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Abstract 

Recent surface melting and Antarctic ice-shelf retreat have led to concerns 
about McMurdo Ice Shelf (MIS) instability, which could threaten research 
in Antarctica. Researchers at the U.S. Army Cold Regions Research and 
Engineering Laboratory collected approximately 1300 km of ground-pene-
trating radar (GPR) profiles over MIS, using frequencies between 40 and 
400 MHz, to determine extent, continuity, and depth of the brine and ice-
shelf thickness; to map englacial horizons; and to locate any structural fea-
tures that may suggest shelf instability.  

We suggest that brine, sediment-rich ice, and a rough direct coupling at-
tenuates the signal in this region of MIS. Results show no major englacial 
features that raise concerns for shelf stability; however, two locations are 
worthy of continued monitoring from an operational and safety perspec-
tive. The first location is a prior Antarctic Geological Drilling (ANDRILL) 
site from 2006; the infrastructure established during ANDRILL operations 
appears to have actually influenced ice dynamics in the region. The second 
location is a long-term rift located near the ice shelf–sea ice edge. This 
study supports prior results that suggest that repeat high-resolution, 
ground-based GPR is useful for reconstructing ice-shelf history through 
analysis of imaged englacial and basal structures. 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. Ci-
tation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 
 
DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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1 Introduction 

1.1 Background 

The McMurdo Ice Shelf (MIS) in West Antarctica has experienced a note-
worthy retreat and readvancement over the past 70 years. As recently as 
1947, MIS fractured or retreated enough to allow the migration of seal 
populations to White Island, a landmass 18 km inland from the current ice 
shelf’s front (Gelatt et al. 2010). Other than the migrated seal population, 
no physical evidence has been found within the ice shelf itself to confirm 
its retreat or fracturing. However, surface melting and general Antarctic 
ice-shelf instability has been of scientific concern since the 1960s (Paige 
1968; Kovacs and Gow 1975). Recent findings of instability within the 
West Antarctic Ice Sheet and the surrounding ice shelves (e.g., Joughin et 
al. 2014; Rignot et al. 2014), when combined with (a) the knowledge of ba-
sal crevasse and subglacial water channel impacts on ice stability (Ser-
gienko and Hulbe 2011; Luckman et al. 2012), (b) the documentation of 
calving (such as Iceberg B-15’s break-up event) that could influence the ice 
pack around MIS (Blue Ribbon Panel 2012), and (c) the recent melting 
around Pegasus Runway (Shoop et al. 2013), have generated a heightened 
level of concern for the stability of MIS, from both operational and scien-
tific standpoints. Impacts of ice-shelf failure on up-glacier dynamics are 
also well known (Scambos et al. 2004). Operationally, the seriousness of 
this issue was summarized by the Blue Ribbon Panel when its 2012 report 
indicated that an interruption of MIS runway operations could be consid-
ered a “single-point failure” that would jeopardize both the U.S. and New 
Zealand Antarctic programs.  

Kovacs and Gow’s (1975) initial ground-penetrating radar (GPR) surveys 
of MIS near its terminus revealed step discontinuities within the brine 
layer that were interpreted as evidence of prior large-scale fractures or 
calving events. Morse and Waddington (1994) imaged similar features 
within the brine horizon and argued that they were evidence of lateral mo-
tion (brine retreat in this instance) in response to ice-front fracture events. 
Grima et al. (2016) used extensive airborne radar centered at 60 MHz to 
develop a broad understanding of the brine extent, snow, firn, and ice con-
ditions of MIS. They showed a trend of decreasing snow and firn thickness 
from Ross Island toward Black Island but an inverse relationship in den-
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sity and a glacial-ice ablation area existing toward Black Island. They at-
tributed these thickness and density differences to wind redeposition of 
accumulation away from Black Island and spatial variations in snowfall, 
with higher rates near Ross Island. Unfortunately, the low frequency and 
wide footprint of airborne radar results in low vertical (~5.6–9.5 m) and 
low horizontal (200–400 m) resolution, respectively, produced a generali-
zation of englacial structures near the MIS terminus. Arcone et al. (2016) 
used robot-towed GPR to show substantial structural complexities in high 
resolution that were located upstream of White Island. Their region of in-
terest was part of an approximately 5 km wide by 60 km long shear zone 
created by a velocity gradient associated with buttressing from Minna 
Bluff and White Island. The shear zone consists of approximately 150 m of 
meteoric ice and 20–30 m of stratified marine ice at the ice-shelf base. 
Buried surface crevasses to 30 m depth and bottom crevasses or rifts, both 
caused by a combination of tensile and shear stress, are prevalent in pro-
files collected by Arcone et al. (2016).  

