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Abstract: In part 1 a simple scdimentation model is presented in which subglacial ice-
contact, proglacial ice-coutact, inner and outer proxital, and distal glacimarine zones are
distinguished. In these, facics associations are controlled by: (a) distance from the glacier
and the diffusion of glacially-derived water masses and their suspended sedimentary
{including berg-transported) debris into nearby oceanic waters; (b) the form and depth of
the sca bed, and its position in relation to the continental margin (which help determine
water mass character and tidal, wave-driven and geostrophic currenis and the stability of
sca-bottom sediments).

In part 2 a model of custatic/isostatic sea level change in the vicinity of a generic ice
sheet through a whole glacial cycle is developed. The sedimentation model from part 1 is
linked to the sea level model to predict patterns of marine sedimentation near to an ice
sheet through a glacial eycle, in inner shelf, outer skelf and continental slope eavironments.

Comparisons are made bétween theoretical models and observed patterns of glacimarine
facies architecture produced during the last glaciation of Britain, continental Europe and
Spitsbergen. The phase relationship between local ice sheet advance and retreat and that
of the Laureatide ice sheet, the principal deterrainant of global eustatic change, is 2 major

determinant of large scale sedimentation patterns,

Cycles of ice sheet expansion and decay produce
characteristic three-dimensional patterns  of
glacimarine facies and relationships to glaciter-
restrial and non-glacial sediments. Repefitive
styles of facies architecture reflect the intimate
relationships between many of the principal
controls on sedimentation rate and sediment
character during glacial cycles. They are a re-
sponse to interactions between four coupled
phenomena: the geometry of the crust; the
spatial and 1emporal pattern of expansion and
decay of the ice sheet {and its phase relation
to the global glaci-custatic cycle); isostatic
response of the crust; and patterns of ocean
circulation,

This article explores the consequences of
these interactions for facies architecture. It doces
50 in two parts. The first discusses the instan-
taneous spatial organization of facies in relation
to the position of the glacier, the form of the
depositional surface and ocean—water circu-
lation. The second discusses the influence of ice
sheet expansion and decay and the associated
relative sea level changes in limiting and dis-
placing facies zones and determining their over-
all geometry.

The large scale three-dimensional architec-
ture of sediment sequences is a reflection of the
organization of sedimentary environments in

space and time, Each major environment is
characterized by sets of interacting processes
which produce repetitive associations of litho-
facies. Individual lithofacies are not described
in this paper, but rather the sets of processes
typical of each cnvironment and the genetic
sediment types which they produce.

Part 1: Glacimarine facies distributions in
space: (a) the ice-contact zone

lee contact sediments and landforms in glaci-
marine enpvironments comprise: (a) those which
form subglacially and which arc progressively
exposed on the sea floor during glacier retreat
{though not formed in a marinc environment,
they are discussed here as they form the sub-
stratum for many glacimarine sequences);
(b) those which form at the glacier front.

Subglacial sediment and landforms

There is no fundamentat reason why subglacial
sedimentary processes should be different in
kind beneath glaciers terminating in water and
those terminating on land. The buovyant forces
which influence the terminal zones of the former
can merely be regarded as contributing to the

From DownssweLL, J. A. & Scaursk, J. D. {eds), 1990, Glacimarine Environments: Processes 15
and Sediments. Geological Society Special Publication No 53, pp 15-52.
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Fig. 1. Comparison of the thickness and character of the mid-fjord and fjord margin sedimentary sequences in
Kongsfjorden, Spitsbergen (see Fig. 11). (a) The sequence exposed above sea level on the northern shore of
Kongsfjorden, Numbers {3 represent glacioisostatic {acics cycles as shown in Fig. 26, GI, G2 show glacier
maximum positions in cycles 1 and 2. TL, and TL; show transgression limits for cycles 2 and 3. Modern sea
level is the transgression limit for cyele 1. (b) Fjord bottom stratigraphy bascd on interpretations of sparker
survey (1971). {c) Thickness of fiord bottom G} produced by glacial events G1, G2 and G3 along the same line
as b,

T T—

Wt

-

iy




i
i

GLACIMARINE FACIES ARCHITECTURE 17

diminution of subglacial effective pressures
towards the terminus in much the same way as
occurs beneath the wedge-shaped termini of
glaciers ending on land. We therefore expect
flutes (see Solheim et af. 1990} drumlins and
eskers to form bencath marine-based glaciers as
they do on land.

There is a frequent contrast between the
thickness of the tills produced by marine based
glaciers compared with those produced by ter-
restrial glaciers. For instance, in Spitsbergen
during the last century, the glacier Sefstrom-
breen advanced rapidly over an arm of the sea
and onto an island, Cora Island, where it de-
posited up to 10—-20 m of deformation tifl con-
sisting of remoulded marine mud (Dec Geer
1910; Lamplugh 191%; Boulton & Van der
Meer 1989). Similarly Koagsvegen, also in
Spitsbergen, advanced over the eastern Lgven
islands {Elverhgi ef al. 1983} and plastered on
to it over 5 m of remoulded marine mud, which
seismic records just offshore show to be up to
25 m i thickness {Fig. 1). Entircly terrestrially-
derived tills, deposited on land from both these
episodes, do not exceed 1~2 m in thickness.
I suggest that a glacier flowing over mud-
dominated glacimarine sediments, through
which drainage will be poor, will induce high
pore-water pressures in them and through defor-
mation, remould substantial thicknesses of
marine mud into deformation till. Further
glacially-transported debris may be added
through release of englacial debris as a con-
sequence of melting of basal ice. On the land
margin, however, coarse littoral deposits result-
ing from the previous glacio-isostatic cycle wilt
tend to be more resistant to glacier-induced
forces and also facilitate subglacial drainage
and pore water pressure dissipation so that sedi-

ment remoulding will not be such an effective
mechanism of till generation (Fig. i- Boulton &
Tones, 1979; Boulton, 1987).

Where glaciers flow ioto marine environ-
ments, the buoyant force of the water mass, and
soft, casily-deformable subglacial sediments
tend to rcduce basal {rictional resistance, which
is conducive to a fast flow typical of ice streams,
which tend to draw down ice domes in the
hinterland. In many casés, such areas are prone
to surging behaviour (cf. Elverhsi er af. 1983)
and develop large longitudinal tensile stresses
which cause extensive crevassing. Soft subglacial
sediment is intruded into crevasses, and if the
glacier tongue stagnates, as is generally the case
at the end of a surge, the intruded till ridges -
survive after ice melting and form reticulate
patterns on the sea floor. Figure 2 shows the
pattern of crevasse-intruded ridges which sur-
vived after the Sefstrémbreen surge of 1896.
This process was first identified by de Geer
(1910) and has been amplified by Lamplugh
(1911}, Gripp (1929}, Solheim & Pfirman (1985)
and others.

Proglacial sediments and land forms

Subglacial and englacial streams draining a
giacicr arc subject to a much more dramatic
check on their velocities when they enter the
sea than when they drain from a terrestrial icc
margin. Although suspended sediment concen-
trations may make some meltwater dense
crough to form underflows which retain bed
contact, most rises to the sea surface to form
turbid brackish-water plumes (Fig. 3). Thas,
coarse, fluvially-transported sediment, tends to
be much more restricted to the immediate ice
margin in glaciers flowing into the sea compared

Fig. 2. Transit sonar image showing glacially-overridden glacimarine sediments which have been pressed-up
Into crevasses which formed during the surge of Sefstrémbreen, Spitshergen. The sediments (up to £5 m thick)
were sheared atong benecath the glacier during the surge.
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Fig. 3. (2) Suspended scdiment concentrations in surface waters and the location of large icebergs in the
proglacial area of Kongsvegen, Spitsbergen {Fig. 1). Measurements were taken from four boats during a two-
hour period spanning high tide at a time of negligible surface wind (July 23, 1973), using a light attenuation
metre calibrated by water samples. Inter-station turbidity contours were interpolated from photographs taken
from nearby mountain peaks. Suspended sediment is largely derived from two dominant meltwater rivers
which emerge from ice-front tunnels. (b) Section in the same arca normal to the glacier front, showing fjord
bottom geology, suspended sediment concentrations and grain-size distribution of sediment on the bed, in the
water column and coliected in sediment traps. A, B and C show the tecation of sediment traps (point of arrow).
Fjord bottom geology (see Boulton 1986) was determined by sparker profiling and core and grab sampling.
Suspended sediment concentrations were measured from profiles using a light atlenuation metre at the same
time as the measurements in (a). Sediment traps were emplaced for 10 days.
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with their terrestrial counterparts. The coarse-
grained submarine fans which they form thus
tend to hug the ice margin (Powell 1981). The
location of these fans is determined by the
temporal pattern of ice front fuctuation and the
location and stability of meltwater stream out-
lets (Boulton 1986). If the ice front undergoes a
major readvance, or a winter readvance during
general refreat, push-moraines tend to form.
The origin and structurce of these features has
been described by Birnie (1977} for glacier
margins on land, and by Boulton (1986) for
marine margins.

