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ABSTRACT. A temperate glacier ending in water advances by depositing a 
moraine shoal, which "dams" tidewater calving, and then recycling this shoal in 
conveyor-belt fashion. A simple model suggests that conveyor-belt recycling of 
t he shoal must continue unt il calving stops and all ice flux is removed by surface 
ablation , or unti l the glacier retreats rapidly from the shoal; retreat can occur 
without external forcing if the glacier advances into deepening water and if sediment 
recycling is rapid compared to supply of new sediment to the moraine shoal. 

INTRODUCTION 

The behavior of temperate, tidewater glaciers (i.e . calv­
ing icebergs into a marginal water body) is affected 
strongly by their sedimentary systems (Post, 1075; Meier 
and Post, 1987) . Subglacial deformation, stream (sub­
glacial, supraglacial and ice-marginal) and other pro­
cesses usually deliver sediment to the fronts of such 
glaciers more rapidly than it is removed by marine or 
lacustrine processes (Powell, 1084; Anderson and Mol­
nia, 1989; Meier, 1(89), forming deposits called moraine 
shoals. 

The calving-front positions of temperate tidewater 
glaciers are observed to go through a cycle of slow 
advance (typically ;:::::; 30 m a -I) followed by rapid re­
treat or collapse (typically ;:::::; 1000 m a-I), with a large 
amplitude (typically ~ 30 km) (Post, 1975; Meier and 
P ost, 1(87). Advance occurs behind the moraine shoal, 
which is eroded on the up-glacier side with deposition 
on the down-glacier side, causing shoal advance through 
"conveyor-belt" recycling (Post, 1975; Meier and Post, 
1(87). Quantitative observations of a suite of tidewater 
glaciers in Alaska, U.S.A., dominated by retreating or 
nearly steady glaciers, shows that the rate of iceberg 
calving increases linearly with the water depth at the 
calving front (Brown and others, 1(82). During advance, 
these glaciers move into water deep enough to cause the 
calving velocity to exceed the ice-flow velocity. Advance 
is possible because the moraine shoals reduce the water 
depth and restrict calving. The advance/retreat cycle is 
asymmetric because advance occurs at the (slow) rate of 
moraine-shoal recycling, but if the ice retreats from the 
shoal into deeper water, calving increases and retreat oc­
curs rapidly (Post, 1975; Meier and Post, 1987) . 

During much of the advance phase, such glaciers are 
relatively insensitive to climatic changes (Post, 1975; 
Meier and Post, 1987). This suggests that the corre­
lation between water depth and iceberg calving observed 

by Brown and others (1982) for primarily retreating and 
stable glaciers defines a minimum rate of iceberg calving 
(Meier and Post, 1987). During advance , if the ice flux 
exceeds the calving flux of Brown and others (1982), the 
"excess" ice will thin as it passes over the moraine shoal 
and will begin to float in deeper water beyond . If this 
excess ice were cold , it could form an ice shelf. However, 
temperate glaciers are never observed to float, except 
locally and transiently, presumably because abundant 
englacial water makes them too weak to prevent calving 
in the absence of restraint from basal shear stress (Meier 
and Post, Hl87). Thus, any excess temperate ice pass­
ing over a moraine shoal will calve when it approaches 
flotation. 

If calving is removing excess ice, then small, climati­
cally induced reductions in ice flux will affect this excess 
ice but not the well-grounded ice behind the shoal. Such 
a glacier is climatically insensitive; that is, it can advance 
during reduct ions in snowfall or increases in melting. If 
a marginal advance lengthens the ablation zone and re­
duces the ice flux close to the minimum calving flux, then 
the glacier will become climatically sensitive: a small 
climate change could reduce ice flux below calving flux , 
causing retreat from the moraine shoal into deeper water, 
increased calving, and rapid retreat (Post, 1975; Meier 
and Post, 1(87) . 

If clima tic change were the only way to trigger re­
treat, then each glacier retreat would record a reduc­
tion in mass balance (although a glacier might advance 
through several such reductions before retreat ing) and 
the marginal fluctuations of a suite of glaciers in an area 
might record mos t or all decreases in regional glacier 
mass balance. However , it remains possible that non­
climat ic causes could trigger retreats. For example , a 
large earthquake could cause slumping a nd reduct ion in 
height of a moraine shoal, increasing the calving above 
the ice flux and triggering collapse. 