1.2 Objective 

Interest in the structure of MIS originated from observed surface and ba-
sal crevasses up-glacier of MIS. Likewise, an apparently stable surface rift 
exists near the MIS terminus, which further encouraged research to deter-
mine if other englacial features exist that may contribute to future MIS in-
stability. The National Science Foundation, therefore, contracted the U.S. 
Army Cold Regions Research and Engineering Laboratory (CRREL) to 
conduct a broad survey of the englacial structure surrounding MIS infra-
structure to act as a baseline for comparison against future surveys.      

1.3 Scope 

This work used a systematic GPR survey of MIS near its terminus to quan-
tify ice thicknesses and the depth and extent of the brine horizon and to lo-
cate any structural features within the near-terminus ice shelf (such as 
large-scale basal fractures, subglacial channels, or brine fractures) that 
could indicate or affect MIS stability. Detailed methodology is described in 
Chapter 3. 
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2 Study Site 

MIS within McMurdo Sound is a 1000 km2 region, which is split from the 
broader Ross Ice Shelf due to the position of Ross Island (Figure 1). The 
area is bound by Ross Island’s Hut Point, White Island, Black Island, and 
Brown Peninsula. Glacier ice that flows into McMurdo Sound curls around 
Minna Bluff and White Island from the south and is buttressed by Ross Is-
land to the north and Hut Point to the west. The ice shelf currently termi-
nates in an arc that starts in front of Scott Base in a north–south orienta-
tion. Ice velocities transition from 260–380 m/year within the shear zone 
upstream of White Island (Courville et al., in prep.; Arcone et al. 2016) to 
100–230 m/year between Hut Point and White Island. The slower veloci-
ties within McMurdo Sound are attributed to buttressing of Hut Point, 
which we suggest causes compression and therefore resuturing of rifts cre-
ated by the velocity gradient up-glacier of White Island and Minna Bluff. 
Some debris-rich and ablating ice flowing toward the MIS terminus also 
originates from the Black Island and Brown Peninsula regions.  

Figure 1.  Landsat image of MIS, showing major features, including White, Black, and 
Ross Islands; Brown Peninsula; Minna Bluff; Hut Point Peninsula (HP); and general 
ice flow directions (black dotted arrows). Ice-core locations and GPR profiles col-

lected in 2015 are also shown. 

 



ERDC/CRREL TR-17-2 4 

 

