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Abstract. Ice shelves are heterogeneous composites of firn, meteoric ice, refrozen melt and brine-saturated ice. The properties
and distribution of these elements control ice shelf response to stress and susceptibility to fracturing. Here, we quantify how
surface-melt and brine infiltration modify the Mode I fracture toughness (/;.) of meteoric ice on the Brunt Ice Shelf (BIS),
Antarctica. During the 2023/24 austral summer, we recovered a 37 m core sequence from meteoric infill ice near Halley VI,
where radar mapping shows continuous brine horizons at ~37 m depth and line scans indicate that the upper 37 m contain
~7% refrozen melt. We combined density, salinity, temperature and grain size measurements with semi-circular three-point
bending tests on samples representing (i) meteoric ice, (ii) melt-modified meteoric ice, and (iii) brine-infiltrated meteoric ice.
Our results show melt-modified samples are consistently tougher than melt-free meteoric ice, with K. increases up to ~40%.
This is despite their larger grain size, indicating densification dominates over grain-size effects. In contrast, brine-saturated
meteoric ice exhibits markedly lower K., by 14% - 34% relative to density-matched, brine-free meteoric ice, consistent
with chemical weakening and lower freezing temperatures. Our results demonstrate that as K. varies strongly with density,
salinity and depth, a spatially and temporally constant toughness value is unlikely to reproduce calving behaviour accurately.
Implementing spatially and vertically variable K. values, and understanding how ice shelf structure and composition evolves

over time, is essential to improve predictions of rift propagation and calving.

1 Introduction

Antarctic ice shelves play an essential role in restraining the flow of inland glacier ice. They can be weakened by basal-
melt—driven thinning (Pritchard et al., 2012) or surface-melt—-induced hydrofracture leading to acceleration in the flow of
grounded glacier ice (Scambos et al., 2004), and increasing the contribution to global sea level rise. The rapid collapse of the
Larsen B Ice Shelf in 2002 serves as an example of this process, where following the disintegration of the ice shelf, inland ice
velocities quadrupled (Glasser and Scambos, 2008; Scambos et al., 2004).

Part of the natural cycle of ice shelf growth and deterioration in stable conditions is ice shelf rifting, where full-thickness

fractures create tabular icebergs (De Rydt et al., 2019). Rifts nucleate from pre-existing weaknesses in the ice shelf, caused
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by the build-up of stress around pinning points or shear margins (Larour et al., 2004; Walker et al., 2013; Bassis et al., 2005;
Fricker et al., 2005a). Rift growth is episodic, with bursts of propagation occurring over hours to days and often accompanied
by rapid widening and an increase in seismic activity (Fricker et al., 2005b, a). While rift paths broadly follow the principal
extensional stress field set by the ice shelf geometry and flow direction (Larour et al., 2004; Walker et al., 2013), their timing
and rate depend on both external forcing and local material properties (Borstad et al., 2017; Kulessa et al., 2019; Lipovsky,
2020).

To add complication to the rifting process, ice shelves are not made up of homogeneous ice; they are complex composites of
firn, refrozen melt, meteoric ice, and marine ice, with mechanical properties that vary both spatially and with depth. Processes
such as surface melting can introduce centimetre-scale melt layers that span hundreds of metres horizontally, increasing the
density of the upper surface and reducing porosity. In extreme melt conditions, such as those caused by the high summer
temperatures on the Larsen C Ice Shelf, melt ponding, and refreezing can introduce ice slabs up to 60 m thick within the firn
(Hubbard et al., 2016). Brine infiltration adds further inhomogeneity and can, in particular, alter the mechanical character of
ice, as saline pore-water reduces freezing temperature, enhances ductile failure, and promotes chemical weakening at grain
boundaries (Cruz and Lipovsky, 2025). Marine suture zones, where brine and refrozen seawater are incorporated into the ice
shelf, have been shown to be pervasive around the continent (Cook et al., 2018) and to both arrest rift propagation in some
settings and enhance fracture in others, underscoring the highly variable role of brine in rift propagation (e.g., Kulessa et al.,
2019; Borstad et al., 2017; Killingbeck et al., 2025).

