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ABSTRACT 

This project investigates the link between late glacial hydrologic events in a reach 

of the upper Mississippi River valley and Glacial Lake Agassiz. The project is divided 

into three parts: a chronology of the upper Mississippi River watershed based on 

published literature, new discharge estimates for Glacial Lake Agassiz, and discharge 

capacity estimates for two paleochannels of Mississippi River. 

The present geomorphology of the upper Mississippi River valley includes a 

series of major terrace landforms. The highest late Wisconsin terrace is the Savanna 

Terrace, which is underlain by sediments that accumulated between about 25,000 and 

14,000 14C years B.P. The formation of the Savanna Terrace as a distinct landform, due to 

the entrenchment of the river, predates 12,600 14C years B.P. and was not associated with 

Glacial Lake Agassiz. The Pine Bend Terrace, an aggradational terrace inset just below 

the Savanna Terrace, is associated with the advance of the Grantsburg sublobe. The 

entrenchment of the river below this terrace surface postdates 12,600 14C years B .P. and 

created the Bagley Channel. This channel probably carried the discharge from Glacial 

Lake Agassiz and Glacial Lake Duluth as well as other smaller lakes. Flood scoured 

remnants of the floor of the Bagley Channel appear as a distinct terrace level referred to 

as the Bagley Terrace. Continued entrenchment by the Mississippi River then lowered 

the river channel below the level of the Bagley Terrace and of the modern floodplain, and 

created the Prairie du Chien Channel. The formation of the Prairie du Chien Channel 

may have occurred in association with either the early Cass and Lockhart phases of 

Glacial Lake Agassiz (11,700-10,800 14C years B.P.) or during the later Emerson phase 

VI 



(9,900-9,500 14C years B.P.). Discharge from Glacial Lake Duluth, either during phases 

14 9 14C A and B (11,500-11,000 C years B.P.) or phase D (9,900- ,800 years B.P.), also may 

have contributed to the formation of this channel. 

New discharge estimates were generated for Glacial Lake Agassiz, based on the 

geomorphology of its southern outlet, using a HEC-2 water profile modeling program. 

The bankfull discharge of the Tintah stage outlet channel (Lockhart phase) is estimated at 

24,000 m1s· l
• The bankfull discharge of the Campbell stage outlet channel (Lockhart and 

Emerson phases) is estimated at 14,000 m3s·
1
. The average discharge of the lake through 

the Campbell stage outlet channel probably was less than 5,000 m1s·
1
. Occasional 

discharges may have ranged as large as 2.9 x 105 m
3
s·

1
. These discharge estimates are 

generally smaller than estimates made by other researchers. 

Discharge estimates also were made using the HEC-2 profile modeling program 

for two Mississippi River paleochannels located near Prairie du Chien, about 660 km 

downstream of the southern outlet of Glacial Lake Agassiz. Model simulations indicate 

that the maximum possible bankfull discharge capacity of the Bagley Channel was around 

30,000 m's-'. This channel was large enough to carry the bankfull discharges estimated 

for Tintah and Campbell stage outlet channels of Glacial Lake Agassiz, but not in 

combination with the maximum possible discharge from Glacial Lake Duluth (20,000 

m1s·'). HEC-2 model simulations indicate that the Prairie du Chien channel had a 

potential maximum bankfull discharge capacity of at least 60,000 m1s· l
• This channel 

could have carried the bankfull discharges estimated for either the Tintah or Campbell 

stage outlet channels in combination with the maximum possible discharge from Glacial 
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Lake Duluth. The large discharge carrying capacities of these channels probably reflects 

at least partial enlargement by progressive degradation. Therefore, the actual magnitudes 

of the late-glacial floods probably were significantly smaller than magnitudes suggested 

by the full dimensions of these relic channels. 
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CHAPTER 1: INTRODUCTION 

The upper Mississippi River went through a number of significant changes between 

14,000 and 9,000 14C years B.P. Near the beginning of this period, the Mississippi River was 

a glacial river. It was characterized by a steep, braided channel and a outwash derived 

bedload. Most of the river's discharge came directly from the glaciers located in its 

headwaters. By 9,000 14C years B.P. the entire character of the river had changed. It was now 

a broad, meandering or island braided river for much of its length. Entrenchment had 

reduced the channel slope, and the bedload was replaced by suspended sediments. With the 

glaciers now gone from the region, the discharge of the river shifted to dependence solely on 

surface runoff and ground water sources. 

A major factor leading to the changes in the behavior of the Mississippi River was the 

drainage of the glacial lakes that were located in its headwaters. Glacial Lake Agassiz, the 

largest glacial lake in North America, formed in the headwaters of the Mississippi River and 

had a major impact on the entire system. This temporary, ice marginal lake formed due to a 

favorable arrangement of topography and glacier ice across parts of northern Minnesota, 

western North Dakota and central Canada (Figure 1). The lake was highly unstable and 

occasionally it overtopped the Big Stone Moraine (Figure 2). When it did so, water flowed 

out of a southern outlet, carved through the moraine, and continued down the Minnesota

Mississippi River system. The lake may have discharged through this southern outlet from 
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Figure 1. The locations of a number of the glacial lakes and meltwater rivers 
discussed. The glacial lakes include, Agassiz (1), Wisconsin (2), Dulluth (3), 
Souris (4), Hind (5), Regina (6), Aitkin-Upham (7), and Grantsburg (8), 
Only the southern margins of Agassiz, Duluth, and Regina are shown. The 

meltwater rivers include the Mississippi (9), Minnesota (10), Wisconsin 
(11), Sheyenne (12), Pembina (13), and Missouri (14). The Brule (15) and 

Portage (16) spillways are at the southern end of the Superior basin. The 
glacial margin at 14,000 years B.P. has also been included. 

Modified from Clayton and Moran (1982). 
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THE MINNESOTA - UPPER MISSISSIPPI RIVER SYSTEM 
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Figure 2. The locations ofa number of features in the Upper Mississippi River Watershed 
The lakes include Glacial Lake Agassiz (1), Glacial Lake Wisconsin (2), Lake Traverse (3), 
Big Stone Lake (4), and Lake Pepin (5). The Red River (6) flows northward. The cities 
include Minneapolis (7), Pine Bend (8), Hastings (9), Ortonville (10) Prairie du Chien (11), 
and Dubuque (12). The Baraboo Hills (13) and the Chippewa River (14) are also shown. 
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11,700 to 10,800 14C years B.P., and again between 9,900 and 9,500 14C years B.P. (Wright 

1972; Arndt 1977; Clayton 1982; Clayton and Moran 1982; Fenton et al. 1983; Teller 1985, 

1987, 1990a,b; Lowell and Teller 1995). 
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The purpose of this thesis is to understand the history of the Mississippi River at this 

time. To understand the river's history, it is necessary to understand both the changes that 

occurred within the valley, and the mechanisms that may have caused those changes. The 

thesis is divided into two main sections. In the first section, a broad chronology of the 

changes that took place throughout the upper Mississippi River basin is presented. Part of the 

chronology focuses on the major changes that took place along the Mississippi River. In 

addition, the history of various glacial lakes located in the headwaters of the river and their 

influence on the Mississippi River system is also detailed. The latter section covers, more 

specifically, the influence that Glacial Lake Agassiz may have had on the Mississippi River 

system. A link is shown between events that occurred at the southern outlet of the lake and 

the major changes that occurred on Mississippi River. 

For the purposes of this thesis, the Mississippi River valley is arbitrarily divided into 

three separate reaches. The upper Mississippi River valley is considered to extend from 

Minneapolis downstream to Dubuque (Figure 2). The central Mississippi River valley 

extends from Dubuque downstream to the confluence of the Mississippi and Ohio Rivers. 

The lower Mississippi River valley extends from the confluence of the Mississippi and Ohio 

Rivers southward to the Gulf of Mexico. The reach of the Mississippi River that extends 

northward from Minneapolis was not a major meltwater spillway and its development is not 

discussed in this chronology. 



CHAPTER 2: THE EVOLUTION OF THE MISSISSIPPI RIVER, 

14,000 TO 9,000 14C YEARS B.P. 

INTRODUCTION 

5 

A chronology of the events that occurred throughout the upper Mississippi River 

watershed is presented in order to place the evolution of the river in its proper context. This 

chronology is organized around the changes that occurred in the behavior of Mississippi 

River. Four major quasi-stable phases can be recognized in the behavior of the river during 

this time. These phases were separated by episodes of rapid change. The initial phase was 

characterized by the net aggradation of the river valley. Aggradation began well before the 

time considered here and continued until the river underwent a major downcutting episode. 

This downcutting episode permanently lowered the channel of the river below the level of the 

surface to that it had initially aggraded. After this episode of downcutting the river again 

entered another quasi-stable phase. A second episode of downcutting lowered the river 

channel below the level of the modern floodplain. In the final phase the river returned to net 

aggradation. Net aggradation continued throughout the remainder of the period considered 

here, and has continued up until the present time. 

EARL Y AGGRADATION OF THE MISSISSIPPI RIVER 

The initial aggradation of the Mississippi River was a direct response to the volume of 

coarse sand and gravel outwash that was deposited into the river system by the glaciers in its 



headwaters area (Wright 1972; Ojakangas and Matsch 1982; Saucier 1991). Glaciers 

probably began to advance into the upper Mississippi River watershed around 25,000 14C 

years B.P. Studies on the initiation of Peoria Loess deposition suggest that the Mississippi 

River may have been transporting glacial meltwater and outwash at this time (Leigh and 

Knox 1994; Hajic 1991). In the upper Mississippi River valley, sedimentological and 

radiocarbon data suggest that aggradation, up to the level of what is now known as the 

Savanna Terrace (Figure 3), was underway by 18,800 14C years B.P. (Hajic and Bettis 1990; 

Bettis and Hajic 1990; Knox 1996). The Savanna Terrace was named by Flock (1983) and is 

a prominent landform feature throughout the upper and central Mississippi River valleys. 

Ojakangas and Matsch (1982) state that the highest Late Wisconsin terraces found in 

the Mississippi River Valley near Pine Bend, Minnesota, can be correlated directly to the 

St. Croix Moraine (Figure 2). This moraine formed as the Superior and Rainy ice lobes 

reached their furthest southward extents as early as 20,000 14C years B.P. (Wright 1972) to as 

late as 15,000 14C years B.P. (Clayton and Moran 1982). The outwash sediments found in 

these terraces match the sediments found in the St. Croix Moraine deposits (Ojakangas and 

Matsch 1982). The initial source of the sediments, that comprise both the terrace and 

moraine deposits, would have been the Superior Basin. These terraces appear to be 

topographically equivalent to the Savanna Terrace remnants that are observed further down 

the river valley (Figure 4). 

As the Superior and Rainy lobes wasted back from the St. Croix Moraine, the 

Mississippi River began to erode through the outwash sediments that filled the valley 

(Ojakangas and Matsch 1982). Wright (1972, p. 545) reasoned that, "00. with ice retreat the 
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bulk of the coarse outwash is deposited immediately in front of the ice, so that downstream 

the balance of the load can be transported on a lower gradient - thus dissection (occurs) to 

attain this gradient." Sediment-free discharge from proglaciallakes may have also 

contributed to the net erosion of the valley (Wright 1972). There are no radiocarbon dates for 

the retreat of the Superior and Rainy ice lobes, so the date of the initial downcutting is 

unknown. It is possible that the downcutting that occurred at this time initially created the 

Savanna Terrace landform. 

Hajic and Bettis (1990, 1992) and Hajic (1991) suggested that the Mississippi River 

began to undergo a number of changes around 13,500 14e years B.P. In the upper Mississippi 

River valley, the accumulation of Savanna Terrace sediments appears to have been complete 

by 13,500 14e years B.P. (Hajic and Bettis 1990). In the central Mississippi River valley net 

aggradation of Savanna Terrace sediments is believed to have ceased by about 13,400 14e 

years B.P. (Hajic 1991). Hajic and Bettis (1990) and Hajic (1991) also suggested that 

sometime after 13,500 14e years B.P., the river changed from being a sandy braided stream to 

one characterized by a more stable channel. 

A number of authors (Flock 1983; Bettis and Hallberg 1985; Hajic 1991) note that the 

Savanna Terrace is the highest Late Wisconsin terrace in the Mississippi River valley without 

a significant loess cover. McKay (1977) estimated by extrapolation that loess deposition may 

have continued in the Mississippi and Illinois river valleys until 12,300 14e years B.P. (Flock 

1983). However, Hajic (1991, p. 27) stated that, "(t)he youngest generally acceptable 

radiocarbon age on Peoria Loess from Illinois is 13,700 14e years B.P." This date coincides 

with the change in fluvial sedimentation that is believed to have occurred around 13,400 14e 



years B.P., and, based on this observation, Hajic (1991) concluded that the earlier date is 

probably more reasonable for the cessation of loess deposition. Bettis and Hallberg (1985) 

suggest that the lack of a significant loess cover indicates that the Savanna Terrace surface 

stabilized after the period of loess deposition. 

10 

Remnants of the Savanna Terrace can be found in many the of tributary valleys of 

upper Mississippi River. Based on studies of the Savanna Terrace in eastern Iowa, Bettis and 

Hallberg (1985) concluded that the sediments that underlie the terrace can be divided into 

two distinct zones based on their sedimentary structures and lithology. The upper zone was 

described as consisting of" ... dominantly planar bedded, gray silty clay, yellowish-brown silt, 

and red clay." (Bettis and Hallberg 1985, p. 41). The presence of a few, interfingering beds 

of fine sand was also noted. The typical thickness of the beds in the upper zone ranges from 

a few centimeters to about 50 cm. The lower zone consists of typically thicker beds (20-100 

cm) of gray silty clay and yellowish-brown silt. Rip-up clasts of red and gray clay were noted 

in both zones. These observations were confirmed by Knox (1996) for Savanna Terrace 

remnants in western Wisconsin and southeastern Minnesota. In addition, he noted that there 

is some spatial variability in the nature of the terrace sediments. Knox indicates that sandy 

facies commonly dominates terrace deposits located in the mouths of many southwestern 

Wisconsin tributaries, but rapidly grade to silt and clay dominated facies over a short distance 

upstream. The fining upstream of sediment facies, and the common occurrence of rip-up 

clasts in terrace deposits indicates that backflooding by the Mississippi River was a common 

occurrence and responsible for much of the sedimentation in the tributaries (Knox, 1996). 
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The most distinct and well studied feature of the Savanna Terrace sediments are the 

red and gray clays (Flock 1983; Bettis and Hallberg 1985). The presence of these clays in 

Savanna Terrace exposures has been noted throughout the Mississippi River valley. 

Individual clay units can be tens of centimeters in thickness and in places consist of more 

than 60 % clay (Knox 1996). Flock (1983) studied the origins of the clays and concluded that 

they accumulated as slackwater and backflood deposits during high magnitude floods on the 

Mississippi River. He believed that the clay-rich flood waters that backflooded the tributary 

valleys must have originated from proglaciallakes. Flock hypothesized that these floods 

probably were catastrophic in nature based on the thickness and homogeneity of the deposits. 

He concluded that the most likely sources of these floods was Glacial Lake Grantsburg, 

Glacial Lake Duluth, and Glacial Lake Agassiz. Hajic (1991, p.15) disagreed with these 

conclusions. He states that Flock misinterpreted the stratigraphic context for a number of the 

radiocarbon ages, because these ages actually indicate that the formation of the terrace 

occurred before the formation of these lakes. However, both Hajic (1991) and Bettis and 

Hallberg (1985) agreed with Flock that, due to the unmixed nature of many of the deposits, it 

is likely that the clay beds accumulated as slackwater deposits during high magnitude flood 

events resulting from catastrophic lake failures. These floods may have been associated with 

the numerous small lakes that existed along the margins of the glaciers. It is also possible 

that they are related to the larger lakes that formed in the Superior and Red River basins prior 

to their being overrun by ice sometime before 14,000 14C years B.P. (Fenton et al. 1983; 

Clayton 1983; Farrand and Drexler 1985). Knox (1996) suggests that the floods probably 

was smaller than these later floods that created the Savanna Terrace as a distinctive landform. 

( 
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The color of the clay provides an indication of the general source region of the floods 

that transported it. Flock (1983) states that the source of the red clay, which contains 

abundant chlorite and illite, was the iron rich Precambrian (Upper Keweenawan) sandstone 

and shale of the Superior basin. Within the basin, the Fond du Lac Formation is the most 

extensively exposed of all of the Upper Keweenawan formations and probably was the 

original source of most of the red clay. Along the Mississippi River, red clay beds are found 

in most terrace deposits (Bettis and Hallberg 1985). The gray clay beds, which are 

predominantly montmorillonite, are thought to have originated from the iron-poor bedrock of 

basins located to the west of the Superior basin (Flock 1983). Flock states that one source of 

gray clay was the Red River valley basin, which held Glacial Lake Agassiz. Be cause the 

Red River valley basin was the source region for the Des Moines lobe, all of the lakes 

influenced by this lobe could have been sources of gray clay. 