Here, I suggest that sedimentary processes may cause 

119 

https://doi.org/10.3189/1991AoG15-1-115-121 Published online by Cambridge University Press

https://doi.org/10.3189/1991AoG15-1-115-121


Alley: Sedimentary processes and tidewater glaciers 

rapid marginal retreats of temperature tidewater glaciers 
in the absence of external forcings. I present a theoreti­
cal construct that is not supported by any direct obser­
vational evidence; however, the arguments appear suffi­
ciently plausible to urge caution in any attempt to use 
the fluctuations of temperate tidewater glaciers as pale­
oclimatic indicators. 

MODEL 

Extensive subglacial observations are available for only 
one temperate calving glacier: Columbia Glacier in 
Alaska, U.S.A. (Fahnestock and Humphrey, 1988; Meier, 
1989). There, at one site a few kilometers up-glacier from 
the terminus, the basal stress is deforming an unconsol­
idated sediment bed about 0.5 m thick with water pres­
sure wi thin about 1 bar or less of the ice-overburden pres­
sure, overlying more consolidated material (bedrock ?). 
Similar water pressures and a thinner debris layer were 
detected at a second site beneath Columbia Glacier, but 
no measurements were made to learn whether or not that 
debris was deforming (Fahnestock and Humphrey, 1988; 
Meier, 1989). The basal shear stress is approximately 
1 bar at the observational sites, and changes little pass­
ing down-glacier from these sites onto the moraine shoal 
(Bindschadler, 1983), which is probably composed of un­
lithified sediments. Moving down-glacier from the ob­
servation sites onto the moraine shoal, the basal water 
pressure probably increases relative to the overburden 
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F~g. 1. Cartoon of moraine-shoal model. 
Glacier- calves bergs into marginal water. At 
some time, the shoal is at the position shown 
by the solid line. A thin deforming bed (circle­
and-dot patter-n) supplies new material to the 
shoal, building it up and out and allowing ice 
advance (dashed lines). The deforming bed 
thickens onto the shoal, causing recycling (dot­
ted patter-n) , ice advance and either upward or 
downward movement of the shoal top, depend­
ing on bedrock slope (dot- dash line). 

pressure, decreasing the strength of subglacial sediments 
(Bindschadler, 1983; Meier and Post, 1987). 

Based on this, I assume that high water pressure and 
high basal shear stress on the moraine shoal of a tem­
perate tidewater glacier allow sediment deformation that 
dominates sediment flux. (We know that at least some 
subglacial or subaerial stream transport occurs, and that 
such stream transport may dominate the sediment bud­
get, so this computationally simple assumption intro­
duces uncertainty; see below.) I assume further that 
the shoal erodes more easily than material beneath the 
body of the glacier, causing the deforming-layer thick­
ness and total sediment flux across the shoal to exceed 
the thickness and sediment supply to the shoal, so that 
the shoal is recycled and moves forward (Fig. 1). At the 
same time, the shoal still serves as a "dam" to ice mo­
tion and calving, so that it must maintain normal and 
shear stresses on the ice to prevent rapid ice calving and 
catastrophic retreat. 

Under these conditions, it would appear that the 
glacier must continue advancing at the rate of shoal re­
cycling until the entire ice flux is removed by ablation 
(the velocity at the ice terminus drops to lIcro, so that 
the shoal cannot be moved forward), or until something 
causes retreat from the shoal. The alternative, that the 
glacier can stop recycling its shoal while still using it as 
a dam, does not seem plausible physically. 

Recycling rate, bed slope and stability 
Assume one-dimensional flow, with ice-marginal velocity 
and ice and sediment velocity and flux taken to be posi­
tive along the horizontal x axis directed along the glacier 
towards the calving front. The sediment flux, qs, in a 
deforming bed can be written 

(1) 

where hb is the deforming thickness, Uj is the velocity at 
the top of the deforming layer (and probably approxi­
mates the basal ice velocity) and er is a shape factor that 
corrects for downward decrease in sediment strain rate 
and probably lies between 0.1 and 0.5 (Alley, 1989). 

The thickness of deforming subglacial sediments, hb, 
can be limited by erosion rate (if little debris is avail­
able, then the flux balances the supply for a relatively 
thin layer) or by downward increase in sediment strength 
(which is believed to increase with the difference bet­
ween overburden and pore-water pressure, a difference 
that will increase downward if the pore water is intercon­
nected efficiently and maintains a hydrostatic pressure 
gradient (Boulton and Hindmarsh, 1987; Alley, 1989)) . 
Suppose, for the sake of illustration, that Uj and er are the 
same for the main bed of a glacier and for its moraine 
shoal, that hb = hbo along the main bed is limited by 
sediment availability, and that hb increases to its max­
imum value, hbmax, on the easily erodible shoal (hbo 
may be 0.1 - 0.5 m (Fahnestock and Humphrey, 1988; 
Meier, 1989), and hbmax may be 5- 10m (MacClintock 
and Dreimanis, 1964; Alley, 1989)). Then the flux of 
sediment added to the shoal, qb is given by 

