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The current understanding of sedimentary processes that produce ice sheet grounding-

zone wedges (GZWs) is limited because most observations derive from marine geophysical 

techniques, including seismic and multibeam instruments, as well as isolated cores from these 

sediment deposits.  Collectively, these data may provide measurements of large-scale 

morphology and internal stratigraphy, but are typically of inadequate resolution to identify the 

range of sediment transport processes that produce GZWs. Herein, newly acquired high-

resolution seismic and multibeam data from the western Ross Sea, Antarctica, are used to 

document GZW planform geometries, which are compared to interpreted GZW outcrops exposed 

on Whidbey Island, Washington (U.S.A.), in order to link planform morphology and sedimentary 

transport processes at ice grounding lines to internal stratigraphy. These efforts document that 

GZWs possess self-similar planform geometries, and that the size range of GZWs may be 

adjusted to include deposits that are less than ten meters thick and hundreds of meters in length. 

For the Whidbey Island outcrop deposits, prograding successions are bounded by glacial 

unconformities, whereby the upper unconformity indicates glacial over-ridding during episodes 

of grounding line stability.  The dominant mode of GZW construction is determined to be 

sediment mass movement in the form of debris flows, and delivery of deformation till by ice to 

the grounding line by ice.  The role of meltwater discharge in terms of sediment dispersal and 

accumulation is found to vary, and both channelized flows and sediment-laden plumes are 

interpreted.  Rhythmic beds of silt and sand provide evidence of tidal pumping. Collectively, 

these observations indicate a punctuated style of ice sheet retreat, with stability lending to the 

growth of GZW, during overall grounding line back-stepping during deglaciation.  Based on 

evidence from the Puget Lowlands, including radiocarbon ages, the timescale of stability between 

retreat events is on the order of decades to centuries. 
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1.0 Introduction 

The grounding zone of ice sheets and glaciers defines the location where ice is 

equibuoyant; landward, ice is in contact with the seafloor, and seaward ice floats.  Sediment 

discharge from beneath the ice sheet to the receiving basin produces marginal accumulations that 

manifest as roughly symmetrical moraines, or asymmetric deposits known as grounding-zone 

wedges (GZWs).  Moraines occur in a variety of glacial settings and represent a range of 

depositional processes, including melt out of sediment-laden ice and/or meltwater discharge, as 

well as ice flow which results in the ‘bulldozing’ of sediment at the ice front (e.g., Boulton, 1986; 

Benn and Evans, 2010).  Alternatively, GZWs are exclusive to subaqueous regions, and are 

typically found in glacial troughs and larger fjords occupied by ice steams (Batchelor et al., 

2015). The sedimentary processes that give rise to GZWs and their asymmetric shape are not well 

constrained, although the source of the deposit it is generally believed to derive from the transport 

and deposition of the deforming till over which the ice slides (i.e., deformation till; e.g., Alley et 

al., 1986, 1989), while the internal structure – based on seismic records of foreset beds – indicates 

growth in the direction of net ice flow (Fig. 1). Research into GZW sedimentation relies heavily 

upon marine geophysical methods, in particular multibeam and seismic data (e.g. Bart and Cone, 

2012; Dowdeswell and Fugelli, 2012; Batchelor et al., 2014).  This work has documented 

morphological features of GZWs, including planform geometry, where data indicate wedges 

range tens of meters and kilometers in height and length, respectively.  

The formative processes of GZWs is clouded by a lack of information regarding sediment 

transport styles and rates, due to poor observations from modern grounding lines, and lack of 

detailed information about internal stratigraphy, both of which are necessary to shed light on 

sediment accumulation patterns (Alley et al., 2007; Dowdeswell and Fugelli, 2012; Batchelor et 

al., 2014).  This is a critical scientific lapse because it is argued that the GZW stabilizes an ice 

margin by elevating ice above its buoyancy threshold (Anandakrishnan et al., 2007).  Indeed, 

observations based on seismic profiles and multibeam bathymetry images indicate both truncation 
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of GZW strata (Anderson, 1999) and mega-scale glacial lineations (respectively) extending over 

the top surface of GZWs (e.g., Mosola and Anderson, 2006; Bart and Cone, 2012; Jakobsson et 

al., 2012), both of which are indicative of ice stability and possible re-advance.   

