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ABSTRACT: Radiocarbon dating of basal peats has been a key factor in determining minimum ages for deglaciation on
sub-Antarctic islands. On Marion Island, peat bogs dominate the landscape below 300 m a.s.l., and palynological
assessments of peat cores have been used to assess the vegetation history and succession rates as well as the sensitivity of
the indigenous flora to climatic change. Initiation of peat on the sub-Antarctic islands signifies a major landscape change
which has previously been linked to the retreat of glaciers. Here we test this hypothesis by comparing previously published
and new basal peat ages from Marion Island with cosmogenic isotope dates for deglaciation, and local and regional
palaeo-environmental changes. Results show that, in common with other sub-Antarctic islands, peat initiation occurred
after the Antarctic Cold Reversal (15-13 ka) and through the early Holocene climate optimum. This substantially post-
dates cosmogenic isotope evidence for deglaciation from the basalts which shows that the areas where the peatlands
dominate were ice-free from the start of Marine Isotope Stage (MIS) 2 (~31 ka). This suggests that environmental conditions
controlled peat initiation rather than deglaciation. Regional climatic proxies show that during and after MIS 2, extremely
low temperatures, extensive sea ice conditions and depressed sea surface temperatures together with lower sea levels at an
island scale could have maintained conditions unfavourable for peat initiation at their current locations. On Marion Island,
the significant gap of ~20 000 years between the timing of deglaciation and peat formation indicates that the use of peat
basal ages as a proxy for the minimum age of deglaciation in the sub-Antarctic should be used with extreme caution.

© 2024 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.

KEYWORDS: '*C; deglaciation; Marion Island; peat; sub-Antarctic

Introduction

Sub-Antarctic islands are small islands located in the vast
Southern Ocean with unique terrestrial archives which can be
used to investigate past changes in local ice extent and regional
oceanic and atmospheric circulation patterns in the southern
mid-latitudes (van der Putten, 2012). Age determination of basal
peats (mostly through '*C dating of peat cores) has been used
to infer minimum ages for deglaciation (Hodgson et al., 2014)
across the sub-Antarctic. Peat cores have also provided
reconstructions of the post-glacial vegetation history (see van
der Putten et al., 2012), landscape evolution (Yeloff et al., 2007;
Whittle et al., 2019) and climate change (Yeloff et al., 2007; Van
Der Putten, 2012; Hodgson et al., 2014; Whittle et al., 2019;
Payne et al., 2019).

From a biogeographical perspective, the islands that constitute
the ‘core’ of the sub-Antarctic region are South Georgia, Marion
and Prince Edward Islands, the archipelagos of Crozet and
Kerguelen, Heard and McDonald Islands, and Macquarie Island
(Convey, 2020) (Fig. 1). Marion Island (46°54'S, 37°45°F) is
293 km? in size and like the other ‘core’ islands has a hyper-
maritime climate and is located in the westerly wind belt of the
Southern Hemisphere (Fig. 1). Marion Island is a 1240-m-high
(a.s.l.) shield volcano that rises above a flat-topped submarine
platform. The island is dotted by about 150 cinder cones, smaller
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scoria cones and coastal tuff cones. The island comprises basaltic
‘grey’ lavas dating from 50 to 450 ka overlain by ‘black’ lavas
of the pahoehoe and aa type (McDougall et al., 2001). Peat bogs
are dominant on the lowland plains of Marion Island with
different mire complexes covering ~50% of the island below
300m a.s.l. Plant communities of the mires form the Juncus
scheuchzerioides-Blepharidophyllum  densifolium  complex
while the graminoid species Agrostis magellanica, Uncinia
compacta and Juncus scheuchzerioides form an important
component of the peat-forming plants (Yeloff et al., 2007). Areas
around the mires and at higher elevations on the island are
dominated by the fellfield complex which consists primarily of
the cushion plant Azorella selago. From the early 1970s, the post-
glacial vegetation history of Marion Island has been determined
from palynological assessment of peat cores. Schalke and van
Zinderen Bakker (1971) published the first pollen diagrams for
Marion Island and inferred that their peat core (at Macaroni Bay)
covers the last 16 ka. From '*C analysis, they reported an age of
9500 + 140 8p at a depth of 175-185 cm in their Macaroni Bay
core and a peat basal age of their core at Juniors Kop of
3180+ 1208p (Schalke and van Zinderen Bakker, 1971). Scott
(1985) described the pollen assemblages of several samples and
suggests a succession of barren fjaeldmark (fellfield) through
Azorella selago peats to mire communities. Subsequently, basal
dates from these peat cores, together with dates from lake
sediments and open sections have been used to determine
minimum ages for the deglaciation of Marion Island and other
sub-Antarctic islands (e.g. Hodgson et al., 2014). Here we test the
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Figure 1. (A) The geographical context of Marion Island and other sub-Antarctic islands. (B) The sampling locations within the context of
reconstructed palaeo-ice extent (Rudolph et al., 2024). (C-F) The recalibrated '*C ages of peat and organic sediment from various published sources
and new data from this study (see Table 1). Relevant peaks and place names are indicated and surficial ‘grey’ lava geological surfaces are
demarcated. Spatial data are from Rudolph et al., (2021, 2022). [Color figure can be viewed at wileyonlinelibrary.com]