3 Methods 

We took measurements with an SIR-4000 GPR control unit coupled with 
four antennas: a model 3200 MLF (multiple [adjustable] low-frequency) 
antenna at 40 MHz, a model 3207 at 100 MHz, a model 5106 at 200 MHz, 
and a model 50400 at 400 MHz. The GPR and antenna units are manufac-
tured by Geophysical Survey Systems Incorporated (GSSI). Eleven approx-
imately 20–45 km long profiles were spaced about 5 km apart and then 
were collected in a radial pattern and perpendicular to the ice-shelf front 
toward White Island or Black Island. Seven other profiles were collected 
parallel to the ice-shelf front and roughly perpendicular to the radial pro-
files to develop a pseudo 3-dimensional structure map of MIS. In total, 
about 1300 km of GPR profiles were collected covering the 1000 km2 area. 
Profiles were collected via a snowmobile traveling approximately 5–15 km 
hr−1 with 24 scans s−1, resulting in traces being recorded approximately 
every 10 cm in horizontal distance. Scans were recorded for 1400–2200 ns 
two-way travel time (TWTT) with 2048 samples per scan; this sampling 
rate provided 10–17 samples per meter, which is adequate to maintain a 
smooth waveform given the frequencies used. Profiling was conducted 
more quickly with the higher-frequency antennas (200 MHz and 400 
MHz) due to the shallow depth and strong continuous brine horizon acting 
as the primary reflector. In contrast, profiles collected to image the ice-
shelf bottom (40 MHz and 100 MHz) were collected more slowly at higher 
sampling rates to ensure stratigraphy was also imaged. Processing of each 
GPR profile included time-zero correction, bandpass filtering, stacking, 
and depth calibration.  

We initially planned to use 100 MHz and 200 MHz antennas to assess ba-
sal ice-shelf conditions; these antennas have about 86 cm and 44 cm verti-
cal resolutions, respectively, based on an the dialectic constant for ice (έ) 
of 3.1 and assuming 1

2
 of the wavelength (γ) is required to distinguish hori-

zons from one another. We planned to use the 400 MHz antenna to assess 
near-surface features and the brine horizon due to its higher vertical reso-
lution at about 22 cm using the same 1

2
 γ assumption. In regions where the 

highly conductive brine layer infiltrates the MIS, thereby reducing GPR 
penetration depth (Clough 1973; Kovacs et al. 1982a, 1982b; Morey and 
Kovacs 1982; Arcone et al. 1994; Arcone 1996), we relied on shallow stra-
tigraphy and brine-layer discontinuities to indicate potential fracture loca-
tions. We also attempted to use the 40 MHz antenna (4.3 m γ at έ = 3.1 or 
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~2.2 m vertical resolution based on 1
2
𝛾𝛾) to penetrate the brine horizon and 

image the ice-shelf bottom near its terminus and transition to sea ice. Pro-
files were geo-referenced using a Trimble 5700 Rover with a Zephyr Geo-
detic GPS (Global Positioning System) antenna (1–3 m spatial accuracy). 
Following Arcone (1996), our interpretation of horizons or reflections 
within radar profiles, in part, comes from an analysis of the waveform po-
larity first three half cycles, resulting from interfaces between two materi-
als with έ contrasts. That is, a positive triplet (+ − +) suggests that the 
deeper layer or target has a higher έ than the overlying layer, and a nega-
tive triplet (− + −) suggests that the deeper layer or target has a lower έ. 

Ground truth and depth calibration of the brine horizon (imaged using 
GPR) came from six cores drilled near the ice-shelf edge by using a hand-
powered SIPRE (Snow Ice and Permafrost Research Establishment) corer 
with a 7.5 cm diameter, 1 m long core barrel (Table 1; Figure 2). Core 
lengths ranged between 6 and 15 m, and coring was terminated once the 
brine horizon was reached. This horizon was typically distinguished imme-
diately by an obviously wet and saline layer within the core. Each core was 
processed for stratigraphy, density, salinity, and conductivity at 10 cm res-
olution to confirm that the brine horizon was reached. Stratigraphy was 
recorded in the field and imaged using a near-infrared (NIR) digital cam-
era (Figure 3). The density was determined gravimetrically by using a digi-
tal balance to measure mass and digital calipers to measure the diameter 
and length of core sections. Cores were bagged, melted, and allowed to 
reach a temperature equilibrium. Salinity, conductivity, and temperature 
of each sample at the time of measurement were determined by using a 
YSI Pro Series salinity/conductivity probe. The probe was rinsed in fresh 
water between each measurement. Ice-shelf bottom depths in GPR profiles 
were estimated by using dry ice velocities (v), assuming έ = 3.1; v = 0.169 
m ns−1. Common midpoint GPR surveys for depth calibration were not 
conducted; therefore, we provide TWTT in the discussion of each profile to 
minimize velocity or depth assumptions.  

