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ABSTRACT: Sedimentary architecture and morphogenetic evolution of a polar bay-mouth gravel-spit system are revealed based on
topographic mapping, sedimentological data, radiocarbon dating and ground-penetrating radar investigations. Data document variable rates of spit progradation in reaction to atmospheric warming synchronous to the termination of the last glacial re-advance
(LGR, 0.45–0.25 ka BP), the southern hemisphere equivalent of the Little Ice Age cooling period. Results show an interruption of spit
progradation that coincides with the proposed onset of accelerated isostatic rebound in reaction to glacier retreat. Spit growth resumed in the late 19th century after the rate of isostatic rebound decreased, and continues until today. The direction of modern spit
progradation, however, is rotated northwards compared with the growth axis of the early post-LGR spit. This is interpreted to reflect
the shift and strengthening in the regional wind field during the last century. A new concept for the interplay of polar gravel-spit
progradation and glacio-isostatic adjustment is presented, allowing for the prediction of future coastal evolution in comparable polar
settings. © 2018 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.
KEYWORDS: ground-penetrating radar; polar gravel beaches; glacio-isostatic adjustment; deglaciation; Antarctic Peninsula

Introduction
A spit is a wave-built sediment body attached to a headland on
one end and terminating in open waters on the other (Evans,
1942). Gravel spits prograde by arcuate-shaped accretion of
gravel ridges (Bluck et al., 2001). Among other morphologies
of barrier coasts, they are typical for comparable sheltered
coastal environments and tend to be best developed in areas
where short-period waves approach the coast at a high angle
(Otvos, 2012; Cooper et al., 2015). In high latitudes, spits often
consist of cobbles and boulders derived from moraines in
upstream direction. Periglacial and polar beach systems are
subjected to glacio-isostatic movements and consequently
varying relative sea level. This results in a complex sedimentary
architecture due to shifts in sediment supply and depocenters
(Orford et al., 2002), as well as, the accommodation space,
i.e. the space which is available for sedimentation. Polar beach
systems are valuable archives of sea level, past sea-ice conditions as well as the wave- and storm climate (Baroni and
Orombelli, 1991; Møller et al., 2002; Hall and Perry, 2004;

Santana and Dumont, 2007; Mason, 2010; St-Hilaire-Gravel
et al., 2010, 2015; Lindhorst and Schutter, 2014; Simkins
et al., 2015; Nielsen et al., 2017).
Morphodynamics of gravel-spit formation in mid-latitude settings is well understood (Forbes and Taylor, 1987; Forbes et al.,
1995; Tamura, 2012; Bujalesky and Gonzalez Bonorino, 2015;
Burningham, 2015). The same is valid for the involved main
controlling factors: coast-oblique incident waves that cause a
significant longshore drift, the availability of a sediment source
in the up-drift direction, and wave refraction around the growing tip of the spit leading to a reduction in alongshore-transport
capacity and, as such, triggering sedimentation (Bluck et al.,
2001; Nielsen and Johannessen, 2009). However, only few
studies have focused on the dynamics of gravel beaches in polar regions (St-Hilaire-Gravel et al., 2012, 2015; Lindhorst and
Schutter, 2014; Strzelecki et al., 2015, 2018) and there still is
a gap in knowledge on the evolution, the sedimentary dynamics and the resulting internal architecture of gravel-spit systems
developed under the circumstances of rapid atmospheric
warming and associated changes of wind climate and relative
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sea level. This study aims at filling this gap by revealing the
genesis of, and by providing a concept for, the evolution of
polar gravel-spit systems that developed during a phase of
accelerated deglaciation and subsequent crustal isostatic
adjustment.

Regional setting
Study site
The studied spit is about 350 m wide and 280 m long, and located at the mouth of Potter Cove, a tributary fjord of Maxwell
Bay situated in the SW of King George Island (Figures 1–3).
King George Island (KGI, 62° 230 S, 58° 270 W) is the largest
of the South Shetland Islands (SSI), located 120 km NW of the
Antarctic Peninsula (AP). The Drake Passage towards the NW
and the Bransfield Strait towards the SE frame the island group.
About 90% of the island is covered by the Collins Ice Cap,
which elevates to 700 m above present mean sea level (amsl)

1149

(Rückamp et al., 2011; Osmanoğlu et al., 2013). Outcropping
bedrock and moraines, and active and raised beaches characterize the ice-free areas on KGI. The Potter Cove spit system
stands exemplarily for similar systems along the coasts of the
SSI and elsewhere (Figure 4).
Potter Cove is about 4 km long and 2.5 km wide with a
recently stranded tide-water glacier located at the head of the
cove. Water depths in the inner cove are up to 50 m and
exceed 100 m in the outer cove (Schloss et al., 2012). In the
surroundings of the spit, water depths reach 20 m (Deregibus
et al., 2015; Figure 1(C)). The tidal range is about 1.2 m during
neap and 1.5 m during spring tide (Schoene et al., 1998).

