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[1] Antarctic ice shelves are fed primarily by the glaciers flowing into them. Downstream
of promontories separating these glaciers, supercooled water can rise and freeze into
suture zones, leading to the accretion of marine ice. Marine ice bodies have been found in
several Antarctic ice shelves, but little is known about their detailed geometry, rate of
accretion, or influence on ice dynamics. In this study, we investigate marine ice in a
suture zone downstream of the Joerg Peninsula in the southern part of the Larsen C Ice
Shelf, Antarctic Peninsula. We present ground penetrating radar data from which we infer
the base of the meteoric ice and, in combination with GPS data and assuming hydrostatic
equilibrium, estimate marine ice thickness within a suture zone. We show that the Joerg
Peninsula suture zone contains marine ice layer, which is increasing in thickness along
flow from ~140 m to 180 m over 20 km, implying an average basal accretion rate of
~0.5 m a�1 in our study area. We examined the impact of this inferred marine ice on ice
shelf dynamics by modeling the suture zone within an ice flow model. The results, which
replicate observed surface velocities and strain rates, show that the warmer and thus softer
ice of the suture zone serves to channel shear deformation. This enables decoupling of
neighboring flow units with different flow velocities, while maintaining the structural
integrity of the ice shelf.
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1. Introduction

[2] Ice accreted to the base of ice shelves by freezing of sea
water, otherwise known as marine ice, has been found
beneath several ice shelves around Antarctica [Thyssen,
1988; Morgan, 1972; Craven et al., 2009; Khazendar et al.,
2009; Holland et al., 2009, Neal, 1979; Khazendar et al.,
2001; Tison et al., 2001; Tison et al., 1998]. The accretion
process is an essential part of the ice-ocean interaction in
the cavity and of the mass balance of some ice shelves. In
the case of the Amery Ice Shelf, the marine ice layer extends
all the way to the calving front [Craven et al., 2009] and is
sometimes detected in icebergs calved there from Warren
et al. [1993], while at the Ronne Ice Shelf most of the marine
ice layer is lost due to enhanced basal melting in the vicinity
of the calving front [Oerter et al., 1992]. The main source of
marine ice is the deposition of frazil ice crystals at the base
of an ice shelf. The pressure dependency of the melting point

of ice leads to enhanced melting at the grounding line where
the ice draft is usually at a maximum. The fresh supercooled
melt water is more buoyant than the surrounding water and
thus flows upward along the base of the ice shelf. Frazil ice,
generated from this supercooled melt water as it rises,
accumulates where the overlying ice is thinner and the water
pressure is reduced, and compaction may generate marine ice
[Lewis and Perkin, 1986; Bombosch and Jenkins, 1995]. The
accumulated ice is formed at the melting point of seawater
and is thus warm in comparison to the meteoric ice above
[e.g., Paterson, 1994; Craven et al., 2009]. This accretion
process can be active in large areas of lower draft and smooth
subsurface topography if the supply of supercooled melt
water is sufficient, such as in the central part of the Ronne
Ice Shelf [Thyssen, 1988]. Marine ice originating from depo-
sition of frazil ice crystals has also been observed in ice shelf
rift systems, where it can contribute to what is referred to as
an “ice mélange,” which also contains debris from the rift
shoulders [e.g., MacAyeal et al., 1998; Tison et al., 2001;
Khazendar et al., 2001; Khazendar and Jenkins, 2003;
Pattyn et al., 2012].
[3] Holland et al. [2009] demonstrated that the Larsen C

Ice Shelf (LCIS) contains marine ice concentrated in narrow
zones originating downstream of promontories. These so-
called suture zones delineate the boundaries of ice shelf flow
units coming from the inlets feeding the central part of the ice
shelf. Suture zones stand out on satellite imagery due to their
smooth surface in comparison to the neighboring flow units,
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which are mostly fractured at their margins [Luckman et al.,
2012; McGrath et al., 2012]. The results of Holland et al.
[2009] were based on the hypothesis that the absence of basal
reflections in airborne ice penetrating radar surveys is an
indication for marine ice at the ice shelf base. The missing
reflections from the marine ice-ocean interface can be
explained by the high dielectric absorption of the saline ice
[Thyssen, 1988]. The transition from marine ice to ocean
water may be on a spectrum spanning water containing frazil
ice, slushy ice, and fully consolidated ice, as observed in ice
cores on the Ronne Ice Shelf and Amery Ice Shelf
[Treverrow et al., 2010; Craven et al., 2009; Oerter et al.,
1992]. Although the extent and relative proportion of mass
of the marine ice bodies in LCIS are smaller than those in
the Ronne or Amery Ice Shelf, these elongated zones play
an important role for ice shelf stability, as they appear to
prevent the propagation of lateral rifts [visible in Figure 1;
Holland et al., 2009; Glasser et al., 2009].
[4] Here we investigate a suture zone in the LCIS to better

understand the extent, thickness, and likely accumulation
rates of marine ice in such areas, and to examine its influence
on the flow regime. We present geophysical field data
collected in a 20 km × 20 km grid sampled at 4 km spacing
at the origin of a suture zone. These data include Ground
Penetrating Radar (GPR) profiles along and across flow to
map the basal boundary of the meteoric ice layer, and differ-
ential Global Positioning System (dGPS) data to measure the
surface elevation along these profiles. By combining these

two data sets and assuming that the ice shelf is in hydrostatic
equilibrium, we are able to map the extent of a marine ice
layer in the Joerg Peninsula suture zone and to determine
its thickness. We use the newly derived ice thickness data
of the meteoric and marine layer as boundary conditions for
a numerical ice shelf model, and quantify the influence of this
marine ice layer on the flow regime downstream of the
Joerg Peninsula.

