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SUMMARY

Ice scour is the phenomenon that occurs when the keel of a floating mass of ice
(iceberg, sea ice or freshwater ice) touches, penetrates and continues to move forward
through unlithified seabed or lakebed sediments. The typically curvilinear excavation made
by the scouring keel is called a scour mark. Scouring ice keels present logistical problems
to the safe installation and operation of, for example, oil and gas production pipelines and
power and telecommunication cables in several cold ocean regions.

The typical surface morphologies of modern iceberg scour marks on the Labrador
continental shelf are described, and mechanisms that operate at or near the sediment
surface during the period of ice/seabed interaction are suggested. Scouring action also
disturbs sediments beneath the seabed or lakebed. Sub-scour deformation is accommodated
by compression and pore space-reduction beneath the scour mark, by corresponding volume
increase adjacent to the trough and by folding and faulting. Deformation structures are
described from beneath ancient large scale (30-40 m-wide) iceberg scour marks exposed in
clays of the former glacial Lake Agassiz in southern Manitoba, and from small scale (< 5
m wide) contemporary scour marks that form on tidal flat sediments in Cobequid Bay, Nova
Scotia, and the St. Lawrence estuary, Quebec. Structural data from the Lake Agassiz
features are presented and discussed with respect to scour mark-forming mechanisms.

Criteria for the recognition of ice scour marks and of ice keel turbates are developed.
The criteria are discussed with respect to observations, frequently of striated bedding plane
surfaces, contained in the published works of others. The analysis reveals that possible ice
scour marks and ice keel turbates may occur in glacimarine and glacilacustrine sediments
of Precambrian, Ordovician, Devonian, Carboniferous and Permian age at a number of
localities worldwide.



ACKNOWLEDGEMENTS

This work draws together a considerable amount of data collected over several years
and in a variety of ways during both offshore and onshore field work. All of the data
originating from offshore surveys were collected by teams of collaborating scientists,
engineers and technicians. This is true especially for the remarkable datasets that were
derived from the Dynamics of Iceberg Grounding and Scouring (DIGS) experiment in 1985,

and which form the basis for the content of Chapter 3 and subsequent discussions in
Chapter 7.

In particular I am deeply indebted to the following for detailed discussions of ideas
concerning the scouring process: Heiner Josenhans and Dr. J. Vaughn Barrie (Pacific
Geoscience Centre), Dr. Jim Lever (U.S. Army Cold Regions Research and Engineering
Laboratory), Dr. C.F.M. Lewis (Acting Director, Atlantic Geoscience Centre) and Russell
Parrott (Atlantic Geoscience Centre). I thank my colleagues Dr. J.I. (Jack) Clark, Dr.
Farrokh Poorooshasb and Dr. Jacques Y. Guigné (Centre for Cold Ocean Resources
Engineering) with whom I have had many long and fruitful discussions, and Dr. Greg
Crocker (Centre for Cold Ocean Resources Engineering) for a critical review of Chapter
4. I thank John Miller and Stuart Hotzel (Petro-Canada) for their support and assistance
with DIGS, and Captain R. Hesp and crew (M.V. Polar Circle), Captain S. Gulati and crew
(M.V. Pandora IT), Frank Chambers (chief pilot of the submarine PISCES IV) and Captain
R. Burt (helicopter pilot) for safe and professional logistic support. Thanks also to Bill
Carter, Monty Dyke, G. "Bud" Hodgson (Geonautics) for technical support. Very special
thanks go to Carol-Ann Coombs, Desirée King, Norma Matthews and Gale Greenslade
(Centre for Cold Ocean Resources Engineering) for technical support over the years.

Visual observations that were made by the author and colleagues from the
Department of Fisheries and Oceans submersible, PISCES IV, and acoustic data which have
been used in this thesis were acquired under the auspices of the Canada Environmental
Studies Research Funds by the Atlantic Geoscience Centre of the Geological Survey of
Canada, the Centre for Cold Ocean Resources Engineering of Memorial University of
Newfoundland, and by Geonautics Limited, St. John’s, Newfoundland. Additional support
for data acquisition was provided by the Natural Sciences and Engineering Research Council
(NSERC) (Canada), Canada Department of Fisheries and Oceans, Canada Department of

Energy, Mines and Resources, and Canada Panel on Energy Research and Development
(PERD).

The Lake Agassiz scour mark study described in Chapter 5 was supported in part by
a contract from the Offshore Geotechnics Program of the Canada Panel on Energy
Research and Development and by two Natural Sciences and Engineering Research Council
Strategic Grants entitled "An integrated investigation into the processes of ice keel/soil
interaction”, and "Quantification of seabed damage due to ice scour”. I extend sincere
thanks to my colleagues Jorn Landva, who participated in data collection in 1987 and 1988,
and to Margot Emory-Moore and Paul Lach for their participation in the 1989 field work.

il



I am indebted to Mr. Gilles Manaigre, Mr. Roland Lebrun, and to Charles and Renée
Gauthier for their generous permission to excavate on their farmland. I thank my
colleagues Gaywood Matile and Dr. Erik Nielsen (Manitoba Department of Energy and
Mines) for showing me other regions of scour marks in southern Manitoba, and for advice
and assistance in Manitoba. Thankyou to Dr. James Teller and former graduate student

Tim Warman (University of Manitoba) for their interest and assistance with Lake Agassiz
stratigraphy and chronology.

I thank Dr. Robert Dalrymple (Queens University) for a first-hand introduction to
the sedimentology and scouring phenomenon in Cobequid Bay. I thank Dr. Jean-Claude
Dionne (Université Laval) for a similar introduction to the ice scour phenomenon on the

St. Lawrence tidal flats. Thankyou to Dr. Nicholas Eyles (University of Toronto) for
showing me some of the Scarborough Bluffs Quaternary sections.

I thank Dr. A.C. Rocha-Campos and Dr. Paulo Santos (University of Sao Paulo), Dr.
Johann Visser (University of the Orange Free State) and Dr. Ross Powell (Northern Illinois
University) for useful discussions and mutual exchanges of information concerning
Carboniferous/Permian-age scour marks from Brazil, South Africa and Australia
respectively.

[ thank Dr. Anders Solheim (Norsk Polarinstitutt), Dr. Erk Reimnitz (United States
Geological Survey), Dr. James Teller (University of Manitoba), Dr. William Jamison and
Dr. Richard Hiscott (Memorial University of Newfoundland) for critical reviews of parts of
this work. [ also thank Dr. Tom Calon (Memorial University of Newfoundland) for
assistance and perspectives on interpretation of some of the structural data from the Lake
Agassiz scour marks. I thank Carolyn Emerson and Dr. Henry Williams (Memorial
University of Newfoundland) who provided assistance with electron microscopy and light
microscopy respectively of the Lake Agassiz clays. Peter Hunt (Centre for Cold Ocean
Resources Engineering) helped to produce the graphs of layer deflection beneath the
Cobequid Bay scour marks. Final Drafting of the text figures was by Desirée King.

