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Abstract.  
Understanding drivers of glacier stability is important to consider for future contributions to 
global sea-level rise. The underlying terrain on which ice sheets, continental-scale 
amalgamations of glaciers, rest have the ability to modulate ice flow and rates of ice sheet 
growth and decay, but the influence of subglacial bed conditions is far from straightforward. 
Difficulties in accessing and studying contemporary subglacial environments leaves gaps in 
knowledge on the sensitivity of ice sheet behavior across time and space. Deglaciated landscapes 
that were once covered by ice sheets preserve records in the form of landforms and sediments 
and provide broad spatiotemporal perspectives on ice-sheet response to subglacial bed 
conditions. Through the development of a semi-automated mapping tool, 11,628 sedimentary 
and bedrock streamlined subglacial bedforms, serving as proxies for subglacial processes and ice 
flow, were mapped across nine sites of varying lithologic and topographic setting in the 
deglaciated Northern Hemisphere (Chapter 2; McKenzie et al., 2022). A minimum bedform 
length-width ratio and similarities in bedform metric distribution across bed lithology and 
topography indicate streamlined bedform synthesis is supported across all bed conditions. High 
ice-flow velocities based on highly elongate streamlined features occur within confined valley 
settings. Unconfined topography across sedimentary beds encourage consistency in ice-flow 
velocity and spatially uniform and organized interactions at the ice-bed interface. Elevated bed 
topography, or “bumps”, have the potential to slow ice flow or, conversely, increase ice-flow 
speed through strain heating and subglacial meltwater production. Streamlined subglacial 
bedforms on and proximal to isolated bumps of variable size across the deglaciated landscape of 
the Cordilleran Ice Sheet (CIS) of Washington state were assessed to characterize differences in 
ice flow and sedimentary processes due to the variable topography (Chapter 3; McKenzie et al., 
preprint). Ice flow organization and sedimentary processes (e.g., deformation, erosion, and 
deposition) are significantly disrupted by bumps greater than 4.5 km3.  Landform-building 
sedimentary processes are most mature downstream of bumps, likely due to increased 
availability and production of subglacial sediment and meltwater. Additionally, due to direct CIS 
coverage and high rates of glacial isostatic adjustment (GIA), sediment archives in the Puget 
Lowland of Washington state record spatial and temporal shifts landscape evolution and ice 
behavior. As identified through combined sedimentological and geochronological analyses, the 
late-stage CIS experienced step-wise retreat within a marine environment about 12,000 years 
B.P., placing glacial ice in the region for about 3,000 years longer than previously thought 
(Chapter 4; McKenzie et al., in prep). Additional rapid rates of vertical landscape evolution 
support a millennial-long stand still of marine-terminating ice, followed by continued retreat of 
ice in a subaerial environment. Overall, these works provide novel insight to the role of 
subglacial bed conditions in influencing ice-sheet behavior from landform and sediment records 
of deglaciated landscapes in the Northern Hemisphere. With this dissertation, I contribute to 
process-based knowledge of subglacial processes, landform generation, and controls on ice flow 
and retreat that are useful for understanding both marine- and terrestrial-based components of the 
contemporary Antarctic and Greenland ice sheets. 
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Chapter 1: Introduction 
 

Identifying controls on ice-sheet mass balance and behavior through the use of the paleo-
record is imperative for constraining and modeling modern ice sheet changes (Vaughn et al., 
2013). Fast-flowing regions of ice sheets (102-103 m a-1) surrounded by slower flowing ice, 
called ice streams, have the ability to destabilize entire ice-sheet catchments. Ice streams are the 
primary conveyors of ice discharge into the ocean and are commonly studied due to the 
preservation of geologic evidence in deglacial landscapes (e.g., Ó Cofaigh et al., 2013; 
Greenwood et al., 2018; Margold et al., 2015). Ice-flow dynamics are influenced by a number of 
factors including changes in buttressing by sea ice and floating ice shelves (Fürst et al., 2016) 
and internally through ice deformation, basal sliding in the presence of meltwater, and basal 
sediment deformation (Benn and Evans, 2014). In studying glacial systems, the underlying 
topography and bed lithology are of large interest due to the role these properties play in 
controlling ice velocity (e.g., Hindmarsh, 2001; Spagnolo et al., 2017; Falcini et al., 2018; 
Ignéczi et al., 2018; Maier et al., 2019; Greenwood et al., 2021). Therefore, the composition and 
topographic characteristics of the geologic substrate beneath glacial systems is highly important 
in determining ice contribution to global sea-level rise. The properties of the underlying terrains 
(i.e., beds) that support ice streams are of great interest due to the effects different topography 
and lithology have on ice-flow dynamics (Serrousi et al., 2017; Spagnolo et al., 2017; Falcini et 
al., 2018; Greenwood et al., 2021). While subglacial properties in part control the presence or 
absence of ice streaming, the interactions between fast-moving ice and the underlying bed are 
not well understood. In order to adequately anticipate the factors affecting future ice-sheet 
contributions to sea level, a better understanding of ice-bed interactions is needed.  

While ice-sheet change is influenced by external forcings like atmosphere and ocean 
warming (Hindmarsh & Le Meur, 2001; Seguinot et al., 2014; Bassis et al., 2017), patterns of ice 
flow (Clarke et al., 1977; Whillians and van der Veen, 1997; Cuffey & Paterson, 2010) and ice 
margin position (Weertman, 1974; Clark, 1994; Jamieson et al., 2012; Enderlin et al., 2014) are 
often linked to properties of the bed, although they can have opposing effects on ice-sheet 
behavior (De Rydt et al., 2013; Krabbendam et al., 2016; Falcini et al., 2018; Greenwood et al., 
2021; McKenzie et al., 2022). In both marine and land-terminating systems, areas with negative 
relief, such as valleys and troughs, have potential to increase ice streaming due to syphoning and 
thickening of ice and subsequent increase in basal meltwater production (Hindmarsh, 2001; 
Eyles et al., 2018; McKenzie et al., 2022). Similarly, positive topographic relief (i.e. pinning 
points, ridges, and banks) and rough beds can increase basal meltwater and ice streaming through 
strain heating (McIntyre, 1985; Pohjola and Hedfors, 2003; Winsborrow et al., 2010b; McKenzie 
et al., preprint). In other circumstances, obstacles in the bed can enhance frictional resistance to 
ice flow and confined topography can enhance lateral drag, leading to slower ice flow and, in 
marine-terminating systems, potential margin stabilization (Favier et al., 2016; Falcini et al., 
2018; Whillans and van der Veen, 1997; McKenzie et al., 2022). While these properties seem 
consistent in theory, some uncertainties remain regarding size thresholds for bed highs to 
significantly impact ice flow, as these factors relate to local glacial conditions (De Rydt et al., 
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2013; Falcini et al., 2018). Questions about these thresholds have been explored using glacier 
seismology (Podolskiy and Walter, 2016) and numerical models supported by high resolution 
geophysical surveys (Greenwood et al., 2018; Sergienko and Wingham, 2019; Alley et al., 2021) 
but appear to vary between systems. In Chapters 2 and 3, the knowledge gap regarding ice-sheet 
sensitivity to a wide range of topographic features in the subglacial environment is addressed 
utilizing deglaciated terrestrial landscapes (McKenzie et al., 2022; McKenzie et al., preprint). 

Due to the influence of oceans on marine terminating ice-sheet sectors, warming waters 
or increased sea level around the ice margin may destabilize and cause retreat where ice is 
thinned or becomes too buoyant and can no longer maintain contact with the bed (Favier et al., 
2016; Hindmarsh and Le Meur, 2001). Reverse slope beds, or bed slopes that deepen in elevation 
inland, also pose a large threat to ice-mass balance of marine terminating systems: once the ice is 
no longer in contact with the bed, ice moving along reverse slope beds is likely to experience 
runaway retreat as marginal ice thickness and flux increase and thus thinning occurs leading the 
buoyancy-driven retreat inland (Weertman, 1974; Jamieson et al., 2012; Robel et al., 2019). 
Conversely, sediment deposition along the margin of retreating ice systems can contribute to 
stabilization by providing self-built pinning points for the ice to rest (Batchelor and Dowdeswell, 
2015; Simkins et al., 2018; Demet et al., 2019). Glacial isostatic adjustment (GIA), or the 
redistribution of solid Earth due to ice load changes, is theoretically shown to stabilize marine-
terminating margins of the Antarctic Ice Sheet by reducing effective water depth as the seafloor 
rebounds due to ice loss (Gomez et al., 2012; Whitehouse et al., 2019). This concept is tested 
empirically in Chapter 4 (McKenzie et al., in prep).  

While subglacial bed characteristics are essential to understanding controls on ice-sheet 
behavior in both land- and marine-terminating systems, accessing these environments under 
modern ice sheets is logistically challenging. However, the study of deglaciated landscapes offer 
direct access to paleo-subglacial beds and to geologic archives of ice-sheet behavior (Wellner et 
al., 2001; Ottesen et al., 2008; Eyles & Doughty, 2016; Jones et al., 2020). The work herein 
focuses primarily on sedimentary material deposited during the Last Glacial Maximum (LGM; 
~20,000 years ago) or local LGMs and subsequent deglaciation due to the strong preservation 
and little reworking of material from this time as compared to sedimentary deposits from earlier 
glacial periods. 
 
1.1. Landform evidence of controls on ice flow and retreat 

 
Pressure differences at the ice-bed interface drive stress fracturing, or plucking, while 

interactions between entrained rock material and underlying bed surfaces drive physical erosion, 
or abrasion, of the underlying bed surface. Together, these processes drive the evolution of 
glacial landscapes (Linton, 1963). As ice sheets persist on the Earth’s surface for several 
millennia, they are able to erode and redistribute surface materials over large areas through their 
movement. Glacial landforms created through abrasion and deposition of ice-mobilized materials 
are proxies for past ice sheet behavior and ice-bed interactions that are difficult to observe 
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beneath modern ice streams (e.g., Riverman et al., 2019; Principato et al., 2016; Krabbendam et 
al., 2016: Simkins et al., 2018; Greenwood et al., 2021; McKenzie et al., 2022). Details inferred 
from these landforms include margin retreat style (i.e. punctuated, slow, fast) and flow direction 
and relative speed. However, the processes of abrasion, plucking, and deposition of material can 
vary widely based on the bed substrate, composition, topographic setting, and the overlying ice 
sheet. 

Ice-flow dynamics of extinct glacial systems, assessed using streamlined subglacial 
bedforms as a proxy for ice speed, direction, and maturity, are explored across regional scales 
with relation to variable topographic and bed substrates throughout Chapter 2. Then within a 
single glacial system, to remove confounding local glaciological conditions, Chapter 3 explores 
the role of regional topographic highs on controlling ice flow speed and direction as well as 
subglacial erosion and deposition. The sites used in Chapters 2 and 3 exhibit remarkable 
topographic similarities to margins of the modern Greenland Ice Sheet, supporting that process-
based findings from this work can be extrapolated to modern glacial systems (Eyles et al., 2018; 
MacKie et al., 2020; MacKie et al., 2021).  

 

1.2. Stratigraphic and geochronological assessment of ice behavior: focused case study in the 
Puget Lowland, Washington state 
 

 In addition to quantitative geomorphology, stratigraphic records in previously glaciated 
regions can provide a highly detailed spatial and temporal record of ice movements across a 
landscape. Recent advancements in the fields of geochronology, glacial geology, and ice-sheet 
modeling have been incredibly useful in reconstructing spatial and temporal changes in ice-sheet 
extent, movement, and demise across many deglaciated landscapes (e.g., Rosenheim et al., 2013; 
Seguinot et al., 2016; Falcini et al., 2018). One understudied region with well-preserved glacial 
and interglacial sediments from the LGM is the Puget Lowland in Washington state, glaciated by 
the southernmost Cordilleran Ice Sheet (CIS) through at least the last 300,000 years.  

While the CIS is argued to be the least understood of all Pleistocene ice sheets, its 
topographic environment is most similar to the terrain beneath the Greenland Ice Sheet (i.e., a 
basin surrounded by mountainous terrain; Bamber et al., 2013; Eyles et al., 2018). At the time of 
glaciation, the southernmost lobe of the CIS terminated within the marine environment of the 
Puget Lowland where dynamics of GIA caused uplift of the marine environment, thought to 
coincide with periodic ice sheet stability (Simkins et al., 2017; Demet et al., 2019). The Puget 
Lowland displays similar solid Earth rheology (lithospheric thickness and mantle viscosity) to 
the Antarctic Peninsula, suggesting viscoelastic responses of solid Earth could have played an 
important role in stabilizing CIS retreat, similar to modeled and observed contemporary outlet 
glaciers of the Antarctic Peninsula (Whitehouse et al., 2019; Nield et al., 2014). The well-
preserved sediment record of the Puget Lobe, the southernmost portion of the CIS, has been 
highly interpreted to date, but the lack of detailed stratigraphic assessment in addition to the 
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unknown marine reservoir correction (MRC) of this region contribute to uncertainties in timing 
of glacial and deglacial events. These factors have contributed to discrepancies in radiocarbon-
dated materials and largely unclassified timing of subaerial emergence. The decimeter-scale 
stratigraphic assessment and modern approaches to geochronological analysis in the Puget 
Lowland conducted in Chapter 4 provide novel insight to the spatial and temporal ice dynamics 
of the Puget Lobe while also addressing the role of subglacial environments in controlling ice 
movement. The topographic and rheological similarities between the Puget Lowland and modern 
margins of the GrIS and AIS, respectively, support the application of findings from this work to 
be extrapolated to contemporary ice systems (e.g., Nield et al., 2014; Eyles et al., 2018; 
Whitehouse et al., 2019). 
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Chapter 2: Streamlined subglacial bedform sensitivity to bed characteristics across the 
deglaciated Northern Hemisphere 
 
Adapted from: McKenzie, M.A., Simkins, L.M., Principato, S., and Munevar-Garcia, S.: 
Subglacial bedform sensitivity to bed characteristics across the deglaciated Northern 
Hemisphere, Earth Surface Processes and Landforms, 47:9, 2341-2356, 
https://doi.org/10.1002/esp.5382, 2022. 
 
2.1 Introduction 

 
Understanding the conditions that control ice-sheet flow is particularly important for ice 

streams, conduits of fast-flowing ice at rates of 102–103 m a−1, due to their ability to efficiently 
drain and destabilize glacial catchments and greatly impact glacial contributions to sea level 
(Bamber & Aspinall, 2013; Rignot et al., 2019; Serrousi et al., 2017). The character of the 
underlying terrain (i.e., bed) beneath ice streams influences ice-flow velocity and organization by 
modulating driving stresses, subglacial hydrology (Falcini et al., 2018; Greenwood et al., 2021; 
Hall & Glasser, 2003; Hindmarsh, 2001; Maier et al., 2019; Wellner et al., 2001) and spatial 
variations in ice thickness (Eyles et al., 2018; Payne & Dongelmans, 1997; Roberts et al., 2010). 
Patterns and rates of ice flow are commonly linked to known or perceived properties of the bed 
including topography and lithology (Clarke et al., 1977; Cuffey & Paterson, 2010; Whillians & 
van der Veen, 1997). Bed properties can have opposing effects and varying degrees of influence 
on ice-stream behavior (De Rydt et al., 2013; Falcini et al., 2018; Greenwood et al., 2021). 