2. Study Area and Setup of Field Survey

[5] The LCIS is the largest ice shelf of the Antarctic
Peninsula with an area of ~ 51,000 km2 [Cook and
Vaughan, 2010], and a north-south extent of ~ 300 km. It
consists of clearly distinguishable flow units [Glasser et al.,
2009] with the main ones originating from Cabinet Inlet,
Mill Inlet, and Whirlwind Inlet (from north to south,
Figure 1), and the Mobil Oil Inlet with the highest inflow
velocities [e.g., Jansen et al., 2010; Rignot et al., 2011].
[6] Our study area (Figure 1) is located on the transition

between two smaller inlets in the southern part of the ice
shelf. The Joerg Peninsula, a promontory extending ~ 40
km into the ice shelf, divides the Trail Inlet (north) and the
Solberg Inlet (south). There is some discharge from a smaller
glacier on the peninsula itself, but most of the ice shelf
directly downstream of the peninsula must be formed in situ,
partly from surface accumulation and compaction, and partly
from the basal accretion of marine ice. Another smaller

Figure 1. (a) Larsen C Ice Shelf, Antarctic Peninsula. The white rectangle shows the location of
Figure 1b. Background image is the MODIS Mosaic of Antarctica (MOA) [Haran et al., 2005]. Red dots:
position of seismic CMP surveys; C: Cabinet Inlet; Mi: Mill Inlet; W: Whirlwind Inlet; T: Trail inlet; S:
Solberg Inlet; Mo: Mobile Oil Inlet. (b) Survey area and location of the radar lines (black lines). Red dots
indicate the positions of radar CMP surveys. Red solid lines delineate the suture zone; the dashed lines
enclose the glacier fragments from the peninsula. TSN: Three Slice Nunatak; JP: Joerg Peninsula. The
background image is Landsat, 22 November 2001. The ice flow direction is marked by elongated surface
features reaching from the grounding line to the calving front.
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obstacle to ice flow a few kilometers north of the main
peninsula, Three Slice Nunatak, defines the northern bound-
ary of this suture zone. The ice discharge from the peninsula
gives the suture zone a three-lobe structure [also Holland
et al. 2009], with smooth flow bands in the north and south
and heavily fractured glacier ice blocks in the center, which
is clearly distinguishable in satellite data (Figure 1).
[7] During November and December 2009, we carried out

a field campaign using GPR and dGPS to investigate the
structure of the ice shelf close to the region of origin of the
suture zone ice (Figure 1). Significant surface crevassing
made it impossible to extend the measurements closer to
the grounding line so the GPR profiles start approximately
10 km downstream of Joerg Peninsula and Three Slice
Nunatak. The radar profiles were arranged as a rectangular
grid of 20 km × 20 km, with corners omitted in the down-
stream direction as a result of time constraints. The gridlines
are approximately orientated parallel and perpendicular to
the flow direction, which is directed eastward in this area of
the ice shelf, parallel to the suture zone. The spacing between
the grid lines is 4 km, with two extra profiles (one across and
one along flow) in the center of the grid to improve the
sampling to 2 km across the suture zone ice. Three common
midpoint (CMP) radar surveys were carried out on the neigh-
boring flow units and on the suture zone (Figure 1b). The
flow-parallel radar profiles will be referred to as A–G from
north to south (left to right in the map, Figure 1b) and the
flow-perpendicular profiles are named 1–7 from west to east
(bottom to top in Figure 1b).

3. Methods

3.1. GPR

[8] The common-offset 50 MHz data were acquired using
a Pulse-Ekko PE100 GPR system towed behind a snow-
scooter. The stacked GPR waveforms were recorded every
3 s using eight stacks, yielding an average trace spacing
of ~ 4.3 m. The raw GPR data were processed using
standard techniques implemented in the software package
ReflexW, including automatic gain control, band-pass filter-
ing, and correction for surface topography as recorded by
dGPS. Basal reflectors were picked where possible on each
radar profile to derive the thickness of the meteoric ice layer.
In addition to the radar profiling, three CMP surveys were
carried out at the intersections of radar line 5 with three
flow-parallel radar lines (Figure 1). Using the software
ReflexW, we performed a semblance analysis to derive a
vertical radar-wave velocity model, which enables the
conversion of two-way travel time to depth.

3.2. dGPS

[9] Precise planimetric and height location of the radar sys-
tem was recorded with a differential Leica System 1200 GPS.
The radar traces were geolocated by means of the dGPS data
collected simultaneously, tied together by recording time.
The dGPS data were processed using the software Leica
GeoOffice. By processing the data relative to the GPS base-
station in the center of the radar grid, tidal influences on the
elevation measurements were minimized. Although eleva-
tion changes due to ocean tides on ice shelves elevation are
spatially variable, the distances (< 14 km) between moving

and stationary GPS receivers are short enough not to intro-
duce a significant differential tidal amplitude. To transform
the dGPS elevation into ice shelf freeboard, two other correc-
tions are necessary. First, to correct for the geoid, we used the
Eigen-6 model [Förste, 2011], which is based on GRACE
data from a model distributed by the International Centre
for Global Earth Models (ICGEM, http://icgem.gfz-pots-
dam.de/ICGEM). The correction applied for our survey area
amounts 10.5 m. Second, the dynamic ocean topography
(DOT) represents the difference between sea surface and
geoid, caused by salinity variations and ocean currents. To
correct for DOT, we use a model based on GRACE data
[Chambers, 2006]. In the western Weddell Sea in front of
the LCIS, the mean ocean surface is located 1.35 m below
the geoid. Possible error sources for the dGPS elevation data
will be discussed in section 4.5.

