
1.  Introduction
Antarctic sea-ice growth and decay is one of the largest seasonal events on Earth with the sea-ice extent changing 
from ∼19 million km 2 in early spring to ∼3 million km 2 at the end of summer (Meier et al., 2021). When seawater 
freezes to form sea ice, salt is rejected in brine. A network of pockets and channels of residual brine inside sea 
ice provides a habitat for microorganisms and can make sea ice permeable to gases, solutes and particles (Light 
et  al.,  2003), allowing exchange of matter across ocean/ice/atmosphere interfaces (Meiners & Michel,  2017; 
Vancoppenolle, Meiners, et al., 2013). Absorbed solar radiation can melt the snow and ice at the top of the sea ice 
(Perovich et al., 1998). This melt can refreeze on top of or into the colder, saltier sea ice below, closing the sea-ice 
pores, limiting ocean-atmosphere exchange (Nomura et al., 2010; Polashenski et al., 2012; Tison et al., 2008). 

Abstract  Sea ice forms a barrier to the exchange of energy, gases, moisture and particles between the ocean 
and atmosphere around Antarctica. Ice temperature, salinity and the composition of ice crystals determine 
whether a particular slab of sea ice is habitable for microorganisms and permeable to exchanges between the 
ocean and atmosphere, allowing, for example, carbon dioxide (CO2) from the atmosphere to be absorbed or 
outgassed by the ocean. Spring sea ice can have high concentrations of algae and absorb atmospheric CO2. 
In the summer of 2016–2017 off East Antarctica, we found decayed and porous granular ice layers in the 
interior of the ice column, which showed high algal pigment concentrations. The maximum chlorophyll a 
observed in the interior of the ice column was 67.7 μg/L in a 24% porous granular ice layer between 0.8 and 
0.9 m depth in 1.7 m thick ice, compared to an overall mean sea-ice chlorophyll a (± one standard deviation) 
of 13.5 ± 21.8 μg/L. We also found extensive surface melting, with instances of snow meltwater apparently 
percolating through the ice, as well as impermeable superimposed ice layers that had refrozen along with melt 
ponds on top of the ice. With future warming, the structures we describe here could occur earlier and/or become 
more persistent, meaning that sea ice would be more often characterized by patchy permeability and interior ice 
algal accumulations.

Plain Language Summary  The growth and melt of Antarctic sea ice is one of the largest seasonal 
events on Earth. The rapid changes visible at its surface correspond to changes hidden inside the sea ice. East 
Antarctic sea-ice samples were collected in 2016–2017 from the icebreaker RSV Aurora Australis to investigate 
the internal structure of sea ice in summer. Capping the sea ice, impermeable layers inhibited vertical transfer 
of material through the ice, but ponds had also melted through these layers to allow exchange between the 
ocean and atmosphere. We also found high concentrations of ice algae deep inside the sea ice, which might be 
inaccessible to grazers but important for absorbing atmospheric carbon dioxide. With warming temperatures, 
the observed ice characteristics may become more common or persist longer in each summer with potential 
consequences for ecosystem processes.
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Key Points:
•	 �East Antarctic summer sea ice can be 

rotten, with melt ponds, but otherwise 
sealed by superimposed ice and 
mostly stratified brine

•	 �Deep layers of decayed granular 
crystals allow infiltration of relatively 
nutrient-rich seawater and sustain 
algal assemblages

•	 �Evidence for incorporation of old pack 
ice floes into landfast sea ice
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Sea ice that survives into summer, when incoming solar radiation is high, can transition between permeable and 
impermeable states.

Brine in sea ice has a phase relationship that depends on temperature (Assur, 1958; Dieckmann & Hellmer, 2010; 
Feltham et al., 2006; Vancoppenolle, Notz, et al., 2013; Wells et al., 2019). Studies carried out in both hemi-
spheres, ranging in duration from weeks to months, have described developmental stages of the internal structure 
of sea ice (e.g., Fritsen et al., 1994; Kawamura et al., 2004; Tison et al., 2008; Zhou et al., 2013). In winter, most 
of the salt from seawater is rejected from the skeletal layer (vertical ice plates that are loosely connected and 
constitute the bottom few centimeters) as the ice consolidates and advances downward, while remnant brine is 
trapped inside inclusions. When sea ice warms during spring, relatively-high-salinity brine inclusions melt sea ice 
to maintain thermodynamic equilibrium, thereby increasing the porosity (Petrich & Eicken, 2010). When brine 
inclusions connect to the underlying seawater, brine can sink out and be replaced by fresher and lighter seawater 
in a process called brine convection (e.g., Worster & Rees Jones, 2015) which can occur across the full depth of 
sea ice (Jardon et al., 2013). Brine convection can also be reinitiated by snow ice formation (Fritsen et al., 1994; 
Lytle & Ackley, 1996). Brine convection rapidly desalinates sea ice and the incoming seawater can replenish 
nutrients (Tison et al., 2008). However, strong brine convection may also detach and drain algae from the sea ice 
in concert with melting of brine channel walls (e.g., Galindo et al., 2014; Tison et al., 2008; Zhou et al., 2013), but 
this process is complex and can be disconnected from draining other organic matter (Juhl et al., 2011).

Substantial snow loads relative to ice thickness, such as those deposited in autumn in the Southern Ocean 
(Krinner et  al.,  2007), can force the top of sea ice below sea level (negative freeboard) causing flooding by 
seawater which seeds surface (top ice) and internal algal assemblages (Fritsen et al., 1994; Lytle & Ackley, 1996; 
Tison et al., 2017). If the resultant snow and seawater slush freezes to form snow ice, brine is rejected to percolate 
through the underlying sea ice. On the other hand, snowmelt can percolate through the snowpack and refreeze 
on top of or within colder and saltier sea ice below. This refrozen snow is called superimposed or interposed 
ice (superimposed inside pores of sea ice) and commonly seals the top of the sea ice in summer (Polashenski 
et al., 2012). However, the seal can be broken by brine tubes, fed by brine rejecting processes such as snow ice 
formation, growing down through the impermeable layers (Kawamura et al., 2004; Tison et al., 2017). Snowmelt 
may also drain into the brine channels, diluting them and stratifying the brine. Brine stratification limits the 
transport of solutes through the ice to molecular diffusion, which is a much slower process than convection that 
reduces nutrient availability for ice algae growth (Vancoppenolle et al., 2010). Figure 1 shows a conceptual model 
of the thermodynamic evolution of the internal structure of sea ice based on the processes described here and 
above (Table S1 in Supporting Information S1).

In addition to brine convection and surface flooding, there are several other processes that inject seawater to sea 
ice and help to sustain high biomasses of sea-ice algae. Snow ice layers near the top of sea ice can decay to form 
high-porosity gap layers, which allow lateral infiltration of seawater if not too far from floe edges and sustain 
high biomasses of algae (Ackley et al., 2008). Rafting and ridging of sea ice due to converging floes can also 
produce seawater-filled gaps that promote ice-algal growth (e.g., Hegseth & Von Quillfeldt, 2002). In addition, 
rafting and ridging can relocate top and bottom algal communities to the interior of sea ice (Meiners et al., 2012). 
Very high ice algae biomasses are also observed in sub-ice platelet layers (SIPLs; Arrigo et al., 2010; Dieckmann 
et al., 1986). SIPLs originate within the range of deep glacial-melt waters, for example, ice shelf water (ISW; 
Jacobs et al., 1985). When these deep waters are colder than the freezing point of the overlying water, shoaling 
can form small frazil ice crystals (Jordan et al., 2015). Frazil can grow into ice platelets en route to or in situ 
beneath sea ice where the platelets may form SIPLs (Langhorne et al., 2015). ISW and SIPLs are common around 
Antarctic coastal sites (Hoppmann et al., 2020; Langhorne et al., 2015). However, ISW is mostly a late autumn 
to early spring feature, while unconsolidated SIPLs can be either incorporated by congelated sea-ice growth as 
platelet ice or redistributed and/or melted in later seasons (Jeffries et al., 1993; Mahoney et al., 2011). As sea ice 
cools in autumn, assemblages in gaps as well as SIPL communities are frozen and incorporated into the sea-ice 
cover (Günther & Dieckmann, 1999), and brine inclusions are reduced to pockets again (e.g., Fritsen et al., 1994).

