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We used a one-dimensional flowline model to reconstruct the Laurentide Ice

Sheet for several time periods during the last deglaciation (18 to 7 14C ka, = 21.5 to 7.8 ka

in calendar years). Reconstructions assume that the Laurentide Ice Sheet flowed over

specified areas of water-saturated, deforming sediment. Sediment rheology is modeled

using a general constitutive law for mass movement of fine-grained sediment. We

produced two reconstructions for time periods from 18 to 10 14C ka, and one

reconstruction for 8.4 and 7 14C ka. Reconstructions that assume a low effective viscosity

of till (t0 = 5.2 x 108 Pa s) for all areas of deforming sediment show a multidomed ice

sheet with a large bowl-shaped depression over Hudson Bay and thin ice (<1000 m above

sea level) over the western and southern margins, while those that assume a higher

effective viscosity of till (t = 8.3 x 109 to 3.3 x 1010 Pa s) in the Hudson Bay region also

show a multidomed ice sheet but with considerably thicker ice over Hudson Bay and a

more northerly position of the central ice divide. Modeled ice-surface geometry at the last

glacial maximum shows many of the same general features as previous reconstructions

that incorporate deformable beds. Our reconstructions also agree with ice-sheet
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reconstructions based on relative sea-level data (ICE-4G). Modeled ice-volume changes 

and their contribution to sea level through the last deglaciation are in general agreement 

with the trend of eustatic sea-level rise recorded at Barbados and New Guinea. 
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MODELING THE LAURENTIDE ICE SHEET THROUGH THE LAST
 
DEGLACIATION
 

INTRODUCTION 

Accurate reconstructions of surface geometries and associated volumes of former 

ice sheets during the last deglaciation are required for understanding Quaternary climate 

change, atmospheric and oceanic circulation, global sea-level history, and the dynamics 

of modern ice sheets. Experiments with atmospheric general circulation models (GCMs), 

for example, show that the Northern Hemisphere ice sheets exerted a profound influence 

on atmospheric circulation during and following the last glacial maximum at ..,-; 21 kal 

(Manabe and Broccoli, 1985; Kutzbach and Guetter, 1986; Broccoli and Manabe, 1987; 

Rind, 1987). 

The Laurentide Ice Sheet was the largest of the former Northern Hemisphere ice 

sheets, and thus exerted the greatest influence on glacial-age climate through effects of its 

size, height, and reflectivity. Previous GCM experiments that assumed a high (>3000 m 

above sea level2), single-domed ice sheet as a boundary condition (CLIMAP, 1981), for 

example, generally predict a splitting of the jet stream around the ice sheet at the last 

glacial maximum (Manabe and Broccoli, 1985; Kutzbach and Guetter, 1986; Broccoli 

and Manabe, 1987; Kutzbach and others, 1993). 

Well-dated records of glacio-eustatic sea-level, however, suggest that the 

Northern Hemisphere ice sheets in the CLIMAP reconstruction of the last glacial 

1 calendar ages are reported as ka; radiocarbon ages are reported as 14C ka 
2 all reported elevations are in meters above modern sea level 
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maximum were too large (Fairbanks, 1989). Estimates of 8180 signals from benthic and 

planktonic foraminifera attributable to changes in global ice volume also indicate much 

lower ice volumes than those in the CLIMAP reconstruction (Mix, 1987). Several more 

recent reconstructions suggest thinner ice sheets containing significantly less mass 

(Boulton and others, 1985; Fisher and others, 1985; Tushingham and Peltier, 1991; 

Peltier, 1994). These thinner ice sheets would have represented less of an orographic 

obstacle to atmospheric circulation, and thus their paleoclimatic influence may have been 

distinctly different than previously modeled (Kutzbach and Ruddiman, 1993). 

One compelling explanation for thinner ice sheets identifies the specific basal 

boundary condition and its effect on ice dynamics. In particular, Boulton and others 

(1985) and Fisher and others (1985) reconstructed the Laurentide Ice Sheet by assuming 

that it rested on large areas of easily-deformable sediment. A number of glacial geologic 

records now suggest that deforming sediment was widespread beneath the Laurentide Ice 

Sheet (Alley, 1991; Clark, 1991, 1994; Hicock and Dreimanis, 1992; Clark and Walder, 

1994), thus supporting further reconstructions of the ice sheet with deforming sediment. 

The objective of this study is to reconstruct the ice thickness and surface 

topography of the Laurentide Ice Sheet following the assumption that the ice sheet rested 

in part over deforming sediment. Specific objectives include: (1) reconstruction of the 

ice-sheet geometry at the last glacial maximum and at several time periods during 

deglaciation (from = 21.5 ka to 7.8 ka) using a numerical ice-sheet model (Jenson and 

others, in press); (2) calculation of total ice-sheet volume at each time period; and (3) 

comparison of modeled ice volumes and their sea-level equivalents to records of eustatic 

sea-level rise since the last glacial maximum. 
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PREVIOUS WORK
 

Reconstructions of the Laurentide Ice Sheet at the last glacial maximum and 

during the subsequent deglaciation remain a subject of considerable debate. 

Reconstructions based on the glacial geologic record are primarily concerned with the 

interpretation of the position of ice divides, domes, major saddles, ice flow patterns, and 

the ice sheet margin (Prest, 1969; Andrews and Miller, 1979; Shifts, 1980, 1985; Dyke 

and others, 1982; Prest, 1984; Dyke and Prest, 1987a, 1987b). These reconstructions, 

which are not entirely compatible, give no information on ice-sheet height, but they 

provide the necessary boundary conditions for numerical reconstructions of the ice sheet. 

