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ABSTRACT: Grounding-zone wedges (GZWs) mark the grounding terminus of flowing marine-based ice streams and, in the pres-
ence of an ice shelf, the transition from grounded ice to floating ice. The morphology and stratigraphy of GZWs is predominantly
constrained by seafloor bathymetry, seismic data, and sediment cores from deglaciated continental shelves; however, due to minimal
constraints on GZW sedimentation processes, there remains a general lack of knowledge concerning the production of these land-
forms. Herein, outcrop observations are provided of GZWs from Whidbey Island in the Puget Lowlands (Washington State, USA).
These features are characterized by prograded diamictons bounded by glacial unconformities, whereby the lower unconformity in-
dicates glacial advance of the southern Cordilleran Ice Sheet and the upper unconformity indicates locally restricted ice advance
during GZW growth; the consistent presence of an upper unconformity supports the hypothesis that GZWs facilitate ice advance dur-
ing landform construction. Based on outcrop stratigraphy, GZW construction is dominated by sediment transport of deformation till
and melt-out of entrained basal debris at the grounding line. This material may be subsequently remobilized by debris flows. Addi-
tionally, there is evidence for subglacial meltwater discharge at the grounding line, as well as rhythmically bedded silt and sand, in-
dicating possible tidal pumping at the grounding line. A series of GZWs on Whidbey Island provides evidence of punctuated ice
sheet movement during retreat, rather than a rapid ice sheet lift-off. The distance between adjacent GZWs of 102–103 m and the con-
sistency in their size relative to modern ice stream grounding lines suggests that individual wedges formed over decades to centuries.
© 2018 John Wiley & Sons, Ltd.
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Introduction

Geological records of paleo-ice sheets constrain spatiotempo-
ral patterns of ice retreat and advance, and such information
is necessary to evaluate ice mass changes and the contribution
of ice sheets to sea-level changes over time scales of decades to
millennia (DeConto and Pollard, 2016; Shepherd and
Wingham, 2007; Rignot and Jacobs, 2002; Pritchard et al.,
2009). Furthermore, ice sheet reconstructions are necessary to
validate the hindcasting capability of numerical models that
are used to project future ice sheet mass balance associated
with global climate change (Golledge et al., 2015; DeConto
and Pollard, 2016). Grounding line landforms, such as reces-
sional moraines and grounding zone wedges (GZWs), form at
the location where flowing ice ceases to be in contact with
the bed (Powell, 1991; Powell and Domack, 1995; Powell
and Alley, 1997; Alley et al., 2007). As such, sedimentary de-
posits that build these landforms mark former grounding line
positions of retreating marine-terminating glaciers and ice

sheets. Generally, GZWs differ from moraines in their asym-
metric wedge shape and exclusivity to subaqueous glacial en-
vironments. Typically, these landforms are found in glacial
troughs and fjords occupied by fast-flowing ice streams and
outlet glaciers (Batchelor and Dowdeswell, 2015; Simkins
et al., 2018).

Observations of GZWs on deglaciated continental margins
usually rely upon marine geophysical methods, such as
multibeam bathymetry and other lower frequency seismic data,
which depict the planform geometry and image the interior
stratigraphy of these deposits (Shipp et al., 1999; Winsborrow
et al., 2010; Bart and Cone, 2012; Dowdeswell and Fugelli,
2012; Batchelor and Dowdeswell., 2015; Anderson and
Jakobsson, 2017; Bart et al., 2017). As has been documented
in many studies, the deposit morphology is asymmetric, overly-
ing a glacial unconformity formed by previous ice advance
over the seafloor. The internal structure, based on seismic ob-
servations, includes foreset beds that downlap onto a basal un-
conformity, indicating progradation in the direction of net ice
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flow (Figure 1). GZWs may also be characterized by chaotic
acoustic patterns, which are interpreted to indicate reworking
and deformation of foresets after initial sediment deposition
(Shipp et al., 1999; Howat and Domack, 2003; Dowdeswell
and Fugelli, 2012). Variability in GZW morphology, such as
size, shape, and sinuosity, primarily reflects differences in the
duration of landform growth and spatiotemporal variability in
grounding line sediment accumulation (Simkins et al., 2018).
Sedimentological characterization of GZWs has been re-

stricted to continental shelf sediment cores and high-resolution
seismic profiles. An abundance of GZW research from the Ross
Sea (Antarctica) provides a framework whereby sediment depo-
sition patterns are used to infer ice dynamics and transport pro-
cesses. For example, Howat and Domack (2003) describe six
acoustic facies within GZWs of the western Ross Sea, which
they argue represent a complete series grounding line retreat.
Bart and Cone (2012) and Bart and Owolana (2012) examined
cores recovered from topset, foreset and bottomset strata of a
large composite GZWof the central Ross Sea continental shelf.
Foraminiferal analyses revealed both reworked and in situ fora-
miniferal assemblages, indicating that the diamictons include
both proximal glacimarine sediments and debris flows. De-
tailed sediment facies analysis of similar strategically placed
cores from a large composite GZW in Whales Deep Basin on
the outer continental shelf of the eastern Ross Sea revealed a
stratigraphic succession consisting of diamictons overlain by
proximal glacimarine sediments, including a sub-ice shelf fa-
cies, and capped by open marine sediments (McGlannan
et al., 2017). An abundance of reworked diatoms within
diamictons was interpreted as indicating a combination of gla-
cial and sediment gravity flow processes acting near the
grounding line.
Prothro et al. (2017) provide detailed sediment facies analy-