I am lucky and privileged indeed to have had two supportive supervisors, Prof. Denzil
Taylor Smith and Dr. James Scourse. I thank Prof. Taylor Smith for his initial interest and
assistance with getting me started, and Dr. Scourse for his technical assistance with thesis
structure, and for help during the Cobequid Bay field work. To them both and their

respective families, and particularly to Meg and Margaret, many thanks for generous
hospitality.

There is one very special person who I have left until last. Many people can
remember one significant teacher who stands out from all of the others because they ignited
that first, magic spark that turned passing interest in one subject or another into an all-
consuming fire. For me that one person was Dr. Gwynn Morris of the former
Cambridgeshire College of Arts and Technology. Gwynn’s inimitable style of teaching the
earth sciences caught my imagination and began a passion for geology that started my

11



career, and that burns ever more strongly within me today. I can never thank you enough
Gwynn.

I give thanks to all of the above people, but to Carla, and to Victoria, Nicholas and
Tristan I give my love.

\Y




To my grandfather

Tressilian Charles Nicholas, M. A., O.B.E., M.C., F.G.S.
August 17th, 1888 - November 13th, 1989

Geologist




ABSTRACT

In contemporary Arctic and Antarctic polar and sub-polar seas, icebergs drifting in
oceanic and wind-driven currents may impinge upon the seafloor in water depths up to and
occasionally exceeding S00 m. Where seafloor sediments are unconsolidated the ice keels
penetrate and plough forward creating curvilinear iceberg scour marks that are commonly

tens of metres wide, 1-2 m deep and often several hundred metres (or even several
kilometres) long.

[cebergs may come into contact with the seabed in one of two ways. They may drift
onto shoaling bank top areas, scouring or grounding occurring as draft exceeds water depth.
Alternatively they may increase their draft by unstable roll, caused by combinations of
ablation, minor calving events, or as the result of splitting of tabular icebergs that may cause
large increases in draft. During the period of iceberg-seabed interaction, which may last
from a few minutes to several days or even years, both the seabed and iceberg keel undergo
modifications.

When observed from submersible soon after their formation, scour marks that are
developed in fine-grained sediments exhibit morphological characteristics not seen in old,
degraded scour marks. The flat-bottomed trough of a new scour mark, between two berm
ridges, is characterized by the presence of ridge-and-groove microtopography (up to 30 cm
relief) developed parallel to the scour mark axis. These features are formed at the trailing

edge of the keel by clastic material embedded in the ice and by open fissures in the ice. In

places along the inner berm margins ridges and grooves may be developed at an angle to



the scour mark axis reflecting lateral displacement of material towards the berm as the
iceberg moves forwards. Pits up to 1 m deep and 2 m wide occasionally truncate the ridges
and grooves. Pits are formed by the dissolution of small (a few m’) masses of debris-laden
ice that were mechanically broken off from the base of the keel and pressed into the seabed
by the scouring iceberg. Depressed areas within the scour mark trough may preserve

seafloor that has not been affected by ice/seabed interaction. In these regions deposition

of bulldozed sediment from the surcharge at the leading edge of the keel may partially fill |
the narrow voids developed between the seabed and the keel.

Scour mark berms consist of in situ fractured but intact blocks of material on the
inner flanks, and disarticulated blocks 1-2 m high along the berm crest. The outer berm
slopes generally consist of pieces of larger blocks spalled from the berm crest resting in
relatively finely comminuted, reworked material. The reworked material originates in the
leading edge surcharge before being displaced to either side of the keel. Scour mark berms
have irregular topography ranging in height from a few centimetres to as much as 6 m above
the seabed.

Excavations through Quaternary-age scour marks developed in clays of glacial Lake
Agassiz reveal intense reworking of the lakebed to depths of at least 5 m beneath the
deepest part of the scour mark trough. Horizontal thrust faults and low angle normal faults
are found beneath the scour marks. Scour-induced displacements of at least 3.5 m have
occurred along the polished and slickensided surfaces of low angle faults. Fine laminae are
generally obliterated by the scouring event, and chaotically-arranged, dislocated fold hinges

are seen in the reworked groundmass.

vii



Structures associated with contemporary small-scale scour marks from tidal flats of
the St. Lawrence estuary and Cobequid Bay are well developed and easily seen because of
well-developed sedimentary layering. Some of the structures are compared with similar
structures from a large-scale scour mark, and similar deformation mechanisms are implied.

Relict scour marks occur over large areas of high-latitude and polar seatloors,
therefore it can be reasonably extrapolated that iceberg scouring in Quaternary glaciomarine
sediments has been an important process over a considerable extent of the global oceans.
Ice scour is likely to have been important in pre-Quaternary glaciations, and thus its effects
should be preserved in lithified sediments. Although such lithified features as bedding plane
striations have in rare instances been tentatively assigned a drift ice origin, scour marks have
been recognized recently from only two localities in the world, and ice keel turbate facies
have not been described at all.

Scour marks and ice keel turbates remain invisible to enquiry because the
characteristic types and associations of structures unique to scouring have not been

recognized in the context of formation by floating ice. This thesis presents descriptive

criteria that should enable workers to recognize the effects of ice scour.
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CHAPTER 1

INTRODUCTION AND SUMMARY

The keels of drifting icebergs or sea or lake ice pressure ridges that plough through
seafloor or lacustrine sediments generate characteristic curvilinear furrows referred to as
iceberg scour marks (Lewis and Woodworth-Lynas, 1990). There exists a considerable body
of work on the phenomenon of scouring by floating i'ce masses. Although the scouring
phenomenon was known beforehand (e.g. United States Coast Pilot, 1947; Carsola, 1952;
Rex, 1955), the vast majority of research has been carried out only in the last fifteen years.
It was only in the early 1970’s that scour marks, formed by the keels of sea ice pressure
ridges and to a far lesser extent, ice islands (tabular icebergs), were initially identified from
sidescan sonographs in the Canadian Beaufort Sea by Skinner (1971), Kovacs (1972) and
Pelletier and Shearer (1972). Shortly after, iceberg scour marks were first reported on the
seafloor of the continental shelves of Norway (Belderson and Wilson, 1973) and eastern
Canada (Harris, 1974; Harris and Jollymore, 1974). These initial discoveries stimulated a
decade of intense work in Canada and Norway directed at mapping the distribution and size

of the scour marks.