The Indian and Pacific Sectors off East Antarctica harbor about one quarter of the Antarctic sea-ice cover 
(Parkinson, 2019). Between 69.2% and 91.4% of this sea ice is free-drifting pack ice (Fraser et al., 2012). Pack 
ice in summer harbors only marginally less algal biomass than its landfast sea ice (fast ice) counterpart (mean 
12.9 mg/m 2 vs. 14.5 mg/m 2; Meiners et al., 2012, 2018). According to model and field data, ice algae account for 
2%–24% of the total annual primary production in the sea-ice zone (Arrigo, 2017). Seasonally, the contribution 
from ice algae is only slightly higher in spring than in summer (Arrigo, 2017). This makes summer pack ice 
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an important habitat for primary production, and ice algae an important resource for Antarctic grazers (Bluhm 
et al., 2010; Caron et al., 2017).

This study describes physical and biogeochemical properties of East Antarctic fast ice and pack ice as observed 
during austral summer. The state of sea ice in this region at that time may be representative of sea ice under 
future warming. The aims of this study are to (a) describe the sea-ice structure (ice crystals, brine inclusions and 
gaps) and how it influences the distribution of ice-algal communities, (b) identify drivers of the sea-ice structure 
(convergence-driven deformation and crystals that formed due to glacial melt), and (c) evaluate the importance 
of physical sea-ice properties in driving biogeochemical processes in summer sea ice at an advanced melt phase.

2.  Materials and Methods
2.1.  Study Area, Field Measurements and Sample Collection

Sea ice was sampled around Wilkes Land and George V Land, East Antarctica, during RSV Aurora Austra-
lis' Voyage 2 2016–2017 (AAV2 2016–2017, 65°–67°S, 109°–148°E) in austral summer (18 Dec 2016–13 Jan 
2017). A 0.14 m internal diameter trace-metal clean electropolished stainless steel corer (Lichtert Industries, 
Belgium) was used to extract ice cores. To minimize brine loss, cores were immediately cut into 0.1 m sections 
using a clean stainless steel saw and stored in sealed acid-cleaned plastic buckets. These were transferred to the 
ship where the ice was melted at room temperature in the dark before analyses. Additional complete cores were 
extracted (stored horizontally at −20°C) for later ice texture analysis. Brine samples were collected from sack 
holes ∼1 m deep (Miller et al., 2015), and surface-seawater samples were collected either in full-ice-depth bore 
holes or beside floes (see Table S2 in Supporting Information S1 for additional details).

Samples were collected from two fast ice (Casey1 and Casey2, ∼90 m apart in O’Brien Bay) and seven pack ice 
stations during AAV2 2016–2017 (Figure 2). Stations near the Moscow University Ice Shelf and the Mertz Glacier 
Tongue, Totten1 and Mertz1, respectively, were identified as broken out fast ice and classified as pack ice. The 
Dalton and Mertz polynyas where these floes were located are areas of open water that occur north of the Moscow 
University Ice Shelf and Mertz Glacier Tongue, respectively. Most of the stations appeared to be first-year sea ice 
as they were relatively thin and undeformed (Figure 2 and Figure S1 in Supporting Information S1). Casey3 was 
a thick, heavily rafted floe suspected to be multiyear ice. Cores were obtained for measurements of temperature, 

Figure 1.  Conceptual model of the thermodynamic temporal evolution of the internal structure of Antarctic sea ice, including pack ice data where possible. Internal 
structure data from: (1) Zhou et al. (2013; first-year fast ice), (2) Tison et al. (2008; first-year pack ice), (3) Kawamura et al. (2004; first- and multiyear pack ice), 
(4) Fritsen et al. (1994; multiyear pack ice) and (5) Tison et al. (2017; first-year pack ice). Where these studies contribute to this evolution is given in Table S1 in 
Supporting Information S1. Sea ice and snow thickness estimates follow data from Worby et al. (2008), Lytle and Ackley (1996), Wadhams et al. (1987) and Tison 
et al. (2008). Warm stage b and Cold stage 2 would also apply to newly formed first-year ice, with alternation of the two stages depending on synoptic conditions (Tison 
et al., 2017). Similar behavior could also be observed during Transition stage a, in early spring and at locations of high precipitation and flooding (Lewis et al., 2011). 
The green unbranched vertical features in the last two stages represent brine tubes (Tison et al., 2017).
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salinity and stable oxygen isotopes (physico-chemical); macro-nutrients, chlorophyll a (chl a) and phaeopig-
ments; and ice textures. Six to seven ∼0.1 m sections were analyzed for each macro-nutrient, chl a and phaeopig-
ment core. Ice texture cores were only collected from stations Casey1, Totten1, Totten2, SR3-5 (named for its 
proximity to a nearby long-term hydrography transect station), Mertz1 and Mertz2.

2.2.  Sample Processing and Data Analyses

2.2.1.  Back and Forward Trajectories and Divergence

Starting from the sampling location of each floe, backward motion trajectories were used to determine the 
provenance of each ice floe sampled during AAV2 2016–2017, and forward trajectories were used to under-
stand their fate, following Tison et al. (2020). Using a data set of AMSR-2 maximum cross correlation-derived 
sea-ice motion vectors (Kimura, 2004), floes were advected with the nearest-neighbor velocity. A comparison 
between velocities used for Kimura's sea-ice motion vectors and velocities derived from buoys in the Ross and 
Weddell seas had a root mean square deviation of 2.0–5.0 km/day eastward and 2.6–4.4 km/day northward (Tian 
et al., 2022). In the case of missing data, the mean velocity field of up to eight nearest neighbors was substituted. 
Trajectories were truncated under three different conditions: (a) when they made contact with a coastal mask 
which included fast ice (i.e., intercepted stationary features), (b) when there was missing data and no neighbors 
with which to calculate a substitute, or when they encountered <10% mean sea-ice concentration within 0.6° 

Figure 2.  (a) Maps of study area showing voyage track as a red line, mean sea-ice concentration 18 December 2016–13 January 2017 (Spreen et al., 2008) and fast ice 
which includes icebergs (Fraser et al., 2020; dotted). (b) Sample dates and sea-ice (m) and snow thicknesses (annotated in cm) for stations. Dashed black line indicates 
snow/sea-ice interface.
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latitude and 1.2° longitude from the daily location for the present and two following days (i.e., likely melted/
formed), or (c) when they ran for more than 200 days (further tracking became unreliable). The sea-ice motion 
vectors were also used to calculate daily sea-ice divergence at each floe. Using the four nearest neighbors, the 
discrete partial derivative of x and y velocities were added together to calculate the divergence. A 5-day-centered 
moving mean was calculated to smooth the divergence data. Positive divergence creates areas of open water while 
negative divergence (convergence) collides and deforms sea ice when ice concentrations are very high, possibly 
resulting in the formation of seawater-filled gaps.

