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CALVING BAY DYNAMICS
AND ICE SHEET RETREAT
UP THE ST. LAWRENCE VALLEY SYSTEM

R. H. THOMAS, Institute for Quaternary Studies, University of Maine at Orono, Maine 04473, U.S.A.

ABSTRACT Ice streams that drain ma-
rine ice sheets are particularly suscept-
ible to catastrophic retreat because they
flow through bedrock troughs, and
grounding line migration would pro-
duce a calving bay filled either with an
ice shelf or with icebergs. Geological evi-
dence suggests that a calving bay form-
ed in the Laurentian Channel and the St.
Lawrence valley after the late-Wisconsin
maximum. Retreat rates in this calving
bay are calculated for a variety of pos-
sible models assuming that locally the
late-Wisconsin Laurentide ice sheet
extended to the edge of the continental
shelf. If an ice shelf forms in front of
the retreating grounding line, and the
shear stress between the ice shelf and
its margins is one bar, retreat continues
for only 150 km. Further retreat requires
lubrication by ice with a strain-dependent
preferred crystal fabric that develops
between the ice shelf and its sides, or
by complete removal of the ice shelf.
Under these conditions the first 300 km
of retreat takes at least 3000 to 6000
years. Thereafter, further retreat is rapid
until, if a lubricated ice shelf is present,
a new equilibrium grounding line is
established about 1100 km from the
edge of the continental shelf. If massive
calving of icebergs occurred at, or near
the grounding line, then retreat would
continue up the St. Lawrence valley
through to Lake Ontario. Of the various
models considered, the minimum time
taken for retreat from a point 300 km
inland from the edge of the continental
shelf through to Lake Ontario is about
2000 years.

RESUME La dynamique des baies de
vélage et le retrait de I'inlandsis le long
du Saint-Laurent. Les courant de glace
qui drainent I'extension de l'inlandsis en
milieu marin peuvent &tre particuliére-
ment sujets & des retraits catastrophi-
ques puisqu'ils s'écoulent le long de che-
naux surcreusés dans la roche en place
et que la migration de la ligne d'ancrage
risque de creuser une baie de vélage
remplie par une banquise ou des ice-
bergs. Les données géologiques sugge-
rent qu'une baie de vélage s'est formée
dans le chenal laurentien et dans la
vallée du Saint-Laurent aprés le maxi-
mum du Wisconsinien supérieur. On a
calculé des vitesses de retrait dans cette
baie selon une variété de modéles en
supposant que, localement, l'inlandsis
laurentidien s'est étendu jusqu'a la limite
du plateau continental. Si une banquise
se forme a I'aval de la ligne d'ancrage
en retrait et que la tension de cisaille-
ment entre la banquise et sa bordure
est de 1 bar, on ne connaitra qu'un
retrait de 150 km. Tout retrait ultérieur
exige une lubrification par une glace
dont I'orientation cristallographique pré-
férentielle est en fonction de la con-
trainte qui se crée entre la banquise et
ses cotés adjacents ou une désintégra-
tion compléte de la banquise. Il faut de
3000 & 6000 ans pour effectuer un retrait
de 300 km. Par la suite, le retrait se
poursuit rapidement jusqu'a ce qu'une
nouvelle ligne d'ancrage en équilibre
s'établisse & quelque 1 100 km de la bor-
dure du plateau continental dd a la pré-
sence d'une banguise bien lubrifiée. Si
un vélage intensif d'icebergs se produit
a la ligne d'ancrage ou & proximité, le
retrait devrait se poursuivre le long du
Saint-Laurent jusqu'au lac Ontario. Se-
lon différents modéles, le temps minimal
requis pour que s'effectue le retrait, a
partir d’'un point & 300 km a I'amont de
la bordure du plateau continental jus-
qu'au lac Ontario, est d'environ 2000
ans.

