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Abstract: Shallow-marine deposits of the Krabbedalen Formation (Kap Dalton Group)
from Kap Brewster, central East Greenland, yielded rich dinoflagellate cyst and pollen-
-spore assemblages. Previously, this formation yielded also rich mollusc and foraminifer
age-diagnostic assemblages. A Lower Oligocene age of the Krabbedalen Formation seems
to be supported by the dinoflagellate cyst assemblage analysis, while the pollen-spore as-
semblages point to a wider stratigraphic age range within Oligocene—Middle Miocene.

Key words: Greenland, Kap Brewster, Early Oligocene, biostratigraphy, palynology,
dinoflagellate cyst assemblages.

Geological setting

Shallow-marine to brackish Palacogene deposits of the Kap Dalton Group
(Eocene—Oligocene) crop out in central East Greenland from Kap Brewster
(Savoia Halvg, Scoresby Sund) in the north-east, along Blosseville Kyst, to Kap
Dalton in the south-west (Fig. 1). They post-date a huge complex of Upper
Paleocene-Lower Eocene tholeiitic flood basalts formed during opening of the
northern Atlantic Ocean.

From Kap Brewster, Hassan (1953) described field sections and determined
ages of the sediments, based on mollusc content. The first author mapped and sam-
pled the area (Figs 2, 3) during the 1971 Geological East Greenland Expedition or-
ganized by the Geological Survey of Greenland (Birkenmajer 1972).

Four main lithostratigraphic units have been distinguished in the area of Kap
Brewster (Hassan 1953; Birkenmajer 1972; Birkenmajer and Jednorowska 1977,
1997; Nghr-Hansen and Piasecki 2002): (1) Paleocene marine deposits which un-
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Fig. 1. Location map of Kap Brewster and Kap Dalton in central East Greenland. Geological features
based on Soper et al. (1976a), Tertiary basalts in black; S — Scoresby Sund.

derlie plateau basalts; (2) plateau-basalts with sediment intercalations (Blosseville
Group, Paleocene—Eocene); (3) older post-basalt deposits (Kap Dalton Group,
Eocene—Oligocene); (4) younger post-basalt deposits (Kap Brewster Formation,
Miocene).

Savoia Halvg is dissected by a major NE-trending dip-slip normal fault called
the Muslingehjgrnet fault (Fig. 2). It downthrows to the east by more than 1000 m
(Birkenmajer 2000). The pre-basalt (Paleocene) sediments crop out in the western
upthrown Sgstrene block below a thick complex of the plateau basalt lavas of the
Blosseville Group. Basement of the Kap Dalton Group formed by the plateau-basalt
lavas (with some sediment intercalations) is exposed in the eastern, downthrown
Kastellet block. The Kap Dalton Group sediments occupy a small, fault-bounded de-
pression in the central part of Savoia Halvg, while deposits of the Kap Brewster For-
mation fill cliff-ravines developed during Miocene along the Muslingehjgrnet fault.
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Fig. 2. Geological map of Savoia Halvg, central East Greenland (Birkenmajer 1972, Birkenmajer and
Jednorowska 1997). Circled numbers — sample localities in the Krabbedalen Formation; altitudes in
metres above sea level.

Kap Dalton Group

This unit was named the Kap Dalton series by Hassan (1953), renamed forma-
tion by Birkenmajer (1972), subsequently raised to group rank by Birkenmajer and
Jednorowska (1977). It consists of two formations: the Bopladsdalen Formation
(lower) and the Krabbedalen Formation (upper). They are separated from one an-
other by a sedimentary hiatus (Table 1).

Bopladsdalen Formation. — This unit (Bopladsdalen Member — Birken-
majer 1972; Bopladsdalen Formation — Birkenmajer and Jednorowska 1977) is
maximum about 80 m thick. From underlying tholeiitic basalts of the Blosseville
Group it is divided by a stratigraphic gap (Table 1).
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Table 1

Palacogene succession at Blosseville Kyst, central East Greenland (Birkenmajer and

Jednorowska 1977). At Kap Dalton modified from Soper et al. (1976b) and Soper and

Costa (1976); at Savoia Halvg (Kap Brewster), modified after Hassan (1953) and Birken-
majer (1972). Vertical hatching denotes sedimentary gaps.

