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Mathews' mgthod to this "moraine". However, this pbssibility is considered unlikely
as the area that includes ;he Bemis moraine has one of the best radiocarbon databases
available for the Laurentide Ice Sheet (Bryson et al., 1969, p 4).

It is difficult to determine reliable parameters of an ice sheet that no longer
exists. To complicate things even more, there is no large-scale modern example of
long, thin ice tongues discharging from a major ice cap, such as is presumed to have
occurred at the marginal areas of the Laurentide Ice Sheet (Boulton and Jones, 1979, p
40). But, despite its problems, Mathews' method is respected and frequently cited,
even in the most recent literature (Andrews, 1991; Beget, 1987; Beget, 1986; Clayton
et al., 1985; Boulton and Jones, 1979; Sugden, 1977). Ice thickness calculations will

be made using an A value of 0.46 m'>.

Results

Now that the value of A has been assumed, ice thickness can be calculated for
any point between the ice margin and the international border. Substituting 0.46 for A
in Equation 8 gives:
H = 0.46x'. : ®
With this equation, ice thickness at Grand Forks was 390 m, only, and ice thickness at

the international border was 424 m (Table 7).
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Table 7 - Ice thickness calculated by Mathews' method, maximum basal shear stress
(Basal Shear'), and minimum basal shear stress (Basal Shear?). Grand Forks and the
international border are at about 725 and 850 kilometers from Des Moines,
respectively.

s e e -
Wt o Ry d LT Lo

Ice Thickness
Distance from Basal Basal
Des Moines (km) Mathews' (m) Shear' (m) Shear® (m)

0 0 0 0
50 103 239 76
100 : 145 338 108
150 178 414 132
200 206 479 152
250 230 535 170
300 252 586 186
350 272 633 201
400 291 676 215
450 309 718 228
500 325 757 240
550 34} 794 252
600 356 829 263
650 in 863 274
700 385 895 284
750 398 927 294
800 411 957 304
850 424 986 313

Basal Sh; tress Method
The thickness and profile of a large ice sheet also can be calculated by:

H = (24,D/pg)"*, (10)
where H is ice thickness, t, is basal shear stress, p; is the density of ice, g is
gravitational acceleration, and D, the distance from the edge of the ice sheet (Beget,
1987, p 84). Andrews (1970, p 65) presented this same equation as H = 195 D'?, by

solving the expression 2t,/p,g for the conditions in arctic Canada.
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Acceptable values of ice density and gravitatidnal acceleration are easy to
obtain. The problem is in obtaining a valid value for basal shear stress. Shear
strength for modern tills can be determined by conducting laboratory tests, but factors
such as post-depositional weathering, jointing, etc. will cause the measured shear
strength to differ from the original shear strength (Beget, 1986, p 236).

Another way to determine basal shear stress is to use preserved flow tills that
originated as basal till, because sediment rheology controls the morphology of a flow-
till at its terminus (Beget, 1986, p 237). The yield strength of a flow till can be found
by:

K = p.gh/pi(1-1/90), (1n
where K is the yield strength, p, is the density of the flow till, g is gravitational
acceleration, h is the thickness of the till at the terminus, pi is the constant 3.14, and r
is the surface slope of the flow till (Beget, 1986, p 237). It can be shown further that
if pore-water pressure in the bas‘al till is assumed to be equal to glaciostatic pressure,
then t, = K, where t, is basal shear stress (Beget, 1986, p 237). For this methoed to
work, the flow must have been formed from unaltered basal till. This seems to be
somewhat contradictory; till that was sheared up from an ice sheet base and then
flowed down the terminus would be altered. In fact, Lawson (1979, p 40) does not
even recognize flow tills as being till, he prefers the term sediment flow. This is |
because he sees till only as the sediment deposited directly by a glacier. Lawson

believes sediment flows have been altered beyond the point of being till.
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Clayton et al. (1985) postulated that shear streés under the southwestern part of
the Laurentide Ice Sheet ranged from 0.5 to 5 kPa. If these values are substituted for
t, in Equation 9, and an ice density of 900 kg/m’® is assumed, the equations:

H = 0.34 D'* (when t, = 0.5) (12a)

and H=1.07 D' (whent, = 5.0) (12b)
are obtained for thé determination of minimum and maximum ice thickness,
respectively. The Des Moines Lobe of the Laurentide Ice Sheet reached its maximum
position at Des Moines, Jowa. It is about 850 km from the international border to Des
Moines, the distance to the maximum extent of the ice margin. Substituting 850,000
m for D in Equations 12a and 12b, values of 313 m and 986 m are obtained for
minimum and maximum ice thickneés, respectively (Table 7).