Valleys and troughs underlying both marine and terrestrial-based glacial systems have the 
potential to increase ice-flow velocities due to steering and thickening of ice, leading to 
increased pressure melting and overall meltwater abundance that enhance basal sliding and 
sediment deformation (Eyles et al., 2018; Hindmarsh, 2001). Similarly, ice flow is accelerated 
through strain heating of basal ice (McIntyre, 1985; Pohjola & Hedfors, 2003; Winsborrow et 
al., 2010) in areas of positive topographic relief (i.e., pinning points, ridges and banks) and 
regions of high bed roughness (i.e., spatial variation in surface elevation and slope; Falcini et 
al., 2018; Rippin et al., 2011; Siegert et al., 2005). In other circumstances, obstacles in the bed 
and deep valley regions surrounded by areas of high topographic relief enhance basal and lateral 
drag, leading to slower ice flow and potential grounding-line stabilization in marine-terminating 
systems (Falcini et al., 2018; Favier et al., 2016; Whillans & van der Veen, 1997). 

Bed lithology also plays a fundamental role in ice–bed coupling, efficiency of meltwater 
transmission, and sedimentary processes such as deformation, erosion and deposition 
(Weertman, 1957). Permeable unlithified sedimentary beds allow for water infiltration and 
enhanced ice motion due to sediment deformation (Alley et al., 1986; Cuffey & Paterson, 2010; 
Tulaczyk et al., 2000), whereas more impermeable, “hard” beds facilitate sliding through liquid 
water being held between the ice and bed (Evans et al., 2006; Nienow et al., 2017). Rates of 
erosion and deposition in the subglacial environment are fundamentally impacted by bed 
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lithology due to its control on meltwater transmission and, presumably, relative erodibility 
differences between different lithologies (Fowler, 2010; Greenwood & Clark, 2010; Ng, 1998). 

Erosion and deposition at the ice–bed interface commonly creates subglacial streamlined 
bedforms, elongate in the direction of ice flow, which indicate sedimentary processes under 
variable glaciological conditions across landscapes (e.g., Alden, 1905; Charlesworth, 1957; 
Clark, 1993; Clark et al., 2009; Hollingworth, 1931; King et al., 2009; Menzies, 1979; Shaw et 
al., 1989; Spagnolo et al., 2010, 2011; Stokes & Clark, 2001, 2002; Wright, 1912). Genetic 
controls on streamlined bedforms include bed erosion by meltwater (Shaw et al., 2008), ice-keel 
ploughing (Clark et al., 2003; Tulaczyk et al., 2000), heterogeneous sediment deposition due to 
orthogonal basal pressure variability (Schoof & Clark, 2008), and till deformation (King et 
al., 2009). Because many bedform types, such as glacial lineations, are genetically and 
morphologically similar between contemporary and paleo-glacial systems (King et al., 2009), the 
location of former warm-based ice flow is interpreted from streamlined bedforms (e.g., 
Bourgeois et al., 2000; Briner, 2007; Clark, 1993; Clark et al., 2003; Ottesen et al., 2008; 
Principato et al., 2016; Spagnolo et al., 2014; Stokes et al., 2013; Stokes & Clark, 2001). 
Streamlined bedforms are commonly well preserved and mark the final or most prominent phase 
of ice flow across the landscape (Clark, 1999; Winsborrow et al., 2010). Ranging in size from 
centimeters to several kilometers in length and from centimeters to tens of meters in amplitude, 
the elongation (i.e., ratio of length to width) of streamlined bedforms is commonly used to infer 
characteristics of ice-flow speed in deglaciated landscapes, while long-axis orientation is used to 
infer ice flow direction (e.g., Stokes & Clark, 2001, 2002; Zoet et al., 2021). 

Streamlined bedforms in deglaciated landscapes are used to interpret ice-flow behavior 
(e.g., Clark et al., 2009, 2018; Dowling et al., 2015; Ely et al., 2016; Greenwood & Clark, 2010; 
Hättestrand et al., 2004; Spagnolo et al., 2012, 2014; Stokes et al., 2013) and used to understand 
ice–bed interactions applicable to contemporary glacial systems (e.g., Eyles et al., 2018; 
Greenwood et al., 2021). Qualitative (i.e., visually descriptive) and quantitative (i.e., 
morphometric and statistical) analyses of streamlined bedforms are arduous tasks as these 
bedforms have low, even sub-meter vertical relief and typically occur in “swarms” of tens to 
thousands of bedforms (Clark et al., 2018; Ely et al., 2016; Hughes et al., 2010). While 
automated mapping methods more quickly detect streamlined bedforms than traditional manual 
mapping techniques, only a subset of these methods have been systematically applied across 
multiple sites (e.g., Cazenave et al., 2008; Clark et al., 2009; Saha et al., 2011; Spagnolo et 
al., 2017; Wang et al., 2017). Our study uses topographic positioning index (TPI; Tagil & 
Jenness, 2008; Weiss, 2001) to calculate “neighborhood” elevation and slope variations to semi-
automatically identify subglacial streamlined bedforms from nine deglaciated landscapes in the 
Northern Hemisphere (Figure 2.1). This large, geographically diverse dataset of streamlined 
bedforms contains both bedrock and sedimentary bedforms, encompassing a range of erosional 
and depositional processes associated with ice flow of four former ice sheets. We aim to identify 
the sensitivity of warm-based ice-flow conditions and subglacial processes to variable bed 
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conditions. Substrate influence on warm-based ice flow is inferred from bedform relationships 
with bed topography and lithology, independent of bedform genesis concepts. 
 
2.2 Methodology 
 

We examined nine study sites including (A) the Puget Lowland in Washington, USA, 
formerly glaciated by the southern Cordilleran Ice Sheet (CIS); (B) Northwestern Pennsylvania, 
USA and (C) Chautauqua, New York, USA, glaciated by the southern Laurentide Ice Sheet 
(LIS); (D) M’Clintock Channel, Canada; (E) Prince of Wales Island, Canada; (F) Nunavut, 
Canada, glaciated by interior reaches of ice streams, terminating at the margin of the LIS 
(Margold et al., 2018); (G) Bárðardalur, Iceland, glaciated by the Icelandic Ice Sheet; and (H) 
northern Norway and (I) northern Sweden, glaciated by the Fennoscandian Ice Sheet (Figure 2.1; 
Table 2.1). While all sites were glaciated during the Last Glacial Maximum (LGM; 23,000–
19,000 years ago; Hughes et al., 2013) and the surface-exposed streamlined bedforms represent 
LGM and post-LGM ice flow, some bedforms may have formed during earlier glaciations or be 
multi-generational in nature. Because this process-based study focuses on resultant bedform 
morphology and distribution, we refrain from integrating absolute ages outlining when the 
bedforms formed or when the sites were deglaciated—information that does not exist for each 
study site and is therefore beyond the scope of this project. 

Extensive efforts by state and national agencies to collect high-resolution digital 
elevation data allow for glacial landforms to be mapped at unprecedented spatial scales. Bed 
topography at each site was classified using publicly available digital elevation models (DEMs) 
with the highest clarity of 2 m vertical and 1.83 m × 1.83 m horizontal resolution and lowest 
clarity of 10 m vertical and 30 m × 30 m horizontal resolution, coupled with regional geology 
maps (Clallam County, Olympic Department of Natural Resources, WA, 2008; Porter et 
al., 2018; USGS, 1999, 2000). Present-day elevations of the DEMs differ from elevations at the 
time of glaciation due to glacial isostatic adjustment (GIA), tectonics and post-glacial landscape 
evolution; however, while absolute elevation differs from the LGM, relative relief at the 
streamlined bedform scale has not significantly changed. Visual hillshades for each DEM were 
created by utilizing ambient occlusion techniques, where multiple-scale and multi-directional 
hillshades were combined to create an incident lighting effect. This approach highlights the first-
order detail on surface structures at different scales required to identify the wide range of 
streamlined bedforms presented here. 

We classified topographic setting in the broadest sense as either “constrained” or 
“unconstrained” on spatial scales of 101–102 km (Payne & Dongelmans, 1997). “Constrained” 
topography is defined as low elevation surrounded by more elevated regions on the horizontal 
scale of 1–102 km and vertical changes of at least 400 m from valley bottom to top, while 
“unconstrained” topography is defined as open, relatively uniform topography on the horizontal 
scale of 1–102 km with no more than 400 m of vertical elevation change across the site 
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(Figure A2.1). Therefore, valleys, troughs and basins are considered constrained topography, 
while unconstrained topography lacks these features in the regional landscape. 

Surficial bed lithology was generally classified as: “lithified sedimentary” including both 
clastic and carbonate bedrock; “crystalline”; “volcanic rock”; or, in one case, “mixed” bed 
including both crystalline and unlithified sedimentary beds. These distinctions were made due to 
the general variation in primary permeability, erodibility and likelihood of these lithologies to 
develop into a deformable subglacial bed. Unlithified sedimentary beds are the most permeable, 
erodible and likely to support a deformable bed, whereas the crystalline bedrock sites are the 
least permeable, erodible and least likely to contribute to the formation of a deformed till layer 
compared to a sedimentary bed. Only underlying bed composition was considered in determining 
site lithology; therefore, thin layers of till or soils overlying crystalline bed sites were not 
considered in bed lithology classification. While there are differences in properties between, for 
example, clastic and carbonate sedimentary rocks, the differences are subtle enough for the two 
categories to be classified together for the purpose of this regional and bedform-assemblage 
scaled work. 

We mapped streamlined bedforms from the nine sites with a combination of manual 
identification and a novel semi-automated application of a TPI mapping tool, originally 
developed for the purpose of characterizing watersheds across regional landscapes 
(Weiss, 2001). TPI utilizes DEM cell elevation and mean elevation of a defined neighborhood to 
calculate slope variations across a landscape. Annulus neighborhood sizes were determined by 
assessing the visible range in scales of bedforms present. At least two neighborhood assessments, 
ranging from 300 to 2100 m, were conducted for each site and determined separately for each 
site based on the overall elevation range of the landscape and visual estimates of streamlined 
bedform metrics. Once the inner and outer neighborhood radius is defined, TPI calculates the 
mean elevation across the defined neighborhood for each pixel. A standardization is then used 
across the entire map to ensure varying sites are comparable. The tool, built using ArcPython 
code and ArcGIS ModelBuilder, was published for use (McKenzie et al., 2022). After 
standardization, TPI values above zero represent areas higher than surrounding topography, 
while negative TPI values measure locations lower than their surroundings. Using spatial analyst 
tools, all positive relief features identified by TPI, including features other than non-subglacial 
streamlined bedforms, were separated into a polygon file (McKenzie et al., 2022; Figure A2.2). 
Thresholding of TPI-mapped bedform metrics such as feature length, width, orientation and area 
attributes coupled with a manual assessment, conducted by visually removing incorrectly 
identified features and adding features missed by TPI, resulted in a more accurate dataset whose 
metrics were not influenced by morphometric threshold sorting (McKenzie et al., 2022; 
Figure A2.2). 

For each mapped bedform, its long-axis length and orientation, width orthogonal to 
length, and the range in elevation along the landform’s long axis (termed here “bedform surface 
relief”) were calculated automatically in ArcGIS Pro using the “Minimum Bounding Geometry” 
and “Add Z Information” tools. Automatic calculation of streamlined bedform long-axis cardinal 
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orientation is quantified in degrees, measured by the rotation of the bedform long axis from due 
north, and is used to infer direction of ice flow (Clark, 1997; Kleman et al., 2006; Kleman & 
Borgström, 1996). Parallel conformity, or the standard deviation of an entire streamlined 
bedform dataset’s orientation values at a given site, was additionally calculated in Excel. 
Bedform elongation ratio, calculated by dividing the bedform length by its width, and parallel 
conformity (i.e., the standard deviation of bedform orientation) were calculated in Excel. 
Defining bedforms solely by their shape rather than composition is a strength to this study, as it 
allows for the assessment of topographic and lithologic controls on ice streaming and 
sedimentologic and geomorphologic processes regardless of landform-generating processes that 
have been inferred for individuals or groups of landforms. 

Statistical analyses including a linear Pearson correlation and Shapiro–Wilk test were 
conducted in “R” to compare bedform metric distributions. Qualitative metrics, namely site 
topography and lithology, were assigned a fixed numerical value that was used in the Pearson 
correlation, where topographically unconstrained regions were assigned a value of 0 and 
topographically constrained were assigned a value of 1. Sedimentary bedrock was assigned a 
value of 0, crystalline bedrock a 1, volcanic bedrock a 2 and mixed lithology a 3. 
 
2.3 Results 
 

In the following subsections, we demonstrate our use of TPI to identify streamlined 
subglacial bedforms, the trends and correlations of bedform morphology across all sites, and the 
relationship between spatial orientation and distribution of bedforms. Lastly, we describe the 
relationship between bedform characteristics and bed topography and lithology. 
 
2.3.1 Streamlined subglacial bedform identification 

 
Across the nine sites, TPI identified 7,635 bedforms, while 3,993 bedforms were 

manually mapped (i.e., added or adjusted from TPI mapping), resulting in a total dataset of 
11,628 sedimentary and bedrock bedforms (Figure 2.2). Of the nine study sites, the Puget 
Lowland (Site A) and M’Clintock Channel (Site D) sites had the highest proportion of bedforms 
correctly mapped by TPI as determined by visual inspection, requiring a lower percentage of 
false-positive bedforms to be manually removed (Table 2; Figure A2.3). Sites with low variation 
in site elevation, such as those in northwestern Pennsylvania (Site B) and Chautauqua (Site C), 
required the least manual bedform mapping (Figure 2.2; Table 2.2). In northern Sweden (Site I), 
the number of bedforms considered incorrectly identified by TPI exceeded the number of those 
that were considered correctly identified. Sites with the greatest number of bedforms manually 
added to the final dataset include northern Norway (Site H) and northern Sweden (Site I). There 
was no statistical significance between the proportion of TPI-identified false positives and the 
proportion of bedforms manually added to bed topography and lithology across the sites. Almost 
all scales of known streamlined bedforms (Ely et al., 2016) are resolved by DEMs and 
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potentially identified by TPI, except for bedforms with millimeter to centimeter surface relief. 
The lowest relief of bedform surface mapped by TPI is <1 m, providing confidence in the ability 
of these dual methods to capture a “full” dataset of streamlined subglacial bedforms 
(Figure A2.3). 
 
2.3.2 Bedform morphology 
 

The streamlined bedforms range in length from 94 to 15,388 m (mean 1,052 m; median 
754 m) and in width from 19 to 2,323 m (mean 219 m; median 157 m). As determined by a linear 
Pearson correlation, bedform length and width have a positive correlation coefficient 
(Figure 2.3). This statistical analysis was fitting for this data as it met the assumption that all 
groups were statistically significant in their difference from one another (p < 0.05). Puget 
Lowland (Site A) bedforms span the greatest range in width and length of all sites, while 
Chautauqua (Site C) has the smallest ranges of length and width. Interestingly, low bedform 
lengths and widths are common for all sites, while bedforms with lengths greater than ~2000 m 
and widths greater than ~600 m are less common (Figure 2.4A). 

A minimum ratio of length to width (i.e., elongation; e.g., Clark et al., 2009; Ely et 
al., 2016) of 1.12:1 is distinct for all sites. Consistency in peak elongation ratios for all sites is 
also observed, with a median elongation ratio of 5:1 (Figure 2.5; Table 2.2). The degree of 
positive skewness of elongation varies by site, with sites Bárðardalur (Site G) and northern 
Sweden (Site I) highly skewed, while sites Chautauqua (Site C) and northwestern Pennsylvania 
(Site B) are the least positively skewed, as determined by a Shapiro–Wilk normality test. The 
northern Norway (Site H) site has the highest mean and median bedform elongation ratio values, 
while Bárðardalur (Site G) has the greatest range of elongation ratio of all sites (Figure 6B; 
Hoffmann, 2015). Chautauqua (Site C) bedforms have the smallest elongation ratio mean, 
median and range of all sites (Figure 2.6B, Hoffmann, 2015). Bedform length and elongation as 
well as bedform length and width are positively correlated (Figure 2.3). 

