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ABSTRACT

River systems and associated landscapes 
are often viewed to exist in a dynamic 
equilibrium that exhibits a natural range of 
variability until and unless external driv-
ing forces cause a radical change such as 
abrupt drainage reorganization. Here, we 
reinterpret the late Cenozoic evolution of 
the upper Mississippi River and present 
evidence that the uppermost Mississippi 
River basin (upstream of the confluence of 
the Mississippi and Wisconsin Rivers) 
evolved as a late Cenozoic drainage system 
that carried water eastward into the Gulf of 
St. Lawrence and North Atlantic Ocean 
rather than to the Gulf of Mexico. Coring 
to determine the dip of a remnant strath 
surface in the lower Wisconsin River val-
ley demonstrates that this valley was 
carved by an eastward-flowing river 
(opposite of the modern westward-flowing 
Wisconsin River). Geomorphic features, 
including the presence of numerous barbed 
tributaries along the lower Wisconsin 
River valley and the width and morphol-
ogy of the Mississippi and Wisconsin 
River valleys, support this interpretation. 
GIS analysis of logs of water wells in east-
central Wisconsin delineate the presence 
of a major buried valley system continuing 
east into the Great Lakes lowland. We 
herein refer to this ancestral drainage sys-
tem as the “Wyalusing River.”

Quaternary glaciations played a signifi-
cant role in reorganizing ancestral rivers in 
the Appalachians and eastern Great Lakes 
region to form the modern Ohio River as a 
tributary of the Mississippi River. We pro-
pose that Quaternary glaciations also 
played a significant role in capturing the 
Wyalusing drainage and routing it south-
ward to the Gulf of Mexico. The total area 

diverted away from the Gulf of St. 
Lawrence and toward the Gulf of Mexico 
by Quaternary stream piracy represents at 
least ~420,000 km2 of the modern 
Mississippi River basin and provides 
nearly one quarter of the mean annual dis-
charge of the Mississippi River. The per-
manent loss of that volume of freshwater 
runoff into the Gulf of St. Lawrence may 
have had a significant impact on North 
Atlantic thermohaline circulation and 
northern hemisphere climate dynamics 
through the Quaternary.

INTRODUCTION

Over the past several decades, signifi-
cant effort has been focused on constrain-
ing the flux of freshwater from the North 
American continent associated with the 
melting of the Laurentide Ice Sheet (e.g., 
Broecker et al., 1989; Teller, 1990; 
Licciardi et al., 1999; Wickert, 2016). This 
flux has been linked to abrupt cooling 
events during the last deglaciation as mas-
sive, temporary pulses of fresh meltwater 
off the North American continent dis-
rupted North Atlantic thermohaline circu-
lation (Condron and Winsor, 2012; 
Ivanovic et al., 2017). While much of this 
work has focused on abrupt climate change 
events during the last glaciation, the ques-
tion of freshwater forcing on North 
Atlantic thermohaline circulation also per-
tains to longer timescales and processes 
not directly related to the demise of conti-
nental ice sheets.

For more than a century, it has been doc-
umented that the advance and retreat of 
Quaternary ice sheets in North America 
has profoundly altered fluvial drainage 
patterns (Fig. 1A). The southwesterly path 
of the Missouri River is the direct result of 