Studies in other marginal areas of the Laurentide Ice Sheet yiclded basal shear
stress values of 8 kPa and 7 kPa for Illinois and the Mackenzie Delta, respectively
(Beget, 1986, p 238; Beget, 1987, p 84), which are close to the upper limits for the

Lake Agassiz Basin of North Dakota, given by Clayton et al. (1985).

Calculated Ice Sheet Profiles

Ice sheet profiles can be created using the equations generated both by
Mathews' method and by the basal shear stress method. Three different profiles have
been generated, using 50 km intervals from Des Moines to the international border

(Figure 22). These profiles represent ice thickness determined by Mathews' method
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Figure 22 - Longitudinal ice sheet profiles from Des Moines, IA to the international
border using Mathews' method with an "A" value of 0.46 m'?, the Maximum Basal
Shear Stress method, and the Minimum Basal Shear Stress method.
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and maximum and minimum ice thicknesses determined by basal shear stress,

respectively.

Expected Amount of Depression
Maximum depression of the Lake Agassiz Basin in North Dakota during the

Wisconsinan can now be calculated. The maximum ice thickness from both Mathews'
and the basal shear stress methods are used. Depression can be calculated using a
rearranged form of Equation 10:

x = H((p:-p) / Pos (13)
where ice thickness (H) is x + y. Depressidn (y) is then equal to H - x.

At the international border, Mathews' method and maximum basal shear stress
result in ice thiclmésses values of 424 m and 986 m, respectively. These values
indicate maximum depressions of 140 m and 330 m, respectively (Table 8), both of
which are greater than the minimum 95 m of depression indicated by the Herman

strandline plus the Lake Agassiz sediments.

Time Required to Achieve Isostatic Equilibrium
The amount of time required for the crust to reach isostatic equilibrium
depends upon the viscosity of the upper mantle. When the asthenosphere is present, it
takes less than 1,600 years for a depression of 54.5 m to rebound completely, and a
depression of 350 m takes less than 2000 years to rebound completely. The rapid

rebound indicated by the Lake Agassiz strandlines (Tables 2 and 3) suggests that an

L
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Table 8 - Crustal depression resulting from various ice thicknesses in the Lake Agassiz
Basin, assuming a crustal density of 2,670 kg/m® and an ice density of 900 kg/m’.

Ice Thickness {m) Crustal Depression (m)
100 34
200 67
300 101
400 135
500 169
600 202
700 : 236
800 270
900 303

1000 337

asthenosphere does exist beneath the southern Lake Agassiz basin. However, due to
the poor dating control of the strandlines, this cannot be certain.

Rebound rates are different if the asthenosphere is absent. A depression of
54.5 m would take over 37,600 years to rebound completely, and it would take over
44,800 years for a depression of 350 m to rebound completely. Table 9 compares
some values of displacement with and without an asthenosphere.

Minimum and maximum depression in the Lake Agassiz basin have been
calculated at 95 and 350 m, respectively. In order for the crust to reach isostatic
equalibrium by the present given a 95 m depression, mantle viscosity beneath the Lake
Agassiz basin cannot exceed 2.86 X 10% Pa s. If the crust was depressed 350 m,
mantle viscosity cannot exceed 2.53 X 10?° Pa s in order for isostatic equalibrium to
be achieved by the present. Calculations made using the strandlines suggest that

mantle viscosity beneath the Lake Agassiz basin does not exceed 9.6 X 10" Pa s.
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Table 9 - Comparison of the amount of time required for a depression in the crust to
complete rebound when the asthenosphere is present to the amount of time required to
complete rebound when the asthenosphere is absent.

ASTHENOSPHERE ASTHENOSPHERE
: ELASPSED PRESENT ABSENT
; TIME Displacement (m) Displacement (m)

: (y) 545 140 330 350 545 140 330 330

; 0 54.5 140 330 350 545 140 330 350

‘ 400 454 11.67 2751 29.18 4934 126.76 298.78 316.89

- 800 0.38 0.92 229 243 4468 11476 27052 286.91

1200 0.03 0.08 0.19 0.20 4045 10391 24492 259.77

1600  *0.00 001 002 002 36.62 9408 221.75 235.19

2000 0.00 *0.00 *0.00 *0.00 33.16 85.18 200.78 212.94

v 10000 0.00 0.00 0.00 0.00 454 1167 2751 29.18
16000 0.00 0.00 0.00 0.00 1.02 2.63 6.20 6.57
20000 0.00 0.00 0.00 0.00 0.38 0.97 229 243
] 26000 0.00 0.00 0.00 0.00 0.09 0.22 0.52 0.55
30000 0.00 0.00 0.00 000 003 0.08 0.19 0.20
36000 0.00 0.00 0.00 0.00 0.01 0.02 0.04 0.05
37600 0.00 0.00 0.00 0.00 *0.00 0.01 0.03 0.03
40000 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.02
41600 0.00 0.00 0.00 0.00 0.00 *0.00 0.01 0.01
44800 0.00 0.00 0.00 0.00 0.00 0.00 *0.00 0.01
45200 0.00 0.00 0.00 0.00 0.00 0.00 0.00 *0.00