PE3IOME AMHAMMKA BYXT. OBNAMbIBAIOWWE
NEAHWKKW, W OTCTYNAHWE NEOQHWUKOBbLIX
NOKPOBOB B AONWHE PEKW CB.NABPEHTUA.
M3-3a NOTOKOB B NEAHMKAX KOTOPLIE APeHWPOBaNW
MOPCKWe NEAHWKOBLIE NOKPOBLI, NOTOKK Bbinn OCO-
GeHHO BOCNPUMMUMBLI K KATacTpOPUUECKOMYy OTCTy-
NaHKID NOTOMY YTO NOTOKKW TeKNW NO Mynbaam B
KopeHHOR nopoae. 3T mMurpaunn GasncHbix NUHWA
mornn coopmuposats Byxty B koTopo#l obnambisan-
CA NEAHWK W HANONHAN ee wenbhoBbiM NbAOM
wnu aicGepramu. MeonorMueckue faHHbIe@ HABOAAT
Ha Mbicnk O TOM yTo Takan Oyxta obpajosanack
B naspeHTMACKOM pycne W B aonuHe Cs.
NaepenTMA nocneé NO3AHE-BUCKOHCWHCKOrO MaKCH-
myma., CropocTv OTCTynneHuA B8 3TOR OyxTe Kanb-
KYNUPYIOTCA ANA MHOKECTBO BO3MOMHBIX CXEM OCHO-
BaHHBIX Ha NPeANONOMEHMKM YTO NO3IAHE-BHCKOH-
cuHckuit  NaspenTwiickui  neaMuxkoBBIl  NOKpOB
NOKanLHO NPOCTMPANCA A0 KPaA MAaTePUKOBOTO
wensda. Ecnu neannkosbil nokpos obpasosbiBaeT-
CA Bnepeaw oTcrynaloweR 5asucHOR NuHuKM W ecnu
CABMraiowee HanpAmeHWe Mmemay wensposbim
NeAHWKOM W ero KpaAmu poBHO oaHomy OGapy, To
OTCTYNaHue npoaAONMaeTCA TONbKO Ha 150km
fansHeiwee otcTynawue TpebyeT unu Cmasky Nbaom
np Y o 0 OoT o]
KpucTannuueckod cTpykTypo# koTtopam obpasosbi-
BAETCA MEMOY WenbPoBbIM NeAHHMKOM W Bro KpanMM,
WK NPW NONHOM CMEWEeHWH WenbdoBoro NeaHuKa.
Mpu Takux ycnoBwAX MuHMMym oT 3000 ao 6000
net noHanobATCA AnA OTCTynawuA Ha nepebie 300
kM. [flanbHeflwee oTcTynaHwe wanet 6bicTpOo a0
TOrO KaKk, ecnyW NPUCYTCTBYET CMalaHHbil wens-
$oBbIA NEAHKK, YCTAHOBUTCA HOBAR YPaBHOBEWEHHAR
BGaaucHan nuHuA npubnuautencHo 8 1 100km
OT Kpan matepukosoro wensda. Ecnu obpasosanue
MHOrOUMCNEHHbIX aRcGeproB NPOMCXOAMNO HA WUNK
Henanexo OT 6a3IUCHOM NWHWMKM, TO OTCTYNaHWe npo-
aonwanoce Gel BBEPX NO aonuHe pexu Cs./laspentua
no camoro osepa Owtapwo. Mocne PacCMOTPEHWA
pasHbix cxem Obin0 BLUABMHYTO NPEANONOXEHHe,
yto noHagobunoce Gbi mMuHumym 2000 net anm
Toro utobbl neaMwk oTCTYNMA a0 o3epa OWTapwo
OT TOro Mecra, KoTopoe Haxoaunocs 8 300km
OT KpaR MaTepuKOBOro wenbda.
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INTRODUCTION

A marine ice sheet is one that is grounded on rock
that was below sea level before isostatic rebound.
Near the edge of a marine ice sheet the ice becomes
sufficiently thin to float free from bedrock and to form
an ice shelf. Most of the West Antarctic ice sheet is
grounded well below sea level and it forms the only
major existing marine ice'sheet. However, HUGHES et al.
(in press) have reviewed evidence suggesting that large
portions of the Pleistocene ice sheets in the northern
hemisphere were marine ice sheets. WEERTMAN (1974),
by solving the steady-state continuity equation at the
grounding line, has shown that a two-dimensional
marine ice sheet flowing into an unconfined ice shelf
is inherently unstable: it either grows over a flat sea
bed until it reaches the edge of the continental shelf
or, once retreat begins, it shrinks irreversibly and finally
disappears. Thomas (unpubl.) has extended this anal-
ysis to a growing or shrinking three-dimensional ice
sheet flowing over a wavy bed into a confined ice shelf.
Calving bays form where ice sheet collapse occurs over
a bed-rock trough, so we shall briefly review the
dynamics of a collapsing marine ice sheet. Readers
who wish to omit this mathematical section may turn
to page 350, where the results are applied to the Lau-
rentian Channel.

THE MODEL

Consider a vertical section taken between two adja-
cent flow lines through an ice stream that drains a
marine ice sheet, and across its fringing ice shelf (Fig. 1).
At the grounding line between ice sheet and ice shelf
the section is vertical and of unit width. The x-axis is
taken at sea level in the direction of movement, with
the origin beneath the ice sheet summit, the position
of which is assumed to be time-invariant. The z-axis is
vertical and positive upwards. The effect of the third
dimension is incorporated by allowing the width of the
section to vary with x and z in conformity with con-
vergent and divergent flow.

Since the ice sheet is not in steady state the section
may grow or shrink in the z direction with time. For a
shrinking ice sheet the terminology is:

a The value of x at the grounding line.

a The rate of grounding line advance.

H(x) Ice thickness at x

b(x) Value of z at the base of the ice sheet at x.

s(x) Value of z at the surface of the ice sheet at x.

w(x, z)  Width of the ice sheet section in the y direction
at x and z.

V(x,z) Ice velocity in the x direction at x and z.

6(x) Bedrock slope at x.
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FIGURE 1. Part of a marine ice sheet. The catchment area

of an ice stream flowing into a bounded ice shelf is shown to-
gether with the coordinate system that is used in the text. In
this example, 6(x) is positive and a(x) is negative.

Une partie de I'extension d’un inlandsis en milieu marin. On y
montre la surface de réception d'un courant de glace qui
s'écoule vers une banquise ainsi que le systéme de coor-
données utilisé. Dans ce cas, 6(x) est positif tandis que afx)
est négatif.

ofx) Ice surface slope at x. All slopes are positive
. uphill and negative downhill.

A(x) Surface accumulation rate at x.