Presented herein are the combined results of a recent expedition to Ross Sea, Antarctica, 

where high-resolution multibeam and seismic data are used to investigate stratigraphic and 

geomorphic characteristics of GZWs, and outcrop observations of these deposits found in the 

Puget Lowlands of Washington State, USA, where detailed analysis of sedimentary facies may be 

examined.  The aim is to provide an enhanced understanding of GZW sedimentary processes, by 

combining state-of-the-art imaging techniques (Antarctica) with documentation of fine-scale 

sediment stratigraphy (Puget Lowlands), thus improving an understanding of depositional 

processes at the grounding line, including the influence of GZW on ice stability during overall 

periods of retreat. 

1.1 Western Ross Sea Glacial Deposits 

The western Ross Sea is characterized by several cross-shelf troughs that were occupied 

by large ice streams during the Last Glacial Maximum (Anderson et al., 2014), (Fig. 2A). Seismic 

images of GZWs in the western Ross Sea, and other Arctic and Antarctic regions, document stoss 

and lee faces which represent, respectively, the topset and foreset of GZW deposits (Fig. 1). 

Foresets have been imaged in seismic profiles across a few larger wedges (e.g. Anderson, 1999; 

Dowdeswell and Fugelli, 2012; Batchelor and Dowdeswell, 2015).  Typically, however, wedges 

are characterized by chaotic acoustic patterns which are interpreted to indicate reworking and 

deformation of sediment during progradation (Dowdeswell and Fugelli, 2012). Herein, the term 

“toe” is used to denote the distal bottom of the foreset, where GZWs downlap onto glacimarine 

sediments, or possibly onto a glacial erosion surface (Fig. 1). Draping reflectors across the upper 

surface of GZWs are composed of glacimarine sediments deposited following grounding line 

retreat (Shipp et al., 1999; Dowdeswell and Fugelli, 2012).  
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Recently, Halberstadt et al. (2016) provided detailed descriptions and interpretations of 

landforms present in the western Ross Sea by identifying both symmetrical moraines and 

asymmetrical GZWs (Fig. 2B and 2C).  High-resolution seismic data reveal that the GZWs and 

moraines of the western Ross Sea were deposited over a regional unconformity in back-stepping 

succession (Shipp et al., 1999; Halberstadt et al., 2016), (Fig. 1). Larger GZWs are overprinted by 

mega-scale glacial lineations and grooves, indicating that they were overridden by ice (Fig. 2B 

and 2C). Simkins et al. (in review) identify numerous meltwater channels incising into GZW 

topsets, foresets, and toes, and interpret these features to indicate proglacial and subglacial 

meltwater channels forming contemporaneously with the GZW.  

1.2 Puget Lowlands Glacial Deposits  

 During and following the Last Glacial Maximum (LGM), specifically, during the Fraser 

Glaciation (19,500 to 15,500 cal. years B.P.; Easterbrook, 1963; Armstrong et al., 1965), the 

Puget Lowlands were occupied by the Puget Lobe of the Cordilleran Ice Sheet (Fig. 3). As the ice 

retreated the region experienced isostatic uplift, exposing glacial and post-glacial strata in sea 

cliffs presently outcropping in the region (Easterbrook, 1963, 1986; Armstrong et al., 1965; 

Domack, 1983; Clague and James, 2002). Sedimentary deposits of the Fraser advance and retreat 

include Vashon Till, which is conformably overlain by the glacimarine Everson Drift (Armstrong 

et al., 1965; Easterbrook, 1963; 1986, Swanson and Caffee, 2001). Radiocarbon ages derived 

from shells of the Everson Drift cluster around 15,500 years B.P., based on conventional 

calibration techniques (Porter and Swanson, 1998; Swanson and Caffee, 2001; Booth et al., 

2003), (Fig. 4).  Marine incursion through the Strait of Juan de Fuca is argued to have caused 

rapid retreat of the Puget Lobe (Easterbrook, 1994; Booth et al., 2003), followed by deposition of 

the Everson Drift at 15,500 cal. years B.P. (Armstrong 1965; Easterbrook, 1986, 2003).  It is 

argued that this ice retreat was virtually instantaneous, a scenario that hinges primarily on the 

radiocarbon chronology of the Everson Drift (Easterbrook,1994; 2003).   However, the actual 
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spread of the ages (Fig. 4) and lack of documentation of sample locations and associated sediment 

facies leaves room for uncertainty in this retreat scenario. 