* - approximate time that rebound is complete
Shape of the Depression at the Ice Edge

The weight of the ice causes an elastic upward bending of the lithosphere
immediately beyond the margins of an ice sheet, known as a forebulge. Properties of
the forebulge are controlled by the flexural parameter of the crust, which can be
calculated by:

a = ((ET% / (3(1 - k) pg))*, , (14)
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where _a is the flexural parameter, E is Young's Moduius, T is ice thickness at the
center of the ice sheet, k is Poisson's ratio, p is the density of the underlying rock, and
g is acceleration due to gravity (Walcott, 1970, p 721). Young's Modulus and
Poisson's ratio have not been calculated for the rocks in the Lake Agassiz Basin
(Gosnold, 1994, verbal communication). Therefore, data from Touloukain et al. (1981)
were used to calculate an approximate value for these two variables (Table 10).
Because the majority of the rock underlying the southern part of the Lake Agassiz
Basin is granitic (Figures 2 and 3), the values for granite (Touloukain et al. 1981, p
135) were averaged. This average was then used to calculate the flexural parameter,

Young's Modulus and Poisson's ratio for the Lake Agassiz Basin will be
assumed to be 2.854 X 10" Pa and 0.15, respectively, the averages calculated from
Touloukain et al. (1981). The density of the granitic bedrock is assumed to be 2,670
kg/m’, a realistic average used by Robinson and Coruh (1988, p 286, 288).

It is important to calculate forebulge, because if the forebulge was large in
relation to the amount of depression, it could affect the depression calculations,
particularly those involving use of the strandlines.

The parameters of the forebulge can be estimated; for example, crest height can
be estimated by:

H=T/100 (15)
where H is crest height and T is the thickness of the ice at the center of the sheet

(Walcott, 1970, p 722). An estimate of how far the ground surface is depressed
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Table 10'- Ybuﬁg's Modulus and Poisson's ratio values for granite (from Touloukian et
al,, 1981, p 135).

Rock Type Young's Modulus {GPa) Poisson's Ratio

Granite 21.86 0.09
3482 0.19
38.95 0.48
16.06 0.03
21.30 0.05
31.65 0.15
29.65 0.13
32.40 0.14
35.85 0.15
26.89 0.14
26.20 0.13
26.89 0.12
AVERAGE 28.54 0.15

below original equilibrium level (i.e., ground level prior to the ice advance) can be
found by: |

I=T/1L5 A (16)
where I is the amount of depression and T is the thickness of ice at the center of the
sheet (Walcott, 1970, p 723). The distance from the crest of the forebulge to the ice
edge is given by:

J=19a a7
where J is the distance from the crest to the ice edge and "a" is the flexural parameter
(Walcott, 1970, p 723).

Because the marginal areas of the Laurentide Ice Sheet were considerably
thinner than the central parts, the maximum thickness of the ice sheet at its center

cannot provide reliable results for the marginal areas. For this reason, and because
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this study involves only the southern Lake Agassiz basin (i.e., the portions south of the
international border), the thickness of the ice sheet at the international border was used
in all calculations involving ice edge conditions.

If the ice was 424 m thick, calculated from Mathews' method, the flexural
parametcf for the crust would have been 2,300 m, and the forebulge crest would have
been 4.2 m at a distance of 4,400 m beyond the ice edge. Crustal depression at the
ice edge would have been 37 m (Figure 23).

The maximum basal shear stress method results in an ice thickness of 1,042 m,
corresponding to a flexural parameter value of 4,500 m. The forebulge crest would
have been 10.4 m at a distance of 8,600 m beyond the ice edge. Crustal depression at
the ice edge would have been 90 m (Figure 24).

The minimum basal shear stress method yields an ice thickness of 304 m. The
calculated flexural paramett-er for this thickness is 1,800 m, with a forebulge crest of
3.1 m at a distance of 3,500 m beyond the ice edge. Crustal depression at the ice
edge would have been 27 m (Figure 25).

