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Abstract The West Antarctic Ice Sheet (WAIS) retreated more than 1,000 km since last grounding at the
Ross Sea outer continental shelf. Here we show an interpretation of former grounding line positions from a
new large-area multibeam survey and a regional grid of chirp cross-sectional data from the Whales Deep
Basin in eastern Ross Sea. The basin is a paleo-glacial trough that was occupied by the Bindschadler Ice
Stream when grounded ice advanced to the shelf edge during the Last Glacial Maximum. These new
geophysical data provide unambiguous evidence that the WAIS occupied at least seven grounding line
positions within 60 km of the shelf edge. Four of seven grounding zone wedges (GZWs) are partly exposed
over large areas of the trough. The overlapping stratal arrangement created a large-volume compound GZW.
Some of the groundings involved local readvance of the grounding line. Subsequent to these seven outer
continental shelf groundings, the ice sheet retreated more than 200 km towards Roosevelt Island on the
middle continental shelf. The major retreat across the middle continental shelf is recorded by small-scale
moraine ridges that mantle the top of GZW7, and these are suggestive of relatively continuous grounding
line recession. The results indicate that retreat was considerably more complex than was possible to
reconstruct with reconnaissance-level data. The added details are important to climate models, which must
first be able to reproduce the recent retreat pattern in all of its complexities to improve confidence in model
predictions of the system’s future response.

1. Introduction

The large-scale bathymetry of the Ross Sea is relatively well known (Davey & Nitsche, 2005). The middle and
outer continental shelf is crossed by six large troughs that were eroded by fast flowing ice streams (Figure 1a).
The troughs are typically 200–300 m deeper than the trough-parallel bank crests. The trough widths range
from 60 to 100 km, and their lengths are greater than 250 km. The inner continental shelf is covered by
the large Ross Ice Shelf (RIS) (Figure 1a), a floating ice mass of approximately the same area as France, and
hence, the bathymetry and subsurface stratigraphy of that area is poorly known. The available bathymetric
data from the inner continental shelf suggests that the outer shelf troughs extend southward to the mouths
of modern ice streams (Figure 1a).

Much has been learned about LGM ice sheet extent, paleo-drainage, and the post-LGM retreat of grounded
and floating ice in Ross Sea continental shelf from marine geological and geophysical data (e.g., Anderson
et al., 2014; Bart & Cone, 2012; Farmer et al., 2006; Greenwood et al., 2012; Halberstadt et al., 2016; Howat
& Domack, 2003; Licht et al., 1999; McKay et al., 2008; Mosola & Anderson, 2006; Shipp, Anderson, &
Domack, 1999). These data provide strong evidence that since the LGM, the West Antarctic Ice Sheet
(WAIS) has retreated more than 1,000 km from the outer continental shelf to its current interglacial
grounding-line configuration (e.g., Anderson et al., 2014). The grounding line represents the seaward-most
zone at which a marine-based ice sheet is coupled to the seafloor. The erosional and depositional products
of the last major advance and retreat are well preserved, being mostly intact at the seafloor in the form of (1)
relatively low-relief bathymetric features such as megascale glacial lineations (MSGLs), which are streamlined
landforms elongated in the direction of ice flow that were molded into soft-deformation till beneath fast
flowing ice streams (e.g., King, Hindmarsh, & Stokes, 2009; Stokes & Clark, 1999); (2) grounding zone wedges
(GZWs), which are seismically resolvable, asymmetric marine depocenters that formed by subglacial sedi-
ment flux to an ice stream grounding line (e.g., Alley et al., 1986, 1989; Bart & Owolana, 2012; Batchelor &
Dowdeswell, 2015; Dowdeswell et al., 2008; Graham et al., 2010; Vanneste & Larter, 1995; Wellner, Heroy, &
Anderson, 2006); and (3) deglacial sediment successions in shallow-penetration piston cores that exhibit
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Figure 1. (a) Inset map of Antarctica showing that the drainage basin for Ross Sea and for the Whales Deep paleo-ice
stream trough connected to the Bindschadler Ice Stream during the LGM (shown in gray shade). D, J, P, G, and L
correspond to Drygalski, Joides, Pennell, Glomar Challenger, and Little America paleo-ice stream trough basins in Ross Sea.
(b) Base map showing the study area location on the eastern Ross Sea continental shelf. The curvilinear lines are
bathymetric contours. The medium width gray lines are the locations of seismic lines from five previous expeditions. The
location of the seismic/chirp line shown in Figures 2a and 2b is indicated. The dashed and solid boxes show the location of
Figures 3a and 3b and 4. The blue and red lines labeled Figures 5a–5m and 6a–6k are chirp and multibeam cross
sections, respectively. OCS = outer continental shelf; MCS = middle continental shelf; ICS = inner continental shelf.
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up core sediment facies changes from massive subglacially deposited till to laminated subice-shelf mud with
scattered clasts overlain by open-marine diatom-rich ooze (e.g., Anderson et al., 2014; Domack et al., 1999;
Evans et al., 2005; Evans & Pudsey, 2002; Licht et al., 1999).

GZWs are of special importance because they provide direct evidence for former grounding line positions.
GZWs occur in each of the paleo-glacial troughs of the Ross Sea continental shelf (Bart & Cone, 2012;
Halberstadt et al., 2016; Mosola & Anderson, 2006; Shipp et al., 1999; Shipp, Wellner, & Anderson, 2002)
and record episodes of a relatively stationary grounding-line position during either retreat or readvances
(e.g., Alley et al., 2007; Anandakrishnan et al., 2007; Bart & Owolana, 2012; Batchelor & Dowdeswell, 2015;
Dowdeswell et al., 2008; Graham et al., 2010; Mosola & Anderson, 2006; Vanneste & Larter, 1995). GZWs on
Antarctic shelves are clearly associated with sediment advection below paleo-ice streams (e.g., Ó Cofaigh
et al., 2002; Shipp et al., 1999, 2002), and this flux may have been concentrated in a relatively thin (submeter)
subglacial deformation zone (e.g., Ó Cofaigh et al., 2007).

Obtaining survey data from the Antarctic margins is, however, inherently difficult because of sea ice cover,
icebergs, and high seas that persist even during the austral summer. Given the extremely large area of the
Antarctic continental shelves, early studies of ice sheet retreat were usually conducted in a reconnaissance
fashion and focused on locating paleo-ice stream troughs that cross the outer continental shelf. These are
the sites of highest sediment flux during WAIS retreat. Hence, back-filled troughs offer the best opportunity
to reconstruct retreat from resolvable deposits and landforms. As new survey data from the Antarctic conti-
nental shelves are acquired, it expands the opportunity to describe the past states of ice streams in greater
spatial and temporal detail. Refinements to ice sheet retreat reconstructions can be used to calibrate and
hence improve paleo-ice sheet numerical models. To be confident that numerical models can accurately pre-
dict possible future responses, those models must first be able to reproduce the recent retreat pattern in all of
its complexities. Accurately reconstructing WAIS grounding-line positions through time is thus an important
first-order consideration.

The study we present here focuses on the seafloor geomorphology and near-surface stratigraphy of an east-
ern Ross Sea trough, the Whales Deep Basin (Figure 1b). During the last glacial cycle, the WAIS grounding
line advanced to the eastern Ross Sea outer continental shelf (Mosola & Anderson, 2006) and the Whales
Deep Basin was occupied by the offshore extension of the Bindschadler Ice Stream. The Bindschadler
Paleo Ice Stream is important because it drained a central part of the expanded WAIS. Hence, unlike western
and central Ross Sea troughs, its retreat kinematics were not influenced by the East Antarctic Ice Sheet
overflow into Ross Sea (Figure 1a). Mosola and Anderson (2006) showed that the WAIS paused several times
during its retreat from the shelf edge. The objective of our study was to refine the deglacial reconstruction of
WAIS grounding line positions utilizing the existing data plus new data acquired during expedition
NBP1502B for the area between Whales Deep Basin continental shelf edge and the RIS calving front
(Figure 1b).

2. Materials and Methods

In the austral summer of 2015, during expedition NBP1502B, sea ice was minimal and sea state was low. These
conditions allowed us to acquire three regional dip-oriented multichannel seismic lines (800 km) along the
axis of the Whales Deep Basin from the Nathaniel B. Palmer RVIB. The seismic source was two generator-
injector air guns arranged in a 90 cubic inch harmonic mode. The air guns were towed at ~2 m depth below
the sea surface and ~60 m astern of the transom. Reflected seismic energy was recorded on a 75 m
polyurethane-based streamer with 24 channels spaced at 3.125 m. The hydrostream lead was 105 m in
length. The seismic source was fired every 5 s, and the underway ship speed was between 5 and 7 knots.
Seismic data were processed using a standard flow that included sorting, velocity correction, automatic gain
control, stacking, and water-column mute and filtering. The seismic data quality is variable, ranging from
poor to very good. Seismic correlations were performed on hardcopies to identify the limits of the major
GZWs in the trough.

