFLOAT(I)-1.0

DO 45 . NCOM
46 PL(J,I)=(PHI(I)-MEAN(J)) /STAN(J)
60 CONTINUE

CALCULATION OF COMPOSITE LINE--TO BE PLOTTED BETWEEN
-1.0 AND 11.0 PHI UNITS, DEFINED BY TEN POINTS PER
PHI UNITS.

D0 100 I=1,120

COMP=0.0

D0 95 J=1,NCOM

C=ABS(PL(J,I))

IF(C.GE.3.5) THEN

PRC=1.0

G0TO 86

ENDIF

CALL INTEG(0.0,0.6,C,PRC)
66 IF(PL(J,I).LT.0.0) PRC=1.0-PRC
95 COMP=COMP+P (J) $PRC

COM=COMP

CALL FRACTILE(COMP)

COM=COM#100.0

WRITE(3,61) PHI(I), COM., COMP
61 FORMAT(1X,3F9.3)
100 CONTINVE

RETURN

END
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THIS PROGRAM CALCULATES THE INFLECTION POINT OF CUMULATIVE
PROBABILITY CURVES WHEN PLOTTED ON LOG NORMAL PROBABILITY
PAPER BY CALCULATING THE SECOND NUMERICAL DERIVATIVE OF
THE FRACTILE CURVE, WHICH MUST ALREADY HAVE BEEN CALCULATED
USING PROGRAM °FRACTILE’,

acaacaacaa

CHARACTER#13 AAA
DIMENSION PHI(26), PER (25),FRAC(26) ,DF1(25)
DIMENSION DF2(26), FLEC(26)
WRITE (6,111)
111 FORMAT(1X, *FROM WHAT FILE IS DATA READ?’)

DATA IS TO BE READ FROM FILE FRACxxxxx.DAT
ENTER THE NUMBER OF DATA POINTS IN THE FILE WHEN PROMPTED.

acoa

READ (5,%) AMA
OPEN (UNIT=2,FILE=AAA, TYPE="0LD")
WRITE (8,112)
112 FORMAT(1X, *HON MANY DATA POINTS?’)

READ (5,%) NPTS
D0 & I=1,NPTS

6 READ(2,2) PHI(I),PER(I),FRAC(I)

2 FORMAT (1X,3F9.2)
I=NPTS

c
C FIRST AND SECOND DERIVATIVES FOUND BY DIFFERENCESS
c

10 DO 16 L=1,I-1

16 DF1 (L)=FRAC (L+1) -FRAC(L)
D0 20 L=2,I-1

20 DF2(L)=DF1 (L)-DF1 (L-1)
DF2(1)=-1.0
DF2(I)=1.0

c

€ THE FOLLOWING PROCEDURE DETERMINES WHEN SUCCESSIVE VALUES
c OF DF2 HAVE OPPOSITE SIGN, OR WHEN ONE OF THE DF2

c VALUE IS EQUAL TO ZERO. EACH POTENTIAL INFLECTION

c POINT IS RECORDED. BAD DATA POINTS MAY CAUSE

c APPARENT INFLECTION EVENTS, THUS EACH OF THE °N’

c INFLECTION POINTS SHOULD BE CHECKED

c

N=0
D0 25 L=2,I-2
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CCOMB=ABS (DF2 (L) +DF2 (L+1) ) ~ABS (DF2 (L) -DF2 (L+1) )
IF(COMB.GT.0.0) GOTO 25
IF(DF2(L) .EQ.0.0) THEN

N=N+1

FLEC (N) =FRAC(L)

ELSE

IF(COMB.LT.0.0) THEN
N=N+1
DIV=ABS (DF2(L) ) /ABS (DF2 (L)-DF2(L+1))
FLEC (N) =FRAC (L) + (FRAC (L+1) -FRAC(L) ) #DIV
ENDIF
ENDIF
26 CONTINUE

CONVERSION OF FRACTILES INTO PERCENTAGE VALUE OF
THE INFLECTION POINT. CURVE MAY THEN BE SPLIT
INTO COMPONENT LOG-NORMAL POPULATIONS.