The values for forebulge calculated here generally agree with values calculated
by Newman et al. (1974, p 388), who determined that the forebulge caused by the
Laurentide Ice Sheet was less than 20 m high at its crest. The values obtained by

Newman et al. (1974) were based on sea level curves.
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Figure 23 - Profile of the ice edge, using a thickness of 424 m, as determined by
Mathews' method (modified from Walcott, 1970, p 723).
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Figure 24 - Profile of the ice edge, using a thickness of 1042 m, as determined by the
maximum basal shear stress method (modified from Walcott, 1970, p 723).
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Figure 25 - Profile of the ice edge, using a thickness of 304 m, as determined by the
minimum basal shear stress method (modified from Walcott, 1970, p 723).
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Discugsion

Ice thicknesses calculated in this study, using methods developed for the
marginal areas of large ice sheets, do not exceed 1,042 m at a distance of 850 km
beyond the ice terminus. It is theorized that the reason the marginal ice was so thin is
because the marginal portions of the Laurentide Ice Sheet flowed over soft, deformable
sediments and poorly consolidated rocks (Boulton and Jones, 1979, p 40).

The main problem with this theory is that it cannot be tested with the large
modern ice sheets on anything greater than a local scale. However, there are several
lines of evidence that support the deforming-bed model. First, all low-profile glaciers
that have been mapped, e.g., the southwest and northwest margins of the Laurentide
Ice Sheet (Mathews, 1974, p 39, and Beget, 1987, p 82, respectively), and the Baltic
Ice Stream between the English coast and the Dogger Bank (Boulton and Johcs, 1979,
p 36), occurred in low-relief sedimentary basins that have abundant unconsolidated
sediments, limited bedrock obstructions, and are in the marginal areas of their
respective ice sheet (Beget, 1986, p 238). Second, inherent in this theory is that there
must be a confining bed beneath the deformable layer (Boulton and Jones, 1979, p 30,
38). Clayton et al. (1985, p 235) noted that whether the ice flowed over sandy till or
clayey till made a difference. Glaciers have a normal, steep longitudinal profile over
éandy till because subglacial water can drain through the till; pore-water pressure
cannot build up beneath the glacier and a water-saturated, deformable bed cannot
develop (Figure 26) (Clayton et al., 1985, p 237). Boulton and Jones (1979, p 39)

also concluded that ice is thicker over strong, rocky substrates due to the lack
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Figure 26 - Diagrams contrasting the behavior of subglacial pore-water in different
situations:

A - A confining bed beneath the subglacial sediments will not allow basal melt
water to escape, thus building up pore-water pressure and creating a deformable bed
beneath the glacier.

B - A porous bed beneath the subglacial sediments allows basal melt water to
escape, preventing pore-water pressure build-up. Thus no deformable bed is formed.

R
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of sediments with which to create the deformable layer. Third, the northwest,
southwest, and southefﬁ margins of the Laurex;tide Ice Sheet apparently retreated very
rapidly at the end of the Wisconsinan (Figure 27) (Andrews, 1973; Bryson et al.,
1969). Such rapid retreat is better explained by a thin ice sheet than by thick, modem
ice sheets (Boulton and Jones, 1979, p 39). Fourth, Beget (1987, p 81) has mapped
glacier thickness in Alaska where the northwest margin of the Laurentide Ice Sheet
abutted against the Richardton and British mountains. Late Wisconsinan ice
thicknesses were only 300 m, more than 150 km from the terminus, reflecting a
deformable bed substrate. And finally, Bluemle et al. (1991a) have studied long,
narrow drumlins (average length to width ratios of 30:1 to 50:1) near Velva, North
Dakota. They concluded that these unique drumlins indicated thin, swiftly moving ice
on a deformable bed characterized by high pore-water pressure (Bluemie et al., 1991a,
p 47-48).

It has been previously noted that one of the common characteristics of low-
profile ice sheets is that they form along the margins of large ice sheets. Boulton and
Jones (1979) recognized three main zones that correspond to continental glaciation.
First is the inner core zone, which is characterized by ice caps that have pers;istcd
throughout the Quaternary. The second is the intermediate zone, an area where ice
sheets advance at the beginning of any expansion event. Third is the outer zone,
where ice exists only during the coldest phases of the glacier growth. Because
glaciers are characterized by net erosion beneath active ice and net deposition along

the margins of the ice, the outer zone tends to be a zone of deposition of




Figure 27 - Isochrons marking the retreat of the Laurentide Ice Sheet at the end of the
Wisconsinan. Note the rapid retreat indicated by the widely spaced contours
southwest of Lake Superior. Contour interval varies between 500 and 1000 years.
(Andrews, 1970, p 20).
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unconsolidated sediments. Therefore, when the ice does extend into the outer zone, a
large supply of material that can be saturated and deformed is readily available
(Bouiton and Jones, 1979, p 39-40). This is especially true if it is clayey (Clayton et
al., 1985, p 239).