Previous work

Lyell (1845) was the first to describe striations formed by ice scour. He observed

straight parallel and diverging furrows 1.25 ¢m wide incised into soft sandstones at Cape

Blomidon, Nova Scotta. He theorized that the grooves were formed by the mecham'call
action of stones embedded in the bottom-touching keels of contemporary sea-ice. Harding
(reported by Lyell, op. cit.) also described shore-parallel ice scour marks developed on the

tidal mudflats near Wolfville on the Bay of Fundy.

With remarkable foresight Darwin (1855) theorized that scouring icebergs could

traverse isobaths:

".. in an iceberg 1000 feet (300 m) thick, as the whole floats, there will of course be no

pressure on a surface exactly level with its bottom, and if driven over a prominence
standing up at the bottom of the sea some 50 or 100 feet (15 or 30 m) above the base
line of the berg, only the weight of as much ice as is forced up above the natural level
of the floating mass, will press on the prominence. It may therefore, I think, be

concluded that an iceberg could be driven over great inequalities of surface easier than

could a glacier."

Geikie (1865) theorized on the action of icebergs in contact with the seabed, relating



his discussion to a diagram (Figure 1), to this author’s knowledge the first pictorial

representation of a scouring iceberg:

"When such current-dnven masses grate along the sea-bottom they must tear up the ooze
and break down and scratch the rocks. In the course of long ages a submerged hill or
ridge may get its crest and sides much bruised, shorn, and striated, and the sea-bed

generally may be similarly grooved and polished, the direction of the stniation being more

or less north and south according to the prevalent tread of the drifting ice."”

Dawson (1868), based on observations in the Strait of Belle Isle, Newfoundland,

hypothesized that icebergs act as:

"polishers of the seafloor” and that they "smooth and level the higher parts of the sea

bottom, and mark it with furrows and striae indicative of the direction of their own

motion.”

Dawson (op. cit.) also described the overturned keel of a previously grounded iceberg

as having a "flat and scored surface covered with sand and earthy matter." Kane (1857)

made a similar observation in the vicinity of Disko Island on Greenland’s west coast:

"Many of the bergs were covered with detritus... Some of them (rocks and pebbles) were

marked with well-defined striae, without angular crossings, smooth, and occasionally



. FIG. 4.—SECTION OF A SHEET OF LAND-ICE,
going out to sea, breaking off there into bergs, and forming Soxider<clay, partly on
land, and partly in the sea.

FIG. 5.—ICEBERG grating along sea-bottom, and depositing mud and boulders.

Figure 1. Conceptual cross-sections of a tidewater glacier margin and an iceberg that is both
scouring and "depositing mud and boulders” (a deposit that would be classified as a
"berg till" by Dreimanis, 1979). From Geikie (18635).



polished even highly: others were cut in facets of more or less regularity. They varied in size

from large blocks to mere pebbles, conglomerated in the ice with finely powdered gneissoid

material. The berg had evidently changed its equilibrium: and it seemed as if these rocks had

been cemented in its former base, and there had been subjected to attrition during its rotary

oscillations against the bottom of the sea.”

These descriptions are strikingly similar to recent observations of an overturned

iceberg keel that had been in contact with the seabed near Makkovik, Labrador (Hodgson

et al. 1988).

Iceberg scour

Relict iceberg scour marks are found on the continental shelf of British Columbia
where they occur in water depths up to 200 m (Luternauer, 1982; Luternauer and Murray,
1983). Relict scour marks are abundant in Hudson Bay in modern water depths up to 185
m, where they may have formed when water depths were as great as 500 m (Josenhans and
Zevenhuizen, 1990). Relict scour marks are numerous also in deep water along the eastern
Canadian shelf, occurring in Hudson Strait, on the southeast Baffin shelf in depths up to 715
m (Praeg, 1987), Flemish Pass (Pereira, 1985), the Laurentian Channel and western Grand
Banks (King, 1976) and the outer St. Lawrence Channel (pers. comm. D. Piper, 1985). On

the Norwegian continental shelf the entire scour mark population is relict (Belderson and



Wilson, 1973; Lien, 1982; 1983; Vorren et al. 1983) the last icebergs having been produced
from the waning continental ice sheet in the early Holocene. Relict scour mark populations
occur also in the Barents Sea (Solheim, 1988), and in parts of the North Sea and

northeastern Atlantic (Belderson, 1973; Stoker and Long, 1984), and have been discovered

in water depths as great as 915 m west of the Faeroe Islands (Werner, 1989).

In Canada relict scour marks have also been documented on the exposed floors of
the former glacial Lake Agassiz (Horberg, 1951; Clayton 1975; Dredge, 1982; Mollard,
1983) Lake Ojibway (Dionne, 1977) and Lake Iroquois (Gilbert et al. 1992), and have also
been identified on the modern lake floor of Lake Superior (Berkson and Clay, 1973).
Scour marks are also seen on subaerially exposed  seafloor areas on King William Island
(Hélie, 1983; Woodworth-Lynas et al. 1986b), Victoria Island (Sharpe, pers. comm. 1937),
and on Amund Ringnes Island and Ellef Ringnes Islana (Hodgson, 1982) in the Canadian
Arctic, and on Coats Island (Aylsworth and Shilts, 1987; Josenhans and Zevenhuizen, 1990)

and Mansel Island (Josenhans, pers. comm. 1990) in Hudson Bay.

In the northern hemisphere modern scouring by icebergs still occurs on the
continental shelves of eastern Canada and west Greenland (Lewis, 1979; Brett and Zarduski,
1979) to water depths of about 230 m (Hotzel and Miller, 1983) and with estimated
frequencies as high as 4.3% (Woodworth-Lynas ef al. 1985). Scouring occurs on the eastern
continental shelf of Greenland, possibly to water depths as great as 490 m (Gravesen, 1990),

and in Scoresby Sund possibly in maximum water depths of 600 - 700 m (Dowdeswell et al.



1992). In the Barents Sea active iceberg scouring occurs between Spitsbergen and northern
Norway (e.g. Moign, 1976; Solheim and Pfirman, 1985) in water depths up to about 200 m
(Solheim, 1988) in the northern Barents Sea, and with recent offshore oil and gas

exploration in this region, interest in the process of iceberg scouring has increased. Kovacs

(1972) reported that Russian mariners had long noted icebergs grounding in water depths

up to 600 ft. (180 m) in the Laptev Sea, and showed the cross section of one such scour

mark with an apparent width of 200 yd. (180 m) and incision depth of at least 10 ft. (3 m).