ses of cores from grounding zone wedges in the western Ross
Sea, noting that glacimarine diamictons vary in thickness and
are restricted to within 1.2 km of the grounding line. Grounding
line-proximal sediments grade sharply into muds with little ice-
rafted material; these deposits are interpreted as meltwater
plume deposits.
Although GZW morphology, internal stratigraphy, and sedi-

ment source have been evaluated in prior research (Ottesen

et al., 2008; Li et al., 2011; Dowdeswell and Fugelli, 2012),
there nevertheless remains limited information regarding sedi-
mentary processes that build GZWs and thereby affect plan-
form patterns as well as internal sedimentary architecture. For
example, sediment fluxes at the grounding line, and sediment
transport styles along foreset beds, remain largely uncon-
strained due to limited measurements. Remote observations in-
dicate that sediment flux to the grounding line is dominated by
delivery of deformation till, meltout of basal material entrained
within the ice, and sediment-laden meltwater discharge (Alley
et al., 1987; Christoffersen et al., 2010). The flux of entrained
basal sediment scales with ice velocity and debris concentra-
tion, and is postulated to provide at least an equivalent, if not
possibly greater sediment flux relative to the discharge of defor-
mation till (Christoffersen et al., 2010). Upon depositing at the
grounding line, sediment is subjected to remobilization by sed-
iment failures, gravity flows, and reworking by meltwater dis-
charge (King et al., 1991; Powell and Alley, 1997; Horgan
et al., 2013). Ultimately, sediment flux and transport mecha-
nisms along a grounding line vary in time and space, attribut-
able, at least partially, to variable subglacial hydrology
(Christoffersen et al., 2010; Simkins et al., 2018). Limited esti-
mates of sediment flux have been reported, with values ranging
from 40m3 a-1 near the modern Whillans Ice Stream grounding
line (Hodson et al., 2016) to 8000m3 a-1 for the paleo-
Norwegian Channel Ice Stream (Nygård et al., 2007).

GZWs are believed to play an important role in stabilizing
ice sheets. For example, radar surveys across the modern
grounding line of the Whillans Ice Stream (Siple Coast, West
Antarctic Ice Sheet) suggest the presence of an actively forming
GZW (Anandakrishnan et al., 2007) that could provide stability
to the ice sheet margin by building relief at the grounding line
and thus elevating ice above its buoyancy threshold (Alley
et al., 2007), thereby potentially buffering ice-sheet instabilities
caused by atmospheric and oceanic warming. Indeed, seismic
surveys indicate erosional truncation of GZW topsets (Ander-
son, 1999) and the presence of subglacial lineations extending
to the topset–foreset break (Mosola and Anderson, 2006; Bart
and Cone, 2012; Jakobsson et al., 2012; McMullen et al.,
2016; Bart et al., 2017) that, in addition to foreset progradation,
indicate local ice advance during GZW development.

Figure 1. (A) simplified facies model based on observations from seismic data of the internal structure of GZWs from a deglaciated continental shelf,
showing three GZWs that indicate punctuated grounding line retreat at time 1 (t1) to time 3 (t3). (B) High-frequency (3.5 kHz) seismic data across two
backstepping intermediate-scale GZWs in Pennell Trough, western Ross Sea Antarctica, where the GZWs prograde over a buried unconformity but
the internal structure is not resolved. [Colour figure can be viewed at wileyonlinelibrary.com]
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To assess the mechanisms and time scales of GZW forma-
tion, as well as the role GZWs have in stabilizing grounding
line positions, it is necessary to investigate the sedimentary pro-
cesses forming GZWs. Herein, prograded diamictons located
on Whidbey Island (Washington State, USA) generate landform
outcrops that are interpreted as GZWs, based on criteria consis-
tent with previous observations of GZWs on deglaciated conti-
nental shelves. These outcrops provide an opportunity for
detailed analysis of the sedimentary deposits, which may be
used to infer processes involved in GZW formation.