2.0 Methods  

2.1 Antarctic Research  

 This study uses a high-resolution multibeam bathymetry dataset gathered during an 

RV/IB Nathaniel B. Palmer NBP1502A cruise in the Ross Sea during the 2014-2015 austral 

summer.   Multibeam data were acquired using a Kongsberg EM-122 system in dual swath mode 

with a 1°x1° array, 12 kHz frequency, and with data returns gridded at 20 m.  Vertical resolution 

of this system varies from 0.2%-0.07% of the water depth (Jakobsson et al., 2011); for the Ross 

Sea survey, water depth ranged between 400-600 m, and so sub-meter-scale vertical features are 

resolvable. Horizontal resolution is similarly depth-dependent, and for 500 m water depth is 9 m. 

CARIS Version 8 software was used to edit bathymetry data, and ArcGIS was used to plot the 

data and construct a digital elevation model (DEM), to measure geometry of the sedimentary 

deposits.  

2.2 Puget Lowlands Research  

 Field outcrop studies focused on late Pleistocene exposures of Vashon Stade strata on 

Whidbey Island, Washington (Fig. 3), and relied upon previous work in this area to provide 

stratigraphic context (Easterbrook, 1986, 1994; Domack, 1983; Swanson and Caffee, 2001).  

Initial field reconnaissance, conducted during the summer of 2014, revealed several outcrops 

comprised of diamictons with foreset bedding.  In addition, publicly available photographs 

(Google) and LIDAR data (Puget Sound LDAR Consortium, PSLC) were used to demarcate and 

characterize surface topographies, in particular, identifying potential wedge fronts (Fig. 5).  These 

data were imported into ArcGIS, where a DEM was constructed and used to analyze landscape 

variability, including surface slope, which is evaluated to provide information about glacial 

geomorphic features (Fig. 5).  Subsequent field work during the summer of 2015 included 

measuring stratigraphic sections, evaluating sedimentary structures, and producing lithological 
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descriptions of exposed glacial deposits.  Foreset slopes exposed in outcrops were measured using 

photomontages acquired via boat surveying, and a photomontage from Fort Casey was 

constructed using Washington State Coastal Atlas Shoreline Photos (Fig. 5, 

https://fortress.wa.gov/ecy/coastalatlas/tools/ShorePhotos.aspx).  

Due to quality and accessibility, three outcrop exposures possessing prograding glacial 

diamictons were studied in detail (Fort Casey, Driftwood and West Beach; Table 1, Fig. 5). 

Sediment was collected from the Fort Casey and Driftwood sites and subsequently used to 

measure grain size, whereby samples were collected from cleaned (un-weathered) outcrop faces.  

At West Beach, rappelling was forbidden, thus, sediment samples could only be collected at 

locations accessible by foot.   

 

Outcrop Name Photomontage Location Measured Section Location 

Fort Casey (FC) N: 48˚10’36.52”N 122˚41’16.22”W 

S: 48˚10’27.44”N 122˚41’10.38” W 

48˚10’33.52”N 122˚41’13.52”W 

Driftwood (DW) N: 48˚08’24.56”N 122˚36’06.97”W 

S: 48˚08’19.40”N 122˚36’03.39”W 

48˚08’20.83”N 122˚36’03.02”W 

West Beach (WB) N: 48˚16’31.70”N 122˚44’12.04”W 

S: 48˚16’31.70”N 122˚44’12.04”W 

N/A 

Table 1: Outcrop and Measured Section Locations, where northern (N) and southern (S) bounds 

of the photomontages are reported as latitude and longitude positions, indicated below. 

 

Grain size measurements were conducted by: 1) sieving the sediment through a 500 μm 

mesh; 2) measuring the fraction finer than 500 μm via Malvern laser-diffraction grain-size 

analyzer (www.malvern.com); and 3) measuring the fraction coarser than 500 μm using a Retsch 

Camsizer (www.retsch-technology.com).  

   

 

https://fortress.wa.gov/ecy/coastalatlas/tools/ShorePhotos.aspx
http://www.malvern.com/
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3.0 Results   

3.1 Geomorphology of GZWs  

A. Marine Observations 

 

   The 2015 geophysical survey of the western Ross Sea focused on two of these troughs, 

JOIDES and Pennell troughs, where previous multibeam and side-scan sonar surveys had 

revealed a wide range in size and morphology of grounding line recessional features (Shipp et al., 

1999).  The GZWs range from 100 to102 m in height, 102 to 104 m in length (Fig. 6A), and 

possess foreset slopes that range from 1˚- 8˚. Crestline sinuosity of GZWs measured from 

multibeam bathymetry data compared to GZW height reveals that larger wedges tend to have 

greater sinuosity (Fig. 6B). In JOIDES Trough, meltwater channels occupy notches in some 

wedges, increasing their sinuosity (Fig. 2B).   

