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ABSTRACT 

 

Records of subglacial drainage features of previous ice sheets, such as tunnel channels 

(TCs), provide insight into drainage mechanisms of modern ice sheets. More than 60 

tunnel channels were identified in the formerly glaciated landscape of Wisconsin, USA, 

in the footprint of the Green Bay Lobe of the Laurentide Ice Sheet. I used a combination 

of a reflection-seismic survey and a hydraulic-potential model to reveal the geometry of a 

TC and attempt to further understand the dynamics of TC formation. The seismic cross 

section along the Plainfield tunnel channel (PTC), 16 km up-ice from the terminal 

margin, shows an absence of a channelized feature in the subsurface. Therefore, the 

Plainfield tunnel channel likely initiates between 7-16 km up-ice from its terminus in a 

subglacial setting where the water-flow velocity may have increased, as dictated by the 

regional bed slope. Relatively fast subglacial water flow would have caused erosion at the 

ice-bed interface, whereas slower velocities produced little to no erosion of the 

underlying sediments. The hydraulic-potential model suggests a total area of ~107 km2 

for potential subglacial lakes up-ice from the PTC, although this estimate is not sufficient 

to account for the volume of water needed to form the channel. However, when water 

does pool in subglacial lakes, permafrost in the area helps to seal in large amounts of 

water at the ice-bed interface. Additionally, an increase in traction at the bed after a 

single discharge event likely facilitates supraglacial lake formation. The supraglacial 

water sources subsequently drain into the subglacial system, which can cause successive 

subglacial drainage events to occur. The results from the seismic cross-section and the 

hydraulic-potential model, along with inferences from previous studies, indicate that the 
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PTC is likely formed over several drainage events and had a substantial influence from 

moulin drainage of supraglacial water in addition to the water stored in subglacial lakes. 

The Laurentide Ice Sheet was able to store large amounts of subglacial water in this 

region due to the combination of an adverse bed slope, as well as expansive permafrost 

during the time of TC formation. This likely means that modern ice sheets, such as along 

the Western edge of the Greenland Ice Sheet or Thwaites Glacier in West Antarctica, 

could exhibit similar subglacial and supraglacial drainage behavior in areas with adverse 

bed slopes similar to this portion of the Laurentide Ice Sheet.  
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CHAPTER 1 

 INTRODUCTION 

 

 Modern glaciers and ice sheets show varying patterns for subglacial drainage at 

the ice-bed interface (e.g., Andrews et al., 2014; Siegfried et al., 2016). Small changes in 

this drainage network can cause significant responses in glacier dynamics and flow speed 

(e.g., Flowers, 2015). For example, ice velocities during the summer melt season can be 

twice as high as during the winter because the increase in meltwater enhances bed 

lubrication (Bartholomew et al., 2010). Temporally-varying ice-stream elevations in 

Antarctica have been interpreted as the surface expression of subglacial-water drainage 

that can move km3-scale volumes on relatively short time scales of months to years 

(Wingham et al. 2006; Fricker et al., 2007; Stearns et al., 2008). Often these large 

volumes of water move between subglacial lakes and can be observed directly in coastal 

regions as outburst floods (Goodwin, 1988). Observed outburst floods near Casey Station 

in East Antarctica have been associated with 1-2 m waterspouts from large crevasses 

within the Law Dome ice margin following an uplift of 4 m over a 20,000 m2 area 

(Goodwin, 1988). 

There are three broad categories of the subglacial drainage systems that affect ice 

dynamics (Figure 1): 1) an efficient channelized system interconnected with moulins and 

crevasses; 2) an interconnected, but unchannelized system that is influenced by the 

efficient system; and 3) an isolated passive system. The basal water pressure in these 

subglacial systems directly impacts ice velocity (Andrews et al., 2014). Conduits build 

pressure when meltwater inputs exceed the capacity of the conduits (e.g., Iken and 

Bindschadler 1986; Jansson, 1995). This acceleration is facilitated by the reduction in 
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friction that occurs at the ice-bed interface when basal water pressure counteracts the ice 

overburden pressure (the pressure on the substrate from the weight of the ice) (e.g. 

Lliboutry, 1976; Fountain and Walder, 1998). An increase in basal water pressure 

reduces the effective pressure (the overall pressure at the bed) resulting in reduced ice-

bed contact and subsequent decrease of traction at the bed (e.g., Bartholomaus et al., 

2008).  

 

 

 

 

Borehole arrays drilled on alpine glaciers have been used to monitor the behavior 

of subglacial-drainage systems including subglacial-channel formation. Borehole 

measurements of water level and the electrical conductivity and turbidity of the borehole 

water have shown correlations between water-level fluctuations and subglacial drainage 

patterns dependent on the type of subglacial drainage network following rapidly rising 

meltwater (supraglacial, englacial, and subglacial sources) and precipitation inputs from 

the surface (Murray and Clarke, 1995; Gordon et al., 1998; Meierbachtol et al., 2013). 

F 

A C B 

E 

D 

I 

H 

G 

Figure 1. Glacier Schematic. Diagram of the terminus of a glacier highlighting 

aspects of the subglacial and englacial hydrologic systems. Letters represent the 

following areas: (A) isolated passive systems, (B) interconnected, unchannelized 

systems strongly affected by the efficient system, (C) efficient channelized system 

interconnected with moulins (F) and crevasses (G), (D) subglacial lakes, (E) 

supraglacial lakes, (F) moulins, (G) crevasses, (H) till, and (I) bedrock. 
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Boreholes connected to isolated fluid pockets typically show small diurnal variations in 

water level with similarly low values of turbidity and electrical conductivity, but water 

levels and amplitude of the fluctuation are largely independent between boreholes in the 

array. In contrast, boreholes connected to efficient channelized systems show identical 

water level fluctuations. Additionally, electrical conductivity and turbidity measurements 

show similar responses to fluctuations in water level, where an increase in water level 

generally shows increases in both electrical conductivity and turbidity. Neighboring 

boreholes that are inefficiently connected show temporal delays between water level 

changes with a dampened amplitude (Gordon et al., 1998). These observations show that 

inputs from supraglacial and englacial sources can initiate changes in subglacial networks 

and change the responses of subglacial-drainage systems due to source water. In addition, 

the alternating behaviors in the unconnected areas likely show transfer of mechanical 

support at the bed between connected and unconnected regimes following fluctuations of 

water pressure (Murray and Clarke, 1995; Gordon et al., 1998).  

Borehole arrays can provide useful data characterizing the subglacial drainage 

systems, specifically their role in the fluctuation of fluid pressure critical to ice-flow 

velocity. However, these arrays are logistically intensive and difficult to employ on the 

larger scale necessary to study an entire lobe of a continental ice sheet (Andrews et al., 

2014). Thus, they cannot be effectively used to study the flow and behavior of large ice 

sheets, which are both critical aspects of understanding ice sheet stability as the climate 

evolves and generates melt events. However, subglacial flow of fluid and sediment form 

distinct geomorphic features which can be preserved during glacial retreat. The structure 

and composition of these features can be used to infer the subglacial transport processes 
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including the distribution, geometry, and attributes of isolated fluid volumes, connected 

but unchannelized fluid systems, and channelized fluid systems.  