rerouting the river roughly parallel to the 
Marine Oxygen Isotope Stage 2 (MIS 2) 
ice margin (Todd, 1914; Flint, 1949; Dyke 
et al., 2002) and likely bears little resem-
blance to earlier Cenozoic drainage in the 
region (Sears, 2013). The modern Ohio 
River was formed by the blockage of sev-
eral northward-flowing rivers by early to 
middle Quaternary glaciers that were 
rerouted to become a tributary of the 
Mississippi River (e.g., Wright, 1890; 
Chamberlin and Leverett, 1894; Tight, 
1903). While some researchers have sug-
gested alternate pre-Quaternary configura-
tions of the upper Mississippi River (Hobbs, 
1997) or changes in the size of the draining 
basin through the Quaternary (Knox, 
2007; Galloway et al., 2011; Cox et al., 
2014; Cupples and Van Arsdale, 2014), it 
has been axiomatic that the general course 
and planform of the upper Mississippi 
River evolved through the late Cenozoic as 
it appears today (e.g., Baker et al., 1998). 
Although some of the documented altera-
tions to drainage systems have amounted 
to simply repositioning a reach of a river 
channel, other events have amounted to 
large-scale stream piracy that has redi-
rected runoff to an entirely new master 
stream. This is particularly evident in the 
Ohio River basin, where rivers that flowed 
north to the Gulf of St. Lawrence prior to 
Quaternary glaciations were rerouted 
toward the Gulf of Mexico to become trib-
utaries to the Mississippi River (Coffey, 
1958). The record of late Cenozoic stream 
piracy is particularly significant in the 
humid eastern portions of the North 
American mid-continent, where a dispro-
portionately large amount of its freshwater 
runoff into the oceans is derived.



It is within the context of stream piracy 
and routing of freshwater off the North 
American mid-continent that we investi-
gated the lower Wisconsin River valley in 
the Driftless Area of southwestern 
Wisconsin (Figs. 1A and 1B). As an iso-
lated area of unglaciated terrain north of 
the overall maximum extent of Quaternary 
glaciations in North America, the Driftless 
Area provides a much longer temporal 
window to landscape and drainage basin 
evolution than in the surrounding glaciated 
regions. This allows the opportunity to 
reevaluate the late Cenozoic evolution of 
the upper Mississippi River basin, and to 
assess the impact of diversion of freshwa-
ter runoff from the North American mid-
continent away from the North Atlantic 
Ocean and toward the Gulf of Mexico.

STUDY AREA AND BACKGROUND

The upper Mississippi watershed is a 
major sub-basin of the greater Mississippi 
River system that has been significantly 
impacted by Quaternary glaciations. The 
upper Mississippi and Wisconsin Rivers 
and their major tributaries (Fig. 1) all 
cross the MIS 2 glacial margin and exhibit 
the effects of multiple Quaternary glacia-
tions on their geomorphology, planform, 
and course (Warren, 1884; MacClintock, 

1922). Buried bedrock valleys, modern 
streams under-fit to the bedrock channels 
in which they flow, and river courses 
aligned to former ice margin positions are 
common features. Furthermore, late 
Quaternary glaciations drove sequences of 
aggradation and incision, producing mul-
tiple cut-and-fill terraces along the upper 
Mississippi and lower Wisconsin Rivers 
and their tributaries; several outwash ter-
races are graded to a higher elevation than 
the modern floodplain surface (Flock, 
1983; Knox, 1996). In the North American 
mid-continent, however, the lower 
Wisconsin River is atypical among major 
rivers for containing prominent remnants 
of a strath (bedrock) terrace. This surface, 
known as the Bridgeport terrace, is found 
at a higher elevation than adjacent deposi-
tional terraces along the Wisconsin River. 
Three isolated remnants of the strath 
occur within 60 km of the confluence of 
the Wisconsin and Mississippi Rivers (Figs. 
1C and 2).

The lower Wisconsin River flows west 
from the Baraboo Hills in south-central 
Wisconsin through the Driftless Area to 
its confluence with the Mississippi River. 
This region of southwestern Wisconsin 
was apparently never glaciated during the 
Quaternary (Chamberlain, 1883; Alden, 

1918), an observation that has been recog-
nized since the 1820s (Martin, 1932). It is 
bounded on the east by MIS 2 glacial 
deposits, and on the north, west, and south 
by older glacial sediment. Regionally, the 
Paleozoic sedimentary bedrock is heavily 
dissected by fluvial incision (Trotta and 
Cotter, 1973) that is expressed in the hilly 
surface morphology because of the lack of 
Quaternary glacial deposits in the 
Driftless Area. While a traditional expla-
nation for the particularly deep incision of 
the upper Mississippi and lower 
Wisconsin Rivers and their tributaries is 
simply surface expression of long-term 
process, a compelling argument will be 
made here that the lack of glacial cover in 
the Driftless Area affords a window to 
view late Cenozoic drainage integration of 
the upper Mississippi River basin.

