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Abstract: Antarctic sea ice is an essential component of the global climate system. Reconstructions
of Antarctic sea ice from marine sediment cores are a vital resource to improve the representation
of Antarctic sea ice in climate models and to better understand natural variability in sea ice over
centennial and sub-centennial timescales. The Thomas et al. (2019) review of Antarctic sea ice
reconstructions from ice and marine cores highlighted the prominence of diatom-based proxies
in this research. Here, focusing solely on the diatom-based proxy records in marine sediments,
we review the composition of proxies, their advantages and limitations, as well as the spatial and
temporal cover of the records over the past 2 ka in order to assess the scope for future assimilation
and standardization. The archive comprises 112 records from 68 marine cores, with proxies based on
more than 30 different combinations of diatom taxa as well as the relatively new, highly branched
isoprenoid (HBI) biomarkers.
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1. Introduction

The annual growth and retreat of sea ice is one of the most dramatic and dynamic
seasonal patterns on Earth today. In the Southern Ocean, the seasonal expansion of sea ice
effectively doubles the surface area of Antarctica and exerts a powerful influence over global
climatic, oceanographic, and biological systems. Satellite observations provide detailed
records of sea ice cover over the past 40 years and highlight the inter-annual variability in
sea ice distribution [1]. Since 1979, whilst the Arctic region has seen a pronounced decline
in sea ice cover, the total area of Antarctic sea ice has gradually increased, interrupted
only with a precipitous decline between 2014 and 2017, resulting in an overall modest
expansion [2]. The trend in the total area of Antarctic sea ice masks substantial inter-
annual variation and strong regional divergence (e.g., marked reduction (increase) in the
Bellingshausen (Ross) Sea [3]), contradicting the decreasing trajectory of sea ice cover
predicted by the majority of climate simulations [2,4–6]. An improved understanding of
the influence and response of Antarctic sea ice to climate change is of primary importance
in order to improve the accuracy and predictive competence of climate models tasked with
simulating future global change [7].

To resolve pre-satellite trends in sea ice cover and put recent changes into the context
of natural variability, longer archives are needed to resolve decadal-to-centennial variations
and establish the pre-industrial state of Antarctic sea ice. Thomas et al. [8] show that the
majority of Antarctic sea ice reconstructions for the past 2 ka from marine sediment cores
are derived from “diatom proxies”. Diatoms inhabit a diverse range of habitats within
the Southern Ocean and its sea ice; individual species have unique requirements for light,
temperature, salinity, and nutrient availability, and may bloom at different points in the
year (Appendix A). The ecological preferences of these diatoms allow their fossils to be
used as proxies for environmental changes. Biomarkers from a range of primary producers
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preserved in the sedimentary record have been used to investigate past environmental
changes [9]. Over the past 10 years, biomarkers specific to diatoms have been developed as
a sea ice proxy. The di-unsaturated C25 highly branched isoprenoid (HBI) alkene (known
as diene or HBI-II) and the tri-unsaturated C25 HBI alkene (known as triene or HBI-III)
are produced by a small number of Southern Ocean diatom species and are preserved in
marine sediments [10]. The source-specific nature of these biomarkers allow for their use
as effective proxies.

Diatom proxies are typically considered more robust than other proxies as they provide
a direct link between the sea ice environment and the sediment archive. However, there
is great variety in the composition and approaches grouped within the “diatom proxies”.
This diversity reflects the wide range of oceanographic settings of the core sites and the
sensitivity of diatom assemblages to environmental gradients. Providing a detailed review
of the proxies and the most commonly employed taxa, followed by mapping out the
distribution and resolution of existing records, will readily show areas where regional
syntheses may be possible; highlight gaps in the existing coverage of sea ice records; and
provide valuable information on the suitability, application, and comparison of diatom-
based proxies for different regions of Antarctica.

The structure of the paper is as follows:

− In the first section, we collate all the published marine sediment records spanning all,
or part, of the past 2000 years with sea ice reconstructions derived from diatom-based
proxies. We review the composition and variety of proxies used to reconstruct sea ice
and map their distribution.

− We then consider the advantages and limitations of the proxies and discuss the
potential for improving consistency/standardization between records and the scope
for regional syntheses.

2. Results

In order to maximize the number of records included in this study, broad selection
criteria were adopted: (1) include at least two data points to infer sea ice conditions during
some or all of the past 2 ka, (2) a dated horizon to establish the surface/near-surface age
(e.g., lead-210; radiocarbon) and at least one other dated horizon to determine the depth of
the 2 ka interval. Records that were published up to and including 2021 were all considered,
but duplicated records with matching age models and resolution were excluded. These
criteria were met by 112 proxy records from 68 marine core sites, comprising 8 sites from the
deep Southern Ocean and 60 from the Antarctic continental shelf (Figure 1 and Table 1 [11–68]).
Duplicate and lower resolution records in other publications were also excluded. All dates
were based on the published age models and presented in the same units as in the original
publications. Radiocarbon dates were reported as either corrected radiocarbon (14C ka BP)
or calendar (ka BP) ages. The mean offset between calendar and 14C ages for the 2 ka time
interval is +/−0.092 ka [69].

Table 1. Marine core sites with diatom-based sea ice proxy records for all or part of the past 2 ka.

Map Ref. Core/Site ID Lat Long Location Name References

1 WG35 −77.989 162.853 Granite Harbor, Western Ross Sea [11]
2 Multiple −77.668 165.500 McMurdo Sound; Western Ross Sea [12]
3 WG17 −77.000 162.850 Granite Harbor, Western Ross Sea [11]
4 KC208.09 −76.972 162.876 Granite Harbor, Western Ross Sea [11]
5 KC31 −75.700 165.418 Western Ross Sea [13]
6 KC37 −74.499 167.744 Western Ross Sea [13]
7 KC39 −74.474 173.474 Western Ross Sea [13]
8 BAY05-43c −74.000 166.050 Wood Bay, Western Ross Sea [14]
9 ANTA99-cJ5 −73.817 175.650 Joides Basin, Western Ross Sea [14]

10 KC17 −73.420 −102.827 Ferrero Bay, Amundsen Sea Embayment [15]
11 KC15 −73.360 −101.836 Ferrero Bay, Amundsen Sea Embayment [15]
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Table 1. Cont.

Map Ref. Core/Site ID Lat Long Location Name References

12 BAY05-20c −72.300 170.050 Cape Hallet, Ross Sea [14]
13 AM02 −69.713 72.640 Amery Ice Shelf, Prydz Bay [16]
14 CO1011 −68.827 77.760 Flag Island Inlet, Prydz Bay [17]
15 CO1010 −68.817 77.833 Filla Island Inlet, Prydz Bay [17]
16 JPC24 −68.694 76.709 Svenner Channel, Prydz Bay [18–20]
17 KROCK-15-GC29 −68.664 76.696 Prydz Bay [21]
18 Abel Bay −68.650 78.400 Long Fjord, Ingrid Christensen Coast [22]
19 Watts Basin −68.603 78.213 Ellis Fjord, Ingrid Christensen Coast [23]
20 Deep Basin −68.560 78.199 Ellis Fjord, Ingrid Christensen Coast [23]
21 Platcha Bay −68.515 78.478 Long Fjord, Ingrid Christensen Coast [22]
22 JPC43 −68.257 −66.962 Neny Fjord, Marguerite Bay, AP [24]
23 TPC522 −67.856 −68.205 Marguerite Bay, AP [25]
24 KROCK-125-GC2 −67.474 64.973 Nielsen Bay, MacRobertson Land [26]
25 GC1 −67.180 −66.797 Lallemand Fjord, AP [27]
26 JPC41 −67.131 62.990 Iceberg Alley, MacRobertson Land [28]
27 GC 5 −67.059 69.016 MacRobertson Shelf, Prydz Bay [29]
28 KROCK-128-GC1 −66.983 63.154 Iceberg Alley, MacRobertson Land [26]
29 CB2010 −66.906 142.436 Commonwealth Bay, Adélie Land [30]
30 PG1433 −66.465 110.572 Browning Bay, Windmill Is., Wilkes Land [31]
31 PG1430 −66.453 110.498 Peterson Inlet, Windmill Is., Wilkes Land [31]
32 MD03-2597 −66.412 140.421 Dumont d’Urville Trough, Adélie Land [32]
33 DTCI2010; 318-1357B −66.411 140.445 Dumont d’Urville Trough, Adélie Land [33,34]
34 PG1173 −66.267 100.750 Bunger Oasis, Wilkes Land [35]
35 MD03-2601 −66.052 138.557 Dumont d’Urville Trough, Adélie Land [20,36–39]
36 WAP13-GC47 −65.613 −64.759 Bigo Bay, AP [40]
37 JPC10/178-1098 −64.883 −64.200 Palmer Deep, AP [41–43]
38 PD92-30 −64.862 −64.208 Palmer Deep, AP [44,45]
39 TC46/GC47 −64.588 −64.805 Anvers Shelf, AP [46]
40 MTC18A −64.772 −62.829 Andvord Drift, Gerlache Strait, AP [47]
41 GC 02 −64.000 −64.000 Anvers Shelf, AP [48]
42 KC2B −63.971 −57.759 Herbert Sound, James Ross Island, AP [49]
43 MTC38C, JPC38 −63.717 −57.411 Vega Drift, Prince Gustav Channel, AP [47,50]
44 PC61 −63.389 −60.319 Western Basin, Bransfield Strait, AP [51]
45 JPC02 −63.343 −55.887 Firth Of Tay, Joinville Island, AP [52]
46 A-3 −63.168 −59.302 Orleans Trough, Bransfield Strait, AP [53,54]
47 JPC36 −63.089 −55.411 Perseverance Drift, Joinville Island, AP [55]
48 GC 03 −63.000 −64.000 Anvers Shelf, AP [48]
49 A-6 −62.912 −59.97 Western Basin, Bransfield Strait, AP [53,54]
50 Gebra-1 −62.589 −58.542 Central Basin, Bransfield Strait, AP [53,56]
51 1B −62.282 −58.754 Maxwell Bay, South Shetland Is. [57]
52 MC-01 −62.202 −58.727 Marian Cove, South Shetland Is. [58]
53 WB2 −62.200 −60.700 Outer Shelf, South Shetland Is. [59]
54 CB2 −62.191 −58.833 Collins Harbour, South Shetland Is. [60]
55 Gebra-2 −61.943 −55.17 Eastern Basin, Bransfield Strait, AP [53,56]
56 13PC (TN057-13PC4) −53.200 5.1000 Atlantic-Indian Ridge, S Atlantic Ocean [61]
57 E27-23 −59.618 155.238 Emerald Basin, SE Indian Ocean [62]
58 PS1652-2 −53.664 5.100 Atlantic-Indian Ridge, S Atlantic Ocean [63]
59 PS1768-8 −52.593 4.476 Atlantic-Indian Ridge, S Atlantic Ocean [63]
60 177-1094/PS2090-1 −53.179 5.132 Atlantic-Indian Ridge, S Atlantic Ocean [63,64]
61 PS2102-2 −53.073 4.986 Atlantic-Indian Ridge, S Atlantic Ocean [63]
62 17PC (TN057-17PC1) −50.000 6.000 Cape Basin, S Atlantic Ocean [61]
63 COR1GC −54.267 39.766 Conrad Rise, SW Indian Ocean [65]
64 HLF17-1 −72.308 −172.054 Edisto Inlet, Ross Sea [66]
65 PS97/056-1 −64.757 −60.442 Gilbert Strait, Bransfield Strait, AP [67]
66 PS97/068-2 −63.168 −59.302 Orleands Trough, Bransfield Strait, AP [67]
67 PS97/072-2 −62.007 −56.065 Eastern Basin, Bransfield Strait, AP [67]
68 DTGC2011 −66.408 140.441 Dumont d’Urville Trough, Adélie Land [68]