The majority of expedition NBP1502B was dedicated to acquiring multibeam swath bathymetry data. We
acquired a large-area multibeam survey over the outer continental shelf of the Whales Deep Basin (Figure 3a)
because our seismic correlations showed that this area corresponds to the marine limits of several GZWs
(Bart et al., 2017). The multibeam survey covers an area of 2,500 km2 and represents the largest-area study
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of a backstepped GZW in an Antarctic paleo-ice stream trough. The multibeam data were collected using the
hull-mounted Kongsberg EM122 swath bathymetric system of the Nathaniel B. Palmer RVIB. Multibeam
transects were oriented either north-south or east-west. The EM122 multibeam system operates at 12 kHz
and records up to 432 beams. The maximum port- and starboard side angle is 75°, which results in a swath
width of 3–4 km in a water depth of 500 m. Our average under way speed ranged between 9.5 to 10 knots.
The multibeam swath-bathymetric data was ping-edited at sea. Time-depth corrections for the data were
performed using sound velocity profiles using expendable bathythermographs taken at regular intervals.
The data were gridded, and the final resolution is 10 m. Subbottom sonar data were continuously
coacquired with the multibeam and seismic data using a hull-mounted Knudsen 3,260 3.5 kHz Chirp
echosounder (Figures 2b and 2c). We used a 64 ms sweep around 3.5 kHz, which provides submeter
vertical and horizontal resolution. All geophysical data were recorded digitally. Thanks to the mild sea state
and low sea ice during the cruise, the multibeam swath bathymetry data quality is very good. The geologic
features of the seafloor morphology were digitized from these multibeam swath data in Adobe Illustrator
(CS4 v 14.0.0).

We used the new data from expedition NBP1502B and single channel seismic data previously acquired from
four other surveys to map the locations of paleo-grounding lines. The grounding line fluctuates during GZW
formation, which creates a grounding zone or ice plain (Batchelor & Dowdeswell, 2015; Bindschadler et al.,
2003). In this study, we use the term grounding line position to refer to the morphologic boundary between
the preserved horizontal to subhorizontal GZW topset and a basinward-dipping GZW foreset following cri-
teria outlined in Bart and Owolana (2012). The GZW downlap limit refers to the seaward pinchout of the
GZW foreset.

Figure 2. (a) Uninterpreted dip-oriented seismic line 1502B_3 from the axis of the Whales Deep paleo-ice stream trough.
GZW5a, GZW5b, GZW5c, and core station NBP9902_13 are from Mosola and Anderson (2006). (b) Interpreted version of
the line 1502B_3 modified from Bart et al. (2017). GZWs are labeled 1–7 from oldest to youngest. The boxes show the
location of chirp data. (c) Segment of the chirp profile from the southernmost part of the middle continental shelf
showing the series of asymmetric ridges and 4 m thick laminated section at the seafloor. (d) Segment of chirp profile from
the outer continental shelf showing GZW topsets and foresets.
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3. Background
3.1. Multistep Retreat of Grounded Ice From the Whales Deep Basin

Several previous investigations of WAIS retreat have focused on western and central Ross Sea troughs (i.e.,
Drygalski, Joides, Pennell, and Glomar Challenger Basins, see Figure 1a) (e.g., Bart et al., 2011; Bart &
Owolana, 2012; Howat & Domack, 2003; Licht et al., 1999; Shipp et al., 1999; Tolotti et al., 2013). Fewer studies
have focused on eastern Ross Sea troughs (e.g., Whales Deep and Little America Basins). To our knowledge,
Mosola and Anderson (2006) and Bart et al. (2017) are the only two studies that explicitly focused on WAIS
retreat from the Whales Deep Basin.

Mosola and Anderson (2006) used a regional single-channel dip-oriented seismic line and a companion mul-
tibeam swath transect from the axis of the Whales Deep Basin to demonstrate that the WAIS deposited multi-
ple GZWs during its retreat from the shelf edge. Their data were acquired during expedition NBP9902. The
uninterpreted seismic line shown in Figure 2a was acquired during expedition NBP1502B. It crosses the mid-
dle and outer continental shelf parts of the Whales Deep Basin and shows the major features described by
Mosola and Anderson (2006). Along the axis of the basin, the most-prominent feature is a large-scale bathy-
metric saddle that separates the middle continental shelf from the outer continental shelf (Figure 1b). The
geomorphology of the bathymetric saddle resembles a large GZW characterized by a classic gentle stoss side
and a steeper seaward-facing lee side (e.g., Alley et al., 1989). Mosola and Anderson (2006) referred to the
saddle as GZW5b. The crest of the saddle rises to ~500 m, which is ~100 m above the average depth of
the basin. Their multibeam transects showed MSGLs to the north of the bathymetric saddle. They assigned
these subglacial bed forms and the prograding slope strata that underlie the outer continental shelf to
GZW5a (Figure 2a). Mosola and Anderson (2006) also suggested that gullies on the upper slope formed by
sediment-charged meltwater discharge when the WAIS was grounded at the shelf edge. On the south-facing
flank of the bathymetric saddle, Mosola and Anderson (2006) described a band of small-scale ridges from
their multibeam bathymetry data. They interpreted these features as moraine ridges formed by
grounding-line sedimentation during a relatively continuous southward retreat of grounded ice. Further
south, approximately halfway between the saddle and the southern end of seismic line 3 (Figure 2a),
Mosola and Anderson (2006) interpreted the larger-scale asymmetric feature at the seafloor as GZW5c.

3.2. A Three Thousand Year Grounding on the Whales Deep Outer Continental Shelf

Bart et al. (2017) used seismic transects from expedition NBP1502B and four other surveys (~7,400 line km)
(Figure 1b) to determine the sediment thickness distribution of the backstepped GZWs in the Whales
Deep Basin. The deposits they mapped are equivalent to GZW5b and GZW5c from Mosola and Anderson
(2006). The primary purpose of their study was to estimate the duration of ice stream sedimentation asso-
ciated with these GZW deposits. Their seismic correlations demonstrated that the sediment underlying the
bathymetric saddle has a maximum thickness of 140 m (Figure 2b) and a sediment volume of
5.34 × 1011 m3. The grounding duration was calculated using an estimate of paleo-ice stream sediment flux
of 1.42 × 108 m3/a. This sediment flux estimate is the product of an average erosion rate of 0.5 mm/yr (from
Alley et al., 1986) over the larger paleo-drainage area (2.32 × 1011 m2) that existed when the Bindschadler
Paleo Ice Stream advanced to the outer continental shelf. Their calculations indicate that the sediment
volume represents approximately three millennia of grounding line sedimentation.

3.3. Deglacial Age Control for the Whales Deep Basin

Mosola and Anderson (2006) obtained 30 radiocarbon dates from bulk acid insoluble organic matter (AIOM)
that was isolated from the deglacial sediment overlying subglacial till in core from the outer shelf of the
Whales Deep Basin. Most of the ages are in stratigraphic order, but they obtained older-than-expected dates
from the seafloor and a few centimeters below the seafloor. Their oldest date on the outer shelf at core sta-
tion NBP9902_13 was 23,907 ± 300 calibrated 14C years, (Figure 2a). Stratigraphic superposition requires that
grounded ice moved south of this location andmarine sedimentation resumed by that time. They considered
their radiocarbon ages to be suspect because bulk AIOM contains an unknown fraction of older carbon
reworked from older strata exposed in the Whales Deep paleo-drainage basin mixed with the organic carbon
that was contemporaneously produced with the deglacial marine sediment deposition. Although the ages
are imprecise, the dates from the outer continental shelf combined with the principle of stratigraphic super-
position strongly suggest that the grounded ice had retreated from the shelf edge and began to construct
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backstepped GZWs either during or sometime after the LGM. The other age control on the retreat of
grounded ice from theWhales Deep Basin comes from Conway et al. (1999), who used an ice-flow layer track-
ing model to evaluate the bump amplitude in ice layers beneath the Roosevelt Island ice rise of the RIS. Their
analyses indicated that the grounded ice moved south of Roosevelt Island at 3.2 kyr B.P. Data presented by
Yokoyama et al. (2016) indicate that the RIS vacated the Whales Deep Basin at ~5 kyr B.P.

4. Results
4.1. Whales Deep Basin Seismic Stratigraphy

In the course of their analysis of grounding duration, Bart et al. (2017) showed that GZW5b of Mosola and
Anderson (2006) at the bathymetric saddle is actually composed of several GZWs (Figure 2b). By stratigraphic
superposition, these features were labeled GZWs 1–7, from oldest to youngest. Three of the seven GZWs are
exposed at the seafloor and imaged near the base of the seaward dipping face of the bathymetric saddle at
water depths of 590 m, 600 m, and 605 m (Figure 2b). At those depths, relatively short subhorizontal seg-
ments of the seafloor ranging in length from 1 to 5 km correspond to GZW topsets. Each bench extends
northward to basinward-dipping seafloor segments that have the form of low-relief GZW foresets. The relief
of these seaward-dipping GZW foreset surfaces ranges from 5 to 15 m. The seismic line interpretation shows
dashed lines corresponding to the inferred horizontal extensions of these three GZW topset surfaces into the
subsurface (Figure 2b). Beneath the crest of the bathymetric saddle, a few weak subsurface reflections are
seen on seismic line 3 (Figure 2a). These reflections suggested the existence of additional GZWs 4–7, buried
below the saddle (Figure 2b). None of the individual GZWs (GZWs 1–7) contain internal seismic reflections.
Moreover, none of the individual GZWs were mapped separately because the individual topsets and bottom-
set surfaces are not regional seismic reflections. Regional correlations of the amalgamated upper and lower
bounding surfaces of this CGZW demonstrate that all seven individual GZWs on the outer and middle con-
tinental shelf are confined to the basin (Bart et al., 2017).

In our current study, GZW5c from Mosola and Anderson (2006) is included within GZW7 because the addi-
tional seismic data evaluated by Bart et al. (2017) did not indicate that this irregular surface feature is a
GZW. Near the southern end of the regional dip line shown in Figure 2a, a series of small-scale ridges are
exposed at the seafloor. A 4 m thick laminated section covers the ridges on the inner part of the middle con-
tinental shelf and this section thins to the north (Figure 2c). Bart et al. (2017) referred to this series of ridges as
GZW8. Their GZW8 designation is not used here because the ridges are significantly smaller than the GZWs at
the bathymetric saddle and outer continental shelf.