Table 1.  Firn- and ice-core properties. 
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Figure 2.  Stratigraphy and density profiles of shallow firn and ice cores collected from MIS. 
Circles within the density plot denote discrete measured samples in 10 cm intervals, and 
the blue band indicates the brine horizon noted within each core through associated con-

ductivity measurements of each core sample (0.1 ppt resolution). Core logs represent stra-
tigraphy of each core, with dark gray representing pore close-off depth (density ≥ 0.82 g 

cm−3). High densities at the bottom of the cores are due to unfrozen brine creating a wet, 
slushy layer in the firn.  

Figure 3.  Example of features imaged in shallow ice and firn cores using 
NIR digital photography. 
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4 Results and Discussion 

4.1 Ice and firn cores 

Table 1 summarizes the physical properties of the six ice cores, with de-
tailed stratigraphy of the cores illustrated in Figures 2 and 3. Salinity indi-
cated the overall presence of brine, and the maximum salinity recorded is 
indicative of how deep into the brine layer each core was drilled. Cores 1, 
2, and 5 were drilled well into the brine layer while Cores 3 and 4 extended 
into only the top portion of the brine. Core 5 was drilled in a glacial-ice 
area that appears to contain a diffuse brine throughout much of the core 
length. Core 6 also exhibited brine within glacial ice near the bottom of the 
core. Most of the cores consisted of new snow and firn in the upper several 
meters with the exception of Core 5, which was drilled into 2 cm of fresh 
snow and then bare ice (i.e., no firn layer), and Core 6, which contained no 
snow cover and was drilled in a glacial-ice region. Thin layers of dust, typi-
cally consisting of fine particle sizes, were found in all but two of the 
melted cores (Cores 2 and 3). Core 4 exhibited the most dust-deposition 
events as indicated by individual layers and bands with the highest con-
centration of dust. All cores except Cores 2 and 3 also showed indications 
of melt as either (a) clear, bubble-free ice layers detected within the firn 
(indicating melt percolation and saturation of firn layers) or (b) very clear 
melt layers that contain bubbly ice as indicators of melt and refreeze.  

4.2 Ice shelf 

The 400, 200, and 100 MHz antennas each successfully imaged the ice-
shelf bottom to a maximum of 165 m deep (1950 ns TWTT), where the 
longest profile collected terminates in a region studied and discussed by 
Arcone et al. (2016) known as the McMurdo shear zone (Figure 4). Only 
two profiles, both using the 100 MHz antenna, successfully penetrated to 
the ice-shelf bottom under the brine (Figure 5). Ice thicknesses for these 
two profiles were highly variable, ranging from 10 to 38 m deep. Up-glac-
ier of brine infiltration, the 100, 200, and 400 MHz antennas each suc-
cessfully imaged internal stratigraphy, the ice-shelf base, and associated 
basal shelf fractures (Figure 6). In unmigrated profiles, basal fractures ap-
peared as hyperbolas approximately 20 m above the ice-shelf bottom, sug-
gesting that these fractures extend that far into the ice-shelf base. The hy-
perbolas’ footprints mask the ice-shelf base near the fractures; however, 
they appear to be consistently about 120–140 m in width (Figure 7). Note 
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that the dimensions and geophysical signatures of these fractures are simi-
lar to subglacial channels; however, the ice flow dynamics of this region 
are well known and do not support a hypothesis of subglacial channels. 
Therefore, our interpretation of these fractures is that they represent rifts 
caused by the velocity gradient near White Island that have been resutured 
within MIS. Surface expression of the features at the same locations are 
visible in Figure 4.  