Atmospheric and marine climate
Average sea-surface temperature in Potter Cove reaches 1°C
during the summer months, and has increased by 0.36°C per
decade during the past two decades (Schloss et al., 2012).
Maxwell Bay and Potter Cove are generally free of sea ice from

Figure 1. Location of studied spit system. (A) King George Island (KGI) belongs to the South Shetland Islands, west of the Antarctic Peninsula. (B) KGI
is framed by the Drake Passage and the Bransfield Strait. Ice-free areas (black) are limited to the coastal zone, whereas the inland is glaciated (white);
box marks the position of Potter Peninsula. (C) Satellite image of Potter Peninsula with location of the Potter Cove spit system (box). Past ice front positions are from Rückamp et al. (2011); bathymetric data from Deregibus et al. (2015). (D) Wind data for the 1985–2015 CE observational period.
[Colour figure can be viewed at wileyonlinelibrary.com]
© 2018 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.
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Figure 2. Topography and geomorphology of Potter Cove spit system. (A) Digital terrain model based on dGPS measurements (numbers refer to elevation in meters above mean sea level). Note upper and the lower terrace, and the position of GPR transects (lines presented in the text are marked in
red); yellow stars mark sample positions for radiocarbon dating. (B) Geomorphological elements of the spit system. Figure numbers refer to surface
photographs; hp: heliport; b: building. (C) Aerial and satellite imagery of the spit system, taken in 1956 and 2013 respectively. White arrows indicate
the direction of spit progradation. [Colour figure can be viewed at wileyonlinelibrary.com]

November/December to April/May; open waters in the
Bransfield Strait last from December to April (Griffith and Anderson, 1989; Yoon et al., 1997; Schloss et al., 2012). The wind
field in the study area is W–E bi-directional, with predominant
winds from SW to NW and from NE to SE; average wind speed
is about 15 m s-1 (Braun et al., 2001; Bañón et al., 2013; Schloss
et al., 2014; Falk and Sala, 2015; SMN, 2016; Figure 1D). SW
to NW winds are more common during the austral summer,
whereas NE to E winds are weaker and less common. However,
local scale wind patterns, especially in fjords and coves, are
strongly influenced by the surrounding topography (Braun
et al., 2004; Navarro et al., 2013; Falk and Sala, 2015).
The southern and western coasts of Potter Peninsula including the western coast of the spit are exposed to oceanic waves
coming from the Bransfield Strait (Figures 1 and 3(A)). During
open-water seasons, the predominant direction of incident
waves is oblique to the coast from S to SW creating a
northward-flowing longshore current (Lim et al., 2013). Waves
are refracted at the entrance of Potter Cove and bend around
the spit into the cove, where wave energy decreases. During
westerly storms, waves at the entrance of the cove reach a
height of up to 1.7 m, whereas waves in the inner cove are
50–40% lower (Lim et al., 2013). The wave climate of Potter
Cove is strongly influenced by local wind conditions and only
subjected to minimal swell energy (Lim et al., 2013). Fetch

inside Potter Cove is very limited and, as a result, even strong
easterly winds cannot create significant wave heights.
KGI is subjected to a maritime climate and regularly hit by
cyclonic weather systems moving eastward along the Drake
Passage (Kejna et al., 2013). The strength of circumpolar
westerly winds has increased since the 1970s, especially
during the austral summer, accompanied by higher cloudiness
and precipitation (van den Broeke, 2000; Turner et al., 2005;
Stammerjohn et al., 2008; Montes-Hugo et al., 2009). The
annual mean air temperature on KGI during the time period
1948 to 2011 CE was –2.5°C (Kejna et al., 2013), but temperatures are often above zero during summer. Average annual air
temperatures above the AP have increased rapidly by up to
3°C in the second half of the last century, causing an accelerated glacier retreat (Cook et al., 2005; Meredith and King,
2005; Vaughan, 2006).

Holocene deglaciation and sea-level history
The deglaciation of Potter Cove initiated somewhat after
1.6 ka cal BP (Wölfl et al., 2016). Along the coasts of the SSI,
Holocene raised beaches occur up to elevations of 18 m amsl
(John and Sugden, 1971; Fretwell et al., 2010; Hall, 2010;
Simms et al., 2012). Beach uplift on the SSI results from crustal