At 14,000 14C years B.P. the Des Moines lobe advanced to reach its maximum extent 

(Figure 1)(Clayton and Moran 1982; Mickelson et al. 1983). From this point on, the ice 

margin throughout the upper Midwest was in general retreat. This retreat was, however, 

occasionally punctuated by short-lived readvances. One such readvance occurred sometime 

between 13,000 and 12,000 14C years B.P. when the Grantsburg sublobe of the Des Moines 

lobe advanced into east central Minnesota (Clayton and Moran 1982; Mickelson et al. 1983). 

This sublobe advanced along the northern edge of the St. Croix Moraine into western 

Wisconsin (Figure 2). Glacial sediments and meltwater again flowed directly into the upper 

Mississippi River causing it to aggrade (Ojakangas and Matsch 1982). At Pine Bend, 

Minnesota, the reaggradation of the valley did not reach the level of the terrace surfaces that 
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are associated with the advance of the Superior and Rainy lobes. Ojakangas and Matsch 

(1982) indicate that a terrace associated with the Grantsburg sublobe is inset about 5 meters 

below the lowest terrace associated with the Superior and Rainy lobes (Figure 4). They also 

note that the sedimentology of the lower terraces are different from the sedimentology of the 

higher terraces. The sediments that comprise the lower terrace suggest a western basin 

source. 

In Catfish Creek, just south of Dubuque in northeastern Iowa (Figure 2), Bettis and 

Hallberg (1985) identify a terrace that is inset below the surface of the Savanna Terrace about 

2-3 m (Figure 4). Bettis and Hallberg (1985, p.42) describe the terrace sediments as 

consisting of " ... stratified, gray, montmorillonitic, silty clay and fine to medium sand." 

Some red rip up clasts are noted, however there are no continuous red clay beds such as those 

found in the upper zone of the Savanna Terrace. The sedimentology of the Catfish Creek 

terrace suggests that a western basin was the initial source of the terrace materials. A 

radiocarbon age of 12,600 ± 180 14C years B.P. (Beta-4979) was obtained on wood collected 

9.5 m below the surface of the terrace. This was interpreted to indicate that the local 

aggradation of Savanna Terrace sediments had ceased by 12,600 14C years B.P. (Bettis and 

Hallberg 1985, p.42), but it also suggests that the aggradation of the Catfish Creek terrace 

deposits continued after this date. These observations are consistent with the proposed 

reaggradation of the valley during the Grantsburg sublobe advance that was suggested by 

Ojakangas and Matsch (1982). A second radiocarbon age of 11,150 ± 110 14C years B.P. 

(Beta-4979) was obtained on wood recovered from 7.6 m below the surface of the Catfish 



Creek terrace surface. If this date is correct, it indicates that the aggradation of this terrace 

continued after it is believed that Mississippi River system began to carry discharge from 

Glacial Lake Agassiz. 

14 

Hajic (1985, p. 51) reports the presence of an aggradational terrace at the mouth of the 

Illinois River valley that he indicates is associated with " ... another episode of Mississippi 

Valley aggradation sometime after 12,400 14C years B.P." He correlates this terrace to a 

second terrace in the Missouri River valley that post-dates 12,148 ± 700 14C years B.P. (385) 

based on wood collected from sandy outwash 7 m below the terrace surface (Flint and 

Deevey 1951; Hajic 1991). Hajic (1985) notes that Flint and Deevey (1951) and Goodfield 

(1965) correlate the terrace in the Missouri River valley to the Festus and Dear Plain terraces, 

respectively, and he correlates these to the Savanna Terrace (Hajic 1991, Table 7). However, 

in his 1991 paper Hajic associates the date from the terrace in the Missouri River valley with 

a lower terrace complex he calls the Kingston Terrace. Unfortunately, the exact geomorphic 

and stratigraphic contexts of both the Illinois and Missouri river terraces are not clear in the 

literature reviewed and so their exact associations could not be determined. 

Esling (1984) identified three major terraces complexes in the lower Iowa and Cedar 

River valleys (Hajic 1991). The lowest terrace complex, called the Low Terrace System by 

Esling, is probably late Woodfordian to Two Creekian in age and consists of multiple terrace 

levels (Hajic 1991). Bettis (1988) correlated remnants of the Savanna Terrace found along 

the Mississippi River from Muscatine, Iowa to Oquawka, Illinois, to Esling's Low Terrace 

System. Radiocarbon dates from the transition zone between coarser and finer sediments 
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near the top of some of these terraces range between 12,425 ± 115 14C years B.P. (Beta-17 51) 

and 11,800 ± 200 14C years B.P. (1-3654). Based on the radiocarbon ages Hajic (1991) 

suggests that one or more of the Low Terrace System terraces may be related to the Kingston 

Terrace complex. The composition and geomorphic context of these terraces is not clear in 

the literature reviewed and it is possible that they could be related to either the Savanna 

Terrace or to the lower Pine Bend and Catfish Creek terraces. 

From 13,500 to 12,200 14C years B.P., the period that Hajic (1991) and Hajic and 

Bettis (1990,1992) indicated was between the final accumulation of Savanna Terrace 

sediments and the creation of the terrace as a distinct landform due to the entrenchment of the 

river, the Mississippi River may have experienced multiple minor episodes of cutting and 

filling. These episodes may have been spatially variable along the longitudinal axis of the 

valley with erosion in some reaches occurring simultaneously with aggradation in other 

reaches. These minor cutting and filling episodes may have produced multiple terraces along 

the valley at or near the level of the Savanna Terrace. The difficulty in distinguishing 

individual terrace levels, and performing long distance correlations between topographically 

and sedimentologic ally similar remnants, generally precludes finer differentiation of 

individual terrace units. Hajic (1991) and Hajic and Bettis (1990,1992) do not suggest a 

significant episode of cutting and filling during this time and they group all of the terraces 

found near the level of the Savanna Terrace together. However, if the data from Pine Bend, 

Minnesota, and Catfish Creek, Iowa, are accurate, it suggests that the upper Mississippi River 

may have undergone at least one significant cutting and filling episode between 13,500 and 

12,200 14C years B.P. Sedimentological evidence from both locations suggests at least one 
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cutting and filling episode that was distinct from the events and processes associated with the 

accumulation of Savanna Terrace sediments. This episode is not recognized by the 

aforementioned authors. For the purposes of this study, it is assumed that a significant 

erosional episode did occur on the upper Mississippi River sometime between 13,500 and 

12,200 14C years B.P., and that the reaggradation of the river created a terrace inset slightly 

below the Savanna Terrace. This lower terrace unit is here informally named as the Pine 

Bend Terrace. This terrace complex is considered to include the lowest terraces identified by 

Ojakangas and Matsch (1982) at Pine Bend, Minnesota, and the Catfish Creek terrace, 

although no direct link is shown between the terraces at these two sites. It is possible that 

this cutting and filling event was localized to the upper Mississippi River valley and did not 

affect other reaches of the river valley. 

The potential significance of the Pine Bend Terrace to the interpretation of the history 

of the upper Mississippi River is threefold. If the data on the Pine Bend Terrace are correct, 

it implies that the formation of the Savanna Terrace as a distinct landform in the upper 

Mississippi River Valley predates 12,600 ± 180 14C years B.P., and may be as early as 13,400 

14C years B.P. Secondly, radiocarbon data suggest that aggradation of terraces sediments 

continued after 12,600 ± 180 14C years B.P., probably in conjunction with the advance of the 

Grantsburg sublobe. Finally, the recognition of a distinct terrace level inset below the 

Savanna Terrace, but almost at the same elevation as the Savanna Terrace, may increases the 

difficulty in correlating terraces throughout the entire valley. It must be considered possible 

that some of the terraces observed in the central Mississippi Valley, that are related to the 

Pine Bend Terrace, have been rniscorrelated to either the Savanna or other terrace complexes. 
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The early aggradation phase of the Mississippi River may have been complete by 

12,200 14C years B.P. (Hajic and Bettis 1990). At this time, many of the glaciers that had 

been in headwaters area of the Mississippi River had wasted back across the continental 

divide and were no longer supplying outwash to the system. The few remaining glaciers in 

the region were generally stagnant and the ice margin continued to retreat northward (Clayton 

and Moran 1982). Aggradation appears to have ceased due to the reduced amounts of new 

sediments being supplied to the system and the increasing distances of the upper Mississippi 

River from the sources of these sediments. At the same time that the glaciers began to 

retreat, glacial lakes formed in the region. These lakes discharged volumes of sediment-free 

water, that would have been highly erosive, into the river systems (Wright 1972; Knox 1996). 

At some point the balance between the aggradation of the valley by glacial outwash and the 

degradation of the valley due to the sediment-free discharge from the lakes, shifted in favor 

of the latter and downcutting began. 

THE EARLY ENTRENCHMENT OF MISSISSIPPI RIVER 

Sometime around 12,200 14C years B.P. the behavior of the river changed and it 

entered into a phase that initially included the net downcutting of the river (Hajic and Bettis 

1990, 1992; Hajic 1991). This downcutting permanently lowered the Mississippi River 

below the level of the Savanna and Pine Bend Terrace surfaces along the entire length of the 

valley. Eventually, the river stabilized at a level below these terraces. 

In many reaches of the central and upper Mississippi River valleys a terrace complex 

can be observed below the level of the Savanna and/or Pine Bend Terraces (Figure 4). 
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The river appears to have stabilized at this level after the initial downcutting. In the central 

Mississippi Valley, this lower terrace complex has been named the Kingston Terrace by Hajic 

(1991). A second terrace complex, inset below the level of the Savanna Terrace and 1 to 3 m 

above the modern flood plain, was recognized by Bettis (1988) between Muscatine, Iowa and 

Oquawka, Illinois. This terrace has been correlated to the Kingston Terrace, based on 

topological and sedimentological similarities, by Hajic (1991). In the upper Mississippi 

River valley, along western Wisconsin, northeastern Iowa, and southeastern Minnesota, a 

topographically similar terrace complex has been referred to as the Bagley Terrace by Knox 

(1996)(Figure 3). The topographic similarity of these three terrace complexes suggests that 

they many be related. 

The Kingston Terrace was described by Hajic (1991). Remnants of this terrace can be 

found in the central Mississippi River valley and also in some tributary valleys. The 

remnants consist primarily of sand and sandy gravel that have been capped by thin increments 

of finer overbank sediments. Hajic (1991, p. 24) states that the finer sediments consists of 

"overbank silt, silty clay loam, and loam, sometimes incorporating reddish brown clay." In 

places, the surface of the terrace has been eroded and may exhibit a "large scale streamlined 

mid-channel bar" morphology (Hajic 1991, p. 24). From this, Hajic concluded that the 

surface may have been part of a sluiceway formed when the Mississippi River was carrying 

floods of at least moderate size. He further noted that the extent of incision and 

reaggradation to the level of this terrace surface is unknown. The surface of the Kingston 

Terrace was further modified by much smaller discharges flowing in braided channels. The 

finer sediments that cap the braided stream deposits were deposited by overbank floods from 



a even later channel that was inset below the level of this terrace. The description of the 

morphology of the Bagley Terrace given by Knox (1996) closely mirrors the description 

given by Hajic (1991) for the Kingston Terrace. This reinforces the idea that they may be 

equivalent landforms. 
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Radiocarbon ages from the central Mississippi and lower Illinois and Missouri river 

valleys appear to bracket the formation of the Kingston Terrace. Wood recovered from 

beneath the lacustrine silt and sand that cap a terrace in the upper part of the lower Illinois 

valley dated 12,360 ± 240 (ISGS-1283)(Hajic 1985). A related terrace near the mouth of the 

Illinois River valley, that is correlated to the Savanna (Deer Plain) Terrace by Hajic (1991), 

post-dates 12,325 ± 75 (ISGS-415) based on wood recovered from the silty lacustrine 

sediments that cap the terrace. The latter date was interpreted by Hajic to indicated that the 

formation of the Savanna Terrace landform, by Mississippi River incision, post-dates around 

12,320 14C years B.P. Hajic (1991, Table 7) suggests that the Keach School terrace of the 

lower Illinois River valley is probably related to the Kingston Terrace. Wood and woody 

fragments recovered from 4.3 m below the Keach School terrace surface date at 12,000 ± 100 

14C years B.P. (ISGS-91l). In addition, "(o)rganic matter from laminated silt deposits just 

above the elevation of the Keach School terrace near the mouth of Napoleon Hollow dated 

9950 ± 260 14C years B.P." (ISGS-819) (Hajic 1985, p. 51). In Campbell Hollow, just across 

the Illinois valley from Napoleon Hollow, wood recovered from a topographically and 

sedimentologic ally similar silt deposit dated at 10,460 ± 220 14C years B.P. (ISGS-989). In 

addition to the radiocarbon ages from the Illinois River valley, Hajic (1991) associates the 

12,148 ± 700 14C years B.P. (385) age, reported by Flint and Deevey (1951), from wood 7 m 
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below the surface of a terrace in the lower Missouri River valley to the Kingston Terrace. 

These ages were interpreted to indicate that the Kingston Terrace was part of the active flood 

plain sometime after 12,300 14C years B.P. The earliest radiocarbon ages associated with 

surfaces inset below the Kingston Terrace range between 9,840 ± 170 14C years B.P. (ISGS-

1306),9,750 ± 70 14C years B.P. (ISGS-1264), and 9,640 ± 460 14C years B.P. (ISGS-1470). 

These ages appear to indicate that the Kingston Terrace was part of the active channel 

sometime between 12,320 and 9,950 14C years B.P. 

The Bagley Terrace in the upper Mississippi River valley has not been dated. It may 

be hypothesized that since the Kingston and Bagley Terraces appear to be topographically 

equivalent that they formed concurrently. Knox (1996, p.ll) stated, however, " ... it is not 

clear if the (Bagley Terrace) complex is temporarily equivalent between various reaches of 

the upper Mississippi River." Therefore, any correlations between the evolution of the 

Kingston and Bagley Terraces should be considered speculative. 

The change in the behavior of the upper Mississippi River, that caused it to begin 

downcutting to the Bagley Terrace level, may have been linked, in part, to the increasing 

distance of the river from the sources of glacial outwash, and to the drainage of glacial lakes 

in the headwaters area. Glacial lakes may have had a major impact on the nature of the 

discharge and sediments carried by the river (Wright 1972). Prior to lake formation, the 

Mississippi River carried sediment laden meltwater directly from the glaciers. A large 

fraction of this sediment was coarse sand and gravel that was transported by the river as 

bedload. In response to the magnitude of the bedload sediments the river aggraded and 

steepened its gradient. Glacial lakes subsequently acted as huge settling ponds for all but the 



finest of sediments. The water discharged into the river system from these lakes was 

relatively sediment-free compared to what had been discharged directly from the glaciers. 

This sediment-free water would have been very erosive and probably was responsible for 

most of the downcutting of the valley (Wright 1972,1987; Knox 1996). 
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Glacial Lake Agassiz was one of a number of glacial lakes that formed in the 

headwaters of the Mississippi River after about 12,300 14C years B.P. It formed as the Des 

Moines lobe wasted back across the continental divide in west central Minnesota for the final 

time around 11,700 14C years B.P. (Fenton et al. 1983). For at least part of the time that it 

existed, when glacial ice prevented eastward and northward drainage, Glacial Lake Agassiz 

discharged water into the Minnesota - Mississippi River system. In addition to Glacial Lake 

Agassiz, some of the other glacial lakes that formed around this time include Wisconsin, 

Lind, Duluth, Benson, Minnesota, Grantsburg, Upham-Aitkin, Koochiching, Hind, Regina, 

Souris, and a large number of smaller unnamed lakes (Figure l)(Matsch and Wright 1967; 

Wright 1972; Clayton and Moran 1982; Moores et al. 1992). Most of these lakes were small 

and relatively short lived when compared to Glacial Lake Agassiz. It is possible, however, 

that the discharge from one or more of these lakes could have been responsible for the 

downcutting that permanently dropped the river channel below the level of the Savanna and 

Pine Bend terrace surfaces, although stratigraphic and geomorphic evidence favors a 

relatively large lake (Knox 1996). The possible impact on the valley of various glacial lakes 

is discussed below. 
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Glacial Lake Wisconsin 

Glacial Lake Wisconsin formed as the Green Bay ice lobe abutted the Baraboo Hills 

in central Wisconsin (Figure 2). This created a partially ice-walled basin that then filled with 

meltwater. Dating is poor, but the lake probably first formed around 19,000 14C years B.P. 

and may have lasted until 14,000 14C years B.P. (Clayton and Attig 1987). Research by 

Clayton and Attig (1987) showed that Glacial Lake Wisconsin failed catastrophically at least 

once and possibly multiple times. The affect of these failures on the lower Wisconsin River 

valley was primarily erosive. Knox and Attig (1988) stated that the floods from Glacial Lake 

Wisconsin caused at least 8 m of net downcutting in the lower Wisconsin River Valley. They 

noted however, that near the mouth of the river the amount of cutting and filling was nearly 

balanced. 