Figure 4 shows a schematic diagram which
illustrates the assemblage of ice-contact forms
produced by a glacier draining into a fjord.

Fan bodies which accumulate at the margin
of Kongsvegen are up to 15 m in thickness, and
300 m across (Fig. 3b}. The point of entry into
the fjord of the streams which feed them is
extremely unstable, partially due to falling
seracs which must block tunnel mouths. As a
consequence fan.sediment masses produced by
a single unstable stream may extend for several
bundred metres across the glacier front. If

several streams come into the fjord, we should
expect a serics of transversely-oriented fan
ridges from each stream, but with similar longi-
tudinal spacings, as discussed by Boulton (1986).

If the grounding line does not coincide with
the ice front, as in the case of an ice shelf, we
may expect subglacial deltas to develop from
sediment transported at the glacier/bed inter-
face. This sediment may be water-transported
or ice-transported. The bulk of water transport
is likely to occur as channelled flows which
discharge sediment from specific points at the
grounding line to produce fans or deltas. Dis-
seminated flow is likely to discharge a much
smaller volume of water or sediment, cither
by sheet-low at an ice bedrock iaterface
(Wecertman 1972) or as an intergranufar flow
through a subglacial sediment (Boulton &
Hindmarsh 1987).

Ice-transported detritus may be englacial
or in a subglacial deforming layer. A glacier
moving over a bedrock surface with only an
englacial load is unlikely to transport enough
material to supply a significant delta, but a
deforming subglacial bed may (Alley et al.

CALVING GLACIER IN RETREAT

T - till
i badrock

% coarse sadiment
Sm - fjord bottom mud
v

C - crevasses Mm - madial moraine
Mp - push moraina Cs ~ subglacial stream tuanel
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Fig. 4. Schematic diagram showing the principal sea-bed features in the proglacial arca of a calving glacicr, and

the underlying sedimentary sequences.
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GLACIMARINE FACIES ARCHITECTURE 21

1987), producing a two-dimensional deltaic
feature all along the grounding line, provided
that the bed stopes steeply enough (Fig. 6).
Sorting processes during flow and avalanching
of this deformation till down the delta foresets
will tend to produce stratification. Both two-
dimensional  fifl-fed and three-dimensional
stream-fed deltas will respond similarly to
changiag sea level. If sea level is static, pro-
grading forescts will build out, to which, in tili-
fed deltas, the deforming till mass will provide
topsets (Fig. 6AL). A sea level rise will cause
retreat of the grounding line (Fig. 6Aii), but
subsequent stabilization will cause development
of a second prograding foreset/till topset couplet
(Fig. oAiii). A sca level fall (Fig. 6Aiia) will
tend to enhance development of a foreset/topset
couplet at a lower level, caused by lowering of
the base of the ice shelf. Where a glacier extends
to the continental shelf edge, both till-fed and
stream-fed deltas will tend to form at the shelf

break in response to custatic and isostatic
changes in sea level (Fig. 6B).

King & Fader (1986} and King er al. (1987)
have discussed possible subglacial processes at
the shelf break through their seismostratigraphic
studies of the Scotian and Mid-Norwegian
shelves. They identify #ill tongues which inter-
digitate with glacimarine units at the shelf-break
in response to changes in the position of the
grounding line, in much the way shown in Fig.
6A. However, they believe that the melt-out
process would be the principal source of sedi-
ment, either as till proximal to the grounding-
line, or as a sediment deposited by settiing
through the water column distal to the ground-
ing line. T would stress the potentially greater
volumetric importance of shear transport and
remoulding of subglacial sediments (Boulton &
Jones 1979} as a source of till, and, in such a
regime, the importance of slumping of the defor-
mation till which is continuously discharged at

SEA-LEVEL FALL

SEA-LEVEL
RISE

i)

SEA-LEVEL
RISE

Fig. 6. Suggested sedimentary response of sub-ice shelf sediments to sea-level change. Note that deposits from
suspension arc amitted. (a} Sedimentation changes beneath an ice shelf on a continental shelf. i-ii-iti show the
response o sea level rise, and i-iia show the response to sca fevel fall. (b) Sedimentation beneall an ice shelf
whosc grounding tine occurs at the continental shelf edge. i+ show the response to sca level rise and i-iia the
response (o sea-level fall. Till (assumed to form fargely from shear-remoulded marine mud) is shown by
triangles. Prograded foresets are shown which reflect the advance of the grounding line. Note how sea leve] rise
leads to formation of two couplets.
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the grounding line (cf. Alley e/ al. 1987). The
deformation process does not require erosion of
immediately subjacent materials. They may be
derived from far up-glacier with deposition pre-
dominant in the terminal zone of the glacier
(cf. Fig. 12).

{b} The proximal zone: inner shelf or inner
fiord

The glacier proximal zone, rarely in excess of

1020 km in width is dominated by an estuarine

style of water circulation during the summer

season. Large volumes of densely sediment-
charged meltwater are discharged from glacier
termini. This may reach the sea from meliwater |
rivers where the glacier terminates on land, or |
directly from tunnels in or beneath the ice where |
the glacier terminates in the sea. They give rise .
to surface plumes of brackish, turbid, glacier .

meltwaters containing large suspended sediment
concentrations (Fig. 3a), and induce a thermo-
haline counter current at depth.

Very high rates of sedimentation from suspen-
sion have been reported in such zones. Elverhgi

of 10 km from Kongsvegen in Spitsbergen.
Powell & Cowan (1986) report 1503000 mg
cm? day ™! within 1 km of the front of McBride
Glacier in Alaska. Figure 7 shows the sedimen-
tation rate(S) falls off fogarithmicaily with dis-
traps moored 5 m above the sea floor beyond
the glacier Kongsvegen in Spitsbergen, plotted
together with data from other sources. Sedimen-
tation rate(S) falls off logarithmically with dis-
tance from the glacier so that:

Stmun a1y = log ™" [100—1.33 tog(d~1)]

where 4 is the distance from the glacier in
km. The proximal environments from which
measurements werc taken are in fjords, where
bottom currents are relatively weak and sedi-
mentation from suspension dominates, apart
from in the glacier-margin zone of fan deposition
(Fig. 4). However, even on open, stormy coast-
lines such as that of southern Iceland, which is
fed by major meltwater rivers, and even though
glaciers do not reach the sea, a mud-dominated
proximal zone extends for some 10-20 km
beyvond the river mouths {(Boulton ef al. 1988).

It is possible to distinguish an Inner Proximal
Zone where sedimentation rates are sufficiently
high to inhibit benthic life, and bioturbation
is rare, and an Outer Proximal Zone, where
benthic life and bicturbation are common {Fig.
7b) (Farrow et al. 1983).

An infensive study of suspended sediment

concentration, sedimentation rate and sediment
granulometry near the front of the tidewater
glacier Kongsvegen was undertaken in late July
1973. Measurements of surface water turbidity
and turbidity/depth profiles were taken using
light-attenuation metres (calibrated against

. samples) from four vessels over a two-hour
. period spanning a single high tide at a time of

slight surface wind. Inter-station contours of

. surface turbidity (Fig. 3a)} were interpolated
. from photographs taken from nearby mountain

peaks. If shows sediment plumes emanating
from two major ice front streams believed to
debouch into the fjord near to the base of the
ice cliff.

Sub-surface processes were inferred from the
turbidity/depth profiles, three sediment traps
anchored between 17 and 35 m above the sea
bed over a 10-day period, grab and core samples,
and sparker profiles (Fig. 3b). Powerful turbu-
lence and a raised water surface near to the
plume apex suggested strong stream upwelling
(see Syvitski 1989). In this zone (i), sediment in

. the plume had a mode at the fine sand/silt
. boundary. Further from the glacier (ii), the
. mode became finer-grained with no further sand
et al. (1983) report 50—100 mm a~ " at a distance .

in the plume by 2 km from the glacier (iii}. On
the sea-bed, the distal part of the ice-front fan
(v) was sand-dominated. Muds just beyond the
fan margin (vi) showed a mode in the sand
fraction, but this rapidly gave way to a silt mode
(vii) further from the glacier.