In the remainder of section 4, we describe the correlations between seismic stratigraphy (outlined above)
(Figure 2b) and the seafloor geomorphology as seen on the new swath bathymetry survey (Figure 3), cross
sections extracted from the multibeam data (Figure 5) and high-resolution chirp cross sections (Figure 6).

4.2. The Whales Deep Basin Bathymetric Saddle and GZW7

From the perspective of seismic resolution, GZW7 is exposed over much of the bathymetric saddle as well as
its southern and northern flanks (Figure 2b). The GZW7 topset essentially corresponds to the seafloor reflec-
tion on the south side of the bathymetric saddle. The boundary between the saddle crest and its smooth
seaward-facing foreset corresponds to the GZW7 grounding line (Figures 2b, 3b, and 4). Along strike, the
water depth at the GZW7 paleo-grounding line ranges from 450 to 495 m, being deepest slightly to the west
of the trough axis and shallowing toward Hayes and Houtz Banks. In a dip-oriented direction, the GZW7 fore-
set has a maximum width of ~20 km (Figure 5m). The GZW7 downlap limit (i.e., its basinward termination) is
irregular but essentially trends east-west across the width of the trough in water depths ranging from 480 to
540 m (Figure 4).

4.3. Outer Continental Shelf and Upper Slope Geomorphology

To the north of the GZW7 downlap limit (i.e., its basinward pinchout), the chirp transect (Figure 2c) that was
coacquired with seismic line 3 (Figure 2b) shows a higher resolution cross section of the previously men-
tioned three backstep-stacked benches on the north side of the saddle. These benches correlate to discrete
bathymetric features that can be traced across a large part of the outer continental shelf (Figures 3b and 3e–6).
North-south oriented chirp transects show that at most, only short segments of the GZW topset surfaces
extend south into the subsurface below GZW7 pinchout limit (Figures 2c and 5). The dashed lines on the
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Figure 3. (a) 3-D perspective view of color-coded relief map in polar stereographic projection of multibeam swath bathymetry looking south from toward the inner
part of the Whales Deep middle continental shelf. The short white line segments show the discontinuous crest of low-relief moraine ridges. The white box shows
the area of the zoom 2-D image. (b) Perspective view of the color-coded, multibeam swath bathymetry map of the Whales Deep Basin outer continental shelf
looking south. The white lines with south facing tick marks represent grounding lines of four different GZWs (1, 2, 3, and 7). The dashed line corresponds to the
downlap limits of GZW7, GZW3, and GZW2. The GZW1 grounding line shown is the northernmost of small-scale scarps seen on north-south chirp transects
(Figure 5). The locations of Figures 3a and 3b are shown on Figure 1a. (c) Zoom image to highlight the low-relief moraine ridges; (d) zoom showing the undisturbed
GZW7 foreset and its downlap limit. Two sets of MSGLs (Figures 3b and 3c) extend below the GZW7 foreset. (e) Zoom image showing the backstepped stacking of
GZW2, GZW3, and GZW7. A deep and linear iceberg furrow (generally aligned with the MSGLs) crosses the topset of GZW3 and GZW2. Lobes on the western
(right-hand side) of the zoom are associated with GZW3. (f) Zoom image showing the two terraces of Houtz Bank associated with GZW3 and GZW2. A cluster of
linear iceberg furrows (that arc to the east) crosscuts the uppermost terrace (associated with GZW3). (g) Zoom image showing MSGLs that extend to the shelf
edge. The black boxes show the locations of zoom images shown in Figures 3d, 3e, 3f, and 3g. The east-facing scarp (toward the left-hand side of the image)
corresponds with the GZW1 foreset. The GZW1 topset is molded by MSGLs that are crosscut by a cluster of linear iceberg scours that trend to the west. The upper
slope is scoured by numerous gullies that converge downslope.

Journal of Geophysical Research: Earth Surface 10.1002/2017JF004259

BART ET AL. POST-LGM GROUNDING-LINE POSITIONS 7



Figure 4. Color-coded geomorphologic features interpreted from the swath bathymetry, seismic, chirp, and cross sections. The contours are based on a bathymetric
survey (modified from Davey & Nitsche, 2005). The north-south oriented lines correspond to MSGLs. The MSGLs terminate at a semisinuous grounding line, which
represents the boundary between a GZW topset and foreset. Grounding lines for GZW1, 2, 3, and 7 are shown. The different colors refer to different stages of ice
groundings. The downlap limit for GZW7 is shown because its foreset is wide. The randomly oriented gray lines are iceberg furrows that crosscut MSGLs. The
color-coded arrows are intended to show one possible interpretation of how furrows of different agemight have been associated with icebergs calved from different
grounding lines through time.
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Figure 5. (a–m) Along-trough (dip-oriented) cross sections of the seafloor and subsurface reflections on chirp profiles that were coacquired with the multibeam
bathymetry data. The dashed lines are our inferences of how GZW boundaries extend in the subsurface. The GZW names are interpreted from the multibeam,
chirp, and seismic data presented in this study. See Figure 1 for cross-section locations.
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Figure 6. (a–k). Line drawing of strike-oriented cross sections taken from the multibeam swath bathymetry data. The GZW names are interpreted from the
multibeam, chirp, and seismic data presented in this study. The dashed lines are our interpretation of GZW boundaries in the subsurface. See Figure 4 for cross-
section locations.
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chirp transect, and multibeam cross sections (Figures 5 and 6) are our interpretations of GZW topset surfaces
(as opposed to actual subsurface reflections). Those dashed lines are primarily based on how the seismic
interpretation of line 3 (Figure 2b) correlates to bathymetric features seen on the multibeam survey
(Figures 3a and 4) as outlined below.

4.3.1. GZW3
In the center of the trough, the GZW7 foreset distinctly downlaps the bench associated with the GZW3 topset
over large parts of the outer continental shelf (Figures 3b and 5f–5k). GZW3 downlaps the GZW2
topset (Figure 5g–5i). As much as 7 km of the GZW3 topset is exposed north of the GZW7 downlap limit
(Figure 5g). In contrasts, on the western side of the trough, GZWs 7, 3, and 2 are near vertically stacked
(Figures 5b–5f). The map-view trend of the GZW3 grounding line shown in Figures 2b, 3b, and 4 is the
boundary between its subhorizontal topset bench and its seaward dipping foreset (Figures 5d–5m). The
GZW3 grounding line is curvilinear and convex seaward where it is exposed at the seafloor in the central
part of the trough (Figures 3b and 4). The height of the GZW3 foreset varies from 10 to 35 m along the
grounding line.

West of the central part of the trough, cross sections show that the geomorphology of GZW3 marine termi-
nation changes form (Figures 3a and 5c–5f). In that area, the basinward limit of the GZW3 topset bench is
indented to the south, but the northern pinchout limit projects northward with a slightly bulbous lobate form
(Figures 3b and 3e). In an upslope direction, the lobate morphology begins at a water depth of 570 m
(Figure 5f) and pinches out in maximum water depth of 615 m (Figure 5d). The lobes have a height of
~30 m near their pinchout. In map view, the lobe is directed to the NNW and has a maximum dip-oriented
length of ~10 km (Figure 3b). In some cross sections, parts of the lobe are detached from GZW3 on north-
south and east-west cross sections (Figures 5d and 6g, respectively), but the map view shows that the feature
is fully attached to GZW3 (Figure 3b).

On the eastern side of the trough, the GZW3 grounding line can be continuously traced along the lower flank
of Houtz Bank (Figure 3b). North-south chirp transects (Figures 5k and 5l) and east-west cross sections
extracted from the multibeam survey (Figures 6a–6i) show that the GZW3 grounding line trend is the border
of a terrace with a distinct low-relief scarp facing the west (Figures 3b and 3f).

Figure 3b shows that there are at least three distinct sets of trough-aligned lineations with slightly different
orientations that mantle the part of the terrace that corresponds to the GZW3 topset. These three sets are
labeled 3A, 3B, and 3C. In the center of the trough, north-south lineations mold the top of the GZW3 topset
(Figures 3b and 3e). These lineations have all the characteristics of MSGLs (lengths of several kilometers,
1–10 m amplitudes, and 0.5 to 2 km spacing) (Spagnolo et al., 2014). The lineations labeled 3a diverge from
a north-south trend toward the west at their northern limit, i.e., toward the axis of the basin. On their northern
end, lineations labeled 3b diverge slightly toward the east of north. MSGLs labeled 3c are exposed on only a
small area to the north of the GZW7 downlap limit where they have a north-south alignment and are nestled
within lineations 3b (Figures 3a and 3d and 4). The map view image shows that the southern ends of linea-
tions 3b and 3c are buried by GZW7 (Figures 3b and 3d and 4). On the Houtz Bank terrace, there are no indi-
vidual seismically resolvable GZW morphologies associated with the three sets of MSGLs.

4.3.2. GZW2
The GZW2 grounding line can be correlated from seismic (Figure 2b) to a basinward dipping scarp on multi-
beam bathymetry (Figures 3b and 3e). The GZW2 foreset has a maximum height of 20 m and a width of
1.5 km (Figure 5j). The grounding line depth ranges from 550 m to 590 m, where GZW2 is exposed in the cen-
tral part of the trough (Figures 5g–5j). In the trough axis, multibeam bathymetry shows that the GZW2 topset
is molded with north-south oriented lineations (Figures 3b and 3e). These topset lineations extend south and
are buried by GZW3 (Figures 3b and 3e and 4). In a basinward direction, the lineations extend to the GZW2
grounding line. These lineations also have dimensions characteristic of MSGLs (e.g., Spagnolo et al., 2014).