The catastrophic failure of Glacial Lake Wisconsin appears to have occurred too early 

to be associated with the formation of either the Savanna Terrace or Pine Bend Terrace. At 

the time that the lake is believed to have failed, the Superior and Rainy lobes were providing 

outwash to aggrade the Mississippi River system. It has already been discussed that the 

aggradation of the river, up to the Savanna Terrace level, is believed to have continued until 

13,400 14C years B.P., and that the final downcutting below the Savanna Terrace and Pine 

Bend terraces probably didn't occur until after 12,300 14C years B.P. Based on the lack of 

significant downcutting near the mouth of the Wisconsin River following the floods, and the 

fact that the Mississippi River continued to aggrade even after the floods are believed to have 

occurred, it is unlikely that failure of Glacial Lake Wisconsin was associated with either the 



downcutting that created the Savanna Terrace landform or the lowering of the river to the 

Bagley Terrace level. 

Glacial Lake Duluth 

Glacial Lake Duluth formed in the Superior basin (Figure 1). Its formation occurred 

sometime after 11,500 years B.P. as the Superior Ice Lobe wasted across the continental 

divide (Farrand and Drexler 1985). Overflow from the lake passed through a pair of outlets 

in the western part of the basin and entered the St. Croix River Valley. This valley leads 

southward and joins the Mississippi River valley near Hastings (Figure 2). 

The history of Glacial Lake Duluth and the Superior basin is not well understood. 

Part of the reason is the inadequate number of radiocarbon ages on which to base a 

chronology (Clayton 1983). In addition, later events, such as glacial advances or high lake 

stages, often altered or obliterated evidence of earlier events (Farrand and Drexler 1985). 
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Based on evidence from the Lake Michigan basin, Hansel et al. (1985) suggested that 

a lake existed in the Superior basin sometime between 13,300 and 13,000 14C years B.P. At 

this time, water from the Superior basin flowed across the upper Michigan peninsula and 

entered Lake Michigan where it deposited a layer of red clay. This may have continued until 

around 12,900 to 12,700 14C years B.P., when a glacial advance blocked the eastward flow of 

water from the Superior basin. At this time the western half of the Superior basin refilled and 

discharged southward into the St. Croix River valley. This lake is the first of two early lakes, 

identified by Clayton (1983, p. 295), that preceded Glacial Lake Duluth in the Superior basin. 

Clayton indicates this early lake was obliterated as ice advanced out of the basin during the 



Winegar III glacial phase. The subsequent wastage of this glacier allowed a second lake to 

form in the Superior basin sometime prior to 12,000 14C years B.P. This second lake was 

obliterated during the Marenisco glacial phase (Clayton 1983). 
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If the ages for the formation of lakes in the Superior basin given in the previous 

paragraph are correct, then the Superior and Rainy lobes must have retreated from the St. 

Croix Moraine prior to 13,300 14C years B.P. This is consistent with the data from the 

Mississippi River Valley that suggests that the river may have downcut below the Savanna 

Terrace level prior to this date. The activation of the St. Croix River as a spillway for various 

glacial lakes between 13,300 and 13,000 14C years B.P., and again around 12,700 14C years 

B.P., may have contributed to the downcutting of the Mississippi River valley at those times. 

An alternative possibility, which was suggested by Flock (1983), is that clay rich water from 

the glacial lakes in the Superior Basin may have contributed to terrace aggradation. The lack 

of significant red clay beds in the Catfish Creek terrace, which was aggrading around 

12,600 14C years B.P., indicates that clay rich flood waters from the Superior Basin lakes did 

not contribute significantly to the aggadation of terrace sediments at this time. 

The first phase of Glacial Lake Duluth (Phase A) began as the Superior lobe wasted 

back into the Superior Basin following the Marenisco glacial advance around 11,500 14C 

years B.P. (Clayton 1983; Farrand and Drexler 1985). At this time the lake discharged 

through one or both of its western outlets. These outlets are known as the Portage and Brule 

outlets and allowed discharge from Glacial Lake Duluth to reach the Mississippi River via 

the St. Croix River valley. The Brule outlet is the larger of the two and has a base elevation 

of about 312 m a.s.l. (Clayton 1983). The Portage outlet is significantly smaller and its base 
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elevation is around 320 m a.s.l. These outlets may have been active from the initial 

formation of the lake (Glacial Lake Duluth phases A and B) until about 11,000 14C years B.P. 

when the discharge of the lake was diverted eastward (Farrand and Drexler 1985). Clayton 

(1982,1983) and Farrand and Drexler (1985) have suggested that these outlets were 

reactivated during the Marquette ice advance between 9,900 B.P. to 9,800 14C years B.P. 

Based on a description of the Brule outlet given by Clayton (1983, p. 304), I estimated 

that the maximum discharge through this outlet was less than 40,000 m3s·1 and probably not 

more than 20,000 m3s-1 (Appendix 1). These estimates place the maximum discharge from 

Glacial Lake Duluth at one to two orders of magnitude less than what Matsch (1983) and 

Wiele and Moores (1989) estimated for the maximum discharge from Glacial Lake Agassiz. 

Clayton (1983, p. 304) suggested that the Brule outlet may have formed, or at least been 

enlarged, during the later phases of the lake (Glacial Lake Duluth phase B or D). These were 

periods when glaciers readvanced into the Superior Basin and forced the lake to flow 

southward through the southern outlets. Glacial Lake Duluth phase Band D occurred around 

11,300 and 9,900 14C years B.P., respectively. It is believed that the discharge of the lake at 

these times should have been larger than the normal meltwater discharge contributed to the 

lake, and it seems reasonable that the outlets may have been enlarged at these times. 

Therefore, the maximum discharge estimates presented above probably reflect extremely rare 

events associated with the later phases of the lake. 

The dating on the formation of Glacial Lake Duluth is poor, but it probably did not 

exist much before 11,500 14C years B.P. (Clayton 1983, p. 298; Farrand and Drexler 1985). 

If this age is correct, then Glacial Lake Duluth and Glacial Lake Agassiz formed at 



approximately the same time. Since the downcutting of the Mississippi River is believed to 

have begun around 12,200 14C years B.P. it is unlikely that floods from the Glacial Lake 

Duluth were associated with the initial period of downcutting. It is likely, however, that 

floods from the lake contributed to the continued erosion of the valley. 

Other Glacial Lakes 
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The list of lakes that could have influenced the behavior of the Mississippi River 

during the early downcutting period includes Glacial Lake Lind, which formed in front of the 

Superior lobe, and glacial lakes Grantsburg, Benson, and Minnesota, which formed in front 

of the Des Moines lobe (Moores et al. 1992). Of these lakes, the history of Glacial Lake 

Grantsburg is the best understood. This lake formed as the Grantsburg sublobe of the Des 

Moines lobe advanced into east-central Minnesota and blocked the drainage of the 

Mississippi and St. Croix rivers (Figures 1 and 2)(Cooper 1935; Clayton and Moran 1982; 

Flock 1983; Teller 1987). Clayton and Moran (1982) indicated that the advance of this 

sublobe is associated with a minor readvance of the Des Moines lobe around 12,300 14C years 

B.P. The actual date of the lakes formation and the length of its existence are unknown, but 

based on the thinness of lacustrine clay deposits and the lack of significant beach formation, 

Cooper (1935) postulated that it must have been short lived. A radiocarbon age (W-354) on 

wood found in the sandy outwash derived, sediments of the Anoka Sand Plain, that were 

deposited by proglacial streams flowing around the margins of the Grantsburg sublobe as it 

retreated, was interpreted to indicate that the lake must have ceased to exist prior to 12,030 ± 

200 14C years B.P. (Cooper 1935; Wright and Rubin 1956; Wright 1972; Clayton and 



27 

Moran 1982). The lack of a significant spillway channel around the eastern margin of the ice 

caused Cooper (1935) to postulate that the outlet of the lake was over the terminus of the ice 

itself. 

It is expected that the sediments carried by the meltwater coming from Glacial Lake 

Grantsburg should have been gray due to its association with the Des Moines lobe. Both 

Wright (1972) and Cooper (1932) noted that most of the lacustrine clays associated with 

Glacial Lake Grantsburg are gray. Wright (1972, p.535) observed that if a significant amount 

of meltwater had been entering the lake from the Superior lobe then much more of the 

sediment would have been red. He noted, however, that the color of the lacustrine clays 

where the lake crossed the St. Croix River valley are predominantly red. Some of the red 

lacustrine clays at this end of the lake are undoubtedly due to the reworking and erosion of 

tills that had been deposited by the Superior and Rainy lobes in earlier advances from the 

Superior Basin. Additional red sediments may have entered the lake from the upper St. Croix 

and Knife rivers. Wright (1972, p. 535) indicates that these rivers " ... headed directly in the 

Superior lode and not in proglaciallakes that trapped sediments." Therefore, it is expected 

that meltwater discharged from Glacial Lake Grantsburg could have carried either red or gray 

clays. 

Glacial Lake Grantsburg appears to have formed around the same time that Hajic and 

Bettis (1990,1992) and Hajic (1991) have argued that the Mississippi River began to downcut 

and the Savanna Terrace was formed. Since discharge from the lake is believed to have 

flowed over the margin of the ice and into the St. Croix-Mississippi River system, the 

interpretation that Glacial Lake Grantsburg was associated with the downcutting of the river 
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around 12,200 14C years B.P. is consistent with the idea from Wright (1972) that sediment

free water discharged from glacial lakes was erosive. Ojakangas and Matsch (1982) implied, 

however, that the Mississippi River valley was aggrading at this time in response to 

sediments from the Grantsburg sublobe. If the river actually was aggrading at this time then 

the theory advanced by Flock (1983), and supported by Bettis and Hallberg (1985) and 

Hajic (1991), that floods from glacial lakes were responsible for depositing the clay beds 

observed in the aggradational terraces of the Mississippi Valley, may be correct. Floods from 

Glacial Lake Grantsburg could have been associated with some of the gray clay beds 

observed within the Catfish Creek terrace. Furthermore, if the aggradational terraces inset 

below the level of the Savanna Terrace in the central Mississippi River valley, that have ages 

between 12,400 to 11,800 14C years B.P., are associated with the Pine Bend Terrace, and not 

the Kingston Terrace as Hajic (1991) has suggested, then the Mississippi would have been 

undergoing net aggradation the entire time that Glacial Lake Grantsburg is believed to have 

existed and discharged water into the Mississippi River. Since the formation of Glacial Lake 

Grantsburg and the various river terraces are poorly dated, and because the correlations 

between distant terrace remnants are only speculative, it is difficult to resolve the impact that 

Glacial Lake Grantsburg had on the Mississippi River. 

Much less is known about many of the other glacial lake that formed in the 

headwaters of the Mississippi River. Glacial Lake Minnesota and Glacial Lake Benson 

formed along the Minnesota River valley as the Des Moines lobe retreated. Their association 

with the Des Moines lobe suggests that they would have been sources of gray clay. The lack 

of significant amounts of gray clay in the upper sedimentary units of the Savanna Terrace 
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indicates that these lakes had little impact on the accumulation of these sediments. Floods 

from these lakes could have contributed to the downcutting of the Mississippi River valley. 

Glacial Lake Benson is believed to have failed catastrophically as the moraine dam that held 

it in place was breached (Matsch and Wright 1967; Wright 1972). Glacial Lake Lind formed 

in front of the Superior lobe and would have been a source of red clay. It may be associated 

with the red sediments in the upper units of the Savanna Terrace and/or the red sediments in 

Glacial Lake Grantsburg. 

Early Glacial Lake Agassiz 

At 12,300 14C years B.P. an ice advance by the James lobe buried wood beneath 

glacial sediments in South Dakota. At the same time the Des Moines Lobe is believed to 

have advanced as far south as the Algona Moraine in northern Iowa (Figure 2)(Clayton and 

Moran 1982; Mickelson et al. 1983). The subsequent wastage of the Des Moines lobe from 

this margin back into the Red River valley basin allowed the formation of a glacial lake. This 

was a large lake that may have extended as far north as Manitoba, Canada (Fenton et al. 

1983, p. 61). This lake was obliterated by an ice advance that pushed southward out of the 

basin. Subsequent wastage by the glacier after this advance produced a second, much smaller 

lake along the margins of the ice (Fenton et a11983, p. 61). This lake too was obliterated as 

ice readvanced. At around 11,700 14C years B.P. the Des Moines lobe wasted back across the 

Big Stone Moraine and into the Red River valley for the final time. This marked the 

beginning of Glacial Lake Agassiz. 
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The early stages of Glacial Lake Agassiz are poorly dated and not well understood. 

Wright (1972) cites a age of 11,700 ± 200 14C years B.P. (Y-1327), from organic sediments 

recovered from an ice block depression that formed after the lake had fallen below its highest 

beaches, as the earliest possible date for the lake's formation. Clayton and Moran (1982) 

rejected this date in their chronology of Late Wisconsin glaciation due to the high potential 

for contamination associated with non-wood materials. Fenton et al. (1983) suggested, 

however, that an age of 11,700 14C years B.P. is not unreasonable for the initial formation of 

the lake. At this time, the surface of the lake near the southern outlet would have stood at a 

level above the Herman Beaches (Figure 5). Overflow from the early lake passed through a 

number of outlet channels and then southward down the Minnesota River valley (Wright et 

al. 1965; Matsch and Wright 1967; Matsch 1983). The preservation of these channels is poor 

and it was not possible to perform paleohydraulic calculations on them as part of the present 

study. In addition to the meltwater produced within the basin itself, meltwater from glaciers 

located to the west also began entering the lake around this time. This flow had been 

diverted from the Missouri River, through a number of smaller lakes in North Dakota, and 

finally spilled into Glacial Lake Agassiz through the Sheyenne River Valley (Fenton et al. 

1983). Lowell and Teller (1995) have suggested that water was diverted from the Missouri 

River into Glacial Lake Agassiz as early 11,900 14C years B.P. If this age is correct it implys 

an earlier date for the formation of the lake than is suggested in most other sources. 

Glacial Lake Agassiz may have stabilized at the Herman Beach Level sometime after 

about 11,600 14C years B.P. (Fenton et al. 1983, p. 64). Matsch and Wright (1967) theorized 

that the lake stabilized as the outlet became armored against further erosion. This armor was 
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comprised of boulders that were too large to be removed by the water flowing through the 

outlet. These boulders accumulated as a lag in the outlet channel as it cut through the till of 

the Big Stone Moraine. Remnants of a boulder-armored channel can be see as terraces along 

the Minnesota River valley just downstream of the outlet (Figure 5). Wright et al. (1965) 

observed that boulders form a continuous cover on terrace surfaces near Browns Valley, 

Minnesota, with clasts as large as 3 m in diameter. However, the boulder cover becomes 

discontinuous downstream, and the largest clasts are only about 60 cm in diameter on terraces 

near Ortonville, about 45 km downstream of the outlet (Figure 2). Matsch (1983) observed 

that the boulders that cover these terraces have an average diameter of 20 to 30 cm. 

Occasionally, the discharge passing through the outlet was competent enough to erode the 

boulder armored channel and the outlet was enlarged. 

Upham (1896) recognized four well developed beaches near the southern outlet of 

Glacial Lake Agassiz (Figure 5). From highest to lowest, these beaches are known as the 

Herman, Norcross, Tintah and Campbell beaches (Table 1). All of these beaches are believed 

to have formed initially during the Cass and Lockhart phases of the lake, however, the 

Campbell beach appears to have been modified later during the Emerson phase (Arndt 1977, 

Fenton et al. 1983). Upham (1896) postulated that these beaches formed during long stable 

periods between episodes of outlet erosion. Fenton et al. (1983) have noted, however, that 

the number of beach sequences observed above the Campbell level beaches increases as the 

distance from the southern outlet increases, and that there is no suggestion of Herman, 

Norcoss, or Tintah groupings. They argued that Upham's model of four beach levels related 

to four stable lake stages may not be valid, and suggested that " ... the actual history of water-
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TABLE 1 

GLACIAL LAKE AGASSIZ WATER LEVELS 

Phases of 
Glaical Lake Agassiz 

Cass 

Lockhart 

Moorhead 

Emerson 

Nipigon 

Approximate 
Radiocarbon ages 

(4C years B.P.) 