Chronostratigraphy Lithostratigraphy
Series Stage KAP DALTON SAVOIA HALV@
& o L.| Chattian ‘
o5
©° E Rupelian Krabgfndalen Krabbedalen Fm.
W
L.| Bartonian/Priabonian Kap Kap NN DM ™
o Dalton Dalton | || ‘ |
= M.| Bruxellian/Lutetian Group [ Group ?
g L Bopladsdalen B"p'*l‘:?]fl'da'e"
W E| Yoresian/Cuisian —WWN“%WWM
E.
) Landenian/Sparnacian L—] Blosseville Group Blosseville Group
c L E. |
<
§ Heersian/Thanetian ‘ ‘ ‘
©
o E.| Montian/Danian ?
Late Kangerdlugssuaq [
Maastrichtian o : ,
Cretaceous Group infra-basalt sediments

The formation begins with a basal conglomerate up to 2 m thick (layer No 4 of
Hassan 1953) which consists of very well rounded, mainly basaltic pebbles, weakly
cemented by basaltic detritus which, sometimes, is enriched with mollusc-shell de-
tritus and carbonized wood fragments. This is a fossil marine beach deposit.

The basal conglomerate is succeeded by yellow-weathered flaggy sandstones
with marine and brackish mollusc shells, pieces of driftwood with Teredo borings,
and scattered basalt pebbles (“Cyrena beds”, layers Sa—e of Hassan 1953). The
mollusc fauna is indicative of the Eocene (Hassan 1953).

The Bopladsdalen Formation represents a sediment wedge thickest in the north
and tapering out towards the south at a distance of barely 3 km. Lithologic charac-
ter of the deposits and their fauna indicate a brackish-water to shallow-marine en-
vironment, probably a delta apron laid down in an estuary by an ancient river
which flowed from the north or west.

Krabbedalen Formation. — This unit (Krabbedalen Member — Birkenmajer
1972; Krabbedalen Formation — Birkenmajer and Jednorowska 1977) corresponds
to the “Coeloma beds” of Hassan (1953, layer No 6). The formation rests pene-
conformably (with a break) upon the Bopladsdalen Formation in the north, but co-
mes in direct contact with basalts of the Blosseville Group in the south. It fills a
small graben located east of the Muslingehjgrnet fault. The best section of the
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Fig. 3. Simplified lithostratigraphic column of the Krabbedalen Formation at Krabbedalen, Savoia
Halvg, with sample numbers (Birkenmajer and Jednorowska 1997).

Krabbedalen Formation is at Krabbedalen (Figs 2, 3) where this unit is about 50 m
thick. South of Krabbedalen, where the exposures are poor, the thickess of the for-
mation may increase to 100 m or more.

The Krabbedalen Formation consists of alternating grey to yellowish marly
siltstones and hard calcareous siltstones, often containing single pebbles of basalt
and other rocks. According to Hassan (1953), its rich shallow-marine macrofauna
probably indicates an Early Oligocene age of the deposits.

A preliminary foraminiferal study suggested a latest Eocene to Early Oligo-
cene ages for a higher part of the formation based on the presence of Globigerina
ampliapertura Bolli in the middle part of the section, and of an Oligocene species
Reophax tappuensis Asano close to the top of the section (Birkenmajer and
Jednorowska 1977). A more complete foraminiferal study that followed, included
33 foraminiferal species belonging to 23 genera and 17 families (Birkenmajer and
Jednorowska 1997). Agglutinated foraminifera dominate the assemblage while
calcareous benthos (one species only) is second in frequency. Unusually large tests
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sizes of some agglutinated foraminifers, particularly those of Cyclammina cancel-
lata Brady and Reophax pilulifer Brady, were interpreted as a response to cooling
of the Early Oligocene coastal waters by the East Greenland Current.

The study by Birkenmajer and Jednorowska (1997) confirmed the previous age
estimates of the Krabbedalen Formation. It was pointed out, however, that age-range
of Cyclammina placenta (Reuss), stratigraphically the most valuable species in our
foraminiferal assemblage, is slightly wider: Late Eocene—Oligocene. Thus strati-
graphic value of the only planktonic form in the foraminiferal assemblage, revised as
Globigerina cf. ampliapertura Bolli has been weakened.

The present studies of dinoflagellate cysts (by P. Gedl) and pollen and spores
(by E. Worobiec) widen the spectrum of microfossils from the Krabbedalen For-
mation. The dinoflagellate cyst assemblages confirm a Lower Oligocene age of the
deposits, the pollen-spore spectra are less conclusive in this respect (Oligocene—
Middle Miocene).