The high rate of sedimentation from suspen-
sion in the inper proximal zone tends to over-
whelm the iceberg-dropped component (Fig.
3b, vi and vii; Fig. 7b; Fig. 8a) whereas in the
outer proximal zone the berg-dropped com-
ponent becomes important {Fig. 3b, ix; Fig. 7b;
Fig. 8b). Icebergs tend to ground and become
stranded in shallow areas and it is here that
clast-rich diamictons tend to be produced from
a sediment-rain dominated by iceberg-derived
debris (Figs 7b & 8&c). High turbidity often
characterizes this zone (Fig. 3b) and any differ-
ences between the grain-size distribution of
debris collected from bergs and sediment on the
sea floor (Fig. 3b, iv, viii) reflects such processes
as current winnowing and extrancous sediment
inputs. High rates of sedimentation near to the
glacier front tend to produce underconsolidated
muds (Fig. 7b). These tend to be unstable and
may gencrate mass flows and secondary turbid-
ites {Fig. 8d). Evidence for such processes is
frequently seen in sediment cores in the inner
proximal zone, though it is rare in the outer
proximal zone, except where very high bed
slopes occur,

The influence of seabed slopes can be seen
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Fig. 8. X-rays from sediment corcs in represeatative
glacimarine environments. {a) Inner-proximal zone,
Kongsfjord, Spitsbergen (site at 900 m, Fig. 3b). (b)
Outer-proximal zone, Kongsfjord. A less silt-rich
sediment showing bioturbation (150 m water depth).
{c} Clast-rich diamicton from a shoal on which debris-
rich icebergs ground, Kongsfjord (site at 3300 m, Fig,
3b). (d) Turbidite sequence generated by stumping
from the flanks of Cambridge Fiord, Baffin Island
(core CA4.2;see Fig. 9).

very clearly in the contrasts between fjord-
bottom sedimentation in the ouler proximal
zene in many Spitshergen and Baffin Island
Fjords (Fig. 9). In the former, submarine fjord-
margin slopes tend to be in the range of 5°—20°,
and as a consequence there is very little evidence
of gravity flows down the fjord margins. Sedi-
menfs are draped over the underlying topogra-
phy, and bioturbation is strong. In the latter,
slopes are frequently in excess of 35—40°, and
as a consequence, there is ample evidence of
debris flows and sccondary turbidite action.
Sediments preferentiafly infill the fjord bottom
and bioturbation is suppressed.

It is particularly important to understand
sedimentary processes in the sablittoral zone as
these are often important components of glacio-
isostatically uplifted sequences seen on land.
Figure 5 shows a series of sampled nearshore
profiles from the inner proximal zone to the
distal zone from the relatively sheltered
environment of Kongsfjorden, Spitsbergen
(including a profile from just beyond the fijord
mouth). In the sheltered fjords there tend to be
shallow (—5m) sub-beach platforms associated
with normal wave activity and tidal fluctuations,
below which, away from active sediment inputs,
cither bedrock is exposed (or ties at shallow

depth beneath a thin sediment cover) or, in the
case of mner Kongsfjorden, recently deposited
till is currently being eroded. There is then a
tendency for platform development at —20 to
—30m which I interpret as wave base for storms,
for wave height rarely exceeds 3—4 m in these
sheltered environments (Syvitski et al. 1983).
Moign (1965} reports evidence of strong sub-
littoral erosion even in inner Kongsfjorden,
Spitsbergen, down to a depth of 30 m below sea
level, and on the open coast of Southern
Iceland sirong sub-littoral erosion has produced
a 2 km wide bench at —20 m above the major
prograding coastal scdiment wedge built out
during the Holocene by powerful meltwater
rivers (Boulton e al. 198R). Thick mud units
tend only to develop beneath this depth.
Boulton et af. (1982) also concluded from the
study of uplifted glacimarine sequences in
Spitsbergen that ~30¢ m was the upper level of
mud accumulation.

At points of sediment input to the fjord
basin, such as fan-deitas and spits, a coarse-
grained sandy apron may descend to con-
siderable depth (Fig. 5b) (e.g. Syvitski 1987;
Boulton ef al. 1985).

If we presume that the primary deposition
rate of glacialiy-derived sediment from a fjord
head glacier is a function of distance from the
glacier source (Figs 3 & 7), the nature of shore-
face sedimentation wili depend wupon the
location of side inputs (Fig. 5) and the balance
between primary scdimentation rate and rates
of operation of different crosional agents. The
latter arc as follows.

Bottom currents. Strong shallow water cur-
rents can be associated with glacier-derived
turbid surface plumes. The easternmost
plume in Fig. 3a attains surface velocitics of
6m s, and is probably largely responsible
for erosion of a prominent 200 m wide shelf
at —23m in recently deposited tifll which was
deposited on the fjord side during a neog-
laciat advance of Kongsvepen (fig. 5a).

Tidal currents may be particularly strong
along the shoreface where fjords are con-
stricted, and may reach 1o considerabie
depth. The profile in fig. 5b occurs at such a
constriction. Sandy current winnowed units
lying on shallow bedrock extend down to
—70m.

Wave action. This is largely a function of
exposure. In sheltered fjords, storm-wave
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Fig. 9. Contrasis between (a) an “infill scquence™ in Cambridge Fjord Baffin Island, where slumping from the
steep margins (up to 40°) produces a flat-bottomed, slump and wrbidite (Fig. 7d) infil} sequence, and (b} a
“draped-sequence” (Fig. 7b) in Kongsfijorden, Spitsbergen, where the fjord margin slopes are between 5° and
20°.

scourcd platforms rarely extend to more
than —20m.

Slumping and creep. The exceptionally high
sedimentation rate in the inner proximal
zone ensures that pore fluid pressure dis-
sipation does not keep pace with sedimenta-
tion. Pore fluid contents 36% greater than in
normally consolidated samples were found
in muds at the base of 2.4 m long cores in flat
bed arcas of inner Kongsfjorden. As a
consequence, sediment flow occurs on any
significant slope in this zone, and sidescan
sonographs show ubiquitous sediment creep

features on the fjord sidewalls. However,
although there is a strong tendency for an
infill sequence to develop, high rates of
sedimentation sustain a thin mud drape on
the fjord walls (Fig. 5)

In the outer proximal zone, sedimentation
rates are lower, sediment is more stable and
draped sequences become the norm on
gently sloping shore-faces. We thus expect a
sequence resulting from glacier retreat to
show a transition from infli to draped
scquence as the inner proximal gives way to
the outer proximal zone. Fig. Sb may show
an example of this.
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Iceberg disruption. Major sediment disrup-
tion can occur aloag tracks of iceberg dis-
persal (Barnes & Rearic 1985). Moreover
small bergs aground in shallow water, rising
and falling under storm wave action, may
have a significant effect in eroding and
reorganizing shallow shore platforms.
Benthonic life is also strongly controlled by
shoreface processes (e.g. Dale ¢t al. 1989). It is
generally inhibited in the inner proximal zone
by high rates of scdimentation, although
shallow wave and current-scoured surfaces can
be well colonised. In the cuter proximal zone,
there is a richer benthonic fauna below the fevel
of wave and current scour.

(¢} The disial zone: outer shelf or outer
fiord

The distal sedimentary regime contrasts
strongly with that in the proximal zone.
Suspended sediment concentrations in the
water column rmay be up to three orders of
magnitude less than in the inner proximal zone
(Fig. 7). Morcover, upweliing of deep water
along the continental margin {Anderson ef al.
1984; Jacobs, 1989) and/or strong long-shelf
geostrophic currents (Boulton er al. 1988),
coupled with the greater energy of long-waves
associated with the outer shelf, generally ensure
a more energetic sea bed environment than in
the proximal zone. As a consequence, the distal
zone tends to be one of sediment reworking
down to considerable depth, erosion of earlier
sediments and the formation of sandy and
gravelly kag horizons.

Some deeper basins on outer shelves show
evidence of mud sedimentation during the
Holocence, although this rarely exceeds a net
sedimentation rate of 10 cm/1000 years. On
very broad shelves, such as the Barents Shelf,
sediment reworking dominates near the shelf
edge, where the oceanic influence is strongest,
but in the inner part of the shelf, in water
depths greater than 100 m, there has been net
sedimentation of mud during the Holocene at
rates of between 2 and 8 cm/1000 yecars
(Elverhoi 1984). Enhanced nutrient supply in
zones of upwelling sustains high rates of
biological productivity and rich benthonic and
planktonic floras and faunas, which contribute
to important bioclastic horizons (Elverhoi
1984). A large proportion of the primary clastic
sediment input to many outer shelf areas is of
ice-rafted detritus (Orheim & Elverhoi 1981),
although the input will vary strongly as iceberg
tracks are strongly dependent on bathymetry

and current and wind circulation.

The effects of some of these processcs are
shown in Fig. 10 of the Ross Sea, in Antarctica,
and the western Spitsbergen continental sheif.
There is strong upwelling along both margins
producing strong currents and reworking at the
shelf edge and a major bioclastic compenent in
shelf-edge sediments. Away from the shelf edge,
the depth of the Antarctic shelf is sufficient to
inhibit reworking except on banks in less than
300 m of water (Anderson ef al. 1984). In
Spitsbergen strong long-shelf currents produce
re-working on the mid-shelf, with strong sedi-
mentation from turbid meltwater overflows in
the innershelf (fjord) environmeat. It is possible
that a similar effect may be produced in the
Ross Sea from sub-ice shelf meltwater (Jacobs
1989). Sub-ice shelf melting in the Ross Sea
ensures that icebergs from the ice shell are
debris-frec, and thus that little berg-dropped
material is deposited close te the ice shelf
(Anderson er al. 1984). Berg-dropped material
on the mid and outer shelf is derived from
icebergs carried into the region from the west.
In Spitsbergen, debris-transporting bergs are
derived directly from the nearby ice margins as
well as being transported from afar by the long-
shelf current.