11,700-11,600 

11,600-10,800 

10,800-9,900 

9,900-9,500 

9,500-8,500 

Associated lake 
levels near 

the southern outlet 

? 

Herman 
Norcoss 
Tintah 

Campbell 

Ojata 

Campbell (?) 

? 

compiled from data in Fenton et al. 1983 
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level changes during the early stages of Lake Agassiz is rather more complex than has 

previously been recognized."(Fenton et al. 1983, p. 57). However, the geomorphology of the 

outlet does suggest four distinct levels that may correlate to the well developed beaches near 

the southern outlet. It should be noted that the term beach is not inclusive of all of the 

features that indicate a water level stand. The more general term strandline is widely used to 

indicate all of the features that imply a lake level stand. 

There are no reliable radiocarbon ages associated with the early Cass and Lockhart 

phases of Glacial Lake Agassiz. The earliest radiocarbon ages are from wood and wood 

debris found in the Ojata beaches, which formed during the Moorhead low water phase after 

the southern outlet had been abandon, at 10,960 ± 300 14C years B.P. (W-723) and 10,820 ± 

190 i4C years B.P. (TAM-l)(Moran et al. 1973; Arndt 1977). These ages indicate that the 

formation of the southern outlet must predate about 10,900 14C years B.P. If the age of 

11,700 14C years B.P. given for the formation of the lake by Fenton et al. (1983) is correct 

then Glacial Lake Agassiz may have discharged water into the Minnesota-Mississippi River 

system through the southern outlet from 11,700 14C years B.P. to as late 10,900 14C years B.P. 

Glacial Lake Agassiz, and the lakes that preceded it in the Red River valley, would 

have been sources of gray clay and therefore were not associated with the aggradation of the 

sediments that underlie the Savanna Terrace. If the chronology of events presented here for 

the upper Mississippi River valley is correct, then Glacial Lake Agassiz was not associated 

with the creation of the Savanna Terrace landform around 13,400 14C years B.P. It is also 

unlikely that floods from Glacial Lake Agassiz were responsible for initiating the 

downcutting of the river around 12,200 14C years B.P. since the Des Moines lobe continued to 
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occupy the Red River valley at this time. Meltwater discharge from Glacial Lake Agassiz 

may have contributed to the continued downcutting of the river to Bagley Terrace surface 

level and below (Figure 3). The lack of significant gray clay deposits in the upper zone of the 

Savanna Terrace deposits suggests that floods from Glacial Lake Agassiz, and other lakes 

associated with the Des Moines lobe, did not commonly flood this surface. 

Stabilization of the Mississippi River 

Sometime prior to 10,900 14C years B.P. a series of outlets opened that allowed water 

from Glacial Lake Agassiz to flow eastward into the Superior basin and eventually reach the 

Atlantic Ocean (Fenton et al. 1983; Teller and Thorleifson 1983; Teller 1985, 1987). The 

opening of these outlets caused the lake to drop below the level of the southern outlet and the 

southward flow of glacial meltwater stopped. Water from Glacial Lake Duluth stopped 

flowing to the St. Croix-Mississippi River system sometime around 11,000 14C years B.P. 

when it merged with other lakes to form Glacial Lake Algonquin (Farrand and Drexler 1985). 

After 10,900 14C years B.P. the Mississippi River may have entered into a period of 

relative stability. With the river cut off from the sources of sediment-free water it stabilized 

near the level of the Kingston Terrace surface in the central Mississippi River valley. At this 

time the discharge of the river, being dependent solely on surface runoff and ground water 

sources, would have been much reduced and may have flowed across this surface in a braided 

stream. Evidence for a braided stream pattern on the surface of Kingston Terrace was 

reported by Hajic (1991). If the Bagley Terrace is temporally equivalent to the Kingston 

Terrace, then the river channel may have stabilized near the surface of the Bagley Terrace at 



this time (Figure 3). It is likely, however, that the Bagley Terrace may have already formed 

as a distinct landform due to the incision of the Mississippi River below its surface. 

THE LATE ENTRENCHMENT OF THE MISSISSIPPI RIVER 
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Sometime around 10,000 14C years B.P. the Marquette glacial advance blocked the 

eastward flow of water along the northern margin of the upper Michigan peninsula (Clayton 

1983). With its eastern outlets blocked, the Superior basin refilled (Glacial Lake Duluth, 

phase D) and may have discharged through its southern outlets for as long a 100 years 

(Clayton 1983; Farrand and Drexler 1985). The readvance of the Superior lobe also blocked 

the eastward flow of water from Glacial Lake Agassiz (Moorhead phase) and the Red River 

basin also began to refill (Teller and Thorleifson 1983, Teller 1987). This was the beginning 

of the Emerson phase of Glacial Lake Agassiz. Teller et al. (1983) have suggested that the 

lake may have covered 350,000 km2 at this time. A number of authors (Arndt 1977; Clayton 

1982; Clayton and Moran 1982; Fenton et al. 1983; Teller 1985, 1987, 1990a,b) indicate that 

the southern outlet was reactivated at this time as the lake returned to the Campbell 

strandline. The southern outlet may have been active from 9,900 14C years B.P. to as late as 

9,50014C years B.P. (Fenton et al. 1983). 

Broecker et al. (1989) observed that oxygen isotope records from the Gulf of Mexico, 

based on a species of surface dwelling planktonic foraminifera, white Globigerinoides ruber, 

showed a clear shift towards more negative ~V80 values around 10,100 14C years B.P. A shift 

towards more negative 0180 values in oxygen isotope records from the Gulf has been 

interpreted by various authors (Broecker et al. 1989; Leventer et al. 1982; Falls 1980; 
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Emiliani et al. 1978; and Kennett and Shackleton 1975) to indicate that glacial meltwater was 

entering it via the Mississippi River. These previous studies reported a shift towards more 

negative 8180 values associated with the influx of glacial meltwater during deglaciation 

between 18,000 and 11,000 14C years B.P. The shift in the record toward more positive 8180 

values at 11,000 14C years B.P. was interpreted by Broecker et al. to be related to the 

diversion of water from Glacial Lake Agassiz eastward to the Atlantic. The shift toward more 

negative 8180 values at 10,100 14C years B.P. was interpreted to indicate the resumption of 

meltwater flow into the Mississippi River from Glacial Lake Agassiz during the Emerson 

phase. Broecker et al. noted, however, that the oxygen isotope record for a second species of 

foraminifera, pink Globigerinoides ruber, did not show a similar shift towards more negative 

8180 values at 10,100 14C years B.P. even though it was considered to be more sensitive to 

changes in oxygen isotope concentrations due to meltwater influx. Based on their 

observations, however, Broecker et al. concluded that the oxygen isotope record from the 

Gulf of Mexico does support the proposed resumption of meltwater discharge from Glacial 

Lake Agassiz around 10,000 14C years B.P. Aharon (1992) concurred with the interpretations 

of Broecker et al. (1989), but added that the meltwater influx into the Gulf at this time would 

have only been a fraction of the discharge that entered the Gulf between 18,000 and 11,800 

14C years B.P. 

Marchitto and Wei (1995) disagreed with the conclusions reached by Broecker et al. 

(1989). They suggest that oxygen isotope records alone are insufficient to indicate periods of 

meltwater influx since 8180 values also reflect temperature and global ice volume. They 
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concluded (Marchitto and Wei 1995, p.781) that the negative shift in the 0180 values in the 

record of white Globigerinoides ruber " ... may be explained by warming and ice-volume 

reduction alone." Marchitto and Wei hypothesized that reworked calcareous nannofossils 

may be a better indicator of meltwater influx into the Gulf from the Mississippi River. They 

reasoned that an increase in the number of reworked calcareous nannofossils found in deep 

ocean cores may indicate periods of increased sediment erosion due to large meltwater floods 

on the river. Based on the low numbers of reworked calcareous nannofossils found in 

sediments dated between 9,900 and 9,500 14C years B.P., Marchitto and Wei concluded that 

there was no major resumption of meltwater discharge from the Mississippi River into the 

Gulf of Mexico after the eastward diversion at 11,000 14C years B.P. 

Smith and Fisher (1993), Smith (1994), and Fisher and Smith (1995) have argued that 

the southern outlet of Glacial Lake Agassiz was not active during the Emerson Phase due to 

the opening of a northwestern outlet through the Clearwater and lower Athabasca River 

valleys in Saskatchewan. They have suggested that a catastrophic flood event created this 

northwestern outlet at the beginning of the Emerson phase around 10,000 14C years B.P. 

Radiocarbon ages on wood in flood and deltaic deposits associated with the opening of the 

northwestern outlet average 9,961 14C years B.P. (Smith and Fisher 1993). Fisher and Smith 

(1995) have argued that the opening of the northwestern outlet corresponds to a lowering of 

the lake level from the Norcross strandline to the Campbell strandline. Based on the isobase 

map of Teller and Thorleifson (1983), Fisher and Smith (1995, p.856) estimated that " ... the 

southern extension of the Norcross or equivalent strandline should be located at an elevation 

below the floor of the southern outlet." Since the Campbell and Norcross beaches 
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(strandlines) were initially described based on observations made near the southern outlet, 

and because these beaches are located well above the floor of the outlet in this area, it must 

be concluded that Fisher and Smith have either miscorrelated their strandline associations or, 

the southern outlet was active during the early part of the Emerson phase prior to the 

formation of the northwestern outlet. 

The Charleston alluvial fan, located in northeastern Missouri just downstream of 

Thebes Gap, appears to be one of the last remnants of deglacial flooding in the lower 

Mississippi River valley (Porter and Guccione 1994). A recent study by Porter and Guccione 

(1994) suggested that the fan formed as Mississippi River floodwaters began to deposit 

sediments after passing through the major valley constriction at Thebes Gap. The fan is 

composed of medium to fine sand that reaches depths of at least 8 m at its present apex. 

These finer sediments overlie coarser sediments that Porter and Guccione interpret to be 

braided stream deposits. They also suggested, based on the sedimentary structure of the fan 

deposits, that there may have been multiple episodes of deposition. A radiocarbon age of 

10,590 ± 200 14C years B.P. (Beta-39454) from " ... disseminated organic matter in the basal 

portion of the transition zone between the sand of the alluvial fan and the overlying 

floodplain silty clay ... " (Porter and Guccione 1994, p. 282) was interpreted to give the 

minimum age of fan deposition. However, Porter and Guccione noted that this sample may 

have been contaminated with lignite and could, therefore, be too old. An age of 9,975 ± 125 

14C years B.P. on archaeological remains within Thebes Gap was cited in support of the 

previous date for the minimum age of the Charleston alluvial fan. Based on these findings, 

Porter and Guccione (1994, p. 283) concluded that " ... either meltwater from Glacial Lake 



Agassiz flowed north as Smith and Fisher (1993) suggest or meltwater flowing down the 

Mississippi River was greatly reduced ... " after about 10,000 14C years B.P. 

Sedimentological and geomorphic evidence from the southern Red River valley 

indicates that Glacial Lake Agassiz returned to the Campbell strandline during the Emerson 

phase and, therefore, the southern outlet should have been active. 
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Harris et al. (1974) and Arndt (1977) recognized a number of distinct sedimentary 

units within the southern portion of the Red River basin that they associated with various 

phases of Glacial Lake Agassiz. The sedimentary unit associated with the Emerson phase is 

the Sherack Formation, which was initially described by Harris et al. (1974). Radiocarbon 

ages for wood collected at the base of this formation are 9,990 ± 160 14C years B.P. (GSC-

391); 9,940 ± 160 14C years B.P. (1-3880); 9,930 ± 280 14C years B.P. (V/-388); 9,900 ± 400 

14C years B.P. (W-993); 9,820 ± 30 14C years B.P. (W-1361); 9,730 ± 160 14C years B.P. (1-

5123C); and 9,659 ± 150 14C years B.P. (1-5123). These dates have been interpreted to 

indicate that the Emerson phase began somewhere around 9,900 14C years B.P. (Harris et al. 

1974; Arndt 1977; Clayton and Moran 1982; Smith and Fisher 1993). The Sherack 

formation can be traced from the southern margins of the lake as far north as Winnipeg, 

Canada (Arndt 1977; Harris et al. 1974). During the Moorhead low water phase, from about 

10,800 to 9,900 14C years B.P., the Sheyenne and other rivers cut channels across the 

abandoned lake bottom and deposited deltas in association with the lower lake level (Brophy 

and Bluernle 1983, Fenton et al. 1983). In places these features, along with the beaches 

formed during the Moorhead phase, are buried by Sherack Formation sediments. Fenton et 

al. (1983, p.69) have noted that " ... the trenches that the had been cut across the Sheyenne, 
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Pembina, and Assiniboine underflow fans became estuaries and were slowly filled with 

sediment..." Brophy and Bluemle (1983) observed that the Sheyenne River did not return to 

its Moorhead phase channel at the end of the Emerson phase and that portions of the 

abandoned channel are filled with lacustrine sediments. Arndt (Plate 2, 1977) indicated that 

the Sherack Formation can be traced up to a Campbell level scarp at the southern margin of 

the lake. Caution should be exercised in interpreting the sedimentological data reported from 

the Red River Basin, however. Plate 2 from Arndt (1977) also shows the Sherack Formation 

extending above the level of the Campbell beaches. This plate indicates that the formation 

thickens and extends to an elevation above the Herman Beaches. I believe this to be an error. 

The Campbell strandline is a collection of scarps, wave cut terraces, and beach ridges 

that may indicate an elevation where the water surface of the lake remained for an extend 

period of time. Fenton et al. (1983) have observed that the Campbell beaches are well 

developed and readily identifiable along western North Dakota. A number of underflow 

fans, that formed during the early phases of the lake, had shore bluffs (scarps) eroded into 

them while the lake stood at the Campbell strandline. A very prominent Campbell level 

scarp was eroded into the sediments of the Sheyenne Delta. Brophy and Bluemle (1983) and 

Fenton et al. (1983) hypothesized that some of the erosion that produced this scarp may have 

occurred during the Emerson phase. Elson (1967, 1971) distinguished two separate 

Campbell beach levels. Elson (1971) indicated that both of the Campbell beaches are very 

well developed and easily recognized, but that the lower Campbell beaches are somewhat less 

distinctive and may be confused with other, lower beaches. He suggested (p. 289) that the 

lower Campbell beaches may have been occupied by the lake during the Emerson phase. 
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The Minnesota-Mississippi River system was clearly cut off from Glacial Lake 

Agassiz drainage sometime prior to 9,200 14C years B.P. when either a northwestern or eastern 

outlet opened and again lowered the lake below the level of the southern outlet (Teller and 

Thorleifson 1983; Fenton et al. 1983; Fisher and Smith 1995; Lowell and Teller 1995). 

Research by Hajic (1991) suggests that the Kingston Terrace, in southern Illinois, 

formed as a distinct landform as the Mississippi River resumed downcutting sometime 

between 12,000 and 9,850 14C years B.P. The Bagley Terrace landform, that Knox (1996) 

tentatively suggests may be equivalent to the Kingston Terrace, may have also formed about 

this time. For the purposes of this thesis, the downcutting of the river below the level of the 

Kingston Terrace surface is beginning of the late entrenchment period of Mississippi River. 

In a reach of the Mississippi River between Clinton County, Iowa and Whiteside 

county, Illinois, Bettis and Hallberg (1985) identified red and gray clay deposits below the 

level of the Savanna Terrace. They stated (p. 43) that in the Cattail Creek area" ... red clays 

appear within a sequence of Holocene peat and gray slackwater clays.", and that these clays 

" ... lie slightly above a C-14 date of 10,130 ± 90 14C years B.P. (Beta-4536) and 1.5 m below 

a date of 8,860 ± 80 14C years B.P.(Beta-4537)." Bettis and Hallberg suggest that it is 

probable that these clay beds could be reworked sediments. An alternative hypothesis is that 

these clays were deposited as slackwater sediments during floods that originating from 

Glacial Lake Superior (Phase D) and Glacial Lake Agassiz (Emerson phase). The exact 

geomorphic context of these deposits is unclear in the literature reviewed. 