3.3. Marine Ice Thickness Calculation

[10] Marine ice has a higher dielectric conductivity than
meteoric ice because of its brine content, and this causes
the radar waves to be attenuated rather than reflected back
to the receiver [Holland et al., 2009; Thyssen, 1988]. This
explains the missing basal reflection in the radar data used
by Holland et al. [2009] and means that the base of the
marine ice layer cannot be mapped with GPR. Therefore,
its thickness has to be determined indirectly. If the thickness
of the meteoric ice layer is known from the radar survey and
surface elevation is provided by the simultaneous dGPS
survey, the marine ice thickness can be calculated under the
assumption that the system is in hydrostatic equilibrium
[Thyssen, 1988; Fricker et al., 2001] using the relation:

Hm ¼ H ρi
� �ρwð Þ þ hρw
ρw � ρm

(1)

[11] Where Hm is the thickness of the marine ice layer, H
the thickness of the meteoric ice layer, ρi the mean density
of the meteoric ice layer, ρw the density of seawater, h the
ice shelf freeboard or corrected elevation, and ρm the density
of marine ice. We assumed ρw to be 1028 kg m�3, and ρm to
be 920 kg m�3, which is slightly higher than the value usu-
ally used for consolidated ice, as marine ice has on average
a low brine content and does not contain any air bubbles
[Oerter et al., 1992]. It is important to state here that using
this reference density results in a marine ice thickness equiv-
alent for consolidated ice [Craven et al., 2009]. The mean
density of the overlying meteoric ice layer ρi is calculated
separately for each location from a vertical density profile
for the Solberg flow unit derived from seismic measurements
[Figure 1a; see Jansen et al., 2010], which is assumed to be
spatially constant.
[12] The assumption of hydrostatic equilibrium may not

hold on the margins of the suture zone ice, where stress
bridging might influence the freeboard of the ice shelf.
Flexural stresses at the suture zone boundary may exist, but
are small in comparison to the stresses in the grounding zone
of the ice shelf, as the ice on either side of the suture zone
boundary is floating. Thus, we make the assumption that
flexural stresses are negligible at a distance of twice the ice
thickness away from the boundary.
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3.4. Ice Shelf Model

[13] As marine ice is formed at a temperature close to the
pressure melting point of seawater, it is relatively warm in
comparison to the ice elsewhere in the ice shelf. This leads
to the characteristic vertical temperature profile for ice
shelves that experience basal accretion [e.g., Paterson,
1994]. Temperature logs from the Amery Ice Shelf [Craven
et al., 2009] show that this higher temperature of around
�2°C can be retained during advection downstream, since
the marine ice is insulated from the colder surface by the me-
teoric ice above it. Temperature has a strong influence on the
rheological softness of the ice and leads to a lower flow rate
factor in Glen’s flow law [Glen, 1955] which describes the
empirical relation between stress and strain within ice
[Paterson, 1994; Khazendar et al., 2009]. Although other
factors, such as impurities or lack of air bubbles, can make
marine ice harder than meteoric ice at the same temperature,
the difference in temperature makes it significantly softer
[Khazendar et al., 2009; Dierckx and Tison, 2013].
[14] The presence of softer ice of marine origin has been

shown to have an influence on ice shelf flow, for example
as the filling of large rift systems [Larour et al., 2005;
MacAyeal et al. 1998] and within the highly irregular
Brunt/Stancomb-Wills system [Khazendar et al., 2009]. In
our study, we investigate the influence of marine ice in a nar-
row suture zone which connects neighboring flow units and
thus may have a significant influence on the coupling
between them.
[15] To investigate the influence of the marine ice layer on

ice dynamics of the Joerg Peninsula suture zone, we use a nu-
merical ice shelf model. The continuum-mechanical flow
model [Sandhäger, 2000; Sandhäger et al., 2005; Grosfeld
and Sandhäger, 2004] is based on a finite difference numer-
ical implementation that simulates ice-shelf evolution as con-
trolled by ice dynamics and variable environmental boundary
conditions. It was applied successfully to the Larsen B and C
Ice Shelves [Sandhäger et al., 2005; Jansen et al., 2010] and
validated by observations. Gravitational driving forces and

associated stresses are implemented, while, following the ap-
proach of MacAyeal et al. [1986], friction at the ice shelf-
ocean boundary and vertical shear strain due to bending
forces are neglected. The ice-shelf body is assumed to be in
hydrostatic equilibrium and the horizontal flow velocities
are depth invariant, but a realistic vertical temperature and
density profile are implemented. In the vertical dimension,
the model domain is divided into 13 layers, scaled by the
ice thickness. Vertical integration of the flow rate factor then
allows the temperature profile to control ice softness, an
essential component if warm marine ice layers are present.

4. Results

4.1. CMP Survey

[16] Using the software ReflexW, we performed a sem-
blance analysis to derive a vertical radar-wave velocity
model. Figure 2 shows the in situ radar-wave velocities with
depth. The CMP survey covered the Solberg Inlet in the
south (F5), Trail Inlet in the north (B5), and the suture zone
ice in between (E5). For the CMP survey on the suture zone
ice, no signal was received beyond a depth of 94 m. Using all
data points and the assumption that radar-wave velocity in
solid ice is 0.168 m ns�1, we calculated a mean velocity pro-
file (Figure 2). The velocity model was then used to trans-
form the two-way travel times for the picked reflections
into ice thickness.