Figure 4.  Map with Landsat imagery showing ice-shelf thicknesses from GPR profiles 
collected during this study. Gray lines are approximate locations of all GPR profiles 
collected in the fall of 2015, and the background color is from the Norwegian Polar 
Institute Quantarctica ice flow velocity dataset. Core sites 1 through 6 are labeled 

(C1–C6) as are the rifts caused by White Island (e.g., Fig. 5).  
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Figure 5.  100 MHz GPR profile showing brine horizon over the ice shelf. Profile was the 
most distal collected parallel to the ice-shelf terminus (i.e., north to south) in this study. 

Note the rift that was likely initiated due to buttressing of White Island as ice flowed 
around the corner, now filled with surface-conformable stratigraphy (see Fig. 4 for loca-

tion). The figure also shows the actual wave triplet responses for direct coupling, ice over 
brine, and ice-shelf bottom in the figure profile near 6.5 km distance along the x-axis.  

Figure 6.  Profile from the shear zone studied by Arcone et al. (2016) to the ice-shelf 
terminus near Scott Base, showing basal fractures in the ice-shelf bottom, masking 
of the ice shelf by the brine horizon, and a brine-horizon multiple. Also note the AN-

DRILL (Antarctic Geological Drilling) site (discussed in the text). 

Figure 7.  A 200 MHz profile of subglacial fractures located north and slightly down-
stream of White Island. 
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MIS exhibits a marked transition with the convergence of ice originating 
from near White Island (Figure 6) and ice originating from Black Island 
and Brown Peninsula (Figure 8a). The convergence of these two flows oc-
curs within the ablation zone of MIS. Ice originating from the Brown Pen-
insula region shows significant stratification whereas ice originating from 
between Ross and White Islands shows minimal or diffuse stratification. 
We interpret the stratified layers within the Brown Peninsula ice to be rep-
resentative of entrained sediment or dust deposits originating from Black 
Island, Minna Bluff, or Brown Peninsula. The unconformity between these 
two ice units is consistent and unmistakable in multiple profiles that 
crossed into this southern ablation region of MIS.  

Two large-scale features exist on the ice shelf that should be monitored for 
future changes. The first is a 10 km long rift located approximately 1 km 
upstream of and oriented parallel to the ice-shelf edge. The rift is also lo-
cated 4 km northwest and downstream of the north threshold of the Pega-
sus Runway. GPR profiles show a 75–100 m wide discontinuity in the 
brine horizon at a 24 m depth, a velocity pull-up on either side of the dis-
continuity, and a lack of stratigraphy within the rift zone as shallow as 5 m 
in depth, suggesting that seawater cuts across and above the brine horizon, 
potentially filling a large void where the rift is located (Figure 8b). We in-
terpret this feature to be a bottom fracture that has propagated to become 
located near the surface.  

GPR profiles of a second site, located 1–2 km up-glacier of Pegasus Road 
and along the South Pole traverse route, shows similar features to the rift. 
A GPR grid revealed that this oblate feature is 600 × 1000 m in dimension 
and depressed from the surrounding topography by roughly 5 m. The 
structure is capped by a hyperbolic reflection at a 10 m depth, lacks any 
fine firn stratigraphy within, and truncates stratigraphic horizons to the 
north and south between 10 and 20 m in depth (Figure 9). The bottom of 
this feature is defined by the surrounding brine horizon, which is either 
discontinuous across the feature or reduced in reflection return power 
within the feature.  
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Figure 8.  A 100 MHz GPR profile with inset map (top) and zoom of buried features (bottom). 
The upper figure shows dust-rich ice originating from Black Island and Brown Peninsula re-
gions under MIS ice with a rift located near the ice-shelf front. Inset map shows the location 
of the GPR profile on the ice shelf, which also corresponds with the location of C6 in Fig. 5. 

The lower figure is a zoom of the dust-rich ice and MIS contact, the velocity uplift near the rift, 
and ice-shelf bottom horizon.  