Numerical reconstructions of the Laurentide Ice Sheet at the last glacial maximum 

differ substantially in their surface topography, ice thickness, and ice volume (Table 1). In 

the CLIMAP reconstruction, the ice sheet had the relatively simple form of a single, high-

elevation dome centered over Hudson Bay (Denton and Hughes, 1981; Hughes, 1987). 

Reconstructions that depict a similar ice-sheet morphology include those of Paterson 

(1972), Sugden (1977), Budd and Smith (1981), and the "hard-bedded" cases of Boulton 

and others (1985) and Fisher and others (1985). Other workers reconstructed the full-

glacial ice sheet as a composite of three or more domes arranged in a horseshoe-shaped 

pattern around Hudson Bay (Boulton and others, 1985; Fisher and others, 1985). 

One of the main reasons for the differences in the numerical reconstructions is the 

assumption of basal boundary condition. Given the margin of the Laurentide Ice Sheet, 

numerical models that make the assumption of a uniform rigid bed as a basal boundary 

condition inevitably predict a high, single-domed ice sheet centered over Hudson Bay. In 
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Table 1: Comparison of numerical models of the Laurentide Ice Sheet at the last glacial 
maximum. 

Reconstruction Volume Sea-level Maximum 
(x106 km3) equivalent (m)a elevation (m) 

Paterson (1972) 26.5 66 2700 
Sugden (1977) 37.0 92 3400 
Budd and Smith (1981) <32 6 <80b 4000 to 4500 
Denton and Hughes (1981) 34.2 85 3800 
maximum model 
Denton and Hughes (1981) 30.5 76 3480 
minimum model 
Boulton et al. (1985) hard 22 to 44; 33 to 44 82 to 110 3000 to 3500 
bed model preferred 
Boulton et al. (1985) soft- not reported 52' >3000 
bed model 
Fisher et al. (1985) 25.9 65 >3200 
maximum hard-bed model 
Fisher et al. (1985) 21.1 53 >3200 
minimum hard-bed model 
Fisher et al. (1985) soft 18.0 45 2800 to 3200 
bed model 
Tushingham and Peltier 21.0 55" >3000 
(1991) ICE-3G model 
Peltier (1994) ICE-4G not reported not reported >3000 
model 
Case 1 (this paper) 15.9 40 3100 
Case 2 (this paper) 19.7 49 3600 

a Volumes were converted to water equivalent by multiplying by 0.9 and then changed to sea-level
 
equivalent by dividing by 361 x 106 km2, the present world ocean area.
 
b Combines values for the Laurentide Ice Sheet and the Cordilleran Ice Sheet.
 
c Estimated by Andrews (1987) with ± 15% error.
 
d Tushingham and Peltier's estimate; following our method the value is 52 m.
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contrast, Boulton and others (1985) and Fisher and others (1985) modeled the full-glacial 

Laurentide Ice Sheet with areas of deforming beds similar to those considered here. Their 

results show that when areas of deforming beds are prescribed, the ice sheet is 

reconstructed with multiple domes and generally much thinner ice. The multidomed 

configuration of these latter reconstructions agrees in broad terms with the glacial 

geologic evidence provided by dispersal patterns of erratics (Shilts, 1980, 1985; Dyke and 

others, 1982; Dyke and Prest, 1987a, 1987b). The ice flow pattern indicated by erratic 

trains is not compatible with the single-domed view of the Laurentide Ice Sheet at the last 

glacial maximum, although the question of when erratic dispersal took place remains 

unanswered (Shilts, 1980, 1985; Boulton and others, 1985; Andrews, 1987; Dyke and 

Prest, 1987a; Hughes, 1987). 

Some researchers have postulated a single-domed ice sheet at the last glacial 

maximum that collapsed to a multidomed configuration during deglaciation (Boulton and 

others, 1985; Fisher and others, 1985; Andrews, 1987). This idea has since been 

developed as the binge-purge hypothesis for the origin of Heinrich events (MacAyeal, 

1993), in which the Hudson Bay region of the Laurentide Ice Sheet undergoes a free 

oscillation between frozen and melted states. The ice-surface topographies under these 

conditions are simulated in the models of Boulton and others (1985) and Fisher and 

others (1985) by the assignment of a rigid versus a deformable bed in the Hudson Bay 

and Hudson Strait regions. 

Tushingham and Peltier (1991) reconstructed ice sheets by iteratively matching 

hypothesized ice-sheet thickness histories to radiometrically-dated relative sea-level 
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model of the rheology of the Earth (Peltier and others, 1986), the oxygen-isotope record 

of global ice volume, geological retreat maps, and observed relative sea-level histories. 