2.2.2.  Ice Textures

Five mm thick vertical sections of approximately 0.1 × 0.1 m were cut from sea-ice cores from Casey1, Totten1, 
Totten2, SR3-5, Mertz1 and Mertz2 in a −20°C freezer laboratory. These were thinned to approximately 0.5 mm 
using a microtome (Leica, Germany) and photographed between crossed polarising filters which resolved 
ice-crystal boundaries and textures (Langway, 1958). Classification of superimposed ice followed Kawamura 
et al. (2004), as well as Eicken and Lange (1989), whose description of intermediate columnar/granular (c/g) ice 
was also followed. Classification of platelet ice followed descriptions by Dempsey and Langhorne (2012) and 
Jeffries et al. (1993).

2.2.3.  Temperature and Salinity

Immediately after core recovery, temperature measurements were made in holes drilled ∼0.05 m deep every 
∼0.10 m along a core using a calibrated probe (Testo Pty Ltd, Australia; accuracy: ±0.1°C). This core was cut into 
0.1 m vertical sections and melted. Salinity samples were analyzed on the ship using a Guildline Autosal 8400B 
salinometer (Ocean Scientific International Ltd, United Kingdom; accuracy: ±0.01) in a constant temperature 
laboratory to prevent instrument drift. The temperature data were used to calculate brine salinity (𝐴𝐴 𝐴𝐴

POLY3

br
 ), which 

was used to identify brine stratification, following Vancoppenolle et al. (2019):

𝑆𝑆
POLY3

br
= −18.7𝑇𝑇 − 0.519𝑇𝑇

2
− 0.00535𝑇𝑇

3
,� (1)

where 𝐴𝐴 𝐴𝐴  is temperature (°C). With the addition of salinity data, the brine volume fraction (𝐴𝐴 𝐴𝐴
𝑣𝑣

br
 ) was also calculated 

following Vancoppenolle et al. (2019):

𝜙𝜙
𝑣𝑣

br
=
[

1 + (1∕𝜙𝜙br − 1)𝜌𝜌br∕𝜌𝜌𝑖𝑖

]−1

,� (2)

where 𝐴𝐴 𝐴𝐴br is the mass fraction of brine and 𝐴𝐴 𝐴𝐴br and 𝐴𝐴 𝐴𝐴𝑖𝑖 are the brine and pure ice densities, calculated following 
Zubov (1945) and Pounder (1965) as per Vancoppenolle et al. (2019) and Cox and Weeks (1983). As air volume 
fractions can be crucial in old ice, especially in the freeboard, herein we refer to what is termed 𝐴𝐴 𝐴𝐴

𝑣𝑣

br
 in the above 

equation as porosity, which is the combined air and brine volume (Timco & Weeks, 2010; Vancoppenolle, Notz, 
et al., 2013).

2.2.4.  Stable Oxygen Isotopes

The ratio between the  18O and  16O isotopes in sea ice is given by δ 18O, where the sample ratio is compared to 
an ocean water standard (Brandon et al., 2010). Sea-ice δ 18O is classically used to differentiate meteoric-origin 
ice (more negative) and frozen seawater (more positive; e.g., Worby & Massom, 1995). Sea ice with a meteoric 
signature includes snow ice, superimposed ice and ice platelets grown with deep glacial-melt input. The δ 18O 
of bulk sea ice is commonly between 0 and +3‰ due to little fractionation during fast freezing and enrichment 
of  18O in the ice during slow freezing (Eicken, 1998).

Sea-ice δ 18O related to Standard Mean Ocean Water was measured from 0.10 m vertical ice-core sections using 
an ISOPREP-18 equilibration bench and a SIRA dual-inlet mass spectrometer (VG Isogas Ltd, United Kingdom; 
accuracy: ± <0.05‰) at the University of Tasmania's Central Science Laboratory in Hobart, Australia. For the 
fast ice stations, the δ 18O of brine was estimated with the following mixing equation (developed in Text S1 in 
Supporting Information S1):

𝛿𝛿
18
𝑂𝑂br =

𝛿𝛿
18
𝑂𝑂si − 𝛿𝛿

18
𝑂𝑂𝑖𝑖

(

1 − 𝜙𝜙
𝑣𝑣

br

)

𝜙𝜙
𝑣𝑣

br

,� (3)

where 𝐴𝐴 𝐴𝐴
18
𝑂𝑂br , 𝐴𝐴 𝐴𝐴

18
𝑂𝑂𝑖𝑖 and 𝐴𝐴 𝐴𝐴

18
𝑂𝑂si are brine, pure ice and bulk sea ice, respectively. A value of +2.63‰ was used for 

𝐴𝐴 𝐴𝐴
18
𝑂𝑂𝑖𝑖 , as calculated by Eicken (1998) for the pure ice fraction of 7% porous sea ice at the slowest realized growth 
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rate. Fixing the 𝐴𝐴 𝐴𝐴
18
𝑂𝑂𝑖𝑖 at a value for slow growth, while simple, may cause 𝐴𝐴 𝐴𝐴

18
𝑂𝑂br to be underestimated, especially 

in upper ice where freezing could have been fast. 𝐴𝐴 𝐴𝐴
18
𝑂𝑂br was used to estimate the proportion of melted snow in the 

brine (𝐴𝐴 𝐴𝐴
br

snow ) with the following dilution equation (developed in Text S2):

𝜙𝜙
br

snow =
𝛿𝛿
18
𝑂𝑂br − 𝛿𝛿

18
𝑂𝑂mix

𝛿𝛿18𝑂𝑂snow − 𝛿𝛿18𝑂𝑂mix

⋅ 100,� (4)

where 𝐴𝐴 𝐴𝐴
18
𝑂𝑂mix is a mixture of residual brine from freezing, non-snow melt and seawater, 𝐴𝐴 𝐴𝐴

18
𝑂𝑂snow is snow, both 

𝐴𝐴 𝐴𝐴
18
𝑂𝑂mix and 𝐴𝐴 𝐴𝐴

18
𝑂𝑂snow mix to give 𝐴𝐴 𝐴𝐴

18
𝑂𝑂br . We expect that 𝐴𝐴 𝐴𝐴

18
𝑂𝑂mix for brine should be somewhere between −3 

(overwhelmed by residual brine from freezing) and +3‰ (overwhelmed by slow-frozen sea-ice melt) with 0‰ 
seawater. On the other hand, 𝐴𝐴 𝐴𝐴

18
𝑂𝑂snow is commonly between −15 and −25‰ (Worby & Massom, 1995). A short-

coming of this method is that neglected melt from snow derivatives (i.e., snow ice and superimposed ice) would 
lower the actual 𝐴𝐴 𝐴𝐴

18
𝑂𝑂mix and result in overestimated 𝐴𝐴 𝐴𝐴

br

snow . To test for sensitivity, 𝐴𝐴 𝐴𝐴
br

snow was calculated with 𝐴𝐴 𝐴𝐴
18
𝑂𝑂mix 

and 𝐴𝐴 𝐴𝐴
18
𝑂𝑂snow at −3 and +3‰, and −15 and −25‰, respectively.

2.2.5.  Macro-Nutrients

Unfiltered macro-nutrient samples of melted ice-core sections were stored at −20°C before being analyzed at 
the Commonwealth Scientific and Industrial Research Organisation (CSIRO) laboratory in Hobart, Australia. 
An AA3 segmented flow instrument (SEAL Analytical Ltd, United Kingdom) was used to determine concen-
trations of nitrate  +  nitrite (NOx) following Wood et  al.  (1967), silicic acid (Si(OH)4) following Armstrong 
et al. (1967), phosphate (PO4 3−) following Murphy and Riley (1962), and ammonia (NH3) following Kérouel and 
Aminot (1997) (accuracy: ±0.02 μM for reactive nitrate, phosphate and ammonia; ±0.01 μM for reactive nitrite; 
±0.20 μM for reactive silicic acid; Rees et al., 2019).

