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CHAPTER IV 

GLACIOLOGICAL PARAMETERS OF DISRUPTIVE EVENT ANALYSIS 

C. Bull 

Ohio State University 

WORLD-TO-SITE SPECIFIC COUPLING OF CONTINENTAL GLACIATION 

Possible changes in the glaciological conditions on earth range from the 

growth of a complete ice cover over the entire globe (Budyko, 1978) to the 
complete deglaciation of the planet (in which case all considerations of waste 

isolation safety assessment will seem trivial). Possible intermediate states 
include extensive reglaciations of the Northern Hemisphere and existence of 
conditions similar to those of the present. 

The possibility of complete glaciation of the earth is small and probably 
need not be considered in the consequence analysis by the Waste Isolation 
Safety Assessment Program (WISAP). On the other hand, abundant evidence 
exists (e.g., Hays et al., 1976; Kennett and Shackleton, 1975; Shackleton and 
Opdyke, 1973) that the quantity of ice on the earth has varied over the last 
million years. For the last'600,000 years, the glacial cycles have had a 
period of about 100,000 years. The cause of the variations is not known; it 
may be variations in the solar constant, changes in the geometry of the earth
sun system (Weertman, 1976; Berger, in press, a and b), variations in the 
microparticle content of the atmosphere (Gow and Williamson, 1971; Thompson 
et al., 1975; Hammer, 1977) or other phenomena. 

In any case, it is prudent to assume that the variations in ice cover 
will continue. The next glaciation of North America (and other parts of the 
Northern Hemisphere) could correspond with an ice volume of -Ion the scale of 
Shackleton and Opdyke (1973), which is equivalent to ice-sheets up to 600 km 
more extensive than the Wisconsin Ice Sheet was in the low-lying areas of 
North America. On Berger1s model, presented by M. Schwartz at the Battelle 
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Workshop (Seattle, WA, 1978), this reglaciation could start in 4000 A.P. 
(years after the present). After that time, according to the Milankovitch 
model, the next significant "low" in Northern Hemisphere radiation appears to 
be in 60,000 A.P. The probability that continental ice will cover Columbus, 
Ohio (near the maximum of the Wisconsin glaciation) within the next 4000 years 
or so has been estimated variously at 0.25 to 0.50. The probability of at 
least one such glaciation in the next million years is close to 1. 

It must be emphasized that these probabilities are based on the assumption 
that man's technology will not have advanced to the stage where, within 
4000 years, he will be able to control climate to the extent necessary to off

set the effects of natural variations, Milankovitch or otherwise (Kellogg, 1978). 
The present writer, without hard evidence, believes that such technology (per
haps for controlling CO 2 content of the atmosphere) will develop. 

Ignoring such possible control, within a few thousand years an ice sheet 
may well cover proposed waste disposal sites in Michigan. Those in the Gulf 
Coast region and New Mexico are unlikely to be ice covered. The extent of 
mountain glaciation at the Wisconsin maximum has been mapped, as part of the 
CLIMAP program, by John Hollin. The area in southeastern Washington on which 
the Hanford Site is now located was not ice covered, but the ice-edge of 
mountain glaciation was only scores of kilometers away. Also, lobes of the 
Cordilleran ice sheet (responsible in part for the Lake Missoula floods) 
invaded the northern part of Washington State. The probability of ice cover 
at Hanford in the next million years is finite, perhaps about 0.5. 

The reconstructions of the Wisconsin ice sheet in North America 
(Sugden, 1977; CLIMAP project, 1976), when extended to other parts of the 
northern hemisphere, indicate a minimum sea-level drop at 18000 B.P. of 
126 meters and a maximum of about 165 meters. With a glaciation equivalent to 
-1 on Shackleton and Opdyke's scale, a sea-level drop of nearly 200 meters is 

possible. M. Schwartz, an expert on sea-level fluctuations, gave a similar 
number for possible sea-level lowering at the Battelle Workshop. 
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Within the present interglacial period there is a definite chance that 
the West Antarctic ice sheet will melt. This melting would be due primarily 
to increased temperatures resulting from increased CO2 in the atmosphere 
(Broecker, 1975; Mercer, 1978). The probability is estimated at less than 
0.1. Such a melting would cause a sea-level increase of about seven meters. 
There is a lesser chance, perhaps 0.05, that the Greenland ice sheet will melt 
in the same period, although it can be considered as not being in equilibrium; 
if it melted, the Greenland ice sheet would not regenerate under present cli
matic conditions (Weertman, 1964). Sea level would rise about seven meters if 
the Greenland ice sheet melted. 