Peltier (1994) subsequently refined this model by tuning the melting history of the ice 

sheets to more closely match the radiometrically-dated relative sea-level history at 

Barbados (Fairbanks, 1989). The form of the full-glacial 21 ka) Laurentide Ice Sheet in 

this model (ICE-4G) is intermediate between that of a single-domed, hard-bedded ice 

sheet and the multidomed, soft-bedded ice-sheet reconstructions. At the last glacial 

maximum, the ice sheet is high (>3000 m) over James Bay and western Hudson Bay, and 

a secondary dome (>2000 m) is located over Foxe Basin. 
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DESCRIPTION OF THE ICE-SHEET MODEL
 

The model used in this study is a finite difference model that reconstructs the 

steady-state cross-sectional ice geometry along inferred flowlines of the ice sheet (Jenson, 

1993; Jenson and others, in press, submitted). Processes represented in the model include 

climatic forcing, vertical advection and conduction of heat through ice, temperature 

effects on ice stiffness, ice deformation and basal shear stress, flow of sediment in 

response to basal shear stress, viscous heat production in the till, geothermal heat flow, 

basal melting, and isostatic adjustment. Input to the model includes parameters for 

sediment and ice rheology, climate forcing, and topographic data, and output includes, 

among other things, ice-surface elevation, isostatically-depressed basal topography, and 

the corresponding ice thickness along the flowline. 

A key feature of the model is that it incorporates hard-bed dynamics over rigid 

bed areas and coupled ice-sediment dynamics over areas of deformable sediment. Over 

rigid bed areas, ice dynamics are governed solely by internal deformation of ice, whereas 

over deformable bed areas, the basal velocity of the ice is a function of the strain rate at 

the top of the deforming layer of sediment. The model does not incorporate parameters 

for sliding over rigid beds or at the ice-sediment contact. 

Sediment rheology is based on a general constitutive law that can treat a wide 

range of possible sediment behavior. The governing stress-strain law for sediment 

deformation is derived from Iverson's (1985, 1986) general model of mass movement, 
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which in one dimension takes the form 

1-n 
1 

4-1 n ( du In 
till = C IY 2D L dz 

subject to the boundary condition 

u(z=zd) = 0 

where ti dll is the shear stress in the sediment (assumed to be positive in this expression), c 

is the sediment cohesion, p' is the effective normal (confining) stress, 4) is the sediment 

angle of internal friction, D. is the Newtonian reference deformation rate, go is the 

Newtonian reference viscosity (equivalent to the "effective viscosity of till" in later 

discussion), u is the horizontal velocity, z is the distance below the surface (z = 0 at the 

sediment surface), n is the power law exponent (which determines the sensitivity of non

linear viscosity to the deformation rate), and zd is the thickness of the deforming layer or 

"shear zone." For n = 1, the equation reduces to the linearly-viscous (Bingham) flow law. 

The fundamental constitutive hypothesis of the stress-strain law is that the deformation 

rate is non-linearly proportional to the excess of the shear stress over the extant yield 

strength (the so-called "excess stress"). When the excess shear stress is zero, the sediment 

does not deform. 

Over the deformable bed regions, the parameter for effective viscosity of till go 

may be adjusted in order to accommodate tills with a range of viscosities. We used an 

effective viscosity of till of go = 5.2 x 108 Pa s because it provides the best fit of modeled 

longitudinal ice-surface profiles to those that have been reconstructed from geologic 

evidence (Clark, 1992). This value lies near the lower end of effective viscosities 
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estimated for deforming sediment beneath modern glaciers (Table 2). We initially applied 

this value in the model for all areas of deformable beds. As discussed later, however, we 

also used higher effective viscosities of till (go = 8.3 x 109 to 3.3 x 1010 Pa s) in the 

Hudson Bay and Hudson Strait regions in some of our reconstructions. These values fall 

near the higher end of effective viscosities reported in the literature (Table 2). 

The model incorporates isostatic adjustment and elevation effects on climate 

forcing. Paleoclimate is calculated from modern temperature and precipitation data which 

serve as input to the model. The modern mean annual temperature is first lowered 

uniformly along the modeled flowline by a prescribed temperature depression, and then 

further depressed due to increases in elevation as the ice sheet grows (using the global 

average adiabatic lapse rate). Paleoprecipitation is based on modern mean annual 

precipitation for the first 10% of the distance downstream from the ice divide, with an 

applied elevation desert effect. Along the remaining length of the flowline, the model 

imposes a negative linear gradient on net accumulation that is coupled with the applied 

elevation desert effect. The magnitude of the gradient is adjusted so as to place the 

steady-state margin at the historic terminus. 
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Table 2: Reported values of effective viscosity for deforming tills beneath modern 
glaciers, with effective viscosity of glacier ice for comparison. 

Site Effective Viscosity Reference
 
(Pa s)
 

UpB 8 x 109 Alley and others, 1987
 

Glacier Ice 1013 to 1014 Alley and others, 1987; Middleton
 
and Wilcock, 1994
 

Blue Glacier 1.8 x 1011 Alley and others, 1987
 
Breidamerkurjokull 1010 to 1011 Boulton and Hindmarsh, 1987
 
Columbia Glacier 2 to 8 x 108 Humphrey and others, 1993
 
Trapridge Glacier 3 to 8 x 1010 Blake, 1992
 
Trapridge Glacier 3 x 109 to 3.1 x 1010 Fischer and Clark, 1994
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METHODS AND ASSUMPTIONS
 

We reconstructed the ice thickness and surface elevation of the Laurentide Ice 

Sheet at 18, 14, 12, 10, 8.4, and 7 14C ka, equivalent to 21.5, 16.8, 14.0, 11.2, 9.4, and 7.8 

ka in calendar years (Stuiver and Reimer, 1993). For each time period, we used the 

paleogeographic reconstructions of Dyke and Prest (1987a, 1987b) to constrain the 

position of ice margins, divides, and flowline trajectories as inferred from geologic 

evidence. In order to reconstruct a three-dimensional ice sheet at each time period, the 

model was run on a network of flowlines that cover the surface of the ice sheet; generally 

30 to 60 flowlines were used, depending on the size of the ice sheet. 