Along the Marine Isotope Stage 2 Green Bay Lobe (GBL) of the Laurentide Ice  

Sheet (LIS) in Waushara county, Wisconsin, evidence of subglacial-drainage systems 

exists, see Figure 2. More than sixty linear features have been identified and interpreted 

to be tunnel channels. The term “tunnel channel” is used for a channel formed from a 

subglacial river where the width of the river is equal to that of the channel with bank-to-

bank flow (Clayton et al., 1999). Surface expressions of these TCs are typically ~0.15-0.5 

Figure 2. Field Locations. A) Shuttle Radar Topography Mapping (SRTM) elevation 

dataset underlain by a hillshade version of the dataset around the study region. The 

linear East-West trending features are interpreted as several TCs. These correspond 

to the surficial evidence of TC locations, shown in panel B as dashed lines. The solid 

lines in panel C show moraines of the region. The black circle denotes the Zoet et al. 

(2019) survey area, whereas the black triangle denotes my seismic survey site along 

the PTC. C) shows the state Wisconsin shaded in grey, with surrounding states in 

white and the Great Lakes in blue. The black rectangle shows the view extent in 

panels A and B. 
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km wide and ~5-30 m deep and extend up to ~15 km into the interior of the lobe. The 

TCs originate in the Green Bay lowland, to the east of the Almond moraine, and rise in 

elevation to the west where they breach the Last Glacial Maximum (LGM) terminal 

moraine. Sediment in outwash fans beyond the breached terminal moraine show distinct 

pits of boulders up to 2 m in diameter and span at least 150 m perpendicular to paleo-ice-

flow direction (Cutler et al., 2002). Based on this, Cutler et al. (2002) interpreted the 

lithology as a high-discharge (~1000 m3/s) outburst-flood deposit where boulders were 

rolled up the slope out of the Green Bay lowland and subsequently settled out west of the 

terminal moraine when water velocity decreased once the water was no longer confined 

by the channel. Similar features have been identified in other regions of the LIS 

(Livingstone and Clark, 2016) and similarly show a strong correlation to adverse bed 

slopes (Zoet et al., 2019). TCs show similar surface-morphologic features to tunnel 

valleys, such as those in Minnesota (e.g., Moores, 1989), but are interpreted to form 

differently. A tunnel valley is defined as a valley formed from lateral planation of a 

subglacial river where the river is significantly smaller than the width of the valley, 

similar to modern streams within flood plains (Clayton et al., 1999).  

Surface expressions of TCs are not distinct channels, but rather surface 

depressions that formed by the collapsing of glacial sediments from the melting of buried 

ice after final retreat of the LIS. Current understanding of the TC formation is as follows 

(schematically shown in Figure 3): 1) subglacial channelized water erodes unconsolidated 

bed material resulting in a channel feature within the topography; 2) subglacial water no 

longer flows through the channel feature and ice occupies the area that was eroded by the 

channelized water flow; 3) the ice is buried by a combination of  glacial and fluvial 
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sediments while the GBL was retreating and advancing in the area. The ice persisted in 

the channel through several advancements due to permafrost acting as an insulator; 4) 

after the full retreat of the ice sheet regionally, permafrost and ice buried in the channel 

melted, causing collapse of the overlying material and creating the surface expressions 

seen today (Zoet et al., 2019). The persistence of buried ice through several ice advances 

is not unique to the GBL and has been inferred through landscape features of other LIS 

Figure 3. TC Formation. TC progression through time modified from Zoet et al. 

(2019). Time 1 shows a time in TC formation where water drainage erodes the 

unconsolidated bed. Time 2 shows ice filling the channel after water drainage occurs. 

Time 3 shows burial of ice in the channel by glacial and fluvial deposits during 

glacial retreat. Time 4 shows sediment collapse, represented by the dipping layers 

into the channel, and kettle lake formation, represented by the slumped surface 

topography, after the GBL had retreated from the area and the ice had melted. 
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lobes in north-central Wisconsin (Attig and Rawling, 2018). Kettle lakes are often present 

in TCs due to the collapse of overlying material after the melting of ice blocks followed 

by subsequent infiltration of water (Thwaites, 1943; Clayton et al., 1999).  

The PTC, shown in panel A and B of Figure 2, is one of the largest TCs in the 

GBL area and has a surface expression that extends ~16 km into the interior of the lobe. 

The relative gradient along the TC shows one distinct change at the Almond recessional 

moraine (Figure 2) and corresponds to the apex of the regional topography. To the east, 

glacially upstream of this moraine, the topography shows an adverse bed slope, dipping 

in the upstream direction (towards the interior of the lobe), whereas west and downstream 

of the moraine, the topography dips towards the terminal moraine. The reflection seismic 

profile (Figure 4) revealed that the PTC cut through sedimentary layers with its own 

distinct internal layers draping the channel consistent with the collapse process described 

in Figure 3. The geometry of this channel segment, located ~7 km east of the terminal 

margin, is ~450-m wide, approximately equal to that of the surface expression, and 65-m 

deep, nearly 6 times deeper than the surface expression (Zoet et al., 2019). 

Using the width and depth of the TC interpreted from reflection-seismic data, 

analysis of sediment core (grain-size distribution and sediment density) and estimated 

channel water velocity from studies of outwash-fan sediments, the sediment flux and 

duration of flow for TC formation can be estimated. Zoet et al. (2019) estimated the 

erosion rate using a modified version of the fluvial-sediment-transport model and 

deposition rate using a modified version of Stokes’ settling law (Walder and Fowler, 

1994). Zoet et al. 2019 determined the PTC required a minimum of 59 days to form from 

an average discharge of ~1000 m3/s (Cutler et al., 2002). This would require a minimum 
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water volume of 5 km3 over a maximum area of 30 by 12 km based on the map of the 

hydraulic potential, meaning the average lake depth for one continuous lake would be 

~14 m (Zoet et al., 2019). They determined such a large subglacial lake would not form 

only ~15 km from the terminal moraine based on the reconstructed ice thickness of the 

GBL (Colgan, 1999), and thus, it was unlikely the water was sourced solely from one 

subglacial lake. Consequently, they suggested two scenarios of TC formation: 1) the TC 

formed from multiple drainage events from smaller subglacial lakes; or 2) the water 

originated from a combination of subglacial and supraglacial sources that penetrated to 

the bed.  

It is not yet clear which one of the two scenarios suggested by Zoet et al. (2019) 

formed the PTC, but they determined that both would cause a decrease in porewater 

pressure in till proximal to the channel, resulting in strengthening of the till and 

additional resistive force from the bed against the ice flow. A single drainage event 

would cause till strengthening in an 840-m zone on either side of the channel, whereas 

multiple 15-day drainage events would cause a 240 m zone on either side and provide ~5 

times less resistive force during each event (Zoet et al., 2019). Increased basal normal 

traction corresponds to increased frictional resistance and thus locally reduced ice 

velocity. Reductions in ice velocity have been observed after large drainage events in 

modern glaciers in Alaska (Bartholomaus et al., 2008) and Greenland (Sundal et al. 

2011). Estimated shear stress at the base of the GBL during LGM of 7-25 kPa (Colgan, 

1999) indicates that till strength in the vicinity of the TC could have increased by a factor 

of 7-25 for a 15-day drainage event and led to a local thickening of ice by ~15 m (Zoet et 

al., 2019). A local reduction in flow velocity above the zone of increased frictional 
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resistance would cause a local ice thickening and create potentially large supraglacial 

lake basins to form up-ice (Zoet et al., 2019). This could explain the supraglacial source 

of additional water and why alternative drainage routes could have been followed in 

subsequent formations of other TCs (Zoet et al., 2019). 