The Puget Lowland (Site A) has the highest mean, median and range of individual 
bedform surface relief than any other site (Figure 2.6A; Hoffmann, 2015). Prince of Wales Island 
(Site E) has the smallest mean and median bedform surface relief, while M’Clintock Channel 
(Site D) has the smallest bedform surface relief of all sites (Figure 2.6A: Hoffmann, 2015). 
Bedform length and bedform surface relief have a strong positive correlation coefficient 
(Figure 2.3). When comparing individual bedform elongation and bedform surface relief, more 
elongate bedforms correspond to more uniform bedform surface relief (Figure 2.4C, D). 
Conversely, less elongate bedforms display greater variation in individual bedform surface relief 
(Figure 2.4D). 
 
2.3.3 Bedform parallel conformity and distribution 
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While streamlined bedform orientations vary by site depending on predominant direction 
of ice flow, the average parallel conformity (i.e., standard deviation of orientation) of all sites is 
26° (Figure 7). Multiple sites, including M’Clintock Channel (Site D) and Prince of Wales Island 
(Site E), have notable variations and cross-cutting relationships between bedforms of different 
orientations, indicating two temporally distinct flow orientations, although one flow orientation 
is far more prominent (Figures 2 and 7). Two of the topographically constrained sites, 
Bárðardalur (Site G) and northern Norway (Site H), are clearly influenced by topographic 
steering of bedform orientation (Figure 7). Swarms of bedforms at M’Clintock Channel (Site D) 
are more elongate in the center of the mapped clusters than the edges, while bedform elongation 
at all other sites varies without apparent spatial organization. At M’Clintock Channel (Site D), 
where we see this spatial organization of bedform elongation, the bedforms also express high 
parallel conformity and high density and packing (Figure 8; Table 2). 
 
2.3.4 Bedform morphometric correlations with bed lithology and topography 
 

The Puget Lowland (Site A), a topographically constrained mixed lithology site, has the 
greatest number of bedforms per area (i.e., density) and the highest bedform area per area (i.e., 
packing; Table 2) compared to the eight other sites. Altogether, the topographically 
unconstrained sites with sedimentary bedrock have the next highest packing or density values 
(Table 2). 

The topographically constrained volcanic bed of Bárðardalur (Site G) contains low-
density and packing bedform swarms and has the most elongate bedforms in the dataset 
(Figure 8; Table 2). After Bárðardalur (Site G), the sites with the most elongate bedforms are 
also all topographically constrained sites (Table 2). Utilizing a linear Pearson correlation, 
constrained topography has a high positive correlation coefficient with elongation and bedform 
surface relief, while unconstrained topography is correlated with greater bedform width 
(Figure 3). Bed lithology has a strong negative correlation coefficient, with bedform width 
indicating that large widths are likely on sedimentary bedrock sites while bedforms with smaller 
widths are more common in mixed lithology sites. Conversely, bedform surface relief is highly 
correlated with surface lithology, where sedimentary bedrock sites have lower bedform surface 
relief and mixed lithology sites have greater bedform surface relief (Figure 3). Regardless of 
these differences, all sites have similar morphometric distributions and show considerable 
overlap with common means and medians, rather than distinct populations, and only differ in the 
degree of skewness. 
 
2.4 Discussion 
 
 A discussion of the performance of TPI in mapping subglacial streamlined bedforms is 
presented in the first subsection, followed by discussions of streamlined bedform morphology 
and the relationship between bedform morphology and bed settings. 
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2.4.1 Success of semi-automatic mapping streamlined bedforms in deglaciated landscapes 
 
 Previous morphometric studies of streamlined subglacial bedforms have utilized Fourier 
spectra data (e.g., Spagnolo et al., 2017), manual identification (e.g., Principato et al., 2016), 
object-oriented automatic identification (e.g., Saha et al., 2011), contour-tree mapping (Wang et 
al., 2017) and other methods systematically utilized to identify bedforms across singular and 
multiple geographic locations (e.g., Clark et al., 2009, 2018; Ely et al., 2016; Greenwood & 
Clark, 2010; Spagnolo et al., 2014; Stokes et al., 2013). While TPI was originally developed to 
classify landscapes and delineate watersheds (Tagil & Jenness, 2008; Weiss, 2001), its ability to 
characterize negative and positive relief features through slope variations is conceptually 
applicable to many landscapes. In the context of glacial landscapes, the distinct elongate 
morphologies and occurrence of numerous bedforms in close proximity make streamlined 
subglacial bedforms well suited for identification with TPI. In general, highly elongate bedforms 
with low bedform surface relief are more difficult to map due to small and narrow slope 
differentiations. Due to the difficulty of the TPI method in identifying these sizes of bedforms, 
many of the manually mapped bedforms were visually low-relief and highly elongate (Figure 
A2.3). Additionally, two sites with the greatest number of manually mapped bedforms occurred 
in northern Norway (Site H) and northern Sweden (Site I; Table 2.2), where preservation of non-
glacial or minimally glacially modified landforms is significant across the entire region (Ebert et 
al., 2012; Hall et al., 2013; Kleman & Stroeven, 1997). These mapping challenges may be a 
result of residual pre-LGM landform assemblages and bedrock morphologies from pre-
Quaternary formation and weathering processes (e.g., Ebert et al., 2012; Hall et al., 2013; 
Kleman & Stroeven, 1997). Landscape features that were manually removed include non-glacial 
positive relief features such as modern riverbanks and isolated bedrock highs, identified by their 
location, size, orientation or lack of any elongation. While there were some shortcomings in the 
bedform TPI identification method developed for this work, the hundreds of hours saved by 
semi-automatically identifying these bedforms renders this tool highly useful. Use of the TPI 
identification tool also reduces investigator bias through its systematic identification of positive 
relief features across a landscape. 
 While the percentage of bedforms incorrectly mapped by TPI has no correlation to site 
topography or lithology (Table 2.2), the crystalline bed sites in northern Norway (Site H) and 
northern Sweden (Site I) and volcanic bedrock site in Bárðardalur (Site G) had the greatest 
proportion of their bedforms identified manually (Table 2.2). The hard beds in Sweden and 
Norway, less easily eroded, preserve a landscape legacy of older and persistent processes and 
therefore have many large, high relief features such as inselbergs (e.g., Ebert et al., 2012; Hall et 
al., 2013). High-relief features dominate the landscape, even in areas impacted by glacial 
processes. Therefore, glacial features left on the surface are often very subtle and low in relief, 
creating difficulties for TPI to identify these small relief bedforms amidst the more pronounced, 
high-relief features of these landscapes, making manual identification more suitable for these 
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types of bedforms. TPI, therefore, does not perform as well on crystalline bedrock sites as it does 
on sedimentary bedrock sites where glacial erosion has a larger impact on surface relief. It is also 
important to note that the crystalline bedrock sites (Sites F, H, I) were deep in the ice sheet 
interior, where cold-based ice is thought to have been prevalent for long periods over multiple 
glaciations. Therefore, not only was the crystalline bedrock difficult to erode, but the 
glaciological environment did not support streamlined bedform processes (Margold et al., 2015; 
Stokes & Clark, 2001). For a similar reason, the large proportion of manually mapped bedforms 
in Bárðardalur (Site G) could, in part, be due to a variety of bedform composition and relief 
ranging from low-relief features comprised entirely of diamicton to high-relief features 
comprised of diamicton overlaying bedrock cores formed during rifting. More pronounced, high-
relief features are more easily identified by TPI mapping, while low relief features are not as 
easily delineated by the tool. 
 
2.4.2 Bedform properties across the deglaciated Northern Hemisphere 
 
 While sub-meter relief bedforms like bedrock striations are not resolved in the dataset 
presented here, meter to kilometer-scale bedforms like drumlins and flutes are well resolved. 
Bedforms across the datasets have significant overlap and positive correlation between width and 
length (Figures 2.3 and 2.4A,B), indicating a shared genetic mechanism between bedforms 
regardless of their composition or whether they formed through erosional or depositional 
processes. Additionally, both length and width data are positively skewed, with more small 
bedforms than large (Figure 2.4A,B). This process of bedform elongation is commonly 
referenced in the field and has led to the use of elongation as a proxy for ice streaming velocity 
and length of time that a particular flow regime has been operating (e.g., Benediktsson et al., 
2016; Livingstone et al., 2016; Stokes et al., 2013; Stokes & Clark, 2002).  
 Although our nine study sites were glaciated by different ice sheets on different 
continents, resulting subglacial bedforms were found to be morphologically similar (e.g., Stokes 
& Clark, 2002; Clark et al., 2009; Saha et al., 201; Spagnolo et al., 2014; Principato et al., 2016). 
The similarities in quantitative bedform morphometrics across the study sites suggest similar 
genetic relationships between all streamlines subglacial bedforms. In this study, we find a 
minimum length to width ratio (i.e., elongation; e.g., Clark et al., 2009; Ely et al., 2016) of 
1.12:1, indicating that barely elongate bedforms are (1) resolved in the dataset and (2) occur for 
the full size range of bedforms (Figure 4A,B) potentially due to the highly dynamic and rapidly 
evolving bedform development beneath warm-based ice (Stokes et al., 2013). In other terms, we 
observe that a large bedform can be equally as stunted as a small one, suggesting that growth of 
bedforms does not necessarily add length or strip width preferentially and there is not one single 
style of bedform development. The unimodal distribution of elongation ratios with positive 
skewness seen in this work, indicating a continuum of bedform types, has also been found in 
other morphological bedform assessments (Figure 2.5; e.g., Clark et al., 2009; Saha et al., 2011; 
Stokes et al., 2013; Spagnolo et al., 2014; Ely et al., 2016; Principato et al., 2016).  
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 We find that less elongate bedforms are interspersed with more elongate features and not 
present at the margins of bedform swarms (Figure 2.8). This result is not unique and has been 
hypothesized to be a result of the rapidly changing subglacial dynamics responsible for bedform 
formation and development (Rattas & Piotrowski, 2003; Stokes et al., 2013). An exception of 
this observation is at M’Clintock Channel (Site D), where the largest, most elongate bedforms at 
this site are spatially centered in the middle of the mapped bedform swarm, while the least 
elongate bedforms flank the lateral edges (Figure 2.8). This spatial organization likely represents 
a centralized zone of stronger ice streaming, where lateral drag slowed ice flow along the edges. 
At the M’Clintock Channel site (Site D), we see direct evidence for ice streaming where fast-
flowing ice is bounded by slower moving ice (Margold et al., 2018). The spatial organization of 
elongation at M’Clintock Channel (Site D) contains classic assemblage characteristics associated 
with fast-flow corridors (e.g., Spagnolo et al., 2014; Stokes et al., 2013; Stokes & Clark, 2001, 
2022, 2003).  
 While particularly notable at topographically constrained and easily eroded bed 
substrates, all sites showcase a trend of more elongate bedforms corresponding to lower bedform 
surface relief (Figure  2.4C,D). This pattern is an indication of ice-flow persistence 
(Benediktsson et al., 2016), whereby persistent erosion and deposition at the ice–bed interface in 
conjunction with warm-based ice flow produce a flat bedform feature. Conversely, less elongate 
bedforms correlate with greater variability in bedform relief (Figure 2.4C,D), suggesting areas of 
faster-flowing ice have a glaciological control of more persistent and uniform organization of 
subglacial erosion and deposition. Therefore, in areas where ice streaming is not persistent or 
stable or ice velocities are relatively slow, erosion and depositional processes are more spatially 
heterogeneous to result in uneven individual bedform surface relief. Controls on the occurrence 
of bedform development may be directly related to variations in bed lithology (Greenwood & 
Clark, 2010) and topography (Falcini et al., 2018; Favier et al., 2016; Whillans & van der Veen, 
1997) or could be indirectly related through substrate control on glaciologic processes. However, 
this distinction was not explicitly assessed for individual bedforms within this study. 
 
2.4.3 Bedform morphology in relation to bed setting 
 
 Spatially stable and persistent ice streaming conceptually contributes to spatial 
homogeneity in erosion and deposition processes, leading to the formation of consistently 
orientated and shaped bedforms. Deviations to bedform orientation occur from both temporal 
and spatial variations, where bedforms can be preserved from multiple glaciations, such as in 
northern Sweden (Site I), or across constrained topography, such as in the Puget Lowland (Site 
A), Bárðardalur (Site G) and northern Norway (Site H). Regions with highly elongate bedforms 
correspond to qualitatively greater flow orientation organization (Figures 2.6 and 2.8; Table 2.2), 
which is potentially attributed to multi-generational or persistent bedform formation and 
development. Multiple glaciations in the same orientation produce more uniformly oriented 
features (i.e., higher parallel conformity). In the case of spatially influenced orientation, 
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topographic constrains on ice-flow develops bedform clusters with orientation that reflects the 
orientation of the valley in which it is constrained, such as in Bárðardalur (Site G). 
 Findings from previous work on bedform presence and morphologies identify 
glaciological drivers as fundamental controls on bedform morphology via subglacial processes, 
while others identify direct substrate control on resulting bedform morphologies due to inherent 
characteristics in the bed (e.g., Greenwood & Clark, 2010; King et al., 2009; Rattas & 
Piotrowski, 2003; Stokes et al., 2013). Qualitatively soft, more permeable and easily eroded beds 
allow for greater production and transport of sediment to the ice margin (Clark, 1993; Rattas & 
Piotrowski, 2003; King et al., 2009; Livingstone et al., 2016). The abundance of deformable till 
forming from the permeable environments of both lithified and unlithified sedimentary beds 
explains the presence of high-density bedforms in the regions with unlithified sediment (King et 
al., 2009; Stokes et al., 2013). Conversely, “hard”, crystalline beds are generally more resistant 
to erosion (Eyles & Doughty, 2016; Krabbendam et al., 2016) and more likely to have “foxed” 
bedforms resistant to sediment production and transport (Zoet et al., 2021). The greatest number 
of bedforms per area, present on a mixed (unlithified sedimentary bed system with crystalline 
bedrock) bed in the Puget Lowland (Site A), likely occur due to high availability of unlithified 
sediments and meltwater presence from strain heating. Strain heating occurs as ice flows over 
bedrock highs, collectively allowing for greater bed erosion across the permeable unlithified 
sediment, material deposition and subsequent ice streaming (McIntyre, 1985; Pohjola & Hedfors, 
2003; Winsborrow et al., 2010). In addition to the mixed bed site, lithified sedimentary beds 
were also densely populated with streamlined bedform features (Table 2.2). Crystalline and 
volcanic beds in both constrained and unconstrained topographic settings have the lowest 
bedform densities, suggesting that bed lithology, rather than topography, is a more dominant 
control on streamlined bedform density. However, it remains unclear and difficult to assess 
whether bed substrate controls either sedimentary processes regardless of flow regime or whether 
substrate controls streaming conditions. In either case, a distinct bedform signature across a 
particular bed substrate is produced. 

The unimodal and positively skewed distribution of bedform elongation indicates that 
similar distributions of elongation occur at a multitude of sites regardless of bed topography and 
lithology or climatological and glaciological factors (Table 2.1; Figure 2.4A,B; e.g., Clark et al., 
2009; Ely et al., 2016; Principato et al., 2016; Saha et al., 2011; Spagnolo et al., 2014; Stokes et 
al., 2013). The minimum elongation threshold and similarity in relative elongation distribution 
across sites highlight a similarity of ice–bed interactions across “soft” and “hard” beds in both 
topographically confined and unconfined settings, suggesting a self-organization of ice–bed 
processes regardless of site characteristics. The concept of streamlined bedforms developing as a 
self-organizing phenomenon is not novel in the field of glacial geomorphology and has been 
suggested to occur independently from local bed lithologic and topographic conditions (Clark 
2010; Spagnolo et al., 2017; Clark et al., 2018). This independent organization is well 
represented by the unit-less elongation ratio and allows for comparison of warm-based ice-flow 
velocities or persistence between individual sites. Differences in elongation distributions across 
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sites of variable topography or bed lithology would suggest an influence of substrate on bedform 
formation and development or substrate influence of glaciologic processes at the bed. However, 
from the similarities in bedform elongation distribution we see here and in previous work, we 
suggest that regions of warm-based ice flow, leading to the development of streamlined 
subglacial bedforms, exhibit potential for equivalent relative ice-flow velocity distribution or 
persistence of ice-flow pathways regardless of bed character. 