 

Figure 9.  A 400 MHz GPR profile showing the impact of the ANDRILL drilling site on MIS. Note 
the unconformity between the SCS and the ANDRILL site, which has only two prominent hori-
zons—likely caused by the influence of hot-water drilling activities. Also, note the significant 

folding located down-glacier of ANDRILL, which reaches to within 5 m of the ice-shelf surface.  

 

We interpret this feature as the remains of the prior ANDRILL deep sedi-
ment drilling site established in 2006, based on available prior ANDRILL 
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coordinates, local ice flow velocities placing the drill site now in this loca-
tion, and the estimated footprint of the ANDRILL establishment. Note that 
ANDRILL appears to have influenced the glacier flow significantly enough 
to act as a pinning point on the shelf by reducing flexure up-glacier but 
causing folding of the ice immediately down-glacier of the borehole site. 
We propose that hot-water drilling to maintain an open hole at ANDRILL 
acted similarly to surface melt water percolating within a temperate snow-
pack; that is, stratigraphic horizons in the GPR record caused by chemistry 
or density contrasts were disturbed from the introduced water, thereby 
diffusing horizons and associated stratigraphy within radar profiles. The 
result is an apparent unconformity between the surface-conformable stra-
tigraphy (SCS) surrounding ANDRILL and a lack of finer stratigraphy 
within the ANDRILL region. A few faint, yet diffuse, horizons are visible 
within the ANDRILL site, and we interpret them to be the thick, saline 
brine horizon and perhaps a shallower, thick, dusty horizon that resisted 
diffusion from the introduced hot water. 

4.3 Brine 

Previous studies have suggested various mechanisms for ice-shelf brine in-
filtration, including upward percolation of seawater through basal tensile 
cracks, upward diffusion at ice-crystal boundaries, and lateral infiltration 
at the shelf front (Kovacs and Gow 1975; Kovacs et al. 1982a). Periodic lat-
eral infiltration at the ice margin is considered the primary mechanism for 
brine infiltration into MIS (Kovacs et al. 1982b). Evidence in support of 
this mechanism comes from the observation of large fractures, as mani-
fested by offsets, within the MIS brine horizon that represent former wave-
like intrusions of seawater that originated at the ice front after a large calv-
ing event (Kovacs et al. 1982a; Cragin et al. 1983). In describing the termi-
nation of brine infiltration, Kovacs et al. (1982b) invoke an equation that 
was introduced by Thomas (1975) for brine flow velocity u: 

 𝑢𝑢 = 𝐵𝐵0
𝜂𝜂

 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

 (1) 

where  

 B0 = the specific permeability of firn,  
 η = the dynamic viscosity of brine fluid, and  
 ∂p/∂x ~ the pressure gradient over the brine layer.  
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Eq. (1) shows that brine flow velocity is directly proportional to the specific 
permeability of firn; hence, brine infiltration terminates when firn perme-
ability is zero. This impermeability is reached at the firn/ice transition 
zone when firn density reaches 0.82 mg/m3 (Kovacs and Gow 1975). How-
ever, evidence of slow, continued brine migration has been observed in 
MIS, deeper than the firn/ice transition zone (Kovacs et al. 1982a). In this 
region, concentrated brine continues to gradually percolate inland into 
deeper and warmer sections of the ice shelf through the dissolution of the 
surrounding ice.  

The MIS brine horizon extends over 700 km2 in area and is constrained by 
White and Black Islands to the south and by Ross Island and McMurdo 
Sound to the north (Figure 10). Our results show that the horizon pene-
trates nearly 20 km up-glacier and ranges in depth between about 5 to 52 
m (~70 to 460 ns TWTT) from the ice-shelf front moving up-glacier. Other 
studies show similar results (Heine 1968; Kovacs and Gow 1975; Kovacs et 
al. 1982a). Profiles that were collected parallel to the ice-shelf front reveal 
that the horizon undulates up to 10 m in depth over relatively short dis-
tances (~100–200 m).  