B. The Puget Lowlands 

 

LIDAR imagery of the Puget Lowlands, including Whidbey Island, reveals numerous glacial 

landforms that are interpreted as mega-flutes, based on their elongate form and relatively uniform 

orientation and ridge spacing (Benn and Evans, 2011) (Fig. 5). Mega-flutes on the southern part 

of the island are oriented in a N-S direction while similar NE-SW oriented features occur on the 

northern part of the island. Preservation of megaflutes indicates that these features formed 

throughout Vashon Stade advance and retreat.  Their orientations indicate a regional change in ice 

flow direction and possibly two different stages of flow.     

Slope maps of the Whidbey Island landscape reveal eleven asymmetrical features oriented 

approximately perpendicular to the N-S and NE-SW trending mega-flutes; these features possess 

foreset slopes of 4˚-10˚ and exhibit a sinuous shape that is consistent with planforms of the 

western Ross Sea GZWs.  While measurements of Whidbey Island features may be suspect due to 

limited exposure and possible reworking of the deposits, the morphology of the features lends to 

the tentative interpretation that these features are GZWs (Fig. 5).   
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3.2 Puget Lowlands Sedimentology     

Of the 11 suspected GZWs on Whidbey Island (Fig. 5B), five are readily accessible, and of 

these the Fort Casey (FC), West Beach (WB) and Driftwood (DW) outcrops demonstrate high-

quality exposures.  These sites were therefore studied in detail to interpret sedimentary processes 

prevalent at GZWs, and to examine the bounding surfaces. Herein, glacial unconformities are 

identified as undulatory unconformities overlain by till or GZW foresets. The following 

descriptions are based on observations from sections, whereby Figure 7 shows photo mosaics 

collected at the outcrops, and Figure 8 shows the measured sections for the FC and DW outcrops, 

as well as representative grain size distributions for the three outcrops. 

A. Fort Casey  

The basal unit in this section (FC-unit-1) is interpreted as a till associated with a glaciation 

event that preceded the Vashon Stade (Fig. 7A). FC-unit-1 is truncated by an erosional surface 

(Unconformity 1; here and throughout as ‘UNC-1’) and is overlain by non-glacial sediment 

deposits that include channel sands and conglomerates (FC-unit-2, -3, -4), composed of 

horizontally bedded, shallowing-upward succession indicating a relative base-level fall and, 

ultimately, subaerial exposure, as interpreted by the preservation of beach aeolian deposits (FC-

unit-4). UNC-2 overlies and cuts into FC-units-3 and -4, and is inferred to be a regional glacial 

erosional surface produced during the Vashon Stade advance. Note that FC-units-1 through -4 are 

offset by a high-angle reverse fault that is truncated by UNC-2 (Fig. 7a).  This fault is interpreted 

to be a glaciotectonic feature formed during the advance of the Puget Lobe. Downlapping onto 

UNC-2 are prograding foresets composed mainly of discrete diamicton (Fig. 9 A) that locally 

shows deformation features, including rotated clasts; these are sediments of FC-unit-5.  

Measurements of foreset slopes collected from diamicton beds range 3˚ to 28˚; the foresets are 

interpreted as debris flow deposits.  Foreset beds of FC-unit-5 are interbedded with laterally 

discontinuous, cross-stratified sand and gravel and thinly laminated silt and clay with scattered 

dropstones (Fig. 9 B), which are interpreted as meltwater deposits and glacimarine deposits, 
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respectively.  Less common deposits include horizontally bedded, well-sorted sand, silt, and clay 

beds that lack dropstones, which are interpreted as turbidite beds.  

  Foreset deposits are truncated by an undulatory erosion surface (UNC-3) interpreted as a 

glacial erosional surface (Fig. 7A). Overlying UNC-3 is a massive diamicton that grades upwards 

into a pebbly mud (FC-unit-6), varying laterally in thickness, and is interpreted as till.  Grain-size 

data show upward fining and increased sorting in the upper unit, identified as the glacimarine 

Everson Drift (Fig. 8).  