While all sites have similar elongation distribution trends, topographically constrained 
sites produce bedforms with the highest mean and median elongation ratios with the most 
elongate bedforms of the overall dataset (Figure 2.6B; Tables 2.1 and 2.2). Topographic 
constraint on ice flow results in topographic funneling and increased ice speed (Hindmarsh, 
2001; Wellner et al., 2001; Hall & Glasser, 2003; Ottesen et al., 2008; Roberts et al., 2010; Eyles 
et al., 2018). While bedform elongation is enhanced in regions that are topographically 
constrained, bedform elongation is not contingent on bedrock substrate (Figure 2.6B; Tables 2.1 
and 2.2), which we interpret to reflect a higher sensitivity of warm-based ice-flow velocity and 
persistence to bed topography than bed substrate (Greenwood et al., 2021; Halberstadt et al., 
2016; Ignéczi et al., 2018; Serrousi et al., 2017; Stokes & Clark, 2003; Winsborrow et al., 2010). 
Additionally supporting this argument, we find the topographically unconstrained and lithified 
sedimentary bed sites in Chautauqua (Site C) and northwestern Pennsylvania (Site B) have the 
least elongate bedforms, despite the potential for deformable substrates on these more easily 
erodible and mobile beds, indicating that distinct bedform morphologies are developed through 
topography. More specifically, it is the effect of topography on glacial conditions that allows for 
distinct bedform elongation to develop. 
Topographically constrained regions also produce large variations in individual bedform surface 
relief (Figure 2.6), indicating less consistency in erosion and deposition distribution across the 
surface. This effect is particularly apparent at topographically constrained sites with easily 
eroded beds such as those in the Puget Lowland (Site A) and Bárðardalur (Site G; Figure 2.6). 
Large values of bedform surface relief in the Puget Lowland (Site A) may also be explained by 
the presence of isolated crystalline bedrock highs or the presence of bedforms on steep 
slopes (Spagnolo et al., 2012). However, due to the role of glacial ice in shaping these crystalline 
bedrock highs, and the significance of other metrics that correspond to large variations in 
bedform surface elevation, these features with large surface elevation changes were included in 
the final dataset. The streamlined bedforms present in the Bárðardalur valley (Site G) are lower 
in elevation than those found along the valley edges (Figure A2.1) and were therefore 
topographically controlled during ice thinning of the Icelandic Ice Sheet (Benediktsson et al., 
2022). However, it is unlikely that the bedforms with the highest surface relief in Bárðardalur 
(Site G) are entirely composed of diamicton like the bedforms with smaller surface relief. We 
suggest the high relief bedforms in Bárðardalur (Site G) are comprised of diamicton overlying 
bedrock cores from pre-existing topography; however, further investigation of these features is 
needed to confirm this interpretation. 
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 Topographically unconstrained sites with lithified sedimentary bed conditions create 
bedforms with the most uniform elongation and surface relief (Figure 2.6), indicating these 
regions are most suitable for persistent, warm-based ice flow across the bed with well-developed 
processes of erosion and deposition in the subglacial environment (e.g., Benedikttson et al., 
2016; Rattas & Piotrowski, 2003; Stokes et al., 2013). Lithified sedimentary sites that are 
topographically unconstrained have some of the greatest bedform densities (Table 2.2), highest 
orientation uniformity (Table 2.2; Figures 2.7 and 2.8), and smallest bedform relief and 
elongation, as previously mentioned (Figure 2.6), further suggesting these settings are favorable 
for persistent ice flow.  
 
2.5 Conclusions 
  
 The large, semi-automatically mapped dataset developed in this work provides key 
insight into topographic and bed lithology controls on ice flow properties that should be applied 
to understanding contemporary systems (King et al., 2009). The application of TPI developed in 
this study highlights its widespread ability to quickly map thousands of bedforms with little 
computational time, about half of the human error, and subjectivity with only a few 
shortcomings, including its difficulty in identifying low-relief, elongate subglacial bedforms 
across landscapes with prominent pre-glacial topography (Ebert et al., 2012; Hall et al., 2013). 
From the results of the dataset, we learn that landform signatures of warm-based ice flow have 
remarkable morphometric distribution similarities regardless of bed topography and lithology. 
All regions of ice flow, measurable by the presence of streamlined bedforms, are capable of 
similar ice-flow velocity distributions regardless of bed characteristics. However, we find that 
topographically constrained sites have the most elongate bedforms of the entire dataset, 
indicating that topography has a first-order control on ice flow velocity and persistence, 
controlling streamlined bedform elongation through topographic funneling (Eyles et al., 2018; 
Hall & Glasser, 2003; Hindmarsh, 2001; Ottesen et al., 2008; Roberts et al., 2010; Wellner et al., 
2001). In this case, it is interpreted that substrate properties control the glaciological environment 
to develop bedforms with distinct high elongation. 

While bedform elongation is controlled by topography, sites with sedimentary beds 
contain the greatest number and area of bedforms per area, indicating that bedrock lithology has 
a more dominant control on density and packing than bed topography. Topographically 
unconstrained sedimentary beds support formation and development of bedforms with uniform 
elongation ratios, low bedform surface relief, uniform bedform orientation and high bedform 
density, indicating that these sites are most suitable for the development of persistent ice flow 
with well-organized subglacial erosive and depositional processes. 

Due to the fundamental role of bed topography and substrate in determining ice dynamics 
(Clarke et al., 1997; Cuffey & Paterson, 2010; Greenwood et al., 2021; Whillians & van der 
veen, 1997), assessment of streamlined bedform morphologies provides crucial information on 
bed-related controls to ice flow (Stokes & Clark, 2001, 2002; King et al., 2009). As 
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contemporary ice streams continue to retreat across environments with variable topography and 
bed lithology that are difficult to access and visualize, the use of preserved streamlined bedforms 
from paleo-subglacial environments is highly beneficial to constraining subglacial process 
sensitivities to variable bed conditions (Eyles et al., 2018; Greenwood et al., 2021; King et al., 
2009; Stokes & Clark 2001, 2002).  
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 29 

Table 2.1. Site descriptions and data information for nine deglaciated sites across the Northern 
Hemisphere. 
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Table 2.2. Bedform data by site, including spatial statistics and bedform metrics.  
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Figure 2.1. Study sites: (A) Puget Lowland, Washington, USA; (B) northwestern Pennsylvania, 
USA; (C) Chautauqua, NY, USA; (D) M’Clintock Channel, Canada; (E) Prince of Wales Island, 
Canada; (F) Nunavut, Canada; (G) Bárðardalur, Iceland; (H) northern Norway; (I) northern 
Sweden.  
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Figure 2.2. Streamlined subglacial bedforms (gray polygons) at sites (A) Puget Lowland, 
Washington, USA; (B) northwestern Pennsylvania, USA; (C) Chautauqua, NY USA; (D) 
M’Clintock Channel, Canada; (E) Prince of Wales Island, Canada; (F) Nunavut, Canada; (G) 
Bárðardalur, Iceland; (H) northern Norway; (I) northern Sweden. Outlined inset boxes are 
locations shown in Figure 2.8. 
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Figure 2.3. Correlation matrix of all 11.628 bedform features, conducted using linear Pearson 
correlation. Categorical variables were assigned arbitrary values for comparison statistics.  
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Figure 2.4. Bedform length and width metrics plotted by site: (A) convex hull area of all 
bedform length and width metrics and (B) scatterplot of the same data as (A); gray areas indicate 
regions where bedforms are not observed. (C) Convex hull area of all bedform elongation ration 
and elevation range metrics; (D) scatterplot of the same data as (C).  
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Figure 2.5. Frequency (n) of bedform elongation ratios. (A) Composite histograms of elongation 
frequencies for each site. (B) Individual site elongation frequencies. Site bins were determined 
using the “nbins” function in MATLAB, assigning each site 15 bins in order to make frequencies 
comparable.  
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Figure 2.6. (A) Distribution of bedform surface relief range and (B) distribution of bedform 
elongation ratios by site characterized by topography and bed substrate. MATLAB code for 
violin plot visualization sourced from Hoffmann (2015).  
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Figure 2.7. Cardinal orientations of mapped bedforms. (A) Puget Lowland, Washington, USA; 
(B) northwestern Pennsylvania, USA; (C) Chautauqua, NY, USA; (D) M’Clintock Channel, 
Canada; (E) Prince of Wales Island, Canada; (F) Nunavut, Canada; (G) Bárðardalur, Iceland; (H) 
northern Norway; (I) northern Sweden.  
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Figure 2.8. Representative bedform elongation ratios at (A) Puget Lowland, Washington, USA; 
(B) northwestern Pennsylvania, USA; (C) Chautauqua, NY, USA; (D) M’Clintock Channel, 
Canada; (E) Prince of Wales Island, Canada; (F) Nunavut, Canada; (G) Bárðardalur, Iceland; (H) 
northern Norway; (I) northern Sweden. Black arrows indicate ice flow direction.  
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Chapter 3: Differential impact of isolated topographic bumps on glacial ice flow and 
subglacial processes 
 
Adapted from: McKenzie, M.A., Simkins, L.M., Slawson, J.S., MacKie, E.J., and Wang, S.: 
Differential impact of isolated topographic bumps on glacial ice flow and subglacial processes, 
The Cryosphere, https://doi.org/10.5194/egusphere-2022-1220 (preprint).  
 
3.1 Introduction 
 
 Isolated topographic highs in the terrain beneath ice sheets can contribute to increased 
basal drag and decreased ice flow velocity and, for marine-based margins, offer pinning-points to 
halt or slow down margin retreat (Durand et al., 2011; Favier et al., 2016; Alley et al., 2021; 
Robel et al., 2022). Conversely, ice flow over topographic highs can increase strain heating and 
basal meltwater production, elevating basal meltwater pressure and reducing basal friction in the 
downstream environment (Payne and Dongelmans, 1997; Cuffey and Paterson, 2010). However, 
identifying which forms and scales of “bumps” across a glaciated landscape may increase, 
decrease, or not affect ice-flow velocity, basal water pressure, and basal friction is not well 
understood. Additionally, basal topography at the base of the ice sheet – and even for most 
glacier catchments – is poorly resolved (e.g., MacKie et al., 2020; Morlighem et al., 2020). 
Therefore, we turn to a formerly glaciated landscape in Washington state where 
geomorphological indicators of ice-flow conditions in the form of streamlined subglacial 
bedforms, such as glacial lineations, whalebacks, and drumlins, can be used to better understand 
the sensitivity of ice sheets to isolated bumps in the subglacial environment. Morphometrics of 
streamlined subglacial bedforms offer information on ice-bed interactions and provide an 
opportunity to assess characteristics of paleo-ice flow organization and relative speeds across a 
landscape (e.g., Clark, 1997, 1999; King et al., 2009; Clark et al., 2003, 2009; Spagnolo et al., 
2012, 2014; Principato et al., 2016). Assessment of streamlined subglacial bedforms and their 
implications for ice flow are applicable to modern ice sheets (MacKie et al., 2021), where 
empirical observations of subglacial conditions are spatially (and temporally) limited. 
 
3.1.1 Site Characteristics 

 
The Puget Lowland of Washington state was glaciated by the southwestern Cordilleran 

Ice Sheet (CIS) during the Last Glacial Maximum (LGM), when the region was largely 
depressed below sea level due to glacial isostatic adjustment (GIA; Booth and Hallet, 1993; 
Dethier et al., 1995; Kovanen and Slaymaker, 2004; Eyles et al., 2018); therefore, the 
southwestern CIS was predominantly marine based. Active tectonics and volcanic activity across 
the Puget Lowland have led to exposed crystalline and volcanic bedrock of Eocene age 
interrupting sedimentary bedrock across the region (Khazaradze et al., 1999; Booth et al., 2004). 
Based on subglacial modeling (Alley et al., 2021), it is highly possible the higher relief 
crystalline and volcanic bedrock exposures or “bumps” influenced marine and terrestrial-based 
ice-bed interactions across the Puget Lowland, but this concept has yet to be empirically tested 
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across the region. The Puget Lowland is a basin surrounded by mountainous terrain near the 
coast of the Pacific Ocean with isolated topographic highs, similar to the terrain beneath the 
margins of the Greenland Ice Sheet (Bamber et al. 2013; Eyles et al., 2018). This work aims to 
determine the role of topographic bumps on glacial ice flow via streamlined subglacial bedform 
morphology and distribution. By assessing ice flow behavior within a single glacial system, 
effects of isolated crystalline bedrock highs on ice flow will not be confounded by 
geographically variable conditions such as local climate and ocean forcings.  
 
3.2 Methodology 
 
3.2.1 Topographic “Bump” Classification 
  
 Digital elevation models with horizontal resolution of 1.83 x 1.83 meters and coarsest 
vertical resolution of 2 meters from across the Puget Lowland (Clallam County, Olympic 
Department of Natural Resources, WA, 2008; Quantum Spatial Inc., 2017, 2019; OCM Partners, 
2019a, 2019b) and ambient occlusion hillshading techniques (c.f., McKenzie et al., 2022) were 
utilized to assess nine crystalline and volcanic bedrock bumps across the Puget Lowland with a 
wide range in peak elevation, bump surface area and volume, and topographic setting (Figure 
3.1). The outermost 100-foot closed contour across each bump was expanded to three times the 
surface area to classify the region of interest, following the influence of bump perturbations on 
basal hydrologic potential by Alley et al., 2021. While present-day elevations of these 
deglaciated sites differ from elevations during glaciation due to GIA, tectonics, and post-glacial 
landscape evolution, relative relief and influence of these bumps on the presence of streamlined 
bedforms is well preserved. Fractures, faults, and joints from tectonic activity and brittle 
deformation of the crust across bumps are below the scale of analysis for this work and are 
therefore not considered here. 
 
3.2.2 Streamlined subglacial bedform identification 
 
 Streamlined subglacial bedforms were identified across the nine bump sites using a 
combination of Topographic Position Index (TPI) analysis (McKenzie et al., 2022), contour-tree 
mapping (Wang et al., 2017), and manual identification. TPI utilizes DEM slope variations 
across defined cell-neighborhood sizes to semi-automatically identify positive relief features 
(McKenzie et al., 2022). Localized contour-tree mapping utilizes DEM data to isolate closed 
contours within a defined elevation (Wang et al., 2017). Both tool outputs were validated and 
corrected if needed by manual removal of incorrectly identified features and manual addition of 
bedforms missed by the automated tools. All bedforms in the final dataset (n=3,273) have an 
associated long-axis length, cardinal orientation, width orthogonal to long-axis length, and range 
in elevation across the long axis calculated by the ArcGIS Pro “Minimum Bounding Geometry” 
and “Add Z Information” tools (McKenzie et al., 2023). For each site, bedforms were 
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categorized into groups “upstream”, “on top of”, and “downstream” as determined by bedform 
location with respect to the outermost 100-foot contour of the topographic high. Bedforms 
identified “downstream” of bumps include bump-lateral features. Long axis cardinal direction, or 
orientation, of streamlined bedforms is used to infer direction of ice flow (Clark, 1997; Kleman 
et al., 2006; Kleman and Borgström, 1996). Bedform elongation ratio, calculated by dividing a 
bedform’s length by its width is used to infer relative speed of ice flow velocity (Clark 1997, 
1999; Clark et al., 2003) and relative duration of ice presence in a region (Benediktsson et al., 
2016). Bedform surface relief, the difference between the highest and lowest elevation along the 
bedform long axis, is used to infer maturity of ice flow and sedimentary processes in the 
subglacial environment, where smaller surface relief values indicate more mature sedimentary 
processes in the subglacial environment than larger values (McKenzie et al., 2022). We 
performed analysis of variance (ANOVA) and non-parametric Kruskal-Wallis tests to compare 
the statistical significance of the means and distributions between populations, respectively, in 
“R”. Results of statistical analyses were used to determine significance of bedform 
characteristics at each site (i.e., upstream, on top of, and downstream of bumps) as well as 
significance of bedform morphometrics across sites. 
 