With increased atmospheric temperatures in the Antarctic there would be a 

slow (Whillans, in press) change in basal temperatures of the ice sheet. 
There would also be a change from freezing to melting conditions in signifi
cant areas of East Antarctica (Weertman, 1966; Nye, 1976), perhaps accompanied 
by major surges of the ice sheet (Hollin, 1977), changes of the earth's 
albedo, and the initiation of Northern Hemisphere glaciations (Wilson, 1964). 
Changes in atmospheric temperature may not be necessary to initiate the surges 
(Budd, 1975). 

There is no evidence that the Antarctic ice sheet has disappeared com
pletely in the last four million years. (e.g., Drewry, 1976; Stuiver et al., 
1976; Mayewski, 1975; Calkin et al., 1970). On this lack of evidence it is 

estimated, without much confidence, that the probability of the Antarctic ice 
sheet melting in the next million years is 0.25. Such a melting, accompanied 
by melting of the Greenland ice sheet, would raise sea level by 60 to 
70 meters (Hollin, 1962). In the next 4000 years the maximum sea-level 
increase, resulting from melting of the Greenland and West Antarctica ice 
sheets, may perhaps be about 12 meters. 

There is little chance, perhaps 0.01, that the Greenland ice sheet will 

remain intact for one million years. Either Greenland or West Antarctica may 
not have been covered in the last interglacial, when sea level was a few 
meters higher than at present (Shackleton and Opdyke, 1973; Shackleton and 
Matthews, 1977). M. Schwartz also agreed with this statement at the Battelle 

Workshop. 
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EROSION RATES AND CONDITIONS 

An extreme view of the erosive powers of continental ice sheets' is given 
by White (1972), who argues that the late Quaternary ice sheets of North • 
America caused erosion of hundreds of meters into the Canadian Shield. 
Mathews (1975) and especially Sugden (1976) contend that, as an average over 
the glaciated area, only a few tens of meters of erosion (which may be of pre
viously weathered regolith as opposed to bedrock) is indicated. There were 
perhaps three meters of erosion per glaciation cycle. Sugden (1976 and 1977) 
argues that deep selective linear erosion can occur near the ice sheet margin, 
although the periphery of an ice sheet is normally a depositional environment. 

Erosion at the ice sheet margin is accomplished by streams produced by local 
thawing of the ice base. The Finger Lakes are an example of erosional features 
formed near the margin of an ice sheet. 

The erosion of the basins of the Great Lakes is probably also due to ice 

sheet action, possibly associated with fracturing of the crust under the ice 
sheet load. (Brotchie and Silvester, 1969; Whillans, 1978). There are no 
IIrelict Great Lakes. 1I Lakes which were cut out perhaps 500~000 years ago have 
not been filled with Quaternary material, as would be the case if centers of 
erosion had shifted elsewhere in later glaciations. The absence of these 
relict lakes leads one to conclude that in future glaciations of North America, 
deep erosion by ice action will occur only in those areas where deep erosion 
has already occurred. 

From the quantity of sediments carried to the deep Atlantic by ice raft
ing and otherwise, Ruddiman (1977) calculated that an average of 16 meters of 
material had been eroded in the last three million years. Lane (unpublished), 
in a similar study, obtained 20 meters. These are likely to be minimum 

erosion rates, because these studies ignore the erosion products in solution 
and fine suspension. 

LIMITS ON LOADING AND SUBSIDENCE 

The two best reconstructions of the Laurentide ice sheet of North America 

(Sugden, 1977; CLIMAP, 1976) give similar values for the extent, thickness and 
bottom conditions. Sugden's model, based on the form of the Greenland and 
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Antarctic ice sheets, gives a maximum ice thickness of 4244 m in the west
central part of Hudson Bay. The CLIMAP reconstructions attempt to use more 
glacial geology control, in which the bottom conditions are first inferred 
from observed erosion and depositional patterns, and so on. The "maximum" 
model has a maximum ice thickness of 4960 m west of Hudson Bay. The "minimum" 
model gives three "domes"; one dome has a thickness of 4260 m west of Hudson 
Bay, the second dome has a thickness of 4230 m over James Bay, and the third 
dome is a lower one over Fox Basin. 