Absolute minimum ice thickness in the Lake Agassiz Basin has already been
determined; the ice had to be thick enough to account for the 95 m of depression
indicated by the Herman strandline and the Lake Agassiz sediments. However,
maximum ice thickness is another matter. Whichever method is used, several
assumptions have to be made. Often these assumptions are known to be wrong or
unlikely (e.g., Mathews' assumption that the same parabolic profile exists for both the
transverse and longitudinal slopes of the ice lobe), but they must be made either for
the sake of simplifying the model or because better data are not available. Other
times, the assumptions cannot be proven or compared to modern equivalents (e.g., the
theory that deformable beds in the marginal areas of certain Wisconsinan ice sheets led
to thin, elongate lobes), but they best explain the observed evidence.

When the estimates for maximum ice thickness at the international border were
compared, the strandline and lake sediments method (1,040 m) gave a value similar to
the basal shear strength method (986 m); the values differed by only 54 m. Minimum
ice thickness, as calculated by the strandline m;d the effects of the lake sediments, was
280 m at Grand Forks.

In reality, ice thickness was most likely somewhere between these estimates

because restrained rebound occurred during the retreat of the ice sheet, but the lake
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water and sediments retarded rebound. Mathews' method indicates about 424 m of ice
at the intematioxiaI border and 390 m at Grand Forks (Table 6). Despite the problems
with this method, it does provide an intermediate value. In ‘addition, Andrews (1970,
p 117) stated that present uplift in arctic Canada is approximately 0.5 to 0.8 m per 100
years and that final deglaciation occurred about 7,500 years B.P. In contrast, uplift in
the southern part of the basin was approximately 1.0 m per 100 years when the Lake
Agassiz Basin had been deglaciated for only about 1,000 years (Table 2). Apparently,
rebound occurred more rapidly in the Lake Agassiz Basin than in arctic Canada.

This evidence leads to the conclusion that ice in the Lake Agassiz Basin during
the Late Wisconsinan was much thinner than in arctic Canada. According to Mathews'
equation and the results from the basal shear stress methods, ice thickness did not
exceed a value of about 425 to 985 m at the present location of the international
border. This caused a depression of approximately 140 to 330 m. This depression has
rebounded completely if the mantle viscosity beneath the Lake Agassiz is less than
2.53 X 10® Pa s; the strandlines indicate that mantle viscosity probably does not
exceed 9.6 X 10" Pas. The depression produced a forebulge with a crest of 4.0 to
4.5 m, at a distance of about 4.8 km beyond the ice edge. Because the forebulge is an
uplift of the crust, the beaches may have been raised slightly when they were formed,
and then let down 4.0 to 4.5 m as the forebulge subsided after the melting of the ice.
However, it seems unlikely that a forebulge of this magnitude would have had a major
effect on the results obtained in this study, because the forebulge (4.0 to 4.5 m) is

minor in comparison to the minimum amount of depression (95 m).
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C isop With Nye's
Introduction
. Nye (1957) proposed the following equation to calculate ice thickness:
(h/ H)?O™ & (x / L0 = (18)
where h is the height of the upper surface of the ice at distance x from the center, H is
the height of the ice at the center, L is the distance from the center to the edge of the

ice sheet, and m is a constant, between 2 and 2.5.

Calculations

Some calcul?ations have been made in the Lake Agassiz Basin using the Nye
equation to demonstrate the differences in the values obtained compared to the values
from the marginal ice sheet methods. For these calculations, L is 2255 km (the
distance between the center of the ice sheet near Hudson's Bay and Des Moines, 1A),
H is 4244 m (Sugden, 1977, p 27), and m is 2.25, as this is the average of the range
assigned to m. Using these values, ice thickness was calculated to be 3000 m at
Grand Forks and 3183 m at the international border (Table 11), about three times
thicker than the values obtained using maximum basal shear stress and about 7.5 times

thicker than by Mathews' method.
Discussion

The values calculated by Nye's method differ considerably from thicknesses

calculated using the marginal ice sheet methods, which give ice thickness values
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Table 11 - Ice thickness as calculated from Nye's (1957) equation. The distance from
the center of the ice sheet is the value used for L in the equation. The distance from

100

the edge of the ice sheet allows for easy comparison with Table 4.

Distance From

Ice Center (km)
2205
2155
2105
2055
2005
1955
1905
1855
1805
1755
1705
1655
1605
1555
1505
1455
1405

Distance From

Ice Edge (km})
50

100
150
200
250
300
350
400
450
500
550
600
650
700
750
800
850

Ice Thickness (m)
1036

1373
1618
1816
1985
2134
2268
2390
2503
2607
2704
2795
2881
2963
3040
3113
3183

ranging from 280 m to 1042 m at the International border (Table 7). This difference
suggests that at least the margins of the Laurentide Ice Sheet behaved differently than

existing ice sheets. The reason for this difference is the substrate; as has already been

explained, modemn ice sheets tend to rest on substrates with very high (100 to 150

kPa) basal shear stresses (Beget, 1987, p 82). The margins of the Laurentide Ice

Sheet, on the other hand, had low (0.5 to 22 kPa) basal shear stresses (Beget, 1987, p

82; Clayton et al., 1985, p 239). The fact that Nye's equation works well on modern

ice sheets but not on the marginal areas of many Wisconsinan ice sheets provides

additional support for the deformable bed model.
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EFFECTS OF GLACIAL REBOUND ON THE LAKE AGASSIZ BASIN

Introduction
Rebound has affected geological processes in the Lake Agassiz Basin. The
most obvious effect was the tilting of the Lake Agassiz beach ridges. But there are

other effects as well, ones that have a greater influence on the human inhabitants of

the basin.