3.3 Results and Discussion 
 
 The number of streamlined bedforms per site is positively correlated with site surface 
area and volume (Figure 3.1B), indicating spatial continuity in the bedform distribution across 
the Puget Lowland. On top of all bump sites, bedform elongation for the full dataset (n = 3,273) 
is lowest and bedform surface relief is highest (Figure 3.2). We, thus, interpret that bumps in the 
subglacial environment of the Cordilleran Ice Sheet generally led to ice-flow deceleration and 
reduction of efficiency or spatial homogeneity of sedimentary processes including bedrock 
erosion and sediment transport and deposition – all of which are important for bedform genesis 
(Schoof and Clark, 2008; Shaw et al., 2008; King et al., 2009). While bedform surface relief and 
elongation ranges overlap across all site populations, bedforms associated with smaller bumps 
tend to have outliers below the 1σ (68%) confidence level for all populations (e.g., San Juan 
Island, Fidalgo Island, and Black Hills) while those associated with larger bumps have outliers 
above the 1σ confidence level (e.g., Blue Hills and Cougar Mountain; Figure 3.2). This trend in 
outliers demonstrates a linkage between bump size and possible bedform morphometrics in a 
relatively systemic manner across the Puget Lowland. Notably, there is a significant decrease in 
bedform elongation between upstream and on top of the two largest bumps (Figure 3.3A), Blue 
Hills and Devils Mountain, suggesting bump volume larger than 4.5 km3 significantly slows or 
causes disorganization in ice flow (Figure 3.1B; Clark 1997, 1999; Clark et al., 2003).  

At seven of the nine sites, surface relief along bedform crests increases significantly 
between populations upstream and on top of bumps (Figure 3.3B), most likely due to a transition 
in subglacial lithology from sedimentary to crystalline or volcanic bedrock, disrupting 
sedimentary processes as ice contacted more-erosion-resistant bed compositions. The two 
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exceptions to this trend are Big Skidder Hill and Lopez Island, where there is no appreciable 
change in streamlined subglacial bedform surface relief across the bumps (Figure 3.3B); 
therefore, suggesting that conditions at these two sites were able to overcome direct lithologic 
impact on bedform relief. Due to the more-erosion-resistant lithologies of the bumps, combined 
with increased pressure and basal drag in the subglacial environment, there is decreased 
homogeneity in bedform relief, indicating reduced efficiency in which the ice is able to facilitate 
streamlined subglacial bedform formation through bedrock erosion (Eyles and Doughty, 2016; 
Krabbendam et al., 2016), leading to truncated bedforms with high surface relief (McKenzie et 
al., 2022; Figure 3.2). We postulate that bump size – through its impact on ice flow and 
subglacial processes – is a major control on bedform surface relief, where the greatest proportion 
of bedforms with low surface relief (Figure 3.4B) are located at the smallest bump sites (< 0.2 
km3). Increased sediment availability and basal meltwater that results from the strain heating on 
top of the bump (Payne and Dongelmans, 1997), increases downstream sediment transport 
efficiency (McIntyre, 1985; Pohjola and Hedfors, 2003; Winsborrow et al., 2010b), resulting in 
the greatest number and most elongate bedforms, as well as the greatest proportion of bedforms 
with low surface relief, downstream of bumps (Figure 3.1A; Figure 3.2; Figure 3.4A, 3.4B).  

While many sites showcase an increase in disorganization of bedform orientation on top 
of the bump, only at the two largest bumps (> 4.5 km3) does downstream bedform orientation 
recover to patterns present in the upstream bedform populations (Figure 3.4C). The rest of the 
sites have bedform orientations that either remain unchanged or become more disorganized 
downstream (Figure 3.4C). From these findings, we infer a bump volume of ~ 4.5 km3 will 
influence reorganization of downstream ice-flow orientation and subglacial sedimentary 
processes, while bumps below this threshold cannot regain the same organization seen upstream 
of bumps. This analysis found no evidence of channelized meltwater in the subglacial 
environment, potentially suggesting meltwater development across these bumps was distributed 
and saturated, which would explain the homogeneity in bedform formation observed in bedforms 
downstream of bumps. 

Overall, there is general ice flow deceleration and reduction of bedrock erosion on top of 
bumps, which results from a subglacial lithology transition. Sedimentary processes, essential to 
streamlined bedform genesis, are most organized and efficient downstream of bumps - likely as a 
result of increased sediment availability and subglacial meltwater sourced from strain heating on 
top of the bump. The largest sites notably disturb ice-flow orientation and speed on top of the 
bump with only bumps larger than ~4.5 km3 indicating recovery of ice flow orientation and 
speed downstream of bumps. Findings from these paleo-subglacial bumps may be used as an 
analog for ice flow in contemporary ice sheets and support process-based understanding of 
subglacial terrain influence on overlying ice-sheet behavior in similar systems. 
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Figure 3.1. A) Site overview across the Puget Lowland with inset reference of CIS glaciation 
(14 kya; Ehlers et al., 2010). Site maps for i) the Blue Hills, ii) Devils Mountain, iii) Cougar 
Mountain, iv) Dow Mountain, v) big Skidder Mountain, vi) Fidalgo Island, vii) San Juan Island, 
viii) the Black Hills, and ix) Lopez Island. Streamlined subglacial bedforms are mapped 
upstream (gray polygons), on top of (black polygons), and downstream (blue polygons) of bed 
bumps (small white outlines) within larger site regions (large white outlines). B) Relative volume 
and surface area of bed bump sites.  
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Figure 3.2. Scatterplots of the log of bedform elongation ratio and surface relief in meters. The 
ellipses are 1σ (68%) confidence levels for multivariate t-distributions for all bedforms 
(n=3,273). Sites are listed in the legend from largest surface area ((i) Blue Hills) to smallest 
surface area ((ix) Lopez Island).  
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Figure 3.3. Box plots of A) bedform elongation data at each site with populations characterized 
upstream of, on top of, and downstream of bumps and B) surface relief data at each site with 
populations characterized upstream of, on top of, and downstream of bumps. Statistically 
significant differences between groups are indicated by asterisks. Multiple asterisks indicate a 
separate population with significant differences, independent from other groups of statistical 
significance.  
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Figure 3.4. A) Density curves of bedform elongation upstream, on top of, and downstream of 
nine bumps. Density curves with color are less than 4 square kilometers, all other sites are shown 
in gray. B) Density curves of bedform surface relief in meters upstream, on top of, and 
downstream of nine bumps. Density curves with color are less than 4 square kilometers in 
surface area, all other sites are shown in gray. C) Cardinal orientations of streamlined bedforms 
upstream, on top of, and downstream of nine bumps.  
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Chapter 4: Outcrop perspectives on spatial and temporal effects of topography on the 
marine-terminating Puget Lobe of the Cordilleran Ice Sheet 
 
Conducted with support from: Lauren M. Simkins, Allison P. Lepp, and Regina DeWitt. Work 
currently in preparation for submission to Geology or Sedimentology. 
 
4.1 Introduction 
  
 While the extinct Cordilleran Ice Sheet (CIS) is the least understood of all Pleistocene ice 
sheets, constraining parts of this ice system may elucidate subglacial processes relevant to 
contemporary ice sheets. The southernmost part of the CIS, the Puget Lobe, was marine 
terminating and resided in a topographic basin not unlike the topography beneath modern outlet 
glaciers in Greenland (Figure 4.1; Eyles et al., 2018). The Puget Lowland of Washington state 
has been glaciated at least six times throughout the Quaternary as a result of southernmost CIS 
advance and retreat in the region. Glaciations occurred in marine isotope stage (MIS) 6 (~97,000 
to 150,000 years ago; Easterbrook, 1969), MIS 4 (80,000 ± 20,000 years; Easterbrook et al., 
1967; Easterbrook. 1969), and towards the end of MIS 2 (~17,500 cal. year BP; Mullineaux et 
al., 1965; Porter & Swanson, 1998). Existing geochronology data places final deglaciation of the 
Puget Lowland around 16,500 calendar years BP (Easterbrook, 1992; Dethier et al., 2005; 
Swanson & Caffee, 2001). The poorly recorded stratigraphic context and a lack of marine 
reservoir correction (MRC) for this region leave uncertainties in this timing of ice retreat. During 
final retreat, it is suggested a marine incursion led to rapid lift-off and retreat of the Puget Lobe 
from the region (Thorson, 1980, 1981; Waitt and Thorson, 1983; Booth, 1987; Booth et al., 
2003). However, variable records of deglacial stratigraphy across the region (Powell, 1980; Pessl 
et al., 1981; Domack, 1984; Demet et al., 2019) and ice-marginal landforms indicate periodic 
stand-still in ice margin location during marine retreat (Simkins et al., 2017; Demet et al., 2019). 
Previous interpretations of Puget Lobe retreat style were not made within the context of modern 
understandings in glacial dynamics, high resolution stratigraphic mapping, nor geomorphological 
context for the greater region, leaving uncertainty in and prompting a revisitation of the 
plausibility of these hypotheses.  

The magnitude of landscape emergence due to glacial isostatic adjustment (GIA) in the 
Puget Lowland is also poorly constrained, but is cited to have been as high as 10 cm per year 
during early deglaciation (Dethier et al., 1995). This rate of GIA-induced uplift suggests relative 
sea-level fall outpacing eustatic sea-level rise, leading to emergence of the landscape from below 
sea level (Shugar et al., 2014; Yokoyama & Purcell, 2021). Additionally, both pre-existing 
topography and GIA could have periodically stabilized the Puget Lobe during retreat, as 
suggested for contemporary ice sheets (Durand et al., 2011; Favier et al., 2016; Alley et al., 
2021; Robel et al., 2022), highlighting the importance of constraining the role GIA-induced 
landscape emergence has on ice sheet behavior. 

The preserved stratigraphy along the coastal bluffs in the Puget Lowland, Washington 
state, specifically Whidbey Island, provide the opportunity to assess temporal and spatial 
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variability in marine ice-sheet behavior and coupled submarine-to-subaerial landscape evolution. 
Whidbey Island hosts a large amount of coastal bluff features located in the central Puget 
Lowland and spans nearly 100 kilometers in distance along the North-South direction of glacial 
ice movement. The outcrops, comprised of glacial and interglacial sediments, preserve direct 
records from ice advance and retreat across the formerly marine landscape, as well as landscape 
transitions that took place coeval with deglaciation. With the exception of active tectonic 
deformation of sediments (Sherrod et al., 2008), local LGM and subsequent deglacial deposits 
appear to have little post-depositional reworking as evidenced by preservation of coastal 
outcrops and surficial glacial landforms (Booth & Hallet, 1993; Kovanen & Slaymaker, 2004; 
Eyles et al., 2018; Demet et al., 2019; McKenzie et al., preprint). The ice histories and solid 
Earth properties, such as flexural thickness of the lithosphere and mantle viscosity or rheology, 
that control vertical-landscape evolution in this region are similar in the Antarctic Peninsula 
(Whitehouse et al., 2019; Nield et al., 2014). Aside from the process-based relevance to modern 
systems, constraining timing of CIS ice retreat from the Puget Lowland has implications for 
timing of ice contribution to global sea level as well as routes and timing of human migration 
into the Americas (Mandryk et al., 2001; Goebel et al., 2011; Lesnek et al., 2018). Therefore, the 
remnant material deposited by the southernmost CIS is uniquely poised to answer questions 
relating to topographic controls on marine-terminating ice in similar topographic and rheological 
settings (Bamber et al., 2013; Eyles et al., 2018; Whitehouse et al., 2019; Nield et al., 2014). 

The decimeter-scale stratigraphic and sedimentological assessment conducted in this 
work is complemented by accelerator mass spectrometry radiocarbon (14C) and optically 
stimulated luminescence (OSL) dating. While these two dating methods have been utilized in 
this region for decades (e.g., Rigg and Gould, 1957; Leopold et al., 1982; Easterbrook, 1992; 
Anundsen et al., 1994; Dethier et al., 1995; Swanson and Caffee, 2001), the timing of landscape 
emergence in relation to ice retreat and periodic stabilization of ice retreat had still not been 
assessed using modern knowledge from the fields of glaciology, sedimentology, and 
geochronology. Therefore, the application of modern advances in geochronology, paired with a 
high-resolution stratigraphic assessment of Whidbey Island is a novel approach to constraining 
the ice retreat and land emergence across the region.  
 
4.2 Methodology 
 
4.2.1 Sedimentology and stratigraphy 
 
 Samples were collected from Whidbey Island outcrops a) Double Bluff, b) Fort Casey, c) 
Penn Cove, d) West Beach, and e) Cliffside at 10-cm intervals (Figure 4.2; Table 4.1) with 
additional subsamples collected from units with laminations, lenses, or intrusions. More 
continuously deposited layers are referred to as laminations, while less continuous material is 
referred to as a lens. For example, this difference can be seen between the clay laminations of 
Unit 3 and the clay lenses of Unit 1 at Fort Casey Site 1 (Figure A4.1). Over 300 discrete bulk 
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sediment samples were analyzed at the University of Virginia for grain size, trace element 
composition, and magnetic susceptibility. An additional 15 peat, wood, and marine shell samples 
were excavated for radiocarbon dating. (e.g., Figure 4.3). Grain size and shape analyses were 
conducted via a BetterSize S3 Plus Particle analyzer on sample matrix material (material ≤ 2 
mm), trace element analysis was conducted with a handheld Niton XLF X-ray fluorescence 
(XRF) machine, and magnetic susceptibility (MS) measurements were collected with a 
Bartington MS2 magnetic susceptibility meter. Trace element results are presented with a focus 
on terrestrially sourced elements Ti and Fe and variably sourced Ca (Rothwell and Croudace, 
2015). MS values provide information about amount and size of magnetic grains in each sample, 
elucidating continuity and source of biogenic and lithogenic deposits (Thompson and Oldfield, 
1986; Verosub and Roberts, 1995; Rosenbaum, 2005; Hatfield et al., 2017; Reilly et al., 2019). 
Results of the Whidbey Island stratigraphy are presented according to latitudinal location, 
starting with the southernmost site, Double Bluff, followed by the Fort Casey Sites, Penn Cove, 
West Beach sites, and ending with the northernmost Cliffside and Rocky Point sites.  
 