On the western side of the trough, the sinuous trend of GZW2 projects below lobate marine termination of
GZW3 (Figures 3b and 4). On the eastern side of the trough, the GZW2 grounding line can be traced to the
base of a second terrace on the lower-most flank of Houtz Bank (Figures 3b and 6a–6h). On east–west cross
sections, this deeper-water terrace scarp has an average relief of 20 m and at least the upper part of the scarp
corresponds to the GZW2 foreset (Figures 6a–6g). The GZW2 scarp on the Houtz Bank terrace and its relation-
ship to the wedges in the center of the trough are also seen on the north-south chirp transects (e.g., Figure 5j).
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The water depth of the GZW2 grounding line ranges from 550 to 564 m along the Houtz Bank terrace
(Figures 6a and 6g). A similar terrace scarp is seen on strike and dip-oriented transects from the opposite side
of the trough basin, i.e., on the lower flank of the Hayes Bank (Figures 5 and 6f–6i). Only a small part of Hayes
Bank terrace is imaged by multibeam data (Figure 3b).
4.3.3. GZW1
In the axis of the trough, the GZW1 grounding line from seismic data (Figure 2b) and nearby chirp transects
(Figures 5h and 5i) can be correlated to the boundary between a horizontal topset with trough-aligned linea-
tions that end at a seaward facing scarp with a relief of<10 m (Figure 3b). The low relief of the GZW1 foreset
along strike makes it difficult to trace the grounding line across the trough on both multibeam (Figure 3b)
and chirp transects (Figure 5). Based on the multibeam data (Figure 3b), the scarp associated with the
GZW1 grounding line is traceable to the east where it is buried below GZW2 (Figures 3a and 5j). On the
Houtz Bank terrace, some east-west cross sections show a short subhorizontal bench with a low-height
west-facing scarp may correspond to exposures of GZW1 topset-foreset morphology (Figures 6, 6f, and 6g).

In the central part of the trough (west of the cross section shown in Figure 5i), the GZW1 grounding line has a
northwest-southeast trend that can be traced to the continental shelf edge (Figures 3b and 3g). Along this
trend, the basinward-facing dip of the GZW1 foreset is best seen on the east-west oriented cross sections
(Figures 6–6f). On Figures 3b and 4, we show the GZW1 grounding line at the shelf edge on the western side
of the trough based partly on the lineations that mold the GZW1 topset (see below). Close inspection of the
dip-oriented chirp transects shown in Figures 5a–5h from the central and western parts of the outer conti-
nental shelf shows a variable number of low-relief seaward facing slopes preserved at the seafloor that are
older than GZW2. These low-relief features are not sufficiently resolved on the multibeam data to be traced
across the width of the trough (Figures 3b and 3g). Either of these basinward dipping features (Figures 5a–5h)
may correspond to the GZW1 foreset.

Trough-aligned lineations that mold the top of the GZW1 topset can be traced north to the GZW1 grounding
line (Figures 3b and 3g and 4). The lineations extend close to the shelf edge across the central and western
part of the trough. Toward the south, these lineations extend below the marine limit of older GZW strata
(Figures 3b and 4). In the central part of the trough, chirp transects show multiple subsurface reflections
(e.g., Figure 5e). On the outermost part of the western side of the trough, GZW1 is absent or less than 2 m
thick), but it thickens to over 10 m in a landward direction (e.g., Figures 5a–5d).
4.3.4. Older Lineations on the Outer Shelf and Upper Slope Gullies
In those places where the GZW1 grounding line is indented to the south on the eastern side of the trough, an
older set of north-south lineations is seen to extend to the shelf edge (Figures 3a, 3f, 3g, and 4). These linea-
tions are best seen on the eastern side of the outer continental shelf (Figures 3f and 4). This set of lineations is
buried by the stacked GZWs that compose the Houtz Bank terrace on the eastern side of the trough. In the
east-central part of the trough, the lineations are buried by GZW1. Seaward of the continental shelf edge,
the upper slope is marked by a dense network of upper slope gullies that converge downslope within ~5 km
(Figure 3b). The gullies have depths ranging from a few to 25 m below grade.

4.4. Middle Continental Shelf Geomorphology

The middle continental shelf is slightly foredeepened, i.e., landward dipping, south of the bathymetric saddle
(Figure 1b). There are no preserved MSGLs on either the crest or south flank of the bathymetric saddle (i.e.,
the GZW7 topset) (Figures 3a and 4). Instead of MSGLs, the GZW7 topset is mantled by at least two bands
of subparallel sinuous ridges. The northernmost band (Figure 4) was previously interpreted by Mosola and
Anderson (2006) as moraine ridges (see section 3). These ridges trend N-NW (i.e., oblique to the trend of
the trough) and are observed in the central and eastern part of the trough in water depths ranging from
500 to 550m (Figure 4). The basinward ends of these ridges are within 10 to 30 km from the GZW7 grounding
line. These features have lengths of several tens of kilometers and maximumwidths of a few hundred meters
(Figure 4). The ridges have variable shapes and rise as much as 10 m above the average seafloor depth with
spacing between 1 and 2 km. The band of ridges is approximately 40 km wide (measured perpendicular to
the ridge crest trend, Figure 4).

The second band of smaller-scale ridges is located further to the south and was originally described by Bart
et al. (2017) from Figure 2b. Within 20 km of the RIS calving front, the seafloor is elevated above grade by
~5 m and exhibits a series of low-relief ridges with a few hundred meters spacing. The ridge shapes range
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from rounded to asymmetric. The asymmetric ridges have a gentle side that faces toward the south. In map
view, these low relief features are not well resolved on multibeam bathymetry (Figures 3a and 3c), but the
ridge crests appear to be short and discontinuous (a few hundred meters length). The longer segments
appear to strike northeast-southwest (Figures 3b and 4).

4.5. Iceberg Scours Within the Whales Deep Basin

The crest of the saddle is heavily disturbed by randomly oriented and cross-cutting arcuate and linear iceberg
furrows down to water depths of ~500 m (Figures 3a, 4, 5, and 6k). Furrow depths are variable but most are
less than 5 m deep. The furrow widths are commonly 100 m with the largest being almost a kilometer wide.
The shallower adjacent part of Houtz Bank was surveyed displays an extremely dense network of cross-
cutting furrows. These scours are similar to iceberg furrow that have been observed elsewhere on the crest
of banks and wedges on other portions of the Antarctic shelf (e.g., Barnes & Lien, 1987). In contrasts to dense
scouring on the bank and saddle crest, iceberg furrows are distinctly absent on the seaward face of the saddle
that corresponds to the GZW7 foreset (Figures 3b, 3d, and 3e).

Seaward of the GZW7 downlap limit, there are several clusters of linearly oriented iceberg furrows. These are
generally oriented north-south and crosscut the MSGLs that mold the GZW topsets on the deeper outer
continental shelf (Figures 3b, 3f, 3g, and 4). A large and deep iceberg furrow crosscuts the topsets of
GZW3 and GZW2 in the central part of the trough (Figure 3e). The furrow can be traced to the south where
it is buried by GZW7.

South of the bathymetric-saddle crest, the density of iceberg furrows decreases on the deeper middle
continental shelf, but both linear and arcuate iceberg furrows crosscut the bands of sinuous ridges that mold
the southeastern flank of the bathymetric saddle to depths of 550 m. Many of the semilinear furrows are
oriented NW-SE, roughly perpendicular to the trend of the linear ridges.

5. Discussion
5.1. Post-LGM Grounding Line Positions on the Whales Deep Outer Continental Shelf

Seismic profiles crossing the shelf edge show upper-slope progradation (Figure 2a) associated with GZW5a
that formed during the last grounding at the shelf edge (Mosola & Anderson, 2006). The upper slope gullies
preserved at the seafloor (Figure 4) may have primarily formed by melt-water discharge at the grounding line
when ice was last grounded at the shelf edge (Anderson, 1999). Mosola and Anderson (2006) associated the
set of gullies and the MSGLs that extend to the shelf-edge with GZW5a. As an upper slope depocenter,
GZW5a is technically a trough mouth fan (e.g., Bart, DeBatist, & Jokat, 1999; Vorren & Laberg, 1997) as
opposed to a shelf-perched GZW.

On the outer continental shelf, the grounding lines shown in Figure 4 are unambiguous in terms of the posi-
tions formerly occupied by grounded ice during retreat. Published age control from the outer continental
shelf of the Whales Deep Basin (Conway et al., 1999; Mosola & Anderson, 2006; Yokoyama et al., 2016) indi-
cates that the backstepped GZWs are the product of post-LGM groundings as opposed to back and forth
oscillations spanning multiple glacial cycles. The number of GZWs in the Whales Deep Basin indicates a sig-
nificantly more complex post-LGM grounding history than could be reconstructed with previous data
(Mosola & Anderson, 2006). The large GZWs on theWhales Deep outer continental shelf are interesting in that
they mostly overlap, whereas other troughs usually contain backstepped GZWs that are more spatially sepa-
rated (e.g., Graham et al., 2010; Larter et al., 2014; Livingstone et al., 2013). The backstepped grounding lines
also extend around the flanks of the banks to the shelf edge, suggesting that a grounding line embayment
existed within the outer part of Whales Deep Basin during the times represented by GZWs 1–7. The ground-
ing line embayment on the outer shelf may have been due to deflation of the ice stream by fast flow with
relatively slow flow over the banks. An embayed grounding line in the Whales Deep Basin is similar to that
observed for western and central Ross Sea troughs (Halberstadt et al., 2016; Shipp et al., 1999). Based on
the overall length of the Bindschadler paleo-drainage system (l400 km from the WAIS divide to the Whales
Deep shelf edge), the seven grounding line positions on the outer shelf indicate that the extent of grounded
ice was lessened by only ~5% from its maximum seaward position at the shelf edge.