 Hypotheses of Zoet et al. (2019) rely on knowing the overall morphology of the 

PTC. However, data showing where the channel initiates and whether the channel 

changes its morphology along its path is lacking. This research addresses this gap by 

providing additional active-source seismic data to constrain the channel geometry as well 

as by updating the calculation of the regional hydraulic potential. Together, these 

constraints address the plausibility of the competing TC formation scenarios.  

 

 

 

 

 



11 

CHAPTER 2  

RESEARCH OBJECTIVES AND HYPOTHESES 

 

2.1 Background and Implications 

Glacial hydrologic dynamics at the ice-bed interface depend on varying subglacial 

drainage patterns which modulate fluid pressure. Studying paraglacial landforms, such as 

TCs, allows us to infer subglacial processes at the ice-bed interface. TC geometry allows 

for the estimation of erosion and deposition rates, which dictate the duration of formation 

and the water volume. The seismic cross-section of 11th Drive (Figure 4) analyzed by 

Zoet et al. (2019) only shows the morphology of the PTC in one location. Additional 

cross-sectional geometries along the TC can be used to characterize subglacial-drainage 

behavior in this region. Constraining the varying geometry and spatial extent of the TC is 

necessary to differentiate between possible explanations for TC formation as well as 

water-source locations that exist both subglacially and supraglacially within the GBL 

(Zoet et al., 2019). The combination of water-source locations and TC formation 

processes will help elucidate the subglacial processes controlling the glacial dynamics of 

the GBL. How subglacial and supraglacial water within the GBL was organized and 

behaved gives us insight into glacial dynamics that cannot be extensively observed in 

modern glaciers. The resulting characterization can thus be used to better model the 

observed and future behavior of modern ice sheets including their response to changes in 

meltwater inputs accompanying climate change. 
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2.2 Research Objectives 

 The goal of this research is to determine the spatial extent and variability in cross-

sectional area of the PTC by uncovering the geometry of the PTC up-ice from a transect 

previously surveyed by Zoet et al. (2019). Unveiling the geometry at this new location 

will indicate: 1) if the PTC extends in the up-ice direction beyond the Almond moraine, 

and 2) how the change in geometry of the PTC records the potential flux of water in the 

channel. I will test the following two hypotheses in order to achieve these objectives. 

 

2.3 Hypotheses 

1. The cross-sectional area of the PTC is smaller upstream from the previously 

surveyed location. 

2. The Plainfield tunnel channel formed over multiple drainage events with a 

significant volume of water coming from supraglacial sources. 

 

I base my first hypothesis on the following lines of evidence: 1) The topography 

shows a large, adverse bed slope in relation to regional ice-surface slope and 2) the 

surface expression of the PTC becomes more faint and less discernable further up-ice and 

into the Green Bay lowland. The first line of evidence, that the regional topography 

exhibits an adverse bed slope in this region, can be seen in Panels A and B of Figure 2. 

The surface dips steeply to the east and up-ice from the Almond margin. When the ice 

was present in this region, the topography would have been isostatically depressed (e.g., 

Anderson and Anderson, 2010). Ice is usually thicker in the interior of ice sheets in the 

accumulation area (e.g., Hooke, 2005), and therefore would steepen the adverse bed slope 

in the region east of the Almond margin due to the greater mass of ice over the bed 
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topography. The presence of an adverse bed slope in this region is significant due to the 

affect that sufficiently steep adverse bed slopes can have on subglacial water flow. Ice 

surface slope generally dictates the subglacial water flow, as it is ~11 more important 

compared to the slope of the bed topography. However, steep adverse bed slopes can 

begin having a greater effect on subglacial water flow when they approach an order of 

magnitude greater than the surface slope (Shackleton et al., 2018; Zoet et al., 2019). This 

relationship is derived from the hydraulic potential calculation from Shreve (1972), 

where the hydraulic-potential gradient is proportional to the ice surface slope multiplied 

by the density of the ice, while also being proportional to the bed surface slope multiplied 

by the difference in density between the ice and water. Because ice is roughly ninety 

percent the density of water, the bed slope only affects subglacial water flow at the same 

magnitude as the surface slope when the bed slope is an order of magnitude greater. (Zoet 

et al., 2019).  

The second line of evidence supporting hypothesis 1 is that the surface expression 

of the PTC becomes less discernable up-ice and to the east of the Almond moraine. 

Figure 5 shows the current surface topography near the 11th Drive segment from Zoet et 

al. (2019) and near 17th Drive, ~9.5 km up ice from the 11th Drive segment. Most notably, 

the 11th Drive segment has a distinct depression on the surface. On the other hand, 17th 

Drive shows an uneven, hummocky topography without a clear depression.  

My second hypothesis is based on the results of a previous study by Zoet et al. 

(2019) that: 1) the total area of potential subglacial lakes is only a fraction of that needed 

to form the PTC; and 2) the local ice thickening that occurs after a drainage event allows 

one or several potentially large supraglacial lakes to form. The maximum potential 
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subglacial lake area calculated by Zoet et al. (2019) is limited to 360 km2. Given this 

area, Zoet et al. (2019) calculated that the depth for one contiguous subglacial lake would 

be ~14 m, which is within the range of observed subglacial lake depths underneath the 

AIS (Siegert, 2000). However, they argue a subglacial lake this large is unlikely to form 

so close to the terminus of the ice sheet. For this reason, they conclude it is more likely 

that the formation of the TC occurs over multiple, smaller drainage events.  

Zoet et al. (2019) also showed that once a subglacial-drainage event initiates, 

traction at the ice-bed interface increases due to the till strengthening because drainage of 

the porewater in the surrounding till through the channel reduces porewater fluid 

pressure. The corresponding reduction in ice sheet velocity above this strong region 

would then result in the local ice thickening (Zoet et al., 2019). This would in turn allow 

supraglacial lakes to form in the region behind the thickened ice that could initiate or 

contribute to future subglacial water outburst events by draining from the ice surface to 

Figure 5. TC Surface Expression. Modern topography along the PTC. Panel (A) 

shows the portion around 11th Drive, whereas panel (B) shows the portion around 

17th Drive. The vertical lines on both panels show the approximate length of each 

seismic line. 
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the bed through moulins. Supraglacial lakes in Greenland have been shown to lose large 

amounts of water in a given melt season and can account for volumes greater than 0.5 

km3 across a total area of 6500 km2 (Fitzpatrick et al., 2014). This is a significant volume 

compared to the 5 km3 estimated to form the PTC, assuming most of the water 

contributing to the formation of the PTC is subglacial in origin. Additionally, my study 

area is substantially smaller than that of Fitzpatrick et al. (2014) and likely would not 

have the same volume of supraglacial water. 

To address these hypotheses, I conducted a reflection-seismic survey at a transect 

across the PTC up-stream from the transect previously surveyed by Zoet et al. (2019). I 

also created a subglacial hydraulic-potential model to identify potential subglacial lakes. 

The reflection-seismic data addresses the first hypothesis regarding the change in cross-

sectional area of the PTC as the channel progresses up-ice from the terminal moraine. 

The subglacial hydraulic-potential model will address the second hypothesis regarding 

the hypothesized multiple drainage events to form the PTC by providing estimates of area 

of the subglacial lakes underneath a section of the GBL. This estimate, in combination 

with the change in cross-sectional area of the PTC, will provide an insight into the 

subglacial hydrology near ice-sheet margins. 
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CHAPTER 3  

METHODS 

 

For this study, I used active-source seismic reflection to image the expression of 

the PTC buried in the subsurface. I conducted one survey line along a local roadway, 

which is perpendicular to the PTC, and obtained a true-width profile of the subsurface 

features. I then determined potential areas of subglacial lakes by calculating the second 

derivative of the subglacial hydraulic potential for a ~70 km by ~120 km section of the 

GBL surrounding the PTC to quantify the area of potential subglacial lakes underneath 

the ice sheet in this region. I based the subglacial hydraulic potential calculation on a 

modeled ice surface and the modern topography derived from Shuttle Radar Topography 

Mission (SRTM) bed elevation data, which was isostatically adjusted based on ice 

thicknesses from the modeled ice surface to account for the isostatic rebound that has 

occurred in the region since LGM.  