Hajic (1985) states that the incision of the lower Illinois valley, due to the 

downcutting of the Mississippi River, was rapid and probably occurred by 9,800 14C years 
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B.P. As previously noted, radiocarbon ages of 10,460 ± 220 (ISGS-989) and 9,950 ± 260 14C 

years B.P. (ISGS-819) have been reported for wood and organic matter found in lacustrine 

sediments that lie slightly above the present surface of the Keach School terrace. These ages 

are interpreted to indicate that the surface of the Keach School terrace was at the level of the 

active flood plain when the lacustrine sediments were deposited. "Wood recovered from 

thinly bedded to laminated, fine-texture sediments filling an abandoned tributary creek 

meander belt incised into a Keach School terrace remnant dated 9,750 ± 70 14C years B.P. 

(ISGS-1264)." (Hajic 1985, p. 51-52). If these ages are correct, then incision of the Illinois 

River below the Keach School terrace surface postdates about 9,950 14C years B.P. and 

predates about 9,750 14C years B.P. 

In the central ~T1ississippi River valley, Hajic (1991) identified a buried 

paleo geomorphic surface inset below the Kingston Terrace that he referred to as the East 

Chouteau paleogeomorphic surface. This surface is defined by a " ... discontinuous paleosol 

developed within the basal sediments of the paleochannel system related to the Kingston 

Terrace" (Hajic 1991, p. 24). The paleochannel system probably developed as tributaries cut 

across the Kingston Terrace surface in response to the downcutting of the Mississippi River. 

Since the paleogeomorphic surface is inset below the Kingston Terrace surface, Hajic 

reasoned that it must be younger than the terrace, or about 12,000 14C years B.P. Radiocarbon 

ages of 9,840 ± 170 14C years B.P. (ISGS-1306), 9,640 ± 460 14C years B.P. (ISGS-1470), and 

9,510 ± 80 14C years B.P. (ISGS-1158) on wood and organic material from the laminated 

sediments that overlie the East Chouteau paleogeomorphic surface, are interpreted by Hajic 

(1991, p. 26) to indicate that the initial influx of predominantly reddish brown clay flood 
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sediments, " .. .into broad paleochannels following their abandonment occurred probably just 

about 9,850 14C years B.P., and definitely prior to about 9,65014C years B.P." Hajic noted that 

addition radiocarbon ages, reported by Bettis (1988), that were taken from the basal fill of 

abandon paleochannels cutting across Kingston Terrace remnants located between Muscatine, 

Iowa and Oquawka, Illinois, agree with the dates associated with the East Chouteau 

paleo geomorphic surface. 

At Prairie du Chien, Wisconsin, Church (1984) identifies a paleogeomorphic surface 

buried beneath the modern Mississippi River floodplain. Based on a series of drill cores, 

Church estimated that the depth of Holocene sedimentation around this location varies from 

12.2 m (40 ft), beneath some of the channel islands, to more than 30.5 m (100 ft) beneath the 

main channel. He also noted that many geomorphic features of the modern floodplain reflect 

the underlying paleogeomorphic surface topography. Gravelly sand alluvium, associated 

with the glacial aggradation of the river, underlies Holocene sediments and extends to an 

unknown depth. The contact between the gravelly sand and Holocene sediments was 

interpreted by Church (1984, p. 14) to be an erosional surface associated with " .. .late 

Woodfordian to early Holocene entrenchment." He states (p. 14) that" ... the eroded surface 

of the adjacent terrace of Woodfordian alluvium (i.e. Bagley Terrace) and the erosional 

surface beneath the floodplain are contemporaneous and continuous." Knox (1996) 

hypothesized that the erosion of the inset channel that created the Bagley Terrace actually 

post-dates the flooding that scoured the terrace surface. He offered two observations to 

support this hypothesis. Knox (1996, p. 15) observed that the drilling transect at Prairie du 

Chien" ... indicates an abrupt drop off into the incised channel rather than a gradual slope as 
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might be expected if the surfaces were all carved by the same flood event." In addition, he 

observed that the incision of the Mississippi River below the level of the Bagley Terrace 

surface created a unique arrangement of terrace remnants along the valley. Flood scoured 

Bagley Terrace remnants systematically appear on the upstream outsides and downstream 

insides of valley bends throughout the upper Mississippi River valley (Figure 6). Knox 

(1996, p.15) argues that the arrangement of the terrace remnants and the position of the inset 

channel within the valley suggest that " ... incision occurred later either during falling or 

subsequent lower magnitude stages when the route simply took the shortest course 

down valley along the insides of valley meanders." 

The entrenchment of the upper Mississippi River below the Bagley Terrace surface 

has not been dated. Clayton (1982) claimed that the entrenchment of the river below the 

level of the modern flood plain occurred around 9,900 14C years B.P. and was associated with 

the resumption of meltwater discharge from Glacial Lake Superior (Phase D) and Glacial 

Lake Agassiz. Unfortunately, he didn't provide any evidence to support this claim. Based on 

all of the data presented above, two different theories can be advanced for the timing of the 

late entrenchment of the upper Mississippi River valley. 

If Fisher and Smith (1995) are correct and Glacial Lake Agassiz did not discharge 

water into the Minnesota-Mississippi River system during the Emerson phase, then the deep 

incision of the valley below the Bagley Terrace may predate 10,800 14C years B.P. With the 

sources of glacial meltwater cut off, the discharge of the river after 10,800 14C years B.P. 

would have been primarily dependent on surface runoff and ground water sources. If this 

discharge was not significantly different from the discharge of the modern river, then it is 
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unlikely that the river was competent enough to remove the volume of gravelly sand 

necessary to incise the main channel of the river 30.5 m (100 ft) below the level of modern 

flood plain. Church (1984) notes that the normal sediment load of the modern river is 

generally restricted to sand and finer sized sediments even though there is an abundant supply 

of gravel sized sediments in the terrace remnants. If the downcutting of the upper Mississippi 

River valley below the Bagley Terrace surface predates 10,800, then the formation of this 

landform is temporally distinct from the formation of the Kingston Terrace, even though they 

are topographically similar. 

If Glacial Lake Agassiz did discharge water into the Minnesota-Mississippi River 

system during the Emerson phase, then the incision of the river below the level of the Bagley 

Terrace could actually post-date about 10,000 14C years B.P. It can be postulated that the 

rising waters of the lake reached or exceeded the Campbell strandline during the early part of 

the Emerson phase around 9,900 14C years B.P. At this time sediments associated with the 

Sherack Formation were deposited in and over the landforms created during the Moorhead 

low water phase. The southern outlet was reactivated and sediment-free water again flowed 

into the Minnesota-Mississippi River system. This water was erosive and the river quickly 

downcut below the level of the Bagley and Kingston Terrace surfaces. If Porter and 

Guccione (1994) are wrong about the date for the formation of the Charleston alluvial fan, 

then some of the sediments removed from the upper and central Mississippi River valleys at 

this time could have been deposited there. In the Gulf of Mexico the resumption of 

meltwater discharge caused a shift towards more negative D 180 values in the oxygen isotope 

records studied by Broecker et al. (1989) and Aharon (1992). It is possible, however, that the 
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floods on the river were not as erosive by the time they reached the Gulf, due to high 

sediment concentrations, and substantial reworking of calcareous nannofossils did not 

occurred at this time. The reactivation of the southern outlet would have been short lived as 

the opening of a northwestern outlet again dropped the lake level below the elevation of the 

floor of the outlet. 

Even if Glacial Lake Agassiz did not discharge to the Mississippi River after 10,800 

14C years B.P., it is possible, that Glacial Lake Duluth could have caused the downcutting of 

the river around 10,000 14C years B.P. Clayton (1982, 1983) and Farrand and Drexler (1985) 

have stated that the flow of water from the lake to the St. Croix River resumed around 9,900 

14C years B.P. The discharge from the Glacial Lake Duluth into the St. Croix River was short 

lived and the lake is believed to have dropped below the level of the southern outlets, due to 

the opening of eastern outlets, after about 100 years (Farrand and Drexler 1985). The normal 

discharge of the lake is unknown, but the peak discharge from the lake was probably less than 

20,000 mJs- i (Appendix 1). For comparison, Matsch (1983) estimated that the bankfull 

discharge of Glacial Lake Agassiz may have been as great as 130,000 m3s-1 with occasional 

peak discharges as great as 1 x 10" m3s- l
• 

THE LATE AGGRADATION OF THE MISSISSIPPI RIVER 

Once the Mississippi River was cut off from the glacial lakes, the volume of 

discharge passing through the valley dropped significantly and the deep inset channel quickly 

began to aggrade with sediments. All along the Mississippi River, tributary rivers, that had 

been dammed and filled with sediments in the initial aggradation of the valley, were 
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reactivated and began to transport sediments into the main valley. Wright (1972) and Church 

(1984) have argued that the discharge of the river at this time was too small to transport the 

volumes of sediments that were being deposited in the valley. Wright (1972) postulated that 

at one point the upper Mississippi River valley may have been dotted with a series of lakes 

that were created as sediments deposited by the tributary rivers dammed the flow. In 

addition, Church (1984, p. 20) observed that the" ... gentle gradient of the valley floor 

inherited from the large floods has resulted in the preferential accumulation of sediment at 

the junctions of major tributaries." Lake Pepin, that sits upstream of a large post-glacial 

alluvial fan at the mouth of the Chippewa River, is believed to be a remnant of this period 

(Figure 2)(Wright et al. 1965; Wright 1972; Ojakangas and Matsch 1982). 

If the evolution of the central and upper Mississippi River valleys are comparable 

then the reaggradation of the entire valley began around 9,800 14C years B.P. Hajic (1985, 

1991) observed that the initial influx of sediments into the abandoned channels that cut 

across the Kingston Terrace occurred around this time. If the evolution of the central and 

upper Mississippi River valleys are not comparable, then it is possible that the reaggradation 

of the upper Mississippi River valley predates 9,800 14C years B.P. 

The late aggradational phase of the upper Mississippi River continued throughout the 

remainder of the period under investigation. Once the behavior of the river was no longer 

influenced by glaciers or glacial lakes it began to adjust to regional climate factors. The 

discharge of the river decreased and limited the amount of bedload it was able to be transport. 

In the lower valley, the conversion of the river from a braided channel to a meandering one 

was complete by 9,000 14C years B.P. (Saucier 1991). 
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SUMMARY 

The following summary is presented as a possible chronology of the events that 

occurred in the upper Mississippi River valley between 14,000 and 9,000 14C years B.P. At 

14,000 14C years B.P. the Mississippi River was aggrading due to the large amounts of coarse 

sand and gravel deposited directly into the river by the various glacial lobes located in its 

headwaters area. Aggradation raised the river channel up to the level of the Savanna Terrace. 

Around 13,400 14C years B.P. the upper Mississippi River underwent a period of downcutting 

that initiated the formation of the Savanna Terrace landform. The downcutting of the river at 

this time may have been due to the retreating ice margin and the drainage of glacial lakes. 

Between 13,000 and 12,000 14C years B.P. the advance of the Grantsburg sublobe 

along the St. Croix moraine caused the upper Mississippi River to aggrade to the level of the 

Pine Bend Terrace surface. The advance of the sublobe blocked the drainage of the 

Mississippi and St. Croix Rivers and Glacial Lake Grantsburg formed. Glacial Lake 

Grantsburg discharged water into the St. Croix-Mississippi River system, but its impact on 

the behavior of the river is unclear. The Grantsburg sublobe advance was short lived and as 

it began to waste away to the west the river downcut below the level of the Pine Bend Terrace 

surface. This downcutting may also have been associated with the failure of a number of 

small glacial lakes. 

Around 11,700 14C years B.P. the Des Moines lobe wasted northward of the Big Stone 

Moraine for the final time and Glacial Lake Agassiz formed. Discharge from the lake flowed 

through an outlet in the moraine and into the Minnesota-Mississippi River valley system. 
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Occasionally, the discharge from the lake was sufficient to cause the outlet to erode, resulting 

in successively lower the lake levels. Around the same time the Superior lobe wasted back 

into the Superior basin and Glacial Lake Duluth formed. Glacial Lake Duluth discharged 

water into the upper Mississippi River via the St. Croix River system. The discharge from 

both of these lakes increased the erosion of the valley. Sometime prior to 10,800 14C years 

B.P. Glacial Lake Agassiz dropped below the level of the southern outlet due to the opening 

of a series of eastern outlets. The flow from Glacial Lake Duluth had already been diverted 

eastward as it merged with a number of other lakes to form Glacial Lake Algonquin around 

11,000 14C years B.P. 

The Mississippi River entered in to a period of stability once the flow of glacial 

meltwater ceased. In the central Mississippi valley, the reduced discharge of the river flowed 

in braided channels across the surface of the Kingston Terrace. In the upper Mississippi 

River valley, the discharge of the river may have similarly flowed across the surface of the 

Bagley Terrace. Alternatively, the upper Mississippi River valley may already have been 

incised below the level of the Bagley Terrace and the discharge of the river flowed in 

channels now buried below the modem flood plain. 

Around 10,000 14C years B.P. the Marquette glacial advance blocked the eastward 

flow of water from the Superior basin and it refilled to the level of the Duluth strandline. 

Water again flowed southward from Glacial Lake Duluth into the Mississippi River system 

via the St. Croix River. The Red River Valley basin also began to refill. The rising water 

marked the end of the Moorhead low water phase and beginning of the Emerson phase of 

Glacial Lake Agassiz. At this time the lake appears to have returned to the level of the 
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Campbell strandline and discharged through the southern outlet. The reactivation of the 

southern outlet was short-lived as the opening of either a northwestern or eastern outlet again 

dropped the lake level below the height of the southern outlet. 

In the central Mississippi River valley the Kingston Terrace landform was created as 

the river downcut sometime prior to 9,800 14C years B.P. This downcutting appears to have 

been linked to a resumption of meltwater discharge southward by glacial lakes. In the upper 

Mississippi River valley downcutting may have dropped the river channel below the level of 

the Bagley Terrace or further deepened an already existing channel. The flow of meltwater 

was short-lived and downcutting ceased once it ended. 

Without the flow of meltwater from Glacial Lake Agassiz and Glacial Lake Duluth to 

transport sediments, the Mississippi River began to aggrade. All along the Mississippi River 

valley, tributaries that had been aggraded with sediments began to redeposit those sediments 

in the main valley. In places, the volume of sediment redeposited in the valley was so great 

that it dammed the river into a series of lakes. In the central Mississippi River valley, the 

initial influx of sediments into channels incised below the Kingston Terrace surface occurred 

by about 9,700 14C years B.P. In the upper Mississippi River valley, the deeply incised 

channel below the Bagley Terrace surface probably also began to aggrade at this time. 

Aggradation continued throughout the remainder of the period considered here, and has 

continued until the present time. 
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CHAPTER3: PALEOHYDROLOGY 

RESEARCH QUESTION AND METHODOLOGY 

The Mississippi River underwent a number of significant changes between 14,000 

and 9,000 14C years B.P. Many of these changes were associated with the discharge of water 

from glacial lakes that formed in the headwaters of the river at this time. These lakes appear 

to have strongly influenced the behavior of the river. The largest of these lakes was Glacial 

Lake Agassiz. This lake discharged water into the Mississippi River at various times during 

the period under study. It is reasonable to believe that this lake may have had a major impact 

on the river. 

The remainder of this project will show that Glacial Lake Agassiz did have an impact 

on the geomorphology of the upper Mississippi River valley. The present geomorphology of 

major terraces and valley side morphology was strongly influenced by events that occurred on 

the Mississippi River during the period under investigation here. Some of the major changes 

in the behavior of the river were linked to the behavior of Glacial Lake Agassiz, because it 

was the source of much of the water that passed through the valley during this period. The 

discharge from the lake was controlled, in part, by the southern outlet. Therefore, changes at 

the outlet, that would have influenced the discharge from the lake, should have been 

transmitted, in part, to the geomorphology of the valley. Testing the hypothesized linkage 

between the behavior of the outlet and the morphological responses in the downstream 

Minnesota and Mississippi Rivers is undertaken in two principle ways. 
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The first step involved the determination of the discharge of the lake for selected time 

periods. This was done by performing paleohydraulic calculations for the southern outlet of 

the lake. These calculations were based on the morphological properties of various outlet 

channels. Some estimates of discharge presented here were made by other authors, but new 

estimates where made to confirm their results. These estimates provided a baseline for 

comparison with the discharges estimated for a downstream reach of the Mississippi River 

where other independent paleohydrologic evidence is available. 