On the middle continental shelf, the geomorphology of retreat is significantly different and is recorded by
smaller-scale ridges. We follow Mosola and Anderson (2006), who interpreted these linear features that

Journal of Geophysical Research: Earth Surface 10.1002/2017JF004259

BART ET AL. POST-LGM GROUNDING-LINE POSITIONS 13



mantle the GZW7 topset as moraine ridges. After the end of the deposition of GZW7, a series of grounding-
line positions are recorded by closely spaced small-scale moraine ridges that formed as grounded ice shifted
south across the middle continental shelf. Shipp et al. (2002) proposed that the formation of small moraine
ridges was similar to the emplacement of De Geer moraines, where short-duration extrusion of subglacial
sediment at the grounding line produces small-scale landforms. The northeast-southwest orientations of
these features suggest that the grounding line was also embayed as the grounded ice retreated from the
middle continental shelf of the Whales Deep Basin. The slight foredeepening of the middle continental shelf
may have contributed to retreat in this part of the trough.

The Whales Deep Basin seafloor geomorphology and the inferred subsurface stratal constraints clearly indi-
cate a strong spatial-temporal aspect of sediment erosion, transport, and deposition (Larter et al., 2009;
Livingstone et al., 2016). Evidence from western and central paleo-ice stream trough basins of Ross Sea sug-
gests post-LGM WAIS retreat (e.g., Domack et al., 1999; Licht et al., 1996). Mosola and Anderson (2006)
showed that multistep retreat occurred in Glomar Challenger and Little America Basins in eastern Ross Sea.
Multistep post-LGM retreat of the grounding line is noted for Amundsen and Bellingshausen Sea sectors of
the WAIS (e.g., Klages et al., 2014; Larter et al., 2014). Within Pine Island Bay, the WAIS paused at least 5 times
during its post-LGM retreat from the outer continental shelf (e.g., Graham et al., 2010; Jakobsson et al., 2012;
Kirschner et al., 2012).

5.2. Possible Controls on Grounding Line Position

GZWs record episodes of a relatively stationary grounding-line position during either retreat or readvances
(e.g., Alley et al., 2007; Anandakrishnan et al., 2007; Bart & Owolana, 2012; Batchelor & Dowdeswell, 2015;
Dowdeswell et al., 2008; Graham et al., 2010; Mosola & Anderson, 2006; Vanneste & Larter, 1995). GZWs have
been suggested to form preferentially where an ice shelf is present (e.g., Batchelor & Dowdeswell, 2015;
Dowdeswell & Fugelli, 2012). Ice sheet grounding-line position is controlled by many external and local
factors such as bed characteristics, slope, and drainage basin size (e.g., Livingstone et al., 2012; Pollard &
DeConto, 2009). The external factors include changes in sea level, ocean temperature, and atmospheric tem-
perature. WAIS grounding line position has also long been linked to sea-floor slope (e.g., Schoof, 2007;
Thomas, 1979). Trough bottlenecks, and other topographic features such as changes in seafloor gradient,
may be key factors controlling the locations of GZWs (e.g., Graham et al., 2010; Jakobsson et al., 2012;
Jamieson et al., 2012, 2014; Klages et al., 2015; Larter et al., 2014). The overlapping locations of WAIS ground-
ing lines on the Whales Deep Basin outer continental shelf appear to coincide with a bottleneck in the trough
(Figure 1b) and perhaps a slight shallowing of the trough axis (Figure 2b).

The stacking pattern of the CGZW reflects significant sediment aggradation and presumably an associated
reduced height of ice at the grounding line. Other large volume backstepped deposits in Ross Sea (Joides
and Drygalski Basins, see Shipp et al., 1999) and other Antarctic margins (Batchelor & Dowdeswell, 2015)
might also be CGZWs. Deposition probably compensated for the longer-term deflation of the WAIS and/or
any post-LGM sea level rise (Anandakrishnan et al., 2007; Bart et al., 2017). In other words, the stratal stacking
pattern strongly suggests that GZW deposition influenced the location of subsequent stillstands by contem-
poraneously reducing the water depth at the grounding line. In either scenario, the seven GZWs show that
the WAIS reached its buoyancy limit several times yet was able to reground at more landward positions on
the outer continental shelf.

In contrast to groundings that produce large-volume GZWs on the outer continental shelf, retreat after the
end of GZW7 resulted in major (200 km) grounding line retreat toward Roosevelt Island that is recorded only
by smaller-scale features. The GZW7 topsets are more foredeepened than the unconformity underlying the
CGZW (Figure 2a). The greater foredeepening may preclude a stable grounding of significant duration. The
various other factors that may have prevented a significant pause in the grounding line retreat on the middle
continental shelf cannot be excluded based strictly on the morphological evidence.

5.3. Grounding Durations

GZWs on Antarctic continental shelves are clearly associated with sediment advection below paleo-ice
streams (e.g., Ó Cofaigh et al., 2002; Shipp et al., 1999, 2002) for a nonnegligible duration. Bart et al. (2017)
inferred that the large volume of the CGZW underlying theWhales Deep Basin bathymetric saddle represents
a duration of more than three millennium. Such a long duration grounding is consistent with data compiled
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by Elverhoi, Hooke, and Solhiem (1998), who suggested that pulsed sedimentation on the order of amillennia
results from accelerated ice streamflow over sediment deposited during the preceding advance of grounded
ice. Smaller GZWs from other areas have been inferred to represent durations of a few centuries (Graham
et al., 2010; Jakobsson et al., 2012; Livingstone et al., 2016).

Ice-stream sediment flux was probably concentrated in a relatively thin (submeter) subglacial deformation
zone (e.g., Ó Cofaigh et al., 2007). On the time scale of a deglaciation, sediment flux probably is a complex
function of many variables (i.e., deformation-till velocity and thickness/width and ice stream drainage area).
Hence, the sediment volume of individual GZWs need not necessarily equate directly to the duration of
grounding events. In the simplest of scenarios, if one considers that the ice stream sediment flux was
constant through time, the smaller-scale moraine ridges that mantle the GZW7 topset on the middle conti-
nental shelf represent significantly less time than the GZWs that underlie the bathymetric saddle. Ridges with
similar small dimensions presumably represent relative short durations of grounding line sedimentation that
have been inferred to range from years to a few decades (Jakobsson et al., 2011; Livingstone et al., 2016;
Shipp et al., 2002). Unfortunately, age control for the Whales Deep Basin is too poorly resolved to determine
the specific onset and termination, i.e., duration, of individual groundings.

5.4. Grounding Line Oscillations Between Groundings

The backstepping stratal pattern of GZWs and moraine ridges on the outer and middle continental shelf
clearly requires an overall WAIS retreat from its former position at the shelf edge. The geomorphology of
Whales Deep Basin cannot, however, be used to uniquely constrain the pattern and magnitudes of ground-
ing line and calving front oscillations between successive groundings. The CGZW on the outer continental
shelf may, for example, represents relatively minor oscillations with or without a series of hiatuses, as ground-
ing lines were comparatively stationary throughout the time represented by GZWs 1–7. In tidally influenced
regions, the grounding line tends to migrate along GZW surfaces at varying time intervals (Bindschadler et al.,
2003). It might well be that, due to oscillations of this type, the former grounding positions of the same gen-
eral stabilization event were overprinted, eroded, or buried by a subsequent grounding position. In this
sense, the CGZW might be part of a single in situ stabilization of the grounding line that represents the pro-
longed presence of an ice plain. Conversely, the overlapping stack of outer continental GZWs might have
formed during several discrete groundings involving significant retreat and then readvance with the ground-
ing line reestablishing in roughly the same location on the outer continental shelf. This latter possibility is
rather unlikely because a major readvance across the bathymetric saddle would have overprinted a new sub-
glacial fabric over the preexisting GZWs.

The stratal relationships on the outer continental shelf do require that the grounding line readvanced at least
20 km during the time period that GZW7 formed to entirely bury GZWs 4–6 and partially bury GZWs 1–3.
Likewise, the localized continuation of GZW topset reflections below the basinward-thinning toes of some
GZWs (e.g., Figures 5h and 5k) is consistent with this view of at least minor grounding line readvance
following an earlier retreat (Howat & Domack, 2003). We cannot exclude the possibility that a longer distance
retreat occurred before readvance based on the morphologic evidence.

During the initial retreat of grounded ice from the shelf edge, the GZW1 grounding line was embayed on the
eastern side of the outer continental shelf (Figure 4). The multiple low-relief basinward dipping surfaces from
the western and central side of the Whales Deep Basin outer continental shelf (e.g., Figures 5a and 5g) sug-
gest that the grounding line may have progressively shifted south toward the location of the bathymetric
saddle on the western side of the trough, while only a single GZW1 was constructed on the eastern side of
the trough. The landward thickening of GZW1 on the western side of the trough suggests that significant
subglacial aggradation occurred in association with the MSGLs that mold the GZW1 topset (Spagnolo
et al., 2017) (Figures 5b–5d).