hypothesis that these are close minimum ages for deglaciation by
comparing a synthesis and recalibration of previously published
and new basal peat ages from Marion Island with cosmogenic
isotope dates for deglaciation from the basalts. We then provide a
critical assessment of the timing of peatland initiation against
local and regional palaeo-environmental drivers.

Results and discussion

Previously published '*C ages from peat cores on Marion
Island (Schalke & van Zinderen Bakker, 1971; Scott, 1985;

© 2024 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.

Yeloff et al., 2007) together with previous unpublished ages
from seven peat cores are presented (Table 1). Ombrotrophic
mires (from the different sectors of the island) were sampled
to basal depth at Macaroni Bay, Albatross Ridge, Kildalkey
Bay and the coastal plains at Kampkoppie (Fig. 1) using a
Russian-pattern peat corer, or by sampling exposed sections.
Radiocarbon ('*C) dates received from the various laboratories
were (re)calibrated to calendar years sp (before 1950) using the
SHCal20 calibration curve for the Southern Hemisphere (Hogg
et al., 2020) in Calib 8.2 (Stuiver and Reimer, 1993) (Table 1).
Furthermore, '*C dates from basal organic sediment in lakes at
Kampkoppie and La Grange Kop that were previously sampled

J. Quaternary Sci., 1-8 (2024)

85U80|7 SUOWIWOD aA IR0 3|qeal|dde ay) Aq peusenob afe Sajoile O SN JO S8 10} Aeid 178Ul uO A8|1A\ UO (SUONIPUCO-pUe-SLLBI W0 A8 | 1M Aleld 1 eul JUO//:SANY) SUOIPUOD pue WIS | Y1 89S *[6202/c0/92] Uo Arigiauliu A8|iM ‘ABninS onoeiuy usnig Aq Zy9e sbl/z00T 0T/10p/wiod A m Aeiq 1 puluoy/sdny woy papeojumod ‘0 ‘2 TT660T


http://wileyonlinelibrary.com

10991417, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/jqs.3642 by British Antarctic Survey, Wiley Online Library on [26/03/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

DEGLACIATION AND PEAT FORMATION

"1/61 “19¥peg ualapulz uea xp ayeyds Aq pajuasaid 7 zz | 98e ay) s o3e _omzum._mw_z