Most northern hemisphere glaciated shelves
show a relatively simple geometry, of shallow
planar banks of 100—-200 m depth, crossed
by glacially-croded troughs which descend
300400 m below sea level (Fig. 11).

On the Iceland shelf (Bouiton e al. 1988} till
is absent in the troughs and thick on their flanks
and on the adjacent banks, apart from on the
inner shelf where a moraine has been generated
during a Lale Weichselian glacier standstill or
readvance. In Kongsfjorden and Isfjorden, on
the western Spitsbergen Shelf, tills are absent in
the troughs in the inner shelf, but do occur on
the outer shelf where they thicken towards a
shelf edge {Fig. 13a). In both cases however, till
appears to occur across the whole shelf on the
flanking banks, apart from in shallow-water
zones where it has been removed by sub-littoral
arosion.

A simple numerical model is used to help .
cxplain these patterns, When a glacier flows
across a continental shelf showing linear, flow-
paraliel troughs and flanking banks, such as that
of West Spitshergen (Fig. 11} the trough depth
will be inadequate to entirely channel a glacier
extending near to the shelf edge, except in its
terminal zone. As ice will be approximately
200 m thicker in the troughs than flanking banks,
a greater driving stress will occur along the
trough, teading to enhanced flow and a tendency
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Fig. 10. Occan thermal structure in summer in glacimarine environments from the glacier front across the
continental shelf and into the decp ocean, showing the character of bottom sediments (thickness of the
ornarnent does not represent sediment thickness). (a) Ross Sea, Antarctica (re-drawn from Anderson ef al.,
1984). (b} Kongsfjorden and the west Spitsbergen continental shell (NERC cruise G.A. Reay 1986).

for an ice stream to develop which draws down
ice from the flanking banks.
At the basal boundary, we assume

Uy = — (1)

where U, and 1, are basal velocity and shear
stress in the x-direction, and A is a friction
parameter (Morland er al. 1984).

For the ice stream

T, = pg(H) + H3) sin o 2)
For the banks adjacent to the ice stream
T = pgHasin o 3

where Hj is the depth of the trough below the
bank’s surface, H, is the ice thickness over the
bank and « is the slope of the glacier surface.

Longitudinal stresses and shear at the margins
i of the ice stream are ignored.
Discharge () of the ice stream will be

_ Wpg(H; + H3)? sin «
= 3

ez 4

where W is the width of the trough. This will
be made up of two components, that due to
accumulation (a) and ablation (a negative} along
the ice stream.

0. [ Woa ©

and that due to flow into the ice stream from
flanking sluggish ice on the banks

Q=I%M. (6)
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Fig. 1. Map of the west Spitsbergen continental margin showing Kongsfjorden (79°N} and Isfjorden (78°N),
the glacially croded troughs which emanate from them, and the intervening shallow banks. Large ‘trough

mouth fans’ occur at the shelf cdge. The predominant shelf currents flow north, starving the western shelf edge
of sediment but feeding the shelf cdge at 79.5°N to produce a zone of active progradation. Lines of sections

shown in other figures ase marked.

At any poiut, Q5 wili be
Qs = f g x + J' ‘/Vn dx. (7)
] [+

The slope across the margin of the ice stream
{®) at any point will be
-0 P
sin loy = (i sz (8)
pgiiz.
Assuming the values of A as calculated by
Morland et al. {1984) and arbitrary and constant

values of Hy, Wand p,, it is possible to recon-
struct the confluent pattern of flow towards the
ice stream and the distribution of basal velocity.

A simple expression is used to compute the
resultant patterns of erosion and deposition
{(Boulton ef al. 1984) which are determined by
changes in the basal sediment transport rate,
assumed fto be proportional to [, Thus, the
erosion rate (F) is given by

4l

dx.

ey
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When this is negative, deposition occurs. I shall
however assume that sediment transport occurs
as a result of subglacial sedimeat deformation
(Boulton & Hindmarsh 1987) and thus that

. dty
L= K — (1m
dx.
To permit this, we expect very low values of
effective pressure (p.} because of the difficulties
of drainage from the subglacial mass.

Figure i2a shows the flow paths and erosion
deposition pattern for a glacier flowing over a
surface containing a longitudinal trough where
there is no significaat calving. In a steady state,
we would expect the zone of deposition near to
the glacier margin to show thicker till units
within the trough than on the flanking banks,

I the glacier flows into the sea, but the
calving rate is small, inhibited perhaps by fixed
sea ice, and if additional bueyancy in the ter-
minal zone is enough to reduce P, and thereby
the basal shear stress, it will enhance the tend-
ency towards subglacial deposition in the ter-
minal zone (Fig. 12b).

If however the calving rate is very high, it
may only be balanced by velocity in the high
velocity zone where dUp/dx and dry/dx are
positive, thus ensuring that erosion will occur as
far as the glacier terminus (Fig. 12¢). A further
consequence wilt be to dump all the debris in
transport immediately beyond the glacier ter-
minus. Again we cxpect a strong contrast on the
flanking banks where the glacier may terminate
on land, with a marginal depositional zone, or
in shallower water than in the trough which,
because of a slower calving rate, will result in
less erosion, or deposition on the banks.

If the ice stream begins to float on the shelf
before the terminus, we would certainly expeot
a terminal depositional zone as p, will go to
zero at the grounding line (Fig. 12d). If it only
floats at the shelf break, where p, may decrease
extremely rapidly, a terminal erosion zone may
give way immediately (o a proglacial dump
(Fig. 12e).

Thus, in most circumstances we would expect
a strong contrast between till thickness on the
banks and in the trough.

{d) The shelf break and continental slope

No modern continental sheif break in a glaci-
marinc environment lies in the proximal or ice-
contact zone. To wunderstand proximal and
ice-contact shelf-break and continental slope
processes we musl refer to those localities where
glaciers reached the shelfl edge during glacial
periods,

a) | %
Rl e

BANK [ \
\ET ~EROSION 1 TROUGH

[y LUEFOSITIOR 1
T “TROUGH

Qy -TERMINAL DUMP
DEFGSIFION ON
Da-gank

QRIGHAL
SURFACE

~ - - — SEA LEVEL

GROUNDING LINE

Fig. 12. Theoretical patterns of crosion and till
deposition along shelf troughs and on the flanking
banks. (a) Ice stream terminating or the shelf without
significant caiving. (1) Ice stream terminating on the
shelf with some calving. (¢} With very strong calving.
(d) Shelf ice stream with floating terminus. (¢} lee
stream floating at the shelf edge.

A major feature of the distal margins of
glacially eroded troughs crossing many high-
latitude shelves are “trough-mouth fans’ where
the degree of progradation of the shelf has been
much greater than in the adjacent banks (Fig.
11). The sequence in such a trough mouth fan,
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at the mouth Isfjordrenna, in west Spitsbergen,
is shown in Fig. 13a. Coring reveals the upper-
most unit to be a proximal glacimarine mud,
capped by a gravelly lag. Where the mud has
been completely removed by erosion, we find
an underlying dense, massive and unfossili-
ferous diamicton, which is presumed to be till.
It has been suggested in previous sections that
thick glacimarine muds only develop in the
proximal zone, which would imply that the mud
unit reflects the advance of a glacier onto the
outer continental sheif. If this is so, then it

seems most likely that it forms part of a couplet
with the underlying till, the latter reflecting
glacier advance to the shelf edge, and the former
the carly stages of retreat. Below, beyond and
above the till, strong reflectors indicate major
progradation. This may reflect discharge of sedi-
ment from the tidewater or floating margin of a
fast ice stream occupying the trough.

There is a contrast on the western Spifsbergen
continental stope between the style of failure in
front of trough-mouth fans and the intervening
banks. In the latter, where till thicknesses are

2-WAY TIME IN SECONDS

1JV\fl i I [

VERTICAL SCALE

TWO-WAY o5
HORIZONTAL SCALE ~ TRAVEL TIME

KMS. IN SECONDS
9 1w 2 4.0

Fig. 13. Interpretation of air-gun records across the West Spitsbergen sheif cdge. See Fig. 11 for location. (a)
Scction across the fan at the mouth of Isfjordrenna showing glacial couptets. (b) Thickening of sediment on the
lower continental slope north of Kongsfjordrenna. A currently inactive margin where slumping of the upper
slope feeds the lower slope. (¢) Depositionally active north-western: margin of the Spitsbergen sheilf showing

progradation on the upper slope and shelf break.
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relatively large, deep-seated failure planes occur
along which large sediment masses are dis-
placed (Fig. 14). In the former, where il
tongues pass into acoustically layered sediments
at the shelf edge no such large structures can be
discerned, and it is presumed that mass-transfer
occurs through numerous small scale failures
and slumps.