AP—Antarctic Peninsula
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map references given in Table 1. AS—Amundsen Sea; BHS—Bellingshausen Sea; DUS—Dumont 
d’Urville Sea; PB—Prydz Bay. Winter and summer sea ice limits depict the 1981–2010 median Sep-
tember and February sea ice extents (Source: /DATASETS/NOAA/G02135/south/monthly/). 
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Map Ref. Core/Site ID Lat Long Location Name References 
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Figure 1. Map showing sites (red-filled circles) of published marine sediment core records with
diatom-based sea ice proxies for all or part of the past 2 ka. Sites are numbered corresponding to the
map references given in Table 1. AS—Amundsen Sea; BHS—Bellingshausen Sea; DUS—Dumont
d’Urville Sea; PB—Prydz Bay. Winter and summer sea ice limits depict the 1981–2010 median
September and February sea ice extents (Source: /DATASETS/NOAA/G02135/south/monthly/).

2.1. Proxy Records

The 112 records comprise more than 30 individually described diatom-based sea ice
proxies across 68 marine sites. Of the 112 records, 30 are based on a single species, 16 on two
species, 10 on transfer functions, 14 on diatom-specific HBI biomarkers and the remaining
42 are based on groups of more than two species.

Fragilariopsis curta is included in 77 of the 112 proxy records and is the most common
diatom taxa used in reconstructions of Antarctic sea ice (Table 2). Of these 77 records, 23 are
based solely on F. curta% and 54 comprising various groups or ratios that include F. curta
(Table 3). F. cylindrus is the second most common taxa and is included in the composition of
54 proxies. Thalassiosira antarctica, Fragilariopsis sublinearis, F. obliquecostata, F. vanheurckii, F.
rhombica, F. kerguelensis, Actinocyclus actinochilus, Porosira glacialis, F. ritscheri and F. separanda
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are each included in at least 10 of the 112 proxy records (Table 2). The habitat preferences
of these species are available in Appendix A.

Table 2. The most common diatom taxa in Antarctic sea ice proxies of the past 2 ka.

Diatom Species n

Fragilariopsis curta 77
Fragilariopsis cylindrus 54
Thalassiosira antarctica 21

Fragilariopsis sublinearis 21
Fragilariopsis kerguelensis 19

Fragilariopsis obliquecostata 19
Fragilariopsis rhombica 16
Fragilariopsis ritscheri 14

Fragilariopsis vanheurckii 14
Actinocyclus actinochilus 12

Porosira glacialis 12
Fragilariopsis separanda 10

Table 3. Number of records for different proxy categories.

Categories n

1. F. curta + F. cylindrus (F. c + cy) % 10
2. F. curta % 23
3. F. c + cy/T. antarctica 3
4. F. curta/F. kerguelensis 4
5. Groups including F. curta 36
6. Groups excluding F. curta 7
7. Other 15
8. HBIs 14

TOTAL 112

The selection of taxa comprising the various groups is mostly based on statistical
and/or ecological associations, but seasonal timing within varved sediments is also used
to determine the composition of some groups [32,38]. Statistical techniques used to define
groups include the modern analogue technique (MAT), the Imbrie Kipp method (IKM),
the generalized additive model (GAM) method, principal component analysis (PCA), and
cluster analysis [26,27,38,61–63,70]. Most proxies are used to infer qualitative changes in
seasonal sea ice cover, whilst the MAT and GAM methods produce a quantitative estimate
of sea ice conditions (e.g., months per year of sea ice cover or sea ice concentrations).
In nearshore locations and sites close to ice shelves, some taxa and/or taxa groups are
associated with more niche sea ice conditions or types e.g., the fast ice index [22,23,26].

In order to review the prevalence and distribution of proxies used to reconstruct sea ice
in the marine 2 ka records considered here, the proxies were divided into eight categories
according to their composition. As F. curta was the most commonly used diatom (Table 2),
the diatom groups used as sea ice proxies were classified based on whether they included
F. curta or not (Table 3).

Categories 1 to 4 are based on the relative abundances of 1–2 diatom species or on ratios
of 2–3 diatom species that are used by more than two authors; categories 5 and 6 include
proxies based on groups of >3 taxa that either include or exclude F. curta, respectively;
category 7 contains all other diatom proxies that do not fit in categories 1–6, most of which
are presented in a single publication or by a specific author; and category 8 comprises all
HBI diatom-specific biomarker records. Further details regarding the habitat preferences
associated with the diatoms used in these proxy categories are provided in Appendix A.



Geosciences 2022, 12, 282 6 of 34

2.1.1. Fragilariopsis curta + F. cylindrus %

Based on the diatom assemblage composition of sediment trap material and sur-
face sediments in the Atlantic sector of the Southern Ocean, Gersonde and Zielinski [71]
demonstrated a close correlation between the combined relative abundance of F. curta and F.
cylindrus (F. c + cy %) and the distribution of Antarctic winter sea ice. This study determined
that the relative abundances of F. c + cy > 3% can be applied as a proxy for areas south of
the mean winter sea ice extent in the Southern Ocean.

The F. c + cy % proxy is used in 10 records from nine sites across the deep South
Atlantic (Sites 58, 59, 60, and 61), Palmer Deep (Sites 37 and 38), and the Dumont d’Urville
Trough (Sites 33, 35, and 68; Figure 2). Nine of the F. c + cy % records extend from 2.0 ka BP
to between 1.0 and 0.1 ka BP with maximum sample intervals between 190 and 600 years at
the deep ocean sites and between 180 and 4 years for the continental shelf sites (Table 4).
The highest resolution F. c + cy % record, with sampling intervals of 4 years or less, is from
core DTGC2011 (Site 68) in the Dumont D’Urville Trough and spans from 0.4 to ~0 ka
BP [68].
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Table 4. Summary information on the ages, resolution and proxy types of all sites.