G'/G ‘|eseq
paysijgndun c€9¢ 89/C—C/9¢C 9€ F965¢C RwWIpas djuesio €919°Z€  89889Y—  6¥CSS-DUINS SLS 1T D L e arddoyduwiey
paysijgndun sl ¥0€1-09C1 0€+08¢€l S6-v6 1edd 9819°/€  L¥88°9b—  9€/£99-®I9g S6¥6 DL IW ureld |eseod Jamo| aiddosdurey
paysijgndun 886 £501=£001 0€F0¢€LL 6G1-8S1 ‘|eseq 1ead €€C9°LE  SV889V— ¥€£€99-8199g 651-891 AS IW ure|d [elseod uaySiy aiddosdwey
6989 ‘[eseq
paysijgndun 618 9¢6—99£ €+ LL6 awWIpas djuesio £919°£€  6588'9Y—  £5¢5S5-DdINS 69-89 ¢ O ¢ e aiddosidwey
G € ‘[eseq
020T e 19 udlidd r6¢ yelLe SeEFLLE dWIPas diuesio 9r6S°LE  YPY6'9P—  066€9-D¥INS w2 §*ey MO |eseq e doy aduelD e
101035 }1S9M
paystiqndun 9C¢€8 98€8-18¢8 0€F0¥SL LLy=9.Y ‘|eseq 1ead 8948°LE  6V96'9V— §€£€99-8199 LLY9LY TT € IW Auojoo uinduad Aeg Asxep|iy
paysijgndun 08/ 898/-969/ 0€F0l0Z |eseq 1ead 8¥48'LE  8¥96'9V— 06¢529-€19¢ [eseq £20T A[ep|1 uopoas jead Aeg Aaxep
§861 NOdS £808 €078-9¢6. 0£F00¢Z 009 ‘[eseq 1ead 80ce-®d uondas jead Aeg Aaxepy!
10)09s Jseayjnos
Evy—cvy
paystjgndun 0vS €1 L09E1-0FYEL O FOLLLL ‘|eseq soluedio Aed 0T/8'LE  €¥68°97—  1€££99-81g EVp-Thy M L IW L 9US Aeg juoredeny
yLL61 “1opeg 86/ €1-/ST
ua.I9pulz ueA R 93|eyds clect ol 00Z+ 00901 S6C-54T 1ead 84T Aegq 1uosedepy
LL6L “4odpieg 081 L1-5€
UsIspulz uea g d3[eyds Ssz 0l ol 0¥ 1 +00S6 G81-G/1 ‘lead 901 Aeg 1uosedsey
paysijgndun lv/6 9066-0556 0t +06/8 0S¢ 1°d 6€48°LE  LL689V—  LLE€Q/PBIRG WD 0S-6¥ 05C-00C91V agpry ssoneqly
80v—L0V
paysijgndun €206 0¥ 16-5668 0€+0/18 ‘uonyisuen Aejd>—jead 0C/8°L€  €¥68°9y—  7€L£99-®I9g 80v-L0V [ 1 IW L auS Aeg 1uosedepy
G861 N0dS LELL €48/76L5L 06 F0€69 0¥ 1-0€1 1ead V1cE-Bd 8unioq 1s114 ‘28pry emjs
§861 NOdS 8879 §869-L799 0/ ¥ 0665 €9€-€9€ ‘1ead ceceed 3urioq paiy L ‘saxe ssoneqly
paysijgndun 005S ¥855—SvvS 0€ F08.Y 08€-6.€ ‘|eseq 1ead Yv/8°LE  VvY68°9V— €€/€99-8199 08€-6££ [T IW Z us Aeg 1uosesepy
£00T "[ 19 JJO|PA 14474 TyS—1ees OF 0S¥ 619 ‘Jead ‘sodew jueld 9848 LE  88/8'9b- 1820€-VID wd 6197 | I4VW SA0)) |ERASURI]
G861 MOdS 4314 8¢8Y—C0SY 0LF0¥LY 081-591 1ead Lece-Bd Sunioq yunoy ‘saxe ssoneq|y
101035 JseaylioN
uonedijgnd 821nog Aupgeqoad  ewSis g 93ues  (dg |ed) ade (W) yidep apmiduol  apnine] Jainuspl qeq al ajdwes aweu a)g
uelpapy ade pajeiqied D, pauodsy  diydeidnens/parep [eusieny

pue 19AINIS) 7°8 qieD Ul (0Z0T ‘10 830H) a1aydsiwaH uIBLYINOS U} J10) 9AIND UONEIqIED OZ|EDHS ) SUISn SUOp sem uoljeiqi[eD) "pue|s| UoLB UO S)isodap juawipas axe| pue Jead jo sade uogiedoipey

(€661 “HPwIY
‘L 2IqeL

J. Quaternary Sci., 1-8 (2024)

© 2024 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.



4 JOURNAL OF QUATERNARY SCIENCE

(see Perren et al., 2020 for sampling procedure and '*C age
determination) are also presented here (Table 1). The Kampkop-
pie lake is on a black lava flow west of Kampkoppie cone while
the La Grange Kop lake is within the scoria cone with the same
name on the west coast of Marion Island (Fig. 1). The lakes are
ideally positioned to accumulate sea salt and minerogenic inputs
from the prevailing westerly winds, whilst receiving minimal
inputs from elsewhere on the island (Perren et al., 2020).