B. West Beach 

The basal unit in the West Beach section (WB-unit-1, Fig. 7B) is dominated by silt with 

scattered peat beds, indicating a shallow-water depositional setting. It is overlain by WB-unit-2, 

which consists of well-sorted sands with planar beds and low-angle cross beds that are interpreted 

as aeolian deposits. WB-unit-1 and -2 were therefore deposited during a condition of lowered 

base-level, similar to deposits reported at the Fort Casey succession. WB-units-1 and -2 are cut by 

an undulatory glacial erosional surface, interpreted to be the regional erosional surface UNC-2 

associated with the Vashon Stade advance. The pre-Vashon Stade fluvial erosion surface, UNC-1, 

is not exposed at this outcrop. UNC-2 exhibits greater relief than is typical of glacial 

unconformities in the region and is interpreted as a trough flank because the relief on this surface 

and associated expansion of the wedge strata.  This is similar to what is observed along the flanks 

of troughs in western Ross Sea (Shipp et al., 1999). Above the UNC-2 unconformity are 

diamictons (WB-unit-3) that indicate progradation to the south-southwest. WB-unit-3 is truncated 

by another glacial erosional surface (UNC-3) (Fig. 7B).  Overlying UNC-3 is a massive 

diamicton (WB-unit-4) which is interpreted as till.  WB-unit-4 grades from diamicton at the base 

to pebbly mud at the top. Access for sampling is limited at this outcrop, so only the top portion of 

WB-unit-4 was sampled. Grain-size data indicate moderate sorting associated with relatively high 

concentrations of fine sediment, indicating greater marine influence upward in the section (Fig. 

8).  
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C. Driftwood Section  

The Driftwood Outcrop exposes mostly progradational glacial deposits; the basal glacial 

unconformity (UNC-2) is not exposed at this locale (Fig. 7C).  The northern part of the section 

includes two southward-prograding units that are separated by an erosional surface, suggesting 

that this is a composite wedge. The lower unit (DW-unit-1) is relatively thin and composed 

mainly of diamicton.  The upper unit (DW-unit-2) thickens to the south, where individual foreset 

beds measure up to 15 meters.  Unlike the Fort Casey and West Beach exposures, the prograded 

portion of the Driftwood exposure contains a more diverse assortment of sedimentary facies, 

including diamictons, laterally discontinuous conglomerates and sands with trough cross-bedding, 

and thinly laminated sand, silt, and clay beds with interspersed dropstones (Fig. 9C).  There are 

also pervasive glacitectonic structures within the section (Fig. 9D). This is also the only location 

where potential tidal deposits exist, identified by laminated sands and muds; however, 

bidirectional transport bedforms were not observed (Fig. 9E). 

The Driftwood section demonstrates a compelling example of erosion into underlying foreset 

beds, overlain by a second package of foresets (Fig. 7C).  DW-unit-3 is a massive diamicton that 

contains glacitectonic features (Fig. 9C). We interpret DW-unit-3 as deformation till that was 

deposited by ice over-riding the wedge. DW-unit-4 is a massive diamicton, interpreted to be a 

deformation till at its base. DW-unit-4 is capped by glacimarine deposits of Everson Drift which 

display upward fining and decreased clast content. 

4.0 Discussion  

Length, height, and land slope measurements of the eleven different glacial landforms on 

Whidbey Island show that they are characterized by an asymmetrical form and crest lines that are 

oriented roughly perpendicular to paleo ice flow direction (Fig. 5).  Five of the deposits were 

investigated and found to contain foreset beds, indicating progradation; furthermore, these 

deposits are bounded by glacial unconformities, indicating a subglacial origin and over-riding by 

ice.  The deposits are capped by the glacimarine Everson Drift that exhibits an upward fining of 
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sediment implicating a decrease in glacial influence, and marine shells indicating an increasing 

marine influence (Armstrong et al., 1965; Easterbrook, 1963; 1986, Swanson and Caffee, 2001). 

These combined observations bolster the interpretation that the deposits are GZWs.  

Table 2: Whidbey Island GZWs Length and Height 

Whidbey Island GZW  Length (km) Height (m) 

1 3.46 44.2 

2 2.02 11.0 

3 2.33 29.9 

4 0.70 29.9 

5 1.51 13.7 

6 0.60 11.6 

7 1.71 32.3 

8 4.38 51.5 

9 1.60 24.1 

10 3.59 53.0 

11 2.54 37.5 
 

Published length and height measurements of GZWs derived from seismic and 

multibeam data span two orders of magnitude and GZW length spans three orders of magnitude 

(Fig. 6A).  This reflects the methods used to acquire the marine data: conventional seismic and 

multibeam records have resolved only larger wedges (e.g. Mosola and Anderson, 2006; Batchelor 

and Dowdswell, 2015).  However, newly acquired high-resolution multibeam images from the 

western Ross Sea reported in this study resolve smaller GZWs than have been previously 

observed (Fig. 6). These new data document that GZWs of the Ross Sea are of a similar size 

compared to the interpreted GZWs measured on Whidbey Island (Fig. 6).   

