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Palynological analyses of 12 samples from the Cape Melville Formation, which crops out on easternmost King
George Island, Antarctica, provide new information on the type of vegetation that covered the South Shetland
Islands during the early Miocene Melville Glaciation, c. 23�21 Ma. The assemblage recovered was mostly
characterised by in situ algae such as leiospheres along with acanthomorph acritarchs, both glacial indicators. The
sparse in situ terrestrial palynomorph assemblage included tundra-indicative moss spores Coptospora sp., rare
podocarp conifer and various angiosperm pollen. The latter includes pollen of several species of Nothofagidites, plus
rare Asteraceae, Caryophyllaceae (Colobanthus-type) and Chenopodipollis. The majority of the palynomorphs
recovered are interpreted as reworked, denoting glacial scouring and redeposition from various sites in the Antarctic
Peninsula and the South Shetland Islands. These reworked palynomorphs are of Permian to Paleogene age. This
reworked component provides insight into the potential sources of reworking, and is consistent with multiple cycles
of glacial advances to the Melville Peninsula at the time of deposition. The penecontemporaneous palynomorphs
recovered provide new data on the climatic regime and glacial intensification during the early Miocene on King
George Island.
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1. Introduction

King George Island (KGI) is the largest island of the

South Shetland Islands (SSI) magmatic arc that

extends parallel to the northern Antarctic Peninsula

and is detached from it by a young back-arc rift struc-

ture of the Bransfield Strait (Figure 1A and B). The arc

developed as a result of subduction of the Pacific litho-

sphere (Phoenix Plate) beneath the continental crust of
the Antarctic Peninsula (Barker 1982; Guterch et al.

1985). It is largely composed of Mesozoic and Ceno-

zoic eruptives and associated pyroclastics that are cut

by hypabyssal and abyssal intrusions (Smellie et al.

1984; Haase et al. 2012). A trend from older to younger

magmatic activity is generally observed from southwest

to northeast along the arc (Anderson 1999). This has

led to a concentration of Cenozoic volcanic rocks on
KGI (Pankhurst & Smellie 1983; Machado et al. 2005),

with maximum eruptive activity during the Eocene

(Wang et al. 2009; Nawrocki et al. 2011). The Eocene

volcanism has, in part, caused the poor preservation of

Permian to Cretaceous polynomorphs, often found

burnt beyond recognition in many KGI and surround-

ing sequences.

During the Eocene epoch, the island most likely had

a mountainous landscape with stratovolcanoes and lava

fields that were variably covered by Valdivian-type for-
ests (a forest found today in Chile and in parts of Argen-

tina), wetlands and freshwater environments (Poole

et al. 2001; Hunt & Poole 2003). A decrease of volcanic

activity close to the Eocene/Oligocene boundary coin-

cided with northward progradation of the Antarctic ice-

sheet and marine transgressions (Baker 2007; Davies

et al. 2012). Parts of KGI were covered by ice and/or

inundated during the Oligocene and early Miocene, giv-
ing way to glacial, glaciomarine and marine sedimenta-

tion (Troedson & Riding 2002; Troedson & Smellie

2002). These deposits are known from coastal exposures

and nunataks in the southeastern part of KGI

(Figure 1C). The sedimentary succession embraces the

Oligocene Polonez Cove Formation (Chopin Ridge

Group) occurring between Admiralty Bay and King

George Bay (Figure 1C), and the Late Oligocene
Destruction Bay Formation and the earliest Miocene

Cape Melville Formation (Moby Dick Group) occurring

between Sherratt Bay and Destruction Bay (Figures 1C

and 2; Birkenmajer 2001 and references therein).
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The sedimentary succession of the Moby Dick

Group rests on the andesitic�basaltic substratum of

the Sherratt Bay Formation (Figure 2). The Destruc-

tion Bay and Cape Melville formations are of Chattian

(c. 26�24 Ma) and Aquitanian (c. 23�21 Ma) ages,

respectively (Birkenmajer & ºuczkowska 1987; Birken-

majer et al. 1988; Bittner & Crame 2002; Dingle & Lav-

elle 1998; Troedson & Riding 2002; Whittle et al. 2014
and references therein). The succession is cut by a

swarm of Miocene basaltic dykes dated c. 20 Ma (Bir-

kenmajer et al. 1985) and by the Quaternary Peak

Melville volcano (Birkenmajer & Keller 1990). The

Destruction Bay Formation provides the only known

land exposure and record of the Late Oligocene warm-

ing in West Antarctica.

The Cape Melville Formation (c. 150 m thick, top

erosional) rests disconformably on the Destruction

Bay Formation (Figure 3). It is composed of a diamic-

tite-dominated interval in its lowermost part, overlain
by a succession of fossiliferous clastic sediments con-

taining common dropstones of local and regional prov-

enance (Troedson & Riding 2002). The sediments

Figure 1. A. Sketch map of Antarctica showing the location of the South Shetland Islands (SSI) at the northern tip of the Ant-
arctic Peninsula. The red rectangle indicates the area enlarged in B. B. Geological sketch map of the northern Antarctic Peninsula
and the SSI. Bransfield Strait is a young (<4 Ma) back-arc rift structure that did not exist during the sedimentation of the Cape
Melville (CM) Formation (early Miocene). At that time, the SSI were a part of the northern Antarctic Peninsula magmatic arc.
C. Map of King George Island showing the location of Melville Peninsula (red rectangle) between Sherratt Bay and Destruction
Bay (see Figure 2).
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range from sandstones to mudstones. Characteristic of

the succession is the alternating occurrence of grey-

and brown-weathering beds and intervals, which con-

trast with generally dark basaltic sandstones of the

Destruction Bay Formation. The colour difference

reflects the changing contribution of volcanogenic
material (brown-weathering) and detrital quartz and

clay minerals (grey-weathering) in the marine sedi-

ments. To facilitate local correlations and reconstruc-

tion of the depositional history, the Cape Melville

Formation has been subdivided into 11 informal lithos-

tratigraphical units (in ascending order, units 1 to 11).