 

3.1 Reflection-Seismic Survey 

I collected reflection-seismic data using the Geometrics StrataVisor NZTM 

seismograph with 48 of the 24-Hz vertical-spike geophones at 6 m spacings. The 

StrataVisor can only record 24 channels at once, so two sets of 24-channel recordings 

were acquired at each source location. For the seismic source, I used a GISCO EES-  

Mini 208 Joule accelerated weight drop mounted on the back of a vehicle. This type of 

source (Figure 6) uses a heavy piston that is dropped on to the surface of the earth to 

create energy that radiates through the subsurface. A strike plate is used along with a 
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trigger mechanism that senses when the source hits the plate. The trigger mechanism then 

relays to the recorder that data acquisition has started. The piston is reinforced by 

resistance bands to add additional energy to each shot, which helps produce data with a 

higher signal to noise ratio. The source was triggered between 12 m and 144 m off the 

end of the geophone array at 12 m intervals for a total of 12 shot locations for one spread 

of 48 channels. Figure 7 shows a schematic diagram of this survey geometry. The 

Figure 6. Seismic Source. Images of the seismic source, GISCO EES-Mini 208 Joule 

accelerated weight drop, attached to the hitch of the field work vehicle. A) View of the 

seismic source with the strike plate in position underneath. Field assistant Analiese 

Genthe is preparing to start data acquisition. B) View of the ‘hammer’ of the 

accelerated weight drop. The piston is located in the center of the apparatus, with 2 

resistance bands on either side to add additional force when triggering the source. 
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geophone array was manually moved to a new spread location by leapfrogging the first 

half of the array past the second. The 17th Drive survey required 7 days of data collection 

and totaled 2,736 m in length. This survey set up results in nominally 12-fold P-wave 

seismic reflection data with the common-depth-point (CDP) spacing of 3 m and shot-

receiver offsets between 12 and 426 m. To minimize environmental noise, data 

acquisition was halted when the wind was strong and vehicles, such as trucks, tractors, 

and lawnmowers, were passing nearby. Even with this effort, residual noise is expected. 

To enhance the signal-to-noise ratio (SNR), four shot recordings were stacked together 

and saved as one single recording. 

 

I processed the data following standard shallow two-dimensional land-seismic 

techniques (e.g., Pugin et al. 1996; Baker, 1999; Pugin et al., 2009; Thomason et al., 

2018) using a combination of Seismic UnixTM, Globe ClaritasTM, and MATLAB 

software. This workflow is shown in Figure 8. Raw data from the recorder was converted 

from SEG-2 to SEG-Y format and merged to form one 48-channel recording for each 

Figure 7. CDP Schematic. Schematic diagram of the shot-receiver locations during a 
reflection seismic survey. Source locations are shown in red, geophones are shown as 
black triangles, and the CDP locations in the subsurface are shown with teal 
diamonds. 
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shot location. I added geometry information (locations of shots and geophones along the 

transect) to the dataset and examined the preprocessed data to ensure the shot-receiver 

locations are correct for each record. The geometric information keeps track of the 

distance relationship between the shot location and each receiver location, allowing for 

accurate velocity estimates in the subsurface at a later step. Single traces within a shot 

gather from specific noisy geophones were canceled out, or killed, prior to any further 

analysis. Similarly, the ground roll (coherent seismic energy that travels along the ground 

surface) was muted so CDP gathers are not compromised by the ground roll and 

reflections can be seen during the velocity analysis (Pugin et al. 1996; Baker, 1999; Pugin  

 

et al., 2009; Thomason et al., 2018). A sample shot gather with muted ground roll and 

killed noisy traces is shown in Figure 9. Static corrections were applied to correct for the 

near-surface, low-velocity weathered layer based on refracted arrivals manually picked 

from each shot gather. The velocity model for this low-velocity weathered layer is shown 

in Figure 10. Then, deconvolution and bandpass filters were applied to strengthen the 

SNR. Shot-consistent deconvolution was applied using a window length of 100 ms and a 

gap length of 10 ms. The bandpass filter passed the band of 60 – 150 Hz, with a 20-Hz 

Figure 8. Seismic Workflow. Processing workflow for processing the 17th Drive 

shallow active seismic reflection data. 

 



20 

low-frequency roll off and a 30-Hz high-frequency roll off. Next, the enhanced SNR data 

are sorted into the common depth point (CDP) to combine traces across multiple shot 

gathers that correspond to the same subsurface CDP location. I then performed a velocity 

analysis on the CDP-sorted data, where an initial stack is made based on a first rough 

estimate of a velocity profile. A constant-velocity window is used during this analysis, 

where each CDP trace is adjusted based on a single velocity for the entire trace length. 

When a velocity is appropriate for a given area, a sharp reflector will come into focus at a 

given two-way time across multiple traces that constitute a single CDP trace. This 

constant velocity analysis is used across all 869 CDPs for this survey. After the velocity 

analysis, a normal-moveout (NMO) correction is applied that executes a shift to all CDP 

traces across the survey domain by the corresponding velocity values. Additionally, I 

apply residual-statics corrections, which optimize stack power along a CDP trace by 

slightly adjusting the arrival time of individual raw traces that make up a CDP trace. I 

performed the sequence of velocity analysis, NMO correction, and residual statics 

correction four times until the stacked section was showing clear reflectors. A final 

stacked seismic section was then produced based on the final velocity profile. The final 

stacked section was then corrected for ground topography and converted from the time 

domain to absolute elevation using the aforementioned NMO velocity model.
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3.2 Subglacial Hydraulic-potential Model 

Derivatives of the hydraulic-potential indicate areas where subglacial lakes can 

form. This method of locating potential subglacial lakes has been used previously across 

paleo-ice sheets such as the LIS (Zoet et al., 2019) and the Fenno-Scandian Ice Sheet 

(Shackleton et al., 2018). Zoet et al. (2019) used the first derivative calculation, which 

indicates regions where water flow is slow and subglacial lakes could have formed. My 

calculation used the second derivative, which is a better indicator of potential subglacial 

lakes (Sergienko, 2013). This concept can be seen in Supplementary Figure A1, where an 

idealized topography is used and the divergence of the topographic gradient is calculated. 

The divergence of the hydraulic-potential gradient can be approximated similarly, where 

positive values correspond to sinks in the dataset, or where subglacial lakes would form. 

Additionally, Zoet et al. (2019) based the hydraulic-potential model on a series of one-

dimensional profiles stacked to form a 2D matrix of the hydraulic potential. I update this 

model by calculating the second derivative of the hydraulic-potential with a two-

dimensional approach, instead of a simple one-dimensional profile approach. I located 

the potential subglacial lakes by first obtaining the hydraulic potential across the study 

area, then taking its derivative twice.  