Previous researchers hypothesized that GZWs are nourished by deformation till 

transported to the grounding zone as a line-source of sediment that progrades in the direction of 

ice flow (Alley et al. 1986; 1989).  Foreset bedding is seldom observed in seismic records, but is 

definitive for the GZW deposits of Whidbey Island.  Foreset angles measured in these outcrops 

cluster within the range of few measurements produced via seismic records (2° to 28°).  These 
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variable measurements, combined with sediment composition, could indicate variable modes of 

wedge-front sedimentation, and thus rates of sediment supply and progradation. 

Foreset deposits cover a spectrum of sedimentary facies and associated depositional 

processes.  With one exception, the Driftwood section, diamictons dominate and, along with 

foreset slope angles, indicate delivery of viscous, matrix-supported sediment to the grounding 

line, and with downslope sediment transport dominated by debris flows. Individual debris flow 

deposits are separated by thin beds of finely laminated sands and muds with little or no ice-rafted 

material (Fig. 9A).  These are interpreted as turbidites produced by either sediment gravity flows 

or sediment-enriched meltwater discharges. Poorly sorted, clast-supported mixtures of mud, sand 

and gravel interbedded with more sorted sands and conglomerates with trough cross-stratification 

(Fig. 9C) are interpreted as meltwater channel deposits that maintained sufficient shear stress to 

erode into the underlying foresets.  Associated with these channel deposits are laminated, sorted 

mud and sand that drape underlying channel deposits (Fig. 9B).  These are interpreted as 

meltwater plume deposits resulting from suspension fallout.  This indicates that the Driftwood 

Section was proximal to a meltwater outlet as well as sourced by the deformation till.  Figure 2B 

shows a likely analog in the western Ross Sea where a large meltwater channel occupies an 

embayment with a GZW.  Subglacial channel deposits are exposed on Whidbey Island, 

specifically mega-breccia that underlie the Everson Drift at locations around Penn Cove (Fig. 5, 

Fig. 9F). 

 Well-sorted, thinly-bedded sand and mud couplets occur within some channel packages 

at the Driftwood location.  These are interpreted as tidal deposits (Fig. 9F). This is consistent with 

the supposition that tidal movement of sediment-laden water into and out of subglacial cavities 

occurs at the grounding line (Anandakrishnan et al., 2003).    

 All of the GZWs of Whidbey Island are capped by Everson Drift, which is a glacimarine 

facies that is characterized by a range of sediment types, including diamictons that are interpreted 

as having been deposited in close proximity to the ice-margin, to pebbly mudstones that are 
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deposited at a greater distance from the ice margin.  There is also evidence of increased marine 

influence moving upwards within the glacimarine section, based on grain-size sorting and 

presence of marine fossils.   

At all accessible locations, there is a glacial unconformity above the GZW.  This 

indicates re-advance of the grounding line, similar to what is observed in GZWs in the western 

Ross Sea in the form of mega-scale glacial lineations (MSGLs) that extend across the stoss 

surfaces of wedges (Fig. 2). In Antarctica, MSGLs have never been observed on the foreset slope, 

indicating that the ice never extended beyond the crest of the GZW.  On Whidbey Island, 

however, over-riding glacial unconformities extend beyond the crest-line of the GZWs and over 

the foreset slope of these landforms. It is thus inferred that the wedges of Whidbey Island were 

overridden due to local ice re-advance, indicating that ice thickness relative to water depth was 

sufficient to inhibit buoyancy.  This is could be associated with shallower water depths in the 

Puget Lowlands relative to Antarctica.  

4.1 Puget Lobe Retreat 

Retreat of the Puget Lobe is argued to have been triggered by marine incursion through 

the Strait of Juan de Fuca, which caused the Puget Lobe to decouple from the seafloor and rapidly 

deteriorate (Easterbrook, 1986; Easterbrook, 2003).  However, the occurrence of eleven GZWs on 

Whidbey Island (five exposed in outcrop, six inferred based on geomorphic expression) indicates 

that retreat was punctuated by pauses that were sufficiently long to produce these wedges.  