The three sets of MSGLs that mold the GZW3 topset on the Houtz Bank terrace (Figure 4) suggest that the
grounding line may have progressively stepped south during the time that a single GZW3 was deposited
in the trough axis (Figure 5). On the terrace, the absence of distinct GZW3 foresets at the northern termina-
tion of these three sets of MSGLs indicates that the seafloor was primarily remolded at these times with rela-
tively insignificant grounding line sediment aggradation. The lobate features on the toe of GZW3 (Figure 4)
are interpreted as mass wasting lobes. Stratigraphic superposition requires that these lobes formed at the
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end of GZW3 deposition. The mass wasting may have been related to an unstable slope created by vertical
stacking of GZWs 1–3 (Figure 5).

The preservation of MSGLs on the topsets of GZW1, GZW2, and GZW3 suggests that liftoff retreat to a new
grounding line position took place relatively rapidly (Dowdeswell et al., 2008). The occurrences of iceberg
furrows on the topsets of GZWs 1–3 coupled with their absence from the GZW7 lower foreset (Figure 4) indi-
cate that these scours occurred after liftoff retreat and prior to the deposition of GZW7. The iceberg scours
would have occurred in the absence of an ice shelf. Moreover, the crosscut MSGLs suggest that deep-keel
icebergs were calved from the grounding line. The distribution of iceberg furrows that crosscut MSGLs of
different generations on the Whales Deep Basin outer and middle continental shelf likewise allows different
interpretations as to how the grounding line (and calving front if an ice shelf existed) oscillated between
the groundings.

The small-scale moraine ridges mantling the GZW7 topset (Figure 4) suggest a time-transgressive relatively
continuous southward retreat of an embayed grounding line (Mosola & Anderson, 2006) without evidence
for any significant back and forth oscillations. The irregular bump originally interpreted to be GZW5c
(Mosola & Anderson, 2006) may be related to the outcrop of less erodible strata at this location. The absence
of large-volume GZWs on the middle continental shelf suggests that there were no significant pauses in the
grounding line retreat. This inference is based on the assumption that sediment flux to the grounding line
was constant after the end of GZW7. The absence of partly buried or overprinted fabrics likewise suggests
that there were no major readvances during the retreat of grounded ice from the middle continental shelf.

The dense pattern of scours on the crest and south flank of the bathymetric saddle (i.e., the GZW7 topset)
obviously postdates the southward shift of the grounding line. The iceberg furrows that crosscut the
smaller-scale backstepping moraine ridges that mold the GZW7 topset on the middle continental shelf were
formed after the retreat of grounded ice and in the absence of an ice shelf. The iceberg furrows occur in water
depths greater than 500 m, and such deep-keel icebergs probably calved close to the ice stream grounding
line. In the simplest scenario, the iceberg scours formed after the grounding line moved south of Roosevelt
Island. We cannot exclude the possibility that the iceberg furrows were formed during either multiple epi-
sodes of retreat or after grounded ice fully vacated the middle continental shelf. Based on their location,
we infer that ridges near the RIS calving front represents a slowing of the grounding line retreat as it
approached Roosevelt Island.

6. Conclusion

Morphologic and subsurface evidence shows that the grounding line of the Bindschadler Paleo Ice Stream
paused 7 times during its retreat from the outer continental shelf (within 60 km south of the shelf edge) with
each step depositing a discrete GZW. Age control from the outer continental shelf (Mosola & Anderson, 2006)
indicates that retreat occurred during or after the LGM. The grounding line positions associated with each
these seven GZWs represent only a slightly smaller configuration (at most a 5% reduction from the maximum
possible configuration of grounded ice at the shelf edge). Construction of the CGZW resulted in more than
100 m of aggradation and thus contributed to grounding line stability. Pauses in grounding line retreat
appear to have been initiated at a bottleneck and associated elevated bench in the trough, indicating possi-
ble antecedent topographic control on grounding line stability (Dowdeswell & Fugelli, 2012; Jakobsson et al.,
2012; Jamieson et al., 2014; Klages et al., 2014, 2015). The available age control (Mosola & Anderson, 2006)
indicates that this large-volume CGZW formed during the last deglaciation. The geomorphology cannot be
used to conclusively determine the magnitude of retreat and readvance that might have occurred between
successive groundings at the bathymetric saddle. Following GZW7, the WAIS experienced a major 200 km
southward retreat. The small-scale moraine ridges that mantle the GZW7 topset are suggestive of a relatively
continuous retreat of an embayed grounding line toward Roosevelt Island. Data presented by Conway et al.
(1999) indicate that grounded ice eventually moved south of Roosevelt Island at 3.2 kyr B.P.

References
Alley, R. B., Anandakrishnan, S., Dupont, T. K., Parizek, B. R., & Pollard, D. (2007). Effect of sedimentation on ice-sheet grounding-line stability.

Science, 315, 1838–1841. https://doi.org/10.1126/science.1138396
Alley, R. B., Blankenship, D. D., Bentley, C. R., & Rooney, S. T. (1986). Deformation of till beneath ice stream B, West Antarctica. Nature, 322,

57–59. https://doi.org/10.1038/322057a0

Journal of Geophysical Research: Earth Surface 10.1002/2017JF004259

BART ET AL. POST-LGM GROUNDING-LINE POSITIONS 16

Acknowledgments
This study was funded by NSF grant
1246357 to P.J. Bart and NSF-PLR
124635 to J.B. Anderson. We thank the
captain and crew of the Nathaniel B.
Palmer RVIB for their help in acquiring
seismic and multibeam data during
expedition NBP1502B. We also thank the
members of NBP1502 shipboard party
for assisting our efforts in the field. We
thank three reviewers including
Stephen Livingstone for comments that
improved the manuscript. Bart acquired
the seismic data during expeditions
NBP1502B and NBP0802. Other seismic
data used in the project were acquired
by John Anderson and Lou Bartek
during PD90/NBP9902 and NBP9307. We
thank Kathleen Gallahan, who
supervised ping editing of multibeam
data, and Madeline Meyers and Dan
Mullally, who processed the seismic
data. The multibeam and seismic data
used in this study are from project
NBP1502. The project data are hosted
with the Lamont-Doherty Earth
Observatory, Antarctic-Southern Ocean
Data Portal of the IEDA Marine
Geoscience Data System. The data are
under an NSF proprietary hold until the
project expires on 4/1/2018.

https://doi.org/10.1126/science.1138396
https://doi.org/10.1038/322057a0


Alley, R. B., Blankenship, D. D., Rooney, S. T., & Bentley, C. R. (1989). Sedimentation beneath ice shelves—The view from Ice Stream B. Marine
Geology, 85, 101–120. https://doi.org/10.1016/0025-3227(89)90150-3

Anandakrishnan, S., Catania, G. A., Alley, R. B., & Horgan, H. J. (2007). Discovery of till deposition at the grounding line of Whillans Ice Stream.
Science, 315, 1835–1838. https://doi.org/10.1126/science.1138393

Anderson, J. B. (1999). Antarctic marine geology (pp. 289). Cambridge: Cambridge University Press.
Anderson, J. B., Conway, H., Bart, P. J., Witus, A. E., Greenwood, S. L., McKay, R. M., … Stone, J. O. (2014). Ross Sea paleo-ice sheet

drainage and deglacial history during and since the LGM. Quaternary Science Reviews, 100, 31–54. https://doi.org/10.1016/
j.quascirev.2013.08.020

Barnes, P. W., & Lien, R. (1987). Icebergs rework shelf sediments to 500m off Antarctica. Geology, 16, 1130–1133.
Bart, P. J., & Cone, A. N. (2012). Early stall of West Antarctic Ice Sheet advance on the eastern Ross Sea middle shelf followed by retreat at

27,500
14
Cyr BP. Palaeogeography, Palaeoclimatology, Palaeoecology, 335, 52–60. https://doi.org/10.1016/j.palaeo.2011.08.007

Bart, P. J., DeBatist, M., & Jokat, W. (1999). Interglacial collapse of the Crary Trough-Mouth Fan, Weddell Sea Antarctica: Implications for
Antarctic glacial history. Journal of Sedimentary Research, 69(6), 1276–1289. https://doi.org/10.2110/jsr.69.1276

Bart, P. J., Krogmeier, B., Bart, M. P., & Slawek, T. (2017). A twomillennia long grounding event duration of the West Antarctic Ice Sheet in Ross
Sea, Nature, Scientific Reports.