© 2018 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.
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Figure 3. (A) View along the west coast of the spit looking north. Height of cliff is up to 5 m. Positions of GPR transect PB-019 and the lower and
upper terrace are shown. (B) Panorama of cliff section showing internal sedimentary bedding and position of dated samples. Elevations are in m amsl.
(C, D, E) Images of surface sediment texture; see Figure 2 for locations. [Colour figure can be viewed at wileyonlinelibrary.com]

relaxation in reaction to decreasing ice load following the Last
Glacial Maximum (John and Sugden, 1971; Bentley et al.,
2005; Fretwell et al., 2010; Watcham et al., 2011; Ó Cofaigh
et al., 2014). Raised beaches along the coasts of Maxwell
Bay, located at 7.5 to 4 m amsl (locally termed ‘6-m-beaches’),
interfinger with terminal moraines of the last glacial-readvance
(LGR), which occurred between 0.45 and 0.25 ka cal BP (John
and Sugden, 1971; Sugden and John, 1973; Clapperton and
Sugden, 1988; Yoo et al., 2004; Yoo et al., 2009; Simms et al.,
2012). It is therefore likely that these beaches developed during
the LGR (John and Sugden, 1971; Sugden and John, 1973; Hall,
2010).
Recent uplift of KGI was 0.4 mm a-1 during the last decade
(Rülke et al., 2015). Average uplift during the entire Holocene,
however, is 2.8 to 3 mm a-1 (Bentley et al., 2005; Fretwell et al.,
2010). Fall of relative sea level on KGI accelerated during the
last 500 years (Bentley et al., 2005; Hall, 2010; Watcham
et al., 2011). This was most likely the result of a short-term acceleration in glacio-isostatic rebound after the LGR, with a
modeled peak uplift rate of 12.5 mm a-1 between 1700 and
1840 CE (Simms et al., 2012).
There are numerous sea-level curves for the SSI, derived from
dating of raised beaches, marine abrasion terraces, and isolation basins (Pallàs et al., 1997; Bentley et al., 2005; Hall,
2010; Watcham et al., 2011). However, Holocene ice retreat
and resulting fall of relative sea level was not a continuous

process (Simms et al., 2011). Bentley et al. (2005) show that
an initial post-glacial sea-level fall was interrupted by a midHolocene highstand at about 14.5 to 16 m amsl from 5.8 to
3.0 ka cal BP. In contrast, data presented by Hall (2010) show
a continuous sea-level fall, which becomes accelerated between 1.5 and 0.5 ka cal BP. Watcham et al. (2011) presented
a sea-level curve based on data from isolation basins and raised
beaches. This curve shows two mid-Holocene sea-level
highstands for KGI at about 8.0 and 7.0 ka cal BP, and a subsequent sea-level fall due to long-term glacio-isostatic rebound.
Simms et al. (2012) mentioned that most sea-level curves for
the SSI indicate an accelerated fall over the past 2.0 ka cal BP,
whereas sea-level records from regions along the western AP
reflect a decrease in uplift rate over time.

Methods
Topographic mapping
Data on ridge and terrace elevations, required for spit-system
mapping and for the topographic correction of groundpenetrating radar data, were collected using a Leica GS09 differential GPS (dGPS) in either RTK rapid static or RTK kinematic
mode (3D-accuracy of better 2 cm). As geodetic reference, the
point DALL 66019 M002 (S62°140 16.33500 /W58°390 52.36400 /

© 2018 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.
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Figure 4. Selection of other gravel spits of the South Shetland Islands, comparable with the Potter Cove System. GI: Greenwich Island; LI: Livingston
Island. Scale bars represent 500 m in each picture. Satellite images (Google Earth) are from 2011 (A, B), and from 2010 (C).

ellipsoidal height 39.376 m) located on Carlini (formerly
Jubany) Station was used. All UTM coordinates refer to zone
21E and are based on the WGS84 ellipsoid. No fixed tidal datum exists for the working area due to the lack of long-term
water-level observations. Measured WGS84 ellipsoid heights
were therefore corrected for the geoid undulation of –22.00 m
± 0.10 m using the data of the EGM96 (Lemoine et al., 1998).
A geoid height of zero is taken as local vertical datum and referred to as present mean sea level (msl).

Ground-penetrating radar
Ground-penetrating radar (GPR) is based on the transmission of
high-frequency electromagnetic pulses that are partly reflected
at electromagnetic discontinuities in the subsurface. The amplitude of the reflected signal is recorded as a function of the twoway-travel time (TWT). GPR always images an interference pattern caused by the thickness of individual electromagnetically
uniform sediment packages and the wavelengths present in
the GPR signal (Lindhorst and Schutter, 2014). GPR data for this
study were acquired by means of a GSSI (Geophysical Survey
Systems Inc.) SIR-3000 GPR with a 200 MHz antenna; operated
in discrete mode (trace increment 0.05 m). Post-processing of
GPR data using the software ReflexW (Sandmeier Geo)
comprises data editing, subtraction of low-frequency signal
components (dewow), frequency filtering, gain adjustment,
topographic migration and correction for along-profile topography. A mean subsurface radar-wave velocity of 0.08 m ns-1 was