Modern topographic data along each inferred flowline are derived from the 

ETOPO5 gridded data available on CD-ROM, and modern climate data are compiled 

from a climate atlas of North America (Steinhauser, 1979). 

We specified the basal boundary condition in the model as a rigid bed over areas 

of crystalline bedrock and as a deformable bed over areas of sedimentary bedrock (Figure 

1). These boundaries are chosen because of the strong relationship between bedrock 

lithology and the nature of overlying till. Till generated from sedimentary bedrock is 

commonly finer-grained, thicker, and more continuous than till overlying crystalline 

bedrock. Deformation of this finer-grained, low-permeability till when water-saturated is 

much more likely to affect ice dynamics than deformation of discontinuous, coarser-

grained, high-permeability till over crystalline bedrock, where the large fraction of 

exposed bedrock will provide most of the resistance to ice flow (Clark and Walder, 

1994). Glacial sediments and landforms support the notion that rigid bed areas 
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Figure 1. Index map and location of hard and soft bed regions. The heavy black line 
shows the extent of the Laurentide Ice Sheet at the last glacial maximum according to 
Dyke and Prest (1987b). Areas of soft beds used in the model coincide with the light gray 
shading within the ice-sheet boundary as well as unshaded areas within the ice-sheet 
boundary that are currently underwater (for example, Hudson Bay). Areas of hard beds 
used in the model are shown by the darker gray shading. 
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correspond to areas of crystalline bedrock and soft bed areas correspond to areas of 

sedimentary bedrock (e.g., Alley, 1991; Clark, 1991; Hicock and Dreimanis, 1992; Clark 

and Walder, 1994). 

To estimate temperature depression at each time period, we used model output of 

mean annual temperature for 21, 16, 14, and 11 ka derived from the National Center for 

Atmospheric Research (NCAR) Community Climate Model 1 (CCM1) data set (data 

from John Kutzbach and Pat Behling, University of Wisconsin). We accounted for 

regional variation of temperature depression by first calculating the difference between 

modern temperature and the CCM1 paleotemperature value at the first ice-free CCM1 

grid cell downstream from each flowline, and then applying this value uniformly along 

the flowline. For those flowlines along the northern margin of the ice sheet that do not 

terminate near an ice-free CCM1 grid cell, we applied an average temperature depression 

derived from the nearest ice-free cells along the ice margin. There are some geological 

data near the former ice margin, such as evidence for fossil ice-wedge polygons and 

former permafrost cover (Johnson, 1990), that suggest a temperature depression 

comparable to that derived from CCM1 results. 

The position of the steady-state terminus predicted by the model is a function of 

the negative linear gradient on net accumulation imposed along the flowline. Adjusting 

the magnitude of this gradient enabled us to match the modeled flowline lengths to the 

lengths measured from the Dyke and Prest (1987b) maps. Ice-surface and basal elevations 

generated by the model along each flowline were compiled for each time period as x-y-z 

coordinates. These data were then used to construct a contour map of surface and basal 
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elevation and to calculate ice-sheet volume at each reconstructed time period using 

SURFER® surface mapping software. 

When we specified a low effective viscosity of till (go = 5.2 x 108 Pa s) for soft-

bedded areas underlying the Hudson Bay and Hudson Strait regions, the model generated 

an ice divide well to the south of the central ice divide reconstructed by Dyke and Prest 

(1987b). These reconstructions are referred to herein as "case 1" reconstructions. 

Alternatively, the model placed the divide in the position identified by Dyke and Prest 

(1987b) when we specified a higher effective viscosity of till in the deformable Hudson 

Bay and Hudson Strait regions. The higher effective viscosities (go = 8.3 x 109 to 3.3 x 

1010 Pa s) specified in these "case 2" reconstructions lie well within the range of reported 

values for deforming tills beneath modern glaciers (Table 2). 

The two alternative reconstructions of the Laurentide Ice Sheet (case 1 and case 2) 

were employed for the 18, 14, 12, and 10 14C ka reconstructions. The model generated an 

ice divide in the same position as inferred by Dyke and Prest (1987b) when using the 

lower value of effective viscosity for the 8.4 and 7 14C ka reconstructions, hence we 

produced only one reconstruction at these time periods. 
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MODEL SENSITIVITY TO CLIMATE AND SEDIMENT PARAMETERS
 

Results indicate that the ice-sheet model exhibits varying degrees of sensitivity to 

the various input parameters for sediment rheology and climate forcing. Here we discuss 

only the parameters most important to our reconstructions; Jenson and others (submitted) 

present a more complete discussion of model sensitivity. 

Ice thickness and corresponding ice-sheet height over deformable bed areas are 

sensitive to changes in effective viscosity of till, go. In contrast, the position of the steady-

state terminus is not very sensitive to changes in effective viscosity, although changing 

the viscosity does induce transient changes before the margin re-equilibrates. The model 

thus predicts that advances or retreats of ice sheet margins induced by changes in 

subglacial sediment properties are necessarily ephemeral. 