The hydraulic potential  was calculated following the method of Shreve (1972):  

𝜙 =  𝜌𝑤𝑔𝑍𝑏 + 𝜌𝑖𝑔(𝑍𝑠 − 𝑍𝑏)     (1)  

where 𝜌𝑤 is the density of water, 𝜌𝑖  is the density of ice, g is the gravitational 

acceleration, Zb is the elevation of the bed, and Zs is the elevation of the ice surface. Prior 

to the calculation, I adjusted the bed elevation based on isostatic equilibrium to account 

for the isostatic rebound to the modern topography since the LGM. I calculated the 

hydraulic potential at each discrete grid cell (the base topography data and grid-cell size 
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are explained below). The gradient at each grid cell was then calculated based on the 

surrounding 8 cells, resulting in the subglacial hydraulic-potential gradient, which was 

subsequently differentiated to obtain the divergence of the hydraulic-potential gradient 

(second derivative of the hydraulic potential). 

The two main inputs for these calculations are the current surface elevation and 

the ice-surface elevation estimated at the LGM. I obtained the current surface elevation 

from the 1 arc second digital elevation model (DEM) from the Shuttle Radar Topography 

Mission (SRTM). At the latitude of the study area (~45 N), the grid spacing of the 

SRTM DEM was ~27 m. Twelve SRTM tiles were mosaicked together using Esri 

ArcMap software, spanning 42 – 45 N and 88 – 90W, using the Mosaic to New 

Raster tool with default settings and an output spatial reference set to UTM Zone 16 N. 

This extent was then reduced to focus around the PTC based on the bedrock map of the 

area provided by the Wisconsin Geologic and Natural History Survey (WGNHS) (J. 

Elmo Rawing III, personal communication, 2020), resulting in an area of ~111 km by 

~118 km (Figure 11). 

At this point, the surface topography needs to be adjusted due to the Almond 

recessional moraine (Figure 2) not being present at the time of the TC formation; the ice 

margin was at the extent of the terminal moraine - the Hancock margin. Current surface 

elevation was smoothed using a local regression filter with the weighted linear least 

squares and a second-degree polynomial tool built within MATLAB. This specific filter 

assigns lower weight to outliers in the regression and assigns a zero weight to data 

outside six mean absolute deviations. The filter was applied first to each row of the 

elevation dataset, followed by each column of the elevation dataset. In both filtering 
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steps, the filter was applied with a span of five percent of the total data points within each 

respective row or column. This was found to best approximate the regional topography 

and not over-smooth the topography, which would remove important topographic 

variations that control the hydraulic potential. 

  

 I derived the ice surface from the ice-surface topography of the 15-18 ky Green 

Bay Lobe, the Johnstown-Hancock phase of the MIS2 ice advance, reconstructed by 

Clark (1992). I digitized and georeferenced this ice-surface topography using ArcMap 

Figure 11. Hydraulic Potential Model Area. SRTM elevation in the hydraulic 
potential model domain showing the modern topography used within the model 
calculations prior to isostatic adjustment. 
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and created a shapefile containing equal ice-surface elevation profiles (Figure 12). This 

shapefile was brought into MATLAB and combined with the moraine-elevation points 

from the WGNHS terminal-moraine map (J. Elmo Rawing III, personal communication, 

2020). This method uses the ice-surface reconstruction from Clark (1992) and assumes 

that the ice intersects the bed topography at the apex of the modern-day moraine. The 

following five model fits were investigated to best approximate the ice surface and its 

intersection with the bed topography: linear interpolation, nearest neighbor interpolation, 

cubic spline interpolation, thin-plate spline interpolation, biharmonic interpolation, and 

Figure 12. Ice Surface Reconstruction. Reconstructed ice-surface morphology of the 

MIS-2 (15-18 ka) Green Bay Lobe, from Figure 9B and 9C of Clark (1992). Contour 

lines in B are at 50 m intervals. C shows a typical longitudinal ice-surface profile for 

the MIS-2 Green Bay Lobe. 
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local quadratic regression. Figure 13 shows the chosen model surface fit, whereas the 

other models can be found in Appendix A, Supplementary Figures A2-A6, for a visual 

comparison. The linear, nearest neighbor, and cubic spline interpolation 

methods were all ruled out upon first inspection due to the constant elevation of the 

surface fit that corresponds to the up-ice and central portion of the GBL, see 

Supplementary Figures A3, A4, and A6. This is unrealistic based on previous ice-surface 

reconstructions of the GBL (Clark 1992; Colgan 1999). The remaining three models 

show similar fits close to the reference points for each method. However, the biharmonic 

interpolation and local quadratic regression show significant, erroneous modeled values 

at distances far from the reference points used to fit the surface. It is important to note 

Figure 13. Ice Surface Model Fit. Thin-plate spline interpolation method ice-surface 

fit. Reference points correspond to the equal-elevation lines from Clark 1992. 

Viewpoint is looking Northeast in the up-ice direction. 
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that most of the locations described as erroneous were outside of the footprint of the GBL 

and were ignored by the model. However, this error was accentuated within the footprint 

when comparing these three models in the up-ice and central portion of the GBL. This 

location was similar across the biharmonic interpolation and local quadratic regression 

methods in that a relatively steep gradient exists as the modeled surface approaches the 

edge of the model domain. In contrast, the thin-plate spline interpolation method shows a 

shallower gradient as the surface approaches the model domain. This relatively shallower 

gradient is consistent with studies from both Clark (1992) and Colgan (1999) which find 

that away from the terminal margin, ice surface slopes are generally shallower and more 

consistent than those near the margin. 

The divergence of the hydraulic-potential gradient (second derivative of the 

hydraulic potential) represents how the gradient of the hydraulic potential is changing. 

Highly positive divergence corresponds to ‘sink’ locations where general flow paths are 

directed to, whereas highly negative divergence corresponds to ‘source’ locations where 

flow paths are directed away from. I produce a map of potential subglacial lake locations 

based on where the divergence is positive. I then clipped the dataset to only show the top 

~98% of the positive values based on the likelihood that all locations of potential 

subglacial lakes do not fill at the same time. It is more likely that a subset of subglacial 

lakes fill and subsequently drain into other subglacial lakes downstream, similar to 

subglacial lake drainage observed beneath Thwaites Glacier (Smith et al., 2017) or lower 

Mercer and Whillans Ice Streams (Fricker and Scambos, 2009). In ArcMap’s Raster 

Calculator tool, I used the Map Algebra expression “’Raster’ > 0.3” to return a raster 

dataset where a value of 1 represents the divergence of the hydraulic potential gradient 
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above the threshold mentioned above. Then, the raster values equal to 1 are extracted 

using the Extract by Attribute tool and converted to a polygon shapefile using the Raster 

to Polygon tool. Conversion to a polygon dataset allowed for independent potential 

subglacial lake areas to be identified. Additionally, I performed a calculation of the 

geometry to estimate the area within each polygon in the dataset. Prior to geometry 

calculation, an additional field was added to the shapefile and assigned a float variable 

type with precision and scale both set to six. This gave the calculation a precision to the 

nearest 10 m2. After the geometry calculation, I filtered the dataset using the Select tool 

to only show polygon features greater than 0.25 km2 based on the square of the minimum 

length of identified subglacial lakes in Antarctica (Popov and Masolov, 2007; Wright and 

Siegert, 2012). This assumes that the LIS and AIS have similar subglacial behaviors, 

which is likely an appropriate first-order approximation based on comparable percentages 

of the terminal-margin draining via ice streams (Margold et al., 2015). Additionally, the 

polygons within 2-3 km of the terminal moraine were removed based on reconstructed 

ice-surface slope of Colgan (1999) for the Johnstown-Hancock (MIS-2) phase of the LIS. 