The second step involved the determination of the discharge conveyance capacity of 

the downstream Mississippi River. Since the river has undergone significant changes during 

and since the period under examination, it was necessary to reconstruct a number of different 

channels representing various presumed conditions. These reconstructed channels provided a 

basis for discharge estimates for a given reach of the valley. Computed downstream 

discharge magnitudes were compared to estimates of discharges for the southern outlet, in an 

attempt to better understand the relationships between valley geomorphology and the 

chronology of events associated with Glacial Lake Agassiz. 

RESEARCH SITES 

Two research sites were chosen for this project. Research Site 1 was located at the 

southern outlet of Glacial Lake Agassiz in west-central Minnesota (Figure 5). Research Site 

2 was Pool No. 10, a reach of the Mississippi River located between northeastern Iowa and 

southwestern Wisconsin (Figure 6). These sites were chosen for study because they 



contained excellent geomorphic evidence useful in the reconstruction of the paleohydrology 

of upper Mississippi River between 14,000 and 9,000 14C years B.P. 
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Research Site 1 includes the southernmost margin of Glacial Lake Agassiz and the 

channels of the southern outlet (Figure 5)0 Researchers attempting to reconstruct the history 

of the lake suggest that Glacial Lake Agassiz may have drained through the southern outlet 

between 11,700 to 10,800 14C years B.P. and again between 9,900 to 9,500 14C years B.P. 

(Elson 1967; Arndt 1977; Clayton and Moran 1982; Clayton 1982, 1983; Matsch 1983; 

Fenton et al. 1983; Teller 1985, 1987, 1990a,b; Lowell and Teller 1995). Water flowed from 

the southern outlet into the Minnesota River valley, joining the Mississippi River valley 

downstream near Minneapolis, Minnesota (Figure 2). 

Research Site 2 represents an approximately 54 kilometer reach of the Mississippi 

River extending from Lock and Dam No. 10 at Guttenburg, Iowa, upstream to Lock and Dam 

No.9 at Harpers Ferry, Iowa (Figure 6). Approximately halfway along this reach the 

Mississippi River is joined by the Wisconsin River from the east. This site was chosen 

because of the wealth of geomorphic features that allowed channels of the Mississippi River 

to be reconstructed. 



CHAPTER 4: DISCHARGE ESTIMATES AT THE SOUTHERN 

OUTLET OF GLACIAL LAKE AGASSIZ 

INTRODUCTION 
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At various times Glacial Lake Agassiz was the primary source of water for the upper 

Mississippi River. Overflow from the lake passed through an outlet in the Big Stone Moraine 

and flowed southward through the Minnesota-Mississippi River system. The southern outlet 

may have been active between 11,700 and 10,800 14C years B.P. and again between 9,900 and 

9,500 14C years B.P. 

PREVIOUS WORK 

The first serious attempts to estimate the discharge capacity of the southern outlet 

were made by Matsch (1983). His estimates were based on the well known Manning 

equation that is given by: 

(1) 

where Q is discharge in m3s- l
, A is cross-sectional area in m2

, n is the coefficient ofroughness 

(dimensionless), R is the hydraulic radius in meters, and S is the energy gradient 

(dimensionless) approximated by channel gradient. 

Matsch (1983) estimated the discharge of Glacial Lake Agassiz at three stable lake 

levels, or stages, by performing discharge calculations for a channel that could be associated 

with each stage. In each of the channels, a single, representative cross-section was selected 
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and used to approximate the cross-sectional area. The locations of the cross-sections selected 

by Matsch for the Campbell and Tintah stage channels are shown in Figure 5. The cross

section for the Herman stage channel was located near Ortonville, which is more than 50 km 

downstream of the location were the outlet passes through the Big Stone Moraine (Figure 2). 

Matsch used a range of possible channel slopes and surface roughness values to generate 

possible discharges for each stage. His values for the channel slope ranged from 0.1 mlkm to 

0.5 mIkm. Matsch (1983, p. 243) states that channel roughness values of n = 0.03 to n = 0.10 

was chosen as a " ... range valid for major streams with a top width greater than 30 m and a 

bouldery channel floor." All of his calculations were performed assuming bankfull 

discharges. 

Based on the Manning equation (Equation 1), and the morphology of the outlet 

channels, Matsch (1983) estimated that, during times of outlet stability, bankfull discharges 

ranged from 7.3 x 103 m3s-1 to 1.3 x 105 m3s- 1 with an average value around 4 x 104 m3s- l
• He 

produced estimates for three different lake stages that are summarized in Table 2. In addition 

to these estimates, Matsch (1983, p. 243) also suggested that occasional discharges reaching 

1 x 10" m3s-1 would not have been unreasonable. 

There is a possible flaw in the discharge estimates produced by Matsch (1983). In 

order to generate accurate discharge estimates using the Manning equation (Equation 1) it is 

necessary to chose cross-sections in channel reaches were the flow is both steady and 

uniform. Matsch does not state whether or not these conditions can be assumed in the cross

sections used for his estimates. It appears, however, that uniform flow cannot be assumed for 

the cross-section associated with the Tintah stage outlet channel since the channel narrows 
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P ALEOHYROLOGY OF THE SOUTHERN OUTLET 

TABLE 2 

Herman Stage Channel 
Channel width = 1200 m: Channel depth = 12.2 m. 

n = 0.03 n =0.1 
S =0.1 m/km S =0.1 m/km 
Q = 2.6 X 10

4 
m 3s·

1 Q = 7.3 X 10
3 

m
3
s·

1 

n = 0.03 n =0.1 
S =0.5 m/km S = 0.5 m/km 
Q = 5.8 X 10

4 
m

3
s·

1 Q = 1.7 X 104 m3s·1 

Average discharge (Q) = 2.7 x 10
4 

m3s·
1 

Tintah Stage Channel 
Channel width = 6000 m : Channel depth = 7.6 m. 

n = 0.03 n = 0.1 
S =0.1 m/km S = 0.1 m/km 
Q = 5.9 X 10

4 
m

3
s·

1 Q = 1.8 X 104 
m

3
s·

1 

n = 0.03 n =0.1 
S =0.5 m/km S =0.5 m/km 
Q = 1.3 X 105 

m
3
s·

1 Q = 4.0 X 104 
m

3
s·

1 

Average Discharge (Q) = 6.2 x 10
4 

m
3
s·

1 

Campbell Stage Channel 
Channel width = 4500 m : Channel depth = 6 m. 

n = 0.03 n =0.1 
S =0.1 m/km S = 0.1 m/km 
Q = 3.0 X 104 m3s·1 Q = 8.9 X 103 

m
3
s·

1 

n = 0.03 n=O.l 
S =0.5 m/km S = 0.5 m/km 
Q = 6.6 X 10

4 
m3s·1 

Q = 2.0 X 10
4 

m
3
s·

1 

Average Discharge (Q) = 3.1 x 104 m3s·1 

Modified from Matsch (1983) 
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downstream (Figure 5). This observation suggests that the discharge estimates calculated by 

Matsch should be interpreted with caution. Other researchers (Teller and Thorleifson 1983; 

Kehew and Clayton 1983; Kehew and Lord 1987a; Smith and Fisher 1995) working on other 

channels flowing into and out of Glacial Lake Agassiz may also have similar biases in their 

results due to the limitations of the Manning equation (Equation 1). 

Matsch (1983, p. 231) suggests that Glacial Lake Agassiz had a water surface 

elevation of 299 m a.s.1.(980 ft) while it stood at the Campbell strandline. He estimated that 

the water depth necessary for a bankfull discharge in the outlet channel associated with the 

Campbell stage was 6 m. The elevation that Matsch assumed for the floor of Campbell stage 

outlet channel was not stated in his 1983 paper. However, the elevation of its swampy, 

boulder strewn floor around White Rock, Minnesota, was given by Wright et al. (1965) and 

Matsch and Wright (1967) to be about 297.5 m a.s.!. (976 ft). Therefore, in order for a 

bankfull flow to have occurred in the outlet channel the lake would have had to rise more 

than 4 m over the lake's water surface elevation reported by Matsch (1983). Fluctuations in 

the level of the lake were probably common, and it is likely that the bankfull flows suggested 

by Matsch occurred, however, the fact that it would have required the lake level to rise more 

than 4 m is not noted by Matsch. Teller et al. (1983) estimated that Glacial Lake Agassiz 

reached a maximum size of around 350,000 km
2 
during the Emerson phase. In order for the 

lake to have risen 4 m at this time, an additional 1.4 x 1012 m3 of water would have had to 

enter the lake. This estimate assumes that the areal extent of the lake remained unchanged. 

Wiele and Moores (1989, p. A60) used flood transported boulders to estimate that the 

discharge of Glacial Lake Agassiz may have " ... consisted of mean melt-season flows of 
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5 X 104 m3s· I 
••• " They generated this estimate after analyzing alluvial sediments found in the 

valley downstream of the lake. They based their estimates on the assumption that the size of 

the largest clasts in these deposits was a reflection of the competence of the flow to transport 

them. The depth of the flow required to transport the largest boulders was estimated using 

the competent depth method. Discharge was obtained by multiplying the estimated depth of 

flow by the valley width, channel slope and surface roughness. The location and geomorphic 

associations of the deposits were not detailed so it was not possible to reconstruct their 

analysis or relate their discharge estimates to a particular lake stage. In addition, the 

estimates produced by Wiele and Moores (1989) may include the same bias found in the 

estimates made by Matsch (1983) since the basis of their discharge calculation is still the 

Manning equation (Equation 1). 

NEW DISCHARGE ESTIMATES FOR THE SOUTHERN OUTLET 

In order to test the reliability of the discharge estimates made by Matsch (1983) a 

series of discharge estimates were made using a HEC-2 water profile modeling program. The 

major advantage of this program is that steady, gradually varied flows can be used to obtain 

more realistic discharge estimates. The program is based on the standard step method of 

discharge calculation described by Chow (1959). To run the program, cross-sections of the 

outlet channel were entered to create a computer model. Simulated discharges were then 

passed through the modeled channel to generate a discharge rating curve. 

The reconstruction of various channels at the southern outlet was performed in three 

steps. The first step involved the creation of a HEC-2 model of the present valley. 



61 

The second step involved the estimation of the slope of the channel being reconstructed. The 

final step was to merge the data on the slope of the channel with the HEC-2 model of the 

present valley in order to generate a HEC-2 model of the channel. For the purposes of this 

study, HEC-2 models were only produced for the channels associated with the Tintah and 

Campbell lake stages. HEC-2 models were not produced for channels associated with the 

higher Herman and Norcross lake stages due to a lack of information on that to base a 

channel reconstruction. 

The HEC-2 model of the present valley was based on seven cross-sections. The 

location of each cross-section is shown on Figure 5. Data on the position and elevation for 

the features in each cross-section was obtained from topographic maps of the region. All 

data were entered in accordance with the guidelines presented by Feldman (1982) and 

Hoggan (1992). 

The second step was to determine the elevation of the channel bottom at each cross

section for the particular channel under investigation. This was done by determining the 

channel bottom elevation at two points, and then estimating the overall slope of the channel 

between them. From this information an equation was derived to estimate the elevation of 

the channel bottom at each cross-sections. 

At White Rock, Minnesota, boulders have been observed covering the floor of the 

outlet channel associated with the Campbell stage. If these boulders are representative of the 

former channel bottom it would suggest that Holocene sedimentation and erosion have not 

significantly altered this surface since the channel was active. The elevation for the floor of 
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the Campbell stage outlet channel near White Rock, Minnesota, is assumed to be 297 m a.s.l. 

(975 ft). This elevation was used for the elevation of the Campbell stage channel bottom at 

the furthest upstream cross-section in the HEC-2 model (Figure 5)0 

Drill cores taken by Swain (1992) from Big Stone Lake, just downvalley from 

Browns Valley, Minnesota, show that there has been at least 2.7 to 4.3 m (9 to 14 ft.) of 

Holocene sedimentation in the lake (Figure 2). This lake has a water surface elevation of 

294.4 m a.sol. (966 ft.) and a maximum depth of at least 406 m. If 4.3 m of sedimentation is 

assumed in the deepest parts of the lake then the maximum elevation of the Campbell 

channel is about 285.6 m a.s.l. The distance between White Rock, Minnesota, and the 

deepest part of Big Stone Lake is estimated to be 63 km. Based on this data, I estimated that 

the minimum channel slope of the channel associated with the Campbell stage is 0.18 m/kin. 

To be conservative this estimate is rounded to 0.2 mIkm. No allowance was made in the 

HEC-2 model reconstruction of the Campbell stage channel for local variations in channel 

slope. 

Using the known channel bottom surface elevation of the Campbell stage channel at 

White Rock, Minnesota, and the assumed channel slope, an equation was derived to calculate 

the channel bottom elevation at each of the cross-sections used in the HEC-2 model. 

This equation is given as: 

Channel Bottom Elevation (m a.s.l.) = 297 m - (000002) X (2) 
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where X is the distance in meters measured downstream from cross-section 1 (Figure 5). The 

data for each cross-section is shown in Table 3. These results are consistent with data on the 

minimum depth of Holocene sedimentation in Lake Traverse, based on drill cores take by 

Swain (1992), and the estimated minimum depth to the Campbell stage channel bottom near 

Browns Valley, Minnesota, made by Matsch and Wright (1967). 

A section of a channel associated with the Tintah stage is preserved near Wheaton, 

Minnesota (Figure 5). This channel floor has an elevation about 301.7 m (990 ft.) and joins 

the Campbell stage channel just south of White Rock, Minnesota. Wright et al. (1965), 

Matsch and Wright (1967), and Matsch (1983) proposed that this section of the outlet 

channel was abandoned as another section of the channel downcut and produced the channel 

associated with the Campbell stage. Using 301.7 ill (990 ft.) for the elevation of the channel 

floor at the upstream cross-section (cross-section 2, Figure 5), and assuming that the channel 

slope of the Tintah stage channel was the same as the channel slope of the Campbell stage 

channel, an equation was derived to estimate the elevation of the channel bed in each of the 

modeled cross-sections. This is given by: 

Channel Bottom Elevation (m a.s.l.) = 301.7 m - (0.0002) X (3) 

where X is the distance downstream from cross-section 2 in meters (Figure 5). The results 

for each cross-section are shown in Table 4. 

In order to produce HEC-2 models for the Campbell and Tintah stage outlet channels 

the HEC-2 model of the present valley was modified based on the estimated channel bed 
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TABLE 3 

ELEVATION OF CAMPBELL STAGE OUTLET CHANNEL BOTTOM 

Cross-section 
Number 

1 
2 
3 
4 
5 
6 
7 

Distance downstream 
from cross-section 1 

in meters 

o 
16200 
27500 
34500 
39lO0 
43900 
50000 

Estimated elevation 
of the Campbell Stage 

outlet channel bottom in 
meters (a.s.l.) 

296.9 
293.6 
291.4 
290.0 
289.0 
288.1 
286.9 
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TABLE 4 

ELEVA nON OF TINTAH STAGE OUTLET CHANNEL BOTTOM 

Cross-section 
Number 

2 
3 
4 
5 
6 
7 

Distance downstream 
from cross-section 2 

in meters 

o 
11300 
18300 
22900 
27700 
33800 

Estimated elevation 
of the Tintah Stage outlet 

channel bottom in 
meters (a.s.l.) 

301.7 
299.5 
298.0 
297.1 
296.2 
294.9 
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elevation at each cross-section (Tables 2 and 3). The reconstruction of the Campbell stage 

channel required that the model of the present valley be adjusted to account for Holocene 

sedimentation that has buried the channel below the level of the modern land and lake 

surfaces. To simulate the Campbell stage channel a channel was created in the model that 

was inset below the level of the modem ground surface at each cross-section. The elevation 

of the channel bottom at each cross-section corresponded to the elevation data shown in 

Table 3. The width of the inset channel at each cross-section in the model was estimated 

based on the morphology of each cross-section. The estimated channel bed elevations of the 

Tintah stage channel were generally above the modern surface elevations. All points that had 

an elevation below the estimated elevation of the Tintah stage channel (Table 4), in a 

particular cross-section, were deleted. 

The HEC-2 water surface profile model requires that a value for the channel surface 

roughness (a Manning's "n" value) be assigned for each reach of the modeled channeL It has 

been noted previously that Matsch (1983) used a range of roughness values from n = 0.03 to 

n = 0.10, based on expected Manning's roughness values for boulder paved streams with top 

widths greater than 30 m. For the purpose of this study, a surface roughness of n = 0.035 was 

used in all HEC-2 model simulations. Experiments on the effects of different surface 

roughness values on HEC-2 model simulations suggest that increasing the surface roughness 

results in an overall increase in the water surface elevation for any given discharge. 