Comparatively little work has been carried out in the southern hemisphere, where
reports of iceberg scouring on the Antarctic continental shelf have been made by Lien
(1981) and Lien et al. (1989) who described very large scour marks (up to 250 m wide and
25 m deep) in water depths of less than 400 m from the eastern Weddell Sea. Barnes
(1987) also described iceberg scour marks and other grounding-related features in water
depths exceeding S00 m on the continental shelf area adjacent to Wilkes Land. Barker
(pers. comm. 1990) reports that iceberg scour marks on the west side of the Antarctic

Peninsula are restricted in their occurrence to the outer continental shelf. Keys and Fowler
(1988) reported an iceberg grounded in a water depth of 273 m on ‘Iceberg bank’ 100 km
north of McMurdo Sound, southwestern Ross Sea, and grounding of very large icebergs on
the Belgrano Shoals in water depths of probably around 225 m is still occurring (Ferrigno

and Gould, 1987): the large iceberg “Trolltunga’ (110 x 60 km) remained aground on these
shoals for five years (McClain, 1978).



Barnes and Lien (1988) suggest that active scouring occurs in water depths up to 500

m on the Antarctic shelf areas. This depth is probably a rarely achieved maximum because
from 60 - 80% by volume of Antarctic icebergs are tabular, having calved from flat-topped,
floating ice shelves, and most of these icebergs have drafts generally less than 300 m (Keys,
1990). Deeper-drafted icebergs are produced from fast-flowing outlet glaciers around
Antarctica and Greenland, because thinning due to basal shear stress-relief and to melting

have not reduced their thickness to the same extent (e.g. Dowdeswell, 1987; Dowdeswell et

al. 1992).

Pressure ridge scour

Active scouring by sea ice pressure ridge keels and rare tabular icebergs (calved from

ice fronts such as the Ward Hunt ice shelf) is also occurring in the Canadian and American
sectors of the Beaufort Sea (e.g Pelletier and Shearer, 1972; Reimnitz ef al. 1972) in water
depths up to 60 m (Reimnitz ef al. 1984). Documentation from the Russian arctic ocean
is sparse but scour is known to occur in water depths of 10 m in the vicinity of a proposed
pipeline route in Baydaratskaya Guba (Inlet) southwest of the Yamal Peninsula (Kamysheyv,
1990). Presumably scour has also occurred on the vast continental shelf areas of the
Chukchi and Kara Seas of the Soviet Union, and also the Laptev Sea where features
described as thermokarst depressions by Klyuyev and Kotyukh (1985) are probably sea ice

scour marks. Scouring by first year pressure ridge keels is an active process in coastal



waters near Great Whale river in Manitounik Sound, James Bay, occurring in water depths
to approximately 30 m (pers. comm. G. Gilbert, Canadian Seabed Research, 1991), and it
1s likely a modern process in similar water depths throughout James Bay (Meagher, 1976)
and Hudson Bay. Scouring by first year ice occurs in water up to 11 m deep in
Northumberland Strait (Fader and Pecore, 1990), in the vicinity of the proposed causeway
between New Brunswick and Prince Edward Island. Scouring by first year pressure ridge
keels in water depths up to 20 m is a concern for offshore petroleum activity on the east
coast of Sakhalin Island (pers. comm. Stanislav Vershinin, Chief of Scientific and Technical
Complex, Vnipimorneftegas, Moscow, 1990). Active scouring by lake ice pressure ridges
occurs in water depths up to 25 m in Lake Erie (Grass, 1984; 1985), where their seasonal
occurrence has been a factor in the decision not to lay power transmission cables between
Ontario and Pennsylvania. Scouring by ice floes during spring breakup is also common in
very shallow water (<3m) of the northern Caspian Sea (Koshechkin, 1958) and in Great
Slave Lake (Weber, 1958), and probably in other large lakes whose surface waters are
subject to seasonal freezing. Relict sea ice scour marks have been interpreted on a buried

surface in the central North Sea (Stoker and Long, 1984).

Scouring by sea ice 1s an important process during the spring breakup in intertidal
zones 1n the St. Lawrence estuary (e.g. Dionne, 1988). It is an important process during
both winter and spring in Cobequid Bay and Cumberland Basin in the Bay of Fundy region
(Knight and Dalrymple, 1976; Dalrymple et al. in press; Gordon and Desplanque, 1983) and

along Arctic coastlines in Canada (e.g. Tarr, 1897; Laverdiere, 1981). Although not



reported, scouring is probably an important process along the Arctic coasts and river mouths

in the Soviet Union. Scouring also occurs along more temperate shorelines, such as the

/

East Friesian islands of the North Sea (Reineck, 1976; Ehlers, 1988).

In Canada scour research has been driven in large part by petroleum exploration
companies who were beginning an intense period of offshore exploration in areas where sea
ice and icebergs abound. In particular there was considerable concern about the potential
damage to seabed facilities (such as wellheads, pipelines and mooring systems) by scouring
icebergs. Two critical questions needed to be addressed: 1) What is the frequency of

modern day scouring? 2) How deep are the effects of scouring felt beneath the seabed?

Modern scouring frequency has been approached using six different methods. These
are: 1) determination of the inception of the present period of iceberg scouring using
geological methods. In this method scouring rate is determined from the ratio of seabed
scour mark concentration to the inferred age (derived from sedimentological and
micropaleontological data) of the scour mark population (Lewis, 1987). 2) direct
calculation of grounding rates using historical information for iceberg flux and draft
distribution (d’Apollonia and Lewis, 1986; Lewis, 1987). 3) repetitive mapping of the seabed
(using sidescan sonar) over known periods to determine new scour mark additions and other
seabed changes (Woodworth-Lynas and Barrie, 1985, for the Canadian east coast) (Hnatiuk
and Brown, 1977; Reimnitz et al. 1977; Barnes et al. 1987; Lewis, 1978; Hnatiuk and Wright,

1983; Shearer et al. 1986, for the Beaufort Sea). 4) evaluation of the rate of scour mark
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degradation as an indicator of the rate of formation (Lewis, 1978; Gaskill et al 198S;
Gaskill, 1986, for the Canadian east coast, and Weeks et al. 1985; 1986; Lanan et al. 1986,
for the Alaskan Beaufort Sea). S) direct evaluation of grounding and scouring frequencies
derived from interpretation of iceberg radar trajectories (El-Tahan et al. 1985; Woodworth-
Lynas et al. 1985). 6) estimating the relative age of scour mark populations using cross-
cutting relationships and inserting this into an absolute age framework (Woodworth-Lynas,
1983). The first four methods have been used to estimate the long term frequency of

scouring. These are evaluated by Lewis et al. (1987).