Salinity-normalized Si(OH)4 in melted sea ice, brine from sack holes and seawater were calculated following 
Fripiat et  al.  (2017). These authors found that winter seawater macro-nutrient concentrations approximated 
salinity-normalized macro-nutrient concentrations in winter sea ice. The Antarctic Remote Ice Sensing Experi-
ment (ARISE, October 2003, 63–66°S, 109–118°E) was geographically close to AAV2 2016–2017 and was the 
nearest to a winter study available. Thus, the median concentration of Si(OH)4 in seawater from ARISE was used 
here as the theoretical winter stock in sea ice (Becquevort et al., 2009; Lannuzel et al., 2007).

2.2.6.  Chlorophyll a and Phaeopigments

Chlorophyll a and phaeopigments (which are degradation products of chlorophyll) were used to assess biomass 
and the health of algal assemblages, respectively (Arrigo et al., 2014). Sea-ice samples for pigment analysis were 
only handled in the dark and filtered immediately after melting within 24 hr. Sea-ice melt was filtered onto 25 mm 
diameter GF/F filters (Whatman, United Kingdom) and pigments were extracted from filters in 90% acetone in 
the dark at −20°C for 24–48 hr (Holm-Hansen et al., 1965; Lorenzen, 1966). Chl a and phaeopigments were 
measured with a Turner Trilogy fluorometer (Turner Designs, United States of America; accuracy: ±0.025 μg/L) 
during the voyage. The ratio of phaeopigments to total chlorophyll pigments (degraded and non-degraded) was 
calculated to assess algal community health, similar to Tison et al. (2017).

2.3.  Statistical Analysis

For analyses of variance and correlations, the Shapiro-Wilk test was used to check whether variables had normal 
distributions. For variables with non-normal distributions the following non-parametric analyses were under-
taken. The Kruskal-Wallis test was used to test for differences in macro-nutrient concentrations as well as chl a, 
for different ice textures as well as between different ice porosities. A deformed ice classification was added to 
the ice texture analyses for natural core breaks and thermodynamic growth disruptions. Additionally, Spearman's 
correlation tests were performed between ice porosity and macro-nutrients as well as chl a.

3.  Results
3.1.  Back and Forward Trajectories and Divergence

Casey1, Casey2 and Totten1, were within the coastal mask of the coarse daily motion product, hence our back-
tracking method could not resolve any advection. The remaining floes could be traced back between 42 and 
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200 days (mean 100.5 ± 77.6 days; herein all means are shown with ± one standard deviation) and 110 and 
1,577 km (mean 705 ± 602 km; Figure 3). The Mertz1 floe spent 20.5% of its back trajectory less than 80 km 
from the coast, passing within ∼50 km of the Cook Ice Shelf before skirting around the northern tip of an iceberg 
and fast ice conglomerate (Figure 3). Mertz2 and Mertz3 likely originated from near the conglomerate of fast 
ice and grounded icebergs on the Ninnis Bank (which Mertz1 skirted around). Forward tracking was between 
15 and 200 days (mean 56.3 ± 72.3 days) and 59 and 1,510 km (mean 397 ± 557 km; Figure 3). The forward 
trajectories of Casey3, Totten2 and SR3-5 floes all terminated in fast ice. Mertz1 and Mertz2 appeared to melt 
in January 2017.

3.2.  Snow and Ice Textures

Snow thicknesses were between 0.03 and 0.7 m (mean 0.19 ± 0.22 m; Figure 2b). Snow loads were mostly old 
with large melted and refrozen crystals, with the exception of Casey2 where snow was fresh. Freeboards were all 
positive, that is, snow/ice interfaces were all above sea level. The ice textures of all the examined cores included 
superimposed (3.8%), small granular (54.3%), intermediate c/g (4.3%), columnar (28.6%) and incorporated plate-
let ice (8.1%; Figure 4). The superimposed ice occurred on top of pack ice stations, whereas the fast ice station 
had intermediate c/g on top (Figure S2 in Supporting Information S1 for zoom). Honeycomb features with large 
voids of diameters up to 0.02 m were found in the upper ∼0.5 m of all the ice cores, indicating internal melt in 
the upper ice due to absorbed solar radiation. While no texture core was collected, the upper part of the sea ice 
at Mertz3 was observed to be highly porous and wet and contained ice algae. Platelet ice textures were bladed at 
Totten1 (0.48–0.91 m) and Mertz1 (0.63–0.68 m) and draped, or wavy-edged, at Mertz2 (1.14–1.30 m) (Figure 
S3 in Supporting Information S1). Platelet ice was 47% of the ice thickness at Totten1. An alternative description 

Figure 3.  AAV2 2016–2017 sampling area around Wilkes Land and George V Land with sampled ice floe forward and backward trajectories colored by 5-day-centered 
moving mean divergence. Ice shelves are overlaid on the coastline in cyan (Greene et al., 2017; Mouginot et al., 2017; Rignot et al., 2013). Fast ice data are from 
2000–2014 except for the Mertz region where 2016–2017 data was inserted (Fraser et al., 2020), the 60% time contour was used as it best resolved features such as 
iceberg tongues. Periodic sea-ice edges (15% contour) derived from AMSR-2 are indicated by filled greyscale contours (Spreen et al., 2008). Single asterisks denote 
trajectories terminated early due to intercepting the coastal mask which includes fast ice. Double asterisks denote trajectories terminated early due to continuous low 
sea-ice concentration.
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of our defined platelet ice at Mertz2 might be an under-rafted floe with coarse granular on top of columnar ice, 
but internal brine layers which should exist in columnar crystals were not apparent.

Totten2 appeared deformed, especially the feature between 0.53 and 0.6  m. Mertz1 columnar ice was inter-
rupted by layers of small granular, intermediate columnar/granular and platelet ice which coincided with natural 
core breaks. There did not appear to be any strong indicators of rafting such as unusual crystal orientations or 

Figure 4.  Ice textures from 0.14 m diameter sea-ice cores, c/g stands for columnar/granular. Cores for ice textures were only collected from six of nine stations. Images 
of thin sections (∼0.5 mm) are overlaid on thick sections (∼5 mm). The natural core breaks are compiled from all the cores collected at the respective station and could 
be indicative of internal layers resulting from rafting or the decay of granular ice crystals. Neighboring cores at Totten1 were considerably longer than the texture core 
(gray box). The Totten2 and SR3-5 cores appear different in color to the other cores because they were processed in a different laboratory.
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mylonitisation zones, which disrupt the original ice texture with mechanical forces applied in the direction of raft-
ing (Eicken & Lange, 1989; Lange et al., 1989). However, these features, and thus deformation, may be difficult 
to discern in fine-grained granular ice.