Map Ref. Core/Site ID Approximate Dates * Approx. SR
(m/ka)

Resolution
(Lowest) ∆

Resolution
(Highest) ∆

Proxy
Categories † References

1 WG35 1.2 to ~0.6 ka BP 1.67 60 32 2 [11]
2 Multiple 0.5 to ~0 ka BP 1 100 56 2 [12]
3 WG17 1.2 to ~0.6 ka BP 1.17 60 32 2 [11]
4 KC208.09 1.3 to ~0 ka BP 2.46 65 33 2 [11]
5 KC31 2.0 to ~0 14C ka BP 0.19 400 222 2 [13]
6 KC37 2.0 to ~0 14C ka BP 0.11 400 222 2 [13]
7 KC39 2.0 to ~0 14C ka BP 0.33 400 222 2 [13]
8 BAY05-43c 2.0 to ~0.0 ka BP 2.13 38 15 2 [14]
9 ANTA99-cJ5 2.0 to ~1.0 ka BP 0.56 23 9 2 [14]

10 KC17 2.0 to ~0 ka BP 0.13 1000 500 7 [15]
11 KC15 2.0 to ~0 ka BP 0.13 1000 500 7 [15]
12 BAY05-20c 2.0 to ~0.1 ka BP 1.58 48 19 2 [14]
13 AM02 2.0 to ~0.0 14C ka BP 0.05 400 222 2 [16]
14 CO1011 2.0 to ~0 ka BP 0.6 1000, 1000 500, 500 5, 7 [17]
15 CO1010 2.0 to ~0 ka BP 2 400, 400 222, 222 5, 7 [17]
16 JPC24 2.0 to ~0.6 ka BP 1.43 70, 70, 70, 70 36, 36, 36, 36 5, 5, 7, 8 [18–20]
17 KROCK-15-GC29 2.0 to ~0 14C ka BP 0.13 400 222 5 [21]
18 Abel Bay 2.0 to ~0 14C ka BP 0.45 200, 200 51, 51 2, 6 [22]
19 Watts Basin 2.0 to ~0.2 14C ka BP 1.39 45 18 6 [23]
20 Deep Basin 2.0 to ~0.8 14C ka BP 2.42 30 12 6 [23]
21 Platcha Bay 2.0 to ~0.0 14C ka BP 0.4 200, 200 105, 105 2, 6 [22]
22 JPC43 2.0 to ~0 ka BP 2.35 100 51 5 [24]
23 TPC522 2.0 to ~0.8 ka BP 0.33 240 133 4 [25]
24 KROCK-125-GC2 2.0 to ~0 14C ka BP 0.9 100 51 5 [26]
25 GC1 2.0 to ~0 ka BP 0.5 200, 200 105, 105 2, 5 [27]
26 JPC41 2.0 to ~0 ka BPˆ 12 <1ˆ 2 [28]
27 GC 5 1.3 to ~0 14C ka BP 0.14 700 175 2 [29]
28 KROCK-128-GC1 2.0 to ~0.2 14C ka BP 0.65 100 51 5 [26]
29 CB2010 0.25 to ~0 ka BP 1.4 6, 6 3, 3 7, 8 [30]
30 PG1433 2.0 to ~0.3 ka BP 2.18 85 44 6 [31]
31 PG1430 2.0 to ~0 ka BP 2.65 100 51 6 [31]
32 MD03-2597 2.0 to ~0.7 ka BPˆ 20.54 <1ˆ 5 [32]
33 DTCI2010; 318-1357B 0.04 to ~0 ka BP; 2,0

to 0.1 ka BP ** 18.13, 19.14 19, 0.4, 19, 0.4 10, <0.4, 3, <0.4 1, 7, 8, 8 [33,34]
34 PG1173 2.0 to ~0 ka BP 1.45 50 20 5 [35]
35 MD03-2601 2.0 to ~1.0 ka BP 5 10, 25, 10, 25, 25, 50 <10, 10, <10, 10, 10, 26 1, 4, 5, 5, 7, 8 [20,36–39]
36 WAP13-GC47 2.0 to ~0.1 ka BP 0.84 190 100 4 [40]
37 JPC10/178-1098 2.0 to ~0.2 ka BP, 2.0

to 0 ka BP ** 1.16, 2.00 173, 100, 100, 43 91, 51, 51, 17 1, 5, 7, 8 [41–43]

38 PD92-30 2.0 to ~0.3 14C ka BP 2.82 85, 85 44, 44 1, 3 [44,45]
39 TC46/GC47 2.0 to ~0.1 ka BP 0.42 100 190 4 [46]
40 MTC18A 0.13 to ~0 ka BP 3.46 3, 3 1, 1 5, 8 [47]
41 GC 02 2.0 to ~0.9 14C ka BP 0.16 220, 220 122, 122 3, 5 [48]
42 KC2B 2.0 to ~0 ka BP 1.15 200 105 6 [49]
43 MTC38C, JPC38 0.08 to ~0 ka BP, 2.0 to

~0 ka BP ** 5.75, 2.5 2, 2, 50, 20 <1, <1, 20, <20 5, 8, 5, 8 [47,50]
44 PC61 2.0 to ~0 ka BP 0.5 200 105 2 [51]
45 JPC02 2.0 to ~0 ka BP 11 200 105 7 [52]
46 A-3 1.7 to ~0 ka BP 2.59 85 44 5 [53,54]
47 JPC36 0.8 to ~0 ka BP 17.5 40, 40 21, 21 5, 7 [55]
48 GC 03 2.0 to ~0.1 14C ka BP 0.32 188, 188 99, 99 3, 5 [48]
49 A-6 1.8 to ~0.1 ka BP 0.81 80 41 5 [53,54]
50 Gebra-1 2.0 to ~0.2 ka BP 0.72 90 46 5 [53,56]
51 1B 2.0 to ~0.1 ka BP 4.21 950 475 7 [57]
52 MC-01 1.7 to ~0 14C ka BP 2.18 17, 17 <17, <17 2, 7 [58]
53 WB2 1.5 to ~0 14C ka BP 1.8 38 15 2 [59]
54 CB2 2.0 to ~0 14C ka BP 2.2 20, 20 <20, <20 2, 7 [60]
55 Gebra-2 1.6 to ~0.1 ka BP 2.93 90 15 5 [53,56]
56 13PC (TN057-13PC4) 2.0 to ~0 ka BP 0.35 20 <20 5 [61]
57 E27-23 2.0 to ~1.5 ka BP 0.5 500 100 5 [62]
58 PS1652-2 2.0 to ~0.6 ka BP 0.64 280, 280 156, 156 1, 5 [63]
59 PS1768-8 2.0 to ~0.8 ka BP 0.1 600, 600 300, 300 1, 5 [63]
60 177-1094/PS2090-1 2.0 to 1.0 ka BP, 2.0 to

~0.8 ka BP ** 0.25, 0.30 240, 500, 240 133, 250, 133 1, 1, 5 [63,64]
61 PS2102-2 2.0 to ~0.2 ka BP 0.32 190, 190 100, 100 1, 5 [63]
62 17PC (TN057-17PC1) 2.0 to ~0.0 ka BP 0.25 40 16 5 [61]
63 COR1GC 2.0 to 1.0 ka BP 0.25 52, 52 26, 26 5, 5 [65]
64 HLF17-1 2.0 to 0.0 ka BP 7.25 20, 20 <20, <20 7, 8 [66]
65 PS97/056-1 0.17 to ~0 ka BP 2 17, 17, 9 9, 9, 4 2, 5, 8 [67]
66 PS97/068-2 0.22 to ~0 ka BP 1.95 11, 11, 6 6, 6, 2 2, 5, 8 [67]
67 PS97/072-2 0.19 to ~0 ka BP 2.05 10, 10, 5 6, 6, 2 2, 5, 8 [67]
68 DTG2011 0.42 to ~0 ka BP 11.17 4, 4 <4, <4 1, 8 [68]

SR—sedimentation rate(s); AP—Antarctic Peninsula; 14C ka BP = corrected 14C age, ka BP = calendar age (based
on calibrated C14 dates, Pb210 ages and/or extrapolated from sedimentation rates). * Where more than one
age model published, the one in calendar years or the most recent is used; ** Different age ranges are listed in
order of publication. ˆ Discrete sample horizons from laminated sediments—date range is not representative and
resolution is discontinuous. ∆ Resolution calculated from minimum & maximum number of samples (2 to 5, 6 to
10, 11 to 20, 21 to 40, 41 to 100, >100) divided by the age interval (≤2 ka). † Proxy categories are listed in Table 3.

2.1.2. Fragilariopsis curta %

Leventer et al. [11] assigned F. curta as the most diagnostic diatom species for sea ice
reconstructions in the southern Ross Sea (Sites 1, 3, and 4) with relative abundances of >60%
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in areas where sea ice cover persists for 10–11 m/y [12]. In contrast with other regions of
the Antarctic continental shelf, F. cylindrus is considered more indicative of open water
conditions in the Ross Sea, with the transition from open water to dense pack ice reflected in
a shift in the dominant diatom species from F. cylindrus to F. curta [11]. Subsequent studies
in the Ross Sea (Sites 2, 5–9, and 12) have continued to use F. curta % as the prevalent species
to infer seasonal sea ice conditions [12–14]. Beyond the Ross Sea, F. curta % has been used
as the principal taxa to reconstruct sea ice conditions in Prydz Bay (Site 13) [16], the Ingrid
Christensen coast (Sites 18 and 21) [22], the MacRobertson Shelf (Sites 26 and 27) [28,29],
and the Antarctic Peninsula (Sites 25, 44, 52–54, and 65–67) [27,51,58–60]. Maximum sample
intervals of the F. curta % records range between 17 and 400 years. In the northern Antarctic
Peninsula and Ross Sea, there are six records with sample resolution of 50 years or less
(Sites 8, 9, 12, and 52–54). Except for the study of discrete laminations [32], sites on the
MacRobertson Shelf and in Prydz Bay have records with maximum sample intervals of 200
to 400 years. The highest resolution record of F. curta % (sampling intervals of ≤17 years) is
from Marian Cove in the South Shetland Islands (Site 52) and covers the past 1.7 ka BP [58].
The other F. curta % records cover 0.5 to 2.0 ka of the past 2.0 ka BP with basal ages ranging
from 2.0 ka BP to 0.5 ka (Figure 3 and Table 4).
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2.1.3. Fragilariopsis curta + F. cylindrus/T. antarctica

The F. c + cy/T. antarctica ratio was first applied by Leventer et al. [45] to characterize the
overall changes in diatom assemblage and to limit the impact of large relative abundance
shifts in other diatom taxa. In the Palmer Deep (Site 38), an increase (decrease) in the ratio
suggests greater (lesser) importance of sea ice melt on surface ocean conditions [44,45].