The diamictite-dominated lower part of the formation,

discriminated here as the Crab Creek Diamictite,
embraces units 1 and 2, and the basal part of Unit 3

(Figure 3B). This diamictite records an advancement

of the Antarctic ice-sheet to KGI that could correlate

with the Mi-1 glaciation known from the oceanic

record. It is followed by renewed glacio-marine sedi-

mentation over the submerging magmatic arc.

The primary goal of this study was to determine

whether vegetation survived during the Melville Glaci-
ation between c. 23 and 21 Ma ago. This investigation

was undertaken via a palynological analysis to charac-

terise what type of vegetation covered the most

northern location of the Southern continent during

this glacial event.

2. Material studied

Twelve samples from the Cape Melville Formation
were selected and analysed for palynomorphs. The

stratigraphical section of the Cape Melville (CM) For-

mation sampled in this study (CM Section of PAS

2007, 2009) was measured during two expeditions by

the Polish Academy of Sciences (PAS) to KGI in Janu-

ary 2007 and January 2009 (Figures 1C and 2). It com-

prises the succession exposed in the southern

promontory of Melville Peninsula east of Crab Creek
between global positioning system (GPS) points

S 62�01.3910 W 57�37.1390 (bottom of Crab Creek)

and S 62�01.3410 W 57�37.001 (top of Crab Creek),

and S 62�01.4020 W 57�37.0430 (top of Pillar I) and

S 62�01.5520 W 57�35.9760 (top of Pillar VI) (Figure 3).

The detailed location of the 12 samples is shown in

Figure 4. Petrographical composition of the samples

was determined using microscopical examination of
thin sections and x-ray diffraction of disordered pow-

ders. The analytical procedure and instruments used

were identical to those described in Krajewski (2013).

Figure 2. Geological map of the study area studied showing the location of the CM section of the Cape Melville Formation.
This section was measured during two expeditions of the Polish Academy of Sciences in 2007 and 2009 (PAS 2007 and 2009).
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Figure 3. A. Melville Peninsula seen from the summit of Peak Melville showing a section of the upper part of the Destruction
Bay Formation and the Cape Melville Formation (Moby Dick Group). Numbers the indicate lithostratigraphical units of the
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The samples were taken at the following depths: at

65 m (M34 � Unit 4), 66 m (M31 � Unit 5), 67 m

(M30 � Unit 5), 88 m (M20 � Unit 6), 89 m (M19A �
Unit 6), 100 m (M17 � Unit 6), 131 m (M7 � Unit 8),
142 m (M5 � Unit 9), 155 m (M3 bottom � Unit 9),

157 m (M3 top � Unit 9), 170 m (M2 top � Unit 10)

and 175 m (M1A � Unit 11) of elevation from the base

of the outcrop.

3. Methods

These samples were chemically processed following a

palynological technique summarised by Brown (2008).

For each sample, about 20 g of dried sediment was

weighed. The sediment was spiked with a known quan-

tity of Lycopodium spores to allow assessment of the

absolute abundance of palynomorphs in the sample.

Acid-soluble minerals were digested in hydrochloric
acid (HCl) and hydrofluoric acid (HF) to remove carbo-

nates and silicates respectively. The palynomorphs were

then concentrated by filtration through a 10-mm mesh

sieve. Samples were not sufficiently rich to allow the

counting of 300 palynomorphs per sample, but up to

two full slides were counted for each sample. Reworked

and in situ species were separated primarily on the basis

of stratigraphical range (for all species with a known
range of Oligocene or older), and/or preservation of the

grains and thermal maturity of the walls. A database of

all palynomorphs recovered was prepared, and key spe-

cies were documented photographically.

4. Palynological results from the Cape Melville
Formation

Although not rich (total counts ranged from 84 to 272

specimens per sample with an average of 158 specimens

per sample), the Cape Melville Formation samples stud-

ied yielded a diverse group of palynomorphs (Figure 4).

The assemblage is extremely complex because it contains
a mix of presumed in situ and reworked microfossils of

diverse provenance. But despite the complexity of the

yield, the palynomorphs provide important information

about the type of environment that existed during the

deposition of the Cape Melville Formation. Because of

the complexity of the yield, the information provided

below lists the species found per sample, from the oldest

to the youngest sample, without discussion of their

reworked versus in situ status. The interpreted reworked

status is indicated by ‘Rw’ on Figure 4, next to the raw

count numbers.

4.1. Cape Melville: sample M34 (at 65 m above base)

Sample M34 was collected from a grey mudstone with

interbedded brown sandstone�mudstone. The sample

yielded ?Baculatisporites sp., Cicatricosisporites hughesii,

Converrucosisporites sp. cf. C. cameronii, Cyathidites

spp. including Cyathidites minor, Dictyophyllidites sp.,

Laevigatosporites ovatus, Leiosphaera spp., Micrhystri-

dium sp., Microcachyridites antarcticus, Nothofagidites

sp. (fusca gp.)., Nothofagidites fortispinulosus, Nothofa-

gidites sp. (brassii gp.), Osmundacidites wellmanii, Phyl-

locladidites spp. including Phyllocladidites mawsonii,

Podocarpidites spp. including Podocarpidites ?exiguus,

Retitriletes sp. cf. R. austroclavatidites, Ruffordiaspora

australiensis and Stereisporites antiquasporites.