Whidbey Island Glacial History Since the Last
Glacial Maximum

During and following the LGM, and specifically during the Fra-
ser Glaciation (19 500–15 500 cal. Yrs B.P.; Easterbrook, 1963;
Armstrong et al., 1965), the Puget Lowlands were a shallow
marine environment occupied by the Puget and Juan de Fuca
lobes of the Cordilleran Ice Sheet (Figure 2(A)). As ice retreated,
the region experienced isostatic uplift of 45 to 140m (Thorson,
1989), exposing numerous submarine glacial landforms as out-
crops that comprise the present-day sea cliffs of the region
(Easterbrook, 1963, 1986; Armstrong et al., 1965; Domack,
1983; Clague and James, 2002; Simkins et al., 2017a). Sedi-
mentary deposits of the Fraser advance and retreat include
Vashon Till, conformably overlain by the glacimarine Everson
Drift that records the deglacial history of the southern Cordille-
ran Ice Sheet (Easterbrook, 1963, 1986, 1994; Armstrong et al.,
1965; Swanson and Caffee, 2001). Radiocarbon ages from
shells within the Everson Drift cluster around 15 500 cal. Yrs
B.P. (Porter and Swanson, 1998; Swanson and Caffee, 2001;
Booth et al., 2003) (Figure 2(B)). This indicates the establish-
ment of open marine conditions at this time, which has been
interpreted to indicate rapid (geologically instantaneous) retreat
of the southern Cordilleran Ice Sheet due to marine incursion
through the Strait of Juan de Fuca (Easterbrook, 1994, 2003;
Booth et al., 2003). This interpretation, however, is based on
ages obtained from shells that post-date retreat of the southern

Cordilleran Ice Sheet, therefore dating the occurrence of ma-
rine conditions, rather than past Cordilleran Ice Sheet position-
ing. The chronological spread (Figure 2(B)) and lack of age
control for the GZW deposits leave uncertainty with regard to
the ice retreat timing and style.

Methods

Field outcrop study sites were focused on exposures of Vashon
Stade strata of the Fraser Glaciation on Whidbey Island,
Washington (Figure 2(A)). Publicly available satellite and topo-
graphic imagery from Google were used to identify outcrops lo-
cated on the coastline that contained diamictons and low-angle
foreset bedding stratigraphy. A LIDAR dataset with a 6 ft (1.8m)
spatial resolution from the Puget Sound LIDAR Consortium was
used to characterize surface topography and determine surface
slope changes (Figure 3). Field work included measuring strati-
graphic sections, evaluating sedimentary structures, and pro-
ducing lithological descriptions of exposed glacial and
glacimarine deposits at three locations, referred to as Fort
Casey (FC), Driftwood (DW) andWest Beach (WB) (Table I). Fa-
cies are labelled by location abbreviation from the
stratigraphically lowest to uppermost units (e.g. FC-unit-1) and
unconformities are labelled consistently for all three sites be-
cause they are regional surfaces (e.g. UNC-1). Sediment was
collected from the Fort Casey and Driftwood sites, whereby
samples were recovered from fresh outcrop faces. At West
Beach, sediment samples could only be collected at locations
accessible by foot due to the steepness of the outcrop.

Grain size measurements were conducted by: (1) sieving the
sediment at 500μm; (2) measuring the fraction <500μmwith a
Malvern 2000 grain-size analyzer; and (3) measuring the frac-
tion >500μm with a Retsch Technology Camsizer. Foreset
slopes exposed in outcrops were measured using photomon-
tages acquired via boat surveying, and a photomontage from
Fort Casey was constructed using Washington State Coastal At-
las Shoreline Photos hosted by the Department of Ecology for
the State of Washington.

Figure 2. (A) Reconstruction of the maximum extent of the Fraser Glaciation into the Puget Lowlands. Dashed lines represent ice-thickness contours
in meters (modified from Porter and Swanson, 1998). Blue arrows represent paleo-ice flow directions (Easterbrook, 2003). (B) Retreat chronology from
and around Whidbey Island (bold, black outline). Exposure ages (36Cl) are sourced from bedrock and glacial erratics (red dots; Swanson and Caffee,
2001). Radiocarbon ages (white dots) are from shells sampled from the Everson Glacimarine Drift above the Vashon Till and organic material from
lake sediments, which date the onset of marine incursion and subaerial landscape emergence, respectively (Leopold et al., 1982; Anundsen et al.,
1994; Clague et al., 1997; Swanson and Caffee, 2001). All ages are reported in thousand years before present. [Colour figure can be viewed at
wileyonlinelibrary.com]
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Results

Geomorphology

LIDAR imagery from across the Puget Lowlands reveals nu-
merous landforms that are elongate with relatively uniform ori-
entations and ridge spacing (Figure 3). Based on the
morphology and dimensions of ridges and presence of linea-
tions, these deposits are interpreted as formed in a subglacial
environment (Clark, 1993; Stokes and Clark, 2002). Lineations
are exposed in the modern surface topography, indicating for-
mation during the most recent Vashon Stade glaciation, as
they are typically covered by only a thin layer of Everson
glacimarine sediments and other post-glacial deposits (e.g. soil
and fluvial deposits). Some of the lineations on Whidbey Is-
land meet the criteria to be classified as mega-scale glacial lin-
eations (MSGLs), which requires linear forms with lengths of
10 000–100 000m, elongation ratios exceeding 15:1, and
convergent flow patterns (Clark, 1993; Stokes and Clark,
2002); other features do not meet these criteria, due to limited
preservation or overprinting by other landforms. For simplicity,
linear landforms will be referred to as lineations throughout
the text. At the northern part of Whidbey Island, the lineations
show a NE–SW orientation, and at the southern part of the is-
land, the orientation is N–S (Figure 4). These two configura-
tions could indicate a regional change in ice flow direction

associated with the Juan de Fuca and Puget lobes (Figure 2(A)),
or two different cross-cutting stages of flow, with the NE–SW
oriented lineations overprinting N–S ice flow during deglacial
ice retreat (Simkins et al., 2017a).