Subscour effects

Fischbein (1987) described deformation structures observed in unoriented vibrocores
retrieved from an area affected by sea ice scouring in the Beaufort Sea. He related the
structures directly to ice scouring and used these descriptions to suggest a hypothetical
model of what ice scour marks may look like in cross-section. His study is hampered by lack
of knowledge of the positions of the cores with respect to individual scour marks, and by the

coring method itself which does not give a complete picture of the sub-seabed cross-section

below individual scour marks.

Thomas and Connell (1985) described a 10 m long grounding structure, at least 2 m

deep, from glacio-lacustrine sediments exposed in a Scottish quarry. They observed small
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scale reverse faults below the inner margins of the trough and showed "downfolded" strata
extending to at least 1.3 m below the trough (Figure 2a). They interpreted the structures
to be the result of ice/sediment interaction during a grounding event caused by a slow
lowering of water level, with no horizontal keel movement, processes that are not typical of
most 1ceberg scour marks. This feature is analogous to modern "scour pockets" created by
grounding icebergs during annual breakout floods (Fahnestock and Bradley, 1973). Eyles
and Clark (1988) described a well-preserved scour mark, approximately 9 m wide and 2.5
m deep at Scarborough Bluffs, Ontario. They interpreted the scour mark, incised into delta
front sandy lake sediments, to have been made by a pressure ridge keel in water depths of
20 m about 60 000 years ago. They described thrust and normal faults, load casts and folds
below and on either side of the scour mark trough (Figure 2b), and suggested that sediments
have been affected by shearing up to 2 m below the scoﬁr mark trough during the scouring
event. At other locations Eyles and Clark (1988) described striations that may have been
formed by direct ice/sediment contact. These structures correlate with similar striations

associated with ridge and groove microtopography described from modern scour marks

(Hodgson et al. 1988)

In Norway, Longva and Bakkejord (1990) have reported on excavations of two

iceberg scour marks and an iceberg pit that were formed during a glacial outburst flood in
the Romerike area about 9,200 years ago. Sections beneath the scour marks revealed
evidence of folding, faulting and sediment liquefaction (Figure 2¢). Deformation in sub-

scour sediments occurred to approximately three times the depth of scour mark incision

12



Figure 2a. Cross-section of a 10-m-long iceberg grounding structure developed in laminated

silts, sands and gravelly sands, from a quarry north of Aberdeen, Scotland. Adapted
from Figure 6 of Thomas and Connell (1985).

b. Cross-section of a 9-m-wide scour mark trough in delta-front sands, Scarborough Bluffs,
Ontario. Adapted from Figure 10a of Eyles and Clark (1988).

c. Cross-section of a 30-m-wide scour mark in laminated glacimarine clay, Romerike, southeast
Norway. Adapted from Figure 6 of Longva and Bakkejord (1990).



(Oddvar Longva, pers. comm. 1986).

Van der Meer (1990; pers. comm. 1991) reports sedimentary deformation by iceberg
scouring from a Wisconsin-age pro-glacial lake in Patagonia but detailed descriptions are

not given.

Goals and objectives of this study

Goals of the study are:

- to interpret the morphologies and structures in sediments beneath scour marks in
terms of the processes of ice keel/sediment interaction

- to define zones of sediment movement and suggest possible effects of movement
on sub-seabed facilities such as oil and gas pipelines and wellheads

- to describe a number of diagnostic morphological and structural features that define

ice keel turbate facies
- to propose use of these features so that scour marks, or the effects of ice scouring,

can be recognized in pre-Quaternary geological sections
- to demonstrate that ice keel turbates probably are common facies in glacigenic
sediments, and thus that many massive diamictons have acquired their internal structure and

form by post-depositional mechanical reworking in an aquatic environment.

14



To achieve these goals, the objectives of the study are:

- to examine scour marks from a variety of environmental and sedimentological
settings

- to map out in detail the cross-sectional morphology of scour marks

- to map and take structural readings from deformation structures preserved in
sediments beneath scour marks

- to discuss, with specific examples, descriptions and interpretations of pre-Quaternary
glacigenic sediments by other workers to demonstrate possible re-interpretations in terms

of 1ce scour marks and ice keel turbates.
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CHAPTER 2

METHODOLOGY

Offshore studies

Geophysical methods and navigation

On the eastern Canadian continental shelf most data from which information on
scour mark statistics, such as width, depth, orientation and spatial distribution, are derived
comes from interpretations of geophysical analog records. Width, partial length and
orientation are measured from sidescan sonographs. Since 1974, when iceberg scour marks
were first discovered on the eastern Canadian continental shelf, much of the data have been
gathered using the Bedford Institute of Oceanography (BIO) 75 kHz system operating at a
slant range of 750 m (Jollymore, 1974). The resolution of a sidescan system can be broken

into two components:

1) transverse resolution (Rt), defined as the minimum distance between two objects

parallel to the line of travel that will be recorded on paper as two separate objects. The
minimum distance is equal to the beam width at any point on the seabed, resulting in a

steady decrease of Rt towards the outer ranges (Flemming, 1976). Thus:

Rt (in metres) = sin (beam width) X slant range (in metres).
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2) range resolution (Rr), defined as the minimum distance between two objects
perpendicular to the line of travel that will be recorded on paper as separate objects.
Assuming that 2 minimum spacing of 1 mm on the recording paper is needed to plot two
objects separately, and with a paper width per channel of 125 mm (standard for most

surveys), Rr will be 1/125 of the slant range. Thus:

Rr (in metres) = slant range (in metres) + 125.

Operating with a horizontal beam width of 1.5° the BIO system has a theoretical
transverse resolution of 19.6 m at 750 m slant range and 0.39 m at 15 m slant range.
Corresponding range resolution is 6.0 m at 750 m slant range, and 0.12 m at 15 m slant
range. Other data have been gathered using commercial 100 kHz systems operating at slant

ranges of 200 m (such as the Klein Hydroscan system used during the Dynamics of Iceberg

Grounding and Scouring [DIGS] experiment. DIGS is described in Chapter 3). These
systems operate with horizontal beam widths on the order of 1°. Thus, in comparison to the
BIO system, transverse resolution is enhanced to about 0.26 m at 15 m slant range and 3.5
m at 200 m slant range, and the range resolution is comparable. The SeaMARC mid-range
sidescan operates at frequencies of 27 kHz (port) and 30 kHz (starboard) up to a slant

range of 2.5 km (Chayes, 1983) and has been used to collect seabed morphological data on
relict scour marks in water depths greater than about 500 m in Hudson Strait (Josenhans
and Woodworth-Lynas, 1988) and Laurentian Channel. This system has a theoretical
transverse resolution of 5.9 m at 200 m slant range, and 74.2 m at 2.5 km slant range, and

range resolution (on paper with 240 mm width per channel) of 0.8 m at 200 m slant range
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and 10.4 m at 2.5 km slant range.