(2) 
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and the flux of recycled sediment contributing to shoal 
migration, q" is 

(3) 

(More accurately, a might decrease onto the shoal (Alley, 
1989), but Uj will increase to balance ice thinning onto 
the shoal. These effects may more or less offset each 
other. ) 

The moraine shoal can move forward in two ways. 
Recycled material can be transported from its up-glacier 
to its down-glacier side, and new material derived from 
up-glacier of the shoal can be added to the down-glacier 
side of the shoal. The water depth over the shoal can 
be changed by recycling, causing shoal migration up or 
down a sloping bed, and through vertical build-up of the 
shoal from the addition of new material. 

Assume that the slope angles to the horizontal on the 
up-glacier and down-glacier sides of the shoal are con­
stant with positive values cPu and cPd, respectively (Fig. 
2). The glacier, the shoal and the marginal water body 

Fig. 2. Variables used in the modeL The to­
tal calving height, hi., is the sum of the 'wa­
ter depth over the shoal, hw. and the ice-cliff 
height above the water, hia . Other variables 
are defined in the text, 

rest on planar bedrock that slopes at angle e positive for 
down-glacier slope, the shoal is relatively high and cPcI 
does not approach e too closely. 

The geometry for estimating the shoal-advance rate 
from the addition of new material is shown in Figure 3. A 
quantity of material qbdt is deposited in time dt, causing 
the shoal peak to advance by lb through formation of 
the deposit outlined by dashed lines. Approximating the 
new deposit by the parallelogram mn yields 

From the law of sines, 

hs sin(90 + e) 
m = ---:-'--_":'" 

sin( cPd - e) 
hs cose 

sin( cPd - e) , 

(4) 

(5) 
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Fig. 3. Geometr'y for estimating moraine­
shoal advance from addition of new materiaL 
Appr-oximation is in error by shaded region, 
wltich is small if assumptions in text are met. 

where hs is the shoal height, angles are in degrees, and 
the final expression has been simplified using a trigono­
metric identity. Also, inspection of Figure 3 shows 

(6) 

Substituting for m and n in Equation (4) from Equa­
tions (5) and (6) and solving for the advance rate, lb/dt 
yields 

% sin( rPd - e) cos rPu 

hs cos e sin( cPu + cPd) . 
(7) 

The water depth over the peak of the shoal, hws = hwo -
hs, where hwo is the water depth there in the absence of 
a shoal, changes at the rate 

( 
dhws ) = _ ~ tan cP . 

dt b dt u 
(8) 

For sediment recycling, shoal-peak advance lr is 
caused by transfer of a quantity of sediment qr dt across 
the peak of the shoal, which can be approximated by the 
parallelogram cd in Figure 4. Then 

From the law of sines, 

and 

hs sin(90 - e) 
c = ---:-'---:-:--'-

sin( cPu + e) 
hs cos e 

sin(cPu+ e) 

d = is sin( cPu + e) . 
sin( rPu + cPd) 

(9) 

(10) 

(ll) 

Here ls is the advance distance along the bedrock, related 
to the horizontal advance distance of the shoal peak, and 
of the up-glacier edge of the shoal, l" by 

lr = ls cos e. (12) 
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Fig. 4. Geometry for estimating moraine­
shoal advance from recycling of material in 
shoal. Approximation is in error by shaded 
region, which is small if assumptions in text 
are met. 

Substituting for c and d in Equation (9) from Equations 
(10) and (11), with Is taken from Equation (12), and 
solving for the advance rate, lr/dt, yields 

lr qr 
dt hs ' 

(13) 

Also, 

(
dhws ) = i tane. 

dt r dt 
(14) 

Combining Equations (7) and (13), the shoal peak 
advances at the rate Vs = (lb + lr)/dt given by 

Vs = 
qb sin( cPd - e) cos cPu qr 

hs cos e sin (cPu + cPd) + hs ' 
(15 ) 

and combining Equations (8) and (14), the water depth 
changes at the rate 

dhws qb sin( cPd - e) cos cPu tan cPu qr tan e 
-=- +--. (16) 

dt hs cos e sin( </Ju + </Jd) hs 

If a flux of sediment qb has been added to a shoal, 
initially of zero volume over time t, then the area of 
the shoal in a cross-section along flow is simply qbt. 
With the area and all angles known, direct application 
of trigonometry yields the shoal altitude, hs (Fig. 2), as 