Within the lower Wisconsin River val-
ley, Knox and Attig (1988) identified a 
moraine and glacial outwash consistent 
with a glacial advance from the west to a 
few kilometers east of the confluence of 
the modern Wisconsin and Mississippi 
Rivers (Fig. 2A). The outwash, preserved 
on the Bridgeport strath, contains east-
ward-dipping foreset bedding, indicating 
that water flow at the time of deposition 
was in the opposite direction as flow of 

Figure 1. Location maps of study area. (A) Major tributaries of the Mississippi River system in relation to the maximum extent of all Quaternary glacia-
tions, shown in white. The unglaciated Driftless Area (DA) shown in upper Midwest. (B) Location of the upper Mississippi River and Wisconsin River in 
relation to the maximum extent of MIS 2 glaciation, shown in white. Area of Figure 1C shown by red box. (C) LiDAR-derived hillshade image of the lower 
Wisconsin River valley and confluence with the Mississippi River. The three remnant segments of the Bridgeport strath are located within the white 
boxes, identifying areas of detailed maps in Figure 2. The white circle immediately south of the confluence of the Wisconsin and Mississippi Rivers 
indicates the location of the town of Wyalusing, Wisconsin, USA. Geomorphological features of the lower Wisconsin River valley that indicate drainage 
reorganization has occurred: barbed tributaries of the lower Wisconsin River (pale blue arrows); the curved inner valley wall at the confluence of the 
Wisconsin and Mississippi Rivers (solid orange line) more similar to the inside of a bend on a single river (example identified by dashed orange lines); 
narrow reach of the Mississippi River immediately downstream its confluence with the Wisconsin River (yellow bracketing arrows).



the modern Wisconsin River. Reversed 
polarity to the remnant magnetism of this 
sediment indicates it was deposited prior 
to ~780,000 years ago. They hypothesized 
that this glaciation blocked the mouth of 
the Wisconsin River and caused a tempo-
rary reversal of flow to the east.

An alternate hypothesis to the pre-
sumption that the lower Wisconsin River 
valley was incised through the late 
Cenozoic by a westward-flowing river 
and experienced a temporary reversal of 
flow at the time of the “Bridgeport” gla-
ciation is that incision of the lower 
Wisconsin River valley to the level of the 
Bridgeport strath was accomplished 
through the late Cenozoic by an eastward-
flowing river. A subsequent stream piracy 
event caused a permanent reversal to the 
modern westward flow. The test of this 
hypothesis is to identify the direction of 
dip of the bedrock surface of the 
Bridgeport strath, which necessarily dips 
in the direction of water flow at the time 
it was the bedrock floor of the valley.

METHODS AND RESULTS

Testing this alternate hypothesis 
required coring through the unconsoli-
dated sediment on the terrace to establish 
bedrock elevations at numerous points 
along the length of the terrace. This was 
accomplished using a combination of 
high-resolution LiDAR-derived digital 
elevation models to precisely identify 
ground-surface elevation to within ~5 cm 
and Geoprobe direct-push coring to pre-
cisely identify depth to bedrock to within 
~2.5 cm. The strath surface is comprised 
of glauconitic units of the Cambrian 
Tunnel City Group, which facilitated 
unambiguous recognition of the transition 
between Quaternary sediment and the 
strath. Cores were collected from 62 sites 
on the strath surface on an ~60-km transect 
(Fig. 2; GSA Data Repository Table 11). 
The highest bedrock elevation points were 
connected, based on the assumption that 
they represent a good proxy for the origi-
nal, un-eroded bedrock surface (see Data 
Repository Fig. 1 [see footnote 1]).