4.2. Grid Profiles Along Flow

[17] The measurement grid consists of seven flow-parallel
and seven flow-perpendicular profiles (Figure 1). GPR data
from the full lengths of gridlines F and 6, and from parts of
some other lines were not considered of good enough quality
for subsequent calculations, although the dGPS data col-
lected on all lines were used for a gridded version of the sur-
face elevation. Of the flow-parallel lines, four were entirely
located on flow units emerging from Trail (A and B) and
Solberg (F and G) Inlets, two lines were located entirely on
the suture zone ice (D and E), while line C crosses the north-
ern boundary of the suture zone and covers ice from both the
suture zone and Trail Inlet.
[18] Radar lines A and B (not shown) show clear reflec-

tions from a relatively smooth base of the ice shelf, disrupted
by regular basal crevasses, which also show an expression in
the surface elevation with an average dip of 5m above the
center of the crevasse [for a detailed discussion of radar line
B, see Luckman et al., 2012]. For profile A, the ice thickness
within the noncrevassed parts of the flow units decreases
along flow at a rate of approximately 1m km�1. Of the pro-
files located on the Solberg Inlet, only one was of sufficient
quality for subsequent analysis. Satellite imagery shows that
the ice shelf has been fractured heavily when passing the
Joerg Peninsula and the resulting rougher base probably
leads to dissipation of the radar energy. In contrast to profiles
A and B, profile G lacks the smooth reflector at the ice shelf
base and only separate reflection hyperbola apexes could be
picked from this radar line. The ice thickness varies periodi-
cally between 290 m and 325 m while the profile crosses
several features that are interpreted as basal crevasses. It is
not possible to quantify the strain thinning within this flow
unit due to the variability of the thickness.

Figure 2. Results of the semblance analysis, showing the
vertical profile of the radar-wave velocity in the ice column.
The data is color coded to distinguish the three different loca-
tions, the intersections of radar line 5 with radar lines B, E,
and F (Figure 1b).

JANSEN ET AL.: MARINE ICE IMPACT ON ICE SHELF DYNAMICS

1631



[19] Radar profile D (Figure 3a), located in the center of the
suture zone, shows reflections from the base of ice blocks
originating from the glacier on the Joerg Peninsula, alternat-
ing with an upper reflector that we interpret as the boundary
between the locally accumulated meteoric ice and marine
ice. The upper reflector is very strong and consists of short
continuous traces, whereas the reflections from the base of
the glacier ice blocks occur as isolated reflection hyperbolae.
The meteoric/marine ice boundary dips along the profile as
would be expected of an ice body advecting toward the calv-
ing front while accumulating snow on its upper surface.
Because the ice flow in Figures 3a and 3b is from left to right,
the x axis provides a proxy for time and shows the suture
zone at different stages in its development. The elevation
increases along flow by 10.3 m in 20 km (Figure 3c).
Toward the end of the profile, the deep reflectors are no
longer present as the line leaves the central area of the suture
zone containing the meteoric ice sections. This is also
reflected in a smoother elevation profile (Figure 3c). The
meteoric/marine ice boundary remains visible in the data,
but the reflection is much weaker than in the upstream
section. Using equation (1), we calculated the thickness of
the marine ice layer in the gaps between the glacier ice
blocks, shown in Figure 3e. The mean thickness increases
from 120 m at the landward to 160 m at the seaward end of
the profile, with a range of ± 10 m. The increase in marine
ice thickness is strongest in the first third of the profile,

although it should be noted that the radar line does not
uniformly sample the center of the suture zone.
[20] Radar line E (Figure 3b) does not cross any of the two

neighboring meteoric flow units and lies entirely in the south-
ern part of the suture zone. The basal reflector is much
weaker than in the first part of line D, but it is continuous
for longer stretches and also dips along flow. The elevation
rises along flow (Figure 3d) and the marine ice thickness
increases from 140 m at the start of the profile to 180 m at
the end (Figure 3f).

4.3. Across Flow Profiles

[21] The radar lines across the suture zone perpendicular to
ice flow show that there is a steep transition in the apparent
basal reflector between Trail and Solberg Inlets and the
suture zone ice, with a step of more than 200 m in depth
within a horizontal distance of 500 m (Figures 4a and 4b).
All cross profiles show a trough in elevation above the suture
zone, ranging from ~10 m in profile 1 (Figure 4c) to ~4 m in
profile 7. The visible layering in the upper ice column shows
no contrast in the accumulation patterns between this trough
and the adjacent flow units within the survey area. The
meteoric ice layer is thinnest in the northern part of the suture
zone, which is consistent with the minimum thickness
measured in radar line C. The meteoric ice layer thickness
increases from radar line to radar line downstream, as is to
be expected from the results of the along flow radar lines.

Figure 3. (a) Radargram of radar line D. (b) Radargram of radar line E. In the white gaps, either no radar
or faulty GPS data were recorded. Ice flow direction is from left to right on both panels. Color-coded dots
show the positions of the picked reflections from the meteoric ice base (blue), the base of the ice blocks
from the glacier on the peninsula (red). (c) Surface elevation for radar line D. (d) Surface elevation for
radar line E. (e) Calculated marine ice thickness for radar line D. (f) Calculated marine ice thickness
for radar line E.
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For radar line 1 (Figure 4a), located closest to the grounding
line, the marine ice thickness varies between 120 m and 140
m (Figure 4e). For radar line 7 (not shown), furthest from the
grounding line, the boundary is very smooth and continuous,
and the thickness is ~ 200 m, which is the overall maximum
within the surveyed area. Figure 4b shows the flow-
perpendicular radar line 5, on which all CMP surveys are
located. On the ice coming from Trail Inlet, the basal bound-
ary of the ice shelf is a smooth and prominent reflector in the
radargram. Toward the margin of the flow unit, the ice base is
characterized by occasional single reflections, with the transi-
tion being marked by a feature interpreted as a basal crevasse,
whose presence is also reflected in the surface topography
(Figure 4d). This is consistent with the surface structure of
the ice visible on the Landsat image in Figure 1, which shows
the margins of the flow units to be broken into small frag-
ments. On the Solberg flow unit, no smooth basal reflector
can be detected, which is in agreement with the observations
from the flow-parallel lines.