Methods

The samples were processed in the Micropalaeontological Laboratory of the
Institute of Geological Sciences (Polish Academy of Sciences, Krakow Research
Centre) according to the following procedure: 30 g of cleaned and crushed rock
was treated with 38% chloric acid (HCI) to remove carbonates, sieved on 15 um
sieve (with ultrasonic treatment), treated with 40% hydrofluoric acid (HF) to re-
move silicates, neutralized and sieved again on 15 um sieve (with ultrasonic treat-
ment). Organic matter was separated from undissolved or insoluble particles with
heavy liquid (ZnCl,+HCI; s.g. =2.0 g/cm?), sieved on 15 um nylon sieve and trans-
ferred into glycerine water for storing. Glycerine-gelatine jelly was used as a
mounting medium. No nitric acid (HNOs) treatment was applied. The rock sam-
ples, palynological residuum and slides are stored in the collection of the Institute
of Geological Sciences (Krakéw Research Centre), Polish Academy of Sciences in
Krakow.

Results

Organic-walled dinoflagellate cysts. — Organic-walled dinoflagellate cysts
occur in all studied samples, but composition of their assemblages differs from
sample to sample (Table 2). A species list is given in Appendix 1.

The lowermost sample 810 yielded a well preserved dinoflagellate cyst assem-
blage highly dispersed within land plant remains (mainly sporomorphs, also cuticle
fragments). Relatively diversified assemblage consists almost entirely of gonyaula-
coids — most frequent are Lingulodinium machaerophorum (Fig. 4P-S), Pentadi-
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Table 2
Distribution of dinoflagellate cysts in the Krabbedalen Formation at Savoia Halvg (central
East Greenland).

Sample 3 Sample

Species Species

812
813
814B
815
L
812
814A
8148
815

81
811
2 [ | x| |813

Batiacasphaera minuta
Achomosphaera alcicornu
Pyxidinopsis sp. 1 Manum et al. 1989
Cordosphaeridium minimum
Pentadinium laticinctum
Impagidinium japonicum

Lingulodinii haerophorum
Spiniferites pseudofurcatus
Glaphyrocysia sp.

Impagidinium velorum
Chlamydophorella? sp. A

12| Phthanoperidinium comatum

13| Corrudinium incompositum

14| Deflandrea sp.

15| Membranophoridium sp.

16| Spiniferella cormuta

17| Palaeocystodinium golzowense

18| Operculodinium centrocarpum

19| Dinoflagellate cyst sp. A

20| Spiniferites sp.

21| Habibacysta? sp. A

22| Stoveracysta sp.

23| Deflandrea heterophlycta

24| Pentadinium taeniagerum

25| Alterbidinium sp.

26| Glaphyrocysta semitecta

27| Mendicodinium sp. A WrennKokinos1986)
28| Achomosphaera ramulifera

29| Achomosphaera sp.

30| Impagidinium sp.
314 idinium sph.

32| Nematosphaeropsis sp.

33| Phthanoperidinium ameonum
34| Apectodinium sp.

35| Alterbidinium sp. A

36| Impagidinium acul

37| Habibacysta? sp. B

38| Operculodinium hirsutum
30| Lentinia serrata

40| Kallosy iditm sp.

41| Reticulatosphaera? sp.

42| Achomosphaera sp. A
Peridinioid sp. A

44| Vozzhennikovia sp.

45| Oligosphaeridium sp. %

la6| Litosphaeridium sp.

47| Pseudoceratium sp.

48| Charlesdowniea sp.

lag| Wetzeliella sp.
50| Subtilisphaera sp.
51| Trithyrodinium sp.

x| x| x| x 52| Cribroperidinium tenuitabulatum
53]
54

= (= |811

x [ |» | |= |814A

Palagoperidinium? sp.
Dapsilidinium sp.