As expected, individual coring sites 
reveal considerable variability below the 
(upper) trend line of the original strath 
surface owing to localized erosion fol-
lowing abandonment. However, the trend 
of the strath dips to the east, in the oppo-
site direction of flow of the modern 
Wisconsin River, with an estimated gra-
dient of 0.15 m/km (Fig. 3A). The gradi-
ent of the strath surface estimated from 
coring is consistent over a broad scale 
with many other mid-continent streams, 
and close to the gradients of the modern 
lower Wisconsin River floodplain and 
associated MIS 2 outwash terraces. 
Within the context of the westward-dip-
ping late Quaternary surfaces in the 
lower Wisconsin River valley, the east-
ward dip of the Bridgeport strath stands 
in stark contrast (Fig. 3B). The inescap-
able conclusion to be drawn from the ori-
entation of the strath is that the lower 
Wisconsin River valley was carved to the 
level of the Bridgeport strath by a river 
flowing to the east.

Figure 2. Detailed LiDAR-derived hillshade maps of the three remnant segments of the Bridgeport strath as identified in Figure 1, showing (A) the west-
ernmost segment; (B) the central segment; and (C) the easternmost segment. Red squares identify locations of Geoprobe coring to determine bedrock 
surface elevations. Blue diamonds identify locations where Paleozoic bedrock crops out, verifying that the surface is a strath terrace. Blue dashed line 
in (A) identifies the location of the Bridgeport moraine, which represents the farthest west extent of a pre-Illinoian glaciation that advanced out of Min-
nesota and Iowa (Knox and Attig, 1988). All images are shown at the same scale.

1GSA Data Repository Item 2017404, supplementary core and well log data and methods used to support interpretations, is online at www.geosociety.org/ 
datarepository/2017/.



Geomorphology of the Lower 
Wisconsin River Valley

Transformative events to the landscape 
should—and often do—leave indications 
of previous conditions, and the geomor-
phology of the lower Wisconsin River val-
ley contains several indications of having 
been formed by an eastward-flowing river 
(Fig. 4). They are as follows:
1.  The lower Wisconsin River valley, 

between the modern confluence with the 
Mississippi River and the MIS 2 glacial 
margin, has a large number of barbed 
tributaries—valleys that join the lower 
Wisconsin River valley angling to the 
east, as would be expected if they 
formed over time as tributaries to an 
eastward-flowing river (blue arrows in 
Fig. 1C). Lacking an overriding struc-
tural control, the presence of barbed 
tributary valleys has long been held as 

primary evidence of reversal of flow on 
the mainstem stream (e.g., Chamberlin 
and Leverett, 1894, p. 265).

2. The curve of the valley wall at the inside 
of the confluence of the modern 
Mississippi and Wisconsin Rivers (i.e., 
to the immediate northeast; solid orange 
in Fig. 1C) is inconsistent with having 
been incised as the confluence of two 
rivers. Rather than coming to a point as 
would be expected at the confluence of 
streams in a dendritic system, the valley 
wall is a smooth curved radius. It is con-
sistent with being at the inside of a tight 
bend of a single river; numerous similar 
forms can be found along the insides of 
curves along the upper Mississippi and 
lower Wisconsin Rivers.

3.  The lower Wisconsin River valley nar-
rows incongruously from east to west. 
Lacking overriding bedrock geologic 

control, river valleys broaden in the 
downstream direction. The narrowing in 
the downstream direction exhibited in 
the lower Wisconsin River valley lends 
additional credence to the argument for 
a valley that was incised by an eastward-
flowing river and subsequently reversed.

Geomorphology of the Upper 
Mississippi River

In addition to the lower Wisconsin 
River displaying geomorphic features that 
reflect a major reorganization, the 
Mississippi River also contains a hallmark 
feature of stream piracy. The reach of the 
Mississippi River valley immediately 
south of its confluence with the Wisconsin 
River is distinctly narrow with short, steep 
tributaries (yellow bracket in Fig. 1C). The 
dissimilarity of these tributaries to other 
valleys throughout the region is so 

Figure 3. Results of Geoprobe coring to determine dip of strath surface. (A) Elevation of strath surface at each coring site as a function of distance 
upstream from the mouth of the Wisconsin River. Trendline (blue dashed line) represents original strath surface, dipping to the east with an estimated 
slope of 0.15 m/km; asl—above sea level. (B) Bridgeport strath surface as resolved from Geoprobe coring (eastward-dipping blue dashed line) in relation 
to other major (westward-dipping) surfaces in the lower Wisconsin River valley; modified from Knox and Attig (1988).