Grounding line stability is dependent on the ratio of ice thickness and water column depth. An 

additional and critical component is the rate of sediment supply to the grounding line (Alley et al., 

2007), which facilitates GZW growth to shoal the local water depth and maintain the appropriate 

balance between ice thicknesses and water depth necessary for stability of the grounding line. 

Sediment flux at the ice grounding line remains poorly constrained, so it is difficult to estimate 

the duration of stable modes. Estimates of GZW development timescales range from decades to 

centuries (Alley et al., 2007; Anandakrishnan et al., 2007; Dowdeswell et al., 2008a). In the case 
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of the Puget Lowland GZWs, existing radiocarbon and 36Cl exposure-age chronology indicate 

that the retreat of the Whidbey Island grounding line occurred over several centuries 

(Easterbrook, 1986, 1994; Swanson and Caffee, 2001). This indicates that the eleven observed 

GZWs were formed over decadal to century time scales, thus confirming previous estimates of 

formative timescales for GZWs. 

 

5.0 Conclusions  

1. Glacial landforms on Whidbey Island exhibit sinuous crestlines oriented roughly perpendicular 

to paleo ice flow direction, prograded deposits bounded by glacial unconformities, and 

glacimarine sediment capping the section. The eleven landforms are interpreted as GZWs.  

2. Newly acquired high-resolution multibeam images from the western Ross Sea reveal GZWs 

that are smaller and more numerous than conventional seismic and multibeam imaging methods 

have previously documented. GZWs recognized on Whidbey Island, using LIDAR and outcrop 

data, are of similar size to those newly imaged in western Ross Sea.  

3. GZW foresets described on Whidbey Island are truncated by localized re-advance surfaces, 

capped by glacimarine sediment and, in the FC and WB sections, downlap onto a regional glacial 

erosional surface associated with the Vashon Stade advance.  

4. Foreset progradation in settings proximal to meltwater conduits contain a broad spectrum of 

deposits and associated transport processes, namely channelized meltwater flow and sediment 

gravity flows ranging from turbidity currents to debris flows. Sediment is conveyed from the 

subglacial environment to the grounding line by meltwater channels and deformation till that is 

transported by grounded ice flowing on the topset of the GZW. Foreset progradation in 

meltwater-depleted settings occur predominantly through debris flow processes, also sourced 

from deformation till, resulting in diamicton-dominated deposits.  

5. Truncation of foreset strata is observed in some seismic sections and in outcrops and is 

consistent within the existence of elongate glacial features, MSGLs and mega-flutes, preserved on 
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the topset of GZWs.  These features document grounding line re-advance associated with GZW 

development that punctuates overall retreat. 

6. The occurrence of multiple overridden GZWs on Whidbey Island suggests a punctuated retreat 

of the Puget Lobe, with multiple episodes of GZW development and localized ice re-advances. 

Radiocarbon and 36Cl exposure-age chronology record a grounding line retreat across Whidbey 

Island over several centuries (Easterbrook, 1986, 1994; Swanson and Caffee, 2001), suggesting 

the GZWs preserved on Whidbey Island formed over decadal to century timescales.  
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Figures  

 
Figure 1: A. A high-resolution seismic profile of a GZW, with the topset and foreset labelled. B. 

A simplified facies model of the sedimentary deposits resulting from back-stepping grounding 

line retreat. GZW topset, foreset, and toe are labelled.  
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Figure 2: A. Regional map of the Ross Sea. Red boxes mark the locations of multibeam 

bathymety shown in B and C.   B. Multibeam bathymety from JOIDES Trough showing 

subglacial meltwater incision along the topset of a large-scale GZW and proglacial meltwater 

incision of GZW foresets. C. GZWs of Pennell Trough with topset surfaces bearing mega-scale 

glacial lineations. 
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Figure 3: Reconstruction of the maximum extent of the Fraser Glaciation into the Puget 

Lowlands (solid black line). Dashed lines represent ice-thickness contours in meters adapted from 

Porter and Swanson, 1998. Blue arrows represent paleo ice flow direction, adapted from 

Easterbrook, 2003. Whidbey Island is highlighted with a thick black line. 
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Figure 4: 36Cl and Radiocarbon chronology of the Puget Lowlands. 36Cl Samples (red dot, white 

box) sourced from bedrock and glacial erratics (Swanson and Caffee, 2001).  36Cl ages are 

reported in ka before present. Radiocarbon chronology (white dot, yellow box) sourced from 