determined based on the analysis of diffraction hyperbolas. Interpretation of GPR data is based on migrated as well as nonmigrated data, the latter being essential for a correct tracing of
ringing multiples and diffraction hyperbolas. Only nonmigrated data are shown in this work. Data interpretation follows the approach of radar-facies interpretation (Gawthorpe
et al., 1993; Bristow, 1995) as applied by Lindhorst et al.
(2008) to spit sediments of lower latitudes. Analogous to the
concepts of seismic interpretation introduced by Mitchum
et al. (1977), the term ‘radar facies’ describes a two- or threedimensional set of reflections with similar characteristics, bordered by ‘radar surfaces’ (Bristow, 1995). Consequently, the interpretation of unconformities is based on the tracing of
reflection terminations and abrupt changes of the radar facies.

Absolute age determination
Absolute age data were obtained by AMS radiocarbon dating of
seaweed and a penguin bone. To reduce the risk of contamination with modern material, all samples for dating were taken
from fresh outcrops, at least 0.3 m below the surface, packed
in zip-lock bags and stored at 4°C. Sample preparation and
measurement as well as correction for carbon isotope fractionation and calculation of conventional radiocarbon ages (CRA)
were performed by Beta Analytic Inc., USA. Local reservoir corrections (ΔR) for marine samples as reported for the SSI are in a
broad range of about 700 to 1100 years (Curl, 1980; Björck
et al., 1991; Berkman and Forman, 1996; Milliken et al.,

© 2018 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.
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2009; Hall et al., 2010; Hass et al., 2010; Watcham et al.,
2011). Hall et al. (2010), based on paired radiocarbon and
uranium–thorium dates of Antarctic solitary corals, proposed
a ΔR of 791 ±121 years. This local reservoir age is further supported by results of Simms et al. (2012) who used opticalstimulated luminescence dating of cobble surfaces to investigate the depositional ages of beach ridges on KGI. Due to the
verification with two independent dating methods, the local
reservoir correction proposed by Hall et al. (2010) was used
in this study. Calibration of conventional radiocarbon ages
was done using the software Calib (v7.0.4, Stuiver and Reimer,
1993) and the calibration curve Marine13 (Reimer et al., 2013).
Calibrated ages are rounded to the next decade and provided
as median of the probability distribution with 2σ error range
(95.4% probability).

Historical aerial imagery
To reconstruct coastal evolution through time, an orthorectified
panchromatic aerial image (Falkland Island Dependency Aerial
Survey Expedition, FIDASE; image ID X26FID0039076; pixel
resolution 0.9 m; acquired 1956/12/20) and a satellite scenery
(WorldView2, DigitalWorld; scene ID: 103001001F612100;
pixel resolution 0.5 m; acquired 2013/03/07) were
georeferenced and compared with regard to coastline position
as marked by the location of the active berm. The berm was
chosen as local reference to minimize errors potentially induced by tidal water-level oscillations.

Data on wind speed and direction
Carlini Station (National Meteorological Service of Argentina) is
located at 15 m amsl and 600 m away from the spit system (Figure 1). Continuous meteorological observations are available
from May 1985. They encompass 3-hourly measurements of
surface air temperature, wind direction and velocity, barometric sea-level pressure and cloudiness (SMN, 2016). The data
are available from SCAR READER (Turner et al., 2004). Data
on wind direction and velocity are analyzed for sea-ice free
months (November–April) with respect to decadal summaries
of wind statistics (Figure 1(D)).

Results
Morphology
The Potter Cove spit is attached to a headland composed of volcanic rocks and glacial moraines (Figures 1 and 2(A)). Two terrace levels are present, here termed lower and upper terrace,
connected by a slope facing north. This slope is characterized
by superimposed ridges that create a stairways morphology
(overall slope 5°; Figure 2(A), (B)). Towards Maxwell Bay, there
is an up to 5 m high active cliff, whereas an active gravel berm
ridge frames the modern beach towards the interior of Potter
Cove (Figure 2(B)). From W to E, the height of the berm ridge
decreases from 1 to 0.4 m amsl.
The upper terrace (situated at 3 to 5.7 m amsl) exhibits a series of curved, NNW–SSE to NW-SE striking, morphological
ridges, towards the W truncated by the cliff (Figure 3(A)). The
height difference between swales and adjacent ridge crests is
less than 0.6 m in the SW and less than 0.2 m on the rest of
the terrace. The upper terrace slightly descends towards the
NE with an overall slope of 0.6°.
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The lower terrace is located at and below 0.8 m amsl. Ridge
crests on this terrace are located at 0.4 to 0.8 m amsl and ridges
are curved with their convex side facing N (Figure 2(B)). Ridge
elevations are less than 0.2 m. The landward, S-slope of the
lower terrace, measured over all the ridges is 0.2°, with a maximum of 0.6°.