Figure 4. Proposed time series for the common processes that drove stream piracy and reorganization of pre-Quaternary drainage patterns in the 
North American mid-continent to create the modern Ohio (MO) and upper Mississippi (UM) Rivers. (A) Proposed configuration of the ancestral Wyalus-
ing (W), Teays (T), and Pittsburgh (P) Rivers as they evolved prior to Quaternary glaciations. Red dashed line represents the approximate location of the 
continental drainage divide. (B) Damming of the lower St. Lawrence drainage by early to middle Quaternary glaciation(s) blocked the ancestral Wyalus-
ing River to create the informally named glacial Lake Muscoda (GLMu); the ancestral Teays River to create glacial Lake Tight (GLT); and the ancestral 
Pittsburgh River to create glacial Lake Monongahela (GLMo). Spill-over of the lakes at the lowest drainage divides (red diamonds) initiated reorganiza-
tion of river systems. (C) Modern drainage configuration, with continental drainage divide (red dashed line) moved northward as drainage capture 
diverted river systems away from the Gulf of St. Lawrence and toward the Gulf of Mexico. UO—upper Ohio River.



striking, in fact, that the tributaries to the 
Mississippi River immediately north and 
south of the confluence with the 
Wisconsin River are locally referred to by 
the etymologically distinct term “coulee.” 
While these characteristics could be 
attributed to incision through the bedrock 
escarpment formed by resistant Ordovician 
dolostone in the area, they are consistent 
with a stream that has experienced recent 
and pronounced down-cutting driven by 
base-level adjustment following stream 
piracy. Within the context of recognizing 
a major reversal on the nearby lower 
Wisconsin River valley, it should not be 
surprising that the Mississippi River val-
ley contains geomorphic features that 
reflect such a significant reorganization of 
drainage patterns.

DISCUSSION

The Ancestral Wyalusing River and the 
Continental Drainage Divide

Recognition of an eastward-flowing 
river occupying the modern lower 
Wisconsin River valley necessitates con-
sideration of the larger drainage pattern 
required to achieve this configuration. We 
propose that a river that we herein refer to 
as the “Wyalusing River” (named for the 
town of Wyalusing, Wisconsin, USA, 
immediately south of the confluence of 
the Wisconsin and Mississippi Rivers; Fig. 
1C) developed through the late Cenozoic 
flowing eastward to incise the valley now 
occupied by the lower Wisconsin River. 
The high, east-west–trending ridge to the 
south of the lower Wisconsin River valley, 
known locally as Military Ridge (Fig. 1C), 
is formed by the resistant dolostone of the 
Ordovician Galena and Platteville 
Formations; the topographic ridge formed 
by this bedrock structure represents a log-
ical location for a major drainage divide 
separating southward flow to the Gulf of 
Mexico from northeastward flow toward 
the Gulf of St. Lawrence. In this configu-
ration, the numerous barbed tributaries 
along the modern lower Wisconsin River 
are explained; the curve of the valley wall 
at the modern confluence of the 
Mississippi and Wisconsin Rivers is sim-
ply the inside of a bend in the Wyalusing 
River; and the width of the valley along 
this reach broadens in the downstream 
direction as would typically be expected.