Glacimarine shells sampled from the Everson Glacimarine Drift and organic material sourced 

from lake sediments date the onset of marine incursion and emergence, respectively. (Leopold et 

al., 1982; Anundsen et al., 1994; Clague et al., 1997; Kavonen and Easterbrook, 2001; Swanson 

and Caffee, 2001). Radiocarbon dates are reported in years before present. 
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Figure 5: A. LIDAR imagery of Whidbey Island reveals numerous glacial landforms. SW and S 

orientation of elongate landforms record variable direction of ice flow. B. Slope map of Whidbey 

Island. Mapping by slope aids GZW recognition. Crestline orientations record episodic change in 

ice flow direction (indicated by arrows). Inferred GZW crestlines lack outcrop exposure. Outcrop 

locations are highlighted in red, with West Beach (WB), Fort Casey (FC), and Driftwood (DW) 

sections labelled. (source: Puget Sound LIDAR Consortium). 
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Figure 6: A. GZW height vs. GZW length. The black triangle represents the modern Whillans Ice 

Stream GZW. GZW geometries recognized in high-resolution multibeam are smaller and more 

numerous than previous geophysical methods have shown. B. GZW height vs. GZW crest-line 

sinuosity.  Larger GZWs tend to be more sinuous. 
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Figure 7:  

A. Fort Casey Section: Glaciotectonic thrust faulting exposes Pre-Vashon Stade diamicton (FC-

unit-1). Fluvial erosional surface (UNC-1) underlies an interglacial shallowing-upward 

succession (FC-unit-2,-3, and -4). Undulatory erosional surface UNC-2 is interpreted to be the 

regional glacial erosional surface associated with Vashon Stade advance. Downlapping onto 

UNC-2 are southward prograding diamictons (FC-unit-5) interpreted as GZW foreset deposits. 

Undulatory erosional surface UNC-3 truncates FC-unit-5 and is interpreted to be a localized re-

advance surface formed through GZW development. UNC-3 is capped by a deformation till (FC-

unit-6) that fines upward into draping glacimarine sediment (green line). 

B. West Beach Section: WB-unit-1 and -2 represent a shallowing upward sequence, capped by a 

highly undulatory erosional surface (UNC-2) interpreted to be the regional glacial erosional 

surface associated with Vashon Stade advance, similar to Fort Casey. WB-unit-3 is a prograding 

diamicton interpreted to be GZW foresets. Truncating WB-unit-3 is UNC-3, a localized re-

advance surface. Overlying UNC-3 is a deformation till (WB-unit-4) that is draped by 

glacimarine sediment (green line).  

C. Driftwood Section: DW-units-1 and -2 are comprised of meltwater channel deposits, 

meltwater plume deposits, and sediment gravity flow deposits ranging from turbidites to matrix-

supported debris flows. Between DW-unit-1 and -2 is an unconformity (UNC-3a) interpreted to 

be a localized re-advance surface. An additional re-advance (UNC-3b) surface truncates DW-

unit-2. DW-unit-3 is a diamicton interpreted to be a deformation till, bracketed by re-advance 

surfaces UNC-3b and UNC-3c. Above UNC-3c is a deformation till that is draped in glacimarine 

sediment (green line). The presence of multiple localized re-advance surfaces indicates that this 

outcrop represents a composite GZW.  
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Figure 8: A1. Fort Casey section stratigraphic column. Blue dots represent sample locations. A2. 

Grain-size distributions for samples corresponding to sample locations shown in A1.  B. 

Grainsize distributions for WB samples. See Figure 7b for sample locations. C1. Driftwood 

section stratigraphic column. Blue dots represent sample locations. C2, C3. Grainsize 

distributions for samples shown in C1.  
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Figure 9: A. Prograding diamicton with fine-grained interbeds interpreted to be debris flow 

deposit with turbidite and suspension fallout interbeds. B. Laminated mud and sand with 

dropstones. C. Cross-stratified sandy conglomerates. D. Glaciotectonic deformation of sediment 

E. Sand-silt couplets serve as evidence for tidal currents mobilizing sediment at the grounding 

line. F. Mega-breccia clasts and sandy gravel conglomerates truncated by a localized re-advance 

surface (UNC-3) and capped by deformation till that fines upward into glacimarine sediment.  
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