F(x) Basal freezing rate at x.

H(x) Rate of thickening of the ice sheet with time.

A, F and H are expressed as ice thickness per
unit time.

€,.(x, z) Vertical strain rate at x and z.

All of the above parameters are functions of time ().

P Density ofice(assumed constantat917kgm -3).

b Density of sea water (assumed constant at
1030 kg m -23).

g Acceleration due to gravity (9.8 m s-2).
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The ice flow law:

where

i,j=xy z(i =j:direct;i % j: shear),
U, au
& =% [_a.'i + -a—j'f;]; U = velocity,

a; (deviator stress) = o — V5 8 20y,
o =stress; 8 =1fori =j,8 =0fori #j.
7 (effective shear stress) = + [2d; 2)/2]n,

n is a constant equal approximately to 3 (heren = 3 is
assumed); B is a constant that depends on temperature
and ice fabric.

From conservation of volume, continuity equations
will be derived that relate the parameters defined above.
Using expressions for the ice velocity and strain rate
in terms of ice sheet geometry, the continuity equations
will be solved for the rate of ice sheet thinning and for
the rate of grounding line retreat.

Balancing upstream accumulation against ice flow
and ice sheet thickening:

f (A(x) - w(x, s,) = F(x) - w(x) +F(x) - w(x, b)) dx

o g(x)

=[V(x, z) - w(x, 2) dz (1)
b(x)

where w(x) is the value of w averaged over depth.

Differentiating with respect to x gives:

A(x) - w(x, s) — FH(x) - w(x) + F(X) - w(x, b) =
8(x)

[ (wi(x,2) @%‘,_z)_ + V(x,2) @-5;&2}-) dz +
b(x)

: s _ 5 ob
V(x,s) - w(x,s) x V(x,b) - w(x,b) o

And since
v(x2) _ : (x2), V(xz) . aw(x,z) _ .
ax éur (X2) w(x,z) ox € (%:2)
-a_s - ﬂ =
ax o ox = Y

and, for incompressible ice,
i td, ==L
we can write:
A(x) - w(x,8) — H(x) - W(x) + F(x) - w(x,b) =
V(x,s) - w(x,s) - a(x)

= V(x,b) - w(x,b) - 8(x) — I;:JW(x.ZJ < é, (x2) dz (2
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This is the equation of mass continuity for the case of
constant density and it can be applied to an ice sheet if
we express A, T and F as ice thickness per unit time.

At the grounding line between a retreating marine ice
sheet and its fringing ice shelf equation (2) can be sim-
plified considerably. The ice velocity is probably high
and movement is mainly by bottom sliding so that V is
almost independent of z. Moreover, because the ice be-
comes afloat horizontal strain rates are also constant
with depth. Finally w is, by definition, independent of z
at the grounding line. So, writing

€ (a,2) = e'zz (a)
V(a,z) = V(a,s) = V(a)

and w(a,z) = w(a)

equation (2) becomes:

Afa) + F(a) — H(a) ~ V(a,s) - [o(a) — 6(a)] —
H(a) - ¢, (a) (3)

To proceed further it is necessary to express V and
€.z in terms of H and «. WEERTMAN (1974) has sug-
gested that, near the grounding line, the values of V and
&, are both influenced by the grounded ice slope-
induced stresses and by the ice shelf spreading stresses.
However, for simplicity, we shall adopt a sliding velocity
law of the type proposed by WEERTMAN (1959) and
KAMB (1970):

V(a) = C|p, gH(a) - ofa) |" (4)
where m ~ 2 and C is a constant determined mainly by
the bed roughness.

The vertical strain rate in a confined ice sheif is given
by THOMAS (1973):

p; 9s(a)
2
where op is the ""back pressure’ applied to the ice shelf
by its margins and by obstructions such as ice rises;

¢ is a factor determined by the ratios of the various
strain rate components:

- 0,1/£B)? (5)

€z = ([

£ ~ — 2 for zero strain in the y direction

& ~ — 5/3 for equal spreading in the x and y
directions.

Here we shall assume that the ice shelf is parallel sided
(Fig. 1) so that there is zero strain in the y direction and

¢ = — 2. B is the value of B averaged over depth.

For an actively retreating marine ice sheet the fring-
ing ice shelf is probably free of major ice rises; a large
ice rise would increase the magnitude of o, sufficiently
to delay retreat (THOMAS, 1976). Thus o is determined
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by friction between the ice shelf and its margins and,
from THOMAS (1973):
L
= £ [HXx)

g i) g p dx (6)
where 7. is the average shear stress between the ice
shelf and its margins, L is the value of x at the front of
the ice shelf and d is the half width of the ice shelf
(Fig. 1). 7. can be regarded as the equivalent of a plastic
yield stress for ice; for polycrystalline ice, 7. ~ one bar
(105 N m2). However, observations on existing fast
glaciers (HUGHES, 1975) suggest that their floating
tongues are lubricated by a band of anisotropic ice that
forms along each margin in response to the intense
shear in these regions. This has the effect of apparently
reducing 7, to about 0.3 bars on the floating tongue of
the Byrd Glacier in Antarctica moving at 800 m a™'
(metres per year) and probably less on the Jacobshavn

Glacier in Greenland moving at 8 km a™".