In ice-fracture modelling, it is assumed that most rifts on ice shelves grow predominantly in Mode I (opening) under tensile
or flexural-tensile stresses, and hence can be represented in two ways. Firstly by linear-elastic fracture mechanics, which treats
rifts as cracks in a thin, elastic plate loaded by along-flow tension and by flexure from tides and waves, where propagation
is dictated by the condition that the Mode I stress-intensity factor must exceed the local fracture toughness (K; > Kj.) (e.g.,
van der Veen, 1998; Lipovsky, 2020; Clayton et al., 2024). Secondly, by continuum-damage models that present rifting using
an internal damage field that concentrates damage into rifts and reproduces observed spatial patterns of weakening. These
approaches have been used to assess rift stability at the shelf-wide scale (e.g., Borstad et al., 2017, 2012; Krug et al., 2014;
Huth et al., 2023).

Across both types of models, the key material parameter controlling the advance of the fracture is the Mode I fracture
toughness, K. (in the order of 100 kPa m®® for glacier/shelf ice), which sets the threshold for crack growth and therefore
controls predicted rift initiation and the timing of calving (Rist et al., 2002; Lipovsky, 2018). Rift growth is a threshold process,
excluding subcritical growth (Weiss, 2004; Atkinson, 1984), and as such, propagation can only occur once the stress intensity
factor exceeds the maximum local K. along the fracture path. This implies that rifts must accumulate sufficient elastic energy
to overcome zones of high fracture toughness before they can advance, which explains their episodic growth behaviour (Van der
Veen, 1998).

Laboratory and field measurements show that the fracture toughness of glacier ice (K.) spans a wide but poorly constrained
range, depending on microstructure and physical state, where fracture toughness has been shown to depend on temperature,

density, grain structure, and environmental conditions (Schulson, 2001; Schulson and Duval, 2009; Rist et al., 2002). Classic
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laboratory tests on freshwater polycrystalline ice established the baseline mechanics whngidally lies between 100 -
300 kPa i® at below zero temperatures, but decreases rapidly toward the melting point, where ice with values of 300 kPa
m%® at-10 C can fall to 200 kPa nP®> near 5 C (Schulson, 2001; Rist et al., 2002; Dempsey, 1991).

Grain size exerts a strong control, with larger grains lowering toughness by facilitating inter-granular fracture, while ner

grains inhibit crack advance and promote highes KNixon and Schulson, 1987; Rist et al., 2002), with. Klecreasing from

300 kPa m%® at grain sizes of 1 mmto 150 kPa n?*® at grain sizes of 5 10 mm (Nixon and Schulson, 1987). Density
and porosity further control toughness, where shallow, porous rn can be as low as 50-106"kPeompared to compact
meteoric ice at depth, which can exceed 300 kPR rfRist et al., 2002; Alley and Bentley, 1988). Previous work by Rist
et al. (1996, 2002) provided a foundational understanding of how fracture toughness varies with depth and microstructure in
an Antarctic ice shelf. Using three-point bend and uniaxial compression testing on ice cores from the Ronne Ice Shelf, they
found that apparent fracture toughness increases steadily through the rn and meteoric ice layers before plateauing in dense
ice. Their results demonstrated a strong positive correlation betwgemad density, with little to no dependence on grain
size once a suf cient number of grains were present across the specimen diameter. They also observed that brine-in uenced
ice tends to exhibit lower and more variable toughness, potentially due to chemical weakening or inter-granular aws.

Most existing measurements ofiKfor glacier ice have been derived from clean, cold, meteoric ice, leaving uncertainty
for melt-affected or brine-in ltrated marine ice. Limited studies on chemical effects have been shown to IgweslSolutes
concentrate along grain boundaries and promote semi-liquid, inter-granular Ims that weaken cohesion (Cullen and Baker,
2001). Furthermore, laboratory tests on saline sea-ice similarly demonstrate that fracture toughness decreases with increasin
brine volume, with the associated reduction in freezing temperature driving additional weakening (Timco and Frederking,
1983).