Downstream Continuation of the 
Wyalusing River

Late Quaternary glacial deposits 
obscure direct evidence for the course of 
this river east of the Baraboo Hills (Fig. 
1C). However, depth-to-bedrock maps 
(Trotta and Cotter, 1973) and previous 
studies (Stewart, 1976) show a deep, bur-
ied bedrock valley that trends southwest-
to-northeast in the east-central portion of 
the state. To evaluate this buried valley as 
a potential downstream continuation of 
the Wyalusing River system, Bates and 
Carson (2013) assessed 115,176 logs of 
water wells in east-central Wisconsin. As 
needed, logs were geo-located in ArcGIS 
to accurately identify ground surface ele-
vation and sorted to remove logs that 
lacked relevant depth-to-bedrock informa-
tion. After this processing, a total of 
60,186 logs were used to generate a buried 
bedrock elevation map for east-central 
Wisconsin extending from the eastern-
most extent of the Bridgeport strath in the 
lower Wisconsin River valley to the shores 
of Green Bay. The resulting bedrock 
topography map identifies the presence of 
a buried bedrock valley trending to the 
more than 300 km northeast toward the 
Lake Michigan/Huron lowlands at the 
appropriate elevation and grade to be the 
continuation of the Wyalusing River (GSA 
Data Repository Fig. 2 [see footnote 1]). 
Having been traced into the Lake 
Michigan basin, we conclude that the 
Wyalusing River was the westernmost 
tributary of a major river system that 
drained the North American mid-conti-
nent through the St. Lawrence lowland to 
the Atlantic Ocean.

As such, this represents a significant 
drainage area that evolved through the late 
Cenozoic as part of the St. Lawrence 
drainage basin that has been pirated and 
converted to the headwaters of the 
Mississippi drainage basin. Reversal of the 
Wyalusing River and, as a result, redirec-
tion of the mainstem Mississippi River 
upstream of the modern confluence with 
the Wisconsin River, added 205,000 km2 
to the modern Mississippi River basin. 
This is 6.9% of its total watershed area. 
This event likely occurred sometime dur-
ing the early to middle Quaternary as con-
strained by the reversed paleomagnetism 
of fine-grained sediments within sand and 
gravel that were deposited while the river 
still drained to the Gulf of St. Lawrence 

(i.e., the deposits identified by Knox and 
Attig [1988] that are associated with east-
ward-dipping foreset beds). As interpreted 
by the data presented here, the conversion 
of the basin from the St. Lawrence to the 
Mississippi drainage involves shifting the 
continental drainage divide northward 
across Wisconsin and Minnesota. As an 
independent verification, our field-based 
interpretation of this drainage reorganiza-
tion is consistent with the evolution of 
North American drainage systems 
through the Cenozoic as inferred by the 
volume and geometry of sediment pack-
ages deposited in the Gulf of Mexico 
(Galloway et al., 2011).

Reorganization of North American 
Mid-Continent Drainages

Having traced the ancestral Wyalusing 
River into the Lake Michigan basin, and 
thus into the St. Lawrence drainage, it is 
possible to consider the larger drainage 
patterns that are implicated by such a con-
figuration of this river. The evolution of 
the ancestral Wyalusing River from head-
waters of the St. Lawrence drainage sys-
tem to its modern configuration as head-
waters of the Mississippi drainage system 
is likely intimately associated with 
Quaternary glaciations. While this is a 
new observation in the upper Mississippi 
basin, it is not unique in the greater 
Mississippi basin. It has long been recog-
nized that the ancestral Pittsburgh and 
Teays Rivers were rerouted to become the 
upper and middle Ohio River when 
Quaternary ice centered in the Hudson 
Bay region advanced far enough south to 
block the lower portions of the St. 
Lawrence valley (e.g., Chamberlin and 
Leverett, 1894; Tight, 1903). This caused 
large proglacial lakes to form: glacial 
Lake Monongahela in the ancestral 
Pittsburgh River valley (White, 1896; 
Leverett, 1934) and glacial Lake Tight in 
the ancestral Teays River valley (Janssen, 
1953; Goldthwait, 1983). While there is a 
lack of consensus as to whether the ances-
tral Teays system drained to the St. 
Lawrence or into the now-buried 
Mahomet River system in Illinois (flow-
ing toward the Gulf of Mexico) prior to 
Quaternary glaciations, it is certainly via-
ble that the Teays River developed as a 
tributary of the St. Lawrence drainage and 
was pirated multiple times (e.g., Coffey, 
1958; Gray, 1991). Spill-over of those 
lakes at the lowest drainage divide 



initiated stream piracy events that reorga-
nized those river systems to become the 
modern Ohio River that drains to the Gulf 
of Mexico (Fig. 4). An isotopic signal for 
this reversal may be preserved in Gulf of 
Mexico sediments (e.g., Joyce et al., 1993; 
Shakun et al., 2016), although the clarity 
of such a signal would be a function of 
whether all drainages in the Midwest and 
Appalachians were rerouted in a short 
period of time or over multiple glaciations.