55| Cordosphaeridium cant
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nium laticinctum (Fig. 5R, S), Spiniferites spp. (Fig. 6G, H, T), Achomosphaera sp.
(Fig. 6A, B) and small subspherical proximate taxa like Batiacasphaera minuta
(Fig. 7TA-C), Chlamydophorella? sp. A (Fig. TK-M), Corrudinium incompositum
(Fig. 7TU-Y) and Stoveracysta sp. (Fig. 724, Zs). Rare specimens of Impagidinium
occur in this sample (Fig. 5SA-C, K, M, N). There are almost no peridiniods except of
single specimens of Deflandrea sp. (Fig. 8F), Palaeocystodinium golzowense and
thin-walled Alferbidinium sp. (Fig. 9F).
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Fig. 4. Dinoflagellate cysts from the Krabbedalen Formation at Savoia Halvg (central East Greenland).
A. Glaphyrocysta semitecta (sample 810). B. Glaphyrocysta semitecta (sample 814A). C, D. Glaphy-
rocysta semitecta (same specimen, various foci; sample 814A). E-G. Glaphyrocysta semitecta (same
specimen, various foci; sample 814A). H. Glaphyrocysta semitecta (sample 814A). L, J. Glaphyrocysta
semitecta (same specimen, various foci; sample 814A). K. Glaphyrocysta semitecta (sample 814A).
L. Glaphyrocysta sp. (sample 814A). M. Lingulodinium machaerophorum (sample 814A). N, O. Lin-
gulodinium machaerophorum (same specimen, various foci; sample 812). P. Lingulodinium macha-
erophorum (sample 810). Q. Lingulodinium machaerophorum (sample 810). R, S. Lingulodinium
machaerophorum (same specimen, various foci; sample 810). T. Kallosphaeridium sp. (sample 814A).
U, V. Pseudoceratium sp. (same specimen, various foci; sample 813).

A noticeable change of dinoflagellate cyst assemblage takes place in sample
811. Most frequent are peridinioids represented by Alterbidinium sp. A specimens
(36%; Fig. 9A-E, G, H) and Svalbardella sp. (up to 10%; Fig. 100-Q). Among



www.czasopisma.pan.pl P N www.journals.pan.pl

POLSKA AKADEMLA NAUK

Dinoflagellate cyst and spore-pollen spectra 111

Fig. 5. Dinoflagellate cysts from the Krabbedalen Formation at Savoia Halvg (central East Green-
land). A, B. Impagidinium japonicum (same specimen, various foci; sample 810). C. Impagidinium
Jjaponicum (sample 810). D, E. Impagidinium aculeatum (same specimen, various foci; sample 811).
F-H. Impagidinium sphaericum (same specimen, various foci; sample 811). I, J. Impagidinium
sphaericum (same specimen, various foci; sample 811). K. Impagidinium velorum (sample 810).
L. Impagidinium sp. (sample 814A). M, N. Impagidinium sp. (same specimen, various foci; sample
810). O, P. Nematosphaeropsis sp. (same specimen, various foci; sample 811). Q. Impagidinium sp.
(sample 8§14A). R. Pentadinium laticinctum (sample 810). S. Pentadinium laticinctum (sample 8§10).
T, U. Pentadinium laticinctum (same specimen, various foci; sample 812). V, W. Nematosphae-
ropsis sp. (same specimen, various foci; sample 811).
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Fig. 6. Dinoflagellate cysts from the Krabbedalen Formation at Savoia Halvg (central East Green-

land). A. Achomosphaera alcicornu (sample 810). B. Achomosphaera ramulifera (sample 810).

C, D. Spiniferella cornuta (same specimen, various foci; sample 810). E. Spiniferella cornuta (sam-

ple 810). F. Spiniferites sp. (sample 811). G. Spiniferites pseudofurcatus (sample 810). H. Spini-

ferites pseudofurcatus (sample 810). I-K. Achomosphaera sp. A (sample 812). L-N. Spiniferites sp.

(sample 811). O. Spiniferites sp. (sample 814A). P. Spiniferites sp. (sample 811). Q-S. Spiniferites
sp. (sample 812). T. Spiniferites sp. (sample 810). U. Spiniferites sp. (sample §14A).