I 

, 
( (

cos</Jucose COscPdcOSe)-l)
2 

1s = 2qbt + ---,-;---,.,-
sin( cPu + e) sin( cPd - e) 

(17) 

The ice flux to the ice front is qi, given by 

(18) 

where qio is ice flux to the ice front at its most retreated 
position, la is the length past that position to the highest 
point of the shoal and b is the mass balance of the ice 
(assumed to be independent of position, otherwise Equa­
tion (18) must be rewritten as an integral over distance) 
and typically is strongly negative. 
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The minimum calving flux, qc, is given by (Brown and 
others, 1982) 

(19) 

where K is a constant, Khws is the calving velocity and 
his is the total ice thickness, both above and below water, 
over the highest point of the shoal. 

Equations (15) to (17), plus specified bed geometry 
and sediment fluxes to and across a moraine shoal, model 
the evolution of the shoal position and the water depth 
over it. The shoal position, the ice flux from up-glacier, 
qio, and the mass balance, b, yield the ice flux to the 
shoal through Equation (18). The ice thickness, wa­
ter depth and calving constant (determined empirically 
(Brown and others, 1982)) yield the minimum calving 
flux from Equation (19). The ice margin is capable of 
moving forward at a velocity, Vim, which is the difference 
between the flow velocity of the ice and the minimum 
calving velocity at the moraine shoal; that is, 

(20) 

If Vim> Vs, the shoal-advance rate, then the excess ice 
begins to over-top the shoal but calves immediately, and 
the moraine shoal and calving front move forward to­
gether at the rate vs' If Vim < Vs, then the ice loses 
contact with its shoal, the water depth and calving rate 
increase, and the calving front migrates at the velocity 
Vim with hs = 0, and retreats from the shoal rapidly. 

Typical ice fluxes, qio, are approximately 105 m3 a-I 
m-I (ice a few hundred meters thick moving a few hun­
dred meters per year) and typical surface balances are - 1 
to - 10 m a -I, so the ice must advance kilometers or tens 
of kilometers for surface melting to remove a significant 
fraction of qio' Assuming that the climatic parameters qio 

and b are constant (and that sea level is also constant), 
inspection of Equations (15) to (17) reveals: 

(i) on a horizontal bed, if sediment supply is large com­
pared to recycling (Qb » qr) then the ratio of the rates 
of water-depth decrease to moraine-shoal advance is 
tan</Ju or approximately 10%. But, because typical 
water depths are roughly 100 m and advance distances 
long enough to affect ice flux significantly through sur­
face ablation are about 10 km, the shoal builds to sea 
level before significant advance occurs. Marginal re­
treat unrelated to climate is unlikely. This situation 
cannot exist on calving tidewater glaciers that are 
observed to fluctuate over large horizontal distances. 
Rather, on such fluctuating tidewater glaciers, sedi­
ment recycling across the shoal must be rapid com­
pared to sediment supply to the shoal; 

(ii) on a horizontal bed, if sediment supply is small com­
pared to recycling (Qb « qr), then the moraine shoal 
migrates forward rapidly, extending the ablation zone 
and reducing ice flux to the ice front. However, the 
moraine shoal does not grow rapidly, so calving is not 
reduced rapidly. The glacier mllY advance until ice 
flux is less than calving flux, triggering retreat with­
out climatic forcing (but if sediment supply is zero, 
the glacier never advances from its most retreated po­
sition); 
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50 ,-------------------------~~~~ 
SLOW ADVANCE RAPID NOT 

POSSIBLE 

Vim vim 

t 
actual calving- _ 
front velocity 

RETREAT 

-50 L----'-____________________ ~~~'_""'_LU 

-0.05 

Upstream 

tan 8 

Bed Slope 

0.05 

Downstream 

Fig. 5. Modeled velocit,y of caLving front as a 
function of bed slope, (), calcuLated using vaL­
ues in the table. The shoal advances at lis, and 
the calving front can advance as rapidly as lIim 

if caLving occurs at the minimum rate. The 
ca,Lving front actually advances at the Lesser of 
lis and lIim, shown by the heavy line. Where 
lIim < lis, the ice will lose contact with the 
shoal, triggering retreat at around 1000 m a-I 
(ma'T'ked "Rapid Retreat"). If the bedrock 
slopes sufficiently steeply up-glacier, then the 
calving f'ront could not Iwve passed thr-ough the 
deeper- 'water- ther-e to reaclL the assumed posi­
tion (marked "Not Possible"). The variables 
and values assumed in calculating Figure 5 are 
gi'ven in Table 1. 