As outlined here, the ancestral 
Wyalusing River was also a tributary to 
the St. Lawrence River system prior to 
Quaternary glaciations. As such, a com-
mon mechanism for the reorganization of 
the Ohio and upper Mississippi Rivers 
during the Quaternary is logical and 
appealing. The early to middle Quaternary 
glaciations that blocked the lower St. 
Lawrence drainage and caused the reorga-
nization of the modern Ohio River neces-
sarily would have also blocked the ances-
tral Wyalusing River in the Midwest. This 
provides a single causative agent for reor-
ganization of drainage systems across the 
eastern and Midwestern United States. 
Farther to the west, evidence exists that 
the area currently drained by the Missouri 
River was modified such that the modern 
Missouri River closely follows the MIS 2 
margin, though it may previously have 
contributed additional drainage area and 
runoff to the Gulf of St. Lawrence–
directed system.

Hemispheric Implications

The area of the combined ancestral 
Pittsburgh, Teays, and Wyalusing River 
basins is significant, representing at least 
~420,000 km2 of the modern Mississippi 
River basin that has been pirated from the 
pre-Quaternary St. Lawrence River basin. 
Because these areas are located in the rel-
atively humid portion of the larger 
Mississippi basin, they represent a dispro-
portionately large amount of the 
Mississippi River’s discharge. Analysis of 
modern gage records indicates that these 
pirated basins represent ~14% of the area 
of the Mississippi River basin yet contrib-
ute nearly one quarter of the mean annual 
discharge of the Mississippi River (Carson 
et al., 2014), roughly equivalent to 150 
km3/year of water (a permanent diversion 
of nearly 5,000 m3/s, based on modern 
hydrology). While this amount of fresh-
water is small relative to late Quaternary 
outburst floods that temporarily disrupted 

North Atlantic thermohaline circulation 
(e.g., Teller, 1990; Licciardi et al., 1999; 
Clark et al., 2001), piracy of these basins 
in the midcontinent and flux of that water 
away from the Gulf of St. Lawrence and 
toward the Gulf of Mexico represents a 
permanent step-function decrease in 
freshwater delivery to the North Atlantic 
from a non-climatic source. These estima-
tions of drainage area shift and discharge 
flux are based on modern morphologies 
and flow regimes; the redirection of gla-
cial meltwater toward the Gulf of Mexico 
following reorganization would only serve 
to further increase the significance of 
drainage reorganization on freshwater 
delivery to the Gulf of Mexico (Wickert et 
al., 2013; Wickert, 2016).

It has long been understood that the 
delivery of freshwater, and particularly 
fresh meltwater during glaciations, exerts 
a significant control on North Atlantic 
thermohaline circulation. Multiple studies 
(Broecker et al., 1989; Condron and 
Winsor, 2012; Ivanovic et al., 2017) have 
shown that a large pulse of meltwater was 
the mechanism that initiated the Younger 
Dryas by reducing Atlantic Meridional 
Overturning Circulation (AMOC), which 
led to cooler air and surface temperatures 
and increased ice cover. However, previ-
ous studies have focused on the effects of 
a large, discrete meltwater pulse derived 
from the demise of a North American ice 
sheet. The data and interpretations pre-
sented herein raise the question of the 
ability of a much smaller, though perma-
nent, flux in continental runoff caused by 
drainage reorganization to impact North 
Atlantic thermohaline circulation.