4.2. Cape Melville: sample M31 (66 m)

Sample M31 was collected from a brownish mudstone

with grey intercalations. The sample yielded Cyathi-

dites spp. including Cyathidites minor, ?Deltoidospora

directa, Dictyophyllidites sp., Laevigatosporites ovatus,

Leiosphaera spp. Manumiella druggii, Microcachryi-

dites antarcticus, Nothofagidites saraensis, Nothofagi-

dites flemingii, some extremely baked and broken

pollen of possible proteaceous affinity, Protohaploxypi-
nus spp. and Punctatisporites sp.

4.3. Cape Melville: sample M30 (67 m)

Sample M30 consists of a brownish mudstone transi-

tioning to sandstone. The majority of specimens recov-

ered are definitely reworked, and many are damaged

beyond classification. As is the case for the two previ-

ous samples, most of the identifiable species recovered
include the in situ leiospheres that literally inundate the

slides. Other than the Leiosphaera spp., few recognis-

able specimens were recovered; most specimens

included some spore fragments displaying a very strong

maturation index, most likely resulting from proximity

to magma. Those we could identify include Cyathidites

sp., ?Marsupipollenites striatus, Phyllocladidites sp. and

Punctatisporites sp.

Cape Melville Formation. Units 1 and 2, and the lower part of Unit 3, comprise a diamictite-dominated succession, which is dis-
criminated here as the Crab Creek Diamictite (CCD). The ‘Lower Fork (LF)’ and the ‘Upper Fork (UF)’ are informal names for
Units 4 and 6, respectively. These units have been used as local correlation horizons of parts of the geological section measured in
Pillars I to VII in the southern promontory. B. Southern promontory of Melville Peninsula seen from Sherratt Bay. The red line
indicates the CM section of the Cape Melville Formation on both photographs (PAS 2007, 2009). The upper parts of the Destruc-
tion Bay Formation and the Cape Melville Formation are well exposed in the steep rocky walls of the peninsula. The height of the
southern promontory facing Sherratt Bay (left part of the photograph) is c. 200 m.

Palynology 5



4.4. Cape Melville: sample M20 (88 m)

Sample M20 was collected in a grey ‘gravity flow slope’

mudstone just below a basal unit of brown sandy mud-

stone. It is characterised by Alisporites sp., Cyathidites

minor, Leiosphaera spp., a very corrodedMicrocachryi-

dites antarcticus specimen and Nothofagidites saraensis.

4.5. Cape Melville: sample M19A (89 m)

Sample M19A was collected just above a grey ‘gravity

flow’ mudstone layer in a brown sandy mudstone inter-

val. That sample has mainly leiospheres, with reworked

palynomorphs and rare possibly in situ species. The

assemblage recovered includes Araucariacites australis,

Figure 4. Panoramic geological section (CM section) of the Cape Melville Formation (PAS 2007, 2009) showing the location of
samples analysed in this paper. See the text for additional explanations.
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Chenopodipollis sp., Leiosphaera spp., Nothofagidites

sp. (fusca gp.), Nothofagidites ?rocaensis, Phyllocladi-

dites sp. and dinoflagellate cysts reworked and cor-

roded beyond recognition.

4.6. Cape Melville: sample M17 (100 m)

Sample M17 was taken c. 10 m above the previous

sample and consists mostly of grey mudstones. It con-

tains many fungal spores, Alisporites sp., Cyathidites

minor, Leiosphaera spp., Nothofagidites flemingii,

Nothofagidites saraensis, Nothofagidites sp. (fusca gp.),
Phyllocladidites sp. and possibly Wanaea sp. (but only

one partial and damaged specimen was recovered).

4.7. Cape Melville: sample M7 (131 m)

Sample M7 was collected towards the upper portion of

the formation in a grey mudstone layer. Although pre-

dominantly characterised by an abundance of leio-
spheres, this sample yielded various reworked and in

situ pollen and spores and some large reworked Meso-

zoic dinoflagellate cysts. Main species recovered

include an Asteraceae pollen, ?Converrucosisporites

sp., Coptospora sp., Cribroperidinium spp., Cyathidites

australis, Cyathidites sp., Diconodinium spp., Leios-

phaera spp., Osmundacidites wellmanii, Phyllocladidites

mawsonii, Ruffordiaspora sp., ?Rugulatisporites sp. and
possibly Wanaea sp. (but only partial and damaged

specimens were recovered).

4.8. Cape Melville: sample M5 (142 m)

Sample M5 was collected in a grey mudstone unit

above a major depression. Again, this sample consists

mostly of leiospheres, along with a few whole dinofla-
gellate cysts, all of which are reworked. Many indeter-

minate dinoflagellate cyst fragments were observed

though not counted. The sample includes Baculatispor-

ites comaumenis, Coptospora sp., Cyathidites australis,

Cyathidites sp., Diconodinium spp., Gleicheniidites

senonicus, Leiosphaera spp., Manumiella seymourensis,

Nothofagidites ?asperus, Nothofagidites saraensis and

Nothofagidites rocaensis.

4.9. Cape Melville: samples M3 (bottom � 155 m, and
top � 157 m)

The two M3 samples were collected from a grey mud-

stone unit. The first sample shows a slight increase in

whole specimens of dinoflagellate cysts. The lowermost

sample contains Alisporites sp., Diconodinium spp.,
Laciniadiniium sp., Leiosphaera spp., Nothofagidites

sp., Oligosphaeridium sp., Podocarpidites sp. cf. P. exi-

guus and Ruffordiaspora ?australiensis.