It is clear from Fig 13a—b that current rates
of sedimentation on the upper continental slope
beyond trough-mouth fans are very low and
that litile sediment is discharged directly over
the shel-edge of western Spitsbergen. Geo-
strophic and tidal currents on the west coast of
Spitsbergen produce a generally northerly drift
of sea-floor sediment and surface water. This
dominant long-shelf sediment drift is discharged
into deep water across the northwestern shelf
edge (Fig. 11), where, in contrast to the western
shelf, evidence of active progradation is clearly
secnt on seismic profiles (Fig. 13c). This contrast
between and ‘active’ northwestern shelf edge
and continental slope and an ‘inactive’” western
shelf edge and slope is reflected in the seismic
stratigraphy. Whereas in the former the most
recent seismic sedimentary units are involved in
prograding, overstepping relationships on the
upper slope and shelf (Fig. 13c), in the latter
they show an on-lapping relationship lower on
the slope (Fig. 13b). Indeed, in many profiles,
this on-lapping of the lower slope can be seen to
be the product of major stides and slumps on a
continental slope of 3° to 6° (Fig. 14), and in
some, successive major slumped units can be
identified which are up to 140 m in thickness
and 3—5 km in longitudinal extent.

It is suggested that advance of a glacier to the
shelf edge distupts the long-shelf sediment dis-
persal pathway, moves the proximal zone of
surface-plume dominated sedimentation to the
shelf edge, produces high rates of sediment
discharge directly over the shelf edge and active
shelf progradation (Fig. 13a). During periods
when glaciers have retreated from the shelf,
oceanic water penctrates onto the shelf and
produces long-shelf sediment dispersion. High
rates of primary sediment discharge over the
shelf-edge cease, the glacially-oversicepened
upper slope begins to fail and slumped masses
accurmulate low on the continental slope.

Part 2: The effect of glacial cycles and
associated sea level changes on facies
architecture

It is argued below that the facies architecture
produced by a glacial cycle is the consequence

of a temporal shift of the spatial distribution
of facies described in part 1, in response to
changing glacier position and changing glacially-
controlled sea level. A model of glacially-
controlled sea level is developed below, which
is used to predict the distribution of principal
facies clements in time and space through a
glacial cycle. These theoretical distributions are
then compared with evidence of glacially con-
trofled sea level change and facies organiza-
tion from Pleistocene and pre-Pleistocene
sequernces.

A model of sea-level change near to an ice
sheet during a glacial cycle

The growth and decay of Pleistocence ice sheets
has involved an exchange of mass of about 4 X
107 km® between the oceans (2.2 % 10% km?
area) and ice sheets on northern Europe and
North America (14 x 10° km? area — Antarctic
and Greenland ice sheets underwent relatively
little areal or volumetric change, at least during
the last glacial cycle). This results in Aluctuations
of ocean level of about 120 m and changes in ice
sheet thickness in mid-latitudes of up to 4 km.
The cyclical concentration and dissipation of
mass from mid-latitude ice sheets affects sea
level in three principal ways: (i) in global eustatic
changes as a direct result of ice volume change;
(ii) in local isostatic crustal flexure in response
to cyclical loading and unfoading of the crust by
jce and water; (iti} local changes in the sea
surface level in response to the gravitational
attraction of changing masses.

These components of sea level will have an
effect on relative sea level (R}, which is the
local level of the sea in relation to a fixed point
on the solid earth surface. Using an up-positive,
down-negative convention:

Ri=FE. + I, + G,

where £, I; and G, arc the nct changes in
custatic sea level, in isosiatic displacement of
the crust and gravitational change in sea level
surface respectively in relation to an assumed
interglacial equilibriumm condition. These vari-
ables are treated independently for simplicity’s
sake.

For the purpose of illustration a two-
dimensional ice sheet model is used (Boulton
et al. 1984) in which expansion and decay of an
we sheet is approximated by a sequence of
steady states which are determined by snow-
line elevations. This is used in preference to a
time-dependent ice sheet model (Hindmarsh e
al. 1987) merely because it is easier to match a
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prescribed pattern of glacier variation in time
and space.

In computing isostatic deflection, we assume
the response of the solid earth to ice sheet
loading to be governed by a rigid, elastic litho-
sphere and an underlying viscous astheno-
sphere. The stiffness of the lithosphere will

ensure that gravitational equilibrium, if and

wher achicved, will be a regional equilibrium,
rather than a locai one beneath cvery loaded
point. As a conscquence, downward deflection
will occur both beneath and slightly beyond the
loaded area, and an upward bulge will accur
beyond that. The pattern of depression and
uplift will be determined by lithosphere elas-
ticity, whilst the rate of response will be deter-
mined by flow in the asthenosphere. Following
Turcotte & Schubert (1982}, the deflection
[Wey — positive downwards] beneath a point
load (V;) will be:

1
Wi = == Viele™ (cos x + sinx) (11)

and pmt is the density of the asthenosphere.
Flexure is computed by assuming the jce shest
load to consist of a series of point loads,

The rate of change of elevation of the surface
of the lithosphere is calculated following Qerle-
mans & van der Veen (1984), and is given by

Oy _ py & (o — by + W) (12
— = D, == (g — hy +

5t A 6122 b0 ol ( )
where /i, is the initiai elevation, 1, is the dif-
fusitivity of the asthenosphere and is given by

D, = gI3v where H* is the thickness of the

asthenosphere and v its viscosity. 7 and v are not
known, but Walcott (1973) has estimated values
of D, from North America and Scandinavia.
Values of D, = 1.67 m? s~  and I = § x 10
Nm were used.

Figure 15 shows progressive deflection of the
crust in response to prescribed glacier growth
and decay using the above scheme. Deflection
does not achieve equifibrium with ice load dur-

. 8D o ] ing glacier expansion, and as a result, maximum
where D is the flexural rigidity ?!E the litho-  ¢ygtay depression occurs during deglaciation.
sphere, = !f_‘mg and o = AD A proglacial bulge occurs which is progressively

« pmg displaced as a wave beyond the advancing front
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Fig. 15. Progressive crustal deflection produced by glacier growth.
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of the ice sheet.

The gravitational attracticn of the ice sheet
mass for the water surface was calculated using
the analysis of Peltier ef al. (1978).

The pattern of relative sea tevel change near
to an ice sheet in response to the ice sheet’s
expansion and decay was computed for an ice
sheet cycle in phase with the global eustatic sea
level cycle (Fig. 16a), and for cycles which both
lead (Fig. 16c) and lag (Fig. 16b) the global
custatic cycle by 4.25 ka. The first reflects the
pattern expected around the ice sheet which
exhibits the largest volumetric change and thus
dominates the global custatic cycle (e.g. the
Wisconsinan Laurentide ice sheet) or a smaller
one in phase with it (e.g. the European
Weichselian ice sheet during decay); the second
is a smaller ice sheet which leads the dominant
ice sheet’s fluctuations {e.g. the Devensian
British ice sheet during its decay phase); and
the third one which lags the dominant ice sheet
(e.g. the Weichselian West Spitsbergen ice sheet
in ifs decay phase).

The relative sea level changes which would
occur at a series of points at different distances
from the point of ice sheet nucleation for cach
of these cases are shown in Figare 17, They all
share similar features.

{i) In the arca far beyond the maximum
extent of the glacier, a symmetrical cycle of
relative sea level change is presumed to have
a similar phase and amplitude to the global
custatic cycle (Fig. 17—1). Nearer to the ice
sheet, in the zone of the extra-marginal bulge
(Fig. 17-2), the amplitude is significantly
greater than that of the global custatic cycle,
whilst there is a sea level phase lead where locat
ice sheet growth and decay leads the global
custatic cycle.
© (i1} Tn arcas overriden by the glacier relative
sca level change is asymetric, with the maxi-
mum sea level regression preceding glacier
advance over any site, and the maximum trans-
gression following retreat (Fig. 17, 3-5).

(i) In Fig. 16 the rates of advance and decay
of the northern margin of the jce sheet are
prescribed to be less than those of the southern
margin. As a consequence, the ice sheet resi-
dence time at any point a given distance inside
the northern margin will be greater than at a
simifar distance from the southern margin. The
isostatic effect will therefore be greater in the
north, and deglaciation wilt tend to coincide
with phases of much higher sea level (Fig. 17-3)
than at the southern margin, where phases of
relatively low sea level will be succeeded by
phases of transgression (Fig. 17~3).

(iv} Becanse of the wide range of rates of

glacio-isostatic wplift during deglaciation be-
tween the maximum extent of ice and the centre
of glaciation, there will, at some point, be a
sustained equivalence between rates of eustatic
sca level rise and crustal oplift, leading to a
static relafive sea fevel (Figs 17-3b, 17—3a-c).

There are several elements of dissimilarity.

(i) The extent of the zone in which isostasy
dominates relafive sea level is preatest where
the local glacial cycle lags the global eustatic
cycle and least when the local cycle leads the
global eustatic cycle;

(if} Where the local ice sheet lags or is in
phase with the global custatic cycle, there is a
relatively simple contrast between the eus-
tatically-dominated zone of deglacial sea-level
transgression (Fig. 17~1, 2) and the isostatically
dominated zone of deglacial sea-level regression
{Figs 17—4, 17-5ab). However where local
deglaciation leads global custasy the early decay
of the isestatic component before significant
eustatic rise, produces a pattern of sea level
regression followed by transgression in a broad
zone near fo the ice sheet’s maximum extent
(Figs 17-3, 17--5¢).