3.3.  Temperature and Salinity

Sea-ice temperatures at the time of core extraction were between −1.8 and 0.0°C (mean −1.2 ± 0.5°C; Figure 5a). 
Of the pack ice, Mertz2 had the coldest top-ice temperature at −0.9°C. The mean of air temperatures measured 
on-board the ship during the 3 hours prior to sampling of Mertz2 was also the coldest at −2.6°C, while air temper-
ature at the other pack ice stations ranged from −2.1°C at Mertz3 to +0.4°C at Casey3. Seawater temperatures 
ranged from −1.2°C at Casey1 to +0.9°C at Mertz3. Sea-ice bulk salinities were between 0.2 and 10.5 (mean 
3.3 ± 1.7; Figure 5b). Calculated brine salinities ranged from 0.9 to 32.0 (mean 22.2 ± 8.1; Figure 5d), mostly 
increasing with depth and lower than the salinity of the underlying seawater (mean 32.9 ± 0.8; Figure 5d). Calcu-
lated sea-ice porosities were between 3.6% and 80.8% (mean 15.0 ± 8.6%), mostly greater than 5% and often 
greater than 10% (Figure 5e). Top-ice (0–0.1 m) values at Totten1, SR3-5 and Mertz1 exceeded 29.5% while 
Mertz3 was 80.8% (off scale in Figure 5e). In contrast, porosities of 4.2% and 3.6% occurred in the upper 0.1 m 
of Totten2 and between 0.1 and 0.2 m in Mertz2, respectively.

3.4.  Stable Oxygen Isotopes

Sea-ice δ 18O values were between −14.1 and 2.4‰ (mean −0.1 ± 3.2‰; Figures 5c and 5f). Underlying seawater 
δ 18O values were between −0.6 and −0.2‰ (mean −0.4 ± 0.2‰). Except for sea ice at Casey1 and SR3-5 which 

Figure 5.  Depth profiles of sea-ice-core (a) temperature, (b) bulk salinity, (c) stable oxygen isotope ratios (δ 18O), (d) brine salinity with markers showing seawater 
salinity, (e) porosity (non-solid ice fraction) and (f) δ 18O with the x-axis magnified relative to (c). Granular ice textures are plotted alongside in panel (f) to show 
where granular ice coincides with negative δ 18O. Where applicable and where data were collected, brine measurements (diamonds) are scattered at 0.5 m and seawater 
measurements (triangles) are scattered at 2.0 m. Asterisks after station names denote ice cores that were not full-ice-depth.
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were −6.1 and −0.8‰, respectively, top-ice values were between −14 and −9‰. Values increased to those close 
to underlying seawater within the upper 1 m for Casey3 and Mertz2 and within the upper 0.5 m for the remaining 
stations.

3.5.  Macro-Nutrients

The mean concentrations of sea-ice macro-nutrients were 1.18 ± 2.42 μM for NOx, 2.64 ± 3.62 μM for Si(OH)4, 
0.44 ± 0.86 μM for PO4 3− and 0.30 ± 0.38 μM for NH3. There were macro-nutrient peaks at the bottom of the 
fast ice cores and in the interior of Totten1, SR3-5 and Mertz3 (Figure 6). Except for peaks at the top of Mertz1, 
in the interior of Totten1 and SR3-5, and at the bottom of Casey2, salinity-normalized Si(OH)4 was less concen-
trated than the calculated theoretical winter stock (Figure 6c). Comparison with theoretical winter stocks for the 
remaining macro-nutrients showed considerable enrichment for PO4 3− and NH3 (Figure S4). Nitrate + nitrite was 
only enriched in the sections of Casey2, Totten1 and SR3-5 with high concentrations of chl a (see Section 3.6), 
coincident with peaks in the raw macro-nutrient data.

Compared to bulk ice, mean concentrations of macro-nutrients in brine samples were higher for NOx 
(3.84 ± 4.32 μM) and Si(OH)4 (15.0 ± 13.5 μM) and lower for PO4 3− (0.37 ± 0.29 μM) and NH3 (0.23 ± 0.12 μM). 
Brine and underlying seawater concentrations of Si(OH)4 at Mertz3 were very similar at 46.6 and 45.7  μM, 
respectively. The mean bulk ice NH3 was comparable to underlying seawater (0.40 ± 0.34 μM). In contrast, bulk 
ice NOx, Si(OH)4 and PO4 3− were generally less concentrated than the underlying seawater (17.67 ± 5.92 μM, 
43.5 ± 6.8 μM and 1.21 ± 0.40 μM, respectively). Seawater medians were mostly lower than those from the 
ARISE cruise, except for NH3 which was considerably higher (Table S3).

Figure 6.  Depth profiles of sea-ice-core (a) nitrate + nitrite (NOx), (b) silicic acid (Si(OH)4), (c) salinity-normalized Si(OH)4, (d) phosphate (PO4 3−) and (e) ammonia 
(NH3) concentrations. Where data were collected, brine measurements (diamonds) are scattered at 0.5 m and seawater measurements (triangles) are scattered at 2.0 m. 
The theoretical winter stock of Si(OH)4 is given by a dashed black line in (c). Asterisks after station names denote ice cores that were not full-ice-depth.
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3.6.  Chlorophyll a and Phaeopigments

Chlorophyll a concentrations in sea ice ranged from 0.1 to 92.3 μg/L (mean 13.5 ± 21.8 μg/L), while seawater 
and brine chl a values were between 0.4 and 6.2 μg/L and 0.4 and 5.9 μg/L, respectively (Figure 7). The highest 
chl a concentrations were found in bottom algal assemblages at the fast ice stations Casey1 and Casey2. Totten1 
had a similarly high chl a signal in its interior. Internal algal assemblages were also found at Totten2, SR3-5 
and Mertz3. Phaeopigment to total chlorophyll pigment percentage contributions were between 8.0% and 60.9% 
(mean 29.5 ± 11.7%). The minimum values across the Mertz stations were between 21.6% and 28.4%, while the 
minimums of the remaining stations were between 8.0% and 19.0%. Maximum values exceeded 50% in the brine 
at Casey3 (72.9%), in the upper 0.20 m of Totten1 (50.1%–57.4%), above the internal assemblage at Totten2 
(50%), at the top of SR3-5 (55.8%), and at the top and in the underlying seawater of Mertz3 (60.9% and 53.3%, 
respectively).

3.7.  Macro-Nutrient and Chlorophyll a Relationships With Ice Textures and Porosities

All the variables tested had non-normal distributions (Shapiro-Wilk test p  <  0.05) so further analyses were 
non-parametric. While there were instances of high macro-nutrient concentrations matching the highest chl a 
values in deformed ice (of measurements coincident with ice textures, Figure S4 in Supporting Information S1), 
concentrations of macro-nutrients and chl a were not significantly different between the different ice textures 
listed in Section 3.2 with the addition of deformed ice (Kruskal-Wallis test p > 0.05; Table S4 in Supporting 
Information S1). Nor were they significantly different between ice porosities less than or equal to 30% divided 
into 5% bins (Kruskal-Wallis test p > 0.05). There was, however, a general trend of relatively low macro-nutrient 
and chl a concentrations in the 0%–5% porosity bin compared to the 5%–30% porosity bins (Figure S5 in Support-
ing Information S1). Spearman correlations between macro-nutrients as well as chl a and ice porosity were also 
not significant (p > 0.05), but the correlation coefficients were all positive (Table S4 in Supporting Informa-
tion S1), in agreement with the general trend of increasing macro-nutrients and chl a with increasing porosity up 
to 30% porosity.