DO 30 L=1,N
X=ABS (FLEC (L))
G=X/FLEC(L)
CALL INTEG(0.0,0.5,X,PRO)
IF(G.LT.0.0) PRO=1.0-PRO
PRO=100.0+PRO
WRITE (68,3)
3 FORMAT(1X, *A POSSIBLE INFLECTION OCCURS AT')
WRITE (8.4) PRO
4 FORMAT(1X,F6.2,'% ON THE CURVE."')
30 CONTINUE
WRITE (8,6)
8 FORMAT(1X, *###+CONFUSED?#9#4 [1=YES]’)
READ (6,%) K
IF (K.NE.1) GOTO 40
OPEN (UNIT=3,FILE="CONFUSE . DAT’, TYPE="NEW")
D0 36 L=1,I
35 WRITE (3,71) PHI(L).PER(L),DF2(L)
71 FORMAT(1X,3F9.2)
WRITE(8,8)
FORMAT(1X, *SECOND DERIVATIVFS BEING DUMPED TO FILE')
WRITE (8,9)
FORMAT (1X, *CONFUSE . DAT")
CLOSE (UNIT=2)
CLOSE (UNIT=3)
STOP
END

oo



205

C PROGRAM PLOTPREP
c

C  DEFINE VARIABLE ARRAYS

c
CHARACTER+18 AAA, BBB
DIMENSION PHI(40), FRAC(28). P(6), STAN(6), PL(6.39),
REAL MEAN (5)
c
C  OPEN DATA FILES
c
WRITE (6,111)

111 FORMAT(iX,'FROM WHICH FILE IS THE DATA TO BE READ?’)
READ (5,%) AM
WRITE (6,112)
112 FORMAT(1X,'INTO WHICH FILE ARE RESULTS TO BE WRITTEN?’)
READ (6,%) BBB
OPEN (UNIT=2, FILE=AAA, TYPE=’0LD’)
OPEN (UNIT=3, FILE=BBB, TYPE=’NEW’)
c
C READ GRAIN SIZE (PHI SCALE) AND CUMULATIVE PERCENTAGE
c
NPTS=0
READ (2,1) PHIS, PS
FORMAT(1X,2F9.3)
IF (PS.GE.100.0) GOTO 20
PSQ=PS/100.0
CALL FRACTILE(PSQ)
WRITE (3.62) PHIS, PS. PSQ
NPTS=NPTS+1
GOTO 6

- o

c

C BEGINS TO ACCEPT VALUES OF THE PARAMETERS
GOVERNING THE COMPONENT CURVES. IF THE
CUMULATIVE CURVE HAS NOT DIVIDED INTO
COMPONENT LOG-NORMAL CURVES, ENTER ’1°
WHEN PROMPTED BY THE PROGRAM.

aaaaa

20 WRITE (6,13)
13 FORMAT(1X, 'READY LOG-NORMAL COMPONENTS? [1=N0]’)
READ (6,%) I
IF(I.EQ.1) GOTO 300
WRITE (6,14)
14 FORMAT(1X, 'NUMBER OF COMPONENTS?’)
READ (5.#%) NCOM
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D0 10 I=1,NCOM

WRITE (6,3) I

FORMAT (1X, *AMOUNT OF COMPONENT’,I3)

READ (6,%) P(I)

P(I)=P(1)/100.0

WRITE (6,4) I

FORMAT (1X, *MEAN OF COMPONENT',13)

READ (5,+) MEAN(I)

WRITE (6,8 I

6 FORMAT (1X, "STANDARD DEVIATION?’,I3)
READ (6.4 STAN(D)

10 write (6,62) P(I),MEAN(I),STAN(I)

-

USING THE INPUT PARAMETERS OF THE COMPONENT LOG-
NORMAL CURVES, THE COMPONENT POPULATIONS AND
THE RESULTING CURVES ARE CALCULATED.

130 CLOSE(UNIT=3)
OPEN (UNIT=3,FILE=BBB, TYPE="0LD')
DO 65 I=1,NPTS
66 READ (3,1) PHI(I),FRAC(I)
62 FORMAT(1X,3F9.3)
D0 50 I=1,NPTS
DO 45 J=1,NCOM
45 PL(J, I)=(PHI(I)-MEAN (J)) /STAN(J)
5O CONTINUE

CALCULATION OF COMPOSITE LINE--EACH POINT CORRESPONDING
TO ONE DATA POINT

DO 100 I=1,NPTS

COMP=0.0

DO 86 J=1,NCOM

C=ABS (PL(J, 1))

IF(C.GE.3.6) THEN

PRC=1.0

GOTO 85

ENDIF

CALL INTEG(0.0,0.5,C,PRC)
65 IF(PL(J.I).LT.0.0) PRC=1.0-PRC
95 COMP=COMP+P (J) sPRC

CON=COMP

CALL FRACTILE (COMP)

COM=COM#100.0

WRITE(6,61) PHI(I), COM, FRAC(I), COMP
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61 FORMAT(1X, 4F9.3)
100 CONTINUE

COMPARE COMPUTED VALUES TO REAL DATA
MODIFY CHARACTERISTICS OF LOG-NORMAL COMPONENTS AS
REQUIRED.