4.2.2 Accelerator Mass Spectrometry Radiocarbon Analysis 
 Assuming a constant cosmically produced 14C to 12C ratio, the variation in this ratio can 
be used to determine the amount of time since the death of formerly living specimens. Samples 
were run by M. McKenzie with supervision and support from the National Oceanographic 
Sciences Accelerator Mass Spectrometry Laboratory Graduate Student Internship at Woods Hole 
Oceanographic Institute. The unprocessed wood material underwent a series of six to eight acid-
base-acid leaches to remove contamination and inorganic carbon prior to combustion. The 
carbonate shell samples were dissolved with acetic acid, and the resulting CO2  gas from both the 
carbonate hydrolysis and organic carbon combustion reacted with Fe catalyst along vacuum-
sealed lines to produce graphite (Goehring et al., 2019). Resulting graphite pellets were pressed 
into targets and analyzed by accelerator mass spectrometry in addition to standard and 
processing blanks (Roberts et al., 2019). The AMS measurements determined the ratio of 14C to 
12C in each of the pellets, which was then used to calculate the radiocarbon age using the Libby 
14C half-life of 5,568 years (Stuiver and Polach, 1977; Stuiver, 1980).  

Conversion of radiocarbon years to calendar years BP was conducted using the Int20 
curve for terrestrial carbon samples and the Marine20 curve for marine shell samples within the 
Calib 8.2 interface. Marine20 is the baseline marine curve used for Calib 8.2 and is the most up-
to-date, internationally agreed marine radiocarbon age calibration curve for non-polar global-
average marine records (Heaton et al., 2020) A marine reservoir correction was calculated in 
Calib 8.2 and applied to all carbonate shell samples using contemporary shells with known pre-
1955 (i.e., prior to nuclear bomb testing) collected dates from the Burke Museum in Seattle, 
Washington. The modern (pre-1955) shells from the Burke Institute range in beach-front 
collection date from 1911 to 1931 (Table 4.2) and include species Modiolus rectus, Musculus 
niger, Cardita ventricas, Macoma carlottensis, Mya arenaria, and Macoma nasuta. The 
radiocarbon ages calculated from these specimens range from 815 ± 15 to 925 ± 20 14C years. 
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Utilizing the marine reservoir correction curve developed by Calib 8.2, an average marine 
reservoir correction for this region was found to be 264 14C years (50 calendar years BP). While 
there is a range of marine reservoir effects between 211 and 318 14C years, a species-specific 
effect has yet to be definitively seen (Table 4.2).   
 
4.2.3 Optically Stimulated Luminescence 
 
 In depositional environments, sediments are exposed to radiation in the form of gamma, 
beta, and alpha rays from cosmic exposure and the presence of in situ uranium (Ur), thorium 
(Th), and potassium (K) (Rhodes, 2011; Duller, 2015). Quartz and feldspar grains with crystal 
structure deformities incorporate this radiation by trapping electrons excited by incoming 
radiation, with the amount of electrons trapped increasing over time (Rhodes, 2011). Feldspar 
grains have higher sensitivity to OSL than quartz grains and have higher dose saturation levels 
(Rhodes, 2011). Fading occurs when feldspars naturally lose signal through time without 
resetting (Wintle, 1973), which can lead to an age underestimation. Additionally, K-feldspar has 
internal dose rates, adding to complexity of contamination (Rhodes, 2011). Therefore, feldspar 
fading and internal dose-rate from K-feldspar need to be corrected for in some samples. The 
amount of radiation per year that accumulates in an in situ quartz or feldspar grain can be 
determined through gamma spectrometry and cosmic dose calculations (Rhodes, 2011; Duller, 
2015).  

Light, pressure, and heat allow the trapped electrons to escape from the traps, and the 
quartz and feldspar grains emit luminescence (Duller, 2015; King et al., 2014). When an aliquot 
of sample, buried for an unknown amount of time, is exposed to a known amount of light in a 
controlled environment, the luminescence signal can be measured. Through a series of tests to 
correct for error and variation in aliquots, the equivalent dose, or the total energy accumulated 
during burial as determined through lab measurement of sample luminescence, divided by the 
dose rate, or the energy delivered each year from in situ radioactive decay and cosmic 
accumulation, will provide an age since burial date (Duller, 2015).   

Using OSL dating in glacial environments presents challenges due to the potential of 
OSL signal not being fully reset between transport and deposition (Wallinga and Cunningham, 
2015). Additionally, extensive overburden pressure from glacial ice has the potential to partially 
or completely reset OSL signatures, which could provide large error to the final OSL stage (King 
et al., 2014). Additionally, both past and present water content in the sedimentary deposits are 
important to consider as water in pore spaces between grains can scatter or absorb radiation, 
which would result in an improper representation of sample exposure to in situ radiation. 
Subglacial environments, especially those under ice streams, have a presence of significant 
meltwater which can saturate sediment pore space and influence quartz and feldspar exposure to 
radiation at the time of and for an extended period of time after deposition (Wallinga and 
Cunningham, 2015; Duller, 2013). 
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With these challenges in mind, my sample collection strategy included the collection of 
substantial gamma sample from the unit in which the OSL sample was taken. Modern water 
content was measured and inferred from the history of the region, and a smear-slide 
mineralogical analysis was conducted to determine amount and type of feldspar contamination, 
allowing for error corrections to be made to these samples.  
 
4.2.3.1 Sample collection and preparation 
 

Optically stimulated luminescence samples were taken from stratigraphic units with 
coarse-grain quartz material that mark a transition in depositional environment. Before 
collection, the exposed surface of the sample site was removed. In order to avoid pre-mature 
bleaching of sample collection in the field, the OSL samples were collected before sunrise or 
after sunset and were only exposed to low energy red light. Samples were wrapped in dark black 
plastic to protect them from light and transported to East Carolina University (ECU) for 
preparation and processing.   
 Samples were prepared for OSL analysis under dark-room conditions at ECU using 
standard coarse-grain procedures: samples were wet-sieved at 90-125um with some expansion to 
grain sizes of 63-212um. After drying the samples at 50°C, the samples were treated with 10% 
hydrochloric acid (HCl) to remove carbonates and rinsed with DI water. Then the samples were 
treated with 29% hydrogen peroxide (H2O2) to remove organics and rinsed with DI water.  

A high-density separation was conducted with lithium heteropolytungstate (LST) at a 
density of 2.72-2.75 g/cm3 to isolate quartz grains. Coarse grains were etched for 40 minutes 
with 48% hydrofluoric acid (HF) to remove outer parts affected by alpha radiation, followed by a 
10% HCl rinse to remove fluoride precipitates. A low-density separation to isolate quartz from 
feldspar was conducted with LST at a density of 2.62 g/cm3. After final sieving, the aliquots 
were prepared by using Reusch Silkospray to adhere material to the stainless steel sample cups. 
Samples were placed in metal cup holders labeled with position numbers. The hydrometers used 
to measure the density of the LST later proved to be faulty. Thus, the quartz extracted from the 
samples show contamination with feldspar. However, smear slide mineralogical assessment of 
samples allowed for feldspar classification as K-feldspar, leading to feldspar corrections in final 
calculations.  

Bulk sediment was provided for gamma spectrometry and stored in plastic containers for 
at least 4 weeks prior to measurement. While the OSL samples were taken at unit boundaries, the 
dose rate samples were taken from the same unit as the OSL samples. Therefore, the gamma 
dose rates reflect the sample unit only and contain no information about adjacent, underlying, or 
overlying units.  
 
4.2.3.2 Dose measurements 
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 Dose measurements were conducted using a Risø TL/OSL-DA-20 reader manufactured 
by Risø National Laboratory with a bialkali PM tube (Thorn EMI 9635QB). The built-in 90Sr/90Y 
beta source gives a dose rate of ~100 mGy/s. The exact dose rate value was calculated for the 
specific day on which each sample was measured. Optical stimulation was carried out with an IR 
LED array at 870 nm with 121 mW/cm2 (90%) power at the sample, a blue LED array at 470 nm 
with 74 mW/cm2 (90%) power at the sample and a 7.5 mm Hoya U-340 detection filter (290-370 
nm; Bøtter-Jensen & Murray, 1999). 

 Equivalent doses were determined following the single-aliquot regenerative dose (SAR) 
procedure developed by Murray and Wintle (2000) and Wintle and Murray (2006). Due to the 
feldspar contamination, a post-IR procedure was used to isolate quartz signals in the equivalent 
dose measurements (Wallinga et al., 2002). The preheat temperature of 180°C for 10 s was 
determined for each sample using plateau and dose recovery tests (Figure 4.4). Our specific 
measurement protocol is outlined in Table 4.3.  

Luminescence signals Li and Ti were determined by integrating over the first 0.8 seconds 
of an OSL decay curve and subtracting an average of the next 4 seconds as background signal. 
The signal uncertainty followed from counting statistics. The sensitivity corrected signal is given 
by Ci = Li/Ti. The dose response of every aliquot was determined by fitting the luminescence 
signals C1 to C5 with a saturating exponential. The dose D0 corresponding to the natural 
sensitivity-corrected luminescence signal C0, was calculated with the fitting parameters. All 
uncertainties were calculated using the Gaussian law of error propagation and Poisson statistics.  

The vast majority of aliquots passed the reliability test – requiring recycling ratios 
between 0.9 and 1.1, dose recovery <10% deviation from given dose, low recuperation. The 
equivalent dose De was determined for each site using the central age model (Galbraith, 1999). 
The full uncertainty also includes 3.1% for the built-in beta source error.  
 
 4.2.3.3 Dose rate 
 
 In the sediment, grains are exposed to natural gamma and beta radiation from uranium, 
232Th, and potassium. The concentrations of these radionuclides were measured with high 
resolution gamma spectrometry. All samples were in radioactive disequilibrium. Uranium 
concentrations determined from 234Th were all significantly higher than concentrations 
determined from 214Pb and 214Bi. We assumed that 234U was leached out of the sample due to in 
situ water presence.  
 Dose rates were calculated by using the actual measured concentrations for the nuclides 
in the uranium decay chain. Uncertainties were calculated based on the maximum and minimum 
values obtained from the measured concentrations of 234Th and 214Bi/214Pb. Water contents were 
very low and have an uncertainty of 5% (Table 4.4). Beta and gamma dose rates were calculated 
using the conversion factors published by Guérin et al. (2011).  
 The cosmic dose rate was calculated as described by Barbouti and Rastin (1983), Prescott 
and Stephan (1982), and Prescott and Hutton (1994) and incorporates site latitude, longitude, site 



 53 

altitude, and sample depth below surface. The effective thickness was assumed to be half the 
burial depth with an uncertainty of 5%.  
 
4.2.3.4 Age determination 
  
 The sample ages, calculated in calendar years, were calculated by dividing the dose by 
the dose-rate (Table 4.4). Due to feldspar contamination in some samples, fading was measured 
with a post-IR blue sequence for all samples. Only some of the samples showed fading. For 
those, the ages were corrected as suggested by Auclair et al. (2003). While 14C ages are reported 
in kilo years ago (kya) calendar year BP (1955), all OSL ages are reported in kya based on the 
date of collection (2020). OSL ages in kya can be converted to kya cal. BP by removing 65 years 
from the final age. 
 
4.3 Results 
 
4.3.1 Double Bluff  
  
 The stratigraphically lower-most unit visible at Double Bluff, Unit 4, is a well-sorted 
sand with sparse rounded gravel lenses. Unit 4 is normally graded with clasts ranging from 
granule to pebbles with a consistent horizonal long-axis orientation and some silt rip-ups from 
underlying units. A gradational boundary leads into the overlying sandy silt and fine clayey silt 
of Unit 3. This unit contains wavy laminations and woody debris dated to be 48.0+ thousand 
years (kya) cal. BP (i.e., “radiocarbon dead”). Unit 3 generally fines upwards but with many, 
variable matrix grain size modes between 10 and 500 microns (Figure 4.5A). Unit 2 is composed 
of massive diamicton with a clay and fine-silt matrix, marked by a matrix grain size mode of  8 
microns and a mix of angular and rounded granule to cobble-sized clasts without a preferred 
long-axis orientation. There is a gradational contact between Unit 2 and Unit 1. Unit 1 consists of 
variable diamicton between sandy silt and silty sand with woody debris dated to 48.0+ kya cal. 
BP in age (i.e., “radiocarbon dead”) and clasts that are predominantly aligned parallel to bedding 
and evidence of soft-sediment deformation (i.e., rapid sediment deposition and/or loading). This 
uppermost unit has interbedded silt and clay, as well as shells in the upper 50 cm of silt that were 
inaccessible to sampling. In Units 4, 2, and 1, iron (Fe), titanium (Ti), and calcium (Ca) follow 
similar trends. Unit 3 has discrete peaks in Ti and Fe that correspond to lows in Ca and magnetic 
susceptibility (MS) values (Figure 4.5B).  
 
4.3.2 Fort Casey  
 
 The lower-most visible unit, Unit 3, at Fort Casey Site 1 consists of massive diamicton 
with a fine-silt and clay matrix and randomly oriented pebble to cobble-sized angular and 
rounded clasts. Interbedded with the massive diamicton are discrete gravel and sand laminations 
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at the base of Unit 3 and silt and clay laminations with rip ups and woody debris toward the top 
of Unit 3. Unit 2 consists of fine sand to pebble-size clasts in a sandy silt matrix with vertically-
oriented and reverse-graded angular clasts. Unit 2 has remarkably similar matrix grain size 
modes throughout the unit and a minimum OSL age of 9.33 ± 2.3 kya at the unit boundary of 
Unit 2 (Figure 4.6A). This unit also contains sand and silt lenses with mud and organic rip ups 
(Figure 4.6B). A gradational boundary leads to Unit 1, which is massive diamicton with a 
distinctly lighter matrix than Unit 3. Unit 3 contains Fe, Ti, and Ca that show similar trends, 
albeit the sparse sampling interval does not allow for determination of correspondence with 
peaks in either (Figure 4.6B).  
 At Fort Casey Site 2, the first visible unit, Unit 5, contains interbedded clay and sand 
with reverse grading, or clear coarsening of material up-unit (Figure 4.7A). Unit 4, in which 
there are no physical samples, consists of diamicton with concentrated granule to pebble lenses 
and clay and silt lenses, as well as evidence of soft-sediment deformation. Unit 3 is a massive 
clay, followed by the thin silt of Unit 2 across an irregular, undulating, and most likely erosional 
contact. OSL dates at the top of Unit 2 and base of Unit 1 were found to be 40.8 ± 8.2 and 56.6 ± 
15.5 kya. The overlaying Unit 1 is a diamicton with very fine to cobble sized angular and 
rounded clasts. A normal gradation is present in the matrix of Unit 1 with crushed granite 
fragments. Unit 5 shows similar trends in Ca, Ti, and Fe, albeit are not well constrained due to 
sparse sampling intervals (Figure 4.7B). Unit 1 hosts peaks in Ti and Fe with a dip in Ca (Figure 
4.7B).  
 