Decreased River Gradient

Because of greater rebound at the northern end of the Lake Agassiz basin, river
gradients in the basin have been decreased. The northern end of the basin, at the
international border, has been uplifted at least 54.5 m more than the southern end.
From its head in southwestern Minnesota (which is only about 45 km southwest of the
lowest point on the Herman strandline) to the international border, the Red River of
the North is approximately 460 km long. This represents a decrease in gradient of at
least 0.12 m/km (Figure 28), a significant decrease, especially considering that the
present gradient of the Red River is only about 0.10 m/km between Grand Forks and
Pembina (Harrison and Bluemle, 1980, p 9). It is this decrease in gradient that has led
to the changes (e.g., changed river courses, frequent flooding, etc.) in the Lake Agassiz

Basin associated with the Red River of the North and its tributary system.

101
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Figure 28 - Map of southern Lake Agassiz; the current gradient of the Red River is
shown in contrast to what the gradient probably was approximately 9,000 years B.P.
when Lake Agassiz drained from the southern basin (map modified from Johnston,

1957, p 2).
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Changi iver Courses

The isostatic rebound model for the Lake Agassiz Basin could be strengthened
if there were evidence in addition to the tilted strandlines to indicate that isostatic
rebound occurred there. A second line of evidence is found in the changes that the
rebound caused to the routes of some Red River tributaries.

An example is the confluence of the Red and Red Lake rivers. Today, these
two rivers converge at the city of Grand Forks, but at one time the confluence was
about 32 km north of Grand Forks, nearly due east of Manvel (Figure 29) (Bluemle,
1991b, p 82). This is evidence for isostatic rebound; as rebound occurred the gradient
decreased more rapidly at the northern end. Finally, when the gradient became too
gentle for the Red Lake River to continue following its old channel, the river
abandoned it to follow a new route with a steeper gradient, south of the old channel
(Bluemle, 1991b, p 82).

By looking at Figure 29, it would be possible to imagine this example as being
misinterpreted, that this was only an area where a small stream (Grand Marais Creek)
happened to establish itself to the north of a larger river (the Red Lake River).

There are two major pieces of evidence other than the gradient that indicate
isostatic rebound is responsible for this situation. First, Grand Marais Creek is a misfit
stream, i.e., it is too small for the valley it occupies. Second, the Red River of the
North between the Red Lake and Grand Marais confluences is considerably straighter
than in other areas. This would indicate that the increased amount of watef introduced

to this section of the channel after the Red Lake River changed courses was

v i =




Figure 29 - The shift of the confluence of the Red Lake‘River and Red River of the
North. The former confluence was where Grand Marais Creek enters the Red River.
Note how straight the channel is between the two confluences (Bluemle, 1991, p 82).
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too much for the earlier channel to carry. Thus, the‘ meanders were washed out (i.e.,
the ch__é.nnel was straightened) until the Red River came to the Grand Marais
confluence, where channel capacity was once again equal to the volume of water
(Bluemle, 1991b, p 82). The migration of the channel therefore provides additional

evidence in support of rebound.

Highly Meandering Channel

Bluemle (1991b, p 81) contended that one of the most direct results of the
decreased gradient is the highly meandering channel of the Red River of the North.

He cited the numerous oxbow lakes and channel scars that have been formed by the
Red River as evidence of a highly meandering river. Bluemle's contention was
supported by Easterbrook (1993, p 127), who stated that meandering rivers are
characterized by low gradients and banks with a high silt and clay content.

However, others contend that the Red River actually has a surprisingly narrow
floodplain, few oxbow lakes and channel scars, and the high silt é.nd clay content in
the Red River's banks has actually decreased meandering because these sediments are
50 resistant to stream erosion (Reid, verbal communication, 1994). Schumm et al.
(1987, p 273-274) found that a change in gradient did not necessarily correspond to an
increase in meandering; other factors such as grain size play a significant role. Some
researchers believe that meandering is controlled by the river's discharge (Petts and
Foster, 1985, p 150); others believe that meandering is a mechanism for reducing

excessive gradients (Richards, 1982, p 202), but in the Lake Agassiz basin the gradient
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is already low. In short, to assume that meandering vﬁll increase because gradient
decreased is oversimplifying the problem.