The F. c + cy/T. antarctica proxy has only been used at two other sites (Sites 41 and
48), both in the Antarctic Peninsula [48]. Located on the Anvers Shelf, these sites are
immediately offshore from the Palmer Deep and comprise records covering 1.1 and 1.9 ka
from 2.0 ka BP with sample intervals between 99 and 220 years (Figure 4 and Table 4). The
Palmer Deep record (Site 38) covers from 2.0 ka BP to 0.3 ka BP with maximum sample
intervals of 85 years [44,45].
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2.1.4. Fragilariopsis curta/Fragilariopsis kerguelensis

Similar to the application of the F. c + cy/T. antarctica ratio, the F. curta/F. kerguelensis
ratio was introduced by Denis et al. [39] to reflect the relative dominance of sea ice or
sea ice-free conditions in the growing season. Used to interpret the high accumulation
sediment record from the Adélie margin (Site 35), F. curta and F. kerguelensis were chosen
based on their elevated abundance in the diatom assemblages and their respective affinities
for sea ice and open water conditions.

The F. curta/F. kerguelensis ratio has also been applied to infer past sea ice conditions
at three other sites (Sites 23, 36, and 63) in the Antarctic Peninsula [25,40,46]. All four
F. curta/F. kerguelensis records span from 2.0 ka BP (Figure 5 and Table 4), extending to
1.0 ka BP (Site 35) [39], 1.2 ka BP (Site 36) [40], and 1.9 ka BP (Sites 23 and 63) [25,46].
The highest resolution F. curta/F. kerguelensis record is presented for the Adélie margin
record (Site 35) [39] with sample intervals between 10 and 25 years. The sites from the
Antarctic Peninsula (Sites 23, 36, and 63) all have maximum sample intervals between 100
and 230 years (Figure 5 and Table 4).
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2.1.5. Groups including Fragilariopsis curta

A summary of the F. curta groups used as sea ice proxies in the records considered here
(Table 5) show that there are up to 17 different compositions with at least three species in
each. The most common taxa accompanying F. curta in the various groups are: F. cylindrus, F.
vanheurckii, F. obliquecostata, F. sublinearis, F. rhombica, F. ritscheri and Porosira glacialis. Of the
other diatom taxa included in the various F. curta groups, several are only used at one site
within a single study, including Berkeleya rutilans, Cocconeis spp., Corethron spp., Entomoneis
kufferathii, Eucampia antarctica and Synedra spp. The remaining taxa (e.g. Actinocyclus
actinochilus, Chaetoceros resting spores (CRS), Pseudonitzschia turgiduloides, Fragilariopsis
kerguelensis, Pentalamina corona, Thalassionema spp., Thalassiosira antarctica, T. lentiginosa, T.
tumida and Thalassiothrix antarctica etc.) are included within the ‘sea ice groups’ of at least
two sites within this category.

Table 5. Composition of proxy groups including Fragilariopsis curta.

Composition Sites References

Fragilariopsis curta, F. cylindrus, Navicula glaceii, and F. rhombica. 14, 15 [17]
Fragilariopsis curta, F. cylindrus, F. sublinearis, F. obliquecostata, F. vanheurckii, and Porosira glacialis 16, 35 [18,19]
Cluster groups: Coastal-CRS—Fragilariopsis curta, F. cylindrus, F. rhombica, and Pseudonitzschia
turgiduloides; Shelf-CRS—F. curta, F. cylindrus, F. rhombica, Pentalamina corona a, Porosira glacialis,
and Thalassiosira antarctica

17, 24, 28 [21,26]

PCA: Fragilariopsis curta, F. cylindrus, F. obliquecostata, F. ritscheri, F. sublinearis, and F. vanheurckii 22 [24]
Cluster group 1: dominated by Thalassiosira antarctica (T1 and T2) and Fragilariopsis curta, with F.
cylindrus, F. rhombica, Navicula spp., Pentalamina corona a, Pseudonitzschia turgiduloides,
Rhizosolenia spp., and Synedra spp. also present

25 [27]

Spring sea ice represented by laminae types A1, A2, and A3: CRS and Fragilariopsis spp. (with F.
curta, F. cylindrus, and F. rhombica dominant) 32 [32]

Actinocyclus actinochiIus, Berkeleya rutilans, Entomoneis kufferathii b, Eucampia antarctica,
Fragilariopsis angulata c, F. curta, F. cylindrus, F. obliquecostata, F. ritscheri, F. sublinearis, Porosira
glacialls, P. pseudodenticulata, and Distephanus speculum d

34 [35]

The Fragilariopsis curta group: F. curta, F. cylindrus, and F. vanheurckii; and the Fragilariopsis
cryophilic group: F. obliquecostata, F. ritscheri, and F. sublinearis 35 [38]

Cluster groups: Cocconeis assemblage dominated by Fragilariopsis curta and Thalassiosira
antarctica, with Cocconeis as a unique indicator, and Corethron assemblage dominated by F. curta
and F. cylindrus, with Corethron spp. and Pseudonitzschia turgiduloides as indicators

37 [43]

Fragilariopsis curta, F. cylindrus, and F. vanheurckii 40, 43 [47]
Sea ice taxa (not itemised) assume at least: Fragilariopsis curta and F. cylindrus (based on the use
of ‘F. c + cy/T. antarctica’ ratio in the same publication) 41, 48 [48]
Fragilariopsis curta, F. cylindrus, F. sublinearis, and F. vanheurckii 43, 47 [50,55]
The sea ice taxa group: Fragilariopsis curta, F. cylindrus, F. sublinearis, F. obliquecostata, and F.
vanheurckii 46, 49, 50, 55 [53,54,56]

MAT (31–33 taxa): Actinocyclus actinochilus, Alveus marinus e, Azpeitia tabularis, the Chaetoceros
resting spore group, Fragilariopsis curta, F. cylindrus, F. doliolus, F. kerguelensis, F. obliquecostata, F.
rhombica, F. ritscheri, F. separanda, F. sublinearis, Hemidiscus cuneiformis, Porosira glacialis, P.
pseudodenticulata, Rhizosolenia antennata f. semispina, R. styliformis, Roperia tesselata, Stellarima
microtrias, Thalassionema nitzschioides, T. nitzschioides var. lanceolata, T. nitzschioides var. parva, the
Thalassiosira antarctica group (warm and cold morphologies e), the T. eccentrica group,
Shionodiscus gracilis f, T. lentiginosa, S. oestrupii f, T. oliveriana, T. tumida, Thalassiothrix spp., and
Trichotoxon reinboldii [72,73]

56, 62, 63 [61,65]

GAM: Actinocyclus actinochilus, Fragilariopsis curta, F. cylindrus, and Thalassiosira lentiginosa 57 [62]
MAT (28 taxa): Actinocyclus actinochilus, Azpeitia tabularis, Fragilariopsis curta, F. cylindrus, F.
doliolus, F. kerguelensis, F. obliquecostata, F. rhombica, F. ritscheri, F. separanda, F. sublinearis,
Hemidiscus cuneiformis, Nitzschia bicapitata, Porosira pseudodenticulata, Pseudonitzschia
turgiduloides, Rhizosolenia spp., R. antennata f. semispina, R. bergonii, Roperia tesselata,
Thalassionema nitzschioides f. 1, T. nitzschioides var. parva, T. nitzschioides var. lanceolata + T.
nitzschioides var. capitulata, Thalassiosira antarctica, Shionodiscus gracilis e, T. lentiginosa, S.
oestrupii e, T. oliveriana, and Thalassiothrix antarctica [70]

58, 59, 60, 61,
65, 66, 67 [63,67]

The sea ice group: Fragilariopsis curta, F. cylindrus, F. obliquecostata, F. ritscheri, Porosira glacialis,
and Thalassiosira tumida 63 [65]

a—Bolidophyceae Parmales; b—Synonym: Amphiprora kufferathii: c—Synonym: F. rhombica; d—Silicoflagellate;
e—excluded from MAT-31 f—previously assigned to Thalassiosira genus.

The F. curta groups have been applied as proxies for sea ice throughout the Antarctic,
including the deep Southern Ocean (Sites 56–62), the Antarctic Peninsula (Sites 22, 25, 37,
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40, 41, 43, 46, 47, 48, 49, 50, 52, and 55), and the EA margin (Sites 14, 15, 16, 17, 24, 28, 32, 34,
and 35).

The majority (n = 27) of the 36 records using a F. curta group as a sea ice proxy date
back to at least 2 ka BP, of which 11 cover the entire 2 ka period. The 9 records that start
after 2 ka BP include 3 that span more than 1.5 ka and 6 records that cover between 0.8 and
0.08 ka BP to the present (Figure 6 and Table 4). One F. curta group record (Site 32) from the
Dumont D’Urville Trough characterizes the seasonal sequence of sea ice and open water
production from specific intervals of Late Holocene laminated sediments [32], whilst all
other F. curta group records have maximum and minimum sample intervals ranging from
1000 to 2 years and 500 to 1 year, respectively (Figure 6 and Table 4).
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2.1.6. Groups Excluding Fragilariopsis curta

There are seven proxy records based on three groups of diatoms excluding F. curta
(Table 6). Each of the groups excluding F. curta are comprised of a unique set of taxa
(Table 5), with only N. glaceii incorporated in groups both including and excluding F. curta
(Tables 5 and 6). The habitat preferences of these species are available in Appendix A.

Table 6. Composition of proxy groups excluding Fragilariopsis curta.