4.4. Gridded Data

[22] The nonuniformly sampled measurements of the
geometry of the marine ice within the suture zone were
resampled to a uniform grid so that they could be incorpo-
rated into a numerical ice shelf model. To be consistent, we
independently gridded elevation (Figure 5a) and meteoric
ice thickness (Figure 5b) over the sampled area and only then

used these grids to calculate the mean marine ice thickness
for the model representation (Figure 6a). For this gridded
data set, we removed the data influenced by basal crevasses.
As a mean value, the marine ice thickness in the Joerg
Peninsula suture zone increases by 40 m within 20 km in
the direction of ice flow. The thickness of the meteoric ice
layer increases along flow as a result of surface accumulation,
and the ratio between meteoric and marine ice within the ice
column increases from ~ 1:3 at the upstream end of the
survey to ~ 1:2, 20 km downstream. The locally accumulated
meteoric ice layer as well as the calculated marine ice thick-
ness have their overall minimum thickness in the northern
part of the suture zone at the landward end of radar line C.

4.5. Error Estimation

[23] The radar and dGPS survey extended over a period of
21 days, during which the ice shelf moved forward about 19
m (average velocity of 300 m a�1) at the survey site. Due to
the low gradients in elevation and ice thickness along flow,
we did not consider this displacement as relevant.
[24] As the marine ice thickness is estimated in an indirect

way and is a function of several other measured parameters,
the error for the marine ice thickness is cumulative, resulting
from propagation of errors in ice thickness, density, and
elevation. We estimate the error for the measured surface
elevation to be 1 m, including uncertainties in DOT and the
geoid model, as well as the vertical precision for the dGPS

Figure 4. (a) Radargram of radar line 1. The red columns illustrate the thickness variation of a prominent
meteoric ice layer on different parts of the suture zone. (b) Radargram of radar line 5. Ice flow direction is
into the page on both panels. Color-coded dots show the positions of the picked reflections from the
meteoric ice base (blue) and the base of the ice blocks from the glacier on the peninsula or the base of
the neighboring flow units (red). (c) Surface elevation for radar line 1. (d) Surface elevation for radar line
5. (e) Calculated marine ice thickness for radar line 1. (f) Calculated marine ice thickness for radar line 5.
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measurements. According to equation (1), this leads to an
error Eh of 9.4 m. To quantify the errors in ice thickness
due to transforming radar-wave travel time into depth, we
calculated the thickness using a lower and upper velocity
profile enveloping the data points shown in Figure 2, keeping
the values for consolidated ice and snow constant as upper
and lower boundaries. This leads to a deviation of ~ 6% in
the mean velocity in the ice column. The resulting Error EH

for marine ice is thus expected to be in the range of 12 m.
Error Eρ due to uncertainties in the depth-integrated density
profile are estimated to be ~5 m, a value derived from com-
parison of the density results of four seismic CMP surveys
(location Figure 1a) showing deviations of the mean density
of the ice column of less than 2%. To further explore the issue
of density error, we compared our mean meteoric ice density
with a mean density calculated following the firn air method
[Holland et al., 2011] based on our GPR data and found the
difference to be less than 0.5%. This also supports our
hypothesis that the density profile does not change signifi-
cantly within our survey area. The calculated marine ice
thickness according to equation (1) is also sensitive to marine
ice density. We are using a reference density of 920 kg m�3,
which leads to a marine ice thickness equivalent for

consolidated ice and therefore has no error in the standard
sense. Possible influences of the consolidation process of
the marine ice will be examined in the discussion.
[25] In total, we assume the error for our marine ice thick-

ness estimate to be in the range of ± 30 m and this value
represents the maximum error of the absolute thickness. The
relative precision for elevation and ice thickness data and thus
also marine ice thickness is significantly better because, on the
scale of our measurements, errors for both parameters will be
consistent rather than random. The observed 40 m increase in
marine ice thickness within our 20 km measurement profile is
thus significant.

4.6. Ice Shelf Model Setup and Results

[26] The newly derived ice thickness in the survey area was
embedded in the thickness data set we used in previous
model simulations [Jansen et al., 2010], which was based
on BEDMAP data [Lythe et al., 2001], and blended in at
the margins (Figure 7). The model study was restricted to a
25 km × 50 km area surrounding the Joerg Peninsula suture
zone. We chose a high resolution of 200 m × 200 m per grid
cell in order to represent the steep transitions of ice thickness
at the boundaries of the suture zone, although our field data

Figure 5. (a) Gridded surface elevation with overlying GPS lines. x and y are in polar stereographic
coordinates. (b) Gridded meteoric ice thickness with the locations of picked basal reflectors.