Ice-shelf calving models often utilise idealised, constant toughness values across the whole ice shelf in the range of 100 200
kPa n? for brittle fracture thresholds (e.g., Pralong and Funk, 2005; Albrecht and Levermann, 2012; Borstad et al., 2012;
Krug et al., 2014, Christmann et al., 2015), despite evidence that natural variability is far larger and that differences in ice shelf
composition can strongly in uence ice shelf dynamics (e.g., Craw et al., 2023). Furthermore, as Antarctica warms, ice shelves
are projected to thin (Naughten et al., 2023), snow accumulation rates increase (Nicola et al., 2023), and melt events become
more common (Orr et al., 2023), hence ice shelves will develop increasingly heterogeneous structures dominated by rn, melt
and brine in Itration.

Since the 1990s, many ice shelves have thinned by tens of metres due to enhanced basal melting (Pritchard et al., 2012
Adusumilli et al., 2020; Naughten et al., 2023), while episodic surface melt events and ponding have intensi ed in regions
of the Antarctic Peninsula and West Antarctica (Scambos et al., 2009; Wille et al., 2022). Crack initiation and propagation
thresholds on ice shelves should be expected to be neither spatially uniform nor constant through time, and will consist of an
array of toughness values controlled by grain size, density, temperature, porosity, and impurity content.

In this study, we directly quantify how re-frozen surface—melt and brine in ltration modify the Mode | fracture toughness
(Kc) of ice from the Brunt Ice Shelf (BIS). We extend previous laboratory results (e.g., Rist et al., 1996, 2002) by directly
contrasting refrozen melt with brine in Itration in meteoric ice of similar density. This isolates the competing effects of
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melt-driven densi cation versus brine-induced weakening, providing the rst controlled dataset to quantify both processes
in Antarctic shelf ice.

2 BruntIce Shelf

The Brunt Ice Shelf (BIS) is situated along the Eastern coast of the Weddell Sea, owing north-west from the Caird Coast of
Coats Land. It forms the southernmost section of a complex ice shelf system made up of the Stancomb-Wills Glacier Tongue
and the Riiser-Larsen Ice Shelf to the east (Figure 1).

The BIS exhibits a heterogeneous structure resulting from its unique formation processes. As ice ows off the continent over
a steep grounding zone, it undergoes extensive crevassing, leading to the fragmentation of the ice into large blocks measuring
between 2,500 and 6,000 metres in length and 250 to 900 metres in width (King et al., 2018). These blocks, composed primarily
of dense continental ice, are interspersed with zones of sea ice, creating a mosaic-like structure. Accumulated snowfall and
drifted snow lIs the surface depressions between the blocks, smoothing the surface topography. Ground Penetrating Radar
(GPR) data have found the thickness of the ice shelf to vary between the thick (approximately 250 m) continental ice blocks
interspersed with the thinner (approximately 150 m) sections of sea and meteoric in lled ice (King et al., 2018). Hereafter we
refer to the mix of in lled compressed snow and sea ice as "in lled' ice.

Due to the porous and permeable nature of the in lled ice sections, seawater (brine) can propagate through these areas an
reach the height of sea level (approximately 30 - 40 m below the surface), leading to brine-saturated ice below this level. The
brine in Itrates when isostatic loading by snow accumulation on the sea ice layers pushes the sea ice below sea level. Since the
rn has not fully consolidated to pore close-off, it is still porous and permeable, allowing seawater to in ltrate. Radar mapping
shows that the BIS has these continuous brine layers within the in lled ice, disappearing in the more dense, impermeable
continental ice blocks (King et al., 2018) (Figure 1). Analogous surveys on the McMurdo and Larsen C Ice Shelves con rm
the same radar signature of brine (Grima et al., 2016; Killingbeck et al., 2025).