Several discontinuities or fractures exist within the brine that are similar 
to those imaged in prior studies (e.g., Kovacs and Gow 1975; Kovacs et al. 
1982a; Kovacs et al. 1982b; Morse and Waddington 1994). These “steps” 
(as termed by prior authors) vary in size from submeter to several meters 
tall and have been observed within the brine horizon and at the most distal 
up-glacier extent of the horizon. Small, closely spaced steps typically char-
acterize the inland termination of a brine horizon (e.g., Figure 5) while 
larger steps may depict former calving events, fracturing, or rifting (Ko-
vacs et al. 1982a). We propose that the lateral extent and depth of brine 
within the shelf, along with stratigraphic information determined by GPR, 
could provide a testable model of ice-shelf density structure, permeability, 
and brine migration processes.  
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Figure 10.  Map with Landsat imagery, showing the depth to brine from GPR profiles collected 
during this study. Gray lines are approximate locations of all GPR profiles collected in fall 

2015, and background color is from the Quantarctica ice flow velocity dataset. Core sites 1 
through 6 are also labeled (C1–C6).  

 

4.4 Englacial structure 

GPR profiles reveal a combination of SCS and complex englacial structures 
or unconformities across the ice shelf. The 400, 200, and 100 MHz anten-
nas displayed maximum thicknesses of SCS to 40, 50, and 80 m depth, re-
spectively. Stratigraphic units over the brine thicken from Pegasus Run-
way toward Ross Island (north) (right to left in Figure 11); immediately 
south of Pegasus Runway, the snow and firn transitions to a glacial-ice ab-
lation surface that persists to the edge of Black Island. This finding corre-
sponds well with the higher accumulation rates near Ross Island relative 
to White Island, as noted by Grima et al. (2016). We attribute thicker SCS 
toward Ross Island in large part to katabatic winds originating inland that 
blow snow past the White Island region. These winds also scour the gla-
cial-ice area and redeposit snow near Ross Island because it acts as a natu-
ral topographic block (e.g., Seefeldt et al. 2003). Profiles collected perpen-
dicular to the shelf edge also reveal gradual thickening of the snow and 
firn above the brine in a direction distal to the ice-shelf front (e.g., Figure 
6). Most profiles show that the brine truncates or crosscuts numerous 
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stratigraphic horizons, which suggests that the brine was formed after the 
horizons and more importantly that the porous firn structure acts as little 
hindrance to lateral brine infiltration. 

Figure 11.  Profile oriented north to south and parallel to the ice-shelf front showing the signif-
icant thinning of SCS toward the south. 

 

Near the transition zone (named for the transition from sea ice to land by 
Scott Base), a GPR profile collected slightly oblique to and across the ice-
shelf–sea-ice edge (Figure 12, a to a′) reveals a distinct series of synclinal 
and anticlinal folds within the englacial structure down to a 15 m depth 
and extending approximately 2 km up-glacier (Figure 13). Fold dips are 
steeper at depth and appear as crosscut unconformities at the surface. 
These folds result from compression as the ice shelf flows around White 
Island and impacts Hut Point Peninsula on Ross Island. Valley glacier ice 
flowing off Hut Point Peninsula also likely influences the ice shelf as the 
glacier ice also flows toward the ice-shelf edge. We interpret the synclinal 
folds to be filled with winter snow accumulation that likely melts each late-
summer season, creating the unconformity at the surface. Melt ponds form 
each year in the synclinal depressions to the north of this GPR profile but 
still within the transition zone (Figure 12), suggesting that much of the 
folded structure in this area consists of impermeable glacial ice. However, 
the brine horizon can be traced from roughly 0 to 180 ns TWTT in depth 
originating at the ice-shelf–sea-ice transition (~0–17 m where έ = 2.2). 
The brine creates an unconformity relative to the folded stratigraphy, 
again, suggesting that the folds are both permeable (i.e., likely firn) and 
that it is not a hindrance to lateral brine infiltration. It is also possible that 
the brine in this area diffuses through layers as suggested by Kovacs et al. 
(1982a). Regardless of the mechanism for brine infiltration, it is obvious—
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based on the GPR and visible observations—that the density and stratigra-
phy of the transition zone are intricate and would therefore require a more 
detailed survey to determine the nature of these structural complexities.  