For the present case equation (6) becomes:

op ~ Br. (L —a)/d )

where
1 LH()d 0.5 — 1
T S—— x) dx ~ 0.5 —
A= Ha L -al)

Assuming that F<<A equation (1) can be written
as:

V(a) ~ ¢ |A - H)a/H(a) (8)

where A and H are values of A and H averaged between
x = 0and x = a, ¢ is a factor that corrects for the effects
of diverging and converging flow lines: ¢ ~ Q/(2ad)
where Q is the area of the catchment basin (Fig. 1).
During rapid retreat of the grounding line a marine ice
sheet thins most rapidly at the edge and least rapidly at
the centre and, assuming a linear increase in IH(x) [from
zero at the summit to |H(a)| at the grounding line,

A= % F(a).

Equations (3), (4), (5), (7) and (8) can now be solved
to give the thinning rate at the grounding line [—H(a)]
in terms of snow accumulation rate A, basal slope @, ice
thickness and surface elevation at the grounding line

Ha) [= — b(a) - pw/pjands(@) [= (1 - %:4) b(a)], the

sliding law constants C and m, the flow law constant
B, the shear stress n. between the ice shelf and its
margins, and the dimensions of the catchment basin
and of the ice shelf. Finally the retreat rate of the
grounding line [— &] can be calculated from:

i= H(a)
[1 —pw/pPi]l6(a) — afa)

(9

R. H. THOMAS

For an existing ice sheet, values can be assigned to
the unknown parameters from the results of field
measurements, but currently there is considerable un-
certainty in the values of C, m and .. Here, we shall try
to simulate the behaviour of a calving bay in the Lau-
rentian Channel and it is necessary to derive values for
the relevant parameters from current topography, Lau-
rentide ice sheet reconstruction, and analogy with
present-day ice sheets.

THE ST. LAWRENCE CALVING BAY

Theoretical reconstruction of the 18,000 yrs. BP
Laurentide ice sheet (by the University of Maine at
Orono (UMO) for CLIMAP) suggests that the Laurentian
Channel was the site of a major glacier drainage basin.
Since much of the ice stream that occupied this basin
was grounded well below sea level, we may use the
equations from the previous section to examine its
stability and to calculate possible retreat rates. The
UMO ice sheet reconstruction can be used to estimate
topography beneath the Laurentide ice sheet if we as-
sume that: i) because of lithosphere rigidity the Earth's
crust achieves regional isostatic equilibrium with the
ice load within 250 km radius (BROTCHIE and SIL-
VESTER, 1969); ii) the effective eustatic sea level was
120 m lower than today; and iii) the present topography
is in isostatic equilibrium.

Figure 2 shows the 400 m bathymetric contour for
18,000 BP in the St. Lawrence area, and a depth profile
taken along the centre of the Laurentian Channel and
up the St. Lawrence River. For solution of the equations
in the previous section we require depth during retreat,
when the land was actively rising. However, for a suf-
ficiently rapid retreat, the uplift rate would be con-
siderably less than the ice thinning rate, which may have
reached several m a-'. Moreover, the profile in Figure
2 was calculated from present-day bathymetric con-
tours. Deposition since retreat of the ice has probably
buried the 18,000 BP surface, which would thus be
deeper than shown in Figure 2. This error is of opposite
sign to errors introduced by uplift and, since little is
known about uplift rates during retreat, the errors are
assumed to cancel so that values of b(a) and é(a) can
be taken from the calculated profile. The dimensions of
the catchment basin are estimated from the UMO re-
construction of the Laurentide ice sheet as: Q ~ 4 x
105 km?2; L ~ 2000 km. Snow accumulation rates and
surface temperatures are taken from SUGDEN (1977):

A(L) =0.7ma'— A(L-800 km) = 0.15 m a™,

A-025ma'ata=L >A=01ma"
ata = L — 800 km.

The ice flow law parameter B is a function of ice tem-
perature, and near the ice margin the surface tem-
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FIGURE 2. The St. Lawrence
seaway and the Laurentian
Channel with the 400 m bathy-
metric contour for 18,000 BP.
The late-Wisconsin Laurentide
ice sheet is assumed to have
extended to B, the edge of the
continental shelf. The basal
profile AB is used in the text to
calculate retreat rates of the
ice sheet/ice shelf grounding
line. The dashed lines mark
stable positions of the ground-
ing line if an ice shelf forms to
seaward, for two assumed
values of the shear stress be-
tween the ice shelf and its
margins (r¢ = 1 barand 7, =
bar).

L'isobathe de 400 m vers
18 000 ans BP dans la voie ma-
ritime du Saint-Laurent et le
chenal laurentien. On présume
que l'inlandsis laurentidien du
Wisconsinien supérieur s'est
° étendu jusqu'au point B, a la

BASAL PROFILE

LA

>

i

18000 BP
DEPTH BELOW SEA LEVEL (m)

limite du plateau continental.