If the river meanders significantly more now than it did when it was originally
formed, the banks could potentially be subjected to increased erosion (Easterbrook,
1993, p 122), a problem of great interest to an area that is largely agricultural.
However, information gathered from several sources (Schumm et al., 1987; Petts and
Foster, 1985; Richards, 1982) indicate that the Red River is not highly meandering,
and that a simple change in gradient would not necessarily cause increased
meandering. Furthermore, features associated with bank erosion, such as oxbow lakes
and channel scars, are scarce, and the Red River has a low flow rate. Therefore, it

also can be concluded that increased erosion related to greater meandering is probably

not a problem in the Lake Agassiz basin.

Frequent Flooding

The most dramatic effect of the decreased gradient is seen when one of the
rivers in the Lake Agassiz Basin floods. Flooding is a major concern because North
Dakota's two largest metropolitan areas, Fargo (population 70,000) and Grand Forks
(population 50,000), are along the banks of the Red River (Rand McNally, 1994, p

125). In addition, nearly 550,000 acres of agricultural land are in flood-prone areas

of the basin (Harrison and Bluemle, 1980, p 8).

Due to the low gradient (which has decreased by differential isostatic rebound)

stream velocities are low (Harrison and Bluemle, 1980, p 11). In addition, the highly
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sinuous channels cannot carry large volumes of water as efficiently as a straighter
channel (Bluemle, 1991b, p 81), and due to the low gradient the river can cut only a
shallow valley (Harrison and Bluemle, 1980, p 9). Most importantly, the broad, flat
floor of the basin aﬁows floods to spread léterally for quite some distance (Bluemle,
1991b, p 81). This is particularly true of the area between Grand Forks and the
internaﬁonal border, where, in 1950, parts of the Red River that have normal channel
widths of about 30. m flooded areas up to 16 km wide {Figure 30) (Harrison and
Bluemle, 1980, p 20). In addition, Schumm et al. (1985, p 272) found that rivers tend
to respond to uplift with increased flooding. The decreased gradient of the basin has
allowed more extensive flooding of the surrounding area.

Free-air gravity anomalies (Walcott, 1970) and Peltier's (1989) work indicate
that isostatic rebound is not yet complete at the terminus of the Red River of the
North, where the Nelson River enters Hudson's Bay. Studies by Silver and Chan
(1988) and Pinet et al. (1991) suggest there is no asthenosphere beneath the Canadian
Shield, in which case rebound would also still be occurring in the southern Lake
Agassiz basin. It can be concluded, therefore, that there is potential for increased
flooding problems in the southern Lake Agassiz basin in the future, as the average

gradient continues to decrease.
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Figure 30 - The area flooded by the Red River in 1950. Note the broad flood plain
north of Grand Forks (Harrison and Bluemle, 1980, p 20).
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'CONCLUSIONS

Rebound in the southern Lake Agassiz Basin was retarded by the replacement
of ice by water and sediments from Lake Agassiz. Because of this, rebound prior to
the formation of the Herman strandline probably did not exceed 73% of total rebound.
The uplift of the Herman strandline, when combined with the effects of the Lake
Agassiz sediments, therefore, represents crustal depression of between 95 and 350 m,
which correspond to ice thickness values of 280 to 1040 m, respectively. |

The actual ice thickness in the southern Lake Agassiz Basin during the Late
Wisconsinan was between the two extremes that have been calculated. Mathews'
method and maximum basal shear stress indicate ice thicknesses of 425 to 986 m,
only, reflecting a crustal depression of approximately 140 to 330 m.

The isostatic rebound in the basin has caused a decrease in the gradient of the
Red River of the North. This decreased gradient has led to changes in the courses of
some Red River tributaries and more frequent flooding in the basin. However,
contrary to Bluemie's (1991b) conclusion, it is doubtful that the decreased gradient has
significantly increased the meandering of the Red River.

Free-air gravity anomalies and evidence from the strandlines indicate that the
crust in the southern part of the Lake Agassiz Basin has reached isostatic equilibrium,
The current hingeline (i.e., the zero anomaly line on Figure 12a) for isostatic rebound

extends through Lake Winnipeg to the north and through the Great Lakes to the east.
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Hoiavgver, depénding upon the presence or absence of . asthenosphere beneath the
southern Lake Agassiz basin, this may not be true. In either case, the ultimate outlet
of the Red River (the point where the Nelson River flows into Hudson's Bay) is still
rebounding. Therefore, the river's gradienf will continue to decrease. This may
increase the flooding problem in the southern part of the basin, as the average gradient

continues to decrease.
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Herman strandline