gonyaulacoids, Spiniferites sp. is most frequent (app. 15%; Fig. 6P). All others, so
common in previous sample (e.g. Lingulodinium machaerophorum, Pentadinium
laticinctum and small subspherical proximate taxa), are rare, whereas Impagidi-
nium sp. (Fig. 5D-J) and Nematosphaeropsis sp. (Fig. 50, P, V, W) are more com-
mon — 3% each. Palynofacies of sample 811 is dominated by sporomorphs, but
here dark brown phytoclasts play a significant role (up to 20%); they were almost
absent in 810 sample.
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Fig. 7. Dinoflagellate cysts from the Krabbedalen Formation at Savoia Halvg (central East Green-
land). A-C. Batiacasphaera minuta (same specimen, various foci; sample 810). D, E. Batia-
casphaera minuta (same specimen, various foci; sample 811). F-H. Pyxidinopsis sp. 1 sensu Manum
et al. (1989; same specimen, various foci; sample 814A). I, J. Pyxidinopsis sp. 1 sensu Manum et al.
(1989; same specimen, various foci; sample 810). K-M. Chlamydophorella? sp. A (same specimen,
various foci; sample 810). N, O. Chlamydophorella? sp. A (same specimen, various foci; sample
811). P-R. Habibacysta? sp. A (same specimen, various foci; sample 811). S, T. Habibacysta? sp. B
(same specimen, various foci; sample 811). U, V. Corrudinium incompositum (same specimen, vari-
ous foci; sample 810). W, X. Corrudinium incompositum (same specimen, various foci; sample §10).
Y. Corrudinium incompositum (sample 810). Z;—Z3. Stoveracysta sp. (same specimen, various foci;
sample 814A). Zy 5. Stoveracysta sp. (same specimen, various foci; sample 810).
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Fig. 8. Dinoflagellate cysts from the Krabbedalen Formation at Savoia Halvg (central East Green-

land). A, B. Charlesdowniea sp. (same specimen, various foci; sample 813). C. Deflandrea sp. (sam-

ple 812). D. Deflandrea sp. (sample 812). E. Wetzeliella sp. (sample 813). F. Deflandrea hetero-

phlycta (sample 810). G. Litosphaeridium sp. (sample 813). H-J. Oligosphaeridium sp. (same speci-

men, various foci; sample 813). K, L. Oligosphaeridium sp. (same specimen, various foci; sample

813). M. Subtilisphaera sp. (sample 813); N. Apectodinium sp. (sample 812). O. Apectodinium sp.
(sample 811). P. Membranophoridium sp. (sample 810).

A further increase in frequency of peridinioids takes place in sample 812,
where they constitute over 65%. They are represented there mainly by Svalbar-
della sp. (40%) and Lentinia serrata (Fig. 91-P) — over 20%. Palynofacies of this
sample is similar to the one from sample 811, but differs by occurrence of infre-
quent, but large-sized (over 1 mm) cuticle fragments.
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Fig. 9. Dinoflagellate cysts from the Krabbedalen Formation at Savoia Halvg (central East Green-
land). A—C. Alterbidinium sp. A (same specimen, various foci; sample 811). D. Alterbidinium sp. A
(sample 811). E. Alterbidinium sp. A (sample 811). F. Alterbidinium sp. (sample 810). G, H. Alter-
bidinium sp. A (same specimen, various foci; sample 811). I-K. Lentinia serrata (same specimen,
various foci; sample 812). L. Lentinia serrata (sample 812). M, N. Lentinia serrata (same specimen,
various foci; sample 812). O, P. Lentinia serrata (same specimen, various foci; sample 812).
Q. R. Peridinioid sp. A (same specimen, various foci; sample 812). S, T. Vozzhennikovia sp. (same
specimen, various foci; sample 812). U. Trithyrodinium sp. (sample 814A).
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Palynofacies of sample 813 is similar to the one from sample 812. However,
especially pollen grains are poorly preserved bearing corrosion features. Dino-
flagellate cysts are very rare in this sample. Some of them are recycled from Creta-
ceous strata: Litosphaeridium sp. (one specimen; Fig. 8G), Subtilisphaera sp. (one
specimen; Fig. 8M), Pseudoceratium sp. (one specimen; Fig. 10U, V) and Oligo-
sphaeridium sp. (three specimens; Fig. 8H-L). Beside this, a few specimens of
poorly preserved peridinioids, single specimens of Chlamydophorella? sp. A,
Lingulodinium machaerophorum, Spiniferites sp. and Svalbardella sp. have been
found. In this sample, three specimens of Wetzelielloideae, almost absent in the re-
maining samples, have been found: Apectodinium sp., Charlesdowniea sp. (Fig.
8A, B) and Wetzeliella sp. (Fig. 8E).