(iii) if the glacier advances over a bed that shallows along 
flow (e < 0), then over time the water depth at the ice 
front will decrease, calving will decrease, and retreat 
unrelated to climate will be unlikely. Instead, the 
shoal will build above sea level, halting calving, and 
advance will occur until ablation removes the entire 
ice flux (Fig. 5); 

(iv) if the glacier advances over a bed that deepens along 
flow (e > 0) then the water depth may increase with 
time (if forward migration causes deepening faster 
than new supply builds up the shoal). This will in­
crease calving, and retreat will become likely (Fig. 5). 

In the second and fourth possibilities, the ice-marginal 
position can undergo catastrophic retreat with no cli­
matic forcing. In the first and third possibilities, ice­
marginal fluctuations are more likely to record climatic 
forcing. Interactions of bed slope, ice and sediment sup­
ply, and recycling can create a wide range of behavior 
within these end members. In particular, a glacier can 
advance down a sloping bed if new sediment supply, % 
is a significant fraction of the recycling rate, qr, so the 
common observation that temperate tidewater glaciers 
advance through overdeepenings is consistent with this 
model. 

b 
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Table 1. Variables used, and vaLues assumed 
in calcuLating exampLe in Figure 5. 

c,d 
hb 
hbo 

hbmax 

hia 

surface accumulation rate of ice, m a -I, - 2 
computational intermediates, m 
deforming-bed thickness, m 
deforming-bed thickness up-glacier of shoal, m 
deforming-bed thickness on shoal, m 
ice-clifl' height above water at calving front, m , 130 
total ice thickness at calving front, m his 

hs 
hwo 
hws 

shoal height, from bedrock to peak, m 
water depth at calving front without shoal, m, 170 
water depth over shoal peak, m 

J( calving constant, 27 
la glacier length from most retreated position, m, 10" 
lb, In ls computational intermediates, m 
m, n computational intermediates, m 
qb sediment flux to shoal, m3 a-I m- J , 100 
qc minimum ice-calving flux, m3 a-I m-I 
(]i ice flux at ice front, m3 a-I m-I 
qio ice flux at most retreated ice position, m3 a-I m-I 
qr recycled sediment flux across shoal, m3 a-I m-I , 2000 
(]s sediment flux in deforming bed, m3 a-I m-I 
t time over which shoal has been accumulating, a , 1000 
v'j velocity of sediment top, m a- J 

lIim maximum possible ice-margin advance rate, ma- I 

lis shoal-advance rate, m a-I 
ex coefficient for variation in sediment velocity 

with depth 
() down-glacier slope of bedrock 
CPd slope of down-glacier side of shoal, tan CPd = 0.2 
CPu slope of up-glacier side of shoal, tan CPu = 0.2 

DISCUSSION AND CONCLUSIONS 

The model here suffers from a number of weaknesses and 
oversimplifications, including: one dimensionality, lack 
of ice dynamics, use of smooth, homogeneous bedrock 
and constant shoal angles, and lack of explicit treatment 
of stream transport. I thus cannot model the possible ef­
fects of changes in valley width, interference by bedrock 
islands, icebergs backing up behind a shoal and slowing 
incipient retreat from the shoal, changes in longitudi­
nal stresses in the ice, changes in the balance between 
stream and deforming-bed transport and their effect on 
repose angles of shoals, and ice-front sedimentation from 
marginal streams (e.g. Post, 1975; Meier and Post, 1987; 
Andrews, 1990), Many of these features could be added 
to the model, but the lack of a quantitative understand­
ing of subglacial stream transport prevents a quantitative 
understanding of moraine-shoal processes. 

Despite these and other objections, however, it seems 
hard to avoid the observation that glaciers with thawed 
beds often advance over their own sediments, that those 
sediments are unlithified and thus easily eroded, and that 
this leads to conveyor-belt sediment recycling and ice ad­
vance, This should be true for wet-bedded cold (Alley 
and others, 1989) or temperate glaciers entering bodies 
of water and for glaciers ending on land, and should af-

12:1 
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fect the dynamics of all of these glaciers. If a glacier 
entering a water body requires restraint from sediments 
to maintain an advanced ice-front position, then it seems 
likely that the resulting basal shear stress on these sed­
iments will cause continued recycling and advance. Un­
der some conditions, this should lead the ice front into 
a position where calving flux exceeds ice flux, trigger­
ing catastrophic retreat. The marginal fluctuations of 
such a glacier could then represent either climatic forcing 
or the internal sediment-ice processes. Further study is 
warranted before any attempt is made to reconstruct cli­
matic forcing from observed fluctuations of such glaciers. 
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