This reconstruction shows a steep ice slope as the ice sheet approaches the terminus, 

where water likely would not pool due to the surface slope being ~11 times more 

important in the movement of subglacial water compared to the topographic slope, 

discussed previously in Chapter 2 (Shackleton et al., 2018; Zoet et al., 2019). 
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CHAPTER 4 

RESULTS 

 

4.1 Reflection-Seismic Survey 

Figure 14 shows the final stacked cross-section from the reflection-seismic 

survey. The figure shows a cross section of the final depth-converted data along with a 

cross-section with interpretations overlain. The seismic data shows two distinct reflectors. 

The shallower reflector is bright, indicating a large p-wave velocity contrast, and spans 

approximately 500 m between ~900 m and ~1400 m along the cross section transect at an 

elevation that varies between ~230 m and ~250 m above sea level, whereas the deeper 

reflector spans the entire cross section at an elevation that varies between ~200 m and 

~230 m above sea level. I estimated the velocity of the shallower reflector to be between 

1550 m/s and 1600 m/s, whereas the deeper reflector is between 1600 m/s and 1800 m/s.  

 I utilized a measured stratigraphic sequence in the area (J. Elmo Rawling III, 

personal communication, 2020), along with the subsurface weathering model (Figure 10) 

to aid in my interpretation of the seismic cross-section. Sediment stratigraphy in the 17th 

Drive location is inferred from a deep sediment bore recovered at the 11th Drive transect 

(Zoet et al., 2019). This ~125 m boring, specific samples shown in Figure 15, shows that 

the lithology changes from a distinctly sandy sediment near the surface, to interbeds of 

higher concentrations of silt, and eventually to the sandstone bedrock at ~125 m deep. It 

is reasonable to assume that similar sediment sequences occur in the 17th Drive segment 

(J. Elmo Rawling III, personal communication, 2020). My inferences for the 17th Drive 

segment are that the uppermost layer is a sandy outwash sediment, shown above the  
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dotted white line in Figure 14, deposited on top of mostly sandy sediment with lenses 

containing larger concentrations of silt and clay. The sandy outwash sediments are 

underlain by the regional bedrock. The lenses of clay and silt could come from either 

aggradation of the moraine complex while the ice was at the Almond moraine position (J. 

Elmo Rawling III, personal communication, 2020) or potentially subglacial lake 

sediments, given the regional hydraulic potential discussed in section 5.2. I interpreted

 

the shallow reflector in Figure 13, denoted by a blue dotted line, as one of these silt or 

clay packages. The ~40 m to ~50 m depth of the reflector is similar to the depth in the 

core log where sediments show high percentages of silt and clay. Additionally, the 

absence of the reflector beyond the ~ 500 m length identified in the cross-section shows 

that this reflector is not a larger regional feature, but a smaller anomaly in the subsurface. 

Figure 15. Sediment Core Log. Sediment core logs from the deep borehole done 

within the 11th Drive segment. Panel A shows sandy outwash ~15 meters deep. Panel 

B shows sediment with a larger silt/clay content ~ 40 meters deep. Panel C shows 

bedrock at the base of the core ~125 meters deep. 
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I interpret the deeper reflector, denoted by the solid red line that spans the whole cross-

section, to be the regional bedrock. The deeper reflector is at a depth of ~100 m to ~120 

m, similar to that of the core log. I argue that the regional bedrock is likely sandstone due 

to the presence of sandstone in the core log at ~125 m depth. It is possible that portions of 

the interpreted bedrock are not sandstone. There are regional variations in thickness of 

the sandstone, so crystalline basement rock cannot be ruled out for at least portions of the 

section at 17th Drive. Additionally, it is possible that till packages exist overlying the 

regional bedrock, similar to the sometimes patchy and discontinuous tills observed in 

Iceland (Kjær et al., 2003). This distinction may be difficult, however, due to the 

generally high sand content of the till in this region (Syverson et al., 2011). 

 

4.2 Subglacial Hydraulic-potential Model 

 

 The result of the subglacial hydraulic-potential modelling is shown in Figure 16. 

The light blue areas indicate potential subglacial lakes at the MIS-2 margin of the GBL, 

whereas the light red areas show potential subglacial lakes that could have drained 

through the PTC. In the entire model domain, 536 potential subglacial lakes were 

identified. The maximum and the minimum area for a single potential subglacial lake are 

9.37 km2 and 0.25 km2, respectively. The mean area of potential subglacial lakes over the 

whole study area is 1.56 km2. It is important to reiterate that the minimum threshold for a 

potential subglacial lake is 0.25 km2. The total area of all of the potential subglacial lakes 

within the model domain is 837.60 km2. The area up-ice from the PTC, shown in light 

red in Figure 16, shows an area of potential subglacial lakes, ~107 km2 in total. This 

subset of the potential subglacial lakes is further discussed in section 5.2.  
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There are two important characteristics regarding the distribution of potential 

subglacial lakes in this region: 1) in the central lowland area, there are fewer potential 

subglacial lakes; and 2) the area surrounding the PTC exhibits a higher concentration of 

potential subglacial lakes compared to portions further south along the terminal moraine. 

This aligns with the previous analysis by Zoet et al. (2019) who showed that the higher 

concentration of potential subglacial lakes up-ice from the terminal moraine coincide 

with more TCs inferred in the modern topography. 
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Figure 16. Potential Subglacial Lakes. Potential subglacial lake locations based on the 

divergence of the hydraulic-potential gradient. Potential subglacial lake locations are 

shown in light blue, with the light red denoting areas up-ice from the PTC. Terminal 

moraine is shown with a solid black line, the Almond moraine is shown with a dotted 

black line, and the PTC is shown with a pair of solid black lines. The base map is the 

SRTM digital elevation model. 
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CHAPTER 5 

DISCUSSION 

 

 The absence of a channel feature on the seismic cross-section and the locations of 

potential subglacial lakes discussed in Chapter 4 provide insights into the formation of 

the PTC. In this chapter I will first discuss testing of my hypotheses. I will then discuss 

the relationship between the PTC and the regional hydraulic potential, which will include 

the identified potential subglacial lake locations and how they relate to channel incision. 

Next, I will discuss the modern topography and how this indicates where TCs are located. 

Then, I will analyze the role that supraglacial lakes likely played in the formation of the 

PTC. Finally, I will discuss how regional permafrost affects the ability for ice sheets to 

store subglacial water.  

 

5.1 Hypothesis Testing 

 My first hypothesis was that the cross-sectional area of the PTC is smaller up-ice 

from the previously surveyed location at 11th Drive. Based on the lack of channel features 

in the reflection-seismic data across the 17th Drive transect (Figure 14), Hypothesis 1 is 

accepted. I then infer that the PTC initiates somewhere along the ~9.5 km path between 

the 11th and 17th Drive transects. One explanation for this is that the regional hydraulic 

potential changes from the 11th Drive section to the 17th Drive section. My second 

hypothesis was that the PTC formed over multiple drainage events with a substantial 

volume of supraglacial sources of water. Hypothesis 2 is also accepted due to the 
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relatively smaller area of potential subglacial lakes, identified from the divergence of the 

hydraulic-potential gradient, compared to the estimate of Zoet et al. (2019). 

 

5.2 Regional Hydraulic Potential and Subglacial Lake Area 

 There is no channel feature observed at the 17th Drive transect, which suggests 

that the channel initiates at some point between the 17th Drive transect and the 11th Drive 

transect along the PTC. Changes in the subglacial-water pressure and velocity likely 

caused this transition between a non-channelized region and the initiation of the PTC. 