Composition Sites References

Fast ice index: Entomoneis kjellmannii, Nitzschia stellata,
Berkeleya adelienses, Thalassiosira australis, Pleurosigma

directum and Pinnularia quadreata
18–21 [22,23]

Fragilaria striulata, Navicula glaceii, and Synedropsis spp. 30, 31 [31]
Prolonged sea ice inferred from Navicula spp. 42 [49]

The seven records utilizing the three ‘non-F. curta groups’ to infer sea ice conditions
are presented for coastal sites of the Vestfold Hills (Sites 18–21), Wilkes Land (Sites 30 and
31), and James Ross Island (Site 42) In many of these coastal settings, F. curta is considered
more indicative of ‘open water’ conditions rather than extensive pack or fast ice [17,22].
All records date back to at least 2 ka BP, with three records that span the complete 2.0 ka
interval (Sites 42, 31, and 18), two that are continuous through to 0.8 ka BP (Sites 20 and
21), one that covers up to 0.3 ka BP (Site 30), and one that covers up to 0.2 ka BP (Site 19).
Across the seven sites, maximum sample intervals range between 200 and 30 years and
minimum sample intervals range from 105 to 12 years (Figure 7 and Table 4).

2.1.7. Other

Records in this category are based on generic features of the diatom assemblage;
distinct qualities of a single taxa; or reconfigured versions of the proxies described in
proxy categories 1–4 (Table 7). The habitat preferences of these species are presented in
Appendix A.

− Entomoneis kjellmannii % (previously Amphiprora kjellmannii) is primarily used as an
indicator of perennial sea ice, especially fast ice [17,22,23]. E. kjellmannii is reported
as a common, sometimes dominant, member of the sea ice diatom community in
coastal areas of the Ross Sea and is also abundant in the sea ice and sea ice adjacent
waters of the Ingrid Christensen coast and in parts of the Victoria Land coast [74–76].
E. kjellmannii is a component of the ‘fast ice index’ (one of the non-F. curta groups—
Section 2.1.6 and Table 6) presented by McMinn [22] and McMinn et al. [23] and used
by Berg et al. [17] as evidence for the presence of fast ice on the Rauer Group coast,
Prydz Bay.

− Eucampia index is introduced by Kaczmarska et al. [77] and based on the distinct
morphology of the ‘pointed’ or ‘horned’ terminal valves and ‘flat’ intercalary valves
of both the polar E. antarctica var. recta and the sub-polar E. antarctic var. antarctica
morphotypes [78]. The Eucampia index refers to the ratio of terminal to intercalary
(‘pointy to flat’) valves. E. antarctica colonies growing in colder waters with greater
sea ice cover are characterized by shorter chains with a higher relative proportion of
terminal valves [79,80]. Milliken et al. [57] use the Eucampia index to infer changes in
sea ice cover over Maxwell Bay in the South Shetland Islands (Site 51). Resolution of
this record ranges between 475 and 950 years and spans between 2.0 and 0.1 ka BP
(Figure 8 and Table 4).

− Fragilariopsis cylindrus % is used as the primary indicator of prolonged sea ice cover
(>8.5 months) by Campagne et al. [30,33], owing to F. cylindrus’s high statistical
significance in explaining variability in the diatom assemblages of the past 40 years in
the Adélie Margin (Sites 29 and 33) where F. curta was not significant. Yoon et al. [58,60]
present separate down-core abundance plots for F. curta and F. cylindrus% (Sites 52
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and 54), showing that peaks are often off-set and highlighting the sensitive habitat
preferences of the two species.

− The Fragilariopsis group/Thalassiosira antarctica (T2) is similar to the more commonly
applied F. curta + F. cylindrus/T. antarctica ratio. The Fragilariopsis group/T. antarctica
(T2) ratio also aims to characterize the major shifts in surface ocean conditions with
elevated (reduced) contributions of the Fragilariopsis group (T. antarctica) indicative of
more persistent (ephemeral) seasonal sea ice. As presented in Kamanidou et al. [55],
the Fragilariopsis group comprises of the combined abundance of F. curta, F. cylindrus,
F. sublinearis, and F. vanheurckii. Applied to the sediment record from the Perseverance
Drift north of Joinville Island in the northern-most Antarctic Peninsula (Site 47), the
record covers from 0.8 to 0.0 ka BP at a resolution between 40 and 21 years [55].

− Porosira glacialis/Thalassiosira antarctica are both common components of the diatom
assemblage in Antarctic continental shelf sediments with P. glacialis preferring slightly
cooler ocean climate conditions than T. antarctica [81,82]. As established by Pike et al. [20],
the ratio of P. glacialis/T. antarctica reflects the subtle difference in environmental pref-
erences of the two species, with ratios of >0.1 indicating annual sea ice cover greater
than 7.5 months/year [20]. Applied to sediment records from the Svenner Channel,
Prydz Bay, and the Dumont d’Urville Trough (Sites 16 and 35), the P. glacialis/T. antarc-
tica ratio is used to reconstruct changes in the duration of sea ice cover [20]. The record
from the Svenner Channel (Site 16) covers between 2.0 and 0.6 ka BP with a maximum
and minimum resolution of 36 and 70 years, respectively [20]. The Dumont d’Urville
record (Site 35) spans the period from 2.0 to 1.0 ka BP with sample intervals between
25 and 2 years [20].

− Pennate–centric ratio—in sediments with low diatom concentrations, Minzoni et al. [15]
use the prevalence of pennate diatoms in the assemblage to infer the presence of sea
ice. The association between elevated contributions of pennate diatoms and heavier
sea ice cover is based on analyses of the core top assemblages that are dominated
by F. curta [83]. Applied to cores recovered from Ferrero Bay in the Amundsen Sea
Embayment (Sites 10 and 11) where sedimentation rates are exceptionally low for the
AP, the records of the pennate–centric ratio cover the whole of the last 2 ka at both
sites with sample intervals of 500 to 1000 years (Figure 8 and Table 4).

− Diatom concentrations—Sjunneskog and Taylor [42] and Michalchuk et al. [52] use
diatom concentrations as a paleoproductivity proxy for the Palmer Deep and Firth
of Tay marine cores (Sites 37 and 45) based on the dominant contribution of the sea
ice melt bloom to the total diatom production which is reflected in the prevalence of
Chaetoceros resting spores (60 to 90% of the total diatom content) in AP sediments [45,84].

− Dark–light laminae—in laminated sediments from Edisto Inlet in the Ross Sea (Site
64) Tesi et al., [66] show that dark and light layers are characterized by distinctive
diatom assemblages, biomarkers, and isotopic values that reflect the two dominant
seasonal sea ice settings of the site: (1) sea ice break-up and thaw (dark) and (2) open
surface waters (light). Tesi, et al.’s [66] record spans the last 2 ka with sample intervals
of <20 years (Figure 8 and Table 4).

Table 7. Composition of all ‘other’ diatom proxies.

Composition Sites References

Entomoneis kjellmanii % 14 and 15 [17]
Eucampia index 51 [57]
F. cylindrus % 29, 33, 52, and 54 [30,33,58,60]

F. group/T. antarctica (T2) 47 [55]
Porosira glacialis/T antarctica 16 and 35 [20]

Pennate–centric ratios 10 and 11 [15]
Diatom concentrations 37 and 45 [42,52]

Frequency of dark–light laminae 64 [66]
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by Berg et al. [17] as evidence for the presence of fast ice on the Rauer Group coast, 
Prydz Bay.  

− Eucampia index is introduced by Kaczmarska et al. [77] and based on the distinct mor-
phology of the ‘pointed’ or ‘horned’ terminal valves and ‘flat’ intercalary valves of 
both the polar E. antarctica var. recta and the sub-polar E. antarctic var. antarctica mor-
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Figure 7. Map showing cores sites where groups of taxa excluding F. curta are used to reconstruct
sea ice conditions. The symbol size reflects the resolution of the record and the color of the symbol
indicates the basal age of the record between 0 and 2 ka BP.

2.1.8. Diatom-Specific Highly Branched Isoprenoids (HBIs)

The use of HBIs as a source-specific biomarker for sea ice was first developed in
the Arctic where IP25 (a mono-unsaturated C25 HBI, HBI-I) is produced by three or four
sea ice diatoms [85,86]. Whilst IP25 has not been identified in Antarctic sediments, a di-
unsaturated C25 HBI (diene, HBI-II) found to co-vary with IP25 in the Arctic [87–90] has
been identified in sediments and sea ice from a variety of Antarctic locations [19,91–97]. In
2016, Belt et al. [10] established that the sympagic diatom Berkeleya adeliensis is a principal
source of this diene (HBI-II) and proposed the term IPSO25 (ice proxy for the Southern
Ocean with 25 carbon bonds) by analogy to the Arctic IP25. Analysis of its distribution in
near-coastal Antarctic sediments led to the conclusion that IPSO25 may be a better proxy of
the type of sea ice in which it is produced (platelet ice) rather than other parameters such
as sea ice extent or seasonality [10,98].
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A third tri-unsaturated C25 HBI (triene, HBI-III) was initially proposed to derive
from open water taxa [94]. As such, the ratio between the diene and triene (HBI-II/HBI-
III) was thought to reflect the relative contributions of sea ice and open ocean primary
production [19,91,94]. Subsequent studies have suggested that the production of triene
(HBI-III) may instead be concentrated in the marginal ice zone [50,93]. For more information
on the use of HBI-II and HBI-III as sea ice proxies, readers are encouraged to consult the
recent review paper by Belt [98].