- 200 On utilise le profil de la base
AB pour calculer la vitesse du

B | 4o retrait de la ligne d’ancrage de
I'inlandsis et de la banquise.

| soo  Les lignes brisées indiquent les
positions fixes de la ligne d'an-

| so0  Crage lorsqu’'une banquise se
forme au large pour deux va-

000 leurs présumées de la tension
I de cisaillement entre la ban-
i quise et sa bordure (rF = 1 bar

N —— T

1450 1280 1000 780 500

DISTANCE FROM EDGE

perature ~ — 10°C giving (from THOMAS, 1973) B ~
3.2 x 105N m-2a'» assuming that n = 3; 200 km inland
the surface temperature drops to —20°C (B ~ 4.7 x 105
N m-2 a%). Further inland B = 4.7 x 105 N m-2 a% is
assumed.

The Laurentian Channel forms a trough that is be-
tween 80 km and 100 km wide and if rapid ungrouding
of the ice sheet occured in this area it was probably, in
its early stages, confined to this trough. Thus the half-
width at the grounding line is assumed to be d ~ 40 km.
The value of ¢ can be calculated from d and the di-
mensions of the catchment basin to give ¢ ~ 2.5. This is
assumed to remain constant during retreat. If ice shelf
forms downstream from the grounding line it is as-
sumed to be parallel sided and to extend to the edge of
the continental shelf (B in Fig. 2). The value of g8 is
assumed to be 0.75.

——

250 4 et 7, = V4 bar).

OF CONTINENTAL SHELF (km)

In order to examine the influence of the sliding law
parameter C and the shear stress . between the ice
shelf and its margins, six models will be considered:

(1) € =10"%ma~'(Nm32;

7 = 105 N m~2 (one bar)
C=2x10%ma'(Nm2-2;
e = 105 N m-2
C=10%ma?!(Nm?-%
¢ =025 x 105 N m-2
C=2x10%ma-1(Nm-3-2;
Cc
Cc

]

()

il

T, =0.25 x 105 N m-2
=10%ma'(Nm?2

L 0

=2 x10-¢ma-' (N m2y2;

7 = 0.
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The sliding law parameter m is assumed to equal 2 and
the values of C are calculated using velocity, ice thick-
ness and surface slope data from ice stream “B" in
the West Antarctic ice sheet (THOMAS, 1976) and from
the Jacobshavn Glacier in Greenland (unpublished data
collected by the U.S. Coastguard Jacobshavn Glacier
survey, 1976), which give values of C ~ 2 x 106 m a-1
(Nm?-2and C ~ 10°* m a-1 (N m-2)-2 respectively.
Models (1) and (2) assume that the ice shelf downstream
of the grounding line has no preferred ice fabric,
models (3) and (4) allow the development of “soft” ice
with a highly developed fabric to form along the lateral
margins of the ice shelf and models (5) and (6) assume
that the ice calves at the grounding line to form ice-
bergs rather than an ice shelf.

RESULTS

Equations (3), (4), (5), (7) and (8) can be combined
to give:
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the same time the sea bed at the margin is slowly de-
pressed by the growing load of ice until the grounding
line depth exceeds Hp, /pw when the grounding line
starts to retreat. If there is a sufficiently high bedrock
still upstream of the grounding line then the ice sheet
shrinks to a new equilibrium size. Without such a sill,
however, retreat is irreversible unless an embayed ice
shelf forms to seaward of the grounding line and trans-
mits a sufficiently large back-pressure due to shear
between the ice shelf and its margins (this is the 7, term
in equation (10)) or to the pinning effects of grounded
ice rises within the ice shelf. The constraining effects of
ice rises are very large and may be sufficient to rapidly
halt a grounding line retreat. The Laurentian Channel
appears to be free from sea-bed high spots that would
ground an ice shelf, and ice rise constraints are not
included in equation (10).

The new equilibrium position of the grounding line
that is imposed by ice shelf restraint can be found by

¢Aa . V), N pigs(a)  Pre(L —a), 3
A + H(a)([ 1 o @ gH() +o(@) - Ha) {5~ 4B 2d B ;
Him) = : (10)
2”‘(8)(( c’ ;gH(a) + o(@)
where V(a) ~ ¢a [A — 0.5 F(a)}/H(a) (11)

Equation (10) can be solved iteratively for H(a), but first
we shall consider the equilibrium situation when H(a) =
0, i.e. when the ice sheet is neither growing nor shrink-
ing. With H(a) = 0 and a = L equation (10) gives the
value of ice thickness at the grounding line of an equi-
librium ice sheet that extends to the edge of the con-
tinental shelf as:

H~475mforC = 10ma-1 (N m-3-2
and
H ~ 450 mforC=2 x 10ma (N m-2-2

Thus the grounding line thickness is approximately
460 m when the ice sheet has reached its maximum
size. Note that the term involving 7¢ is zero. This means
that a freely floating ice shelf extending beyond the
continental shelf has no influence on ice sheet thick-
ness or stability.