Bart, P. J., & Owolana, B. (2012). On the duration of West Antarctic Ice Sheet grounding events in Ross Sea during the Quaternary. Quaternary
Science Reviews, 47, 101–115. https://doi.org/10.1016/j.quascirev.2012.04.023

Bart, P. J., Sjunneskog, C., & Chow, C. M. (2011). Piston-core based biostratigraphic constraints on Pleistocene oscillations of the wet Antarctic
ice sheet in western Ross Sea between North Basin and AND-1B drill site. Marine Geology, 289, 86–99. https://doi.org/10.1016/j.
margeo.2011.09.005

Batchelor, C. L., & Dowdeswell, J. A. (2015). Ice-sheet grounding-zone wedges (GZWs) on high-latitude continental margins. Marine Geology,
363, 65–92. https://doi.org/10.1016/j.margeo.2015.02.001

Bindschadler, R. A., King, M. A., Alley, R. B., Anandakrishnan, S., & Padman, L. (2003). Tidally controlled stick-slip discharge of a West Antarctic
ice stream. Science, 301, 1087–1089. https://doi.org/10.1126/science.1087231

Conway, H., Hall, B. L., Denton, G. H., Gades, A. M., & Waddington, E. D. (1999). Past and future grounding-line retreat of the West Antarctic Ice
Sheet. Science, 286, 280–283. https://doi.org/10.1126/science.286.5438.280

Davey, F. J., & Nitsche, F. O. (2005). Bathymetric grid of the Ross Sea, Antarctica. Retrieved from: ftp://ftp.ldeo.columbia.edu/pub/fnitsche/
RossSeaBathymetry/(2005)

Domack, E. W., Jacobsen, E. A., Shipp, S., & Anderson, J. B. (1999). Late Pleistocene-Holocene retreat of the West Antarctic Ice Sheet system
in the Ross Sea: Part 2—Sedimentologic and stratigraphic signature. GSA Bulletin, 111, 1517–1536. https://doi.org/10.1130/
0016-7606(1999)111%3C1517:LPHROT%3E2.3.CO;2

Dowdeswell, J. A., & Fugelli, E. M. G. (2012). The seismic architecture and geometry of grounding-zone wedges formed at the marine margins
of past ice sheets. Geological Society of America Bulletin, 124(11–12), 1750–1761. https://doi.org/10.1130/B30628.1

Dowdeswell, J. A., Ottesen, D., Evans, J., Ó Cofaigh, C., & Anderson, J. B. (2008). Submarine glacial landforms and rates of ice-stream collapse.
Geology, 36(10), 819–822. https://doi.org/10.1130/G24808A.1

Elverhoi, A., Hooke, R. L. B., & Solhiem, A. (1998). Late Cenozoic erosion and sediment yield from the Svalbard-Barents Sea region:
Implications for understanding erosion of glacierized basins. Quaternary Science Reviews, 17, 209–241. https://doi.org/10.1016/S0277-
3791(97)00070-X

Evans, J., & Pudsey, C. J. (2002). Sedimentation associated with Antarctic Peninsula ice shelves: Implications for palaeoenvironmental
reconstructions of glacimarine sediments. Journal of the Geological Society, 159, 233–237. https://doi.org/10.1144/0016-764901-125

Evans, J., Pudsey, C. J., Ó Cofaigh, C., Morris, P., & Domack, E. (2005). Late Quaternary glacial history, flow dynamics and sedimentation along
the eastern margin of the Antarctic Peninsula Ice Sheet. Quaternary Science Reviews, 24, 741–774. https://doi.org/10.1016/
j.quascirev.2004.10.007

Farmer, G. L., Licht, K., Swope, R. J., & Andrews, J. T. (2006). Isotopic constraints on the provenance of fine-grained sediment in LGM tills from
the Ross Embayment, Antarctica. Earth and Planetary Science Letters, 249, 90–107. https://doi.org/10.1016/j.epsl.2006.06.044

Graham, A. G., Larter, R. D., Gohl, K., Dowdeswell, J. A., Hillenbrand, C., Smith, J. A.,… Deen, T. (2010). Flow and retreat of the Late Quaternary
Pine Island-Thwaites palaeo-ice stream, West Antarctica. Journal of Geophysical Research, 115, F03025. https://doi.org/10.1029/2009JF001482

Greenwood, S. L., Gyllencreutz, R., Jakobsson, M., & Anderson, J. B. (2012). Ice flow switching and East/West Antarctic ice sheet roles in
glaciation of the western Ross Sea. Geological Society of America Bulletin, 124(11–12), 1736–1749. https://doi.org/10.1130/B30643.1

Halberstadt, A. R. W., Simkins, L. M., Greenwood, S. L., & Anderson, J. B. (2016). Past ice-sheet behaviour: Retreat scenarios and changing
controls in the Ross Sea, Antarctica. The Cryosphere, 10(3), 1003–1020. https://doi.org/10.5194/tc-10-1003-2016

Howat, I. M., & Domack, E. W. (2003). Reconstructions of western Ross Sea palaeo-ice-stream grounding zones from high-resolution acoustic
stratigraphy. Boreas, 32, 56–75. https://doi.org/10.1111/j.1502-3885.2003.tb01431.x

Jakobsson, M., Anderson, J. B., Nitsche, F. O., Dowdeswell, J. A., Gyllencreutz, R., Kirchner, N.,…Majewski, W. (2011). Geological record of ice
shelf break-up and grounding line retreat, Pine Island Bay, West Antarctica. Geology, 39(7), 691–694. https://doi.org/10.1130/G32153.1

Jakobsson, M., Anderson, J. B., Nitsche, F. O., Gyllencreutz, R., Kirshner, A., Kirchner, N., … Eriksson, B. (2012). Ice sheet retreat dynamics
inferred from glacial morphology of the central Pine Island Bay Trough, West Antarctica. Quaternary Science Reviews, 38, 1–10. https://doi.
org/10.1016/j.quascirev.2011.12.017

Jamieson, S. S. R., Stokes, C. R., Ross, N., Rippin, D. M., Bingham, R. G., Wilson, D. S.,… Bentley, M. J. (2014). The glacial geomorphology of the
Antarctic ice sheet bed. Antarctic Science, 26(6), 724–741. https://doi.org/10.1017/S0954102014000212

Jamieson, S. S. R., Vieli, A., Livingstone, S. J., Ó Cofaigh, C., Stokes, C., Hillenbrand, C.-D., & Dowdeswell, J. A. (2012). Ice-stream stability on a
reverse bed slope. Nature Geoscience, 5, 799–802. https://doi.org/10.1038/ngeo1600

King, E. C., Hindmarsh, R. C. A., & Stokes, C. R. (2009). Formation of mega-scale glacial lineations observed beneath a West Antarctic ice
stream. Nature Geoscience, 2, 585–588. https://doi.org/10.1038/ngeo581

Kirschner, A. E., Anderson, J. B., Jakobsson, M., O’Regan, M., Majewski, W., & Nitsche, F. O. (2012). Post-LGM deglaciation in Pine Island Bay,
West Antarctica. Quaternary Science Review, 38, 11–26. https://doi.org/10.1016/j.quascirev.2012.01.017

Klages, J. P., Kuhn, G., Graham, A. G. C., Hillenbrand, C.-D., Smith, J. A., Nitsche, F. O.,… Gohl, K. (2015). Palaeo-ice stream pathways and retreat
style in the easternmost Amundsen Sea Embayment, West Antarctica, revealed by combined multibeam bathymetric and seismic data.
Geomorphology, 245, 207–222. https://doi.org/10.1016/j.geomorph.2015.05.020

Klages, J. P., Kuhn, G., Hillenbrand, C.-D., Graham, A. G. C., Smith, J. A., Larter, R. D.,…Wacker, L. (2014). Retreat of the West Antarctic Ice Sheet
from the western Amundsen Sea shelf at a pre- or early LGM stage. Quaternary Science Review, 91, 1–15. https://doi.org/10.1016/
j.quascirev.2014.02.017

Journal of Geophysical Research: Earth Surface 10.1002/2017JF004259

BART ET AL. POST-LGM GROUNDING-LINE POSITIONS 17

https://doi.org/10.1016/0025-3227(89)90150-3
https://doi.org/10.1126/science.1138393
https://doi.org/10.1016/j.quascirev.2013.08.020
https://doi.org/10.1016/j.quascirev.2013.08.020
https://doi.org/10.1016/j.palaeo.2011.08.007
https://doi.org/10.2110/jsr.69.1276
https://doi.org/10.1016/j.quascirev.2012.04.023
https://doi.org/10.1016/j.margeo.2011.09.005
https://doi.org/10.1016/j.margeo.2011.09.005
https://doi.org/10.1016/j.margeo.2015.02.001
https://doi.org/10.1126/science.1087231
https://doi.org/10.1126/science.286.5438.280
ftp://ftp.ldeo.columbia.edu/pub/fnitsche/RossSeaBathymetry
ftp://ftp.ldeo.columbia.edu/pub/fnitsche/RossSeaBathymetry
https://doi.org/10.1130/0016-7606(1999)111%3C1517:LPHROT%3E2.3.CO;2
https://doi.org/10.1130/0016-7606(1999)111%3C1517:LPHROT%3E2.3.CO;2
https://doi.org/10.1130/B30628.1
https://doi.org/10.1130/G24808A.1
https://doi.org/10.1016/S0277-3791(97)00070-X
https://doi.org/10.1016/S0277-3791(97)00070-X
https://doi.org/10.1144/0016-764901-125
https://doi.org/10.1016/j.quascirev.2004.10.007
https://doi.org/10.1016/j.quascirev.2004.10.007
https://doi.org/10.1016/j.epsl.2006.06.044
https://doi.org/10.1029/2009JF001482
https://doi.org/10.1130/B30643.1
https://doi.org/10.5194/tc-10-1003-2016
https://doi.org/10.1111/j.1502-3885.2003.tb01431.x
https://doi.org/10.1130/G32153.1
https://doi.org/10.1016/j.quascirev.2011.12.017
https://doi.org/10.1016/j.quascirev.2011.12.017
https://doi.org/10.1017/S0954102014000212
https://doi.org/10.1038/ngeo1600
https://doi.org/10.1038/ngeo581
https://doi.org/10.1016/j.quascirev.2012.01.017
https://doi.org/10.1016/j.geomorph.2015.05.020
https://doi.org/10.1016/j.quascirev.2014.02.017
https://doi.org/10.1016/j.quascirev.2014.02.017


Larter, R. D., Anderson, J. B., Graham, A. G. C., Gohl, K., Hillenbrand, C.-D., Jakobsson, M.,… Ó Cofaigh, C. (2014). Reconstruction of changes in
the Amundsen Sea and Bellingshausen Sea sector of the West Antarctic Ice Sheet since the Last Glacial Maximum. Quaternary Science
Review, 100, 55–86. https://doi.org/10.1016/j.quascirev.2013.10.016