Sedimentology
Grain sizes along the modern beach and on the spit range from
sand to gravel. Sediments are in general poorly sorted (Figure 3(C)–(E)). However, well sorted gravel sheets occur in the
modern swash zone. Ridges of the lower terrace are composed
of rounded to well-rounded (according to the classification
scheme by Tucker, 1996) cobbles, with a maximum grain size
of 12 cm and an almost matrix-free texture (Figure 3(C)). Sediments of the upper terrace coarsen from the NE to the SW (increase in maximum grain size from 5 to 20 cm), accompanied
by a trend towards better rounding and less matrix content.
Most gravels at the surface and in the uppermost part of the sediment column are gelifracted with sharp angular edges
(Figure 3(E)).

Spit internal sediment geometries
Out of 29 GPR lines, four were selected to document the internal architecture of the spit system (Figures 2(A) and 5–8). Seven
radar facies (rf) and three radar surfaces (rs) were defined to
classify the radar-reflection patterns and to deduce the sedimentary geometries (Table I). The spit system comprises two
distinct units. The upper unit, Unit 1, is characterized by clear
GPR reflections and unconformably overlies the lower Unit 2,
which shows irregular reflections (rf IRR-B), diffraction hyperbolas, and pronounced ringing multiples. Units are seen to represent the sediments of the spit overlying the basement
respectively. The contact between the two units elevates towards the SSW. In the GPR data, this contact is irregular and
poorly defined with the exception of the southwestern part of
the study area, where a clear contact (rs3) is imaged (Figures 5
and 6).
Sediments of the spit (Unit 1) have a thickness of 1 to 3.5 m,
with lower values in the central part of the spit and higher
values in the SW, where morphological ridges are
superimposed on the upper terrace. Internally, tabular, continuous reflections (rf IS-A) predominate, dipping radially from the
presumed spit axis towards the shores (Figures 5 and 6). These
reflections are bundled into packages by erosional unconformities, characterized by the truncation of underlying reflections
(rs1; Figures 5, 6 and 8). Morphological ridges of the upper terrace show convex curved reflections of low to high amplitude
(rf CU), bounded by seaward-dipping unconformities (rs1) as
well as tabular to slightly convex reflections of medium to high
amplitude (rf IL), bounded by landward-dipping unconformities
(Figures 6 and 7). The central part of the spit system is dominated by irregular, low- to high-amplitude reflections with numerous diffraction hyperbolas (rf IRR-A). Near the surface,
slightly concave, low- to medium-amplitude reflections occur
(rf H; Figures 5–7).

Historical coastline development and wind-field
evolution
Historical aerial and satellite imagery shows that the active cliff
on the W side of the spit system retreated by 20 m in the time

© 2018 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.
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Figure 5. (A) GPR line PB-003 showing the internal architecture of the lower and upper terrace of the spit system. For location see Figure 2. (B) Interpretation of (A). For a detailed discussion of radar facies and sediment geometries see text and Table I. (C) Along-transect topography without vertical exaggeration (VE). [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 6. (A) GPR line PB-009. For location see Figure 2. (B) Interpretation of (A). For a detailed discussion of radar facies and sediment geometries
see text and Table I. (C) Along-transect topography without vertical exaggeration. [Colour figure can be viewed at wileyonlinelibrary.com]

period 1956 to 2013 CE. Simultaneously, the northern coastline
prograded by 25 m towards the NNE (linearly averaged rate of
progradation is 0.44 m a-1; Figure 2(C)). In the year 1956 the
front of the Potter Cove tide-water glacier was located 1200 m
away from the gravel spit inside the cove (Figure 1(C)). Since
then the glacier front has experienced a net retreat of more than
1000 m along the flow line and stepped back onto land in the
year 2016 (Jerosch et al., 2018).
The direction of predominant winds in the Potter Cove area
changed from NW to W-SW over the last 30 years (Figure 1(D)).
Moreover, the study site became stormier, with >20% of W-SW
winds exceeding 15 m s-1 and a general increase in maximum
wind speed in more recent times (c. 30 m s-1 in the time period
1985–1995, and 3845 m s-1 in the subsequent decade 19952015).

Discussion
Bay-mouth spit systems like the Potter Cove spit, are common
morphological features along the periglacial coasts of the SSI,

where they developed at the entrances of coves and embayments (Figure 4). These entire systems exhibit superimposed
beach ridges, and most comprise several terrace levels, separated by slopes or truncated by erosional scarps (John and
Sugden, 1971; Sugden and John, 1973; Curl, 1980; Hall,
2010). Data on the internal architecture of these systems is
missing. Similarities in overall morphology, i.e. the existence
of several terrace levels connected by steep slopes, however,
suggest that bay-mouth spit development is not only controlled
by local factors like wave-climate, nearshore bathymetry and
sediment availability, but may reflect regional patterns of relative sea-level changes and climate development.