So long as sea-bed depth at the edge of the con-
tinental shelf is less than Hp ./pw conditions are favor-
able for ice sheet growth, assuming of course that snow
accumulation is sufficient to nourish that growth. Since
a growing ice sheet encounters a more or less unde-
pressed sea-bed, growth continues until, in this case,
the grounding line reaches the undepressed 400 m
depth contour (with respect to prevailing sea level). At
this equilibrium position the ice sheet continues to
thicken until drainage balances snow accumulation. At

solving equation (10) for a with H(a) = 0, and using the
assumed variation with a of A, b, 8, and B. For models
(1) and (2), with 7. = one bar, the new equilibrium posi-
tion for the grounding line is within 100 to 150 km of
the edge of the continental shelf (Fig. 2). This is a minor
retreat and would scarcely affect the dimensions of the
ice sheet. For models (3) and (4), with 7, = ', bar, total
retreat is between 1100 and 1150 km (Fig. 2). Finally, for
icebergs calving at the grounding line (r. = 0) models
(5) and (6) give a total retreat that is more than 1800
km (the total length of the sampled profile). There is a
considerable body of evidence indicating rapid retreat
up the St. Lawrence prior to 13,000 BP (see other
papers in this volume). This would suggest that retreat
was facilitated either by the development of a lubricat-
ing band of soft ice in the zones of intense shear on
each side of an ice shelf that formed in the wake of the
retreating grounding line, by calving at the grounding
line and rapid transport to seaward of the resulting
icebergs so that no back-pressure was transmitted to
the retreating ice sheet or, most probably, by a combina-
tion of these effects. Retreat along the valley currently
occupied by the St. Lawrence River must have been ac-
companied by rapid calving of icebergs at or near the
grounding line.

Solutions of equation (10) at 50 km intervals along
the St. Lawrence depth profile (Fig. 2) give H(a), the
thinning rate at the retreating grounding line, as a func-
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tion of distance from the edge of the continental shelf.
The ice velocity at the grounding line V(a) can then be
calculated using equation (11). The results are shown in
Figure 3A. For the assumed depth profile (Fig. 2) the
velocity of the ice stream when retreat began was 4 —
5 km a-'. Models (1) and (2) show decreasing values
of V(a) as the grounding line retreated until, at (L — a) ~
150 km, V(a) drops to the equilibrium value (~ 1.5 km
a-1) necessary to drain upstream accumulation. Models
(3) to (6) give maximum values of V(a) at (L — a) ~ 570
km that lie between 10 km a-' and 35 km a-* Although
these ice velocities are very high they are not un-
reasonably so because the Jacobshavn Glacier, with an
active front that is only about 6 km wide, has currently
recorded ice velocities in excess of 8 km a-".
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FIGURE 3. Calculated values of ice velocity across the
grounding line, retreat rate of the grounding line and duration
of retreat for an ice stream retreating along the Laurentian
Channel and the St. Lawrence seaway. The graphs marked
1 to 6 refer to models that are described in the text.

Valeurs de la vitesse de la glace & la ligne d'ancrage, vitesse
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de glace en retrait le long du chenal laurentien et de la voie
maritime du Saint-Laurent. Les courbes 1 & 6 référent aux
modéles décrits dans le texte.
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The rate of grounding line retreat —a is calculated
from H(a) using equation (9) and the results are in-
cluded in Figure 3B. For each of the models the retreat
rate was slow (< 100 m a-') within 100 km of the edge of
the continental shelf. Further inland, models (3) to (6)
give retreat rates that initially increase very rapidly to
more than 500 m a-', then fluctuate in accord with
bedrock topography and finally decrease. Models (5)
and (6) do not achieve equilibrium (@ = 0) and, at a
distance of 1800 km from the edge of the continental
shelf the grounding line continues to retreat at between
100 and 200 m a™'.

The values of @ can be used to reconstruct a time
scale for grounding line retreat and Figure 3C includes
plots of grounding line position against time since re-
treat began. The initial very slow retreat rates are de-
termined by the assumed depth at the edge of the con-
tinental shelf, b(L). Here|b(L)| is assumed to be 450 m,
or 50 m greater than the equilibrium depth for zero
retreat (b ~ 400 m). The rate at which |b(L)| increased
was probably controlled by isostatic depression of the
sea bed and by eustatic changes in sea level. It should
be noted, however, that b could be exceeded without
any increase in|b(L)|, since b is determined by the size
of the catchment area, snow accumulation rates, ice
temperature and glacier sliding law parameters. Ap-
propriate changes in any of these variables could re-
duce b and initiate retreat. Thus the time scale for the
early stages of retreat in Figure 3C is somewhat ar-
bitrary. However, after a total retreat of about 200 km
the retreat rates are almost entirely determined by pre-
vailing bedrock topography and by the magnitude of
Tge Thus Figure 3C probably gives a fairly reliable esti-
mate of time taken for grounding line migration be-
tween (L — a) ~ 200 km and (L — a) ~ 1400 km.

At (L — a) = 1450 km the retreating ice reached the
site of Québec City and the valley of the present St.
Lawrence River. In calculating the terminal values of &
corresponding to (L — a) > 1450 km for models (5) and
(6) the parameters ¢ and a were increased respectively
to 4 and 450 km in an attempt to take account of the
probable increase in catchment area associated with the
formation of a calving bay. However, & is most sensitive
to changes in the values assigned to the bottom to-
pography. Figure 4 is a plot of &4, the grounding line
retreat rate for models (5) and (6), against —b(a), the
depth below sea level of the bedrock, assuming a flat
sea bed (# = 0). The effect of an increasing catchment
area is included by setting ¢ = 3 for one set of curves
and ¢ = 6 for a second set. The value of a is assumed to
be 450 km and the other parameters take the values pre-
viously assumed for (L — a) > 800 km.