Modeled ice-surface profiles along flowlines that originate in rigid bed areas and 

terminate in deformable bed areas typically exhibit a pronounced slope break at the 

boundary between hard beds upstream and soft beds downstream. This slope break 

becomes less pronounced with higher effective viscosities in the soft bed areas until after 

some "threshold value" of viscosity is reached (generally go = 5 x 109 Pa s and higher), at 

which point an essentially hard-bedded profile is constructed. This behavior reflects the 

fact that with more viscous till, ice deformation becomes an increasingly significant 

mechanism controlling the ice dynamics, and the basal boundary condition approaches 

that of a rigid bed. No appreciable change in the steady-state terminus accompanies these 

changes in the ice-surface profile. 
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With regard to linear (n = 1) versus non-linear till rheology in the governing 

stress-strain equation, results indicate differences in velocity profiles within the till, but 

no difference in the uppermost velocity vectors or in the ice-surface profile. In our 

reconstructions of the Laurentide Ice Sheet, only the velocity at the top of the deforming 

layer is important, hence differences in the velocity profile within the till are not a 

concern. Results also indicate that the model is not particularly sensitive to changes in the 

sediment yield strength parameter, (1). 

In the model, the thermal regime of ice can be simplified such that the ice is 

everywhere isothermal. In deformable bed areas, where ice deformation has a negligible 

control on ice dynamics, results indicate virtually no difference in the position of the 

steady-state terminus or in ice-sheet height and thickness for thermal versus isothermal 

configurations. In rigid bed areas, where ice deformation is the dominant control on ice 

dynamics, however, the isothermal regime results in a very slight retraction of the steady-

state terminus and a slightly lower ice-sheet height and thickness. For our reconstructions, 

we chose to conduct all model runs with the more complex thermal regime. 

First-order tests of model sensitivity to climate forcing indicate a roughly 

proportional response of the steady-state terminus with respect to changes in the main 

climate parameters, net accumulation and net ablation. With regard to paleotemperature, 

we found that changes in prescribed temperature depression along each flowline resulted 

in only very modest changes in ice-sheet height and terminus position. 
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MODELED DEGLACIATION OF THE LAURENTIDE ICE SHEET 

We present reconstructions (Figures 2-6) of the surface topography of the 

Laurentide Ice Sheet for the last glacial maximum and subsequent deglaciation. One 

deglaciation history encompasses the case 1 ice-sheet reconstructions at 18, 14, 12, and 

10 14C ka, whereas the second history encompasses the case 2 ice-sheet reconstructions at 

these time periods. The deglaciation histories converge after 10 14C ka. 

1814C ka Surface Geometry 

The full-glacial (18 14C ka) Laurentide Ice Sheet (Figure 2) is reconstructed as a 

multidomed ice sheet for both case 1 and case 2. The case 1 reconstruction (Figure 2a) 

contains 15.9 x 106 km3 of ice, which is equivalent to 39.6 m of global sea level (Table 

3). There are three major ice domes centered over Quebec, southern Ontario, and 

Keewatin, and a secondary dome over Foxe Basin. As a consequence of specifying a low 

effective viscosity of till (go = 5.2 x 108 Pa s) in the Hudson Bay and Hudson Strait 

regions, the model predicts that the central ice divide was significantly further south of 

the position inferred by Dyke and Prest (1987b). The maximum height of the ice sheet is 

about 3100 m in Quebec. A large bowl-shaped area of low-elevation ice (800 to 1200 m) 

appears over Hudson Bay and extends down Hudson Strait, and large areas of low-

elevation ice (<1500 m) are located over the Canadian Prairies and Great Lakes region. 

Ice elevations reflect the basal boundary conditions in that the greatest ice elevations are 

generally located over hard-bedded areas, whereas the lowest ice elevations are located 
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Figure 2. Ice surface elevation at 18 "C ka: A) Case 1; B) Case 2. 
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Figure 3. Ice surface elevation at 14 14C ka: A) Case 1; B) Case 2. 
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Figure 5. Ice surface elevation at 10 14C ka: A) Case 1; B) Case 2. 
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Table 3: Ice volume and sea-level data for our reconstructions of the Laurentide Ice Sheet. 

Time Period Case 1 Reconstruction Case 2 Reconstruction 
'4C ka calendar Volume Sea-level Volume Sea-level 

kaa (106 km3) equivalent
(n)b 

(106 km3) equivalent
(nb 

18 21.5 15.9 39.6 19.7 49.1 
14 16.8 14.8 36.9 18.3 45.6 
12 14.0 11.5 28.8 14.7 36.7 
10 11.2 8.9 22.1 9.8 24.5 

8.4 9.4 3.8 9.4 -
7 7.8 0.4 1.0 

a Following Stuiver and Reimer (1993).
 
b Volumes were converted to water equivalent by multiplying by 0.9 and then changed to sea-level
 
equivalent by dividing by 361 x 106 km2, the present world ocean area.
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over deformable bed areas. The low-elevation ice (500 to 1000 m) predicted for the 

southern, southwestern, and northwestern margins is consistent with ice-surface profiles 

that have been reconstructed from geologic evidence (Mathews, 1974; Beget, 1987; 

Clark, 1992). A viscoelastic Earth model constrained by tilted proglacial-lake shorelines 

in the Great Lakes region (Clark and others, 1994) also suggests thin ice cover in this 

area. 