Surface slope maps of Whidbey Island reveal asymmetric
features oriented approximately perpendicular to lineations
(Figure 4). Lidar data from Whidbey Island reveal that these
features possess foreset slopes of 4–10°, exhibit sinuous
topset-foreset crestlines, and are overprinted by lineations
noted above (Figure 4). Distances between crestlines range
from hundreds of meters to two kilometers. These features
are tentatively interpreted as GZWs, given the strong geomor-
phological resemblance to known GZWs (Ottesen et al.,
2005; Dowdeswell et al., 2016; Halberstadt et al., 2016;
Simkins et al., 2016, 2017b) and internal stratigraphic archi-
tecture which reflects grounding zone processes, to be
discussed in detail in later sections. In total, eleven GZWs
have been recognized (five exposed in outcrop, six inferred
based on geomorphic expression). Although the surficial land-
scape could have been significantly altered by glacial rebound
and post-depositional alteration, the preservation of glacial
landforms at the surface (Figure 3) indicates little erosion or
significant burial of the surface topography by post-glacial de-
posits. Identification of GZWs on land is highly unusual;
global-scale GZW studies, such as Batchelor and Dowdeswell
(2015), do not document any such features. Thus, Whidbey Is-
land deposits represent the first GZW outcrops to be presented
in a peer-reviewed publication.

Outcrop sedimentology

Of the GZWs on Whidbey Island (Figure 4), the Fort Casey
(FC), West Beach (WB) and Driftwood (DW) sites have well-
preserved and accessible outcrops of diamictons with foreset
beds. The internal sedimentary structures and the stratigraphic
relationship between facies and their bounding surfaces at
these sites were examined in detail to test whether the land-
form deposits are indeed consistent with previously docu-
mented GZW strata and morphology (Dowdeswell and
Fugelli, 2012; Batchelor et al., 2014; Batchelor and
Dowdeswell, 2015; Simkins et al., 2017b). Figure 5 shows
photo-mosaics collected at the three outcrops, and Figure 6
shows representative measured sections for the Fort Casey
and Driftwood outcrops, as well as down-section grain size
distributions from the three sites.

Fort Casey
The Fort Casey outcrop is composed of six units and three un-
conformities (Figure 5(A) and 6(A1)). The basal unit at Fort
Casey (FC-unit-1) is structureless diamicton that, coupled with
its stratigraphic position, suggests FC-unit-1 is till associated
with a glacial event that preceded the Vashon Stade (Fig-
ure 5(B)). FC-unit-1 is truncated by a fluvial erosional surface
(UNC-1) and is overlain by non-glacial sediment deposits.

Figure 3. LIDAR imagery of Whidbey Island reveals streamlined gla-
cial landforms with N–S and NE–SW orientations that record variable
ice flow directions (indicated by arrows) (source: Puget Sound LIDAR
Consortium, 6 ft spatial resolution). [Colour figure can be viewed at
wileyonlinelibrary.com]

Table I. Whidbey Island outcrop and measured section locations, where northern (N) and southern (S) bounds of the photomontages are reported as
latitude and longitude positions

Outcrop name Photo mosaic location Measured section location

Fort Casey (FC) N: 48°10’36.52”N 122°41’16.22”WS: 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”WS: 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”WS: 48°16’31.70”N 122°44’12.04”W N/A
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Non-glacial sediments include graded sands and conglomer-
ates (FC-unit-2, -3, -4) composed of a horizontally bedded,
shallowing-upward succession indicating a relative sea-level
fall and, ultimately, subaerial exposure, as interpreted by the
preservation of shoreface, beach and aeolian deposits (FC-
unit-4). UNC-2 overlies and cuts into FC-unit-3 and -4, and is
inferred to be a regional glacial erosional surface produced dur-
ing the Vashon Stade advance of the southern Cordilleran Ice
Sheet across Whidbey Island. FC-unit-1 through -4 are offset
by a high-angle reverse fault that is truncated by UNC-2 (Fig-
ure 5(A)), likely a glacitectonic feature formed due to glacial
over-riding and loading. Downlapping onto UNC-2 are
prograding foresets composed mainly of discrete diamicton
strata (FC-unit-5; Figure 7(A)) that locally show deformation
features including rotated clasts. The foresets are interpreted
as debris flow deposits. Measurements of individual foreset
bed slopes range from 3 to 28°, consistent with the measured
slopes based on the surface map created with the LIDAR data.
Foreset beds of FC-unit-5 are interbedded with laterally discon-
tinuous, cross-stratified sand and gravel and thinly laminated
silt and clay with scattered dropstones (Figure 7(B)), interpreted
as meltwater deposits and proximal glacimarine deposits, re-
spectively. Less common deposits include horizontally bedded
and well-sorted sand, silt and clay beds that lack dropstones,
which are interpreted as sediment-laden gravity flow deposits.
Foreset deposits are truncated by an irregular erosional surface
(UNC-3) interpreted as a glacial unconformity (Figure 5(A)).
Overlying UNC-3 is a massive diamicton that grades upwards
into a pebbly mud (FC-unit-6) that varies laterally in thickness