For example, the middle Pleistocene is 
noted for a step-function shift in the peri-
odicity of glacial maxima from a predomi-
nantly 41-k.y. cycle to a 100-k.y. cycle 
(Shackleton and Opdyke, 1976). This 
Middle Pleistocene Transition (MPT) took 
place between 1250 and 700 ka. Lacking a 
stochastic cause for this shift in glacial 
periodicity derived directly from orbital 
forcing, a deterministic mechanism is 
required. Numerous mechanisms have 
been proposed to explain the occurrence 
of the MPT, including physical processes 
associated with calving and meltwater 
discharge feedback (DeBlonde and Peltier, 
1991); long-term deepwater cooling 
(Tziperman and Gildor, 2003); or the pro-
gressive erosion of regolith from the North 
American continent during successive 

early Quaternary glaciations that eventu-
ally exposed unweathered bedrock across 
the craton (Clark and Pollard, 1998; Clark 
et al., 2006). The budget of freshwater 
delivery to the North Atlantic Ocean is 
one of the major determinants of the 
strength of North Atlantic thermohaline 
circulation (Clark et al., 2002); the strength 
and structure of North Atlantic thermoha-
line circulation, in turn, plays a critical role 
in driving global heat transfer and climatic 
fluctuations. For example, coupled thermo-
haline circulation and energy balance cli-
mate models (e.g., Sakai and Peltier, 1997) 
demonstrate climate sensitivity to freshwa-
ter runoff from ice sheets. While this and 
similar studies explicitly investigate glacial 
versus non-glacial conditions during the 
late Pleistocene, a future avenue of investi-
gation would be to assess the effects of a 
permanent step-function flux of freshwater 
away from the North Atlantic and toward 
the Gulf of Mexico. This may provide 
insight into the effect that reorganization 
of continental drainage systems may have 
imparted on the thermohaline circulation 
in the North Atlantic Ocean, thus provid-
ing an alternate explanation, or contribut-
ing factor, for the change in periodicity of 
glaciations associated with the MPT.

CONCLUSIONS

Coring to resolve the elevation of the 
bedrock surface of the Bridgeport strath 
along the lower Wisconsin River valley 
indicates that the strath surface dips to the 
east at an estimated slope of 0.15 m/km, as 
opposed to the westward dip of the bed-
rock floor of the valley, the modern flood-
plain surface, and all late Quaternary dep-
ositional outwash terraces. The direct 
conclusion drawn from the coring data is 
that incision of the lower Wisconsin River 
valley was achieved by an eastward-flow-
ing river during the late Cenozoic, rather 
than by the westward-flowing modern 
Wisconsin River. Numerous geomorphic 
features along the lower Wisconsin River 
valley support the interpretation of a 
reversal of flow and reorganization of 
drainage patterns at some point in the 
past. Investigation of a buried bedrock 
valley in east-central Wisconsin confirms 
that this feature represents the down-
stream continuation of the river referred to 
herein as the Wyalusing River. Having 
been traced into the Lake Michigan basin, 
we conclude that this river evolved as part 
of the headwaters of the St. Lawrence 



drainage basin and drained into the Gulf 
of St. Lawrence to the northeast rather 
than the Gulf of Mexico to the south.

The data indicate that the entire upper 
Mississippi/Wisconsin River system 
upstream of the modern confluence of the 
Mississippi and Wisconsin River origi-
nally developed as an eastward-flowing 
system. As has been documented for sev-
eral reaches of the modern Ohio River, we 
propose that early and/or middle 
Quaternary glaciations blocked the down-
stream portions of the St. Lawrence drain-
age basin, creating an ice-dammed lake in 
the Wyalusing River valley. Stream piracy 
at the location that is now the confluence 
of the Mississippi and Wisconsin Rivers 
redirected an area of ~205,000 km2 to the 
south as part of the greater Mississippi 
River basin. The stream piracy event 
caused a permanent reversal of flow along 
the lower Wisconsin River valley, and 
adjustment to the new base level drove 
subsequent incision along the lower 
Wisconsin and upper Mississippi Rivers 
and their tributaries, which left only  
the few remnant segments of the 
Bridgeport strath that exist today. These 
data and interpretations are consistent 
with independent studies of Cenozoic 
drainage evolution in the North American 
mid-continent as determined by alluvial 
sediment in the Gulf of Mexico (e.g., 
Galloway et al., 2011).
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