Figure 18 shows the isobases produced as a
consequence of the glacial cycles shown in Fig.
16a. These represent the current disposition of
planes which lay at sea level at the times given
on the diagram. Their form reflects the net
result of the isostatic warping of the crust and
the eustatic sea level change which has occurred
since those times. They are natural bounding
surfaces for marine sediment packages.
They show how beach sediments of a given age
which formed during the glacial cyele will
tend to lie above modern sea level in the
isostatically-dominated zones, and how their
lateral equivalents will lie well below sea level
in the eustatically dominated zone. Important
characteristics are as follows.

(i) The marine limit in the isostatic zonc is
diachronous and dips at a smaller angle than
isobases. Only instantaneous ice sheet disap-
pearance will give an isochronous marine
limit.

(ii) The location of the extra-glacial isostatic
‘bulge’ is indicated by a depression of isobases
in the eustatic zone.

(iif) They show evidence of a regression fol-
lowed by transgression during glacier buaild up
in the area within and just beyond that occupied
by the glacier at its maximum extent.

(iv) They show that in the case of a glacier
whose decay leads the global eustatic decay,
regression followed by transpression during
deglaciation occurs in a zone near to the maxi-
mum extent of the glacier.
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Fig. ¥8. Two dimensional form of isobases dating both from the period of ice sheet expansion and the phasc of
ice sheet decay from the model in Fig. 16 where the local giacial cyele is in phase with the global eycle. Isobases
show the current form of surfaces which lay at sea level at the stated time.

Glacimarine facies architecture on the land
margin and shelf: theory

The simple spatial model of glacimarine facies
developed in part 1 relates the character and
rate of accumulation of sediment at any site to
its distance from the glacier, the slope of the
substratam and its relation to sea level. If this is
combined with a model of glacier extent and sea
level change, such as that in Fig. 16, the distri-
bution of sedimentary environments in space
and time can be reconstructed. An example is
shown in Fig. 19 for a local glacial eycle in phase
with the global eustatic cycle.

Figure 20 iliustrates the sedimentary se-
quences which would develop in response to
this temporal and spatial shift of cavironments.
Figure 20a shows the vertical sequences which
would develop at given distances from the centre
of glaciation at alt efevations, and Fig. 200 the

horizontal sequences at specific elevations. It
combings the sedimentation rate model from
Fig. 6 and a model of the shoreline processes in
Figs 5 and 22 with the sea level/environment
models in Figs 17 & 19. Uplifted marine se-
quences in the isostatically-dominated zone are
shown by 410 in Fig. 20a and largely coincide
with the glaciated arca, apart from sequence 10
at the northern margin of the ice sheet, where
longer glacier occupancy has produced stronger
crustal deflection reflected in a transgression
beyond the limit of glaciation. The flanking
custatically-dominated zones suffered low
glacial sea levels. The transgression limit {=
marine limit} and regression imit are as shown
in Fig. 16. Several other attributes are worthy
of note.

(i} Glacimarine muds only survive above sea
level in the arcas of preatest uplift and well
below the marine limit,
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Fig, 19, Distribution of environments in space and time daring a glacial eycle in which the locaf ice sheet is in

phase with the globat custatic cycle (e.f. Fig. 16a).

(it} No normal marine muds survive above
sea level.

(iii) The regression limit pre-dates the glacial
maximum and is diachronous in the isostatic
zone although it is synchronous with the glacial
maximum in the eustatic zone (Fig. 18). Early
glacial marine sediments thus survive at a high
elevation in the isostatic zone, where the re-
gression limit is high and where it is not removed
by glacier crosion (Fig. 20-9), and only at low
clevations in the eustatic zone, where erosion
beneath the low regression limit removes them
(Figs 201, 2, 10, 12).

(iv} 1t has been argued (Bouiton 1982) that
the peripheral zone of an ice sheet is a zone of
deposition and the internal zone one of erosion.
Early glacial (and pre-glacial) sequences near to
the maximum extent of the ice sheet will tend to
be preserved and capped by till (Fig. 20-9)
whilst those nearer the interior of the ice sheet
at its maximum (Figs 206, 8} will tend to be
removed by subglacial erosion.

(v} Major erosional notches along the shore-
tine are presumed to refiect long periods of
stable sea level. They occur in the eustatic zone
where eustatic change ceases long before the
isostatic component has decayed, and in the
isostatic zone where rates of isostatic uplift and
eustatic sca level rise are similar. This often
occurs near the marine limit (Fig. 17—5a), and
may also fead to major sediment aggradations
at sea level due to the high rates of sediment
supply in the glacimarine environment (Fig.
20-9).

Figure 20b shows expected sequences at
specific elevations above and below sea level. Tt
utilizes an  erosional/depositional  theory
{Boulton 1982) which predicts net erosion in
the inner zone occupied by an ice shect, net
deposition in an outer zone, and deposition
without erosion in an outermost zone, which is
the only area wherc immediately pre-glacial
sediments will be preserved. In deep water
(—200 m) we expect a complete late-glacial and
post-glacial record to be preserved. In shallow
water (—60 m), we expect evidence of carly
glacial sea-level regression to be prescrved in
the outer glacial zone, but strong marine erosion
of the glacial, late-glacial and post-glacial se-
quencc. Above at increasing heights above
interglacial sea level (+100 m, +150 m) we
expect the lateral extent of uplifted glacimarine
sediments to become progressively more
restricted.

Figure 22 shows the altitudinal distribution of
the major sediment facies groups resulting from
a glacial cycle. The upper limit of beach and
littoral facies is marked by the marine limit. Its
lower limit is presumed to lie some 10 m or so
below the regression lmit. It is assumed that in
unsheltered environments, glacimarine mud will
not accurnulate in less than 30 m of water
(Boulton et al. 1982) and that its deposition will
cease as glaciers withdraw from the catchment.
In the isostatic zone the topographically highest
glacimarine mud units will be the oldest muds
and lic about 30 m below the marine Hmit. In
the eustatic zone of deglacial marine transgres-
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sion the topographically highest glacimariae
muds will be the youngest muds, whose deposi-
tion will cease as glaciers withdraw from the
catchment area. The youngest glacimarine
muds at any elevation can be determined for
Fig. 22 by superimposing this on the isobase
plot in Fig. 18.

In the interglacial North Sea muds only ac-
cumulate in water depths greater than about
70 m. Similar upper limits for mud deposition
occur on other temperate continental shelves.
In the isostatic zone, the maximum elevation of
interglacial muds will depend upon the net up-
Jift which has occurred since glacier withdrawai
from the catchment. In the eustatic zone, the
highest interglacial muds will be youngest and
lie at about 70 m below modern sca level.

The location of sea level is particularly im-
portant, for a small change in water depth in the
nearshore zone can lead to rapid changes of
sedimentary environment from one of mud de-
position to one of strong erosion and beach
sediment accumulation. The zone above and
below interglacial sea level, which is swept suc-
cessively by those regimes as sea levels rise and
fall during glacial cycles, is one of considerable
sedimentary complexity. The character of the
sequences produced by a simple cycle of sea
level rise and fall and consequent displacement
of shore-face facies zonation in an isostatically-
dominated zone is shown in Fig. 2la-d. The
transgressive beach tends to be obliterated by
the succeeding erosional phase, except at the
transgression limit, whilst other components of
the transgressive sequence tend to be removed
in the erosional zone during sea levef fall. Thus,
only at lower elevations, where there has been a
longer period of sedimentation and shorter
erosional phases, are muddy sediments pre-

served beneath beach sediments. The sequences
preserved above interglacial sca levels, which in
the Quaternary are the most directly accessible,
tend to reflect very short timespans during late-
glacial sea level regression. Complete SequUences
will tend to le in deep water.

Glacimarine facies architecture on the land
margin and shelf: examples

The dominant control on global custatic sea
change during the last glacial cycle has been the
fluctuation of mass of the Laurentide ice sheet.
Examples ofdocal relative sea level history and
glacimarine facies architecture have been
chosen from the areas of the last European ice
sheet whose decay has been roughly in phase
with the Laurentide, from the west Spitshergen
ice sheet margin which lagged the Laurentide
and the British ice sheet which led it.

a. Patterns of relative sea level change. Figure 23
shows patterns of relative sea level change and
Fig. 24 the form of isobases along radial tran-
sects across the arcas of Europe, Spitshergen
and Britain occupied by ice sheets during the
Late Weichselian.