The mires at Skua Ridge, Macaroni Bay, Albatross Ridge and
Kildalkey Bay are in areas underlain by Pleistocene grey lavas
in the eastern sector of the island (Fig. 1). These mires are
expected to be the oldest on the island since the area has not
been influenced by the most recent volcanic activity (Rudolph
et al., 2021). Peat basal dates range from ~5500 to 9073 cal a
BP with the core at Macaroni Bay site 1 being the oldest core
ever dated on Marion Island (Table 1). Here the base consists
of a grey lava clay layer with the organics dated to 13540 cal
a Bp and the transition from clay to peat at 9073 cal a sp. This
grey lava clay layer is considered to be the base that made the
site habitable for plant life as described by Schalke and van
Zinderen Bakker (1971) while the transition layer age is the age
of peat initiation (Quik et al., 2022). It is noteworthy that the
original dates presented by Schalke and van Zinderen Bakker
(1971) for their core at Macaroni Bay (Table 1) fit with the
new core dates for the area even though their basal date of
12212 cal a 8p was rejected by the original authors due to
‘contamination’. Therefore, the subsequent inference by the
original authors (Schalke and van Zinderen Bakker, 1971) and
presented elsewhere (see Van der Putten et al., 2010) that
the base is ~17 000 years old is rejected. The mires that were
cored on the western coastal plain at Kampkoppie (Fig. 1) are
underlain by Holocene black lava (Verwoerd, 1971; Rudolph
etal., 2021). It is in the area on Marion Island that has some of
the youngest black lavas, as it is situated near the zone of the
most recent outflow in 1980 (Rudolph et al., 2021). The peats
are young and shallow with a peat basal age of ~1200 years
which is younger than the basal age of the lake sediment at
Kampkoppie lake 1 (2632 cal a sp).

Recent advancements in cosmogenic nuclide exposure dating
techniques and *°Cl analytics allow for the exposure dating of
oceanic island basalts (Nel et al., 2021). Exposure ages of glacial
features in the basalts on the northeast coast of Marion Island
show that the last deglaciation began before 34 ka, and
continued until ~17 ka, by which time the ice had retreated up
to ~900 m a.s.l. (Rudolph et al., 2020). However, new exposure
ages (Rudolph et al., 2024) indicate that the local Last Glacial
Maximum was reached prior to ~56 ka and that by using a
conceptual model of island-scale deglaciation across time
scales, it can be seen that all the areas on Marion Island where
peat is found were essentially ice free from ~31 ka (Rudolph
et al., 2024, their fig. 5). Furthermore, a boulder in a moraine at
Macaroni Bay (MB1) (in the vicinity of our own Macaroni Bay
site 1) returned an exposure age of ~37 ka which was accepted
in the context of its geomorphic association (Rudolph
et al., 2024). Additionally, the exposure age for the moraine is
more likely to be under-estimated due to erosion that is
potentially unaccounted for, rather than overestimated due to
unaccounted inheritance (Rudolph et al., 2024). The reasons for
this early deglaciation on Marion lIsland are described by
Rudolph et al. (2024) and all indications are that the grey lava
ice-free landscape on Marion Island is thus significantly older
than previously considered (Nel et al., 2021) but the bases of the
peats are all essentially Holocene in age. This shows a
significant lag (of at least 20 ka) between the timing of
deglaciation and peat formation. This implies that the use of
peat basal ages as a proxy for the minimum age of deglaciation
for Marion Island (Hodgson et al., 2014) is not pragmatic.

© 2024 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.