4.3.3 Penn Cove  
  
 The lowest visible unit at this site, Unit 5, is comprised of a reverse-graded diamicton 
with a sand matrix and rounded granules and pebbles. The matrix grain size distributions through 
this unit show coarsening upward sand (Figure 4.8A). Following a sharp boundary with Unit 5, 
Unit 4 consists of silt and sand laminations with cross-bedded sands near the top. Unit 4 deposits 
were OSL dated to ages 56.6 ± 4.1 and 44.4 ±  2.8 kya. The grain size modes for Unit 4 are 
predominantly between 500-700 microns (Figure 4.8A). A non-parallel boundary at the top of 
Unit 4 leads to the clayey silt diamicton of Unit 3. This unstructured diamicton contains rounded 
fine to cobble size clasts with some sandy silt and silt lenses. A gradational boundary connects 
Units 3 and 2, which is a massive clay diamicton with rounded fine sand to cobble grains and 
articulated shells. Five shells were radiocarbon dated to an age of 12.9 ± 0.3 to 12.1 ± 0.3 kya 
cal. BP (Table 4.2). Unit 2 also contains sand lenses and wood fragments. Unit 2 has a sharp 
contact with Unit 1, which is a normally graded gravel with rounded and angular small to large 
pebbles with no predominant long-axis orientation. A mode of clay-sized grains is visible in 
Units 2 and 3 but is not visible in Unit 1 (Figure 4.8A). Fe, Ti, and Ca follow similar trends 
throughout this site (Figure 4.8B). Fe, Ti, Ca, and MS reach a collective peak in Unit 4 and then 
remain relatively high throughout Unit 1 despite minor fluctuations (Figure 4.8B). 
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4.3.4 West Beach  
 

At West Beach Site 1, the lowest unit, Unit 5, consists of matrix-supported diamicton 
with randomly orientated clasts. There are two matrix grain size modes in this unit at 8 microns 
and 20 microns (Figure 4.9A). This unit has a sandy-silt lamination that interrupts the diamicton. 
The diamicton above the silty-sand lamination, however, contains highly irregular dips 
indicating soft-sediment deformation. Unit 5 gradationally leads into Unit 4 – a light clay layer 
deposited on a laterally irregular surface, marked by normal-grading, or fining upward (Figure 
4.9A). Unit 3 consists of a thick gravel layer with less matrix and poorly sorted fine to cobble 
size clasts. A sharp, horizontally regular contact connects Unit 3 to the thick, well sorted sand of 
Unit 2. OSL ages in this unit were dated to 6.2 ± 0.6 and 4.1 ± 1.8 kya. Unit 2 has a gradational 
contact with Unit 1, which is a modern soil overlain by a basal shell hash dating between 1.56 ± 
0.1 and 1.34 ± 0.1 kya cal. BP. While Fe, Ti, Ca, and MS follow similar trends through Units 5, 
4, 2, and 1, Unit 3 shows peaks in Ti and Fe with corresponding dips in Ca and MS (Figure 
4.9B). However, these correlations in chemical signature are not well constrained due to sparse 
sampling intervals. 
 At the base of West Beach Site 2, there are cross-bedded and coarse sand laminations. 
OSL dates from the sand in Unit 8 are dated to 31.3 ± 2.7 and 38.1 ±  9.7 kya. A gradational 
contact leads into Unit 7, consisting of silt and clay with radiocarbon dead woody debris. Unit 6 
consists of sand with wavy bedding and silt laminations. No samples were collected from Units 5 
and 4, consisting of a peat layer and a unit of sand and silt laminations, respectively. The Unit 3 
diamicton matrix coarsens upwards and this unit has many grain size modes between 5 and 70 
microns (Figure 4.10A). Unit 2 consists of fine to pebble sized sand-matrix diamicton and is not 
spatially continuous throughout the site. A gradational boundary leads into Unit 1, consisting of 
silt. Unit 1 has the only Ca peak in an otherwise Ca-deficient site (Figure 4.10B). The Ca peak in 
Unit 1 corresponds to dips in Fe and Ti levels (Figure 4.10B). Fe, Ti, and MS follow similar 
trends throughout this site as well (Figure 4.10B). However, these correlations in chemical 
signature are not well constrained due to sparse sampling intervals. 
 
4.3.5 Rocky Point, Cliffside  
 
 The lowest visible unit at Cliffside, Unit 6, consists of fine to cobble size rounded clasts. 
This massive diamicton has no preferential orientation for clast long axis. The matrix changes 
from clay to sand and includes some evidence of soft-sediment deformation (Figure 4.11A). Unit 
6 gradationally contacts Unit 5, which is a normally graded, fine sand to cobble size clast-
diamicton. Unit 5 contains normally graded gravel lenses with horizontal long-axis orientation. 
Unit 5 gradually transitions into the granule and sand layer of Unit 4. Unit 4 includes sand and 
silt lenses within gravel-rich and wavy laminations. Unit 3 intrudes into Unit 4 and consists of a 
massive diamicton with rounded, outsized clasts. The matrix of Unit 3 has two grain size modes 
at 5 and 20 microns (Figure 4.11A). Two of the lower-unit samples for Cliffside Unit 3 were 
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taken from Rocky Point as this unit is continuous throughout both sites. Unit 3 gradually 
transitions into Unit 2, which is a laterally discontinuous light clay unit with silt layers. Unit 1 is 
comprised of mostly rounded, normally graded crushed granite with fine to large cobble size 
clasts. Units 6, 5, 3, 2, and 1 have similar trends in Fe, Ti, and MS values (Figure 4.11B). 
However, Unit 4 material shows a dip in Fe and Ti with a peak in MS (Figure 4.11B). 
Additionally, a peak in Ca can be seen in Unit 3. 
  
4.4 Discussion and Interpretation 
 

The extensive physical and sedimentological data, in addition to the geochronology 
samples collected at each site support reconstruction of depositional history across Whidbey 
Island. Starting with general facies interpretations, we present evidence for specific types of 
deposits and their significance in elucidating changes in depositional environments. Landscape 
evolution and ice behavior is then inferred from these facies classifications and used to describe 
regional landscape evolution before, during, and following LGM glaciation (Figure 4.13). 
 
4.4.1 Facies interpretation 
 
 Unstructured diamicton with no preferential clast orientation, a range of matrix and clast 
sizes, and variable roundness are classified as glacial tills, or sediments deposited directly by 
glaciers in the subglacial environments (Boulton and Deynoux, 1981; Sengupta, 1994). Units 
classified as glacial till include Unit 2 from Double Bluff, Unit 3 at Fort Casey Site 1, Unit 1 
from Fort Casey Site 2, Unit 3 from Penn Cove, Unit 5 from West Beach Site 1, and Unit 6 from 
Cliffside (Figures 4.5-4.9; 4.11; 4.13).  

Glacial outwash, or variable diamicton with well-rounded and some angular clasts and 
parallel-to-bedding clast orientation that suggest the presence of glacial ice upstream of the 
outcrop site and proglacial meltwater yet in a subaerial or subaqueous environment rather than a 
subglacial environment (Boulton and Deynoux, 1981). The deposits usually also exhibit normal 
grading and peaks in terrigenous, lithogenic sourced material (i.e., Fe, Ti) and occasionally 
contain evidence of soft-sediment deformation (Boulton and Deynoux, 1981). Using this 
classification, Units 1 and 2 from Fort Casey Site 1, Units 4 and 5 from Fort Casey Site 2, Units 
1 and 5 from Penn Cove, and Units 1 and 3 from Cliffside are all determined to be glacial 
outwash deposits (Figures 4.6-4.8; 4.11; 4.13).  

Diamictons, resembling those interpreted as glacial till yet containing articulated and/or 
broken marine shells, occasional winnowing of fine-matrix material, sedimentary structures such 
as wavy laminations, and dips in Fe and Ti all point to glacimarine sediments, receiving both 
glacial and marine sediments and influence in a marine environment seaward of the ice margin. 
Both Unit 1 from Double Bluff and Unit 2 from Penn Cove meet these classifications (Figures 
4.5; 4.8; 4.13). These glacimarine sediments indicate ice retreat within a marine environment; 
while conversely, glacial till lacking marine shells and overlain by subaerial deposits (i.e., those 
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with cross-bedded sands, parallel-to-bed oriented gravels, wavy laminations) indicate ice retreat 
in a subaerial environment. Unit 3 from West Beach Site 1 and Unit 5 from Cliffside both meet 
these classifications (Figures 4.9; 4.11; 4.13). 

Facies with grain sizes coarsening-upward and correspond with increasing values of Fe, 
Ti, and MS are associated with landscape emergence (Sengupta, 1994; Komar, 1998). The 
coarsening of material between Units 3 and 2 at Fort Casey Site 2, transition from Unit 5 
laminated silt to Unit 4 cross-bedded sand at Penn Cove, and coarsening of grain size with peaks 
in Ti, Fe, and MS across Units 7 and 6 at West Beach Site 2 all indicate land emergence events 
(Figures 4.7; 4.8; 4.10; 4.13). 

Facies with grain-sizes that fine-upward, correspond with dips in Fe, Ti, and MS, and 
have a presence of marine shells are associated with landscape submergence (Sengupta, 1994; 
Komar, 1998). The transition from Unit 4 sand deposits to Unit 3 silts at Double Bluff, 
introduction of shells to the fining material between Units 2 and 1 at West Beach Site 1, and 
fining of grain size, corresponding with a peak in Ca across the Unit 2 and 1 boundary at West 
Beach Site 2 are all interpreted as land submergence events (Figures 4.5; 4.9; 4.10; 4.13). 
 
4.4.2 Pre-LGM landscape evolution 
 

Prior to LGM glacial advance across Whidbey Island, several submergence and 
emergence facies record dramatic landscape changes. An event of landscape emergence is 
recorded across both Penn Cove and Fort Casey Site 2. Penn Cove OSL ages identify this 
landscape emergence to occur between 56.6 ± 4.1 and 44.4 ± 2.8 kya (Figure 4.14). Similar Fort 
Casey Site 2 OSL ages constrain this event to 56.6 ± 15.5 and 40.8 ± 8.2 kya (Figure 4.14), 
placing the emergence within the MIS 4 glacial and MIS 3 interglacial transition. 

A sequence of transgressive (emergence) and regressive (submergence) facies are 
observed in the pre-LGM deposits at West Beach Site 2. OSL dates from one of the regressive 
facies places a submergence event between 38.1 ± 9.7 and 31.3 ± 2.65 kya while OSL dates from 
overlying transgressive facies places subsequent emergence between 30.7 ± 2.5 and 29.2 ± 4.6 
kya. Both of these events occurred within the MIS 3 interglacial. This rapid transition between 
landscape submergence and emergence not only identifies high sedimentation rates at this site 
during MIS 3 but also indicates that the southern CIS experienced rapid growth and decay during 
this time period. 
 
4.4.3 LGM glacial advance 
 
 Erosional contacts between glacial till and underlying facies mark LGM advance of ice 
into the region at multiple sites across Whidbey Island including Double Bluff, Fort Casey Site 
2, and Penn Cove (Figure A4.2A). OSL dates from below the erosional contact place maximum 
age of ice extent at 56.6 ± 4.1 and 44.4 ± 2.8 kya, however sediments from MIS 4 and 3 are 



 58 

missing from this record. An OSL age from the bottommost glacial till from Fort Casey Site 1 
places deposition at 9.33 ± 2.3 kya, constraining these glacial facies to LGM ice advance.  
  
4.4.4 Deglaciation 
 
 The glacimarine sediments in the uppermost 50 cm of Double Bluff Unit 1 records retreat 
of ice within a marine environment (Figure A4.2B). At Penn Cove, the presence of articulated 
shells and winnowing of smaller grain sizes from glacial tills suggests marine water intrusions 
into the subglacial environment during deglaciation. Five articulated shells found at Penn Cove 
were radiocarbon dated to a range of dates between 12.9 ± 0.3 and 12.1 ± 0.3 kya cal. BP (Table 
4.2). These dates place glacial ice into this region for ~3,000 years longer than previously 
thought (e.g., Easterbrook, 1992; Dethier et al., 1995; Swanson & Caffee, 2001).  

Based on the range in shell radiocarbon dates, glacial ice also appears to be stable at Penn 
Cove for at least 1,000 years (Figure 4.8A) with high rates of deposition, accumulating two and 
half meters of material during this period. The length of ice stability is an indication that ice 
retreat was step-wise, rather than catastrophic (Easterbrook, 1992). Step-wise retreat of the 
margin is also supported by the presence of grounding-zone wedges (GZWs) and high rates of 
sedimentation in the region (~2.5 mm/year) at this site, indicating the ice margin is nearby to this 
site (Figure 4.12; Demet et al., 2019; Simkins et al., 2017). Grounding zone wedges represent 
periodic stand-stills of a grounding zone, allowing for accumulation of sediment in a triangular 
shape (e.g., Simkins et al., 2018).  

Deglacial facies seen at the more northern West Beach Site 1 and Cliffside indicate ice 
retreat within a subaerial environment (Figure 4.13). The change in ice retreat style seen from the 
more southern Double Bluff and Penn Cove sites to the northern West Beach and Cliffside sites 
may be due to the substantial stand-still of ice at Penn Cove. Rocky Point is also a location with 
a bedrock high and mapped GZWs, suggesting this site could have periodically stabilized ice 
during land rebound before final deglaciation of the region (Demet et al., 2019; Simkins et al., 
2018).  
 
4.4.5 Post-LGM landscape evolution 
 

Following deglaciation of the region, several sites including Penn Cove and Cliffside  
record outwash deposits from proglacial fluvial sources. An OSL age within the submergence 
facies of Unit 2 at West Beach Site 1 marks the transition from a post glacial fluvial environment 
to a submerged marine environment between 6.2 ± 0.6 and 4.1 ± 1.8 kya. Radiocarbon dated 
shell hash found in the uppermost unit at this same West Beach Site 1 suggests a highly energetic 
marine system was present in this location as early as 1.56 ± 0.1 kya cal. BP, at least 5,000 years 
following loss of ice in the Puget Lowland. After initial rigid-lithospheric rebound from ice-
loading, it is possible vertical land movement slowed enough to allow eustatic sea level to 
resubmerge the region around 1,000 years ago (Figure 4.9A). Before the addition of this work, 
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rates of GIA in the Puget Lowland were cited to have been as high as 10 cm a-1 during early 
deglaciation, which is thought to be at least an order of magnitude larger than the rate of vertical 
land motion from tectonics (Booth and Hallet, 1993; Dethier et al., 1995; Kovanen and 
Slaymaker, 2004; Eyles et al, 2018; Demet et al., 2019).  

Overall, findings from this work support better understanding of the extinct CIS while 
also elucidating the role GIA and subglacial topography may play in determining ice-margin 
retreat styles for systems with similar subglacial topography and rheologic settings such as 
margins of Greenland and the Antarctic Peninsula (Eyles et al., 2018; Whitehouse et al., 2019; 
Nield et al., 2014).     
 