Figure 6. (a) Marine ice thickness grid with flow lines calculated from measured surface velocity [Rignot
et al., 2011]. (b) Development of marine ice thickness along the flow lines shown in Figure 6a.
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does not sample the ice geometry at such high resolution in
all dimensions. Surface temperature of the model domain is
set to a constant �15.4°C, a value which is below the mean
average air temperatures to account for the ice advected from
greater heights in the flow units [see also Scambos et al.,
2000; Sandhäger et al., 2005]. The surface temperature
determines the upper boundary of the vertical temperature
profile, which in turn dominates the value of the depth-
integrated flow factor, thereby determining the softness of

the ice. The lower boundary of the meteoric ice is set to
�2°C, the approximate freezing temperature of seawater at
the ice shelf base. The vertical development of the tempera-
ture profile is approximated as decreasing proportional to
the cube root of depth [Sandhäger et al., 2005]. The marine
ice layer is represented as a body of warm ice with a constant
temperature at the freezing point of �2°C. This is a reason-
able first approximation which ignores the likely presence
of a transition zone between cold meteoric ice and the newly
accreted marine ice, and a temporal evolution of the temper-
ature profile while the ice is advected toward the calving front
[Craven et al., 2005]. Also ignored here is the probably
slightly higher temperature of the meteoric ice in the suture
zone due to its in situ formation. The marine ice fraction in
the ice column is represented by a laterally variable depth-
integrated flow factor, depending on the relative proportion
of marine ice in the ice column.
[27] The inflow velocities at the boundaries of the model

domain are prescribed in orientation and magnitude at the
lower boundary (inflow) and both sides. Velocities at the up-
per boundary are free in magnitude but prescribed in orienta-
tion. The model was forced with boundary velocities derived
from a model simulation of the entire LCIS [Jansen et al.,
2010], which does not include the warm suture zone ice.
[28] In the control model run for an ice shelf with uniform

depth-scaled temperature profile and thus a uniform verti-
cally integrated flow factor, the magnitude of the ice flow
velocity increases from the lower left corner to the upper
right corner of the model domain (Figure 8a). This gradient
in the velocity is caused by a higher inflow velocity from
Trail Inlet. Shear deformation is smoothly varying within
the model domain for this control model run and shows no
small-scale anomalies (Figure 8b).

Figure 7. (a) Ice thickness distribution used in former
model studies [Jansen et al., 2010]. (b) New total ice thick-
ness (meteoric +marine ice).

Figure 8. (a) Ice flow velocity for model run without marine ice. (b) Shear strain for the velocity
distribution in Figure 8a. Background image in gray scales: Landsat. (c) Ice flow velocity for model run
with marine ice. (d) Shear strain for the velocity distribution in Figure 8c. The flow direction is along the
suture zone for Figures 8a and 8c.
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[29] When the marine ice is introduced into the suture zone
in the quantities that we measured, and the spatially variable
flow factor is altered accordingly, the modeled flow velocity
is significantly affected (Figure 8c). The flow rate factor is
constant in the area of pure meteoric ice and varies within
the suture zone according to the thickness of the marine ice
layer and its relative proportion in the ice column. The soft
flow band is visible as an area with a higher velocity gradient
across the suture zone. The flow band clearly stands out as an
area of enhanced deformation in the shear strain (Figure 8d),
whereas the shear strain in the northern flow unit in the direct
vicinity of the suture zone is lower in comparison to the con-
trol model run (Figure 8b). The shear strain in the southern
flow unit has lowered at the lower boundary of the model
domain close to the suture zone, whereas the central part
appears to be under more strain than in the control run.

5. Discussion

5.1. Origin of GPR Reflector in the Suture Zone

[30] The strong reflector that we observe within the ice col-
umn, and which we interpret as the interface between marine
and meteoric ice, may have other explanations that we seek to
discount here. Such a reflector might also be a result of debris
inclusions at the top of the marine ice layer [Nicholls et al.,
2012; Eicken et al. 1994] or infiltrating permeable meteoric
ice with sea water. The latter has been observed in the
Wilkins Ice Shelf [Vaughan et al. 1993] and is common for
sea ice as well in the form of flooding of snow-covered ice
floes [e.g., Massom et al., 2001]. In the case of brine infiltra-
tion in an ice shelf, a meteoric ice body is present below the
reflector and it would therefore be impossible to determine
the thickness of a deeper marine ice layer from elevation
data. The geometry of the origin of the discussed suture zone,
however, shows that there is little inflow of ice at the ground-
ing line at Joerg Peninsula. This implies that the most of the
suture zone ice downstream of promontories must have
formed in situ, a hypothesis which is supported by the diver-
gence of the observed velocity field shown in Figure 9. The
regions immediately downstream of Three Slice Nunatak
and Joerg Peninsula highlight divergent flow in the velocity
field which shows that in situ accumulation would be neces-
sary to maintain ice thickness or thickening of the ice at the
origin of the suture zone. Flooding of snow-covered ice floes
might occur close to the grounding line with no inflow,
similar to the processes observed in sea ice, but meteoric
ice could not reasonably be present underneath as an expla-
nation for our observed surface elevation. The adjacent ice
units do not seem to be affected by brine infiltration either,
as the strong reflector that we interpret as the base of the
meteoric ice is only present within the suture zone. In
summary, considering the geometric boundary conditions at
the origin of the Joerg Peninsula suture zone, we conclude
that the only reasonable explanation of the reflectors we
detect is a meteoric-marine ice boundary.