Increasing surface roughness values in the model should have the impact of decreasing the 

estimated discharge through the outlet for any given lake water surface elevation. 
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Based on the simulations run with the HEC-2 water profile modeling program it was 

possible to generate rating curves for various cross-sections of the Campbell and Tintah 

outlet channels. The rating curve for the furthest upstream cross-section of the Campbell 

stage outlet channel is shown in Figure 7. The rating curve for the furthest upstream cross

section of the Tintah stage outlet channel is shown in Figure 8. These cross-sections were 

chosen for study because they are the most lakeward cross-section in each of the modeled 

channels. It was assumed that the water surface elevation in the outlet channel at these cross

sections was identical to the estimated water surface elevation of the lake. All simulations 

were run assuming subcritical flow conditions. 

Figure 7 shows the discharge rating curve generated by the HEC-2 water profile 

modeling program for the furthest upstream cross-section of the Campbell stage outlet 

channel (cross-section 1, Figure 5). The elevation of the channel bottom at this location was 

assumed to be 297 m a.s.!. (975 ft). Matsch (1983, p. 231) states that Glacial Lake Agassiz 

had a water surface elevation of 299 m a.s.l. (980 ft) while it was at the Campbell stage. This 

would imply a water depth in the outlet channel near White Rock, Minnesota, of around 

1.5 m. If the rating curve generated by the HEC-2 model is correct, then the discharge of the 

lake while it stood at this stage was less than 5,000 m3s· l
• Matsch estimated the bankfull 

water depth for the Campbell stage outlet channel at 6 m, this would imply a lake water 

surface elevation of 303 m a.s.l. (995 ft) and a discharge from the lake around 17,000 m3s· l
• I 

estimate that a bankfull discharge in the outlet channel would only require a lake water 

surface of 302 m a.s.l. (990 ft) that would imply a discharge of about 14,000 m3s· l
• If the 

results from the HEC-2 model simulations are correct they suggest that Matsch generally 
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overestimated the discharge of the lake at this stage. For comparison, the 1993 flood on the 

Mississippi River had a peak discharge of 5,352 mls· l at McGregor, Iowa. The rating curve 

for this cross-section can not be extrapolated above 303 m. 

Figure 8 shows the discharge rating curve generated by the HEC-2 program for the 

furthest upstream cross-section of the Tintah stage outlet channel model (cross-section 2, 

Figure 5). The channel bed elevation at this cross-section is estimated at 301.7 m a.s.L 
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(990 ft). Matsch (1983) assumed that the bankfull stage of this channel was 7.6 m, that 

implies a lake water surface elevation around 309.3 m a.s.l. (1015 ft). If the rating curve is 

correct, then the lake would have had a discharge around 18,000 mls· l at this stage. However, 

Matsch (1983, p. 231) states that the water surface elevation of the lake during the Tintah 

stage was 311 m (1020 ft). This higher water surface elevation implies a discharge closer to 

24,000 mlsl. 

The amount of water flowing out of the lake was a reflection of the amount of water 

flowing into the lake (Matsch 1983). Since most of the water flowing into the lake was from 

meltwater, it should not be surprising that the discharge would have varied with regional 

meltwater production. Periods of high meltwater production in the basin should also have 

been periods of high discharge from the lake. The bankfull stage of a modern river is 

generally reflective of the 1.5 year flood event (Dunne and Leopold 1978, p.621). If the 

outlet channels functioned like a modern river, then it is possible that their shape was 

adjusted to the discharge of the most common flood from the lake. This seems unlikely, but 

if it is true, then the bankfull stage discharge estimates may reflect the average annual flood 



from the lake. This theory would also imply that, for the majority of the time, the discharge 

from the lake was much smaller than the bankfull discharges. 

CATASTROPHIC FLOODS 
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It has been suggested by Matsch (1983), Wiele and Moores (1989) and Moores and 

Wiele (1989) that there may have occasionally been very large floods passing through the 

southern outlet. Based on flood transported boulders, Wiele and Moores (1989) and Moores 

and Wiele (1989), estimated that there may have been at least one flood with a discharge of 

3 x 105 m3s- l
• Matsch (1983, p. 243) claimed that it is not unreasonable to believe that there 

could have been floods with discharges as large as 106 m3s- l
• These floods might have been 

associated with periods of outlet downcutting and the lowering of the lake level. Since floods 

of this magnitude could have had a significant impact on the geomorphology of the entire 

river valley it was necessary to determine if these prior estimates of flood magnitudes were 

reasonable. 

The first step in determining if there could have been such extreme discharges from 

Glacial Lake Agassiz was to determine a possible mechanism for their origin. Two different 

mechanisms have been suggested by various authors. A number of authors have suggested 

that the failure of other glacial lakes in the region could have routed large volumes of water 

into Glacial Lake Agassiz that in tum produced large floods on the Minnesota and 

Mississippi rivers. Another possibility is that glaciers surging into the lake displaced huge 

volumes of water and increased the discharge from the lake. Both mechanisms are known to 
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have happened at various points in the history of the lake, but their link to former discharge 

magnitudes at the southern outlet of Glacial Lake Agassiz has not been shown quantitatively. 

There are a number of glacial lakes that may have failed and spilled water into Glacial 

Lake Agassiz. Some of these include Glacial Lake Regina, Glacial Lake Souris, and Glacial 

Lake Hind (Kehew and Clayton 1983; Kehew and Lord 1986, 1987 a,b). These glacial lakes 

formed across parts of North Dakota and south central Canada (Figure 1). The basins in that 

they formed are currently linked by a system of spillways. The geomorphology and 

sedimentology of the spillways suggest that these lakes failed catastrophically (Kehew and 

Clayton 1983; Kehew and Lord 1986, 1987 a,b). Kehew and Clayton (1983, p. 204) argued 

that the failure of this chain of lakes may have occurred in a domino-like fashion, with the 

failure of an upstream lake causing, in tum, the failure of downstream lakes. They estimated 

that the failure of these lakes may have routed l.1 x lOll m3 of water into Glacial Lake 

Agassiz over a period of 13.1 days. The estimated discharge flowing into Glacial Lake 

Agassiz during these failures was 9.7 x 104 m3s- 1
• This discharge estimate should be 

interpreted with caution, however, since it was calculated with the Manning equation. Based 

on the Pembina Underflow Fan (Figure 1), that was formed as debris settled out from the 

flood waters entering the lake, the floods appear to have entered the lake while it stood at 

either the Herman strandline or at some higher level (Kehew and Clayton 1983, p.206) and, 

therefore, predates the formation of the Tintah and Campbell stage outlet channels. 

However, correlations between scattered beach remnants within the basin are tenuous and it 

is possible that the lake had dropped to one of the lower outlet levels (Fenton et al. 1983). 

The additional discharge from these lake failures added to the normal discharge of the Glacial 
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Lake Agassiz at the Herman stage could have tripled the discharge through the southern 

outlet. If the outlet also began to downcutting at this time, then the discharge may have even 

been greater. It does not appear, however, that the failure of these lakes could have produced 

a discharge of 1 x 106 m3s·1 at the outlet since the discharge into Glacial Lake Agassiz was an 

order of magnitude smaller. 

Wiele and Moores (1989) suggest that glacial surges into the lake could have 

produced discharges of 3 x 105 m3s·1 through the southern outlet. They state that if a 400 km 

section of the ice front that made up the northern edge of the lake were to have advanced at a 

rate of 0.004 m S·I it would have produced the estimated discharge. They do not, however, 

produce direct evidence that shows that there actually were glacial surges of this magnitude 

into the Glacial Lake ,A~gassiz basin. Instead, they based their discharge estimates of on the 

sizes of flood transported boulders in the Minnesota River valley. 

To test the ability of the outlet to carry discharges as large as those suggest above, an 

estimate was made of its maximum discharge carrying capacity. This estimate was made 

using a modification of the St. Venant equation. This theoretical equation, used to predict 

maximum flood discharges following a dam failure, was reviewed by Land (1980) and Costa 

(1988). The equation is given by, 

where Qrnax is the maximum discharge in m3s· l
, g is acceleration due to gravity in ms·2

, h is the 

elevation of the lake's water surface minus the base elevation of the breach in meters, and W 
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is the width of the breach in meters. This equation assumes a rectangular breach. To 

determine the maximum capacity of the outlet a discharge estimate was made in its the 

narrowest section, the place where it passes through the Big Stone Moraine. This location 

corresponds to cross-section 5 shown on Figure 5. The maximum width of the channel at this 

location was estimated at 1350 m. The elevation of the channel bottom was assumed to be 

identical to the elevation (288 m a.s.l.) that was used in the HEC-2 model of the Campbell 

stage outlet channel for this cross-section. The maximum water surface elevation was 

assumed to be 326 m a.s.l. This is the elevation of the channel bottom of Fish Creek (Figure 

5). Matsch and Wright (1967) suggested that this channel, that is located southeast of the 

main outlet, was an early spillway for the Glacial Lake Agassiz. Based on the modern 

geomorphology of the area, it appears that this channel may have formed through ice cored 

terrain. The spillway appears to passes through a number of kettles and is poorly preserved. 

Since this channel is above the level of the Herman Beaches (323 m a.s.l.), it must have been 

abandoned early in the lake's history. This relationship implies that the maximum possible 

depth of water was about 38 m. 

Qrnax = (8/27)gl/2 h3/2 W (4) 

Width (W) = 1350 m, Depth (h) = 38 m 

This discharge estimate is consistent with the estimate made by Wiele and Moores (1989) 

based on flood transported boulders. If the calculation made with Equation 4 is correct, it 
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implies that flood peaks with discharges on the order of 106 m 3s·1
, which was suggested by 

Matsch (1983), would have been unreasonably large, Furthermore, the discharge estimate 

made using Equation 4 may be biased too large, due to the limitations of the equation (Costa 

1988), 

The final step involved an assessment of the magintude of a flood wave at Research 

Site 2 (Figure 6) if the discharge at the outlet was 3 x 105 m 3s·1
, This assessment was made 

using equations that estimate down valley flood wave attenuation, Attenuation causes a 

decrease in both the height of the flood wave at its peak and the maximum discharge 

measured at that point Costa (1988) reviewed a number empirical equations for the 

calculation of flood wave attenuation, and the envelope curves for two of his equations are 

used here to place limits on the maximum discharge of the flood wave at Research Site 2, 

Both equations are based on observations of flood waves that were produced by modem dam 

failures, The first equation is applicable to generally steep, narrow valleys: 

Q, = 10011 OO(Xl2h (5) 

Here the discharge (Q,) at position x (km) is given as a percent of the initial discharge at the 

dam site, The second equation is a much more conservative estimate that Costa (1988) 

suggests may be valid for broader, more open valleys: 

Q, = 10011 OO(X)52X (6) 
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The Research Site 2 is located about 660 kIn from the southern outlet (Research 

Site 1). Based on the results of Equation 5 it is expected that a 3 x 105 m3s· 1 flood wave at the 

outlet would have been reduced to just 1.2 x 10
4 m3s·1 (4 %) by the time it reached the 

Research Site 2. The results using Equation 6 suggest that the same flood wave would have 

been reduced to just 1.1 X 102 m3s·1 (0.037 %) at Research Site 2. If these results are 

compared against the bankfull discharge estimates made at the southern outlet, it is apparent 

that they are either of similar magnitude or smaller. The application of equations 5 and 6 

indicate that even large flood waves produced at the outlet probably would have only minor 

significance to the river around and downstream of Research Site 2. 

The attenuation of flood waves passing through the Glacial Lake Agassiz outlet may 

not be analogous to the attenuation of flood waves reSUlting from modem dam failures. In 

modern dam failures, the duration of high discharge events (flood waves), are measured from 

minutes to as long as a day (Costa 1988). The duration of the high discharge events from 

Glacial Lake Agassiz probably lasted days, weeks, or even months (Clayton and Kehew 

1983; Matsch 1983; Fisher and Smith 1995). High discharge events, with very long 

durations at the outlet, probably would not have attenuated in the manner described above 

and could have had a major impact on the entire valley. However, since there is little 

information on the possible occurrences or durations of any unusually large floods from 

Glacial Lake Agassiz, it is impossible to accurately determine the magnitude they may have 

had 660 kIn downstream at Research Site 2. 



77 

CONCLUSION 

If the HEC-2 model simulations for the discharge capacities of various channels 

associated with the southern outlet of Glacial Lake Agassiz are correct, then the bankfull 

discharges from the lake at various times were smaller than has been estimated by previous 

researchers. Matsch (1983) estimated the that bankfull discharge of the Campbell stage 

outlet channel (Lockhart and Emerson phases, Table 1) may have been as large as 6.6 x 104 

m3s· 1 (Table 2). Estimates for this channel using the HEC-2 model indicate that the bankfull 

stage discharge was around 1.4 x 104 m3s· l
• Similarly, Matsch estimated the bankfull 

discharge of the Tintah stage outlet channel (Lockhart phase, Table 1) may have been as large 

as 1.3 x 105 m3s· 1 (Table 2). HEC-2 model simulations suggest that the bankfull discharge of 

the Tintah outlet channel was around 2.7 x 104 m3s· l
• The significance of these bankfull 

discharge estimates is unknown, but it can be speculated that they could represent flood 

magnitudes with high recurrence frequencies. HEC-2 model simulations indicate that the 

average discharge of the lake was probably less than 5,000 m3s·1 while it was at the Campbell 

stage. 

Matsch (1983) proposed that the discharge from Glacial Lake Agassiz may have 

ranged as high as 106 m3s· l
• Estimates of the maximum discharge capacity of the outlet based 

on its geomorphology suggest that the maximum discharge from the lake could have ranged 

as high as 3 x 105 m3s· l
• The downstream attenuation of these discharges on the upper 

Mississippi River is uncertain, because standard dam-break flow attenuation models are not 

applicable to the Glacial Lake Agassiz outlet failure. 



CHAPTER 5: DISCHARGE ESTIMATES ON THE MISSISSIPPI 

RIVER 

INTRODUCTION 
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Discharge capacity estimates were made for a number of upper Mississippi River 

channels that were believed to have been active during the period under investigation. Two 

major channels that may be representative of this period include the Bagley Channel and the 

Prairie du Chien Channel. These channels were reconstructed based on geomorphological 

and sedimentological evidence found along the Mississippi River Valley in Research Site 2 

(Figure 6). The discharge capacity estimates for these channels was then compared with 

discharge estimates made for the southern outlet of Glacial Lake Agassiz. 

THE BAGLEY CHANNEL 

As the upper Mississippi River downcut below the level of the Savanna and Pine 

Bend terraces it formed a new channel. This channel initially carried the discharge from the 

retreating glaciers, and later the discharge from glacial lakes Agassiz and Duluth. This 

channel is referred to as the Bagley Channel. 

The dimensions of the Bagley Channel were defined based on the geomorphology of 

the present upper Mississippi River valley. Knox (1996, p. 11) observed that fluvial 

erosional landform features are dramatically expressed on the surfaces of many Bagley 

Terrace remnants. He suggests that these features originated in deep erosive flows that 

flowed over the terrace surface. This observation is interpreted to indicate that the present 
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surface of the Bagley Terrace was once the floor of the Bagley Channel. The assumption was 

made, for modeling purposes, that the channel stretched from valley wall to valley wall. The 

fact that few Savanna Terrace remnants are preserved in the main upper Mississippi River 

valley supports this assumption. It was also assumed that the Savanna Terrace surface was 

equivalent to the bank tops of the Bagley Channel. Since the major source of water in this 

channel should have been Glacial Lake Agassiz, and this lake was a source of gray clay, the 

lack of gray clay in the upper deposits of the Savanna Terrace suggests that the banks of the 

channel were not commonly overtopped. 

Discharge estimates were made for the Bagley Channel using a HEC-2 water profile 

modeling program. The methodology used to construct the HEC-2 model of the Bagley 

Channel was similar to the methodology used to construct HEC-2 models of the Campbell 

and Tintah channels at the southern outlet of Glacial Lake Agassiz. The channel 

reconstruction was performed in three steps. The first step involved the creation of a HEC-2 

model of the modern Mississippi River valley. The next step involved the determination of 

the elevation of the Bagley Terrace at each cross-section in the model. The final step was to 

merge these two data sets in order to create a model of the Bagley Channel. 

The HEC-2 model of the modern Mississippi River valley was based on eight cross

sections. Their locations along the valley are shown in Figure 6. These cross-sections were 

selected so as to include many of the significant geomorphic features in the research area. 

Data on the position and elevation of features in each cross-section were taken from 1931 

War Department Corps of Engineers maps of the upper Mississippi River valley and from 
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recent topographic maps. All data were entered in accordance with the guidelines presented 

by Feldman (1982) and Hoggan (1992). 