The St. Lawrence River flows through a broad valley
with a surface elevation that is currently less than 100 m
above sea level, and width that increases from about
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FIGURE 4. The rate of grounding line retreat through the St.
Lawrence lowlands for different values of the sliding law
constant and for different catchment areas.

Vitesse de retrait de la ligne d’ancrage dans les basses terres
du Saint-Laurent pour différentes valeurs de la loi de la cons-
tance du glissement et pour différentes surfaces de réception.

30 km at Québec City to about 100 km further south.
The total distance from Québec City at one end of this
valley to Lake Ontario at the other is about 500 km. The
UMO reconstruction of the 18,000 BP Laurentide ice
sheet gives an ice surface elevation in this area of
about 2,300 m. Thus, maximum isostatic depression
was about 800 m lower than today, assuming isostatic
balance with the regional (within 250 km) ice load.
During ice retreat the eustatic sea level was about 120 m
lower than today, giving St. Lawrence River valley
depths below prevailing sea level between 580 m at the
valley walls and 700 m or more in the present river
basin. The shallower of these depths corresponds to
the broad valley below the present 100 m a.s.l. contour.
For a glacier calving across this valley ¢ takes a smaller
value than for a glacier calving across an ice front of
equal width to the present St. Lawrence River. Thus an
indication of maximum probable retreat rates can be
estimated from Figure 4 if we assume that the ¢ = 3
curves at sea depth = 580 m represent flow along the
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entire St. Lawrence River valley and the ¢ = 6 curves at
sea depth = 700 m represent flow along the present
bed of the St. Lawrence River. Both sets of curves give
retreat rates of 300 to 500 m a-'depending on the value
of the sliding law parameter C. Thus complete retreat
from Québec City through to Lake Ontario could have
occured within a period of 1000 to 1700 years.

CONCLUSIONS

At the grounding line of an ice sheet there is a rapid
transition from grounded ice sheet dynamics to ice shelf
dynamics. In addition, for a marine ice sheet, the bed-
rock slopes downward towards the centre of the ice
sheet. During growth, such an ice sheet continues to
spread until it reaches the edge of the continental
shelf, when it thickens to an equilibrium edge thick-
ness with upstream snow accumulation exactly balanced
by outflow across the grounding line. Thereafter retreat
of the ice sheet can be initiated by: (i) reduction in
equilibrium edge thickness following appropriate
changes in upstream snow accumulation rate, catch-
ment area, basal sliding conditions or ice temperature;
(ii) isostatic depression of the sea bed as a delayed
response to loading by the ice sheet; (iii) rising sea
level near the margins of the ice sheet caused by either
eustatic changes or by lateral gravitational drag by the
ice sheet (CLARK, 1976).

Under suitable conditions the retreat can be irre-
versible unless sufficient back pressure is transmitted to
the ice sheet by a floating ice shelf that forms to sea-
ward of the retreating grounding line. Drainage from
marine ice sheets is mainly through fast-moving ice
streams that are particularly susceptible to catastrophic
retreat because they flow through bedrock troughs.
Grounding-line migration up one of these would pro-
duce a calving bay filled either with an ice shelf or
with an array of icebergs. Several calving bays formed
at different stages during the retreat of the Laurentide
ice sheet and one of the earliest to form was probably
in the Laurentian Channel, where the equilibrium edge
thickness is calculated to be about 460 m correspond-
ing to a sea depth of about 400 m. This depth may
have been exceeded sometime during the growth of the
ice sheet because the sea bed beneath the edge of a
reconstructed Laurentide ice sheet was probably de-
pressed to at least 450 m below the prevailing sea
level. Grounding line retreat would begin as soon as
the equilibrium edge thickness was exceeded, but it
would take place very slowly and the sea bed would
continue to isostatically sink. In this paper retreat rates
have been calculated for an ice sheet retreating through
the Laurentian Channel and up the St. Lawrence River
assuming a sea bed topography appropriate to the
18,000 BP Laurentide ice sheet. This is a somewhat
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arbitrary assumption and the initial, rather slow retreat
rates are very sensitive to the assumed bed topography.

if an ice sheif forms in front of the retreating ground-
ing line and the shear stress between the ice shelf and
its sides is one bar, retreat stops within about 150 km
of the edge of the continental shelf. Further retreat
requires lubrication by ice with a strain dependent pre-
ferred crystal fabric that develops between the ice shelf
and its sides, or alternatively, by complete removal of
the ice shelf. Under these. conditions the first 300 km
of retreat takes about 3000 to 6000 years. This estimate
does not take account of the time taken for the sea bed
at the edge of the ice sheet to be depressed the as-
sumed 50 m beyond the depth for an equilibrium ice
sheet. Since this depression probably is rather slow the
total time taken for the grounding line to retreat the
first 300 km is considerably greater than 3000 to 6000
years. Thereafter further retreat would be rapid until,
if an ice shelf were present, a new equilibrium ground-
ing line would be established about 1100 km from the
edge of the continental shelf. The actual total retreat
would depend mainly on the magnitude of the shear
stress between the lubricated ice shelf and its sides
(assumed here to be 1/4 bar).