Loads at specific points can be calculated directly from the reconstruc

tion maps of ice thickness. Future ice sheets may be more extensive than the 
Laurentide; the ice sheet margin could be up to 600 kilometers further south 

in the U.S. midwest, as in the "Kansan" stage (Flint, 1971). The form of the 
profiles of the more extensive ice sheets should closely resemble those of the 
Laurentide ice sheet, with maximum thicknesses increased by only a few hundred 
meters over the Laurentide values. 

Members of CLIMAP have calculated depressions of the earth's crust using 
two different models. In one model the isostatic processes are assumed to 
occur in the crust (so that the density ratio of ice:displaced material is 
1:3, and the maximum depression is thus about 1500 meters). In the other mode; 
(Brotchie and Silvester, 1969) isostatic adjustments occur in the mantle 
(giving a density ratio of 1:4 and a minimum value for the greatest depression 
of about 1000 m). 

Permeabilities of earth material below the ice sheet at equivalent eleva
tions relative to a fixed datum should not be affected by ice-sheet loading 
and subsequent subsidence. 

Loading and subsidence due to reglaciation of North America are not 
likely to directly affect proposed disposal sites in the Gulf Coast region or 
New Mexico. The Hanford Site could be affected by the "forebulge" (Brotchie 
and Silvester, 1969) from a Cordilleran ice sheet, but change of elevation is 
not likely to exceed a few meters. Similarly, changes in elevation at Hanford 
due to the direct depression, or forebulging, from a neighboring mountain ice 
cap are not likely to be significant. 
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Loading of the Gulf of Mexico might produce a sea-level fall of 200 meters 

or a rise of 70 meters. The effect of these changes on the proposed disposal 
sites in the Gulf Coast region should be calculated, but it does not seem 
likely that they will be significant. 

POTENTIAL FOR AND MAGNITUDE LIMITS OF DEEP GROUND WATER RECHARGE 

Under glacial conditions the surface boundary conditions for ground water 
recharge will be appreciably changed. Below the ice sheet or glacier, surface 
water will be under a hydrostatic pressure because of the load of ice. This 
pressure may be up to more than 400 bars where the ice sheet is thickest. 
Free water will exist over appreciable areas of the ice sheet bed. The areas 
of melting under the Laurentide ice sheet are shown in the maps of Sugden 
(1977) and CLIMAP (1976). The melt water is generated by the geothermal heat 
flux, which varies over the area of the Laurentide ice cover from 1 to about 
1.7 x 10-6 cals cm- 2 sec-1 (Sugden, 1977). Melt water is also generated 
by the frictional heat produced by ice slipping over the bed and by internal 
deformation near the base of the ice sheet. The quantity of free water 
generated varies under these conditions between 0.5 cm and about 3.0 cm per 
year, but it is nearly all available for recharge. Small amounts of melt 
water may move to the "freezing" zones of the ice sheet bed, and some melt 
water may be forced to the edge of the ice sheet where it can escape. 

Under non-glacial conditions in this part of North America, the surface 
may be frozen for appreciable parts of the year and may be completely dry dur
ing other periods. Furthermore, evaporation and temperature gradients in the 
surface layers may also cause moisture loss. Hence, although the total annual 
precipitation now greatly exceeds 3 cm, the recharge may be greater under 
glacial conditions because of all-year recharge and the surface pressure 
conditions. 

Sugden's model of the Laurentide ice sheet gives a continuous frozen zone 

that is several hundred kilometers broad. The CLIMAP model shows sporadic 
frozen patches, based on the glacial geology rather than on calculations. 
However, as the ice sheet varies in size, all sub-glacial areas will be 
covered by melting ice. 
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The possibility exists that recharge water under the central part of the 
ice sheet will be forced to move to appreciable depths. It might then flow 
under the frozen zone and return to the surface near the edge of the ice sheet~ 
where the surface pressures are low (McGinnis~ 1968). Other factors being 
equal~ it seems unwise to site a nuclear waste repository (even at great 
depth) in an area likely to be glaciated. 