Sample 814A yielded a relatively rich and diversified dinoflagellate cyst assem-
blage. Similarly as in other studied samples, they are strongly dispersed within dom-
inating terrestrial elements, which in case of this sample consist mainly of dark-
-brown to blackish phytoclasts (up to 70%), sporomorphs (25%) and cuticle re-
mains. Dinoflagellate cysts from this sample resemble the ones from basal sample
810. Their assemblage also consists chiefly of gonyaulacoid taxa. Spiniferites
ramosus, Pentadinium laticinctum, Lingulodinium machaerophorum, Glaphyro-
cysta semitecta (Fig. 4B—K), and small proximate subspherical taxa including Batia-
casphaera minuta, Chlamydophorella? sp. A, and Stoveracysta sp. (Fig. 7Z,—Z5) are
the most frequent. Among peridinioids, Phthanoperidinium comatum (Fig. 10B-D,
G, H) is the most frequent species. The other peridinioids occur as rare specimens,
including Palaeocystodinium golzowense, Lentinia serrata, Deflandrea sp., and
Trithyrodinium sp. (Fig. 9U). The most pronounced difference between dino-
flagellate cyst assemblages from samples 810 and 814A is the frequent occurrence
of Glaphyrocysta semitecta and Phthanoperidinium comatum in the latter sample.

Palynofacies of the topmost sample 815 is similar to the one from the basal in-
terval of the studied section. It consists of rather well preserved sporomorphs (over
70%), cuticle remains and dark-brown phytoclasts. Dinoflagellate cysts are ex-
tremely rare in this sample. Only few specimens of Spiniferites ramosus and
Chlamydophorella? sp. A have been found.

Spore-pollen analysis. — Pollen grains and spores are very frequent in the
sediment in question. Their preservation varies from excellently preserved speci-

Fig. 10. Dinoflagellate cysts from the Krabbedalen Formation at Savoia Halvg (central East Green-
land). A. Phthanoperidinium ameonum (sample 811). B. Phthanoperidinium comatum (sample 814A).
C, D. Phthanoperidinium comatum (same specimen, various foci; sample 814A). E, F. Phthano-
peridinium comatum (same specimen, various foci; sample 810). G, H. Phthanoperidinium comatum
(same specimen, various foci; sample 814A). I. Dinoflagellate cyst sp. A (sample 814A). J-L. Dino-
flagellate cyst sp. A (same specimen, various foci; sample 814A). M. Palaeoperidinium? sp. (sample
814A). N. Palaeoperidinium? sp. (sample 814A). O. Svalbardella sp. (sample 812). P, Q. Svalbardella
sp. (same specimen, various foci; sample 812).
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mens to completely corroded ones (especially bisaccate pollen grains) with highly
damaged structure.

Bisaccate pollen related to conifers (Pinaceae), as well as other gymnosperms
(e.g. Cupressaceae = Taxodiaceae/Cupressaceae), strongly prevail among pollen
grains, while angiosperms are represented by a few pollen grains only. In addition,
relatively frequent, variable in form well preserved spores of Lycopodiaceae,
Selaginellaceae and ferns have been found.

All identified taxa have been classified to an appropriate palaeofloristical ele-
ment (see Table 3) following the checklist of selected sporomorphs from the Neo-
gene deposits by Ziembiriska-Tworzydio et al. (1994). The following elements
have been distinguished in the studied material: palaeotropical (P), including trop-
ical (P1) and subtropical (P2), as well as arctotertiary (A), which includes warm-
-temperate (A1) and cool-temperate (A2).

Data from pollen spectra of six samples are shown in the pollen diagram (Fig. 12).
Selected microphotographs of pollen and spores are shown on Figs 13 to 15.

Spores. — The spores found in the sediment in question represent mainly the
families Lycopodiaceae, Selaginellaceae, and Osmundaceae; the others occur sub-
ordinately.

Spores from the genus Retitriletes related to the family Lycopodiaceae are
present in all studied samples, being the most variable in form. Six morphological
taxa have been distinguished: Retitriletes annotinioides Krutzsch, R. frankfur-
tensis Krutzsch, R. lusaticus Krutzsch, R. pseudoclavatus Krutzsch, R. punctoides
Krutzsch, and Retitriletes sp. Lycopodiaceae spores are also reported from other
Tertiary Arctic sites (e.g. Koreneva et al. 1976; Head et al. 1989a; Boulter and
Manum 1996; Richter and LePage 2005).

Spores of Selaginellaceae (Echinatisporis) are relatively less frequent, but
they are present in all studied samples. A noticeable feature of their occurrence is
that these spores occur sporadically in tetrads.