3.8.  Surface Melting

A surface pond was sampled at Totten1 (Figure S6 in Supporting Information S1). The salinity of the surface 
pond was 5.5, which corresponded to the brine salinity calculated for just below the top of the ice, and the δ 18O 
was −4.7‰. Some brine sack hole δ 18O values were similarly low, with a minimum of −5.9‰, which suggests 
snow meltwater entrainment (−5‰ threshold; Eicken, 1998). In addition, negative δ 18O values were found in 
non-granular ice at Casey1, Totten1 and Mertz1 (Figure 5f). Bulk sea-ice δ 18O at the top of Casey1 was −0.8‰ 
even though the textures were not characteristic of refrozen snow. Interior sections (below the upper 0.1–0.2 m, 
where there may have been interposed ice) of the fast ice stations were the most suitable for assessing snowmelt 
contribution to brine (Table 1). The sampled ice was not deformed in O’Brien Bay (Casey1 and 2; Figure S1 in 
Supporting Information S1), while the pack ice stations were likely heavily influenced by meteoric ice as they 
had characteristics of either: superimposed ice, rafting (i.e., may have had internal layers of snow ice; Casey3, 
Totten2 and SR3-5), mostly granular with an indeterminably thick layer of snow ice (Mertz2), or contained 
layers of frazil or platelet ice (Totten1, Mertz1 and Mertz2). 𝐴𝐴 𝐴𝐴

18
𝑂𝑂𝑖𝑖 was kept constant at +2.63‰ in Equation 3 

as decreasing this value (increasing the ice-growth rate) soon resulted in negative 𝐴𝐴 𝐴𝐴
br

snow values when 𝐴𝐴 𝐴𝐴
18
𝑂𝑂mix was 

also decreased.

3.9.  Internal Layers

Relatively warm and/or salty, high-porosity internal layers occurred in the sea ice at Casey3, Totten2, SR3-5, 
Mertz1 and Mertz3 (Figures 5a, 5b and 5e). These layers coincided with both δ 18O troughs and macro-nutrient 
peaks (Figures 5f and 6). Figure 8 highlights some of these layers at Totten2 and SR3-5. Mertz3 had a Si(OH)4 
peak of 15.1 μM between 0.25 and 0.4 m. SR3-5's NOx and PO4 3− were relatively high below the top at ∼8 μM 
and peaking at 1.78  μM, respectively. Ammonia peaks often coincided with peaks of other macro-nutrients. 
Internal assemblages all coincided with these high-porosity layers (Figure 7).

 21699291, 2023, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JC

018875 by U
niversity O

f T
asm

ania, W
iley O

nline L
ibrary on [16/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Oceans

CORKILL ET AL.

10.1029/2022JC018875

12 of 20

4.  Discussion
4.1.  Rotten Ice

The East Antarctic sea ice sampled for this mid-summer study was rotten, heavily melted and disintegrated, 
riddled with melt holes (honeycombed) and highly permeable (as defined by: Frantz et al., 2019; World Meteoro-
logical Organization, 2014). The texture cores and field observations identified honeycombed ice with extensive 
brine networks and large brine channels. The mean porosity of 15.0 ± 8.6% (i.e., a solid ice fraction of 85%) 
surpasses the 5% and suspected 10% porosity thresholds for percolation of brine through columnar/incorpo-
rated platelet and granular ice, respectively (Golden et al., 1998; K. M. Golden, personal communication, 2016; 

Figure 7.  Depth profiles of sea-ice core chlorophyll a (chl a) concentrations and phaeopigment to total chlorophyll pigment (degraded and non-degraded) percentage 
contributions. Where data were collected, brine and seawater measurements are shown below sea-ice measurements. Seawater chl a at Casey3 and Totten2 are mean 
(n = 3) shipboard measurements around the ∼6 hr of sampling. Asterisks after station names denote ice cores that were not full-ice-depth. Depth profiles of sea-ice 
porosity are given by solid black lines.
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Wongpan et al., 2018). Figure 1, the conceptual model for sea-ice evolution, suggests that the sea ice from this 
study was in a state somewhere between Transition stage b and Warm stage b, which involves the following 
characteristics, as developed in the following sections: (a) the brine network has been well flushed by surface 
melt (snow and sea ice) and is stratified, (b) the snowpack has melted and refrozen to form superimposed and 
interposed ice and (c) snow on top of the sea ice flooded with seawater and refroze into snow ice.

Table 1 
Snowmelt Contributions to Brine (𝐴𝐴 𝐴𝐴

br

snow ) at Fast-Ice Stations Calculated With Equations 3 and 4

𝐴𝐴 𝐴𝐴
18
𝑂𝑂snow (‰) 𝐴𝐴 𝐴𝐴

18
𝑂𝑂mix (‰) 𝐴𝐴 𝐴𝐴

br

snow range (%) 𝐴𝐴 𝐴𝐴
br

snow mean ± SD (%)

Casey1 (0.1–1.3 m depth, n = 12) −25 −3 −5.3* to 19.9 7.9 ± 7.1

+3 17.3 to 37.1 27.6 ± 5.6

−15 −3 −9.7* to 36.5 14.5 ± 13.0

+3 26.9 to 57.7 43.0 ± 8.7

Casey2 (0.2–1.4 m depth, n = 12) −25 −3 4.4 to 57.7 26.7 ± 15.3

+3 24.9 to 66.7 42.4 ± 12.0

−15 −3 8.1 to 105.7* 48.9 ± 28.0

+3 38.7 to 103.8* 65.9 ± 18.7

Note. Sensitivity tested for the bounds of stable oxygen isotope ratios reported for snow (𝐴𝐴 𝐴𝐴
18
𝑂𝑂snow ; Worby & Massom, 1995) and the bounds of stable oxygen isotope 

ratios for the mixture of residual brine from freezing, non-snow melt and seawater in brine (𝐴𝐴 𝐴𝐴
18
𝑂𝑂mix ). Values below 0% and above 100% are denoted with asterisks.

Figure 8.  Examples of warm, salty, high-porosity and low δ 18O internal layers at (a) Totten2 and (b) SR3-5. Dashed black 
line indicates the bottom of the ice-texture core, beyond which textures were unknown. Gray shading represents granular ice 
textures.
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4.1.1.  Brine Stratified and Brine Network Well Flushed by Surface Melt

Brine salinity increased with ice depth but remained fresher than the underlying seawater suggesting that melt 
had mixed with and stratified the brine (Warm stage a in Figure 1). Movement through the brine network should 
have largely been limited to molecular diffusion (Vancoppenolle et al., 2010). We considered our seawater δ 18O 
values to be influenced by melted ice and thus not necessarily representative of the seawater from which the sea 
ice grew. No winter seawater δ 18O measurements were found for Wilkes Land and George V Land, therefore 
origin seawater was considered ∼0‰ for 𝐴𝐴 𝐴𝐴

18
𝑂𝑂mix in Equation 4. For comparison, in Erebus Bay in July, Toyota 

et al. (2013) found seawater below sea ice (10 m below water surface) to have δ 18O of −0.61‰. While no platelet 
ice was present when Toyota et al. (2013) collected this seawater, according to seawater temperatures at 200 m 
depth relative to the surface freezing point this region appears to be more influenced by deep glacial melt than 
our study region, thus seawater δ 18O could be more negative (Langhorne et al., 2015).

According to δ 18O calculations, snowmelt was entrained in brine at Casey1 and Casey2 to mean proportions 
of snowmelt as low as 7.9 ± 7.1% and 26.7 ± 15.3%, respectively (Table 1). At Casey2 snowmelt entrainment 
reached the bottom of the ice, indicating strong surface-melt flushing of the brine network. Casey2 was sampled 
less than 100 m from the Casey1 site 5 days later. At this time of year, porosities are very high, and the composi-
tion of the brine may change rapidly due to surface-melt flushing. On the other hand, ice growth from a refreezing 
event which possibly occurred between Casey1 and Casey2 (Casey2 top ice was colder and less porous) could 
have reinitiated brine convection and smeared the snowmelt δ 18O signal to depth.