Beneath the sliding parts of the ice sheet, all of the regolith and under

lying permeable rock must have been saturated (Weertman, 1966). The planing 
of the Canadian Shield and.the gouging-out of the Great Lakes indicate that 
sliding (and, therefore, saturation of underlying materials) has occurred for 
appreciable parts of each glacial cycle. 

These considerations of deep recharge under the ice sheet are not likely 
to affect Gulf Coast and New Mexico sites because of their isolation from the 
ice. However, under extreme mountain glaciation conditions, or with a more 
extensive Cordilleran ice sheet~ the Hanford Site could be in an area affected 
by upward movement of deep recharge waters near the ice edge. 

POTENTIAL FOR AND CONSEQUENCES OF FRESH WATER FUMAROLES ASSOCIATED WITH ICE 
LOADING 

Other than the discharge of deep recharge water near an ice sheet edge 
because of strong horizontal gradients of surface hydrostatic pressure~ no 
real possibility seems to exist that glacial-related, fresh water fumarolic 
action will be important in waste disposal site considerations. 

FLOOD EROSION MAGNITUDES, RATES AND DURATIONS 

During variations in the lateral extent of an ice sheet and its lobes, 
floods causing extensive erosion can be caused by the release of large trapped 
bodies of water. Large lakes can be formed by blocking normal outlets with a 
lobe of an ice sheet or a mountain glacier. Subglacial lakes can be formed in 
existing basins (e.g., Lake Erie) and can be suddenly discharged as the edge 

of the ice sheet retreats to a critical point. 

Extensive lobes of an ice sheet may be generated around its periphery by 

changes in the basal thermal conditions (Weertman, 1966). 
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The Superior and Des Moines lobes of the Laurentide ice sheet (Wright and 
Matsch, 1973) were probably formed in this way, as a previously frozen area of 
the ice sheet bed to the north melted. The Des Moines lobe extended several 
hundred kilometers to the south but may only have occupied its forward posi
tion for a few thousand years. Thus, there may have been several earlier "Des 

Moines lobes" during the Wisconsin glaciation. Lakes of the Missoula type, 
which were trapped and released as the eastern Washington lobe advanced and 
retreated, as reported by D. Tubbs in a Battelle Workshop, may have caused a 
dozen Missoula floods in a period of 100,000 years during the Wisconsin stage. 

Similarly, sub-glacial Great Lakes could have discharged catastrophically. 
Kennett and Shackleton (1975) interpret the oxygen isotope anomalies in the 
Gulf of Mexico sedimemt core samples lias representing the massive inpouring of 
glacial melt water ... via the Mississippi ... during the early melting phases of 
the late Wisconsin Laurentide ice sheet" between 12,000 and 16,000 years ago. 
Large ancient river channels associated with the Mississippi River system are 
direct evidence of southward melt water transport to the Gulf of Mexico (Clark 
and Stearn, 1968). As the ice sheet retreated, melt water could flow eastward. 
Much of the erosion of the Mohawk Valley is probably due to glacial melt water, 
though the valley may have served as a discharge course repeatedly during the 
last million years. 

The quantity of water discharging into the Gulf of Mexico in that period 

should be calculable from the changes in salinity and oxygen ratios from the 
sediment core samples (Kennett and Shackleton, 1975; Emiliani et al., 1975). 
Similar calculations are possible based on assumed ablation rates on the ice 
sheet itself. 

In future glaciations melt-water rivers generally will follow pre
existing river courses. With specific sites it should be possible to assess 
the possibilities of river erosion. Some salt dome sites in the Gulf Coast 
region could be susceptible to changes in the course of the Mississippi 
River. The New Mexico site, which is on a high plateau, seems to be immune 

from this type of problem. The Hanford Site is only a few miles from the 
Columbia River, and it was probably flooded repeatedly by Missoula floods 
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during the Wisconsin glaciation. In the future, lateral erosion by the 
Columbia River could cause changes in its course, possibly affecting the 
integrity of a repository at the Hanford site. 