Subglacial drainage via tunnel systems shows an inverse relationship between porewater 

pressure and the effective pressure (the overall pressure exerted on the bed) where an 

increase in effective pressure corresponds to a decrease in porewater pressure. 

Subsequently, this causes an increase in discharge through the subglacial conduits 

(Kamb, 1987). Water pressure directly relates to effective pressure in that a higher water 

pressure will counteract the weight of the overlying ice and decrease the effective 

pressure at that location (Hooke, 2005). Therefore, regions with higher water pressures, 

such as locations where subglacial lakes occur, would have a relatively lower discharge 

compared to the regions with lower water pressure. Differences in the hydraulic potential 

between locations, which drives changes in water pressure, could cause different 

velocities of water underneath the ice sheet. This gradient can be driven by large changes 

in subglacial bed slope (Hooke, 2005; Zoet et al., 2019). 

My study region around 17th Drive exhibits a characteristically different bed slope 

compared to the previously studied region around 11th Drive. My study region shows a 

steeply dipping bed in the up-ice direction, whereas the 11th Drive region shows a 
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relatively gently dipping bed down ice and toward the terminal moraine (Figure 2). 

Higher velocity sections, likely existing down-ice from the Almond margin in locations 

such as 11th Drive, would result in increased incision based on the model of the erosion 

rate (Carter et al., 2017; Zoet et al., 2019): 

Ė = 𝐾1
𝑉𝑠

𝛼𝑐𝑐
(

max (𝜏𝑐𝑐−𝜏𝑘,0)

𝑔(𝜌𝑠−𝜌𝑤)𝐷15
)

3

2
           (2) 

where 𝐾1is an erosion constant (Walder and Fowler, 1994), 𝜌𝑠 is the sediment density, 𝜌𝑤 

is the water density, 𝐷15 is the 15th percentile grain size diameter, 𝑉𝑠 is the settling 

velocity, 𝜏𝑘 is the critical shear stress value at the base of the channel, 𝜏𝑐𝑐 is the channel 

bed shear stress, and  𝛼𝑐𝑐 is a channel geometry correction factor. The settling velocity in 

this equation relates to the velocity in the subglacial system, where an increase in velocity 

would correspond to an increase in erosion rate. Comparatively, a channel in lower 

velocity sections, likely existing up-ice from the Almond moraine, would incise less. This 

relationship is also true for subaerial settings (Walder and Fowler, 1994) and is an 

example of a positive feedback system where relatively high velocity, narrow channels 

show limited lateral erosion and would cause incision, whereas relatively low velocity, 

shallow channels would show limited incision and would result in lateral erosion (Wohl 

and Ikeda, 1997).  

The total area of potential subglacial lakes that I calculated for the vicinity of the 

PTC is less than that estimated by Zoet et al. (2019). This discrepancy is due to the 

differences in the calculation methodology. My estimate is a more accurate representation 

of potential subglacial lakes due to the two-dimensional calculation of the hydraulic 

potential along with using the second derivative of the hydraulic potential. This area, 

shown in Figure 17, consists of 66 individual potential subglacial lakes, totaling ~107 
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km2. Zoet et al. (2019), however, estimated that the subglacial area for water to pool is 

~360 km2, more than triple that of my estimate. Therefore, my lower estimate of potential 

subglacial lake area reinforces the conclusion of Zoet et al. (2019) that there was not 

enough subglacial water to form the PTC in one discharge event. 

 

Alternatively, if I assume that a larger catchment area feeds into the PTC during a 

large subglacial drainage event, I can estimate an absolute maximum area for potential 

Figure 17. Potential PTC Subglacial Lakes. Potential subglacial lake areas around 

the general PTC location. The potential subglacial lake areas are shown in light red, 

whereas the Hancock moraine, Almond moraine, and PTC are shown as a solid line, 

dashed line, and double line, respectively. The base map is the SRTM digital 

elevation model 
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subglacial lakes. Using the total footprint (~8400 km2) of the study area in Figure 16, 

instead of the focused area in Figure 17, the area for potential subglacial lakes is ~834 

km2, which is more than double the estimate of Zoet et al. (2019). Given the 5 km3 of 

volume estimated to form the PTC (Zoet et al., 2019), the average depth of a subglacial 

lake would be ~6 m. This is a more realistic estimation compared to the ~14 m estimated 

by Zoet et al. (2019). However, it is unlikely that the entire area was able to fill and 

catastrophically drain simultaneously. In locations far north or south of the PTC, it is 

more likely that subglacial water present is going to flow parallel to ice flow and towards 

the terminal moraine in order to follow the gradient in the hydraulic potential (Hooke, 

2005). Consequently, it is unlikely that the subglacial water would travel perpendicular to 

this flow path and intersect with the PTC. Because of this, it is likely that the total 

potential subglacial lake area estimate of ~107 km2 is more accurate for the area around 

the PTC. Therefore, it is more likely that either several, short-duration discharge events 

occurred or there was substantial water volume input from supraglacial sources, or a 

combination of both.  

 

5.3 Modern Surface Topography 

 

 Modern surface topography is used as an indicator for where these subglacial 

tunnel channels are located. Shown in Figure 5, the surface topography changes 

significantly between the 11th Drive and 17th Drive locations. The 11th Drive location and 

further down ice show a distinct channel-like feature with a surface depression and lakes 

forming within some of those depressions. On the other hand, around the 17th Drive 

transect, there is no clear depression based on the modern topography. This shows a lack 

of surficial evidence of a buried channel, where the topography variation is simply 
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hummocky terrain due to moraine aggradation during the Almond phase of the LIS in this 

location. Based on the modern topography and the seismic cross-section showing the 

absence of a channel feature at 17th Drive, I estimate that the Plainfield initiates 4-5 km 

down-ice from 17th Drive, approximately 12-13 km up-ice from the terminal moraine. At 

this point, the hydraulic potential likely drives the subglacial water towards the terminus 

at sufficient speeds to cause incision. Comparing this location with the hydraulic 

potential model, it shows that some potential subglacial lake locations either coincide 

with or are down-ice from the PTC initiation location inferred from the modern 

topography. This could mean that either estimating the location of the initiation of the 

tunnel channel and its extent from the surface topography should not be the sole method 

of identifying tunnel channels, or that subglacial lakes can exist in locations that coincide 

with incised channels.  

 

5.4 Supraglacial Lakes 

Supraglacial lakes exist in both Greenland (e.g., Doyle et al., 2013; Fitzpatrick et 

al., 2014) and Antarctica (e.g., Langley et al., 2016; Stokes et al., 2019) and are an 

important source of water that can alter the effective pressure at the ice-bed interface after 

a drainage event (e.g., Bartholomew et al., 2012). Understanding their role in subglacial 

water drainage is an important aspect of understanding TC formation and how the 

fluctuation of effective pressure can alter the size and recurrence interval of subglacial 

lake drainage events. Previous studies have looked at supraglacial-lake distribution on 

both the Greenland Ice Sheet (GrIS) and the East Antarctic Ice Sheet (EAIS). Stokes et 

al. (2019) identified more than 65,000 supraglacial lakes on the margin of the EAIS, 



42 

totaling more than 1,300 km2 in area across the study area of ~5 million km2. Generally, 

these lakes form at low elevations and shallow surface slopes, with ~60% of the 

identified lakes existing a few kilometers down-ice from the grounding line, located on 

ice shelves. Additionally, these lakes down-ice from the grounding line make up more 

than 80% of the total supraglacial lake area in the study. However, supraglacial lakes are 

identified as far as 500 km up-ice from the grounding line and do exist at high elevations. 