The next step was to find the elevation of the Bagley Terrace at each cross-section. 

The assumption is made that the terrace surface was equivalent to the bottom of the Bagley 

Channel. Knox (1996) identified the locations and surface elevations of remnants of the 

Bagley Terrace landform along western Wisconsin, southeastern Minnesota, and northeastern 

Iowa. The results of this survey are shown in Figure 4. A "least-squares" regression curve 

was fitted to the terrace data and an equation for the slope of the terrace was derived (Knox 

1996). 

'T' _fOf\00128)v. 1031-.leiev-\.V J. L\..TIO. HI (7) 

Where Telcv is the elevation of the Bagley Terrace Surface at a distance (X) upstream of 

Dubuque, Iowa. 

The Bagley Terrace landform represents a number of closely related erosional 

surfaces of various elevations. Equation 7 describes the composite average gradient for the 

Bagley surface. Knox (1996) notes, however, that there are systematic departures from this 

average surface along this reach of the river. He suggests that these departures are related to 

variations in the valley width that may have influenced the erosive potential of flows that 

shaped the surface of the Bagley Terrace. 

For each cross-section of the modern Mississippi River valley model, an estimation 

was made of the Bagley Terrace elevation (Table 5). This was considered to be the elevation 



Cross-section 
Number 

1 
2 
3 
4 
5 
6 
7 
8 

TABLE 5 

ELEVATION OF BAGLEY TERRACE SURFACE 

Distance upstream 
from Dubuque, Iowa 

in meters 

58600 
64200 
71600 
77400 
80900 
85900 
92600 

101100 

Elevation of Bagley 
Terrace in meters (a.s.l.) 

190.6 
191.3 
192.3 
193.0 
193.5 
194.1 
195.0 
196.0 
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of the channel bottom at that location. All data points in the cross-section that had an 

elevation lower than this estimate were deleted. This produced a model of the Bagley 

Channel on that discharge estimates could be made. 
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An estimate of the channel roughness was entered in order to run the HEC-2 model. 

For simplicity. an average Mannings "n" value of 0.035 was chosen for the channel 

roughness along the entire research area. This value was chosen for two reasons. The first is 

that sand dominates the sediments that underlie the Bagley Terrace landform in the main 

valley. These deposits would not have made the channel surface rough enough to warrant a 

higher Mannings "n" value. The second was based on simulations of modern floods in this 

reach of the Mississippi River. These simulations showed that the channel roughness 

approached this average value in large floods. 

The results of the HEC-2 model simulations showed that the Bagley Channel could 

have carried a magnitude of about 30,000 m3s- 1 of water (Knox 1996). These simulations 

assumed that water flowing in the channel did not overtop the banks of the channel and cover 

the surface of the Savanna Terrace. This limited the depth of the water in the channel to less 

than 13.7 m based on the average differences in the elevations of the Savanna Terrace and 

Bagley Terrace surfaces through this reach of the valley (Figure 4). The elevation of the 

Savanna Terrace surface was determined using a "least squares" regression curve in a manner 

similar to that that was done to determine the surface of the Bagley Terrace (Table 6). 
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TABLE 6 

ELEVA nON OF SA V ANNA TERRACE SURFACE 

Cross-section 
Number 

1 
2 
3 
4 
5 
6 
7 
8 

Distance upstream 
from Dubuque, Iowa 

in meters 

58600 
64200 
71600 
77400 
80900 
85900 
92600 

101100 

Estimated elevation of the 
Savanna Terrace in 

meters (a.s.l.) 

205.5 
206.3 
207.3 
208.1 
208.5 
209.2 
210.1 
211.3 
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THE PRAIRIE DU CHIEN CHANNEL 

At some point after the Mississippi River stabilized near the Bagley Terrace level and 

created the Bagley Channel, it resumed downcutting. This downcutting dropped the channel 

bottom below the level of the modern floodplain and created a new channel. This fact was 

recognized by Church (1984) based on drill cores taken from the main channel of the river 

near Prairie du Chien, Wisconsin. Church estimates that the depth of the Holocene alluvium 

that fills this incised channel is at least 12.2 m (40 ft) to more than 30 m (100 ft). The deeply 

incised channel is referred to here as the Prairie du Chien Channel (Figure 3). 

The HEC-2 model reconstruction of the Prairie du Chien Channel is based on the 

modern Mississippi River valley model and the observed depth of Holocene alluviation in the 

channel. A geologic cross-section of the sedimentology of the valley, constructed by Chmch 

(1984) from drill cores, enabled the Prairie du Chien Channel to be reconstructed in the 

HEC-2 model cross-section of the river near Prairie du Chien, Wisconsin (cross section 6, 

Figure 6). The dimensions of this channel were estimated from the geomorphology and 

sedimentology of the cross-section. 

Figure 3 shows the HEC-2 model cross section of the Mississippi River at Prairie du 

Chien, Wisconsin, as it appears looking downstream. The elevation of the Bagley Terace 

surface at this location was estimated at 194 m a.s.l. using Equation 7. Two terrace levels are 

shown on Figure 3, but they appear to straddle this elevation. Sedimentological data from 

Church (1984) indicates, however, that both terraces are probably Bagley Terrace remnants. 

The Prairie du Chien channel lies to the west of the lower terrace remnant. The width of the 

channel, from the western edge of the lower terrace to the far valley wall, is estimated to be 



1,500 m. The modern floodplain is about 7 m below the estimated elevation of the Bagley 

Terrace at about 187 m a.s.l. If there has been at least 12 m of Holocene sedimentation, as 

Church suggests, then the minimum depth of the Prairie du Chien Channel is 19 m. This 

assumes that the surface of the Bagley Terrace was the top of the river bank. 
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Once the dimensions of the Prairie du Chien Channel were reconstructed in the 

HEC-2 cross-section of the river at Prairie du Chien (Figure 3), they were extrapolated to 

other modeled cross-sections. The first step in reconstructing the entire channel was to 

estimate the channel bottom elevation at each cross-section. The slope of the channel was 

unknown, but since the slope of the Savanna Terrace surface (0.135 m/km), the Bagley 

Terrace surface (0.128 mlkm), and the modern floodplain are all around 0.1 m/km (Figure 4), 

this value was used. An equation was then derived to estimate the channel bottom elevation 

at each cross section. This is given by 

Telev = (0.0001) X + 166.4 m a.s.l. (8) 

Where Tele> is the elevation of the Bagley Terrace Surface at a distance (X) upstream of 

Dubuque, Iowa. The estimated channel bottom elevation for each cross-section is shown in 

Table 7. The width of the channel at each cross-section was estimated from the 

geomorphology of each cross-section, and ranged from 1,500 m to around 2,500 m. 

Simulations with the HEC-2 model of the Prairie du Chien Channel suggest that its bankfull 

discharge capacity was more than 60,000 m3s· l
• This discharge should be considered an 

estimate of the maximum discharge capacity of this channel. Simulations were run with 



TABLE 7 

ELEV A TION OF PRAIRIE DU CHIEN CHANNEL BOTTOM 

Cross-section 
Number 

2 
3 
4 
5 
6 
7 
8 

Distance upstream 
from Dubuque, Iowa 

in meters 

58600 
64200 
71600 
77400 
80900 
85900 
92600 

101100 

Estimated elevation 
of the Prairie du Chien 

channel bottom in 
meters (a.s.l.) 

172.3 
172.8 
173.6 
174.1 
174.5 
175.0 
175.7 
176.5 
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discharge capacity of this channel. Simulations were run with subcritical flow and assumed 

an average surface roughness (n = 0.035) along the entire reach of the channel. 

CONCLUSIONS 
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A number of glacial lakes discharged meltwater into the Mississippi River system 

after 14,000 14C years B.P. Some of these lakes, such as Grantsburg, Minnesota, and Benson, 

were small and relatively short lived. They formed along the margins of the ice and predated 

the formation of glacial lakes Agassiz and Duluth. What impact these small lakes may have 

had on the Mississippi River system is unknown. However, they probably were associated 

with the river's early downcutting episode and the initial formation of the Bagley Channel. 

Glacial Lake Duluth is believed to have discharged southward from 11,500 to 11,000 14C 

years B.P. (Phases A and B) and again from 9,900 to 9,800 14C years B.P. (Phase D)(Clayton 

1983, Farrand and Drexler 1985). The maximum possible discharge of Glacial Lake Duluth 

was estimated at 20,000 m3s·1 (Appendix 1). Glacial Lake Agassiz discharged water into the 

Minnesota-Mississippi River system from about 11,700 to 10,800 14C years B.P., and possibly 

between 9,900 and 9,500 14C years B.P. Compared to other glacial lakes, the discharge from 

Glacial Lake Agassiz was significantly larger. For example, the bankfull discharge of the 

Tintah stage channel (Lockhart phase, Table 1) was larger than the maximum possible 

discharge from Glacial Lake Duluth. In addition, the maximum possible discharge from 

Glacial Lake Agassiz was at least an order of magnitude larger than the maximum possible 

discharge from Glacial Lake Duluth (Appendix 1). Therefore, it is reasonable to believe that 

Glacial Lake Agassiz had a significant impact on the Mississippi River whenever it 
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discharged southward. The discharge capacity of the Mississippi River channels that were 

active at these times must have been large enough to carry the flows from Glacial Lake 

Agassiz and the various other lakes located in the river's headwater areas. Two channels that 

may be representative of the periods when Glacial Lake Agassiz discharged into the 

Mississippi River system are the Bagley Channel and the Prairie du Chien Channel. 

The maximum discharge capacity of the Bagley Channel is estimated at 30,000 m3s-1 

using a HEC-2 water profile modeling program. Estimates for channels associated with the 

Tintah and Campbell stages of Glacial Lake Agassiz suggest bankfull discharges of 27,000 

m3s- 1 and 14,000 m3s-\ respectively. Therefore, the discharge capacity of the Bagley Channel 

was sufficient to carry the normal flow of water from Glacial Lake Agassiz while it was at 

these stages (Table 1). The Bagley Charmel also was large enough to Cai!y the maximum 

discharge from Glacial Lake Duluth. Simultaneous floods from both Agassiz and Duluth 

could have overtopped the banks of the Bagley Channel. However, cutting and filling of the 

river channel probably occurred prior to its stabilization near the Bagley Terrace level and 

may have allowed larger flows to pass without the banks of the channel being overtopped. 

The maximum discharge capacity of the Prairie du Chien Channel is estimated at 

60,000 m3s- l
• This channel had a discharge capacity large enough to hold the bankfull 

discharge either of the Tintah or Campbell stage outlet channels combined with the 

maximum discharge from Glacial Lake Duluth. The maximum discharge capacity of this 

channel was probably greater than is estimated here since the depth of the channel is based on 

minimum amount of Holocene alluviation. 
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CHAPTER 6: CONCLUSIONS 

The geomorphology of the upper Mississippi River valley reflects the changes that 

occurred in the behavior of the river between 14,000 and 9,000 14C years B.P. The behavior 

of the river for part of this time was influenced by the presence of glacial lakes in its 

headwater areas. Of all of the glacial lakes that influenced the Mississippi River, the largest 

and most important was Glacial Lake Agassiz. The purpose of this paper is to evaluate the 

changes in runoff and alluvial activity that occurred in the upper Mississippi River Valley 

between 14,000 and 9,000 14C years B.P. and how Glacial Lake Agassiz may have influenced 

them. 

The strong link between the behavior of the river and Glacial Lake Agassiz is 

demonstrated by showing that changes in the behavior of the lake was mirrored in part by 

changes in the behavior of the river. Between 14,000 and 9,000 14C years B.P. four major 

quasi-stable periods are recognized in the behavior of the upper Mississippi River. These 

four quasi-stable periods are distinct phases in the evolution of the river and are separated by 

episodes of rapid change. The initial phase is characterized by the net aggradation of the 

river, to the Savanna Terrace level, in response to large volumes of outwash from headwater 

glaciers. This phase was followed by an early downcutting phase that predates about 12,200 

14C years B.P., but postdates the cessation of loess deposition around 13,400 14C years B.P. 

This early downcutting phase is associated with the retreating glacial margin and the moraine 

dam failures of a number of small glacial lakes. About 11,700 14C years B.P. Glacial Lake 

Agassiz (Cass phase) formed and discharged sediment-free water southward in to the 

Minnesota-Mississippi River system, further adding to the erosion of the valley. 
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Glacial Lake Duluth (phase A) began to discharge water southward through the St. Croix 

River valley around 11,500 14C years B.P. At this time water from both glacial lakes Agassiz 

and Duluth probably flowed in the Bagley Channel. By 10,800 14C years B.P. both lakes had 

dropped below the levels of their southern outlets and cut the river off from the source of 

most of its discharge. In response to the decreasing discharge, the central Mississippi River 

stabilized near the level of the Kingston Terrace surface. In the upper Mississippi River 

valley the river may have stabilized at or below the level of the Bagley Terrace. The 

southward flow of meltwater resumed from Glacial Lake Duluth (phase D) for a short time 

around 9,900 14C years B.P. The southward flow of meltwater may also have resumed from 

Glacial Lake Agassiz (Emerson phase )at this time. Downcutting probably resumed and 

either created or deepened the Prairie du Chien Channel that is inset below the Bagley 

Terrace. The late entrenchment phase was short lived and the river quickly began to aggrade 

once the discharge from the glacial lakes was diverted. The final phase consists of the net 

aggradation of the valley that continued through the period under investigation and up until 

the present time. 

The results of this study indicate that while Glacial Lake Agassiz was at the Tintah 

strandline it may have had a bankfull discharge of around 27,000 m3s· l
• The bankfull 

discharge from the lake was around 14,000 m3s·1 while it stood at the Campbell strandline. In 

addition, occasional discharges ranging up to 290,000 m3s· 1 may not have been unreasonable. 

The maximum discharge from Glacial Lake Duluth may have ranged as high as 20,000 m3s· l
• 

Two channels of the Mississippi River were reconstructed an discharge capacity 

estimates were made. The Bagley Channel formed as the Mississippi River downcut below 



the Savanna and Pine Bend terrace and stabilized at the Bagley Terrace level. This channel 

had a discharge capacity of 30,000 m3s· l
• The second channel is the Prairie du Chien 

Channel. This channel formed as the Mississippi River downcut below the level of the 

Balgey Terrace surface and the modern flood plain. The Prairie du Chien Channel had a 

maximum discharge capacity of more than 60,000 m3s· l
• 
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The results of this study indicate that Glacial Lake Agassiz did influence the behavior 

of the Mississippi River between 14,000 and 9,000 14C years B.P. Its primary impact on the 

behavior of the river appears to have been either the initiation or acceleration of erosion 

throughout the upper Mississippi River valley. This erosion produced the present 

geomorphology of major terraces and side valley morphology that is observed along the 

valley today. Once the discharge from Glacial Lak.e i\.gassiz and other lakes stopped flowing 

into the Mississippi River system, aggradation occurred. The geomorphology of the modern 

Mississippi River valley can not be understood without also understanding the influence that 

Glacial Lake Agassiz had on its creation. 
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Appendix 1 

The Portage and Brule outlets allowed discharge from Glacial Lake Duluth to reach 

the upper Mississippi River valley via the St. Croix River valley (Clayton 1983; Farrand and 

Drexler 1985). These outlets are located near the southwestern corner of the Superior Basin. 

The Brule outlet is the larger and lower of the two. Clayton (1983) gave a rough estimate of 

the size of the Brule outlet. He stated that the outlet is about 1 kIn in width and has a 

gradient of around Im1km. He further estimated that 12 m was not unreasonable for a 

maximum water depth estimate. Given these estimates paleohydraulic estimates could be 

made. The Manning Equation (Equation 1) gives an estimated maximum discharge for the 

outlet of: 

n - (1 In) A. R2J3 ~ 112 \11 J\ 
X-\.L.I..l~JI....1. U .£. 

S = 0.0001, n = 0.03 

V = 1.7 rnIs 

Q = 21,000 m3s·1 

S = 0.0001, n = 0.10 

V = 0.52 rnIs 

Q = 6,300 m3s·1 

Using Equation 4 gives: 

Qrnax = (8/27) (9.81rnls)112 (12 mY/2 (1000 m) (4) 
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These results are of same order of magnitude as most of the bankfull discharges that were 

estimated for Glacial Lake Agassiz by Matsch (1983). They are, however, one to two orders 

of magnitude smaller than the maximum discharges that were estimated by Matsch (1983) 

and Wiele and Moores (1989) to have come from Glacial Lake Agassiz. The estimates made 

above should be considered maximum discharge estimates. Due to the limitations of the 

equations used to estimate these discharges it is likely that they may be biased too large. 
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