Figure 12.  Aerial photo showing the transition zone located near Scott Base with major fea-
tures labeled including approximate ice flow directions (arrows). Note the melt ponds situated 

within the synclinal folds of the transition zone and the approximate location of Fig. 13 de-
noted by a and a′. (Photo courtesy of Ben Roth.)  

 

Figure 13.  A 100 MHz GPR profile showing folds near the transition zone that are crosscut by 
the brine horizon. Also, note the approximate location of the winter accumulation filling in the 

synclinal portion of each fold.  
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4.5 Dynamic signals: fractures, suture blocks, folds, and rifts 

Ice-shelf fracturing and resuturing of these fractured blocks have occurred 
from expansion and compression as ice flows around White Island into 
McMurdo Sound. These features are obvious both in satellite imagery and 
also in GPR profiles collected near White Island. Within an ice shelf, basal 
crevasses (e.g., Figure 7) can propagate up through the ice by gradual up-
ward penetration of seawater and can theoretically reach up to 78% of the 
thickness of the ice shelf (Weertman 1980). Surface crevasses (e.g., Figure 
5) can propagate downward in regions where a sufficient flux of meltwater 
exists on the surface of the ice sheet (Fastook and Schmidt 1982). Basal 
and surface crevasses located in close proximity to one another can be-
come conjoined and form full fractures that extend the entire thickness of 
the ice shelf. Full fractures could significantly destabilize MIS and put it at 
risk of increased calving activity and eventual breakup. Fortunately, no 
continuous feature exists within the ice-shelf proper to suggest any insta-
bility. Likewise, surface crevasses appear stable based on SCS located 
within all major surface fractures noted in GPR profiles; and basal frac-
tures appear to propagate only 10%–15% of the total ice-shelf thickness, 
suggesting that seawater has not yet significantly influenced these frac-
tures or that ice-shelf compression plays the dominant role in these re-
gions.  

The folds that occur down-glacier of the ANDRILL site (Figure 9) suggest 
how little force is required at the surface to potentially alter ice-shelf dy-
namics. Although apparently stable for the time being, the transition zone 
folding and structural complexities will likely be exacerbated if surface 
melting increases notably during the coming years. Finally, future obser-
vations of any changes occurring in (a) the transition zone, (b) the ice-shelf 
rift near the front of MIS, and (c) the known subglacial suture zones and 
basal fractures situated north and west of White Island may provide direct 
evidence of glacial instability. 
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5 Conclusions and Recommendations 

GPR surveys were conducted to successfully map the base and englacial 
structure of MIS, including ice-shelf thickness; the extent, depth, and con-
tinuity of the brine horizon; and englacial stratigraphy, unconformities, or 
discontinuities. In most places, the brine blocked radar signal penetration, 
prohibiting imaging of the bottom of the ice shelf, except for profiles most 
distal to the ice-shelf front. This radar signal suggests a salinity gradient of 
the brine that supports earlier studies. Several basal ice-shelf fractures and 
brine discontinuities exist, which can mostly be explained by ice flow dy-
namics. However, two particular brine discontinuities reveal potential salt 
water infiltration to within 5–10 m of the surface, one of which is a known 
rift at the ice-shelf front, and the second appears to be remains of the AN-
DRILL site. Future high-spatial-resolution radar studies and ice coring 
should be completed at these two locations to confirm the internal struc-
ture, orientation, and extent of these features. These studies may address 
whether the features represent potential impacts to the long-term stability 
of MIS. This study acts as a baseline for future site-specific research and 
for planning of logistical infrastructure to be sited on McMurdo Ice Shelf 
in the future.   
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