Information on scour mark depth and near-surface acoustic stratigraphy is obtained
from high resolution sub-bottom profile records, many of which have been collected using
a Huntec Deep Tow System with a boomer source (Hutchins ef al. 1976). This system has
a pulse length of between 90-120 microsec. resulting in a generally-accepted vertical
resolution of 25-30 cm (R. Parrott, Atlantic Geoscience Centre, pers. comm. 1992). All
scour mark statistics from the eastern Canadian continental shelf have been measured from
sidescan and sub-bottom profile records, and compiled into the east coast Regional Ice

Scour Database by the Atlantic Geoscience Centre, Dartmouth (e.g. King and Gillespie,

1985).

Navigation during BIO geophysical surveys is accomplished using BIONAYV, a system
integrating Loran C and satellite navigation. The positional accuracy of this system is about
+ 500 m. Navigation during the DIGS experiment was carried out integrating three

methods: Loran-C, SatNav, and a commercial trisponder line-of-sight Sercel Syledis system,

providing position accuracy to about + 5 m during clear weather.

During surveys the sidescan towfish generally has a greater amount of cable in the

water than the profiling system because of the operational requirement that the sidescan be
close to the seabed (generally 15-20 m above) for optimal scanning. Consequently the

displayed data from both systems is offset, the Huntec passing over and insonifying seabed
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teatures before the sidescan. This offset discrepancy is additionally complicated by different
paper speeds on the respective recorders so that there are differences in horizontal scale.
However, Huntec and sidescan records can be integrated visually by matching pronounced

seabed features, such as large scour marks, thus facilitating correlation of the interpretation
of both datasets. During DIGS the correlation problem was reconciled by attaching a 50

kHz sidescan to a Huntec towfish system, and running both recorders at the same paper

speed. Both datasets were thus matched and of equal horizontal scale.

It is clear that sidescan systems are unable to resolve discrete seabed features of less
than about 0.5 m in the near ranges, and that Huntec reflection profile data can resolve sub-
bottom features with vertical expressions no smaller than about 25-30 cm. These resolutions
are acceptable for general statistical descriptions of ice scour mark dimensions and densities
but are insufficient for the level of detail necessary to resolve the precise geometry and
structure that are required for an analysis of the scouring process. Detailed resolution can

only be achieved by combining direct visual examinations of scour-affected sediments from

submersible with on-land studies of ancient scour marks.

Submersible

The Canadian federal Department of Fisheries and Oceans three-person research

submersible (mini-submarine) PISCES IV was used in 1985 in collaboration with the DIGS
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experiment to carry out dives on new iceberg scour marks identified from sidescan
sonographs. PISCES IV 1s a single-chambered vehicle that maintains an internal
environment of one atmosphere. The vehicle is battery-powered and in 1985 was operated
from a tender vessel, M.V. Pandora, with which it communicated using a 12 kHz acoustic
voice channel. Navigation of the submersible was carried out using a Hydrostar system
operated from the Pandora, instructions on course direction and distance to specified targets
being relayed to the submersible pilot via the acoustic voice channel. On-the-bottom
navigation is aided by a gyro compass and forward-scanning sonar. Sidescan sonographs of
specific iceberg scour marks recorded shortly before a dive were taken in the submersible
and used successfully as maps to navigate between features. Three small windows in the
submersible allow exterior viewing. The central window is for the pilot, who kneels in a well
and flies the submersible using a joystick control unit. Two observers are accommodated
on either side of the pilot lying on two horizontal benches. Seabed observations are made
using an externally-mounted, forward-looking video camera which continuously records on
a VHS videocassette recorder in the cabin. One of the observers records observations onto
the video tape using a microphone. Other observations are made using standard 35 mm
cameras held against the observation windows, frame numbers being recorded orally onto
the video tape. Viewing is aided by forward-projecting floodlights depending on water depth
and visibility. The submersible is propelled at speeds between 2-3 knots by two swivel- .

mounted thrusters, one on each side. Dive duration may be up to 6 hours.

An external, frontal cluster of instruments allows seabed samples to be taken using
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an hydraulic manipulator arm. Small push cores, up to 50 cm long, can be retrieved and
stored in a rack, and loose surface samples can be obtained using a suction tube attached
to the arm. Suctioned material is stored in a circular, revolving, compartmentalised

carousel. Core and suction samples are retrieved and stored after the dive.

On-land studies

King William Island

Aerial photographs were used to select scour marks for study. Seven were cursorily

examined by on-site visual inspection to observe similarities in surface expression and

sediment type. One scour mark was selected for more detailed study. Trenches were hand-
excavated using shovels, exposing structures in the trench walls that were described, and
sediment samples were taken for grain size analysis. Excavations were limited to depths of
about 1 m because of the presence of permafrost at this depth. Drilling, using a generator-
powered heavy-duty electric drill attached to a small core barrel, failed to obtain cores from
within the permafrost. The scour mark was surveyed over a distance of 660 m at 30 m
intervals. Cross-profiles of the scour mark were surveyed at each 30 m interval using a
Brunton compass/clinometer and tape measure, and the relative altitude of each survey
station was recorded using an altimeter. Although sub-scour effects could not be

documented because of problems with excavating and sampling within the permafrost, the
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study was useful because it represents the only on-land documentation of a scour mark

developed in poorly sorted sediment.

Manitoba

Relict iceberg scour marks are exposed at surface over a large area of farmland in
southeastern Manitoba. These scour marks formed during the last phase of glacial Lake
Agassiz. Using aerial photographs scour marks were pre-selected for study based on the
clarity of surface expression, and the excavation sites on the scour marks were chosen in
areas where there appeared to be little or no interference from nearby or cross-cutting scour

marks. This precaution was taken to ensure that sub-scour deformation structures could be
associated reasonably with the scour mark being investigated. Exact positions of proposed
excavation sites were measured from enlargements of the aerial photographs. Four scour

marks were accurately surveyed and levelled from a known landmark using a theodolite, and

the excavation sites clearly marked with coloured stakes.