The uppermost sample is unique in that it contains

the only likely in situ dinoflagellate cyst recovered. A

single specimen of Selenopemphix nephroides was

found in this layer. Other than this occurrence, the
sample was composed of unidentifiable reworked

(based on maturation) dinoflagellate cysts, Cycadopites

spp. including Cycadopites follicularis, Gleicheniidites

senonicus, Leiosphaera spp., Nothofagidites rocaensis

(with very distinct oval apertures, rather than dumb-

bell-shaped as in the flemingii types), Nothofagidites sp.

(fusca gp.) and Nothofagidites sp. (brassii a).

4.10. Cape Melville: sample M2 (170 m)

Sample M2 was collected near the uppermost part of

the Cape Melville Formation in a brown mudstone

with paler sandstone intercalations. This sample, much

like the others, shows a predominance of leiospheres,

Haloragacidites harrisii and Nothofagidites spp.,

including Nothofagidites rocaensis.

4.11. Cape Melville: sample M1A (175 m)

The uppermost sample, sample M1A, was taken at the

top of the section in a grey mudstone. It yielded some

Asteraceae, a Caryophyllaceae of Colobanthus type,

Cyathidites minor, Gleicheniidites senonicus, Leios-

phaera spp., Nothofagidites sp. (fusca gp.), Pediastrum
sp., Phyllocadidites sp., Podocarpidites ?exiguus,?Rugu-

latisporites sp., Tricolpites ?confessus, Pediastrum and

scolecodonts.

5. Environmental significance of the assemblages

recovered

In order to extract a palaeoenvironmental signal from
the complex assemblage recovered, the first task is to

identify whether a species is reworked or in situ. When

age-diagnostic species older than Miocene are found,

the task is simple. For long-ranging species, discerning

between reworked and in situ is less straightforward

because palynomorphs are resilient microfossils that

can withstand heat, ageing and some depositional pres-

sure. The task is particularly difficult when working
with Antarctic sediments post-dating the inception of

latest Eocene glacial conditions, as reworking (some-

times multiple cycles) is always a consideration. The

approach taken herein was to identify reworking first

on the basis of certain known ranges to avoid circular

reasoning. When ranges were too long to determine the

reworking status, the preservation of the grains and

the thermal maturity of their wall were considered.
Figure 5 summarises our interpretation and illustrates

the difference in thermal maturation observed between

reworked and presumed in situ specimens.
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The summary presented in Figure 5 shows the distri-

bution of the main types of palynomorphs recovered,

divided into what we know to be definitely reworked,
and what we evaluated to be most likely in situ. The first

observation is that the amount of in situ is higher than

the reworked. But if the leiospheres are excluded from

the in situ category, then it is obvious that remnants of

penecontemporaneous vegetation (estimated from the in

situ spores, gymnosperm and angiosperm pollen grains)

are very rare, ranging from 0 to 10.3% of the entire

assemblage recovered and averaging 4.6% of the total
recovery. The sparse occurrences of likely in situ species

indicate that there was some limited vegetation growing

on the nearby land during the Melville Glaciation. The

rare in situ cryptogam spores recovered comprise a sev-

eral few moss spores (Coptospora). The flora also

includes rare specimens of podocarp conifer pollen

(Podocarpidites spp.), and rare angiosperms such as some

Asteraceae, a single Caryophyllaceae pollen grain of the
Colobanthus type � one of two vascular plants that can

still be found on the northern Antarctic Peninsula today

(Kom�arkov�a et al. 1985) � a single Chenopodipollis sp.

and a few Nothofagidites spp. (most likely low-growing

species). All of the belong to the colder temperate fusca-

type (including N. lachlaniae and N. saraensis). Interest-

ingly, the most common pollen type in this very sparse

assemblage is Nothofagidites, consistent with a continua-
tion of a Nothofagus-rich Eocene�Oligocene flora on

KGI, as described by Torres & M�eon (1998).

Other than these indications of the type of vegeta-

tion that was surviving on the nearby land, the major-

ity of the assemblage is characterised throughout the

section by Leiosphaera spp., a group of acritarchs that

is known to be mostly abundant at the limit between

pack ice and sea ice (Mudie 1992; Troedson & Riding
2002; Warny et al. 2006; Warny et al. 2009). Of inter-

est, and confirming this environmental trend, is the

recovery of a single specimen of the cold-adapted

marine dinoflagellate cyst Selenopemphix nephroides, a

species that was also found by Troedson & Riding

(2002) when these authors analysed four samples from

Cape Melville, three of them in Miocene sediments.

These authors stated that Selenopemphix nephroides is
indicative of deposition in a glacial setting. Our data

(the rarity of in situ dinoflagellate cysts and the abun-

dance of leiospheres) confirm that the section was

deposited under marine conditions influenced by sea-

ice at the site, or in close proximity to the site.

Figure 5. Palynological diagram summarising all species recovered, graphed by actual counts. The species are organised by their
biological affinity. Rw indicates reworked palynomorphs.
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6. Provenance of reworking sources and implications

for glacial advances

6.1. Age of the reworked assemblage

As previously mentioned, the most difficult aspect of

working on the Cape Melville Formation is how to

assess the reworked component and understand what

the reworked species mean. Ice-rafted dropstones vary-

ing in size from sand fraction up to blocks a few metres

across are derived from various continental sources,
including the local substratum of the SSI, the Antarctic

Peninsula, the Ellsworth Mountains and possibly also

the Pensacola�Theron Mountains (Birkenmajer 2001

and references therein).