La Mars, ND-SD

Embden, ND

L R s e and e

% Ayr NW, ND

Inkster, ND

g S R 3
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Location Grid Readings (m)

Sec 32&33, TI129N, R48W 3292 3276
3276 327.6
3276 3276
3276 327.6
3276 327.6
3276 3276
3276 3276

Average: 327.8
Sec 3, T138N R54W 329.2 3337
3292  333.7
329.2 3337
3292 333.7
329.2 3337
3292 3337
3292 3337

Average: 331.5
Sec 7, T143N R53W 336.8 3353
336.8 3353
336.8 3322
336.8 3322
336.8 3322
3337 3322
3322 3322

Average: 3344
Sec 16, T154N R55W 358.1 350.5
358.1 3505
358.1 3505
358.1 3505
358.1 3505
358.1 350.5
358.1 350.5

Average: 354.3
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Herman strandline (continued)

365.7 371.8
365.7 3718
3749 3718
3749 3718
3749 368.8
3749 3749

Edinburg, ND Sec 26, TIS8N RS6W 365.7 3718

b

Average: 371.4

Vang, ND Sec 32, T164N R5TW 3840 381.0
384.0 381.0
3840 365.7
3840 3749
3840 3749
384.0 3749
3840 3749

Average: 379.7
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Campbell strandline

Quadrangle Location
La Mars, ND-SD  Sec 30, T129N R48W

Embden, ND Sec 9, TI38N R53W

Inkster, ND Sec 1, TIS4N RS5W

Edinburg, ND Sec 29, T158N R55W

Grid Readings (m)
3033 3033
303.3 3033
303.3 3033
303.3 3033
303.3 3033
303.3 3033
303.3 3033

Average: 3033

303.3
303.3
303.3
303.3
303.3
303.3
303.3

Average: 303.3

304.8
304.8
R 304.8
304.8
304.8
304.8
304.8

Average: 306.7

3109
310.9
310.9
310.9
310.9
310.9
310.9

Average: 314.0

303.3
3033
303.3
3033
303.3
3033
303.3

3094
3094
309.4
307.8
307.8
3078
307.8

317.0
317.0
317.0
317.0
317.0
317.0
317.0
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Campbell (continued)

Walhalla, ND

Vang, ND
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Sec 13, T163N R57TW

Sec 28, T164N R57TW

320.0
320.0
320.0
3200
320.0
320.0
320.0

Average: 316.6

326.1
326.1
323.1
323.1
323.1
323.1
323.1

Average: 322.1

3109
3109
313.9
313.9
3139
313.9
313.9

320.0
320.0
320.0
3200
320.0
320.0
320.0




120

i
&
B

Emerado strandline

Quadrangle tio
Emerado, ND Sec 7, TI51IN R52W

Veseleyville, ND  Sec 20, TIS6N R54W

LeRoy, ND Sec 29, TI63N R55W

e R e S

Grid Readings (m)
2758 2758
2758 27538
2758 2758
2758 2758
275.8 2758
275.8 2758
2758 275.8

Average: 275.8

2774
2774
2774
27174
277.4
2774
2774

Average: 2774

281.9
281.9
2819
281.9
281.9
281.9
281.9

Average: 281.9

2774
2774
2774
2774
2774
2774
2774

281.9
281.9
281.9
281.9
281.9
281.9
281.9
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B) Toronto Quadrangle, SD NW 1/4, Sec 11, T113N R4OW

Elevations (m)

612.6 611.1 611.1 6126 611.1 611.1 609.6
_ 612.6 612.6 612.6 611.1 612.6 612.6 611.1
{ 612.6 612.6 612.6 612.6 612.6 612.6 611.1
612.6 612.6 612.6 612.6 612.6 612.6 609.6
611.1 611.1 612.6 612.6 612.6 612.6 612.6
606.5 609.6 611.1 612.6 612.6 612.6 612.6
606.5 609.6 609.6 612.6 612.6 612.6 612.6

Average: 611.7

~ B") Albany Quadrangle, MN SW 1/4, Sec 14, T126N R31W

Elevations (m)
384.0 388.6 388.6 388.6 385.6 382.5 381.0

384.0 388.6 390.1 390.1 387.1 387.1 384.0
: 384.0 390.1 396.2 3947 390.1 384.0 384.0
} 384.0 387.1 390.1 3932 387.1 385.6 381.0
' 384.0 388.6 3932 393.2 387.1 384.0 377.9
384.0 385.6 387.1 387.1 387.1 384.0 377.9
384.0 384.0 387.1 387.1 387.1 384.0 3719

Average: 386.5
B and B' correspond to the locations shown on Figure 20 in the text, and are 200 km
apart. The elevation at Des Moines is 300 m (Mathews, 1974). Des Moines is 400

I km from B and B'".
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