The clay sediment was easily trenched to 3 m using a tracked backhoe, and this depth
was increased to 4.5 m by removing up to 2 m of surface material with a bulldozer in one
large excavation. Trench walls are unstable in this material and provincial safety guidelines
concerning working in open excavations required the use of steel trench cages. The initial

excavation was made large enough to insert two trench cages positioned such that a vertical
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working face of about 1.5 m was left exposed between them. Lumber shoring, held apart
with screw jacks, was erected in the centre of the working face to prevent trench collapse.
One side of the trench was selected for study for the entire cross-section. After the working
face was cleaned off using Dutch garden hoes a laser level, set up above a control stake of
known elevation, was used to mark spot elevations on the trench face. From these spot
elevations, a grid was marked on the wall, and a hand-drawn diagram of the working face
was constructed on graph paper showing structural and sediment textural features. Positions
of block and bulk samples for subsequent analysis, and of photograph locations were marked
on the diagrams. Faults were excavated where possible and measurements were made of
their orientation and associated slickenside plunges using a compass-clinometer.

Orientations were measured at a distance from the metal cages to avoid deflection of the

compass needle.

Once a working face had been mapped, the shoring was removed, and the small area
covered by the lumber was quickly cleaned and mapped. The trench was then advanced
about 2 m by the backhoe. The trench cage furthest from the hoe was attached to the
bucket with a chain, and the cage pulled forward until it touched its neighbour. The cage

nearest the hoe was then attached to the bucket and pulled forward 1.5 m thereby creating

a fresh working face. Whilst the new face was cleaned and measured the trench behind the

rear cage was backfilled. In this way only a small section of ground was opened at any one

time.
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Cobequid Bay

Scour marks formed by pan ice during spring breakup are well preserved in the
tidally-laminated silty sediments of the estuary. Approximately two months after the

breakup, ice scour marks near the surface could be easily identified in well exposed bluff
sections at the eroding margin of the main Salmon River thalweg. These scour marks are
essentially unaffected by post-scour processes, because they are formed in a depositional
setting and generally are protected by a thin mantle of silt from subsequent tidal cycles. In
addition the general form and dimensions of the scour marks are similar to fresh features
observed at the time of formation (Dalrymple, pers. comm., 1991, Queen’s University). In
all cases the cross sections of the two-month old scour marks could be correlated with a

linear (partially filled) trough on the present depositional surface.

Scour marks were identified during on-foot reconnoitring of the middle to upper
reaches of the tidal flats during the ebb tide. The scour marks were hand-excavated using
a spade. At the Black Rock Section and on Masstown Flats scour marks were investigated
by digging shallow pits, the long sides of which were oriented normal to the scour mark axes.
The pits were excavated to depths of about 1 m beyond which little or no appreciable scour-
related deformation could be observed. One of the long sides of the trench was chosen for

study and cleaned off vertically with the spade. In places where laminae were hard to define
they were either marked by drawing a sharp knife point along the layer, or enhanced by

carefully pouring water from a plastic container down the prepared surface. The water
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washed material out of sandy laminae leaving a well defined etched surface that often
revealed fine structures not previously visible. At the Irving Oil Dock scour marks were
displayed not only in plan on the mudflat surface but in section along the top of a
continuous bluff that was actively eroding with each tidal cycle as the axis of the Salmon
River thalweg moved towards the south margin of Cobequid Bay. This fortuitous situation
meant that between 1-2 m of nearly vertical fresh section was exposed at the top of the bluff
above the debris apron. Sections were straightened and cleaned off with the spade and
etched with water. Photographs were taken of the cleaned sections and later were compiled
into mosaics. Prominent layers and faults were identified and traced, and from these layer
deflection and changes in layer thickness were measured. Contoured undrained shear vane

data were transposed onto the traced sections.

Once a section had been prepared, a string was drawn tightly and levelled, using a
string-mounted spirit level, between two aluminum pegs driven into the mudflat surface
above the vertical trench wall. The horizontal string was used as an arbitrary datum line.
At increments along the datum line, usually of 5 or 10 cm, vertical distances to marked
layers were measured using a steel tape measure. The measurements, considered accurate
to within 0.5 cm, were entered in a log book and later used to construct cross-section

diagrams.

At the position of the next section (for scour marks that were sectioned more than

once) and prior to excavation, a direct-reading hand-vane tester was used to obtain
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undrained shear strength data of the sediment along the profile at depth increments of 5 cm
(see Appendix for a discussion on measurement). The four blades on this type of shear
vane are 26 mm long and 19 mm in total width, and the shear strength measurement
obtained for each point therefore represents an average value for a cylinder of sediment of
the same length and diameter. This should be borne in mind when examining the contoured

data because the small x’s, although used as the contour points, indicate the position of the

bottom part of the vane blades and not discrete point measurements of shear strength. The
sampling effect of the vane thus results in contours that do not always correspond to well
defined sedimentary layers. The instrument should have been calibrated by removing the
blades, inserting the shaft into sediment and recording values. This procedure records the
frictional resistance of the shaft at each sampling depth, and the average reading from a
number of samplings can be used to correct the vane data. Unfortunately the calibration
procedure was omitted. The resulting contoured shear strength values are thus likely to
overestimate the actual strength values. However, comparison of results for uncorrected and
corrected shear vane data collected from the St. Lawrence estuary using the same
instrument suggest that although the corrected values are smaller the shape of the contours
will be almost identical. Thus, although the contoured data from Cobequid Bay are
uncorrected they serve to indicate the general shape distribution of contoured shear strength

values which are useful when comparing trends between scour marks.
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St. Lawrence estuary

Small scour marks formed by ice pans and compound, pressured ice are formed
during the spring breakup and are exposed on intertidal mudflats. Profuse scour marks
became easily visible as the tide receded, and often an individual feature could be related
to the grounded ice block that created it. The scour marks were reached on foot at low
tide. Criteria for selecting a scour mark for study were that it was freshly incised with sharp
relief, and thus likely to have formed during the preceding ebb tide, and that the part
selected for study was developed in an area of the mudflat unaffected by other scour marks.
This latter point was important so that the interpretation of shear vane measurements could
be reasonably related to a single scouring event. The surface morphologies of several
features were examined, and two scour mark cross-sections were investigated in detail. The
elevation of the incision surface was measured using a levelled string and ruler, and shear
strength measurements obtained with the hand-operated shear vane. Shear vane
measurements were collected up to 1 m below the scour mark incision surface, however, the
presence of numerous pebbles at about 20 cm often prevented penetration of the vane
beyond this depth. The contoured shear strength values for these scour marks were

corrected.