If Leiosphaera spp. are excluded, the assemblage

recovered is mostly characterised by reworked speci-

mens of various ages and thermal maturities. This

diversity makes it almost impossible to decipher the
source of the reworking with certitude. The ranges of

the reworked species indicate that reworked palyno-

morphs came from at least three different sources, a

mostly Permian source (or sources), a Jurassic to Cre-

taceous source (or sources) and a Paleogene source (or

sources). Some species, because of their longer range,

could be in two of these groups, which makes the inter-

pretation extremely complicated. There is no clear
trend in the distribution of reworking. In most sam-

ples, a mix of various ages is found together with the

in situ material. Nonetheless, we noted that most of the

Permian reworking is found in the base of the section,

while most of the reworked Cretaceous dinoflagellate

cysts are present in the upper portion of the outcrop.

This indicates possible changes in the source of the

reworking between the base and the top of the outcrop.
This may denote some transitional or punctuated

events occurring at the time of deposition, such as

changes in the intensity and direction of ice-sheet

advances, or the incorporation of various ice-rafted

debris during the deposition of the formation. The

reworked palynomorphs and their possible sources are

discussed below under their broad age grouping.

Figure 6 presents a summary of all the formations dis-
cussed, organised by ages.

6.2. Potential source of the reworked assemblages

Because of the complexity (various ages and prove-

nance) of the reworked assemblage, trying to tie the

palynological signal to sites with published palaeoflora

information was difficult, at best. One of the problems

is that, for Permian to Cretaceous plants, the biological

affinity between a plant and its pollen or spore is not
always established. Many of the studies on the SSI

have dealt with the macrofloral fossil record, and there

is not always a clear link between a plant and its pollen

or spores. Below is our evaluation of potential sources

(see Figure 7 for locations discussed) based on the pub-

lished literature.

6.3. Permian

Protohaploxypinus spp. and Marsupipollenites striatus

are Permian indicators, though the former taeniate

bisaccate pollen type can range into the Triassic. These

reworked Permian pollen occur in the lower part of the

Cape Melville section, in samples M30 and M31. It is

possible that a few of the other less diagnostic palyno-
morphs are also derived from Permian strata. These

included some specimens of Alisporites sp., or the

unidentified spores and unidentified taeniate pollen

such as in sample M17 (100 m), which would spread

the inclusion of reworked Permian into younger parts

of the formation. For purposes of discussion, we

include here the two first-mentioned age-restricted

taxa. The specimen listed as ?Marsupipollenites striatus

is poorly preserved and dark brown in colour; how-

ever, the specimens of Protohaploxypinus, although

somewhat damaged with torn sacs, are a lighter colour

and not as heavily metamorphosed.

The source of these Permian (to Triassic?) speci-

mens might possibly be some strata broadly included

in the Trinity Peninsula Group exposed on Trinity Pen-

insula between Hope Bay and Paradise Harbour, and
also on Livingston Island close to KGI and also part

of the SSI (Birkenmajer 1992a; Doktor et al. 1996). We

note that glacial deposition of the Cape Melville For-

mation, with its reworked palynomorphs, predates the

formation of the Bransfield Strait. The Bransfield Rift,

which now separates the Antarctic Peninsula and the

SSI, is less than 4 million years old, with oceanic crust

in the Bransfield Strait from c. 1.3 Ma (Barker & Aus-
tin 1998).

Trinity Peninsula Group sediments, including tur-

bidites and submarine fan deposits, are exposed in the

SSI, on Livingston Island as the Miers Bluff Forma-

tion (Arche et al. 1992; Doktor et al. 1994) and on the

Trinity Peninsula as the Hope Bay, View Point and

Legoupil formations (e.g. Hyden & Tanner 1981; Bir-

kenmajer 1992a, 1992b). Although generally given an
age of ?Permian�Triassic, the only definitive and reli-

able fossils found are of Triassic age, such as marine

invertebrates from the Legoupil Formation (Thomson

1975), and Late Triassic palynomorphs from the Miers

Bluff Formation (Deng et al. 2002). Radiometric ages

also indicate a Triassic age for some localities (Trouw

et al. 1997). A maximum age for the Trinity Peninsula

Group is < 350 Ma, Carboniferous, from ura-
nium�lead (U�Pb) detrital zircon dating (Loske et al.

1988; Barbeau et al. 2009). No definitive Permian fos-

sils have been found in this region, and certainly no
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barely-metamorphosed non-marine Permian sedi-

ments. The high thermal maturity of much of the Trin-

ity Peninsula Group, including at Hope Bay, has
mostly precluded the extraction of identifiable palyno-

morphs, with previous attempts yielding only black

high-rank organic matter (Askin & Elliot 1982; Birken-

majer 1992b).

We note that a source of the glacially-derived

Permian palynomorphs far to the south beyond the

base of the Antarctic Peninsula (the Transantarctic

Mountains�Ellsworth Mountains) is not ruled out,
as suggested for the provenance of ice-rafted drop-

stones of varying sources (Birkenmajer 2001 and

references therein). Although the thermal matura-

tion of Permian spores and pollen from these

regions is generally much higher than seen in our

specimens. The fact remains, however, that Permian

non-marine palynomorphs are consistently found in

almost all Mesozoic and Cenozoic samples evalu-
ated for palynomorphs in the Antarctic Peninsula

region (e.g. this study; Askin & Elliot 1982; Warny

& Askin 2011a, 2011b; Bowman et al. 2014). These

span varying ranks of thermal alteration, from well-

preserved yellow specimens that are derived from

barely buried sediments, right through to black,

barely recognisable and broken remnants. Askin &

Elliot (1982) discussed the problems associated with
identifying the provenance of the well-preserved

spores and pollen, and suggested a possible source

from the forearc terrain. A key point regarding

these (albeit rare) Permian palynomorphs is that

they provide further indirect evidence for the former

presence of undeformed/unmetamorphosed non-

marine (to shallow marine?) Permian sediments in

the Antarctic Peninsula.
Another likely source of Permian palynomorphs in

the Cape Melville Formation is a secondary cycle of

reworking of sediments from the James Ross Basin

(see discussion below), northern Antarctic Peninsula.