4.1.2.  Snowpack Metamorphosed Into Superimposed and Interposed Ice

Low porosities (<5%) in the upper 0.10 m of Totten2 and between 0.10 and 0.20 m in Mertz2 coincided with 
superimposed ice textures. The rottenness of the upper sections of sea-ice cores as well as the 0.10 m vertical 
resolution may be responsible for masking the low porosities and bulk salinities of superimposed and/or inter-
posed ice layers at other pack ice stations. Totten2 had a thick layer of large (∼5–15 mm) polygonal granular 
crystals (Figure S2b in Supporting Information S1) resembling the superimposed ice described by Kawamura 
et al. (2004) for first-year pack ice in the eastern Ross Sea sampled in January. Kawamura et al. (2004) suggested 
that superimposed ice melts to form surface ponds purely composed of melt (melt ponds), marking the disap-
pearance of the snow cover. However, melt ponds are rare around Antarctica and surface ponds are more often 
seawater or brine (Andreas & Ackley, 1982; Hudier et al., 1995). We observed several surface ponds including 
within the ice pack around the Dalton and Mertz polynyas. The surface pond sampled at Totten1, where there 
was very little snow, more closely resembled the upper sea ice with respect to δ 18O while its salinity more closely 
resembled the upper brine suggesting that this was not seawater infiltrating a crack in the ice cover (Massom 
et al., 2001). The surface pond's salinity was also lower than some ponds previously sampled in the Weddell Sea 
in January, which were mostly formed by flooding from ridge loading (19.4 ± 7.1), supporting that this was likely 
a true melt pond (Ackley & Sullivan, 1994; Haas et al., 2001).

In the Ross Sea in January 1999, Kawamura et al. (2004) reported superimposed ice layers comparably thick to 
ours (0.1–0.2 m), which contributed less overall to the ice examined (2.4% vs. our 3.8%). Their snow cover was 
also intact and no melt ponds were observed, which suggests a more advanced melting of the snowpack sampled 
during December 2016-Jan 2017 (Morris & Jeffries, 2001). Melt ponds in the East Antarctic ice pack at the 
time of our study could have provided a pathway for exchange between the underlying seawater, sea ice, and 
atmosphere at a time when superimposed and interposed ice was otherwise sealing the top of the sea ice (Nomura 
et al., 2010).

4.1.3.  Seawater Infiltrated Top of Sea Ice

Totten1 and Mertz1 appeared to have snow ice at the top, which is indicative of historical surface flooding and 
refreezing, as in the Warm stages in Figure 1 or even earlier with suitable synoptic conditions (Tison et al., 2017). 
Although Mertz3 was not sampled for textures, it showed considerable erosion (tens of centimeters horizontally) 
at the snow/sea-ice interface at the periphery of the floe (Figure S7 in Supporting Information S1). This might 
suggest historical lateral infiltration of seawater, which was very warm at this station. While none of the floes 
were flooded at the time of sampling, the top of the Mertz3 core (collected near the center of the floe) was highly 
porous and wet. The observed bulk salinity peak at 0.25–0.35 m was either the result of recent surface flooding 
or lateral infiltration through high-porosity layers near the top of the sea ice (Figure  5b). While percolation 
thresholds are probably higher in granular ice due to brine having to take a more convoluted path around ice 
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crystals, lateral percolation, and eventually dissociation of ice crystals, should be easier with brine inclusions 
between granular grains compared to the parallel layers of brine within the vertical columnar grains (Eicken & 
Lange, 1989).

The high-porosity layer near the top of Mertz3 was likely formed by either internal melting or a freezing front 
traveling through slush capped by a layer of superimposed or snow ice (Ackley et al., 2008; Fritsen et al., 1998; 
Haas et  al., 2001). The measured brine salinity and Si(OH)4 concentration matching the underlying seawater 
values support this hypothesis. Sea-ice NOx in the high-porosity layer was likely depleted relative to underlying 
seawater values by a non-siliceous inoculum community possibly dominated by flagellates such as Phaeocystis 
spp. (e.g., Carnat et al., 2016; Tison et al., 2010; van Leeuwe et al., 2018). Phaeopigment to total chlorophyll 
pigment ratios of this community were high (28.4%; Figure 7) relative to other chl a peaks found during this 
study, and considerably higher than in the low light interior of sea ice in the Ross and Amundsen seas in summer 
when the algal bloom was starting and the chl a pool had not been degraded yet (3.8% from Arrigo et al., 2014). 
This suggests that either grazers were producing phaeopigments through sloppy feeding (Arrigo et al., 1991), 
or that the community was simply relatively old and degraded. If the latter, the accumulation of phaeopigments 
suggests that degradation products could not be exported out of this system, possibly due to brine stratification 
and entrapment in the ice matrix (Krembs et al., 2011). Phosphate and NH3 were also accumulated, to higher 
concentrations than theoretical winter stocks (Table S3 in Supporting Information S1), indicating remineraliza-
tion and/or grazing and subsequent adsorption within the sea ice (Fripiat et al., 2017).

4.2.  Internal High-Porosity Layers Formed by Granular Decay and Rafting

There were other internal algal assemblages, lower in the sea ice, present at most of the pack ice floes, except for 
at Mertz1 and Mertz2 which were characterized by low concentration bottom algal assemblages (Figure 7). At 
Totten1 there was an internal algal assemblage, but no gap observed nor was rafting likely as the floe was large 
and level. Unfortunately, the texture core was not long enough to capture the ice around the algal assemblage. 
However, it is possible that the algae were in a high-porosity granular ice layer due to the presence of platelet ice 
which is associated with deep glacial-melt input, which can also supply frazil ice and associated organic matter 
and nutrients. An alternative explanation for the incorporated platelet ice found in this study is surface melt, 
which we think would have included a high proportion of snowmelt (see Section 4.1.1), percolating through the 
ice column to form under-ice melt ponds which grow ice platelets (Eicken, 1994; Martin & Kauffman, 1974; 
Tang et al., 2007). However, glacial-melt input appears more likely due to the proximity of ice stations to ice 
shelves, and in the case of Totten1, known ISW outflow (Moreau et al., 2019; Silvano et al., 2017).

SR3-5 was far from glacial-sources but also had a deep high-porosity layer harboring an algal community 
(Figures 7 and 8b). Positive δ 18O values below 0.1 m suggests that this floe topped with meteoric ice was not 
under-rafted. Granular layers can grow with frazil input by leads. Frazil formed in leads can descend with brine 
plumes and be advected under an ice cover or winds can push floes over the buoyantly ascending ice crystals 
(Weeks & Ackley, 1982). To continue thermodynamic growth below the granular layer, without negative oceanic 
heat flux from a source like ISW, the granular layer would have had to have been consolidated. This makes it 
unlikely that the gap was formed by partial refreezing of granular crystals, which is a mechanism for forming gap 
layers at the top of sea ice (Fritsen et al., 1998). Instead, the granular layer would have had to decay. The decay 
might have been accelerated by seawater, advected in from floe edges, boring out the pores of the granular layer 
(Haas et al., 2001).

Ice around the deep seawater-filled gap hosting an internal algal assemblage at Casey3 had a negative δ 18O peak 
and the floe appeared rafted from field observations. However, according to δ 18O, there was a very high snow 
contribution at the top. An alternative explanation for the gap is that it formed as a gap layer at the top before 
considerable snow-loading and surface flooding formed a very thick layer of snow ice. Totten2's internal assem-
blage also coincided with a negative δ 18O peak and was probably decayed snow ice on top of an under-rafted floe, 
which agrees with field observations of two rafted floes.