Spores related to ferns of the family Osmundaceae (Baculatisporites and
Rugulatisporites) also occur in all studied samples. They are well known from Ter-
tiary Arctic palynofloras (Manum 1962; Koreneva et al. 1976; Boulter and Kvacek
1989; Head et al. 1989a), being occasionally reported as “baculate triletes” (Boul-
ter and Manum 1989; Manum et al. 1989). Interestingly, from the Arctic Tertiary,
macroremains of Osmunda (Manum 1962; Boulter and Kvacek 1989) are also
known, what shows that these ferns were important components of the fossil plant
communities during Tertiary in high latitudes.

Other spores, which are related to Schizaeaceae/Cyatheaceae (Leiotriletes
wolffii Krutzsch, L. maxoides/maximus, Leiotriletes sp.), Polypodiaceae/Davallia-
ceae [Laevigatosporites haardti (Potonié et Venitz) Thomson et Pflug, L. major
Cookson ex Krutzsch, L. nitidus (Mamczar ex Krutzsch) Krutzsch, and Perino-
monoletes sp.], Pteridaceae (Cryptogrammasporis sp.) and others [e.g. Corrugati-
sporites cf. graphicus Nagy, Foveotriletes sp., Monoleiotriletes gracilis Krutzsch,
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Table 3
Results of sporomorph analysis of the Krabbedalen Formation at Savoia Halvg (central
East Greenland). S — spores, G — Gymnospermae, An — Angiospermae, V — varia (indeter-
minate pollen and spores), P — phytoplankton (fresh-water), F — fungi.

Palaeo-
Taxon (botanical affinity) floristic Sampie
element g 15Ts14nls148] 813 812] 811] 810

S | Baculatisporites spp. (Osmundaceae) PIA 78] 28] 2| 28] 8] 15 60
S | Cicatricosisparites sp. (Schi ) P1 1
S | cf. Concavisporites sp. (?Gleicheniaceae) P 1
S | Corrugatisporites cf. graphicus Nagy (Lygodium ) P2 1 1
S | Cryptog poris sp. (Pleri ) Al 1 1 2| 17|
S | Echinalisporis spp. (Selaginelia ) PIA 174 1 162 18| 321 10|
S | cf. Favoisporis sp. (7Pterid 170phiogl [?Hymenaphyll PIA 1
S | Foveotriletes spp. (unknown botanical affinity) unknown 1 1
S | Intr isporis sp. (?Lygodi P? 1
S | Laevigatosporites spp. (Polypodi /D PIA 2| 6 8 10 8 1
S | Leiolrilefes spp. (Schizaeaceae/Cyatheaceae) P 56( 22 17| 48| 20| 8
S | Monoleiotriletes gracilis Krutzsch (unknown botanical affinity) unknown 1
S | Neogenisporis spp. (pro parte Gleicheniaceae) P1 2 1 1
S | Perinomonoletes sp. (Polypodiaceae/Davalliaceae) PiA 2
S | Retitril spp. (Lycopodium ) PIA 102 24 86| 46| 56| 18]
S | Radialisporis radiatus (Krutzsch) Jansonius et Hills (Lygodiaceae/Parkeriaceae) | P 1 1 3 2
S |R isporites quintus Pflug et Thomson (Osmunda ) PIA 7| il 8 6 29
S | Toroisporis sp. (?Cyath /?Lygodi P 1 1
S | Verrucatosporites favus (Potonié) Thomson et Pflug (Dennstaedtiaceae) PIA 1
G | Abiespollenites spp. (Abies) A 22 1 18 5 8
G | Cedripites spp. (Cedrus) Al 146] 14 64| 46| 54/ 10
G | Inay polienites spp. (Cup ) A1 22
G |cf. leeriapollenites sp. (7 ia ) Al 1
G | Laricisy ites sp. (Larif dot: ) A 1
G | Piceapollis spp. (Picea) A 164 12| 74| 396] 75| 24
G | Pinus haploxylon typel/Cathayapollis spp. (Pi Pinus, Cathaya ) Al 660] 234 306| 738| 330] 132
G | Pinuspolienites spp. - Pinus sylvestris type (Pinaceae, Pinus) A 2316| 372 1064]| 1524| 654 162
G | Sciade spollenites spp. (Sciadopitys ) Al 10| 1 6] 124] 25| 3
G | Sequoiapolienites spp. (Sequoial?Cr ia ) Al 1 10 |
G | small bi indet. (corroded) A? 708] 1380 5|2790] 34 159{2940
G | Zonalapollenites sp. (Tsuga ) Al 24/ 1 1 15 3
An| Diervillapollenites sp. (Diervilla/Weigela ) A2 1
An| Ericipites ericius (Potonié) Potonié + E. callidus (Potonié) Krutzsch (Ericaceae) | A 3 1 1 3 1
An| Ericipites roboreus (Potonié) (Eri Rhododendron ) A 2 1
An| i iporopollenites micr iculatus Mai (Mal Tilioideae) A 1
An| Lonicerapoliis galiwitzi Krutzsch (Caprifoli . Lonit ) Al 1
An| ?Pistillipollenit gregori Rouse (7F| i ?Genti ) =] 1
An| Quercoidites sp. (Quercus) PIA 1
An| ? ipoliis sp. (?Droseraceae/? Aldrovanda ) P 1
An| Tricolporopollenites sp. 7 2 1
\/ | Varia (pollen and spores indet.) 7 1 2|
V' | Mesozoic palynomorphs X 1
\ | Paleozoic palynomorphs X 1
P | Botryococcus cf. neglectus (West et West) Komarek et Marven X 1
P | Sigmopollis sp. (fresh-water plankton, ?Cyanophyta) X 3]
F | Microthyriaceae indiff. X 2| 1