27



CHAPTER 3

THE SURFACE MORPHOLOGY OF SCOUR MARKS,

AND THE PROCESSES OF SCOURING

This chapter describes observations of iceberg marks made during the Dynamics of
Iceberg Grounding and Scouring (DIGS) experiment carried out on the Labrador
continental shelf in 1985 (Hodgson et al. 1988) (Figure 3). Visual observations were made
of five new iceberg scour marks from the Department of Fisheries and Oceans research
mini-submarine PISCES IV ("Bertha" scour mark, "Big Makk" scour mark, asymmetric scour
mark, "Caroline" scour mark and Baffin Shelf scour mark) (Table 1). In addition an iceberg
("Gladys") was observed to impact the seafloor but no subsequent seabed observations could
be made. Visual observations were used in conjunction with good quality high resolution
sidescan sonar (using a Klein Hydroscan system operating at 100 kHz) and with acoustic

sub-bottom profile data (acquired using a Huntec Deep Tow Seismic system).

The "Bertha" scour mark was examined from the submersible two weeks after the
iceberg un-grounded in 107 m of water on Makkovik Bank (Figure 4). The feature
consisted of a pit where the iceberg had initially grounded, and three "skip” marks made by
the oscillating iceberg as it lifted off from the grounding pit. "Big Makk" was discovered in
150 m water depth as a fresh feature during a detailed sidescan sonar survey of a portion
of northwestern Makkovik Bank (Figure S), and was subsequently investigated during two

submersible dives. The scour mark was approximately 315 m long and 50 m wide. "Big
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Figure 3. Location map of five new scour marks in the Labrador Sea.




Table 1. Summary description of five new scour marks observed
during the Dynamics of Iceberg Grounding and Scouring (DIGS)
experiment in 1985, Labrador Sea.

Site Water Sediment Common Unique
depth Unit elements elements

"Bertha" RGM. Ice & boulder

scour 107 m Upper Berms embedded in
Till FBT* seafloor.

Disjunct RGM’
in first impact
mark

"Big Makk" 150 m Qeovik RGM’ Surcharge

scour Silt Fm. Berms Flat-topped
FBT* mounds
Meltout
pits

Asymmetric 137.5 m Upper RGM® Berm on down-

scour Till Berms slope margin
FBT* only

New 120 m Qeovik RGM’ Disjunct
"Caroline" Silt Fm. Berms RGM’ on inner
scour FBT* berm flanks
Meltout
pits
S. Baffin 230 m Fine RGM’
shelf scour sand Berms

FBT*

"RGM = Ridge-and-groove microtopography
* FBT = Flat-Bottomed scour Trough
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Figure 4. Initial grounding pit (G) and three (possibly four) "skip" marks (arrows) made as
iceberg "Bertha" ungrounded.
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Figure 5. 100 kHz sidescan sonar mosaic of the "Big Makk" scour mark cut into the Qeovik Silt
Formation at a water depth of 150 m on Makkovik Bank, Labrador Sea. A region of
flat-topped mounds (arrow) in a depressed area approximately 100 m long and 20 m
wide is evident within the scour mark trough. Apparent waviness of the ridge-and-

groove microtopography within the scour mark trough 1s an artifact caused by towfish
roll.



Figure 6. 100 kHz sidescan sonograph of the new "Caroline" scour mark, cut into the Qeovik
Silt Formation at a water depth of 120 m on Saglek Bank, Labrador Sea. Scour mark
trough-parallel ridge-and-groove microtopography is clearly seen in the trough.
Individual ridges and grooves can be traced up to 500 m before dying out.



General geology, Labrador shelf

The area of most intense scouring by icebergs in the Labrador Sea occurs on the tops
of the six large, flat-topped banks comprising the outer continental shelf. Water depths
generally range from 120 m to 300 m. The banks are separated by transverse valleys or
"saddles” up to 500 m deep (see Figure 3). The bank tops are blanketed by post-glacial
marine sediments of the Sioraq Sand Formation (fine sand to muddy sand) and Sioraq silt
and gravel Formation (gravelly, muddy silt) that overlie a series of at least three till units

(Josenhans et al 1986). Iceberg scour marks described in this chapter are developed in

these overlying units.

Elements of new scour marks

Flat-bottomed scour mark troughs

Visual observations made from PISCES IV showed the troughs of all five scour marks
to be essentially flat. Similar observations were made by Fader (1989) from a large, relict
scour mark in the Avalon Channel offshore Newfoundland. Flat scour mark trpughs
indicate that the bases of the scouring keels were also flat. This interpretation was
strengthened by observation of an overturned iceberg nearer to shore, that presented to view

a sediment-covered, flat surface interpreted to be the former keel which had previously been
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in contact with the seabed (Figure 7). The reason for making the interpretation of a

sediment-impregnated keel is outline below.

There are three ways to explain how icebergs may contain sediment. One is that

o

sediment was entrained in the parent glacier. Such englacial sediment is inherited by
calving icebergs and is later exposed, usually in bands within the iceberg, due to capsizing
caused by minor calving, ablation and melting. A second explanation is that sediment may
be incorporated and frozen on to the sole of the glacier. An iceberg calved from such a
glacier would be characterized by a veneer of glacial material on its keel (for example se¢
Bellair, 1960). A third explanation is that debris exposed on a flat surface may have been
accumulated recently by mechanical incorporation and freezing of seabed sediment during

a scouring or grounding event. In the case of the observed iceberg, glacial origins for the

sediment are rejected. In the first place, englacial debris was not observed as a band or
bands in this or in any other iceberg on Makkovik Bank. Origin of the observed material
from the sole of a glacier is also rejected. The nearest tidewater glacier is 900 km to the
north in Frobisher Bay, but more reasonably about 2,000 km, which is the distance to the
first significant concentration of iceberg-producing glaciers on mid-Baffin Island. After
drifting such long distances, ablation would probably have resulted in meltout and deposition
of the sediment long before the iceberg was observed. Local origin of sediment from a
recent scouring or grounding event is the preferred theory because sediment on an exposed

ice surface would be deposited rapidly due to ablation, and therefore its observation on an

iceberg 1s considered reasonable proof of recent origin (see also Chapter 8, Ice-rafting).
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Figure 7. Photograph of an overturned iceberg whose flat, sediment-covered keel had been 1n
contact with the seabed. Sediment grain size ranges from large boulders (approx. I m
diameter), cobbles, and probably gravel and fines. Fine-grained sediment is
concentrated along pronounced fractures in the ice at the edge of the keel.



Evidence for ice keel deformation

During the study iceberg "Gladys", an 8.9 million tonne tabular iceberg, split in two.
One half immediately rotated and grounded in 134 m of water. About 7 1/4 hours later an
underwater calving event released several sediment-laden growlers from the grounded keel.
The growlers contained seabed sediment entrained along numerous fractures, and probably
originated from the edge of the keel where fractured ice, as in the overturned keel described
above, would be likely to break off. Samples of the growler ice were collected and kept
frozen. Thin sect<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>