If massive calving of icebergs occurred at, or near
to the grounding line, then retreat would continue up
the St. Lawrence valley through to Lake Ontario. Of the
various models considered in this paper the minimum
time taken for retreat from a point 300 km inland of the
edge of the continental shelf through to Lake Ontario is
about 2000 years. Isostatic uprise of the ice sheet bed
and ice shelf formation during retreat would slow migra-
tion of the grounding line, so this estimate should be
regarded as a minimum,

There is evidence for marine incursion as far inland
as Ottawa by 12,800 BP (GADD, 1975). If this was caused
by sea water flowing up the St. Lawrence valley then
the first 300 km of ice sheet retreat must have been
complete before, and probably well before, 15,000 BP.
Since the first 300 km of retreat may have taken at least
3000 to 6000 years it probably began before and per-
haps several thousand years before 18,000 BP. This
places the timing of initial retreat up the Laurentian
Channel before the late-Wisconsin maximum, sug-
gesting that the retreat was triggered by some combina-
tion of sea bed depression, locally rising sea level due
to lateral gravitational attraction by the ice sheet, re-
duction in total upstream snow accumulation, or re-
duction in the bed friction of the ice stream that
flowed through the Laurentian Channel.

During the very rapid retreat of the grounding line
up the Laurentian Channel ice velocities were ex-
tremely high. Under these conditions a matrix of ice-
bergs that formed at the grounding line would tend to
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jam together and ultimately to form an ice shelf. Thus,
there was probably an ice shelf right to the edge of
and possibly beyond, the continental shelf until the
grounding line had retreated at least 700 km, when ice
velocities began to decrease. Thereafter the ice shelf
may have melted back rather rapidly during a period of
climatic warming and there is evidence for warming
before 14,000 BP (MORNER and DREIMANIS, 1973).
With most of the ice shelf gone, retreat would accelerate
allowing the grounding line to migrate along the St.
Lawrence valley to Lake Ontario within 1000 to 2000
years. This phase of the retreat required regular re-
moval of icebergs formed at or near the grounding line,
where ice velocities reach 5 km a~'. If severe jamming
occurred in the valley bottleneck near Québec City
then retreat would have been delayed.

Bottom cores taken along the centre of the Lau-
rentian Channel and the St. Lawrence River may pro-
vide a test of the ideas presented in this paper. If
marine organisms do not exist beneath an ice shelf then
the earliest post-Wisconsin dates from the cores should
correspond to the seaward edge (or ice front) of the
ice shelf, and they may be underlain by a thick de-
posit of glacial mud that was deposited beneath the ice
shelf by silt-laden water flowing from beneath the
rapidly moving ice stream. Thus, we might expect a
rapid migration of marine organisms up the Laurentian
Channel prior to 14,000 BP, followed by a fairly steady
migration at about 400 m a-' along the St. Lawrence
Valley. If marine organisms can exist beneath an ice
shelf then their first appearance corresponds to the
position of the grounding line and would probably be
overlain by a thick deposit of glacial mud. The rate of
migration of the marine organisms would then give a
direct measure of grounding line retreat.

Portions of the ice sheet that were grounded on land
that was above the 400 m depth contour (Fig. 2) prob-
ably decayed rather slowly. Consequently, cores taken
from above this level should give later dates for marine
incursion than those taken from below the 400 m depth
contour.

It is important to note that the sea bed topography
assumed for the calculations of retreat rates was re-
constructed by allowing the present topography to
achieve isostatic balance with an ice load that was
derived from the UMO reconstruction of the 18,000 BP
Laurentide ice sheet. This reconstruction allows the ice
sheet to reach the edge of the continental shelf and it
is clear from other papers presented at this conference
that the Laurentide ice sheet during the late-Wisconsin
may have extended no further than the northern end of
the Laurentian Channel. This would imply thinner ice
over the St. Lawrence lowlands and less isostatic de-
pression. Moreover, the present topography is probably
still to some extent depressed so that the basal profile
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assumed here is too deep. A shallower profile would
give lower retreat rates so we may regard the present
estimates as maximum probable values. Further im-
provement must await a better understanding of Lau-
rentide ice margins, ice sheet reconstruction, crustal
isostasy, late-Wisconsin climate and the dynamics of
glacier sliding.
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QUESTIONS AND COMMENTS

I. A. BROOKES:

“What evidence would you like to see provided by the field
workers as input to your models?"

R. H. THOMAS:

“Firstly, the maximum late-Wisconsin limits of ice. Second, the
isostatic depression in Laurentian channel or at least ice
thickness there. Third, bottom sediment information from
Laurentian Channel. Evidence of waterlaid tills overlain by silts
would be nice. Finally, evidence of bottom fauna, or rather
lack of fauna, since it is not likely that the sea floor would be
very habitable beneath an ice shelf. But explorations beneath
the Ross Ice Shelf will give us more on this.”

A. DREIMANIS :

“What would be the minimum depth at the grounding line for
the development of an ice shelf?"

R. H. THOMAS

“An ice shelf can, under appropriate circumstances, form at
almost any depth. However, a calving bay will start to form if
the sea depth exceeds a critical value that depends on the
size of ice sheet, snow accumulation rate, ice temperature,
basal sliding conditions, and presence or absence of a con-
fined ice shelf. For a large ice sheet like the Laurentide this
critical depth is about 400 m; for a smaller, but active ice
sheet without a bounded ice shelf, the critical thickness varies
approximately as the 4th root of the catchment area.”