Over the past ve years, two major rift systems, Chasm 1 and Halloween Crack, have developed on the BIS, culminating in
the calving of two large tabular icebergs: A-81 in January 2023 and A-83 in February 2024. Following the calving of iceberg A-
81, the ice shelf's ow speed increased from an average of 1-2.5 metres per day to approximately 4 metres per day, attributed
to the loss of buttressing provided by the McDonald Ice Rumples (Marsh et al., 2024). As both these rifts progressed, they
preferentially followed the zones of in Il ice, while frequently slowing or arresting at the denser blocks of continental ice.

The interplay between the BIS's structural composition and rift dynamics underscores the importance of understanding
the mechanical properties of its constituent ice types. Investigating how features like melt layers and brine in Itration affect
fracture toughness is crucial for improving predictive models of ice shelf stability and potential contributions to sea-level rise.



Figure 1. (a) The location of the Brunt Ice Shelf in East Antarctica and the McDonald Ice Rumples (MIR), which acts as a grounded pinning
point for the ice shelf. (b) A close-up of the red box in gure (a) showing the British Antarctic Survey's Halley VI research station, the
location of the drill site, S2, next to the station, and the location of the GPR transect line shown in gure (c). GPR data acquired to locate a
block of continental ice and the in lled ice. Brine in Itrates to a depth of approximately 37 m in the permeable in lled ice. Isochrones in the
GPR data highlight annual layering, with brighter re ections linked to visible melt layers observed in the cores.
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3 Data and Methods

During the 2023/2024 Antarctic summer season, ice cores were recovered from a 37 m borehole drilled close to the site of
Halley VI research station (Figure 1). Data were collected from the in lled ice (site S2), to establish variations in ice properties
and the controls these have on fracture toughness of the "weaker' ice type. The borehole site was located using GPR data t
ensure cores were collected from an area where brine in Itration was present. The approximate thickness of the ice at this
location is 150 m, established from freeboard calculations and density measurements.

3.1 Ice core recovery and borehole measurements

A medium-depth mechanical ice core drill (Mulvaney et al., 2002) was used to recover a continuous ice core record of 37 m,
made up of 44 core sections, numbered sequentially by recovery order. We use this number to identify core sections in the text
(e.g. core 035). Each core section was approximately 105 mm in diameter, with lengths up to 90 cm, although section length
varied during drilling. Drilling was stopped at 37 m depth after two days when brine in Itration saturated the ice and prevented
further drilling progress.

As cores were recovered, they were measured and weighed to obtain an average density with depth. Once ice core recover
was nished, seven TinyTag temperature loggers were placed at 2.5 m intervals down the borehole and left overnight (Figure
2). The loggers were then raised by 2 m and left for a further 3 hours to obtain additional temperature measurements.

Ice cores were returned to the UK by the RRS Sir David Attenborough, being kept at a constant temperatfiez dheo

were then stored at the British Antarctic Survey's ice core facility, remaining 8C.20
3.2 Line Scan

Ice cores were pre-processed by cutting the cores in half lengthwise. One-half of the cores were line-scanned to enable the
identi cation of melt. Melt thickness was calculated by measuring the depth of the top and bottom of a continuous melt layer.
The total melt within the 37 meters of collected core equated to 2.47 m, 6.68% (Figure 2b).

3.3 Thin Sections

Thin sections were prepared to assess the ice crystal structure and grain size of the meteoric in lled ice and the melt inclusions.
Two thin sections were prepared from core 35, (29 m depth). Each thin section was cut from a single slice of ice at a uniform
depth, ensuring that all crystals within the section originated from the same depth interval. The ice surface was levelled with a
band saw and mounted onto a glass plate using watéCaten thinned with a microtome to a thickness less than one grain-
size. The sections were examined on a light box under cross-polarised light to determine grain size and crystal structure (Figure
3). Both sections were visually identi ed as exhibiting isotropic crystal fabrics. The section without visible melt features had
an average grain size of 1 mm, whereas the melt-affected section displayed larger grains (5—10 mm).