Sedimentary architecture of Potter Cove gravel-spit
system
The Potter Cove spit comprises two terrace levels, located
around 3.5 m and 0.8 m amsl, respectively (Figure 9). Both terraces are characterized by a shallow ridge and swale

© 2018 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.

Earth Surf. Process. Landforms, Vol. 44, 1148–1162 (2019)

POLAR GRAVEL SPIT REACTION TO ATMOSPHERIC WARMING AND GLACIER RETREAT

1155

Figure 7. (A) GPR line PB-083. For location see Figure 2. (B) Interpretation of (A). For a detailed discussion of radar facies and sediment geometries
see text and Table I. (C) Along-transect topography without vertical exaggeration. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 8. A) GPR line PB-019 imaging the internal architecture of the upper terrace along the active coastal cliff. For location see Figures 2 and 3. (B)
Interpretation of (A). For a detailed discussion of radar facies and sediment geometries see text and Table I. (C) Along-transect topography without
vertical exaggeration. [Colour figure can be viewed at wileyonlinelibrary.com]

morphology and are connected by a north-facing slope with
superimposed ridges (Figure 2). Morphologically, these terraces
form a spit southward-attached to moraines and the volcanic
rocks of Potter Peninsula (Figures 1 and 2). In such a coastal
configuration, moraines act as both headland anchor and
source of sediment which is distributed along the coast by

alongshore currents (Hayes et al., 2010). The western coast of
the spit, facing Maxwell Bay, is under erosion and an active
coastal cliff developed, documenting ongoing cannibalization
and reorganization of the spit system (Figures 2 and 3).
GPR data document that both terrace levels are composed of
well-stratified gravel deposits (Figures 3(B), 5 and 8; Table I).

© 2018 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.
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Radar facies and radar surfaces defined for the interpretation of the GPR data

The 1 to 3.5 m thick beach sediments unconformably overlie a
basement characterized by irregular GPR reflections and diffraction hyperbolas or appearing transparent in the GPR data
(Figures 5 and 6). Whereas transparent parts are interpreted as
volcanic bedrock based on outcrop evidence 70 m east to the
GPR line PB-009 (Figure 2(B)), diffraction hyperbolas point to
the presence of large boulders and cobbles as this is common
in the moraines that crop out immediately south of the upper
terrace. The contact between spit sediments and underlying
moraine deposits remains unclear in the GPR data, most likely
due to the similar lithology of both depositional units.
The main sedimentary architectural elements of the upper
terrace are packages of divergent seaward-dipping gravelly

beds delimited by erosional unconformities (Figures 5–8). Sedimentary beds dip with up to 11° towards the modern shore and
are seen as the result of swash sedimentation at the beach face.
Superimposed on the prograding beach sediments of the upper
terrace, there are morphological ridges composed of gravelsize sediments (Figures 2(B), 3(C)–(E)). These ridges are
interpreted as beach ridges built by waves with run-up heights
lower than the ridge crests, according to architectural similarities with gravel beach ridges described from elsewhere in KGI
(Lindhorst and Schutter, 2014).
Gravel ridges towards the SW, facing Maxwell Bay, are
coarser grained and composed of rounded cobbles (Figure 3(E)).
These ridges are amalgamated and superimposed on the SW
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Figure 9. (A) Simplified genetic model for the Potter Cove gravel-spit system through time. Note rotation of the axis of spit progradation from stage 1
to 3. (B) Fence diagram summarizing the main architectural elements of the spit system based on the GPR data. For orientation of cross-sections see
(A). [Colour figure can be viewed at wileyonlinelibrary.com]

slope of the upper terrace (Figures 5–7 and Figure 9, stage 1).
Ridge internal sediment geometries comprise of convexaggradational and landward-dipping beds and are interpreted
to reflect waves of higher energy that were able to overwash
the ridge crests and to transport material to the landward side
of the ridge (Lindhorst and Schutter, 2014) (Figure 7). Differences in ridge-internal geometries between the northern and
the western slope of the spit are attributed to the higherenergetic wave-climate at the coast facing Maxwell Bay compared with the sheltered coast inside Potter Cove (Figures 1
and 3).
The lower terrace consists of up to 2-m-thick, seawarddipping gravelly beds, bound into packages by seawarddipping erosional unconformities. Several arcuate morphological ridges, composed of gravels to cobbles, are superimposed
onto the prograding beach deposits of the lower terrace (Figure 2). Seaward-dipping internal beds, as imaged by the GPR,
indicate swash deposition with low wave run-up heights even
during storms as expected for the comparable sheltered environment inside Potter Cove (Figure 5).
Based on the internal sediment geometries, which predominantly comprise seaward-dipping beds, both terrace levels are
interpreted to result from spit progradation (Figure 9). For the
upper terrace, striking of beach ridges and internal sediment
geometries indicate a NW–SE oriented axis of spit progradation
(Figure 9, stage 1). This is slightly different from the lower terrace that started to grow in a northerly direction and subsequently experienced a shift of the direction of progradation
towards the NNE over the last decades (Figure 2(C) and
Figure 9, stage 3). Even little changes in storm intensity or the
predominant angle of wave impact have been shown elsewhere to alter the pattern of spit progradation (Allard et al.,
2008; Ashton et al., 2016). Consequently, the still ongoing rotation of the axis of spit progradation is proposed to reflect either
a strengthening of westerly storms or the reaction of the system
to the observed change of the predominant wind direction during recent decades and a subordinate shift in the direction of
(storm-) wave impact onto the coast. Increased storm frequency