and is lithologically equivalent to FC-unit-1; this is interpreted
as till. Grain-size data show upward fining and increasing
sorting in FC-unit-6, identified as the Everson Glacimarine Drift
(Figure 6(A1), (A2)).

West Beach
The West Beach outcrop contains four lithologic units and two
unconformities (Figure 5(B)). The basal unit of the West Beach
section (WB-unit-1, Figure 5(B)) is dominated by silt with
scattered peat beds, indicating a shallow-water depositional
environment. The WB-unit-1 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 likely deposited during a period of relative sea-
level fall, similar to FC-unit-2 through -4 of the Fort Casey suc-
cession. WB-unit-1 and -2 are cut by an irregular erosional sur-
face, interpreted to be the regional glacial unconformity UNC-
2 associated with the Vashon Stade advance. The pre-Vashon
Stade fluvial erosion surface, UNC-1, is not exposed at this out-
crop. UNC-2 exhibits significant relief and is interpreted as a
paleo-glacial trough flank based on the relief on this surface
and overlying interpreted GZW deposits. Above UNC-2 are
diamictons (WB-unit-3) that indicate progradation to the S-
SW. WB-unit-3 is truncated by another glacial erosional surface
(UNC-3; Figure 5(B)). 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 sam-
pling is limited at this outcrop, so only the top portion of WB-
unit-4 was sampled. Grain-size data indicate moderate sorting

Figure 4. 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 labelled. [Colour
figure can be viewed at wileyonlinelibrary.com]
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associated with a relatively high volume of fine sediment, indi-
cating greater marine influence upward in the section
(Figure 6(B)).

Driftwood section
The Driftwood Outcrop exposes mostly progradational
diamictons and the basal glacial unconformity (UNC-2) is not
exposed at this site (Figure 5(C)). The northern part of the sec-
tion includes two southward-prograding units that are sepa-
rated by an erosional surface, suggesting the presence of two
stacked GZWs. The lower unit (DW-unit-1) thickens to the
south, where individual foreset beds measure up to 15m in
height. DW-unit-1 is overlain by an undulatory erosional

surface (UNC-3a). DW-unit-2 is also comprised of distinct
foreset beds which pinch out due to the overlying erosional sur-
face UNC-3b. The lower unit (DW-unit-3) is composed mainly
of structureless diamicton and overlain by an undulatory ero-
sional surface (UNC-3c). Unlike the Fort Casey andWest Beach
exposures, the progradational section of the Driftwood outcrop
contains a 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 (Figure 7(C)). There
are also pervasive glacitectonic structures within the section
such as soft sediment folds and thrusts (Figure 7(D)). This is also
the only location where potential tidal deposits exist, identified

Figure 5. (A) Fort Casey section: glacitectonic thrust faulting exposes Pre-Vashon Stade diamicton (FCunit-1). Fluvial erosional surface (UNC-1) un-
derlies an interglacial shallowing-upward succession (FC-units-2, 3, and 4). Undulatory erosional surface UNC-2 (red line) 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 defor-
mation 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 trun-
cates 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. [Colour figure can be viewed at wileyonlinelibrary.com]

B. P. DEMET ET AL.

© 2018 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms, (2019)



by alternating, laminated sands and muds (Figure 7(E)); how-
ever, bedforms indicating bidirectional transport are not ob-
served. The Driftwood section demonstrates a compelling
example of erosion into underlying foreset beds, overlain by a
second package of foresets (Figure (5C)). DW-unit-3 is a mas-
sive diamicton that contains glacitectonic features. DW-unit-3
is interpreted 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 that display
upward fining and decreased clast content.

Discussion

GZW morphology and stratigraphy

The main difference between recessional moraines and GZWs
is that the latter require flowing ice, and record grounding line
stability and subsequent re-advance, as evidenced by
prograding foreset deposits, erosion of wedge surfaces and/or
lineations that extend across wedge surfaces (Sexton et al.,

1992; Mosola and Anderson, 2006; Ottesen et al., 2007;
Dowdeswell and Fugelli, 2012). The interpreted GZWs on
Whidbey Island exhibit most, if not all, of these characteristics.
They also possess asymmetric morphologies and sinuous
crestlines that are oriented roughly perpendicular to the
paleo-ice flow direction of the southern Cordilleran Ice Sheet
(Figure 3).