Figure 2. (a) Density measurements for whole cores (black) measured in the eld, and smaller samples cut from the same cores used for
fracture analysis (green, orange, purple, pink) measured in the lab. The spread in density of the smaller core samples is due to some sample
containing refrozen melt, which increases those samples' density relative to the average core density. The presence of refrozen melt layer:
in the cores are shown by the background blue bands. Red dashed line shows temperature data recorded at speci ¢ depth intervals usin
TinyTag loggers. (b) Line-scanned cores for core 22 (with a top depth of 16.45 m), 35 (27.67 m), 39 (31.07 m) and 44 (35.92 m). Line scan
data highlight the melt within the cores.



Figure 3. (&) a 5 mm grid overlaid on a thin section under polarised light taken from core 35, sample 006 of meteoric, in lled ice with no
melt present. (b) The thin section sample with no polarised light. (c) Thin section taken from sample 018 of the same core, with the presence
of a melt layer shown under polarised light. The melt layer exhibits larger grain size and fewer bubbles than the surrounding ice. (d) The thin

section with the melt is shown under normal light. (e) Core 35 from which the thin sections are taken.
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3.4 Salinity measurements

Measurements were obtained from discrete ice samples cut from cores 41, 42, 43 and 44. Segments cut for salinity determinatio
were melted in sealed glass jars and the meltwater was analysed using a SciQuip Precision SQ-7071 conductivity and temperatt
meter. This instrument has a reported accuracy of 0.5% of its maximum measurement range for conductivity and 0.5°C for
temperature. The practical salinity (PSS-78) of the samples was calculated using the relationship between pressure, temperatul
and conductivity as outlined in Lewis (1980).

The salinity of the Weddell Sea is approximately 35%. (Foster and Carmack, 1976). Our values (Figure 2a), show an average
salinity of between 0.2%. and 0.8%. for samples above 35 m, reaching a maximum salinity of 2.2%. at the bottom of the
borehole, at approximately 37 m depth.

3.5 Ice Fracture Samples

Four cores were selected to run fracture analysis tests on: core 22 (with a top depth of 16.45 m), 35 (27.67 m), 39 (31.07 m) and
44 (35.92 m). The cores were chosen due to their differing densities, melt inclusion and the presence of brine saturation (Core
44), enabling a wide span of fracture toughness measurements to be obtained. Each core produced between 9 to 17 samples |
following the method of Kuruppu et al. (2014). Semi-circular samples were prepared for use with a three-point bending test to
determine the Mode | static fracture toughness of the ice (Figure 4).

The sample's diameter is related to the average grain size in the ice by a ratio of at least 10:1, and the minimum sample
thickness is the larger of 0.4D or 50 mm (Table 1).

Table 1. Dimensions of the SCB specimen. The dimensions were selected based on the work by Kuruppu et al. (2014)

Variable Criteria Size (mm)
T T 0:4D 42
D D 10 grainsize 105
a 0:4 a=R 0:6 26
S 0:5 S=D 0:8 80

The samples were stored and prepared af€lbsing a band saw to cut the semi-circles perpendicular to the core long axis.
Once the samples were of the correct thickness and diameter, they were weighed to get an accurate sample density (Figure 2
A notch was then cut into the samples using a thin cutting blade. Before fracturing, the notch tip was scored with a very thin
blade to ensure the notch tip was less than the average grain size of the sample. The thickness (T) and radius (R) of each samp
were measured four times to the closest millimetre. The notch length (a) was also measured four times after the samples were
fractured, to ensure as accurate a reading as possible. If the sample had the presence of melt (visible by eye), the surface are
of melt on the fractured surface was measured post-breaking of the sample, and a melt percentage was given for that sample.

The fracture tests were performed using a compressive hydraulic test system with the facilities to record the load and axial

displacement. The load application is performed via a conventional three-point bend xture, with the sample placed on two