The sub-Antarctic is considered a data-poor region in
terms of palaeo-climatic sites but there has been renewed
palaeo-ecological and climatological interest in the
peat archives of sub-Antarctic islands (van der Putten et al.,
2012; Hodgson et al., 2014; Whittle et al., 2019; Payne
etal., 2019). A review of '*C peat dates from the ‘core’ sub-
Antarctic islands (Convey, 2020) adapted from Hodgson
et al. (2014) is presented in Table 2. Except for one
radiocarbon date of ~15 600 cal a sp (Van Der Putten, 2010)
from near the base of a peat core on the eastern side of the
Kerguelen archipelago, minimum ages for peat development
on these islands are essentially confined to after the Antarctic
Cold Reversal (15-13 ka) with most occurring during the
early Holocene climate optimum (11 500 and 9000 years Bp)
(Masson et al., 2000; Parrenin et al., 2013) (Table 2). When
peat development on Marion Island is juxtaposed next to
several palaeo-environmental proxies (Fig. 2) it can be seen
that after deglaciation of the coastal areas during Marine
Isotope Stage (MIS) 2 (~31 ka), temperatures remained
extremely low (about —8°C below present at sea level)
(Parrenin et al., 2013) and sea levels were also 100-120 m
lower than present (Miller et al., 2020). This local state
(during MIS 2), together with extensive sea ice conditions
and depressed sea surface temperatures (SSTs) in the South-
ern Ocean (Chadwick et al., 2022), lasted into MIS 1 (~18 ka)
(Fig. 2). The low air temperatures and extensive sea ice
conditions are likely to have starved Marion Island of
moisture while a 100- to 120-m drop in sea level would
effectively have meant the position of the current peat bogs
on Marion Island would have been higher in elevation and
much further from the coast. If the dry adiabatic lapse rate is
also taken in consideration a 100-m rise in altitude would
have resulted in a further decrease in mean air temperature
of about —1°C. Even though most of the island was not in a
glaciated state during the global Last Glacial Maximum
(gLGM) (Rudolph et al., 2024), it is suggested here that the
climatic conditions would still have been unfavourable for
peat initiation. From 18 to 13 ka sea levels started to rise,
SSTs started to increase, sea ice diminished and air
temperatures increased (Fig. 2). The effect of the Antarctic
Cold Reversal (ACR) (~15-13 ka Bp) on the landscape and
climate of Marion Island is currently unknown but it is
possible that the northward shift in the Southern Westerly
Winds (Fletcher et al., 2021) and decreasing temperatures
during the ACR could have further delayed large-scale peat
formation. From the Early Holocene (~12 ka Bp) the local sea
levels and regional SSTs, sea ice and air temperatures
stabilized to essentially current levels (Fig. 2). This coincides
with the basal ages of the oldest known peat on Marion
Island and the deepest peat ages across the ‘core’ sub-
Antarctic islands (Tables 1 and 2). Growing evidence
suggests that sub-Antarctic islands experienced more
extensive glacial maxima during their MIS 3/4 advances
than during MIS 2 (gLGM) or subsequent glaciations such as
the ACR (see Darvill et al., 2016; Schaefer et al., 2015;
Shulmeister et al., 2019). Even though exotic pollen grains,
which have been transported by the prevailing westerly
winds, make up ~1.2% of all pollen recorded, it is suggested
that wind dispersal did not play a major role in the
establishment of the present biota on Marion Island (Scott
and van Zinderen Bakker, 1985). Irrespective of the timing
and extent of the glaciations on the individual islands, or
the local and regional temperature and moisture regimes
throughout MIS 1 and 2, the native subantarctic phaner-
ogamic flora survived through local refugia since the plant
species are present at the onset of accumulation of the
organic sediment and there is no evidence for the natural
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Figure 2. Southern Hemisphere palaeo-climate proxies juxtaposed alongside Marion Island’s peat development timeline: (A) the Antarctic
Temperature Stack (ATS) relative to present-day temperatures (Parrenin et al., 2013); (B) Southern Ocean sea surface temperatures (SSTs);
(C) changes in global mean sea level relative to present-day sea level (Miller et al., 2020); (D) the dominant trend in Southern Ocean sea ice
extent, modified from Chadwick et al. (2022). Probability plots of (E) peat development constructed from '*C ages of peat sediments and
(F) deglaciation inferred from 3°Cl exposure ages of moraine boulders (Rudolph et al., 2024). The chronostratigraphic units indicate Marine
oxygen lIsotope Stages (MIS) (Railsback et al., 2015), the global Last Glacial Maximum (gLGM) (Clark et al., 2009) and the Antarctic Cold
Reversal (ACR) (Putnam et al., 2010). [Color figure can be viewed at wileyonlinelibrary.com]

arrival of new immigrants (Van Der Putten, 2010). On
Marion Island, the Feldmark Plateau and the middle of Long
Ridge are potentially the oldest exposed surfaces (Rudolph
et al., 2024). These areas, along with the coastal areas now
inundated by post-glacial sea level rise, are probably the
biological refugia which made the establishment of vegeta-
tion and peat initiation possible at their current locations
during the Holocene.

Conclusion

Peat basal dates in the mires underlain by pre-glacial grey
lavas on Marion Island range from ~5500 to 9073 cal a 8p. In
the oldest peat core ever dated on the island, the material
that made this site habitable for plant life is dated to
13540 cal a 8p and peat initiation is dated at 9073 cal a 8.
Recent cosmogenic nuclide exposure ages of the grey lavas
indicate that the areas where the mires dominate were
ice-free from ~31 ka but the base of the peats underlain by
these pre-glacial lavas are Holocene in age. There is a gap of
at least 20 ka between the timing of deglaciation and peat
formation which suggests that the use of peat basal ages as a

© 2024 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.

close proxy for the minimum age of deglaciation is not
realistic.

Absolute and minimum ages for peat development on sub-
Antarctic islands are essentially confined to after the ACR
(15-13 ka). When peat development is juxtaposed to regional
climatic proxies, it is proposed that after MIS 2 a combination
of regional environmental conditions (low temperatures,
extensive sea ice conditions and depressed sea surface
temperatures) together with lower sea levels at an island
scale would have made conditions unfavourable for peat
initiation at their current locations on the island. Peat
initiation only became possible once the local sea levels
and regional SSTs, sea ice and air temperatures reached
favourable levels during and after the Early Holocene climate
optimum.
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