Our specification of a higher effective viscosity of till in the Hudson Bay and 

Hudson Strait regions (go = 3.3 x 1010 Pa s) for the 18 14C ka case 2 reconstruction 

(Figure 2b) places the central ice divide in the position identified by Dyke and Prest 

(1987b), and results in a greater ice volume totaling 19.7 x 106 km3, equivalent to 49.1 m 

of global sea level (Table 3). As a consequence, ice is generally thicker and higher than 

the case 1 reconstruction, with the highest ice dome at about 3600 m over northern 

Ontario, and a dome at about 3000 m over Keewatin. We note that the occurrence of an 

"extra" dome in northern Ontario is anomalous with respect to the surface morphology of 

the ice sheet interpreted by Dyke and Prest (1987b), even though we have used their maps 

in our identification of flowline trajectories. The extreme ice-sheet height in northern 

Ontario is due to a single inferred flowline trajectory that crosses our prescribed hard-

bedded region at an oblique angle. As a consequence, the model constructs a profile of 

thick, high-elevation ice over the unusually long length of flowline crossing the rigid bed. 

The surface of the large bowl of low-elevation ice over Hudson Bay is raised considerably 

from its configuration in the case 1 ice sheet. Because the effective viscosity of till over 

the Canadian Prairies and Great Lakes region remains at go = 5.2 x 108 Pa s for both case 

1 and case 2, no differences are seen in these regions. 
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14 14C ka Surface Geometry 

At 14 14C ka the case 1 reconstruction (Figure 3a) contains 14.8 x 106 km3 of ice, 

equivalent to 36.9 m of global sea level (Table 3). This reconstruction shows two major 

ice domes, one in Quebec and one in Keewatin, connected by a narrow ridge of high-

elevation ice that is far south of the divide position identified by Dyke and Prest (1987b). 

The maximum surface elevation of about 2900 m occurs over Quebec. The region of low-

elevation ice over Hudson Bay shows very little change from its configuration at 18 14C 

ka, and the position of the central ice divide is placed only slightly to the north of its 18 

14C ka case 1 position. This is partly a consequence of the fact that Dyke and Prest's 

(1987b) inferred flowline trajectories north of the central ice divide are nearly identical at 

18 and 14 14C ka. The Canadian Prairies still appear as a large region of low-elevation 

ice, whereas much of the low-elevation ice over the Great Lakes region has disappeared 

due to retreat of the southern margin. 

The 14 14C ka case 2 ice sheet (Figure 3b) contains 18.3 x 106 km3 of ice, 

equivalent to 45.6 m of global sea level (Table 3), and places the central ice divide in the 

position identified by Dyke and Prest (1987b). We used the same value of effective 

viscosity of till in the Hudson Bay and Hudson Strait regions (go = 3.3 x 1010 Pa s) for 

this reconstruction as for the 18 14C ka case 2 reconstruction. The ice-surface morphology 

at 14 14C ka, however, is quite different than at 18 14C ka. Two major ice domes are 

separated by a broad region of high-elevation ice, and the prominent ice dome south of 

Hudson Bay at 18 14C ka is gone. The maximum surface height is about 3200 m in 

Quebec. The 14 14C ka case 2 configuration is a consequence of large changes in the ice 
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flow pattern south of the central ice divide since 18 14C ka (Dyke and Prest, 1987b), 

resulting in changes of total flowline length modeled over the specified areas of rigid and 

deformable beds. 

12 14C ka Surface Geometry 

The 12 14C ka case 1 ice sheet (Figure 4a) contains 11.5 x 106 km3 of ice, 

equivalent to 28.8 m of global sea level (Table 3). The ice-sheet configuration is 

horseshoe-shaped, and includes a central ice divide south of the position identified by 

Dyke and Prest (1987b), major ice domes over Quebec and Keewatin, and secondary ice 

domes over Foxe Basin and south of Hudson Bay. The maximum surface height is just 

below 2800 m in Quebec. The area of low-elevation ice over Hudson Bay shows very 

little change from its configuration at 18 and 14 14C ka, and the position of the central ice 

divide is placed only slightly north of its position at 14 14C ka. The greatest change from 

14 to 12 14C ka is the disappearance of large areas of low-elevation ice along the western 

and southern margins due to retreat of the margin, as well as the separation of the 

Newfoundland Ice Cap and Appalachian Ice Complex in New Brunswick from the main 

Laurentide Ice Sheet (Dyke and Prest, 1987b). 

In order to model Dyke and Prest's (1987b) inferred position of the central ice 

divide, the 12 14C ka case 2 ice sheet (Figure 4b) was constructed using an effective 

viscosity of till of gc, = 3.3 x 1010 Pa s in the Hudson Bay and Hudson Strait regions, the 

same value as for the 14 and 18 14C ka case 2 reconstructions. The case 2 ice sheet 

contains 14.7 x 106 km3 of ice, equivalent to 36.7 m of global sea level (Table 3). It has 
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three ice domes in similar positions to those at 18 14C ka (Figure 2b), and reaches a 

maximum surface elevation of about 2900 m just south of Hudson Bay. The low-

elevation ice cover (800 to 1200 m) constructed over Hudson Bay in case 1 is replaced by 

fairly high-elevation ice (>2000 m) in this reconstruction. 

1014C ka Surface Geometry 

By 10 14C ka, nearly all of the ice margin rested on a hard bed. The case 1 ice 

sheet (Figure 5a) contains 8.9 x 106 km3 of ice, equivalent to 22.1 m of global sea level 

(Table 3). There are two main centers of high-elevation ice over Quebec and Keewatin 

separated by a narrow gap of low-elevation ice south of Hudson Bay, and the central ice 

divide is south of the position identified by Dyke and Prest (1987b). Secondary domes 

appear over Foxe Basin and northern Ontario. The maximum surface height of about 

2800 m is located over Quebec. The central ice divide is placed very close to the southern 

margin in some areas. The bowl of low-elevation ice over Hudson Bay is less extensive 

and at a slightly lower elevation (600 to 800 m) than at previous time periods. The 

Newfoundland Ice Cap and Appalachian Ice Complex in New Brunswick have 

disappeared (Dyke and Prest, 1987b). 