Larter, R. D., Graham, A. G. C., Gohl, K., Kuhn, G., Hillenbrand, C.-D., Smith, J. A.,… Schenke, H.-W. (2009). Subglacial bedforms reveal complex
basal regime in a zone of paleo–ice stream convergence, Amundsen Sea embayment, West Antarctica. Geology, 37, 411–414. https://doi.
org/10.1130/G25505A.1

Licht, K. J., Dunbar, N. W., Andrews, J. T., & Jennings, A. E. (1999). Distinguishing subglacial till and glacial marine diamictons in the western
Ross Sea, Antarctica: Implications for a last glacial maximum grounding line. Geological Society of America Bulletin, 111(1), 91–103. https://
doi.org/10.1130/0016-7606(1999)111%3C0091:DSTAGM%3E2.3.CO;2

Licht, K. J., Jennings, J. A. E., Andrews, J. T., & Williams, K. M. (1996). Chronology of late Wisconsin ice retreat from the western Ross Sea,
Antarctica. Geology, 24, 223–226. https://doi.org/10.1130/0091-7613(1996)024%3C0223:COLWIR%3E2.3.CO;2

Livingstone, S. J., Ó Cofaigh, C., Stokes, C. R., Hillenbrand, C.-D., Vieli, A., & Jamieson, S. S. R. (2012). Antarctic palaeo-ice streams. Earth-Science
Reviews, 111, 90–128. https://doi.org/10.1016/j.earscirev.2011.10.003

Livingstone, S. J., Ó Cofaigh, C., Stokes, C. R., Hillenbrand, C.-D., Vieli, A., & Jamieson, S. S. R. (2013). Glacial geomorphology of Marguerite Bay
palaeo-ice-stream, western Antarctic Peninsula. Journal of Maps, 9(4), 558–572. https://doi.org/10.1080/17445647.2013.829411

Livingstone, S. J., Stokes, C. R., Ó Cofaigh, C., Hillenbrand, C.-D., Vieli, A., Jamieson, S. S. R.,… Dowdeswell, J. A. (2016). Subglacial processes on
an Antarctic ice stream bed. 1: Sediment transport and bedform genesis inferred from marine geophysical data Antarctic palaeo-ice
streams. Journal of Glaciology, 62(232), 270–284. https://doi.org/10.1017/jog.2016.18

McKay, R. M., Naish, T. R., Barrett, P. J., Carter, L., & Harper, M. (2008). Retreat history of the Ross Ice Sheet (shelf) since the Last Glacial
Maximum from deep-basin sediment cores around Ross Island. Paleogeography, Palaeoclimatology, Palaeoecology, 260, 245–261. https://
doi.org/10.1016/j.palaeo.2007.08.015

Mosola, A., & Anderson, J. B. (2006). Expansion and rapid retreat of the West Antarctic Ice Sheet in eastern Ross Sea: Possible consequence of
over-extended ice streams. Quaternary Science Reviews, 25, 2177–2196. https://doi.org/10.1016/j.quascirev.2005.12.013

Ó Cofaigh, C., Evans, J., Dowdeswell, J. A., & Larter, R. D. (2007). Till characteristics, genesis and transport beneath Antarctic paleo-ice streams.
Journal of Geophysical Research, 112, 1–16. https://doi.org/10.1029/2006JF000606

Ó Cofaigh, C., Pudsey, C. J., Dowdeswell, J. A., & Morris, P. (2002). Evolution of subglacial bedforms along a paleo-ice stream, Antarctic
Peninsula continental shelf. Geophysical Research Letters, 29, 41–44. https://doi.org/10.1029/2001GL014488

Pollard, D., & DeConto, R. (2009). Modelling West Antarctic ice sheet growth and collapse through the past five million years. Nature, 458,
329–332. https://doi.org/10.1038/nature07809

Schoof, C. (2007). Ice sheet grounding line dynamics: Steady states, stability, and hysteresis. Journal of Geophysical Research, 112, F03S28.
https://doi.org/10.1029/2006JF000664

Shipp, S., Anderson, J. B., & Domack, E. D. (1999). Seismic signature of the late Pleistocene fluctuation of the West Antarctic Ice Sheet system
in Ross Sea: A new perspective, Part I. Geological Society America Bulletin, 111, 1486–1516. https://doi.org/10.1130/0016-
7606(1999)111<1486:LPHROT>2.3.CO;2

Shipp, S. S., Wellner, J. S., & Anderson, J. B. (2002). Retreat signature of a polar ice stream: Sub-glacial geomorphic features and sediments
from the Ross Sea, Antarctica. Geological Society, London, Special Publications, 203, 277–304. https://doi.org/10.1144/GSL.
SP.2002.203.01.15

Spagnolo, M., Bartholomaus, T. C., Clark, C. D., Stokes, C. R., Atkins, N., Dowdeswell, J. A.,… Pritchard, H. D. (2017). The periodic topography of
ice stream beds: Insights from the Fourier spectra of mega-scale glacial lineations. Journal of Geophysical Research: Earth Surface, 122.
https://doi.org/10.1002/2016JF004154

Spagnolo, M., Clark, C. D., Ely, J. C., Stokes, C. R., Anderson, J. B., Andreassen, K., … King, E. C. (2014). Size, shape and spatial arrangement of
mega-scale glacial lineations from a large and diverse dataset. Earth Surface Processes and Landforms, 39, 1432–1448. https://doi.org/
10.1002/esp.3532

Stokes, C. R., & Clark, C. D. (1999). Geomorphological criteria for identifying Pleistocene ice streams. Annals of Glaciology, 28, 67–74. https://
doi.org/10.3189/172756499781821625

Thomas, R. (1979). The dynamics of marine ice sheets. Journal of Glaciology, 24, 167–177. https://doi.org/10.1017/S0022143000014726
Tolotti, R., Salvi, C., Salvi, G., & Bonci, M. C. (2013). Late Quaternary climate variability as recorded by micropalaeontological diatom data and

geochemical data in the western Ross Sea, Antarctica. Antarctic Science, 25(6), 804–820. https://doi.org/10.1017/S0954102013000199
Vanneste, L. E., & Larter, R. D. (1995). Deep-tow boomer survey on the Antarctic Peninsula Pacific margin: An investigation of the morphology

and acoustic characteristics of late Quaternary sedimentary deposits on the outer continental shelf and upper slope. In A. K. Cooper, P. F.
Barker, & G. Brancolini (Eds.), Geology and Seismic Stratigraphy of the Antarctic Margin, Antarctic Research Series (Vol. 68, pp. 97–121).
Washingtson, DC: American Geophysical Union.

Vorren, T. O., & Laberg, J. S. (1997). Trough mouth fans—Palaeoclimate and ice-sheet monitors. Quaternary Science Reviews, 16, 865–881.
https://doi.org/10.1016/S0277-3791(97)00003-6

Wellner, J. S., Heroy, D. C., & Anderson, J. B. (2006). The death mask of the Antarctic Ice Sheet: Comparison of glacial geomorphic features
across the continental shelf. Geomorphology, 75(1), 157–171. https://doi.org/10.1016/j.geomorph.2005.05.015

Yokoyama, Y., Anderson, J. B., Yamane, M., Simkins, L. M., Miyairi, Y., Yamazaki, T.,… Ohkouchi, N. (2016). Widespread collapse of the Ross Ice
Shelf during the late Holocene. Proceedings of the National Academy of Science of the United States of America, 113, 2354–2359. https://doi.
org/10.1073/pnas.1516908113

Journal of Geophysical Research: Earth Surface 10.1002/2017JF004259

BART ET AL. POST-LGM GROUNDING-LINE POSITIONS 18

https://doi.org/10.1016/j.quascirev.2013.10.016
https://doi.org/10.1130/G25505A.1
https://doi.org/10.1130/G25505A.1
https://doi.org/10.1130/0016-7606(1999)111%3C0091:DSTAGM%3E2.3.CO;2
https://doi.org/10.1130/0016-7606(1999)111%3C0091:DSTAGM%3E2.3.CO;2
https://doi.org/10.1130/0091-7613(1996)024%3C0223:COLWIR%3E2.3.CO;2
https://doi.org/10.1016/j.earscirev.2011.10.003
https://doi.org/10.1080/17445647.2013.829411
https://doi.org/10.1017/jog.2016.18
https://doi.org/10.1016/j.palaeo.2007.08.015
https://doi.org/10.1016/j.palaeo.2007.08.015
https://doi.org/10.1016/j.quascirev.2005.12.013
https://doi.org/10.1029/2006JF000606
https://doi.org/10.1029/2001GL014488
https://doi.org/10.1038/nature07809
https://doi.org/10.1029/2006JF000664
https://doi.org/10.1144/GSL.SP.2002.203.01.15
https://doi.org/10.1144/GSL.SP.2002.203.01.15
https://doi.org/10.1002/2016JF004154
https://doi.org/10.1002/esp.3532
https://doi.org/10.1002/esp.3532
https://doi.org/10.3189/172756499781821625
https://doi.org/10.3189/172756499781821625
https://doi.org/10.1017/S0022143000014726
https://doi.org/10.1017/S0954102013000199
https://doi.org/10.1016/S0277-3791(97)00003-6
https://doi.org/10.1016/j.geomorph.2005.05.015
https://doi.org/10.1073/pnas.1516908113
https://doi.org/10.1073/pnas.1516908113


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