or intensity would both result in higher sediment redistribution
from the western coast of the spit towards the interior of Potter
Cove, due to intensification of the alongshore transport. With
the available local meteorological data it remains unclear as
to whether the observed shift in the direction of spit
progradation is part of a long-term trend or caused by more recent changes in the wind field. On a more regional scale, however, there is evidence that the strength of circumpolar westerly
winds increased since the 1970s, especially during the austral
summer (van den Broeke, 2000; Turner et al., 2005;
Stammerjohn et al., 2008; Montes-Hugo et al., 2009). This is attributed to the poleward movement of the Southern Annular
Mode during recent decades, which caused a strengthening
of atmospheric low pressure systems around the AP (Marshall
et al., 2006). In this context, the observed change in the
progradational direction of the spit is likely to reflect larger
scale changes in the wind system during the last decades.

Timing of spit evolution
Radiocarbon ages are regarded as similar within the sigma-2 error range (Table II; Figure 2). Seaweed ages from beach sediments, in general, can be regarded as maximum ages, while
penguin bones, due to the potential of multiple relocations
prior to final burial, represent minimum ages (Watcham et al.,
2011). It is therefore assumed that the upper terrace formed
not before 0.65 ka cal BP, with a median of the probability distribution around 0.4 ka cal BP (Figure 9, stage 1). Age estimates
for the upper terrace fit well with dating results from beach systems at similar elevation in the proximity of the study site (Hall
et al., 2010; Simms et al., 2012; Lindhorst and Schutter, 2014).
The very recent age of the lower terrace, by contrast, does not
allow for absolute age determination using the radiocarbon
method. However, given a linearly averaged rate of
progradation of 0.44 m yr-1 as inferred from historical aerial imagery (Figure 2(C)), the growth of the lower terrace is expected
to have started around 1880 CE (0.07 ka BP; Figure 9, stage 3).
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Results of radiocarbon dating

Coordinates

Calibrated age
(ΔR 791 ± 121 a)

Altitude

WGS84 UTM 21E m amsl
No Sample ID

Lab ID

Dated
material

X

cal BP (2σ ranges, 95.4% probability)
12C/13C
ratio [o/oo]

Y

14C age
[a BP]

Rel. area u.
distribution
1.00
0.005
0.009
0.98
0.001
0.99
0.005
0.009
0.98

1
2

PB-3000-2 Beta-297365 seaweed
PB-3006-1 Beta-304147 seaweed

412739 3098106
412742 3098145

2.7
1.1

-23.8
-24.1

1540 ± 30
1600 ± 30

3

PB-PC1.0

Beta-338478 seaweed

412839 3098163

0.6

-21.3

1510 ± 30

4

Po-23

Beta-431963 penguin bone 412761 3098081

2.3

-22

1600 ± 30

Reaction of spit system to accelerated glacier retreat
Based on the direct comparison of radiocarbon ages and dates
obtained by means of optical stimulated luminescence, Simms
et al. (2012) concluded that the formation of beaches now elevated to 7.5–4 m amsl is linked to the last glacial readvance
(LGR; 0.45–0.25 ka cal BP; Yoo et al., 2004; Yoo et al., 2009;
Simms et al., 2012). These beaches are generally seen as transgressive features, deposited under the circumstances of a relative sea-level rise and increasing storminess during the late
stage of the LGR (John and Sugden, 1971; Simms et al.,
2012). The internal architecture of the Potter Cove spit system,

Range [a]
110
150
190
220
1
60
150
190
220

610
160
220
650
4
550
160
220
650

Median of
prob. [ka]
0.38 ± 0.25
0.43 ± 0.25

0.35 ± 0.27
0.43 ± 0.25

however, contradicts this general interpretation and draws a
more differentiated picture comprising subsequent phases of
coastal progradation interrupted by a rapid fall of relative sea
level (Figure 10).
The very gentle seaward slope of the upper terrace (0.6°) is
indicative of either rapid spit growth in a very short time period
or slow spit growth under a stable relative sea level, i.e. a very
low rate of glacio-isostatic adjustment. Due to the large error
bars, the radiocarbon ages do not allow for determination of
the duration of the older phase of coastal progradation during
which the upper terrace formed. However, given that the
progradation rate of the lower terrace (0.44 m yr-1) is