5.2. Marine Ice Thickness Distribution and Derived
Freezing Rates

[31] The results from the GPR and dGPS survey close to
the origin of the Joerg Peninsula suture zone confirm the
presence of marine ice between the Trail and Solberg Inlet,
as postulated by Holland et al. [2009]. The irregular nature

of the reflector at the boundary between meteoric and marine
ice explains the fact that in the lower resolution data used by
Holland et al. [2009], no reflector was found at the base of
the meteoric ice layer. Our higher resolution data captured
the base of the meteoric ice layer and thus were able to
reproduce the 3D geometry of the marine ice body within
the surveyed part of the suture zone.
[32] Comparison of layer thicknesses between two promi-

nent reflectors in the upper ice column of radar line 1 shows
that the layer is thicker above the marine ice bodies
(Figure 4a). This effect cannot be seen in the radar lines fur-
ther downstream, as the affected reflectors would be located
deeper where no reflectors are recognizable in the radargram.
The observation of layer thickening is consistent with the
geometrical setting of the suture zone. In the first 5 km down-
stream from Joerg Peninsula, the suture zone experiences lat-
eral compression caused by the northward movement of the
Solberg Inlet flow unit (Figure 1), resulting in a significant
narrowing, and thus probably thickening of the suture zone
(marine and meteoric) ice. This is also consistent with the di-
vergence of the velocity field, which shows a negative anom-
aly in the convergent flow area upstream of the survey site
(Figure 9). The glacier ice blocks appear to be less affected
by the narrowing process, which may be caused by the newly
formed suture zone ice being less competent and thereby
absorbing more of the compressional stress. The reflector
from the meteoric/marine ice boundary is stronger and better
defined in the flow-parallel radar lines (Figures 3a and 3b)
than in the across-flow lines (Figures 4a and 4b). This aniso-
tropic behavior might be due to the fact that the suture zone
ice experiences considerable lateral compaction upstream of

Figure 9. Divergence of the flow velocity in the Joerg
Peninsula area [calculated from Rignot et al., 2011].
Positive values indicate divergent flow; negative values
indicate converging flow. Black solid lines indicate the flow
path. For location on the ice shelf, see Figure 1.
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our survey area, a process that might lead to a boundary that
is rougher across flow than along flow.
[33] Within the radar grid, the width of the suture zone

narrows further by 11%. This is visible in satellite remote
sensing imagery and confirmed by calculated flow lines for
the boundary of the suture zone on the basis of ice flow veloc-
ity data [Rignot et al., 2011]. To confirm that the observed in-
crease in marine ice thickness is not caused by lateral
compression, we calculated the mass flux divergence for the
survey area from observed velocities and the newly derived
ice thickness. We calculated a mean value for the flow units
on either side of the suture zone and for the suture zone itself.
On the meteoric flow units, the mean value is ~�0.1 m a�1

when assuming an accumulation rate of 0.5 m a�1 [from
model data from Lenaerts et al., 2012], which means that to
preserve the current geometry, a basal melt rate of 0.1 m a�1

would be necessary. On the suture zone ice, the mean value
is ~ +0.8 m a�1, indicating that an additional 0.8 m a�1 ice
accumulation would be necessary to preserve geometry. We
also calculated a freezing rate from the observed marine ice
thickness and travel time of the ice: Using ice flow velocity
data [Rignot et al. 2011], we found the age difference between
the ice entering and leaving the survey area along several flow
lines (shown in Figure 6a) to be 74 years. With an overall
increase of marine ice layer thickness of 40 m in this same
period, the mean basal accretion rate amounts to ~ 0.5 m a�1

(Figure 6b), which is lower than the value from the mass flux
calculations. In the northern part, where the marine ice layer is

thinner, the rates reach values of over 2 ma�1 in parts, a
variation that allows the initial difference in thickness across
the suture zone to be leveled out with the passage of time.
[34] The difference in marine ice thickness between the

landward northern and southern suture zone might be caused
by the supply of supercooled water. Three Slice Nunatak is
located further downstream of the predominant subshelf melt
water current in the cavity beneath the ice shelf, which is di-
rected along the grounding line in a clockwise manner under
the influence of the Coriolis force [Holland et al., 2009;
Holland and Feltham, 2006].The current might be deflected
by the Joerg Peninsula, so that less supercooled water reaches
the region downstream of Three Slice Nunatak.
[35] The basal accumulation rate we derived from our

marine ice layer thickness is a factor of 10 higher than the
maximum values predicted from previous modeling in the
area of the Joerg Peninsula suture zone [Holland et al.,
2009]. That model predicts basal accumulation to be restricted
to an area 12 km downstream of the grounding line, accumu-
lating a total amount of marine ice of less than 2 m, being
eroded completely by basal melting further downstream
(Figure 10). However, geophysical field data [Kulessa et al.,
2010] show that a significant amount of marine ice is still
present at the base of the suture zone more than 100 km
downstream, supporting our results of higher freezing rates
and a thicker marine ice layer.
[36] Further support for the magnitude of our marine ice

accumulation rate is found in ice thickness data independent

Figure 10. (a) Location of the Joerg Peninsula suture zone and one flow line (red) within its southern part.
Background image: MOA [Haran et al., 2005]. (b) Ice shelf draft [blue, fromHolland et al., 2009] and flow
velocity [red, from Rignot et al., 2011] along the flow line shown in Figure 10a. The dashed lines indicate
the position of our survey area within the flow line. (c) Melting/freezing rates along the flow line. (d) Total
accumulation/erosion of marine ice. Figures 10c and 10d based on data from an earlier model by Holland
et al. [2009].
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from our measurements. In the data set used byHolland et al.
[2009], which is based on surface elevation measurements,
the ice shelf in the Joerg Peninsula suture zone thickens over
the first 50 km, and the ice draft within the area of our radar
survey increases downstream by 65 m (Figure 10b).
Typically, an ice shelf thins as it flows toward the calving
margin in keeping with the velocity gradient. Assuming a
surface accumulation of 0.5 m a�1 ice equivalent and a mean
density of the ice column based on the density profile used
for our calculation of marine ice, the 65 m increase of ice
shelf draft would correspond to a basal accumulation of 40
m, which is entirely consistent with the increase of marine
ice layer thickness that we derive from our measurements.
The increasing ice thickness from Holland et al. [2009]
downstream of our survey area might be an indication for
marine ice accretion going on even further.
[37] Little is known about the consolidation process of