Similarly, Fitzpatrick et al. (2014) identified ~200 seasonally occurring supraglacial lakes 

across Russell Glacier in West Greenland. The mean area of a lake for any given year 

through the study period was 0.68 km2. However, the maximum supraglacial-lake area in 

their dataset was 8.2 km2. This gives an approximation on the order of hundreds of square 

kilometers of total supraglacial lake area across all lakes identified in the ~6500 km2 

study area, or just under two percent of the total area.  

This contrast shows that Greenland, specifically West Greenland, is exhibiting a 

larger percentage of total supraglacial lake surface area across the ice surface compared 

to that of the East Antarctic margin. One possible explanation for this is that there is 

simply a study bias, since a majority of the supraglacial-lake studies focus on the GrIS, 

ice shelves, and the Antarctic Peninsula, while leaving out East Antarctica (Stokes et al., 

2019). However, other studies argue that it is more likely there is simply less intense 

surface melt occurring and generally only exists at near-coastal regions (Trusel et al., 

2012; Lenaerts et al., 2016). The cause of this can be attributed in part to the difference 

and changes in ocean and climate circulation in the Northern Hemisphere compared to 

the Southern Hemisphere and the lag time associated with global climate change. 

Previous studies have shown that the regional climate surrounding the Antarctic Ice Sheet 
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(AIS) and GrIS did not warm and cool simultaneously during past glacial and interglacial 

cycles (Crowley, 1992; Toggweiler and Lea, 2010). Leading up to LGM, between 47-23 

ka before present, Antarctic climate changed prior to that of Greenland by an average of 

1-2.5 ky. However, unlike the paleo-ice sheets, climate models predict that global 

warming will cause 1.7-2.0ºC of oceanic warming around Greenland compared to only 

0.5-0.6ºC around Antarctica. Current observations show that Greenland ice mass loss is 

accelerating due to oceanic forcing (Bevis et al., 2019), and therefore likely better 

represents the behavior of the LIS during the Green Bay Lobe retreat out of modern-day 

Wisconsin. 

Das et al. (2008) showed that water-driven fracture propagation beneath 

supraglacial lakes transports large volumes of supraglacially-stored water to the bed of 

the GrIS. Fitzpatrick et al. (2014) showed that for Russell Glacier in West Greenland, 

supraglacial lakes drain rapidly (<4 days) only ~28% of the time. However, when 

drainage events do occur, they facilitate regional, transient ice-sheet acceleration (Das et 

al. 2008, Doyle et al. 2013, Tedesco et al. 2013). Additionally, the propagation of these 

conduits from hydraulic fracturing creates pathways, or moulins, for water to follow for 

the remainder of the melt season (Joughin et al., 2008; Jougin et al., 2013; Andrews et al., 

2014). On the GrIS, moulins often form away from heavily crevassed zones, further up-

ice (Yang & Smith 2016). However, when an ice-sheet model is forced to replicate 

surface velocities that match GPS observations, the surface-parallel Von Mises stresses 

predicted are insufficient to replicate the moulin formations observed (Hoffman et al. 

2018). The ice-sheet model shows that moulins are replicated near large volumes of 
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supraglacial meltwater that catastrophically drain to the bed, showing that the distribution 

of moulins is closely tied to supraglacial lake drainage events (Hoffman et al. 2018). 

Stevens et al. (2015) argues that the trigger mechanism for these supraglacial lake 

drainage events is the ice-sheet uplift and/or enhanced basal slip. Additionally, Stevens et 

al. (2015) argues that further towards the ice-sheet interior, where there is less water at 

the bed, these hydraulic-fracture lake-drainage events are likely less pervasive. This same 

reasoning could explain why there are more tunnel channels on the western side of the 

Green Bay Lobe of the LIS, where subglacial lakes likely formed at locations ~ 15-20 km 

up-ice from the terminal moraine in this region. When these lakes fill, they perturb the 

hydraulic equilibrium between the basal water pressure and that from the overburden ice, 

thereby reducing the effective pressure above these subglacial lakes (Wingham et al., 

2006). This would cause regional ice uplift and/or ice velocity increases which could 

propagate hydraulic fracturing and drain any supraglacial lakes in the region. Even with 

this additional water source, the overall volume of water is insufficient to produce the 

PTC in one drainage event, and therefore it is unlikely that tunnel channels as a whole are 

formed from one drainage event. This means supraglacial lakes do influence the 

formation of tunnel channels by supplying water to the ice-sheet bed during drainage 

events, but multiple drainage events occur over the course of one or multiple melt 

seasons and carve tunnel channels. 

 

5.5 Permafrost 

 Other geologic factors, such as permafrost, likely play a role in the formation of 

the PTC by indirectly assisting the storage of water. Periglacial permafrost extending into 
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the driftless area of Wisconsin has been inferred from ice-wedge polygon and ice-wedge 

cast features (Clayton et al. 2001). These features only form within permafrost and act as 

a tracer for the extent of permafrost in a region. Additional evidence for the persistence of 

permafrost in this region comes from speleothem analysis by Batchelor et al. (2019) from 

within a cave in the driftless area. Based on the age of growth layers of the speleothems 

in this cave, they infer that while permafrost was present in the region growth from 

limestone precipitation would not occur. They estimate permafrost persisted in this area 

until ~15 ka. Additionally, Rawling and Attig (2018) estimated permafrost remained in 

the Northern Highlands region of Wisconsin until about 13-14 ka. This regional 

permafrost helps facilitate pooling of water behind the terminal moraine and effectively 

acts as a seal, trapping subglacial water (Attig et al., 1989; Cutler et al., 2002; Zoet et al. 

2019). When a subglacial drainage event occurs, initially the ice lifts from the bed as 

porewater pressure increases and is decoupled from the permafrost near the terminus 

(Das et al., 2008). Subsequently, as the TC forms and drainage proceeds, the traction at 

the bed increases so that after the drainage event the overall resistance to ice flow is 

higher than just prior to the event (Zoet et al. 2019). This additional traction at the bed 

acts to re-seal the permafrost/ice boundary and further facilitates pooling of water behind 

the terminal moraine (Zoet et al. 2019). This likely occurs periodically while the ice sheet 

is at the terminal margin and permafrost exists beyond this margin and into the periglacial 

environment.   
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CHAPTER 6 

 CONCLUSIONS 

 

 The active-seismic reflection survey reveals that there is no subsurface channel 

present at the 17th Drive transect of the Plainfield tunnel channel (PTC). It is then inferred 

that the PTC initiates at some distance down-ice from the 17th Drive transect, then 

increases in cross-section area prior to the 11th Drive transect. This phenomenon can be 

explained by the regional hydraulic potential, where at 17th Drive subglacial water likely 

pooled locally. However, at 11th Drive it is likely that little to no subglacial-water pooling 

occurred, and instead channel incision happens due to the positive bed slope gradient 

towards the terminal moraine, where a relatively faster-flowing water around this location 

carved the tunnel channel over time.  

 Supraglacial lakes likely have a large influence on the TC formation in this 

region. As the TC formation progresses, subglacial traction increases due to the 

porewater draining into the TC from the surrounding sediments, resulting in local ice 

thickening. This in turn leads to supraglacial lake formation up-ice from this region of 

local ice thickening. Water from these supraglacial lakes subsequently drive future 

drainage events. When supraglacial lakes drain through moulins, over-pressurization of 

the water at the ice-bed interface could occur and drive a subsequent subglacial outburst 

flooding event, which likely further incised the PTC. 
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