Deglaciation of western Spitsbergen clearly
fagged the decay of the Laurentide ice sheet
(Boulton ef al. 1982; Mangerud et af. 1987). As
& consequence, it produced the most extensive
zone of isostatically-dominated late-glacial and
post-glacial sea level change as a proportion of
ice sheet radius of the three ice sheets used here
as examples. This effect is smaller in the case of
the European ice sheet and least in the case of
the British ice sheet, as we would expect from
the phasing of deglaciation in relation to that of
the Laurentide ice sheet (cf. Fig. 16). Major
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global deglacial sea level rise begins at about 14
ka (Mix & Ruddiman 1985), whilst major
European deglaciation begins at about 15 and
13 ka (Boulton er al. 1985; Lundqvist 1986),
major deglaciation of parts of the British ice
sheet had already occurred by 15 ka (Coope &
Brophy 1972) and major West Spitsbergen
deglaciation took place after 1110 ka (Boulton
et al. 1982; Mangerud et al. 1987).

In the case of Britain there is also evidence of
amajor late glacial sea level regression followed

by transgression which the model (Fig. 16)
predicts should occur where local deglaciation
leads the global custatic rise, due to an carly
decay of the glacio-isostatic component of rela-

[ tive sea level before a major custatic sea level

rise. In the Irish Sea basin, McCabe & FEyles

- (1988) and McCabe ef al. (1986) have argued

for sea levels up to 100 m above sea level at the

. time of deglaciation, whereas Holocene sea

tevels on the margin of the basin show a major
transgression from —20m at 9 ka to modern sea
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Fig. 24. Isobases along the same transect lines shown in Fig. 23.

level by 2 ka {Tooley 1978). A similar pattern
can be inferred on the eastern coast of Britain
(see next section) although the late glacial
marine limit was significantly lower than at
similar latitudes on the west coast.

The patterns of isobases for Europe and
Britain (Fig. 24) also show a trough in the
proximal part of the eustatic zone which prob-
ably reflects collapse of an extra-marginal bulge.

b. Patterns of facies distribution. Glacimarine
facies architecture in an area where [ocal
deglaciation tagged the dominant eustatic cycle
is well demonstrated in Spitsbergen. Figure 25
shows a map of the elevation of the marine limit
over the Spitsbergen archipelago. It appears
to reflect isostatic uplift in response to decay
of two major Late Weichselian ice domes,
one over the castern part of the main islands
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Fig. 25. Map of Spitsbergen showing the location of sites shown in Fig. 28 and the transect in Fig. 27.

of Vestspitsbergen and Nordaustlandet and
another to the east of the archipelago. Fig. 26
shows a transect across these domes onto which
isobases have been projected along lines parallel
to the marine limit from sites near to the line of
transect. If we assume that the highest relative
sea level at any site Is contemporary with
deglaciation at that site, the intersection of
isobases with the marine fimit gives the age of
deglaciation (c.f. Fig. 18). Thus, on the western
side of the Spitshergen ice dome, deglaciation
of the west coast commenced prior to 10 ka and
the ice dome in the vicinity of Kong Karls Land
disappeared at about 10 ka. The marine limit is
diachronous within the arca covered by the ice
sheet but isochronous in the area on the west of
Spitsbergen not covered by the ice sheet.

A series of sections near to the transect show
coarsening-upward sequences reflecting lower-
ing of rclative sea level. The highest elevations
at which glacimarine muds have been found
preserved generally lie between 20 and 30 m
below the marine limit, which is similar to the
depth below which muddy sediments tend to
accumulate in exposed locations in modemn
fjords. Figure 27 shows sedimentary logs at
several sites across the transect shown in Fig.

26. For the central area, where the marine limit
is bigh above modern sca level, there is an
upward sequence of tili, followed by maddy
glacimarine sediment of a varicty of facies,
overlain uncomfortably by coarse littoral sedi-
ments deposited during isostatically-dominated
sea level fall (sites 36, fig. 27). At the limit of
late WeichseHan glaciation on the west coast of
Spitsbergen, isostatic depression of the crust
was still sufficiently strong to produce a high
marine limit and permit mud to accumujate at
some sea level sites. The lowest mud units are
presumably contemporary with or may even
pre-date the maximum of giaciation. Further
west, the Late Weichsclian marine limit is so
low to have precluded deep-water mud accumu-
lation above modern sea level, and coarse lit-
toral deposits of the Late Weichselian/Holocene
sea level regression lie directly above similar
deposits of a regression from an eartlier high
sca level associated with a major glacial phase
(sites 1—2, fig. 28). Further west still, the marine
limit is presumed to fall below modern
sca-level.

Sedimentary sequences produced by com-
plete glacial cycles in sheltered fjords, well .
below the depth likely to be influenced by sea
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level change (e.g. Fig. 20b: —200 m), have not,
to my knowledge, been cored through in areas
of modern glaciation. We do not expect them to
undergo the same strong deep water scouring asg
sequences on open shelves, and if we assume
that sea level change has a minor influence on
scdimentation, only glacier proximity and sea
bottom form will influence scdimentary
sequences.

It was argued in part 1 that extensive glaci-
marine mud sedimentation only occurs on the
middie and outer shelf when glaciers expand
onto the shelf, bringing it within the zone of
heavy fali-out from turbid plumes and displacing
cnergetic ocean waters. When this occurs, we
expect a full glacial cycle to show an upward
sequence of till {partly made up of remoulded
glacimarine sediment produced during the
advance) and mud-dominated glacimarine
sediment with evidence of current scour and
reworking of the surface produced after de-
glaciation (Fig. 30). The failure of the Late
Weichselian Spitsbergen ice sheet to expand
over Spitsbergen’s western shelf cxplains why

there does not appear to be an extensive Late
Weichselian glacimarine mud blanket on the
outer shelf.

Ghlacimarine muds below the depth of modern
wave induced scour on the West Spitsbergen
Shelf, the Barents Shelf, the southern Iceland
Shelt, in the North Sea, and many other high
latitude shelves (Elverhgi et al., 1983; Boulton
el al,, 1988) tend to have armoured surfaces
with predominantly reworked sands and muds
in pockets on their surfaces. This may partly
reflect low early Holocene sea levels, but the
persistence of scour to the present day suggests
that the extension of energetic oceanic waters
onto interglacial shelves is a major cause. 1t is
very likely that many glacial and glacimarine
diamicton surfaces become armoured due 1o
scour in late-glacial or early interglacial times,
and thus that the major part of the glacial and
glacimarine sediments removed from shelves in
interglacials are removed at an early stage.

A quite different facies architecture to that in
Spitsbergen is found in Southern Britain where
deglaciation led globat custasy. On the eastern
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Tig. 28. {a) Detail of interpretation an of air-gun record across the trough mouth fan at the western extremity
of Kongsfjordrenna (Fig. 11). {b) Interpretation of the structure in (a) in terims of sea levet change through a

whale glacial cycle.
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Fig, 29. Idealized structure of a shelf edge and upper slope in which glacier expansion to the shelf edge

produces upper slope progradation, and phases of glacier retreat permit collapse of the upper slope and build-
up of scdiments lower on the slope. Tectonic subsidence permits a vertical sequence to build up which would
otherwise be temoved by energetic shelf processes.
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Fig. 30. A model of glacimarine architecture in spacc and time showing the building blocks of glacimarine
facies architecture in different continental margin locations whick accumulate through a whole glacial cycle.
The relative sea level changes appropriate to each zone are shown.

shores of the Irish Sea and on the North Sca
coast of England the last 10000 years have seen
a sea level rise from about —40 to —50 m bsl.
On the northeast coast of Ireland (McCabe
el al. 1986; McCabe & Eyles 1988) a marine
limit up to +100 m ast lies above uplifted
glacimarine sequences which in turn overlic
tills, demonstrating an isostatically dominated
high sca level immediately after deglaciation,
foliowed by sea level regression. These patterns
fic well with an ice sheet whose deglaciation
leads global eustasy. The initial sea lcvel fall
from a high marine limit represents the early
decay of the isostatic component and the later
sea level rise represents the global eustatic rise,
On the northeast coast of England the late-
glacial marine limit is probably ncar or below
sca level, reflecting the southeast axis of the
Late Devensian British Ice Sheet which loaded
the northern Irish Sea more than eastern
England. Nonetheless, it shows a pattern of sea
level change similar to that of the northern Irish
Sea and reflecting early deglaciation. Flandrian
sea levels appear to show a continuous rise
(Tooley 1978}, from —40 m at about 10 ka B.P,
suggesting a low glacial sea fevel and a eus-
tatically dominated posiglacial transgression.

However, just off the coast of northeast England,
the Late Devensian glacimarine St Abb’s beds
oceur in water depths of 40 m. implying that
relative sea level during deglaciation was at
least as high as —10 m. Thus, late-glacial sea
level must have been isostatically-dominated,
regressing from about —10 m at deglaciation to
at least ~40mat 10 ka, followed by a custatically
dominated transgression up to modern sea level
by about 4 ka.

c. Muliiple glaciation. Figure 27 shows a series
of sections across the Spitsbergen archipelago
which contain evidence of pre-Late Weichselian
glacial events. Some are represented by com-
plete glacio-isostatic facies cycies, but some by
only parts of cycles, either because of subglacial
erosion {(e.g. Brandalpynten, Rosenbergdalen,
beneath cycle-2 till) or littoral and sub-littoral
erosion (e.g. Kjacrsvika, top of cwcle 3), or
because the magnitude and period of ice sheet
loading was inadequate to produce strong crus-
tal depression and sufficient marine submerg-
cnce to ensurc deposition of a glacimarine mud
component {e.g. Poolpynten, base of cycle 2).
Sites 1 and 2 in Fig. 27 lic beyond the limit of
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Late Weichselian glaciation. However, they
underwent a limited amount of glacio-isostatic
submergence, with marine limits of 13 m and
32 m respectively. Water depth at the trans-
gression maximum at these sjtes was not, how-
ever, great enough to ensure preservation of a
mud scquence above sca level. The sites would
be represented by a position at about 1100 km
in Fig. 22.