Field observations at three outcrops indicate that the GZWs
are composed mainly of diamictons and have topsets and
foresets bounded by upper and lower unconformities. For ex-
ample, the crestline of GZW1 extends across Whidbey Island,
outcropping on both the eastern and western sides, and con-
tains southward prograding foreset beds bounded by glacial
unconformities (Figure 4). Progradation over a lower unconfor-
mity and truncation by an upper unconformity is consistent
with observations of GZWs from high-latitude continental
shelves (Anderson, 1999; Li et al., 2011; Dowdeswell and
Fugelli, 2012).

The Whidbey Island GZWs range from (100–102 m) in height
and (102–104 m) in width (Figure 8). This is smaller than
wedges originally imaged on high-latitude continental shelves
using seismic and multibeam data (Shipp et al., 1999; Ottesen

Figure 6. (A1) Fort Casey section stratigraphic column. Blue dots represent sample locations. (A2) Grainsize distributions for samples corresponding
to sample locations shown in (A1). (B) Grainsize distributions for WB samples. See Figure 5(B) for sample locations. (C1). Driftwood section strati-
graphic column. Blue dots represent sample locations. (C2), (C3) Grainsize distributions for samples shown in (C1). [Colour figure can be viewed
at wileyonlinelibrary.com]
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et al., 2005; Mosola and Anderson, 2006; Li et al., 2011;
Dowdeswell and Fugelli, 2012; Dowdeswell et al., 2014;
Batchelor and Dowdeswell, 2015; Bart et al., 2017). However,

recent research efforts in the Ross Sea utilizing an advanced
high-resolution multibeam imaging system have revealed nu-
merous GZWs of the size range measured on Whidbey Island
that were otherwise unresolvable with previous technology
(Halberstadt et al., 2016; Simkins et al., 2017b, 2018), (Fig-
ure 8). The extent of foreset progradation exhibited byWhidbey
Island wedges ranges from hundreds of meters to roughly two
kilometers, indicating that episodes of grounding line re-
advance of this magnitude occurred during overall retreat of
the southern Cordilleran Ice Sheet.

Sedimentary processes as revealed by GZW
outcrops

Previous researchers hypothesized that GZWs are nourished by
deformation till and debris transported in the basal portion of
the ice sheet to the grounding line, as a line-source of sediment,
so that the deposit progrades in the direction of ice flow (Alley
et al., 1986, 1989). These early models envisioned wedge ac-
cumulation within depressions that provided accommodation
space for their development. However, later observations of

Figure 8. GZW height vs GZW length. The black triangle represents
the modern Whillans Ice Stream GZW. Whidbey Island GZWs fall
within the size range of previously studied GZWs from other glaciated
margins (Anandakrishnan et al., 2007; Simms et al., 2011; Bart and
Cone, 2012; Simkins et al., 2018). [Colour figure can be viewed at
wileyonlinelibrary.com]

Figure 7. (A) Prograding diamictons interpreted to be debris flow deposits with fine-grained turbidite and suspension fallout interbeds. (B) Laminated
silt and sand with dropstones. (C) Cross-stratified sands and conglomerates. (D) Glacitectonic deformation of sediment (E) Sand–silt couplets serve as
evidence for tidal currents mobilizing sediment at the grounding line. (F) Mega-breccia clasts (outlined in black) and sandy gravel conglomerates trun-
cated by a localized re-advance surface (UNC-3) and capped by deformation till that fines upward into glacimarine sediment. [Colour figure can be
viewed at wileyonlinelibrary.com]
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GZW stratal patterns using high-resolution seismic data re-
vealed aggradational stacking of foreset beds (Anderson,
1999), and even stacking of wedges to form composite wedges
(Howat and Domack, 2003; Bart et al., 2017), indicating both
horizontal and vertical wedge growth. Wedge geometry and in-
creasing foreset height indicate that accommodation space for
sediment accumulation increases in the direction of flow.
Hence, GZWs are constructional features that aggrade at the
grounding line, where ice thickness decreases, until buoyancy
limits are exceeded and the grounding line rapidly shifts land-
ward (Simkins et al., 2018).
Growth of GZWs is ultimately controlled by sediment flux to

the grounding line, which as previously noted is difficult to
constrain both in space and time. Simkins et al. (2018) identi-
fied a general pattern of increasing GZW sinuosity with in-
creasing wedge amplitude, which is attributed to variations in
sediment accumulation along the grounding line. They further
argue that these differences are largely controlled by subglacial
hydrology, specifically dispersive versus channelized flow,
which impacts both bed erosion and sediment transport. In
general, channelized meltwater flow results in variable sedi-
ment supply to the grounding line and produces embayments
where meltwater erosion and tidal forces may contribute to
grounding line instability (Simkins et al., 2017b).
While sediment flux to the grounding line is key to GZW