Well-preserved Permian palynomorphs occur sporadi-

cally reworked throughout the shallow marine James

Ross Basin sediments, and they are especially common

in the upper part of the Eocene La Meseta Formation
(Askin & Elliot 1982). Their appearance, particularly

in the lower part of the Cape Melville Formation, is

consistent with a reverse stratigraphy seen with unroof-

ing of youngest sediments at the top of the sedimentary

pile in the earliest stage of glaciation.

Figure 6. Summary diagram showing key palynomorphs grouped as reworked species: a. Nothofagidites sp. 22 mm (M34C U11/
2), b. Diconodinium sp. 31 mm (M5 S35/2), c. Cribroperidinium sp. 67 mm (M7 U14/4), d. Podocarpidites sp. 30 mm (M34C T27/
0), e. Ruffordiaspora australiensis 33 mm (M34C U31/1), f. Converrucosisporites sp. 28 mm (M34C W14/2), and in situ species: g.
Nothofagidites sp. (fusca gp.) 24 mm (M19A S38/0), h. Asteraceae 16 mm (M7 U21/2), i. Selenopemphix nephroides 20 mm (M3
V41/3), j. Podocarpidites sp. cf. P. exiguus 35 mm (M3 T27/0), k. Coptospora sp. 23 mm (M5 W14/1), l. Leiosphaera sp. 20 mm
(M31 Y15/0) with thin wall, m. Leiosphaera sp. with thick wall 26 mm (M19 X46/4). The species name is followed by the largest
width of the specimen illustrated and the England Finder (EF) coordinate. Note that each palynological group (e.g. dinoflagellate
cysts, leiospheres, spores, gymnosperm pollen, angiosperm pollen) is colour coded in the distribution diagram and matches the
colour of the microphotograph frames for easy association between the palynomorph illustrations and the abundance curves.
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6.4. Upper Jurassic�Cretaceous

Most of the reworked palynomorphs are grouped within

the broad category of Upper Jurassic�Cretaceous.

Most of the taxa in this category are long-ranging

throughout the Cretaceous, with some (e.g. fern

spore Ruffordiaspora australiensis, podocarp pollen

Microcachryidites antarcticus) ranging from the Upper

Jurassic, which is why a broad, inclusive Upper Jurassic�
Cretaceous category is used here. Some range into the
Paleogene, and comments on those are included below

in the more age-restricted reworked Paleogene section.

Very long-ranging types, such as the moss spore

Figure 7. Sketch map of the northern Antarctic Peninsula region showing known locations that are potential sources of rework-
ing and redeposition into the early Miocene Cape Melville (CM) Formation. One of the major differences between the present-
day configuration and the time of deposition of the CM section is the fact that the Bransfield Strait was closed during the Mio-
cene. See the text for additional explanations.

Palynology 11



Stereisporites antiquasporites, the fern spores Osmunda-

cidites wellmanii and Gleicheniidites senonicus, and the

gymnosperm pollen Araucariacites australis, which are

Triassic through Paleogene (and through Neogene in
some austral areas), are also included in this grouping.

Some taxa are more restricted, and represent

reworking of more specific strata within this category

(such as the Maastrichtian dinoflagellate cysts Manu-

miella seymourensis and M. ?druggii). These are dis-

cussed below.

There are various exposed outcrops of Jurassic�
Cretaceous age in the SSI and northern Antarctic Penin-
sula that could provide the source of reworked marine

and terrestrial palynomorphs grouped within this broad

age category. Strata of this age on the northern Antarc-

tic Peninsula include the well-known non-marine beds

with well-preserved leaf fossils from the Mount Flora

Formation exposed at Hope Bay in the northern Trinity

Peninsula, a location that was discovered during Otto

Nordenskj€old’s expedition between 1901 and 1904. They
could also come from slightly further south at Botany

Bay. In numerous attempts (Askin, unpublished; other

studies listed in Rees & Cleal 2004, p. 74), it has not

been possible to extract palynomorphs from these sedi-

ments due to their high thermal maturity, and the age of

the plant fossil assemblages has been contentious, vary-

ing in more recent studies from Early Jurassic (Rees &

Cleal 2004; see discussion and references therein) to
Early Cretaceous/Berriasian (Gee 1989). A Jurassic age

is generally accepted, and supported by indirect radio-

metric evidence from Botany Bay that indicates the plant

beds are older than late Middle/Late Jurassic (152 § 8

Ma, Millar et al. 1990). With the high thermal maturity

of these currently exposed sediments, and their Early (to

early Mid?) Jurassic age, and as no restricted Early

Jurassic palynomorphs occur among our reworked
assemblage, these plant beds are not considered a proba-

ble source of our reworked assemblage.

Another possibility is that this group of reworked

palynomorphs is more locally-derived, from shallow

marine to non-marine sediments from the SSI. Notable

occurrences of plant-bearing strata of this general age,

with poorly to moderately preserved palynomorphs,

are found in the shallow marine to non-marine volcani-
clastic Byers Group sediments on Byers Peninsula,

westernmost Livingston Island and immediately to the

south on President Head, easternmost Snow Island.