Within this review, there are 14 HBI records for 12 sites across the Antarctic Peninsula,
Prdyz Bay, the Adélie Land shelf, the coast of George V Land, and the western Ross Sea
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(Sites 16, 29, 33, 35, 37, 40, 43, 64, 65, 66, 67, and 68) (Figure 9 and Table 4). Of these
14 HBI records, 4 span from 2.0 ka BP to 1.0, 0.6, 0.3 and0.1 ka BP, 2 span to 0.0 ka BP,
whilst the other 8 records begin at 0.42, 0.25, 0.22, 0.19, 0.17, 0.13, 0.08, and 0.03 ka BP,
only covering the most recent centuries and decades. The lowest sample resolution for
the 6 records covering older sediments range between 70 and <20 years, whilst the largest
sample interval for the younger core archives ranges between 9 and 0.4 years.
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2.2. Distribution of Diatom-Based Proxy Records

Whilst diatomaceous sediments are widely available in the deep Southern Ocean and
the Antarctic continental shelf, there are large disparities in the distribution of records
(Figures 1 and 10). The highest concentrations of sites occur in the northern Antarctica
Peninsula and the western Ross Sea. Meanwhile, there are currently no records on the
continental shelf between the Larsen Shelf on the eastern Antarctic Peninsula and Enderby
Land on the East Antarctic Margin (approx. 60◦ W to 60◦ E); there are only two records
from the West Antarctic Margin between the Ross Ice Shelf and Alexander Island (approx.
170◦ E to 70◦ W); and there are only three coastal records from the Wilkes Land Margin
(approx. 80◦ E to 135◦ E). This uneven distribution is typical of most Antarctic marine
proxy records and largely reflects the availability (and collection) of marine sediment cores
from the Antarctic continental shelf and Southern Ocean.
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3. Advantages and Limitations

Diatom-based sea ice proxies from marine sediments provide the most direct link
to the Antarctic sea ice environment. The fossilized frustules and biomarkers of diatoms
living in or attached to sea ice offer the best evidence of sea ice in marine sediments. Whilst
few of these ice-bound diatoms are preserved and most of them are specific to highly niche
conditions or particular types of sea ice, there are several diatom species associated with sea
ice and water in close proximity with sea ice, which are commonly preserved in Antarctic
marine sediments. These taxa hold the greatest potential for a standard/generic sea ice
proxy. The main pro’s and con’s of each proxy category are summarised in Table 8.

3.1. Relative Abundance

Except for HBIs, the relative abundance of species and species groups within the
diatom assemblage provides baseline data in 77 of the proxy records used to reconstruct
Antarctic sea ice over the past 2 ka.

The interpretation of sea ice proxies based on relative abundance is complicated by
the differences in composition of the overall assemblage. Whilst the contribution of sea ice
taxa to the total diatom assemblage in sediments from the deep Southern Ocean exhibits
a strong latitudinal gradient correlated with sea ice cover [71], the relative abundance of
sea ice taxa in Antarctic continental shelf sediment is more diverse. Where sea ice taxa
comprise minor taxa (<10%), changes in the relative abundance of dominant/abundant
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taxa can erase, reverse, or enhance the relative abundance trends of the proxy [99]. In
the Antarctic Peninsula, where Chaetoceros spp. frequently comprise >70% of the diatom
assemblage [24,27,40,41,43,45,47], it is common practice to mitigate the dominance of
Chaetoceros spp. by carrying out additional valve counts excluding Chaetoceros spp. in order
to resolve the abundance patterns of minor taxa. The assemblage variability throughout
the continental shelf makes it untenable to assign relative abundance thresholds to specific
sea ice conditions (duration, concentration, etc.) and limits inter-site comparison to assess
similarities in the timing and pattern of sea ice trends.

Table 8. Summary of main advantages and limitations of the eight proxy types.

Proxy Type Advantages Limitations

1. F. curta + F. cylindrus

Well-established links between F. curta and F.
cylindrus with sea ice melt waters, relative
abundance in sediments over large areas of the
deep Southern Ocean consistently linked with
seasonal sea ice, based on large reference dataset
of sediment traps and core tops throughout the
deep South Atlantic

Proxy only ‘calibrated’ for Atlantic sector of the
deep Southern Ocean

Both F. curta and F. cylindrus are widely
preserved in marine sediments of the deep and
continental shelf areas of the Southern Ocean

F. cylindrus not exclusive to sea ice meltwater
but also found in glacial meltwaters and in
stratified waters of the Ross Sea

Can be successfully applied at several sites in the
deep South Atlantic and over a variety of late
Quaternary timescales

F. nana often not differentiated from F. cylindrus

Well-defined morphology that minimizes risks of
misidentification Excludes broader assemblage information

Small changes in the relative abundances of
dominant species can have a pronounced
impact on the percentages of minor taxa

2. F. curta
Well-established association with seasonal sea ice
throughout the deep Southern Ocean and the
continental shelf

Association with seasonal sea ice fails over
short/annual timeframe

Widely preserved and common in sediments
throughout the deep Southern Ocean and the
continental shelf

Relative abundances vary greatly from site to
site

Well-defined morphology that minimizes risks of
misidentification Excludes broader assemblage information

3. F. c + cy/T. antarctica Ratio reduces influence of % changes in
dominant species

Several morphotypes of T. antarctica and
ambiguity over exact ecological
associations—complicate identification and
interpretation of ratio

Well-established association between F. c + cy
and seasonal sea ice (see above)

Subjective boundaries between T. antarctica
morphotypes compound identification
difficulties and in particular compromise
cross-site comparison

4. F. curta/F.kerguelensis Ratio reduces influence of % changes in
dominant species

Abundance of F. kerguelensis (strongly silicified)
can be increased in sediments affected by
dissolution

F. kerguelensis is well established as an open
ocean diatom, so the ratio is a robust indicator
for the relative influence of open ocean versus
sea ice conditions
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Table 8. Cont.

Proxy Type Advantages Limitations

5. Groups including F. curta Groups incorporate information of broader
assemblage

Difficult to have a group that is appropriate for
a wide range of continental shelf sites

Groups can be tailored to local ocean conditions
and/or assemblage composition

Transfer functions primarily built on reference
data from deep ocean sites where seasonal sea
ice expands and retreats along the north–south
axis are not necessarily appropriate for
continental shelf sites where sea ice
distribution is more complex

Many groups are statistically defined Transfer functions only reliable within area of
reference sites

Transfer functions incorporate most species and
produce quantitative results

6. Groups excluding F. curta Groups mostly tailored to specific nearshore
conditions or particular types of sea ice

Most groups not suitable for application in
offshore regions of the continental shelf or
deep ocean regions

Sensitive to different types of sea ice Sensitive to different types of sea ice rather
than duration or distribution of sea ice cover

7. Other

Many based on routine information that can be
applied alongside other species or assemblage
proxies (e.g., Diatom concentration,
pennate–centric, P. glaciailis/T. antarctica)

Most are only indirectly linked to sea ice

Can be widely applied throughout the
continental shelf and deep ocean sites

May require additional analyses beyond the
standard assemblage composition (e.g.,
morphometrics of the marine diatom Eucampia
antarctica)

8. HBIs
Less time-intensive analyses, creating generally
higher resolution records than traditional diatom
assemblage data

Still requires considerable effort and personnel
time to produce records
Absence of diene (HBI-II) can result from both
open ocean and permanent sea ice conditions

Diene (HBI-II) linked to the sea ice diatom
Berkeleya adeliensis

Environmental controls on the production of
triene (HBI-III) are still ambiguous

Widely preserved in sediments and robust at
timescales up to at least 100 ka

Generally requires some validation with
diatom assemblage data to aid interpretation

Ratios between the relative abundance of two diatom species or groups of species
provide a way of normalizing data to mitigate the relative abundance differences between
sites. A ratio between sea ice taxa and open ocean taxa reflects the prevalence of sea ice
over ice-free conditions [45].

3.2. Statistical Approaches

At present, transfer functions (IKM, MAT, and GAM) provide the only quantitative
approach to diatom-based sea ice reconstructions. Based on a reference data set of surface
sediment samples from sites of varying sea ice conditions, transfer functions provide
statistical estimates of past sea ice duration or concentration. The main advantage of
transfer functions is that they yield quantitative results that are most easily applied in the
set up and validation of climate models. The main limitations for the transfer functions are
that the sea ice conditions and diatom assemblages of the continental shelf are typically
too varied to be used in transfer functions. Moreover, in the case of IKM and MAT, the
assumptions and types of assemblage data applied may not be suitable [100,101].

Other statistical methods applied in diatom-based sea ice reconstructions of the last
2 ka include principal component analyses (PCAs) and cluster analyses. These approaches
are used to identify the individual and groups of taxa that are most strongly associated
with sea ice and to determine similarities between samples based on their assemblage
composition. Results gained from studies applying PCA and cluster analyses benefit from
eliminating some of the subjectivity from the process of reconstructing sea ice and use
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statistical criteria that can be replicated at sites with different diatom assemblage data. The
drawbacks with PCA and cluster analyses are that reconstructions are only qualitative
and may reflect the multifaceted environmental gradients linked with sea ice that may
complicate the proxy signal.