WRITE (6,23)
23 FORMAT(1X, *ARE THE INDICATED COMPONENTS SATISFACTORY?')
WRITE (6,24)
24 FORMAT(1X, * [1=YES]")
READ (5,%) J
IF (J.EQ.1) GOTO 110
WRITE (6,26)
26 FORMAT(1X, ‘REDO ALL COMPONENTS? [1=Y1®)
READ (5,%) J
IF (J.EQ.1) GOTO 20
36 WRITE (8,27)
27 FORMAT(1X, REDO WHICH COMPONENT?')
READ (5,%) J
WRITE (6,28) J
28 FORMAT(1X, *AMOUNT OF COMPONENT®,13,°?")
READ (6,#) P(J)
P(3)=P(J)/100.0
WRITE (6,29) J
29 FORMAT(1X, *MEAN OF COMPONENT®,I3,'?’)
READ (5,+) MEAN(J)
WRITE (6,33)
33 FORMAT(1X, *STANDARD DEVIATION?*)
READ (5,*) STAN(J)
WVRITE (8,34)
34 FORMAT(1X, *REDO ANY MORE COMPONENTS? [1=YES]’)
READ (65,%) J
IF(J.EQ.1) GOTO 35
GOTO 130
110 CALL POLHRES (NCOM,P,MEAN , STAN)
300 CONTINUE
CLOSE(UNIT=2)
CLOSE(UNIT=3)
5TOP
END
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N FURRT) .
ITI. Seismic lines over core sites

Sixteen piston cores can be located on seismic lines. Three piston cores were
not collected on seismic lines, but lines near these core sites are displayed (figure

IL1).



core 002

20ms -15m

core 003

Figure TIL1. Core-seismic correlations for cores (i) 83-012-001, (ii) 87-003-002, and (iii)
87-003-003 and 87-003-004. Vertieal scale is constant for all cores.
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Figure 1111 {cont.). Core-seismic correlations for cores (i) KT-002-006, (1) 75-007-008 and
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Figure 1111 (cont.). Core-seismic correlations for cores (i) 77-002-020, (ii) 86-034-021, and

(iii) 86-034-022. Vertical scale is constant for all cores.
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Figure 1IL1 (cont.). Core-seismie correlations for cores (i) 86-03:

¥ §6-034-031, and 86-034-032. and (ini) 86-031-025
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core 028

Figure T1L.1 (cont.). Core-seismic correlations for cores (i) 86-034-028, (ii) 86-034-029 and
86-034-030.
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IV. Dissected cumulative grain-size curves

Additional dissected grain-size curves are presented (figure IV.1).



Figure IV.1. Dissected cumulative grain-size curves.

2) 0.12X (2.066:£0.575)+0.02X (6.04:+0.48)-+0.86 X (7.500:+1.708)
b) 0.38X (3.320:£0.848)+0.10X (6.004:£0.556)-+0.52 X (7.004:+1.586)
€) 0.12X (3.126:£0.518)+0.05 X (6.368::0.550)+0.84 X (7.412:£1.768)
4) 010X (3.708:20.548)+0.07 X (5.808:20.548) +0.83 X (7.62::1699)
€) 0.00 (3.35$:£0.65)+0.57X (4.599:+1.24%)+0.34 X (8.309::1.300)

1) 0.09X (3.740::0.49%)+0.50 X (4.08:+1.399)+0.41 X (7.90$:1.300)
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Figure IV.1 (cont.). Dissected cumulative grain-size curves.

3) 0.15 X (3.850:£0.430)+0.44 X (4.030::1.266)+0.41 X (8.150+1.450)
b) 0.30X (3.790:£0.320)+0.30 X (4,946 1156)+0.31 X (8.176::1.306)
) 0.14X (3.886:£0.500)+0.54 X (4.746:+1.488)+0.32X (8.046+1.508)
d) 0.11X (4.156:+0.286)+0.61 X (5.44:£1.356)+0.28 X (8.499::1.308)
) 0.14 X {4.020£0.200)+0.71 X (4.976+1.350)+0.15X (8.638+1.176)

1) 027X (4.208:0.376)+0.50 X (5.326:£1.410)+0.23 X (8.6561.226)
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Figure IV.1 (cont.).

a) 0.24 X (1.898:1.118)+0.21 X (4.808:£0.508)-+0.45 X (6.585:£0.428) +
0.10X(10.849:+.01¢)

b) 0.35X (4.408£0.458)+0.35 X (6.009:+:1.83¢)+0.32 X (10.099:+1.83¢)
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