The 10 14C ka case 2 ice sheet (Figure 5b) required an effective till viscosity of go 

= 8.3 x 109 Pa s in the Hudson Bay region, a slightly lower viscosity than that required for 

the 12, 14, and 18 14C ka case 2 reconstructions, to place the ice divide in the position 

identified by Dyke and Prest (1987b). The ice sheet contains 9.8 x 106 km3 of ice, 

equivalent to 24.5 m of global sea level (Table 3). With the more northerly position of the 



28 

central ice divide, the area south of Hudson Bay is constructed as a large plateau of fairly 

high-elevation ice (1600 to 1800 m). The major ice domes have changed little from their 

configuration in the case reconstruction, although the dome over Keewatin has1 

broadened in the case 2 reconstruction. 

8.414C ka Surface Geometry 

At 8.4 14C ka (Figure 6a) the model constructed an ice divide that agreed with the 

position of Dyke and Prest's (1987b) inferred central ice divide without altering our 

initial value of µo = 5.2 x 108 Pa s for effective viscosity of till in the Hudson Bay and 

Hudson Strait regions, hence only one reconstruction is presented. The 8.4 14C ka ice 

sheet contains 3.8 x 106 km3 of ice, equivalent to 9.4 m of global sea level (Table 3). 

There are three major domes joined by a large carapace of low-elevation ice over Hudson 

Bay. The ice dome over Foxe Basin is still nearly as high (>1600 m) as at 18 14C ka 

(Figure 2), whereas the maximum ice-sheet height over Quebec is reduced to about 2600 

m. By far the greatest percentage of total ice-sheet volume is contained in the Quebec 

dome. The large area of low-elevation, thin (600 to 900 m) ice over Hudson Bay seems a 

plausible configuration for the Laurentide Ice Sheet at 8.4 14C ka just prior to its breakup 

and incursion of the sea into Hudson Bay (Dyke and Prest, 1987b). 



29 

7 "C ka Surface Geometry 

The Laurentide Ice Sheet is reduced to three isolated ice caps at 7 14C ka (Figure 

6b). At this late stage the ice sheet contains only 0.4 x 106 km3 of ice, equivalent to 1.0 m 

of global sea level (Table 3). The maximum height of about 2000 m is located over 

central Quebec. The domes over Quebec and the Melville Peninsula in the Northwest 

Territories are fairly symmetrical, whereas the ice on Baffin Island appears as a series of 

small domes. The irregular ice-surface morphology on Baffin Island is an artifact of 

gridded elevation data that are clustered along the network of flowlines. 
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ICE VOLUME AND CONTRIBUTION TO SEA LEVEL
 

We have normalized the trend of modeled ice-volume changes and their 

contribution to relative sea-level rise (Table 3), and then compared our data to the record 

of eustatic sea-level rise from Barbados (Fairbanks, 1989; Bard and others, 1990) and the 

Huon Peninsula of Papua New Guinea (Edwards and others, 1993) (Figure 7). Sea-level 

data at Barbados and Papua New Guinea are corrected for a presumed-constant rate of 

tectonic uplift. For the Barbados record, we consider only samples of Acropora palmata, 

which live within 5 m of the sea surface and thus provide the closest constraint on paleo

sea level (Fairbanks, 1989). Our modeled sea-level data are normalized to the total 

(corrected) eustatic sea-level rise (120.5 m) since 19 ka (calibrated U/Th age) at 

Barbados. Following Stuiver and Reimer (1993), our full-glacial Laurentide Ice Sheet at 

18 14C ka has a corresponding calendar age of 21.5 ka; we assume that sea level changed 

little between 21.5 ka and 19 ka. 

Our case 2 ice sheets account for significantly greater ice volumes and hence sea-

level equivalents than the case 1 ice sheets (Table 3). The normalized trend of sea-level 

change since the last glacial maximum, however, is strikingly similar for both cases 

(Figure 7). These model predictions agree fairly well with the trend of eustatic sea-level 

rise at Barbados and New Guinea. The two periods of rapid sea-level rise ("meltwater 

pulses") centered at about 14 ka and 12 ka that appear in the Barbados and New Guinea 

records, however, are not clearly seen in our modeled sea-level curve, perhaps because of 

the low time resolution of our results. 
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COMPARISON TO OTHER RECONSTRUCTIONS
 

Our 18 14C ka case 1 and case 2 ice sheets (Figure 2) are similar to previous 

reconstructions of the full-glacial Laurentide Ice Sheet by Boulton and others (1985) and 

Fisher and others (1985) that are modeled with and without soft beds over Hudson Bay 

and Hudson Strait. An important difference is that our case 2 ice sheet is multidomed, 

whereas the hard-bedded cases of Fisher and others (1985) and Boulton and others (1985) 

are essentially monodomal. This is because our case 2 reconstructions, which are not 

"hard-bedded" but merely involve more viscous till than in case 1, contain the inherent 

assumption that the ice sheet was multidomed due to our use of Dyke and Prest's (1987b) 

maps to define flowline trajectories. 