construction, we are restricted by outcrop studies to examin-
ing processes responsible for transporting sediments to and
seaward of the grounding line. The GZW diamictons at the
West Beach and Fort Casey sections indicate that a viscous,
matrix-supported sediment was transported downslope via de-
bris flows, accumulating to construct foreset beds, whereby in-
dividual events are separated by thin beds of finely laminated
sand and mud lacking ice-rafted material (Figure 7(A)). These
laminated deposits are interpreted as suspension fallout
and/or turbidites, possibly associated with sediment-enriched
meltwater discharge from beneath the ice. Otherwise, little ev-
idence for depositional processes other than mass movement
are preserved in these outcrops. This could be a result of: (1)
the diagnostic similarities between structureless debris flow
diamicton and proximal glacimarine deposits (Kurtz and An-
derson, 1979), and/or (2) continuous remobilization of various
facies by debris flow processes throughout GZW
development.
In contrast to the West Beach and Fort Casey exposures,

foreset deposits at the Driftwood section include a variety of
sedimentary facies and associated depositional processes.
Poorly sorted mixtures of mud, sand and gravel are interbed-
ded with sorted sands with trough cross-stratification (Fig-
ure 7(C)). These deposits are interpreted to originate from
meltwater flows that maintained shear stress sufficient to erode
the underlying foresets. Other prominent foreset deposits are
laminated, sorted mud and sand that contain dropstones and
drapes underlying deposits (Figure 7(B)). These are interpreted
to arise from fallout of entrained basal sediment, with some of
the draping fine material possibly being sourced from settling
of sediment suspended in meltwater plumes. Draping sorted
mud and sand containing dropstones (Figure 7B) are common
at the Driftwood outcrop (Figure 6(C1)). These interpretations
indicate that the Driftwood section was proximal to a meltwa-
ter outlet. Subglacial channel deposits are also exposed on
Whidbey Island, specifically as mega-breccias that underlie
the Everson Drift at locations around Penn Cove (Simkins
et al., 2017a; Figure 3, Figure 7(F)).
Well-sorted, thinly-bedded sand and mud couplets occur

within some channel packages at the Driftwood location (Fig-
ure 7(E)). These are interpreted as tidal deposits. This is consis-
tent 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; Horgan et al.,
2013). The co-existence of meltwater channels and tidal de-
posits implies that the Driftwood location may have been an
embayment in the grounding line, which is consistent with
the occurrence of meltwater channel deposits (Horgan et al.,
2013; Simkins et al., 2017b).

At all accessible locations, there is a glacial unconformity
above the GZW with lineations characterizing the landscape
surface (Figure 3). This indicates re-advance of the grounding
line, similar to what is observed in GZWs of Antarctica’s glaci-
ated margins, such as the Mertz Trough, East Antarctica
(McMullen et al., 2016), the Ross Sea (Mosola and Anderson,
2006; Bart and Cone, 2012; Halberstadt et al., 2016; Bart
et al., 2017; Simkins et al., 2018), and Pine Island Bay
(Jakobsson et al., 2012). In all these areas, MSGLs extend across
the surfaces of GZWs. On Whidbey Island, however, over-
riding glacial unconformities extend beyond the crestline of
the GZWs and over the foreset slope of these landforms. It is
thus inferred that the GZWs of Whidbey Island were overrid-
den by local ice re-advancement, indicating that ice thickness
relative to water depth was sufficient to inhibit ice floating at
these locations. This is perhaps a result of isostatic uplift during
ice retreat.

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 grounding line,
and pebbly mudstones that are deposited farther from the ice
margin. There is evidence of increased marine influence mov-
ing upwards within the glacimarine section in the form of im-
proved grain-size sorting (Figure 6) and increased presence of
marine fossils.

Retreat patterns and styles as inferred by GZW
deposits

Retreat of the southern Cordilleran Ice Sheet is argued to have
been triggered by marine incursion through the Strait of Juan
de Fuca, causing the ice to decouple from the seafloor and rap-
idly disintegrate (Easterbrook, 1986, 2003). This implies a low
profile ice sheet. However, the occurrence of the GZWs on
Whidbey Island (five exposed in outcrop, six inferred based
on geomorphic expression) indicates that retreat was punctu-
ated, and that pauses were sufficiently long to provide the time
to produce GZWs. This style of retreat is more consistent with
the bedrock relief and geology of the region, which would have
provided numerous pinning points for the retreating ice sheet.
Additionally, high basal melt rates will enhance englacial de-
bris deposition at the grounding zone, and the observation of
such deposits in the form of the Everson drift draping Whidbey
Island indicates relatively lower melt rates that could corre-
spond to slower retreat.