The deep high-porosity layers helped to describe our macro-nutrient depth profiles, which were similar in shape 
to those described by Fripiat et al. (2017) for West Antarctic summer pack ice. The deep high-porosity layers also 
helped to explain our chl a depth profiles with peaks present in some, but not all, of the layers. These internal 
assemblages dominated the sampled chl a pool, in contrast to the study of Meiners et al. (2012) who showed 
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a 1:1.6 internal to surface assemblage ratio for integrated chl a in the Pacific Sector. This difference is likely 
the result of a general under-representation of Pacific Sector and summer data in the ASPeCt—Bio database 
(Meiners et al., 2012). We note that pack ice floes with incorporated layers of granular crystals due to glacial-melt 
input, rafting and very thick snow ice have previously been undersampled, especially at times when these layers 
have likely decayed to the point of allowing lateral infiltration of seawater and sustaining internal assemblages.

4.3.  Floe Origins and Fates

4.3.1.  Pack Ice Floes Incorporated Into Fast Ice

Casey3, Totten2 and SR3-5 were sampled relatively far from the coast and had long drift tracks that went forward 
to terminate at the fast ice edge. Interestingly, Casey3 and Totten2's back trajectories originated at the 1 Nov 2016 
ice edge (Figure 3) suggesting that they retreated with the ice edge in spring. Convergence was strongest for the 
Casey3 back trajectory (Figure S8 in Supporting Information S1) and it likely explains why this floe was so thick 
(6.5 m as observed from the ship). As it is unlikely that these floes formed at the ice edge north of 64°S in late 
spring, we suspect that they were advected out there during the previous autumn/winter's sea-ice advance. This 
presents a process whereby sea ice might have moved offshore to where it was more prone to dynamic thickening 
(Eicken & Lange, 1989), before returning to the coast and possibly being incorporated in persistent fast ice. Ice 
edge compaction events that solidify pack ice in place have been described around the West Antarctic Peninsula 
(Massom et al., 2008). If incorporated, Casey3 and Totten2 might have introduced thicker ice to the fast ice. All 
the pack ice floes terminating in the fast ice might have introduced both surface and deep high-porosity layers 
with internal algal assemblages not normally associated with fast ice (e.g., Casey1 from O’Brien Bay). This could 
increase the productivity of these persistently ice-covered areas, at least at the periphery where floes such as these 
could be incorporated.

4.3.2.  Floes With Glacial-Melt Input That Melted in Summer

By the end of January, Mertz1 had melted at the western ice edge of the Mertz Polynya and Mertz2 had melted at 
the calving face of the Mertz Glacier (Figure S9 in Supporting Information S1). While they did not house signif-
icant internal algal assemblages, these floes, along with the lower section of Mertz3, did have what appeared 
to be deep high-porosity layers. Numerous thin layers of granular ice at Mertz1, two of which already housed 
breaks, and platelet ice (Figure S3 in Supporting Information S1) indicated glacial-melt input. Intermittent inputs 
in Mertz1 could be explained by its drifting along the coast past several glacial-melt sources. Mertz1 was within 
80 km from the coast for 20.5% of its back trajectory (Figure 3) and ice platelet crystals have previously been 
found at least 80  km from ice shelves (P.  J. Langhorne, personal communication, 2019). Mertz2 originating 
and persisting near grounded icebergs and the Mertz and Ninnis glaciers (Figure S9 in Supporting Informa-
tion S1) along with extensive negative δ 18O granular ice supports sustained glacial-melt input. However, if the 
platelet-like texture present at 1.14–1.30 m was instead old under-rafted columnar ice, most of the overlying ice 
was likely snow ice because rafting is generally constrained to ice thicknesses up to about 0.3 m (i.e., snow ice 
on top of two rafted floes from 0.7 to 1.3 m; Eicken & Lange, 1989). Either explanation introduces granular ice.

As described in Section  4.2, granular textures may be particularly susceptible to becoming high-porosity 
layers which may explain the short projected lifetimes of the floes that contained them. Salinity-normalized 
Si(OH)4 values at the top of Mertz1 and Mertz2 were close to theoretical winter values (Figure 6c). Otherwise, 
macro-nutrient concentrations were low relative to Totten1 where we suggested platelet ice may have incorpo-
rated algal communities that retain macro-nutrients, and Mertz3 where there was some macro-nutrient enrich-
ment from seawater infiltration (Figure 6). There were subtle differences in trajectories that might explain why 
macro-nutrient concentrations at Mertz1 and Mertz2 were different to nearby stations: Mertz1 passed further 
from the iceberg and fast ice conglomerate than SR3-5, and Mertz3 drifted south toward the coast initially while 
Mertz2 drifted west into the Mertz Polynya. In the process of melting, Mertz1 and Mertz2 floes would have 
diluted the already low surface water concentrations of NOx, Si(OH)4 and PO4 3− and had little effect on NH3.

4.4.  Comparison With Spring Sea Ice From Conceptual Model

Figure 1 shows that spring sea-ice properties are described by Cold stage 1 (Zhou et al., 2013) and Transition 
stage a (Tison et al., 2008; Zhou et al., 2013). During Cold stage 1, there is a strong temperature gradient in the 
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ice. The top of the ice is very cold, and the brine density profile is unstable, but maintained by low permeability 
in most of the ice column. Brine convection is active in bottom ice. During Transition stage a, the tempera-
ture profile moves toward isothermal. Permeability increases above the bottom ice and brine convection can 
occur over the full-ice-depth, increasing access to and introducing nutrient-laden seawater to the ice interior. The 
timing of Transition stage a aligns with peak sea-ice primary production (Arrigo, 2017). If Transition stage a 
and summer stages were to occur earlier with future warming, the timing and magnitude of peak sea-ice primary 
production may be affected by changes in the habitable space between spring and summer stages, for example, 
the development of deep high-porosity layers.

4.5.  Possible Future Impacts on Biogeochemical Processes

In the Arctic, atmospheric warming may lead to spring-summer sea ice becoming warmer and more permea-
ble. This is expected to increase primary productivity and heterotrophy in the ice, but also to shift the system 
toward smaller algae and zooplankton that retain material within the sea ice rather than export it (Lannuzel 
et al., 2020). A retention system may be more optimal for sea-ice communities when brine is stratified, which 
should occur earlier with percolation thresholds being reached earlier in the season due to warmer ice. Antarctic 
fast ice is also expected to reach percolation thresholds earlier in the season in the future, with model projec-
tions showing warmer near-surface air temperatures and thinner ice (Fraser et al., 2022, Preprint). However, the 
insulating properties of Antarctica's spring snowpack would be bolstered by projected snowfall increases while 
at the same time being hindered by projected rainfall increases, leading to uncertainties around permeability 
(Fraser et al., 2022, Preprint). In the Arctic, melt ponds may become more common in spring sea ice in the future 
(Lannuzel et al., 2020). Melt ponds can be associated with dense algal colonies in the Arctic (Fernández-Méndez 
et al., 2014), and may become an increasingly important habitat around Antarctica under future warming.

5.  Conclusions
The melt ponds and deep high-porosity layers found during this study could increase the movement of material 
through rotten sea ice. Material movement would otherwise be limited to molecular diffusion through stratified 
brine, heavily influenced by snowmelt as found here, and limited by low permeability superimposed and inter-
posed ice. In addition, internal algal assemblages, in deep high-porosity layers, were more common than previ-
ously found for this part of Antarctica. We attribute deep high-porosity layers to the decay of granular ice that has 
either been submerged by snow ice accumulation on top or grown by frazil incorporation at the bottom. Descrip-
tions of melt ponds and deep high-porosity layers in Antarctic sea ice are few. As they may become increasingly 
common habitats under future warming, melt ponds and highly porous sea ice should be an important focus of 
future observational studies as well as considered in sea-ice physico-biogeochemical models.
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