The surface topography of our 18 14C ka case 1 ice sheet (Figure 2a) bears a 

strong resemblance to the soft-bedded reconstruction of Fisher and others (1985), with the 

exception that ice elevations in our reconstruction are slightly lower (by 500 m) over 

Hudson Bay, Foxe Basin, and Keewatin, and slightly higher (by 300 m) over Ontario. 

The value for total ice volume calculated by Fisher and others (1985) for their soft-

bedded Laurentide Ice Sheet (18.0 x 106 km3) is bracketed by our volume estimates for 

the 18 14C ka case 1 and case 2 ice sheets (Tables 1 and 3). The strong similarity between 

our 18 14C ka case 1 ice sheet and that of Fisher and others (1985) undoubtedly reflects a 

similar arrangement of specified basal boundary conditions, but the two reconstructions 

are derived from models that require a very different set of input parameters and 

assumptions. Most significantly, the model of Fisher and others (1985) makes no prior 
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assumptions about the position of ice divides, saddles, or flowline trajectories. 

Furthermore, our model includes a sediment flow law, whereas Fisher and others (1985) 

simply specified lower basal shear stress for areas of deforming beds. 

We have compared our reconstructed ice-surface morphology and ice-sheet height 

at 18, 14, 12, and 10 14C ka (both cases) with the ICE-4G reconstructions (Peltier, 1994) 

for these same time periods by constructing ice-surface elevation difference maps 

(Licciardi and others, submitted). Our reconstructed surface topography is in close 

agreement with the ICE-4G ice-sheet paleotopography for each of these time periods 

except for our 10 14C ka (.-=, 11 ka) ice sheet, which is nearly everywhere higher than in 

ICE-4G by 500-1500 m. The full-glacial (,--- 21 ka) volume estimate for the Laurentide Ice 

Sheet (21 x 106 km3) in ICE-3G (this quantity is not reported for ICE-4G) is about 7% 

and 32% larger than our 18 14C ka case 2 and case 1 ice sheets, respectively (Table 3). 

Because these models are derived from entirely independent data sets and theory, the 

close agreement between ICE-4G and our model is particularly encouraging. 
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DISCUSSION AND CONCLUSIONS
 

We do not consider either of our alternative reconstructions (case 1 and case 2) of 

the Laurentide Ice Sheet as necessarily more plausible than the other. They simply 

represent end members of a glaciological experiment, in that they are constructed using 

disparate values for effective viscosity of till in the Hudson Bay and Hudson Strait 

regions that fall near the lower and higher end of values reported in the literature for 

deforming tills beneath modern glaciers (Table 2). Several geologic records now suggest 

very dynamic behavior of the ice sheet during the last deglaciation (Boulton and Clark, 

1990; Bond and others, 1992; Broecker and others, 1992; Clark and others, 1993; Bond 

and Lotti, 1995), so that large and rapid changes in ice-sheet morphology, as represented 

in our reconstructions, may have occurred. 

The calculated ice volume for our full-glacial case 1 Laurentide Ice Sheet is lower 

than any previous estimate of this value (Table 1), and would amount to only one-third of 

the total eustatic sea-level rise since the last glacial maximum as indicated by the 

Barbados sea-level record (Fairbanks, 1989; Bard and others, 1990). This would seem an 

anomalously low ice volume for the full-glacial Laurentide Ice Sheet. We speculate that 

the case 1 reconstructions in general may represent transient and unstable ice-sheet 

configurations during periods of unusually high pore-water pressure within the sediment 

induced by basal melting of the ice sheet, leading to fast ice-sheet flow by sediment 

deformation or sliding (MacAyeal, 1993; Clark, 1994, 1995; Iverson and others, 1995). 

Along similar lines, our case 2 reconstructions may represent the ice sheet just prior to 
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these unstable periods of fast glacier flow (e.g., Fisher and others, 1985; MacAyeal, 

1993). 

There are many similarities between our reconstructions of the full-glacial 

Laurentide Ice Sheet and previous reconstructions by Fisher and others (1985) and Peltier 

(1994). These various reconstructions depict a full-glacial Laurentide Ice Sheet that was 

multidomed and significantly thinner and lower than the CLIMAP reconstruction used in 

several previous GCM experiments (Manabe and Broccoli, 1985; Kutzbach and Guetter, 

1986; Broccoli and Manabe, 1987). The close agreement of our reconstructions with 

those of Fisher and others (1985) and Peltier (1994) does not constitute confirmation or 

validation of our model (Oreskes and others, 1994). We believe, however, that the 

independent data sets (relative sea level, ice and sediment rheology, and glacial geology) 

used as input to these models represent separate but consistent lines of evidence that 

support the existence of a relatively thin, multidomed Laurentide Ice Sheet at the last 

glacial maximum. 

Because the Laurentide Ice Sheet was the largest of the former Northern 

Hemisphere ice sheets, it represents the most significant change in glacial-age boundary 

conditions. GCM experiments indicate that atmospheric circulation and surface 

temperatures are sensitive to the height and configuration of the North American ice sheet 

(Shinn and Baron, 1989; Kutzbach and Ruddiman, 1993; Kutzbach and others, 1993). 

Hence accurate reconstruction of the ice sheet's paleotopography is critical in evaluating 

the results of global climate models. We believe our reconstructions provide important 

support for the use of lower, thinner ice sheets, similar to those of ICE-4G, as input to 

future GCM experiments. 
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