A magnificent example of preservation of
glacio-isostatic facies sequerces is demonstrated
by Eiriksson {1981) from the Late Cenozoic
of Tjgrnes, Iceland. In the volcanic area of
northern Iceland, sites which emerge above sea
level are likely to be covered by lava in a
geologically-short time after emergence. The
arca has been subject to frequent glaciation
during the Late Cenozoic, most of which have
been large enough to produce a major isostatic
effect and typical glacio-isostatic facies se-
quences. Shortly after emergence, the coarse
littoral sediments are overlain by lavas, which
are resistant to glacier erosion in the succeeding
glacial phase, thus helping to preserve under-
lying cycles. The sequence is of remarkable
thickness because of local tectonic subsidence,
The mear net rate of sedimentation has clearly
been equivalent to the subsidence rate as
isostatically-dominated cycles recur throughout
a sequence of at least 600 m. This is true how-
ever in many areas of tectonic subsidence which
are glacier fed. The rate of sediment discharge
is always more than adequate to keep pace with
subsidence, but the sediment accumulation rate
is restrained by erosional processes in the zone
of strong botiom currents near to sea level, with
the consequence that the net deposition rate is
tectonically controlled.

Effects of multiple glaciation are also seea in
marine-limit relationships. In areas of relative
tectonic stability, the highest marine-limits be-
yond the extent of recent glaciation will be
coeval with the extent of the largest and longest
phase of glacier expansion. Figs 260 and 27 show
such relationships in western Spitsbergen where,
beyond the limits of Late Weichsclian glaci-
ation, a marine limit associated with a more
extensive Mid-Early Weichselian glacial episode
(cycle 3) lies between 30 and 60 m above the
Late Weichselian marine limif.

Facies architecture on the continental shelf-
edge and slope

The architecture of shelf-edge and upper conti- -
nental slope sequences reflects the form of the :
continental margin, the current regime, sealevel |

4

and sediment supply. Along the Spitsbergen
continental margin, and glacimarine margins
such as those of east Greenland and southern
Iceland, there is a considerable contrast between
the mouths of glaciated troughs and the shelf
cdge adjacent to intervening shallow banks.
Within the trough mouth fans of western Spits-
bergen lopset units tead to comprise successive
couplets of till and glacimarine mud as a result
of glacier expansion to or near to the shelf edge.
At least three such couplets have developed at
the mouth of Isfjordrenna (Fig. 13a). Evidence
from the west coast of Spitsbergen (Salvigsen
1977, Boulton et af. 1982; Miller 1982) suggests
that the last phase of glacier expansion beyond
the west coast cannot have been younger than
early Weichselian (75100 ka). If, as some
have suggested (Andrews 1974; Mgraer 1977;
Boulton et al. 1982), high latitude glacial
maxima develop during the early parts of glaciaj
periods, it is possible that each couplet rep-
resents similar early phases of scparate Late
Pieistocene 100 ka glacial cycles, and that their
stacking one above the other is facilitated by
passive thermal subsidence of the Spitsbergen
continental margin, which carries older units
below an erosional base level prior to accumu-
lation of succeeding units. Extrapolated sub-
sidence rates derived from the evidence of
Myhre & Eldhoim (1988) of about 20 m/100 ka
are compatible with this suggestion.

The detailed seismic stratigraphy of these
shelf edge couplets may reveal the pattern of
sea {evel change through a whole glacial cycle in
a way which has not been reported elsewhere.
Figure 28a shows a seismic section across the
mouth of the Kongsfjordrenna fan. If we initially
assume that at some fixed depth below sea tevel
there is a transition from erosion to deposition,
then the offlapping reflectors of Ry would reflect
a relative sea tevel fall of about 80 m (Fig. 28b).
The subsequent upward shift of the point of
progradation would reflect relative sea level rise
of about 100 m, partly coeval with emplacement
of the till unit by a glacier which advanced to
the shelf edge. The subsequent offlapping re-
flectors of Ry would reflect a relative sea fall to
an approximately modern level. This sequence
may represent the complete glacial cycle of sca
level change, similar to that shown in Fig. 17—
Sb. The R; sequence would reflect slow eustatic
sea leve] fall, associated with shelf prograda-
tion, initially because of stronger erosion in
shallower shelf waters and subsequently because
of the approach of the glacier. The lagged
isostatic response to glacier loading then causes
a rapid relative sea level rise. The progradation
in the R, sequence may reflect a nearby source
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of glacial sediment, whilst the offlap would rep-
resent relative sca level fall as a result of de-
glaciation and crustal rebound. The height of
the transgression prior to final sea jevel fall
would define the marine limit. The early
Weichselian glacier extension beyond the
modern coastline (cyele 3 in Fig. 27), which
may have been the glacial phase in which the
uppermost glacial couplet at the shelf edge was
deposited, is associated with a marine Hmit of
abow’ 70 m at the coastline {Fig. 26), extra-
polating to a marine limit of 50—60 m at the
shelf edge. This compares with a marine imit
inferred from secismic stratigraphy of 20 m.
However, we would expect the amplitude of
refative sea level change associated with ice
sheet expansion to be overestimated from evi-
dence of shelf-edge sediments, as increased
sediment discharges will tend to reduce the
critical erosion/deposition depth, and more
energetic circulation to increase this during
phases of reduced glacier extent.

There is a strong contrast between sediment
architecture in the trough-mouth sediment
wedges and on the flanking shaliow banks.
Seismic textures in the sediment forming the
bank topsets are (ypical of those which we
associate with till. Major ‘till’ masses are separ-
ated by relatively well defined reflecting sur-
faces, rather than the thick inter-till units found
in the trough-mouth wedges. It is suggested that
this reflects the relative shallowness of these
banks which, during period of glacier retreat,
are subject to strong bottom-current and/or
iceberg scour which either remove glacimarine
mud units produced during glacial maxima or
homogenize them in iceberg turbates (Barnes &
Rearic 1985). Similar bank-trough contrasts arc
found at the shell edge of southeast Iceland
(Boulton et al. 1988). The most recent sediment
package on the upper and middle continental
slope of West Spitsbergen shows internal re-
flectors and bounding surfaces which diverge
with depth (Fig. 13b), demonstrating that recent
sedimentation rates progressively increase from
the shelf break to the middle slope (basement
ridges on the lower slope complicate the pattern
of sedimentation in decper waters; Fig. 13a).
Major slumped masses within this unit and
other signs of instability on the upper slope
(Fig. 14), suggest that the dowaward increase in
net sedimentation rate predominantly reflects
slumping of pre-cxisting upper slope sediments.
This unit overlies the lateral equivalent on the
upper continental slope of the uppermost glacial
couplet, which is developed as a wedge of sedi-
ment at the shelf break, and which reflects
substantial building-out of the shelf edge. It

becomes thinner in deeper water. On the basis
of these relationships, I suggest that, during the
last extension of glaciers to the shelf edge, large
contemporary sediment discharges over the
shelf edge led to buildiag out of the upper
continental slope. On glacier withdrawal and
the re-establishment of a S~N coastal current
dispersing sediment to the north, the shelf
edge was relatively starved of a primary sedi-
ment supply and underwent a net mass loss by
slumping, to produce thick sedimeni accumu-
lations on the middle and lower slope. 1 suggest
that this may be a repetitive pattern of evolution
of the edges of many glaciated shelves (Fig. 29)
although even the Spitsbergen shelf shows com-
plications such as the defection of sediment
dispersal pathways towards the northwestern
shelf edge during the present interglaciation,
and consequent modern progradation of the
shelf edge there.

Summary

Figure 30 summarizes the way in which the
individual facies associtations, which are the
building blocks of the sedimentary architecture,
are emplaced in time and space during a com-
plete glacial cycle.

Some of the ficldwork reported here was done in
association with J. Jarvis, N. Chroston, C.T. Baldwin,
I.I3. Peacock and G.H. Miller; their contributions
arc gratefully acknowledged. Results are also derived
from the SAFE programme, and from cruises of the
G A Reay (1986} and Tydeman (1988). Collaboration
in these with EP.M. Syvitski, J. Jarvis, J.I.M. van
der Mcer, G. Postma, R. Schiittenhels and C.
Mesdag is gratefully acknowledged. Much of the work
was generously supported by NERC and the Royal
Society of London. An anonymaous referce’s helpful
comments are also acknowledged.
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