Aside from the several papers on the plant macroflora

(e.g. Hernandez & Azc�arate 1971; Fuenzalida et al.

1972; Torres et al. 1997; Cantrill 1998), the palynology

papers are of direct relevance to this study. Preliminary

papers (Askin 1983; Duane 1994) and more compre-
hensive studies (Duane 1996; 1997) described spores,

pollen and dinoflagellate cysts of Late Jurassic (Titho-

nian) to Early Cretaceous age. Some of the long-

ranging taxa noted above are common to both the

Byers Group samples and the Melville reworked

assemblage. However, taxa that characterised at least

some of the Byers samples, and were abundant in the
youngest lacustrine samples, such as the distinctive

fern spore Cyatheacidites annulatus (which now

includes C. tectifera), were not observed in the

reworked assemblage. But this provenance is only one

of the possible scenarios, as a similar trend is observed

with some of the dinoflagellate cysts recovered. Dino-

flagellate cyst species in Batioladinium, Cribroperidi-

nium and Oligosphaeridium found by Duane (1996)
from the Byers Group on Livingston and Snow Islands

were also found in the Cape Melville reworked assem-

blage, but these constitute only a small fraction of the

Byers Group dinoflagellate cysts.

Thus, there is no definitive evidence for a south-

westerly sourced component from the Byers Group

sediments, although they could be a source of the

unidentifiable dinoflagellate cyst remnants. There are
other possible Cretaceous beds (or equivalents) from

Livingston Island, such as the Williams Point Beds

(once assumed to be Triassic, but now assigned to the

Cretaceous (e.g. Rees & Smellie 1989; Poole & Cantrill

2001 and references therein) and possibly Coniacian

(Poole et al. 2005), and the Coniacian�Santonian

plant beds at Hannah Point on Livingston Island

(Leppe et al. 2007).
There are also local occurrences of Upper Creta-

ceous volcano-sedimentary successions containing

plant megafossils and palynomorphs, such as the Cam-

panian strata on Fildes Peninsula and the Zamek For-

mation at the Zamek locality in Admiralty Bay (e.g.

Birkenmajer & Zastawniak 1989; Dutra & Batten

2000, Zastawniak & Szafer 1990, 1994 and references

therein), that could provide a source for some of the
reworked material. It should be noted, however, that

recent geochronological investigation suggest an

Eocene age for the Zamek Formation.

One of the most likely sources of the reworked

Upper Jurassic�Cretaceous group of marine and ter-

restrial palynomorphs, with mixed though not high

thermal maturities, is via a northwards-flowing glacier

from the southeastern flank of the northern Antarctic
Peninsula and James Ross Basin. A succession of dino-

flagellate cyst floras, along with associated spores and

pollen, has been described from marine sediments of

the Nordenskj€old Formation at Sobral Peninsula, and

Dundee and Joinville islands (Kimmeridgian�Berria-

sian), and the Gustav Group on James Ross Island

(Aptian to Coniacian), by Riding et al. (1998), Riding

& Crame (2002 and references therein), and from the
Santonian to early Danian Marambio Group on James

Ross Island and adjacent islands (e.g. Dettmann &

Thomson 1987; Askin 1988; numerous authors in
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Duane et al. 1992; Bowman et al. 2014). These beds

include all the taxa we find reworked into the

Cape Melville Formation, including the age-restricted

dinoflagellate cysts Manumiella seymourensis (Maas-
trichtian) and Manumiella druggii (late Maastrich-

tian�earliest Danian) which occur in the L�opez de

Bertodano Formation on Seymour Island (Askin 1988,

1999; Thorn et al. 2009; Bowman et al. 2012). These

are the most proximal reworking sources, but there is

no telling how far south along the Antarctic Peninsula

reworked assemblages could have travelled via ice-

rafted dropstones.
We note that Cretaceous reworking has not only

been observed from the palynological assemblages.

Recycled Cretaceous belemnites (Birkenmajer &

ºuczkowska 1987) and calcareous nannoplankton

(Dudziak 1984) provide a substantial addition to the

indigenous marine fossil spectrum in the Cape Melville

Formation. The latter embraces various bivalves, gas-

tropods, brachiopods, solitary corals, crabs, echinoids,
bryozoans, and calcitic and arenaceous foraminifera

(Birkenmajer & ºuczkowska 1987). The exact location

of the Cretaceous sediments that acted as a source for

the recycled belemnites and nannofossils is also

unknown.

6.5. Paleogene

The source of the recycled Paleogene palynoflora may

be simpler to identify. This grouping includes taxa of

broad Paleogene age, with some, as noted below, more

long ranging, and some more restricted. As stated

above, some taxa grouped within the Upper Jurassic-

�Cretaceous group range into the Paleogene (and even

younger in some cases), though these have been

included in the older reworked grouping because of
their darker colour (higher thermal maturation) and

poorer preservation. Examples of these longer ranging

taxa include spores such as Baculatisporites comaumen-

sis, Cyathidites australis, C. minor, Gleicheniidites seno-

nicus and Laevigatosporites ovatus, and gymnosperm

pollen Araucariacites australis, Microcachrydites ant-

arcticus, Osmundacidites wellmanii, Phyllocladidites

mawsonii and Stereisporites antiquasporites.
Taxa grouped in the Paleogene reworked cate-

gory are largely species of Nothofagidites, which is

consistent with the diverse and abundant Nothofa-

gus species apparently thriving in the region during

the Paleogene (e.g. Stuchlik 1981; Torres & M�eon
1998). This group likely also included cryptogam

spores and gymnosperm pollen as noted above. For

a source of these palynomorphs, there are many
plant-bearing outcrops of Paleogene age locally on

KGI. There are numerous published studies on the

macrofossils (leaves, wood) and occasionally the

palynomorphs. This paper does not attempt to

cover them all, but instead gives a few representa-

tive studies. The plant beds include the Fossil Hill

Formation and wood flora in moraine blocks of
Collins Glacier on Fildes Peninsula (e.g. Poole et al.