4. Discussion
4.1. Distribution

The current distribution of marine core sites with sea ice reconstructions for the past
2 ka shows that records are mostly located in the northern AP, the western Ross Sea, and
the Prydz Bay area, highlighting the large expanse of the Antarctic continental shelf with
no sea ice records of the past 2 ka (Figure 1). The concentration of records in these regions
reflects a common bias towards the location of research bases and/or regular supply routes.
Regions with fewer Antarctic bases and away from the primary logistic routes have few
(Amundsen Sea, the Adelie coast, and the Wilkes Land Coast) or no sea ice records from
marine core sites (Dronning Maud Land, Marie Byrd Land, and the southern Bellingshausen
and Weddell Seas). Mapping the distribution, basal age, and resolution of proxy records
also highlights areas where regional syntheses of centennial-scale sea ice history may be
possible and reveals spatial trends in the choice of sea ice proxy that may provide a basis
for standardization.

No single proxy is used at all sites. All eight proxy types are applied to sediment cores
in the AP and F. curta % is used at all sites in the western Ross Sea (Figure 10). ‘Groups
including F. curta’ is the most commonly applied proxy type and also the most widely
distributed, with records throughout the AP, East Antarctic margin, and deep Southern
Ocean (Figure 6). Although each of the 17 distinct groups within this category are only
applied at a maximum of four sites (Table 5), the overall distribution attests to where ‘F.
curta’ is considered useful in reconstructing sea ice. The area where F. curta is applied in sea
ice reconstructions can be extended by including all proxy records that utilize F. curta. This
combined distribution illustrates that F. curta is used at 57 of the 68 (in 77 of the 112 records)
sites across Antarctica (Figure 11). Of the 11 sites where F. curta is omitted, 6 are from
nearshore fjord and bay settings along the East Antarctic margin (Sites 19, 20, 29, 30, 31, and
64) where the sea ice proxies are tailored to fast ice [23,31,49], 2 are from the Amundsen Sea
coast (10 and 11) where diatom concentrations are too low to produce reliable assemblage
data [15] and the remaining 4 sites (42, 45, 51, 64) are from studies that promote other
features of the sediment cores and/or focus on non-diatom proxies [49,52,57,66].

The paucity of the continental shelf records based on the more established F. curta + cylindrus%
proxy is likely due to two principal factors that complicate the relative abundance patterns
of this pairing. Firstly, the diversity of habitats on the continental shelf supports greater
variation in the composition, species richness, and evenness of diatom assemblages such
that relative abundances are also highly variable. Secondly, the production and distribution
of F. cylindrus is influenced not only by sea ice but also by cold stratified waters [102–104].
Close to the continent, glacial discharge could produce cold stratified waters and exceed
the sea ice influence on the occurrence of F. cylindrus, making it unreliable as a sea ice proxy
in this setting.

Whilst HBI records have only been applied in recent years, the scope for more efficient
analyses of samples and the potential to be included in standard geochemical processing
may rapidly increase the application and distribution of this proxy over the next decade.
HBIs may also be absent from the sedimentary record and the interpretation of such
an absence is often complex. Possible causes include perennial sea ice cover, ice-free
conditions, or ice conditions not suitable for diatoms (e.g., the sea ice may be too thick
to allow a sufficient amount of light to pass through) [98]. Furthermore, after HBIs have
been produced, they must avoid degradation before and after deposition. For example,
the incorporation of sulfur into IPSO25 may impact some records [95,98] The challenges
associated with interpreting such changes have restricted our ability to produce new HBI
proxy records.
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4.2. Age, Duration and Resolution of Records

Many of the Southern Ocean and Antarctic continental shelf records considered here
extend beyond the 2 ka interval, with several covering the full Holocene or longer time
intervals [13,14,24–26,36,39,41,57,63,105]. Since these sediment cores mostly target mil-
lennial to sub-millennial resolutions over a longer timeframe, some may be suitable for
higher frequency sampling and dating to improve the resolution and age control of the
youngest sediments.
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Marine sedimentation rates at many of the sites presented here are considered too low
to resolve sub-decadal records. There are rare sites of very high accumulation (~1 cm a−1)
on the Antarctic continental shelf that can yield records of sub-decadal to annual resolution
(e.g., Site 37/38: IODP 178-1098 and Site 33: IODP 318-1357). Furthermore, where varves
are preserved at the highest accumulation sites (2–10 cm a−1), it is possible to resolve
seasonal records, usually only for discrete horizons due to the number of samples required
and the time-intensive nature of analyses [32,106].

The limits of resolution do not only depend on sedimentation rates but also on signal
attenuation from bioturbation. Several studies have explored how bioturbation affects
the amplitude, timing, and duration of climate signals in proxy records [107,108]. Whilst
the techniques and specific results vary, the studies are broadly consistent in finding
substantial attenuation (30 to 70%) in the amplitude of millennial scale climate signals when
sedimentation rates are less than ~15 cm ka−1. Similar experiments with centennial and
sub-centennial climate variations suggest that a signal is only preserved where the mixed
layer depth is shallow (≤5 cm) and sedimentation rates are higher than ~15 cm ka−1 [108].

Of the 68 sites included in this study, only 7 have sedimentation rates less than
15 cm ka−1 (Table 4) with coarse minimum sample resolutions between 350 and 1000 years
(Figure 12 and Table 4). The 13 proxy records with the highest resolution come from
sites with sedimentation rates ranging from 1.4 m ka−1 to 18.13 m ka−1, where the depth
and strength of climate signals are still modified within the sediment column but should
preserve sub-millennial, centennial, and possibly sub-centennial variability.

4.3. Scope for Validation and Standardisation

Whilst the majority of diatom proxies covered in this review are based on ecologi-
cal associations between the distribution of species in surface sediments and the mean
oceanographic conditions above [10,70,71,81,82,94,100,109], validation (and/or calibration)
against sea ice observations is problematic due to the relatively short 40-year instrumental
record available for Antarctic sea ice, a timeframe that is not normally resolvable in marine
sediment cores. Even at sites with exceptionally high sedimentation rates (>1 cm a−1),
signal attenuation from bioturbation and dating uncertainties may still preclude accu-
rate alignment with satellite records. Where calibration is attempted across regions with
decreasing (increasing) sea ice trends over recent decades [4], surface proxies may still
predispose down-core records to underestimate (overestimate) past sea ice [97].

In addition to the limitations on validation, the diversity of existing records, in terms
of the proxies, resolution, and age uncertainties, makes it particularly difficult to compare
data and reconstructions. It is also possible, and perhaps likely, that a single ‘standard’
proxy cannot encapsulate the heterogenous nature of the sea ice environment. The current
diversity of approaches may therefore be seen in a positive light, providing more detailed
and meaningful descriptions of a greater number of sea ice-related variables. Additionally,
these records are tailored to represent sea ice conditions in different locations. Without
evaluating how well proxies work in different regions, it is difficult to assess the feasibility
of a standard circum-Antarctic sea ice proxy. Also, given the divergent trends in sea ice
seen in different sectors of Antarctica over recent decades [4], initial comparisons would
probably be best applied to regions with similar sea ice history.

A potential first step towards validation and standardization would be to compare
different proxies within a single core and a single proxy between different cores located
within areas of similar sea ice history (Figure 10). Whilst the use of Fragilariopsis curta in the
majority of sea ice proxies and regions (Figure 11) makes it a prime candidate for evaluation
as a standard Antarctic sea ice proxy, the analytical efficiency afforded by the relatively
new HBIs also warrants further development to hone its ecological association with sea ice.
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5. Conclusions

This review provides a thorough evaluation of the diatom-based proxies used to
reconstruct Antarctic sea ice of the past 2 ka. The study collates 112 records from 68 core
sites, with proxies based on more than 30 different combinations of diatom taxa as well
as HBI biomarkers. Presenting the origins and tenets of the proxies indicates how their
varied composition reflects the ecological and taxonomic diversity of the sea ice environ-
ment. The wide variety of diatom-based sea ice proxies may limit the opportunities and
complicate data assimilation and proxy standardisation but this diversity also suggests that
one ‘standard’ diatom-based proxy is probably not appropriate for the varied ecological
conditions of Antarctic sea ice. The broad range of proxies currently available can provide
richer, localized perspective, and therefore potential for a more detailed insight into the
different ways that sea ice conditions have changed in the past.

The detailed inventory of proxies and cores presented within this review provides a
valuable resource for future research since it summarizes essential reference data on 112 ex-
isting sea ice records into a single, readily accessible publication. This resource will permit
easy identification of: where records with certain time frames and/or resolutions occur;
where specific proxies are applied; where comparisons between proxies and records are
feasible; and where suitable records for regional syntheses occur. Mapping the distribution
of records also emphasizes the large areas of continental shelf with sparse or no records
of past sea ice. This review of existing records will hopefully encourage more informed
decisions on the choice of proxy and temporal framework, ultimately leading to greater
compatibility and consistency in the diatom-based reconstructions of Antarctic sea ice.

Author Contributions: Conceptualisation: C.S.A.; Outline and approach: C.S.A.; Investigation & re-
sources: C.S.A. and Z.C.W.; Writing: C.S.A. and Z.C.W.; Reviewing and editing: C.S.A. and Z.C.W.;
Corrections and proof reading: C.S.A. and Z.C.W. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by British Antarctic Survey, with core funding from the Natural
Environment Research Council and a PhD studentship from the National Environments Research
Council Great Western 4+ Doctoral Training Partnership.

Data Availability Statement: Not applicable.