Ice sheet margin stability is dependent on the relationship
between ice thickness and water depth. An important compo-
nent facilitating ice sheet margin stability is GZW growth,
which reduces local water depth and, assuming consistent ice
sheet thickness, limits ice floating and detachment from the
bed (Alley et al., 2007). Alternative processes in which favor-
able local water depth or ice thickness initiates nucleation
and growth of a GZW can also occur. The full extent to which
GZWs influence ice sheet margin stability remains uncon-
strained, yet it is evident that the formation of a GZW triggers
a feedback whereby GZW growth acts to stabilize the ground-
ing line.
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The rate of sediment supply to the grounding line and avail-
able accommodation space play important roles in setting the
duration of grounding line stability. At the West Beach outcrop,
GZW foresets fill accommodation space in the form of a low in
the antecedent topography (Figure 5(B)). The Fort Casey GZW
rests on a surface that slopes gently in the direction of
progradation (Figure 5(A)). The basal unconformity of the Drift-
wood GZW is not exposed, but overall stacking patterns are ag-
gradational (Figure 5(C)). The upper surfaces of all three GZWs
were eroded, so actual surface morphologies have been re-
moved, but the presence of these three wedges indicates the
possibility of prolonged stability and localized re-advance of
ice overtop of the deposit.
Sediment flux at the ice grounding line remains poorly

constrained, so it is difficult to use the size of the GZW to esti-
mate the time duration of ice sheet margin stability. For exam-
ple, rapid basal melting of sediment-laden ice would cause a
pulse of sediment deposition, immediately increasing GZW
size. Nevertheless, the geometry of, and spacing between, ad-
jacent GZWs can be used to characterize retreat events. One
would expect that larger GZWs coincide with longer time pe-
riods of ice sheet margin stability; additionally, greater distance
between adjacent GZWs likely reflects relatively rapid rates of
ice retreat (Alley et al., 2007; Dowdeswell et al., 2008; Simkins
et al., 2018). Crestline spacing of wedges decreases from south
to north, from several kilometers (GZW1 to GZW2) to hundreds
of meters (GZW9 to GZW10), (Figure 4), suggesting that the
rate of grounding line retreat decreased toward the north where
greater bedrock exposure and higher relief could have pro-
vided pinning points to stabilize the ice sheet. In general, the
location of the Whidbey Island GZWs appear to associate with
topographic pinning points, which occur as both bedrock and
paleo-sedimentary highs.
Estimates of GZW formation range from decades to thou-

sands of years (Alley et al., 2007; Anandakrishnan et al.,
2007; Dowdeswell et al., 2008; Simkins et al., 2018). The
Whidbey Island wedges are similar in size to those of the west-
ern Ross Sea (Figure 8), where estimates of wedge formation
range from decades to centuries (Simkins et al., 2018). In turn,
the Whidbey Island wedges may have formed over similar time
scales. This assessment is not inconsistent with existing radio-
carbon and 36Cl exposure-age chronologies, which indicate
that grounding line retreat across Whidbey Island may have oc-
curred over several centuries (Easterbrook, 1986, 1994;
Swanson and Caffee, 2001). This assessment indicates, there-
fore, a punctuated style of retreat of the southern Cordilleran
Ice Sheet, based on the occurrence of eleven GZWs mapped
on Whidbey Island.

Conclusions

Multiple locations where diamictons possess foreset stratifica-
tion showing varying degrees of preservation are recognized
on Whidbey Island, Washington; these packages are bounded
by glacial unconformities and overprinted by lineations. These
landforms are interpreted as GZWs, which accumulated during
pauses in overall grounding line retreat of the Puget Ice Lobe.
GZW progradation distances indicate grounding line advances
on the order of hundreds of meters and up to two kilometers.
Outcropping GZW foresets contain a variety of deposits and

reflect a range of transport processes, but the dominance of
diamictons indicates that the prevailing transport mode was de-
bris flows. The Driftwood outcrop is unique in that it yields ev-
idence for basal melt-out of entrained debris, channelized
meltwater flows and tidal activity.

GZW foresets are truncated by localized re-advance surfaces
and, in the Fort Casey and West Beach sections, deposits
downlap onto a regional glacial erosional surface associated
with the Vashon Stade advance. These stratigraphic characteris-
tics correspond to seismically resolved surfaces within GZWs
observed in Antarctica and Greenland (Anderson, 1999;
Dowdeswell and Fugelli, 2012; Batchelor and Dowdeswell,
2015). This is supported by outcrop observations of deforma-
tion till deposited along topsets that truncates foresets, creating
a localized re-advance surface, which is then draped in
glacimarine sediment after abandonment of the GZW.

Ice retreat across Whidbey Island is marked by eleven
backstepping grounding lines, as identified in both topographic
maps and field reconnaissance. Available chronostratigraphic
data from the Puget Lowlands supports the assessment that
back-stepping could have occurred over decadal to centennial
time scales. The Whidbey Island GZWs provide compelling ev-
idence of local ice advance during GZW formation, which sup-
ports stabilizing feedbacks on ice sheet grounding lines due to
the growth of these landforms.
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