2001, 2005, and references therein); the Cytadela

Plant Beds, Point Thomas Formation (Birkenmajer

& Zastawniak 1989; Mozer 2012, 2013); and various

plant beds (including the Point Hennequin flora in

moraine blocks of the Dragon Glacier) in the

Mount Wawel Formation (Birkenmajer & Zastaw-

niak 1989; Zastawniak et al. 1985). These papers
describe plant megafloras spanning the Paleocene to

Oligoceneage. Palynomorph assemblages are

described (Stuchlik 1981) from the Petrified Forest

Member of the Arctowski Cove Formation, of Lute-

tian ([middle] Eocene) age (not Oligocene, as stated

in the paper), and a diverse assemblage of Nothofa-

gidites pollen of Eocene�Oligocene age from the

Fildes Peninsula (Torres & M�eon 1998).
As with the Mesozoic reworked material discussed

above, the James Ross Basin remains a viable more

southern source of the Paleogene reworked material.

Paleogene beds in the James Ross Basin include the

mostly shallow marine uppermost L�opez de Bertodano
Formation, Sobral, Cross Valley and La Meseta for-

mations of Seymour Island, which contain rich dinofla-

gellate cyst, acritarch, spore and pollen assemblages
(e.g. Askin 1988; Wrenn & Hart 1988; Bowman et al.

2012; 2014). Indirect evidence of this James Ross Basin

source lies in the presence of moderately well-preserved

Permian pollen, possibly derived from secondary

reworking as discussed in the Permian section above.

There is a lack, however, of the distinctive Transan-

tarctic Suite of Eocene dinoflagellate cysts from the La

Meseta Formation reworked into the Melville Forma-
tion. Perhaps the reworked material is a mixture of the

more southern James Ross Basin sediments and locally

derived KGI material.

The complexity of the reworking signal (Per-

mian�Oligocene) seen in the Miocene samples is in

line with the complex glacial history known from

seismic records collected in the Antarctic Peninsula

regions (Bart & Anderson 1995; Bart et al. 2005).
Although the precise number of ice sheet advances in

the region studied between c. 23 and 21 Ma is

unknown, we have some good indications for the

middle Miocene. In their 1995 paper, Bart & Ander-

son used intermediate-resolution seismic-reflection

data to show that ice sheets advanced onto the conti-

nental shelf in the middle Miocene time during at

least 18 short-duration glacial episodes. Such a com-
plex glacial history makes it impossible to pinpoint

precisely the source of reworking, but it gives a clear

indication of the former and current existence of
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pristine Permian to Oligocene sections, some of

which, possibly ice-covered, have yet to be discov-

ered and sampled in the region.

7. Conclusions

The samples provided by the Institute of Geological

Sciences, Polish Academy of Sciences, from KGI allowed

us to evaluate palaeoenvironments on two fronts. First,

the presumed in situ component gave us an indication of

the type of vegetation that survived on the landscape dur-

ing the early Miocene Melville Glaciation (c. 23�21 Ma).
Second, the reworked component gave us some insight,

even if not definitive, into the potential sources of

reworking, and provided evidence of glacial advances to

the Melville Peninsula at that time.

Palynomorphs recovered from the Cape Melville

Formation reveal a nearshore marine depositional

environment dominated by sea-ice as indicated by the

abundance of leiospheres in all samples. The abun-
dance of various Permian�Mesozoic reworked species

mixed with Paleogene and in situ Miocene species indi-

cates that several episodes of glacial advances brought

various types of reworked pollen, spores and marine

palynomorphs from a suite of locations in the area.

Particularly, in samples M3 (at 155 and 157 m), a

diversity of most likely Cretaceous species indicates a

different provenance of material for the top of the sec-
tion. To work on provenance, a detailed palynological

sampling of all the sections mentioned above would be

needed, but, as mentioned, numerous past efforts to do

so were hindered by the high thermal maturity of some

of the Permian�Cretaceous strata. Such an effort

would also require several months of field seasons on

the SSI and the Northern portion of the Antarctic Pen-

insula. The success of the mission would have to rely
on strong international collaboration, such as one

between the Arctowski Polish Antarctic Station and

the U.S. Palmer Station.

But despite our inability to better constrain the

source of the reworking, some clear indication about

the type of vegetation that dominated the landscape

during the deposition of the Cape Melville Formation

was established. Potentially contemporaneous terres-
trial species include mostly Nothofagidites spp. of the

fusca group (cool�cold climate southern beech), with

sporadic and rare pollen of Podocarpidites sp., Astera-

ceae, Caryophyllaceae (Colobanthus-type), Chenopodipol-

lis and moss spores Coptospora sp. This is a similar

assemblage to that described from Miocene SHALDRIL

cores off Seymour Island (Warny & Askin 2011). The

assemblage indicates the sparse vegetation that survived
during the early Miocene Melville Glaciation was strictly

limited to periglacial tundra species with likely shrubby

southern beech and podocarps. This is in agreement

with the vegetation that was able to recolonise and pro-

liferate in parts of Antarctica during the Mid Miocene

Climatic Optimum (Warny et al. 2009; Feakins et al.

2012) and survived in the northern Antarctic Peninsula
during the early Miocene (Warny & Askin, 2011a;

Anderson et al. 2011).
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