Figure 10. Concept for the interplay of ice volume, glacio-isostatic adjustment (GIA), relative sea-level change, and spit progradation. Note the predicted future development of the system. LGR: last glacial re-advance; GAmax: maximum glacier extent during the LGR. [Colour figure can be viewed
at wileyonlinelibrary.com]
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representative of this setting, sediments of the upper terrace are
expected to have been deposited within 200 to 300 years. In
combination with the tilt of the upper terrace (c. 0.3 m over a
preserved distance of c. 90 m along the former axis of spit
progradation) this results in a minimum estimate for the rate
of relative sea level fall of 1 to 1.5 mm a-1 during the time of
early post-LGR spit progradation. This rate is far below the
long-term average uplift of the study area during the entire Holocene, which is estimated at 2.8 to 3 mm a-1 (Bentley et al.,
2005; Fretwell et al., 2010). The recent uplift rate, by contrast,
is close to zero (Simms et al., 2012; Rülke et al., 2015). This latter is also corroborated by the almost non-existing dip of the
lower terrace that indicates no significant uplift since onset of
spit progradation, i.e. during the last 100 to 150 years.
The upper terrace is nowadays located at c. 3.5 m amsl,
whereas the lower terrace is situated at 0.8 m amsl. Both are
connected by a north-facing slope (5° angle) with
superimposed beach ridges (Figure 5 and Figure 9, Stage 2).
The similarity of internal sediment geometries of the upper
and lower terrace indicates comparable elevations with regard
to mean sea level during both phases of coastal progradation
(Figure 9). The connecting slope is consequently interpreted
to have formed during a period of accelerated sea-level fall
which amounts to about 2.7 m in total (Figure 9, stage 2). Such
a period of accelerated fall of relative sea level is expected to
result in a reduction of accommodation space and sediment
supply, as indicated by a down-stepping of coastal sediments
and the amalgamation of wave-formed ridges on the slope (Figures 5, 9 and 10). Formation of this slope as the result of increased coastal erosion or a longer period of sediment
starvation under constant isostatic uplift can be excluded, as
amalgamated ridges represent constructive sedimentary features. Comparable morphologies are described from beachridge systems of Varanger Peninsula and interpreted as the
product of a sudden drop in sea level (Fletcher et al., 1993).
Based on modeling results, increased glacio-isostatic uplift in
reaction to glacier retreat is assumed for the time following
the maximal glacier advance of the LGR, i.e. after around
0.35 ka BP (1600 CE, Simms et al., 2012). The results of these
rebound models further show that a reduction of 16 to 22%
in ice volume is sufficient to explain about 2.5 m of uplift within
250 years until the mid-19th century.
Summarizing, progradation of polar gravel spits as exemplarily observed in the Potter Cove spit system, is bound to phases
of comparable low rates of glacio-isostatic uplift and a resulting
stable relative sea level. The morphology of the Potter Cove spit
system, with two terrace levels connected by a steep slope with
superimposed amalgamated beach ridges, is seen to archive
two phases of coastal progradation separated by an abrupt increase in the rate of local glacio-isostatic uplift in reaction to
deglaciation after the last glacial re-advance. Based on these
findings, a concept for the interplay of ice volume, glacioisostatic adjustment, relative sea level, and spit progradation
is presented (Figure 10). This concept not only explains the
morphological and sedimentological characteristics of the Potter Cove system, but also allows predicting future developments of comparable systems elsewhere.

Conclusions
Sedimentary architecture and development of a polar gravelspit system have been revealed based on ground-penetrating
radar data and topographical data, historical aerial imagery
and radiocarbon ages. Morphology and internal sediment geometries document changes in the rate of glacio-isostatic uplift
between 1 and 1.5 mm and 12.5 mm a-1 on multi-decadal to
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centennial time scales. Based on the proposed interplay of fast
changes in the rate of crustal relaxation and modes of beach
sedimentation, a concept for the interaction of isostatic coastal
uplift and spit development has been presented. This concept
does not only explain the observed architecture of the spit system but bears implications for the expected future development
of similar beach systems in KGI and elsewhere in comparable
settings. Accelerated glacier retreat and reduction in ice volume of inland ice shields during recent decades is expected
to cause a significant increase in the rate of isostatic uplift
and therefore relative sea-level fall during the next decades.
The current phase of coastal progradation is expected to terminate in the near future and to be replaced by the development
of steep slopes with superimposed amalgamated ridges due to
the reduction in accommodation space.
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