4.5 Conclusions 
 
 This decimeter-scale physical and chemical sedimentological assessment, paired with 
geochronological assessment of seven sites across the deglaciated Puget Lowland, provides 
information on specific timing and rate of landscape emergence and submergence as well as final 
ice advance and retreat of the southernmost CIS. Recording landscape emergence and 
submergence through OSL dating indicates the Puget Lowland was a highly dynamic region 
where a sequence of landscape emergence and submergence was able to occur within ~1,000 
years in MIS 3, despite the concurrent period of rapid and substantial global mean sea level rise 
(Yokoyama & Purcell, 2021). Additionally, findings place glacial ice in the Puget Lowland for 
3,000 years longer during the LGM than previously thought, with final retreat occurring across 
the middle of Whidbey Island at approximately 12.1 ± 0.3 kya cal. BP. Radiocarbon dates are 
used to show substantial stand-still and sedimentation near the ice grounding line during final 
retreat. While more southern sites record ice retreat within submarine environments, the 
northernmost stratigraphic site, which corresponds with a topographic high and previously 
mapped grounding-zone wedge (Demet et al., 2019), appears to record ice retreat into a subaerial 
environment. This work provides empirical evidence that coastal Washington experienced rapid 
vertical landscape evolution, which had the potential to contribute to marine-terminating ice 
stability for at least a millennia. The similarities between the rheology in this location and the 
rheology of the Antarctic Peninsula, as well as the topographic similarities between the Puget 
Lowland and modern margins of the Greenland Ice Sheet make these findings highly relevant to 
increasing process-based understanding of solid Earth influence on ice dynamics in 
contemporary marine-terminating glacial systems.  
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Table 4.1. Site and sample collection information 
Site Sediment samples  Radiocarbon samples OSL samples 
Double Bluff (a) 53 2 0 
Fort Casey (b) 20 0 2 
Penn Cove (c) 126 8 2 
West Beach (d) 54 4 6 
Cliffside (e) 29 0 0 
Total 282 14 12 
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Table 4.2. Radiocarbon sample descriptions and data. Gray rows indicate known-age shells 
dated to develop MRC. 
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Table 4.3. OSL measurement sequence 
1. Radiation dose Di 
2. Preheat at 180°C* for 10s 
3. IRSL at 125°C for 150s to remove feldspar signal 
4. OSL at 125°C for 100s, measure OSL signal Li 
5. Fixed test radiation dose Dt** 
6. Cutheat at 160°C to remove unstable signals 
7. IRSL at 125°C for 150s to remove feldspar signal 
8. OSL at 125°C for 100s, measure OSL signal Ti 
9. Repeat steps 2-8 for cycle 0 and steps 1-8 for cycles 1-7 
Cycle 0: Natural signal, D0 = 0 Gy with no administered dose 
Cycle 1-4: Regenerative doses, D1, D2<D0<D3<D4 
Cycle 5: Dose recovery test, D2<D5<D3*** 
Cycle 6: Recycle test, D6=D1*** 
Cycle 7: Recuperation test, D7=0 
 * preheat temperature determined by plateau test 

** Dt= 15-20% D0 

*** administered to check the precision with which a known dose can be recovered 
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Table 4.4. Dose measurements, dose rate, and OSL age data. Final sample ages are bolded. 
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Figure 4.1. Adapted from Fig. 26 in Eyles et al., 2018: “Size and basal topography of the 
present-day Greenland Ice Sheet (GrIS; Rippin, 2013; Morlighem et al., 2014) compared to the 
Late Wisconsin Cordilleran Ice Sheet (CIS). Both ice sheets of a comparatively low relief central 
core zone are flanked by regions of high mountainous relief. Both ice sheets possess a presence 
of thick subglacial sediments.” Outlined boxes indicate outlet glaciers of similar topographic 
setting to highlight the applicability of applying glacial processes in the Puget Lowland to 
modern systems. 
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Figure 4.2. Outcrop sites on Whidbey Island (white outline) in the northern Puget Lowland, 
Washington state.  
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Figure 4.3. The outcrop site at (a) West Beach shows evidence for final ice retreat below sea 
level due to the presence of marine shells stratigraphically above the last diamicton unit. 
Outcrops at (b) Fort Casey indicated ice retreat in a subaerial environment due to the lack of 
glaciomarine materials, indicating land emergence before ice retreat. The bedrock exposure at (c) 
Rocky Point may have had some topographic influence on ice flow. (d) Penn Cove outcrop 
cross-bedded sand below a massive diamicton sampled for OSL to constrain LGM ice re-
advance into the region. (e) Woody debris in laminated silty-clay at West Beach, collected for 
radiocarbon dating. 
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Figure 4.4. OSL calculation workflow.  
 
 



 68 

 

 
Figure 4.5. Double Bluff A) stratigraphic column with radiocarbon and OSL data and grain size 
data. Black dots indicate changes to site collection of samples. B) Trace element and magnetic 
susceptibility data for this site. C) Example coastal bluffs at Double Bluff taken from the 
Washington state Shoreline Viewer with inset regional map. 
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Figure 4.6. Fort Casey Site 1 A) stratigraphic column with radiocarbon and OSL data and grain 
size data. B) Trace element and magnetic susceptibility data for this site. C) Example coastal 
bluffs at Fort Casey Site 1 taken by M. McKenzie with inset regional map. 
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Figure 4.7. Fort Casey Site 2 A) stratigraphic column with radiocarbon and OSL data and grain 
size data. B) Trace element and magnetic susceptibility data for this site. C) Example coastal 
bluffs at Fort Casey Site 2 taken from the Washington state Shoreline Viewer with inset regional 
map. 
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Figure 4.8. Penn Cove A) stratigraphic column with radiocarbon and OSL data and grain size 
data. Black dots indicate changes to site collection of samples. B) Trace element and magnetic 
susceptibility data for this site. C) Example coastal bluffs at Penn Cove taken from the 
Washington state Shoreline Viewer with inset regional map. 
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Figure 4.9. West Beach Site 1 A) stratigraphic column with radiocarbon and OSL data and grain 
size data. B) Trace element and magnetic susceptibility data for this site. C) Example coastal 
bluffs at West Beach Site 1 taken by M. McKenzie with inset regional map. 
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Figure 4.10. West Beach Site 2 A) stratigraphic column with radiocarbon and OSL data and 
grain size data. Black dots indicate changes to site collection of samples. B) Trace element and 
magnetic susceptibility data for this site. C) Example coastal bluffs at West Beach Site 2 taken 
by M. McKenzie with inset regional map. 
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Figure 4.11. Cliffside A) stratigraphic column with radiocarbon and OSL data and grain size 
data. Black dots indicate changes to site collection of samples. B) Trace element and magnetic 
susceptibility data for this site. C) Example coastal bluffs at Cliffside taken from the Washington 
state Shoreline Viewer with inset regional map. 
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Figure 4.12. Figure 4 from Demet et al., 2019: “Map of surface slopes of Whidbey Island. 
Crestline orientations record episodic change in ice flow direction. Inferred GZW crestlines lack 
outcrop exposure. Outcrop locations are highlighted in red, with West Beach (WB) Fort Casey 
(FC) and Driftwood (DW) sections labeled.” In addition to the West Beach, Fort Casey, and 
Driftwood (in this work. Double Bluff) sites being stratigraphically assessed, the Penn Cove 
stratigraphy was also assessed in this project. 
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Figure 4.13. Grouping of facies based on depositional time periods across Whidbey Island. Units 
with asterisks have radiocarbon or OSL dates included in the table on the lower left. 
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Figure 4.14. Timeline of newly developed geochronology and implications for overall landscape 
development and ice movement in the Puget Lowland. 
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Chapter 5: Concluding Remarks 
 
5.1 Summary 
 
 This dissertation elucidates processes of glacial ice dynamics across spatially and 
temporally variable bed conditions. Utilizing deglaciated landscapes to infer ice sheet behavior 
provides keys for understanding contemporary ice sheets. The difficult-to-reach subglacial 
environments of modern ice sheets can be studied by using terrestrial analogs, as demonstrated 
herewithin.  
 Chapter 2 utilizes nine deglaciated sites across the northern hemisphere to explore the 
relationships between streaming ice behavior and subglacial topography and geology. The 
development of a semi-automated mapping tool to identify streamlined subglacial bedforms, 
used to infer paleo-ice speed, direction, and maturity is applicable across any landscape with 
elevation data, including regions recently or currently glaciated with proper subglacial elevation 
data (McKenzie et al., 2022). From the large dataset of subglacial streamlined bedform data 
collected for Chapter 2, the similar landform signatures seen across ice-streams of all 
topographic and geologic settings suggests that streamlined subglacial bedforms are being 
developed under all contemporary ice streams. Additionally, the finding of highest bedform 
elongation in topographically constrained regions suggests modern ice streams found in valleys 
or troughs, such as glaciers along the margins of Greenland (Figure 4.1) have higher ice 
streaming speeds than surrounding, topographically unconstrained areas (Eyles et al., 2018). Due 
to the first-order control of topography on ice streaming, in these regions controlled by 
topographic funneling, substrate properties will work to develop highly elongate bedforms at the 
ice-bed interface. Contrastingly, in regions with topographically unconstrained ice streams with 
sedimentary beds, we can expect to see persistent ice flow and well-developed erosional and 
depositional processes at the bed.  
 While numerical modeling assesses the role of often idealized subglacial topographic 
highs on ice-flow dynamics (e.g., Alley et al., 2021), Chapter 3 provides the first empirical 
evidence from the paleo-record to assess the influence of topographic highs in ice flow and 
subglacial dynamics within a single glacial system. Topographic bumps across the landscape 
glaciated by the southernmost Cordilleran Ice Sheet reduce ice-flow speed and spatial 
homogeneity of bed erosion and sediment transport and deposition, as a result of a subglacial 
lithology transition. An increase in sediment availability and basal meltwater, produced from 
strain heating on top of the bump (Payne and Dongelmans, 1997), manifests downstream as 
increased sediment transport efficiency seen in bedforms with homogenous surface relief 
(McIntyre, 1985; Pohjola and Hedfors, 2003; Winsborrow et al., 2010b). Beneath contemporary 
glacial systems such as Thwaites Glacier, models predict similar ice-flow response to subglacial 
topographic bumps (Alley et al., 2021), however the added understanding of the influence of 
multiple and variable size bumps on subglacial processes from this empirical study are highly 
useful in elucidating how sedimentation may also be able to contribute to potential contemporary 
ice-margin stabilization. In the paleo-record, the size of the topographic bump is seen to correlate 
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to bedform morphometrics, suggesting a threshold in which bump volume significantly slows ice 
flow or disrupts ice flow organization with only the largest bumps supporting later recovery of 
ice flow orientation and speed downstream of bumps. While the threshold of bump volume for 
this influence is not expected to be the same between all contemporary and paleo-systems, the 
identification that this threshold exists will be useful in identifying potential influence of 
subglacial topography on ice flow beneath modern ice sheets and glaciers.  

The role of glacial isostatic adjustment (GIA) in addition to topographic variability is an 
important consideration in identifying styles of ice retreat and stability. In Chapter 4, the use of 
stratigraphic assessment, sedimentological analysis, and geochronological reconstruction to 
constrain landscape evolution of the Puget Lowland, glaciated by the southernmost CIS,  
provides empirical evidence of the interplay between GIA and topography as they collectively 
influence styles and timing of final ice retreat from the region. The Puget Lowland, with similar 
solid Earth rheology to that of the Antarctic Peninsula (Whitehouse et al., 2019; Nield et al., 
2014), records rapid transitions between a subaerial and submarine environment were rapid 
enough to outpace a steadily increasing global mean sea level (Yokoyama & Purcell, 2021). 
While the southern part of the Puget Lobe was marine-terminating, as seen by the presence of 
carbonate shells in the depositional environment (Figure 4.5; 4.8), sedimentary records from 
northern Whidbey Island suggest ice retreat into a subaerial environment (Figure 4.11). 
Radiocarbon dates identifying marine-terminating ice stand-still on Whidbey Island for at least 
1,000 years, consistent with the presence of GZWs, indicates step-wise retreat of this system 
(Demet et al., 2019; Simkins et al., 2018) rather than the previously hypothesized catastrophic 
retreat (Thorson, 1980, 1981; Waitt and Thorson, 1983; Booth, 1987; Booth et al., 2003). 
Identifying the style of retreat of the southernmost CIS with respect to rapid changes in 
landscape elevation from GIA has implications for the rate of possible retreat scenarios of 
glaciers on the Antarctic Peninsula and the role GIA can play in periodic ice-margin stabilization 
during ice retreat.  

The use of preserved streamlined bedforms and sediment records from paleo-subglacial 
environments is highly beneficial to constraining subglacial process sensitivities to variable bed 
conditions (Eyles et al., 2018; Greenwood et al., 2021; King et al., 2009; Stokes & Clark 2001, 
2002). The remarkable similarities between the environments and processes of both paleo and 
modern glacial dynamics ensure that work conducted on paleo-environments may be directly 
applicable to modern systems that are more difficult to study. Overall, this dissertation has major 
implications for the role of subglacial topography, lithology, and solid Earth dynamics on ice 
sheet behavior and may be widely used in the fields of glaciology, glacial geology, ice sheet 
modeling, geochronology, and paleoclimate studies. 
 
5.2 Future Directions 
 
 The connections that can be made between paleo-glaciology and modern glaciology 
present a unique and exciting opportunity to extrapolate process-based knowledge into predicting 
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future ice sheet and glacier changes. Importantly, constraining ice-bed interactions across 
variable subglacial conditions aids in the range of potential ice-sheet sensitivity and responses in 
terms of flow organization and speed and retreat of ice margins. On broad landscape scales, the 
knowledge derived from Chapter 2 regarding location of bed deformation and ice streaming can 
be applied to state-of-the-art numerical ice-sheet models that integrate high-resolution 
topography, lithology, and sedimentary processes. For example, using stochastic modeling of 
paleo-subglacial environments (MacKie et al., 2020; MacKie et al., 2021) may elucidate 
subglacial topography and sedimentary processes beneath modern ice streams that are missed 
using in situ, on-ice observations that satellite-based remote sensing cannot capture. The impact 
of former ice flow behavior in the presence of local topographic bumps (Chapter 3) will provide 
test cases for numerical models and potentially allow for better targeting of suitable glaciated 
sites for in situ studies. Models that seek to constrain GIA influence on ice retreat may be 
compared to the empirical evidence of rapid landscape evolution under the southernmost CIS 
seen in Chapter 4. Additionally, the findings from Chapter 4 provide information that can be 
used to consider the accuracy of CIS models and overall timing of ice sheet collapse (e.g., 
Seguinot et al., 2014; Seguinot et al., 2016). Contributing to an understanding of glacial histories, 
especially the vastly under-studied CIS, will not only improve aforementioned paleo-climate 
modeling, but also support modeling of contemporary glacial loss by contributing process-based 
knowledge to analogous ice sheets. Constraining the past through a process-based lens is an 
innovative, resourceful way to assess the Earth system through geologic history and consider 
how these processes will contribute to evolution of glacial systems into the future.  
 With this work, I have developed a great appreciation for the importance of ice-bed 
interactions in constraining glacial dynamics. I have recognized a need for the development of 
process-based understanding to be incorporated into models of glacial behavior into the future. 
While ice-sheet models have limitations on the parameters they can use to make their 
predictions, there are still many limitations in understanding of how subglacial conditions hinder 
or help future ice loss to global sea level rise. My hope for future glaciology, geochronology, and 
geomorphology research is for the breadth of knowledge developed in these fields to be used to 
draw more direct connections between paleo and contemporary research -- a goal in which I 
strive to contribute in my future work as well.  
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Appendix A2 
 

 
Figure A2.1. Examples of topographically unconstrained topography (A) in northwestern 
Pennsylvania (Site B) and topographically constrained topography (B) in Bárðardalur, Iceland 
(Site G). Gray areas in (B) indicate areas of higher topography and generally follow the valley 
wall boundary.  
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Figure A2.2. Examples of TPI applied to sites of each bed lithology, orange indicated volcanic 
bedrock at Site G, blue outline indicates sedimentary bedrock at Site C, green outline indicates 
crystalline bedrock at Site F. Images 1b, 2b, and 3b show TPI analysis before manual sorting: 1c, 
2c, and 3c show final bedform mapping with both TPI and manual methods. Figure 4a Is the Site 
F DEM before mapping, the orange circle in 4b contains bedforms incorrectly identified by TPI 
due to under-identification, the blue circle in 4b contains one example of a bedform correctly 
identified by TPI.  
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Figure A2.3. Streamlined subglacial bedforms identified by the TPI identification tool (gray 
polygons) and manually identified (blue polygons) at site (A) Puget Lowland, Washington, 
United States; (B) northwestern Pennsylvania, United States; (C) Chautauqua, New York, United 
States; (D) M'Clintock Channel, Canada; (E) Prince of Wales Island, Canada; (F) Nunavut, 
Canada; (G) Bárðardalur, Iceland; (H) Northern Norway; (I) Northern Sweden. 
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Appendix A4 
 
 

 
 
Figure A4.1. A clay lamination seen in Unit 3 of Fort Casey Site 1 (left) and a silt lens seen in 
Unit 1 of Fort Casey Site 1(right). This distinction is maintained throughout all site stratigraphic 
descriptions. 
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Figure A4.2. Schematic drawing of A) time 1 indicating Puget Lobe advance into subaerial 
Puget Lowland post landscape emergence (Figure 4.13). B) Indicates time 2 Puget Lobe ice 
retreat within a marine environment post landscape-submergence and marine-incursion 
following time 1. Puget Lobe ice retreat in a marine environment only occurred at southernmost 
sites Double Bluff and Penn Cove (Figure 4.13).  
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