Acknowledgments: This work forms part of the British Antarctic Survey programme ‘Polar Science
for Planet Earth’ and is a contribution to the PAGES 2k Network (through the CLIVASH2k project).
Past Global Changes (PAGES) is supported by the US National Science Foundation and the Swiss
Academy of Sciences. We thank Liz Thomas for her support in producing this review and we are
grateful to the two anonymous reviewers for their constructive comments and suggestions which
helped to improve the quality of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Information on diatom taxa included in Antarctic sea ice proxies:
1. Fragilariopsis curta is closely associated with sea ice throughout the Southern Ocean.

F. curta is a common component of the diatom assemblage within the sea ice environment
(often as a dominant species) in sea ice, in ice edge blooms, and in waters close to the sea
ice [103,110–119]. This sea ice association is supported by plankton and sediment trap
samples that show the distribution of F. curta to be broadly confined by the northern limit
of sea ice [120,121]. In surface sediments, F. curta abundances increase southwards from
the maximum limit of seasonal sea ice [81,82]. High abundances (>20%) are found in areas
where summer sea surface temperatures (SSSTs) are below 0.5 ◦C [82] and where seasonal
sea ice persists for 9–11 months/year [81]. The highest recorded sedimentary abundances
(>60%) occur in the Ross Sea, Prydz Bay, and the Weddell Sea [12,81].

2. Fragilariopsis cylindrus is found in a range of sea ice settings and in waters closely influenced
by sea ice, where they often occur as the dominant species [103,110–114,116,118,121,122]. Whilst



Geosciences 2022, 12, 282 26 of 34

widely accepted as a sea ice-related diatom, F. cylindrus has also been associated with
melt waters and stratified conditions [31,49,104,111], especially in the Ross Sea [11,123].
In surface sediments, F. cylindrus abundances of >10% are found where SSSTs are below
−0.5 ◦C and sea ice is present for 3–10 months/year [81,82,124].

3. Thalassiosira antarctica is not usually found in sea ice but is recognized as a sea ice
associated diatom, living in waters adjacent to sea ice, in crack pools, and in waters with
unconsolidated sea ice [110,112,119,123,125]. The highest abundances in the Ross Sea are
found near to the coast and may indicate a link with ice shelf and tidewater glaciers [123].
The occurrence of T. antarctica in sediment traps and seasonally laminated diatomaceous
sediments supports the assertion that T. antarctica is primarily a member of the late summer
and/or autumn phytoplankton community [12,32,106,126]. The distribution of T. antarctica
in surface sediments is broadly consistent with its occurrence in surface waters. The highest
abundances (>25%) are typically observed in coastal regions that experience >6 months sea
ice per year and have summer SSTs between −1 and 0 ◦C [13,81,82,123].

4. Fragilariopsis sublinearis follows a similar distribution to F. obliquecostata in surface
waters. The highest abundances (5–10%) of F. sublinearis are located almost exclusively
in Prydz Bay, the Ross Sea, the Weddell Sea, and along the Wilkes Land margin, close
to and within the maximum February sea ice extent [71,112,120,127]. In sediments, rela-
tive abundances of F. sublinearis above 2% occur in locations where sea ice is present for
>7.5 months/year [70,81,82].

5. Fragilariopsis kerguelensis is an endemic Southern Ocean, and pelagic marine diatom
is common in the iron-limited waters of the Antarctic Circumpolar Current with peak
productivity along the southern boundary of the Polar Front [128–131]. Experiments and
observations show that the optimal growth of F. kerguelensis occurs in 4–5 ◦C waters—the
range of summer sea surface temperatures in the Polar Front Zone [131,132]. In surface
sediments, F. kerguelensis dominates diatom assemblages in the Antarctic and Polar Front
Zone throughout most of the Southern Ocean [129–131] and is negatively correlated with
sea ice concentrations [133].

6. Fragilariopsis obliquecostata is also associated with sea ice but is less common and typ-
ically confined to more southerly locations than either F. curta or F. cylindrus. F. obliquecostata
has been recorded in pack ice, land fast ice, and within waters of the marginal ice zone of
the Weddell and Amundsen Seas [110,112,114]. In surface sediments, F. obliquecostata is
less abundant than F. cylindrus with elevated abundances of >5% generally found south of
the Antarctic Divergence where SSSTs are below 0 ◦C [70,82]. Elevated abundances of F.
obliquecostata in the sediments broadly correspond to the area of maximum perennial sea
ice and/or locations that experience >7 m/y sea ice cover [81] with the highest abundances
of >10% recorded off the Victoria Land coast in the Ross Sea, in the Weddell Sea, and in the
Prydz Bay region [82,123].

7. Fragilariopsis rhombica is associated with regions close to the Antarctic coast and ice
shelves [44,134]. Although it has been recorded in sea ice samples, F. rhombica is absent
from descriptions of common sea ice taxa and is more abundant in the waters immediately
north of the sea ice edge [110,116,135]. F. rhombica’s distribution in surface sediments is
linked with the Antarctic Zone with maximum relative abundances of >10% found in areas
where summer sea surface temperatures range from −1.5 to 1 ◦C and sea ice cover persists
for 7–9 months of the year [81,82,124].

8. Fragilariopsis ritscheri is an endemic Antarctic species that is usually found at lower
abundances than other Fragilariopsis species [82,120]. In sediments, F. ritscheri is recorded at
highest abundances of 1.5–3% where surface water temperatures range between −2.0 and
1 ◦C, broadly consistent with the area south of the average winter sea ice extent [81,82,136].

9. Fragilariopsis vanheurckii is generally considered a sea ice diatom [135,137,138], and
is also commonly found in waters close to the sea ice edge and in the stratified melt waters
following sea ice melt [111,114]. Analyses of the diatom assemblage in sediment trap
material from the northwest Weddell Sea showed that F. vanheurckii comprised the highest
abundances of >15% when the sea ice edge was at or in close proximity to the mooring



Geosciences 2022, 12, 282 27 of 34

site [71]. In sediment assemblages, the highest abundances of >8% F. vanheurckii have been
recorded in the Amundsen Sea [114] and northeast Antarctic Peninsula [139].

10. Actinocyclus actinochilus is linked with cool waters. In surface sediments, the
distribution of A. actinochilus relates to surface water temperatures between −2 and 2 ◦C,
broadly equivalent to the region between the minimum and maximum ice cover [81,82].
The highest abundances of A. actinochilus are reported from sediments in the Amundsen Sea
(up to 14.4%, [114]) and Enderby Basin (9.38–13.33%, [131]). In other regions, A. actinochilus
is more commonly present at abundances between 1 and 3% [20,81,82,123,140].

11. Porosira glacialis is a bipolar diatom species associated with cold shelf waters
adjacent to sea ice [81,82]. P. glacialis is purported to grow in the open ocean beyond the
perennial sea ice edge [81,82], and, while P. glacialis has been observed in waters with
high concentrations of slush and wave-exposed shore ice, it has not been found in sea
ice [110,125,141]. In sediments, P. glacialis is located shoreward of the maximum winter sea
ice extent and reaches maximum abundances (>2%) beneath regions with February SSTs
ranging from 0 to 0.5 ◦C [81] and at least 7.5 months per year sea ice cover [20,81]. While P.
glacialis usually comprises only a minor component of the diatom assemblage, there are
several records of diatomaceous laminae in which P. glacialis is visually one of the most
noticeable taxa in late summer/autumn laminae from the Dumont d’Urville Trough, Mertz
Ninnis Trough [32,142], Iceberg Alley [28], and the MacRobertson Shelf [106].

12. Entomoneis kjellmanii is a common member of the spring bottom ice community
(particularly fast ice) prior to ice break out [74,143–146]. It is rarely observed in other sea
ice habitats or in the surrounding waters, presenting a particularly robust affiliation with
early spring, coastal sea ice conditions.

13. Navicula glaceii is a cryophilic, neritic diatom [141,147]. N. glaceii is particularly
associated with the ‘slushy’ semi-frozen tideline habitat in fast ice and may be abundant
in adjacent waters where it is seeded from melting and/or fragmentation of sea ice in the
nearshore area [148].

14 and 15. Nitzschia stellata and Berkeleya adeliensis are categorized as ‘tube dwelling”
sympagic diatoms, frequently reported in fast ice samples from coastal regions of Antarctica,
particularly East Antarctica [117,149–152]. Both N. stellata and B. adeliensis can be dominant
species within the sea ice, but are only rarely found in the adjacent waters or underlying
sediments [115,149,153,154].

16. Thalassiosira australis is found in and around sea ice and can form dense mats on
the underside of fast ice in coastal areas of East Antarctica [144,155–157]. T. australis resting
spores are also found in sediments under fast ice and in sediments from seasonally open
water sites closely ‘downstream’ of fast ice [158].

17. Pleurosigma directum is a planktic pennate species found at low (rare) abundances
in many regions and described as “probably cosmopolitan” [159].

18. Pinnularia quadratarea is a pennate benthic species, found within and on congelation
and fast ice. P. quadraterea is more heavily silicified and dissolution-resistant than many other
sympagic diatoms, and, as such, is often present within the underlying sediments [44,153,160].

19. Fragilaria striulata is a marine species of this predominantly freshwater genus,
widely distributed throughout the North Atlantic and Arctic Oceans. Mostly recorded as
a benthic and epiphytic littoral species, it has also been reported as a neritic planktonic
species [159,161]. In the Southern Hemisphere, F. striulata has been found in waters and
surface sediments along the Chilean coast and at nearshore sites in Antarctica [161–163].

20. Synedropsis is an araphid bi-polar genus associated with sea ice. In the Antarctic,
it is found predominantly within the bottom ice community or as an epiphyte on other
diatoms [164,165].
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