basally accreted marine ice as it is advected downstream,
and observations or sampling of accretion zones are rare.
However, in the Amery Ice Shelf [Craven et al., 2005;
Craven et al., 2009] as well as in the Ronne Ice Shelf
[Oerter et al., 1992], drilling into marine ice showed that
the lower layers are permeable and that there is a transition
from seawater mixed with ice crystals (“slush”) to fully
consolidated ice. Due to the presence of liquid saline water
within the permeable layer, the density of marine ice can be
significantly higher than for consolidated meteoric ice
[Craven et al., 2009]. In our approach [also used by
Fricker et al., 2001; Craven et al., 2009], where the amount
of marine ice in the ice column is estimated by assuming
hydrostatic equilibrium, the resulting thickness is an effective
thickness (consolidated ice equivalent) of marine ice contrib-
uting to buoyancy. Craven et al. [2009] also used a reference
density of consolidated marine ice of 920 kg m�3 to estimate
marine ice thickness between two drilling sites, whereas they
found the mean density including the slush layers to be 933
kg m�3 and 938 kg m�3. The two drilling sites were located

68 km apart, or in terms of the age of the ice 100 years, and
exhibit a decrease of density along flow of 5 kg m�3. This
shows that the relative change in density due to the consoli-
dation process along flow is highly unlikely to cause the
increase in elevation in our survey area, as it would require
a decrease of 30 kg m�3 according to equation (1).
[38] Thus, we conclude that the most likely explanation

for the evolution of elevation along flow is due to a combi-
nation of surface accumulation and ongoing basal accretion
of marine ice, although further work is needed in under-
standing the consolidation process and equating the effec-
tive thickness to the actual presence of different stages
of consolidation.

5.3. Implications for Ice Shelf Dynamics

[39] In the model, the soft flow band in the suture zone
channels the shear strain, which in turn has a relaxing effect
on the neighboring flow units in a manner previously
detected over wider areas of the Brunt and Fimbul ice shelves
[Khazendar et al., 2009].
[40] The channeling of shear deformation can also be

observed in remote sensing data for this region (Figure 11a)
[Rignot et al., 2011], where the suture zone downstream of
the Joerg Peninsula is characterized by high flow-perpendicular
gradients in velocity and corresponding high shear strain
(Figure 11b). In the velocity and shear strain data, another
zone further to the south stands out as an area with high gradi-
ents (Figure 11c). Our survey area did not cover this smaller
suture zone, but according to Holland et al. [2009] it is likely
to contain marine ice as well. Due to this second soft suture
zone, the Solberg Inlet flow unit is partially decoupled from
its neighbors and its center experiences significantly less shear
deformation. Thus, the presence of marine ice has a stabilizing
effect on the structure of the ice shelf close to the grounding
line, as the channeling of shear strain acts to inhibit the growth
of shear crevasses in areas where adjacent flow units have
different inflow velocities. The suture zone provides a soft

Figure 11. (a) Ice flow velocity magnitude from remote sensing [Rignot et al., 2011]. The black lines
indicate the positions of the two suture zones. (b) Shear strain for the velocity distribution in Figure 11a.
Background image in gray scales: Landsat. (c) Landsat image showing the positions and origin of the suture
zones. JP: Joerg Peninsula; BP: Bermel Peninsula. Flow direction is along the suture zone.
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coupling of the stiffer meteoric ice, as shown by inverse
modeling [Khazendar et al., 2011]. Within the softer ice
bands, shear stress is dissipated by deformation without
fracturing, which is apparent from the smooth surface of the
suture zones (Figure 11b). This stabilizing effect is most
important in the case of large flow-perpendicular gradients in
velocity between flow units. In the case of Trail Inlet, weak
coupling does not completely prevent shear crevassing
[Luckman et al., 2012], but it may serve to lengthen the
interval between the opening of crevasses.

6. Conclusions

[41] A geophysical field survey on LCIS has revealed the
detailed geometry of a marine ice body within a suture zone
near the Joerg Peninsula. Our data show that the thickness
of the marine ice requires basal accretion rates that are signif-
icantly higher than freezing rates previously predicted by ice-
ocean interaction modeling for this area. We also found
strong evidence that basal accumulation of marine ice is
ongoing over the 20 km survey region, as far as 35 km away
from the grounding line. Averaged over 20 km long ice shelf
section covered by our survey, the freezing rate amounts 0.5
m a�1, but can reach up to 2 m a�1 in some areas. The thick-
ening rate due to basal and surface accumulation along the
flow line is in good agreement with an ice thickness profile
derived from elevation measurements independent from
our data.
[42] Numerical modeling of ice dynamics around Joerg

Peninsula suture zone has revealed that warm marine ice
can provide a soft coupling between adjacent ice shelf flow
units and enable the observed high lateral velocity gradients
between them. By channeling shear deformation and thus
dissipating shear stress without fracturing, suture zones
containing marine ice can lead to a relaxation within the
neighboring flow units and prevent or reduce the growth
and propagation of shear crevasses, thereby potentially
stabilizing the ice shelf in this region.
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