ISOSTATIC REBOUND RATES: POTENTIAL FOR AND MAGNITUDE OF FRACTURING 

A thorough study of the deformation of the Earth's crust under superim
posed loads has been made by Brotchie and Silvester (1969). Their earth model 
is a uniform, elastic, spherical shell enclosing a viscous liquid. With a 
crust 37 m thick and reasonable elastic constants, Brotchie and Silvester 
calculate stresses and deflections from an ice sheet of central thickness 
3000 meters and radius 1450 kilometers, approximating a thin Laurentide ice 
sheet. Their values are as follows: 

TABLE IV-l. Stress and Deflections from an Ice Sheet 

Distance from center, km 0 290 580 870 1160 1450 1500 1600 1700 1800 
Deflection, meters 801. 93 769.12 673.00 512.76 288.06 22.60 3.74 -3.86 -1.07 0.11 
Flexural stress, radial, -1627 -1479 -1503 -1483 -1988 10,300 7883 1231 -402 -180 

Nm- 2 x 10-3 

Flexural stress, tangential -1627 -1495 -1500 -1495 -1620 1486 1326 263 -59 -33 
Nm- 2 x 10-3 

Shear stress, 0 16 9 8 -31 104 -684 -356 -14 26 
Nm- 2 x 10-3 

Brotchie and Silvester (1969) state that "the corresponding stresses 
appear to be sufficient to cause surface cracking." Peltier and Andrews (1976) 
calculate the world-wide response to a distribution of ice sheets and obtain 
results in agreement with observed sea-level changes. Weertman (1978) ana
lyzes the stresses that would be obtained for a "creep law" mantle. Although 
his approach differs from Brotchie and Silvester's "power law" approach, 
Weertman still obtains stresses of 30 - 300 bars. 

Stresses are greatest at the edge of the ice sheet. Both the radial and 
tangential stresses appear sufficient to give fracturing. Fracturing, thus 

caused, may be responsible for the initiation of the Great Lakes and other 
lakes marginal to the Laurentide ice sheet. Some of these lakes are radial to 
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the ice sheet, and others are tangential. Faults along the coast of Maine, 
probably initiated by ice-sheet margin stresses, are still active because of 
isostatic rebound (Rand and Gerber, 1976). 

Fracturing is most likely to occur in zones previously weakened, so that 

new ice sheets may not cause new fracturing patterns. Nevertheless, it seems 
wise to avoid siting waste repositories in areas likely to be covered by ice 

sheets. Changes in load caused by sea-level variations in the Gulf of Mexico 
seem unlikely to produce stresses sufficient to cause fracturing in the 

northern Gulf Coast region. 

CONTINENTAL ICE MELTING - RIVERS OF LIMITED DURATION 

With reasonable assumptions of the ice front in future glaciations and of 

the crustal tilting from ice loading, it should be possible to map likely 
courses of major rivers produced by melting ice. Unless ice extends very much 

further south than in the Kansan stage, it seems unlikely that any new major 
valleys will be cut (Clark and Stearn, 1968). Specific potential sites in the 
Gulf Coast region need careful attention from this point of view. Sites on 
plateaus in New Mexico seem immune. 

CORRELATION OF CONTINENTAL GLACIATION EPISODES TO HARMONIC ANALYSIS OR 

"MILANKOVITCH" STUDIES 

T. Hughes reported at the Columbus Glaciology Workshop that none of the 
CLIMAP studies had shown a significant change in solar radiation in high lati
tudes from the 95,000-year obliquity perturbation. This has also been reported 
by A. L. Berger and presented by M. Schwartz at the Battelle Workshop. The 
100,000-year periodicity in the oxygen-isotope record is the dominant one for 
the last 300,000 or 600,000 years (Hays et al., 1976) but perhaps not further 
into the past. The obliquity perturbations might be the trigger for some 

other mechanisms affecting earth climate, including periodic world-wide vol 
canic eruptions. 

Weertman (1976) has developed an ice-sheet generation model which res

ponds to Milankovitch variations, but which needs a higher accumulation rate 
than seems consistent with the current atmospheric circulation models for 

glacial conditions. (Gates, 1976; Williams et al., 1974). 
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Although the causes of ice ages are not known, a prudent assumption in 

the WISAP study is that the present interglacial will continue for only a 

limited period, perhaps 4000 years, and that subsequently an ice sheet, at 

least equal in size to the Wisconsin Laurentide ice sheet, will form over 

North America . 
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