Sum 4483|2105 8[4627|3060| 1487|3384
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Fig. 11. Dinoflagellate cysts from the Krabbedalen Formation at Savoia Halvg (central East Green-
land). A, B. Pentadinium taeniagerum (same specimen, various foci; sample 810). C, D. Cribro-
peridinium tenuitabulatum (same specimen, various foci; sample 814A). E. Cordosphaeridium
cantharellum (sample 814A). F—H. Operculodinium centrocarpum (same specimen, various foci;
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Fig. 12. Percentage diagram of selected pollen and spore taxa from the Krabbedalen Formation at
Savoia Halvg (central East Greenland).

Neogenisporis neogenicus Krutzsch, Neogenisporis sp., Radialisporis radiatus
(Krutzsch) Jansonius et Hills, Toroisporis sp., and Verrucatosporites favus (Po-
tonié) Thomson et Pflug], occur rather occasionally. Some of them (Cicatricosispo-
rites sp., Corrugatisporites cf. graphicus, Leiotriletes wolffii, L. maxoides/maximus,
Leiotriletes sp., Neogenisporis neogenicus, Neogenisporis sp., Radialisporis radia-
tus, and Toroisporis sp.) represent the palaeotropical (P) geofloristic element.

Pollen of gymnosperms. — Bisaccate pollen grains are the most numerous
among the sporomorphs in the sediment in question. The following taxa have been
distinguished: Pinus sylvestris type [mainly Pinuspollenites labdacus (Potonié)
Raatz ex Potonié], Pinus haploxylon type/Cathayapollis spp., Picea (Piceapollis),
Cedrus [mainly Cedripites parvisaccatus (Zauer) Krutzsch, and Cedripites sp.],
Abies (Abiespollenites), and others. Some bisaccate pollen grains are included into
,-small bisaccates” group, which includes corroded, difficult to determine specimens,
probably, at least partly, recycled. Pollen grains of this group could represent the mor-
phological genus Pinuspollenites, as well as Cedripites, Cathayapollis or others.

sample 811). I. Mendicodinium sp. A of Wrenn and Kokinos (1986; sample 811). J. Operculodinium
hirsutum (sample 811). K, L. Reticulatosphaera? sp. (same specimen, various foci; sample 812).
M. Mendicodinium sp. A of Wrenn and Kokinos (1986; sample 810). N. Dapsilidinium sp. (sample
814A). O-Q. Cordosphaeridium minimum (same specimen, various foci; sample 812). R. Cordo-
sphaeridium minimum (sample 814A). S. Cordosphaeridium minimum (sample 811). T. Cordo-
sphaeridium minimum (sample 812). U, V. Cordosphaeridium minimum (same specimen, various foci;
sample 812). W, X. Cordosphaeridium minimum (same specimen, various foci; sample 811). Y, Z;.
Cordosphaeridium minimum (same specimen, various foci; sample 810). Z,. Cordosphaeridium mini-
mum (sample 814A). Z3, Z. Cordosphaeridium minimum — specimen with apical archaeopyle (same
specimen, various foci; sample 814A).
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Pollen grains related to the family Pinaceae are well represented in the Ceno-
zoic Arctic palynofloras (e.g. Boulter and Manum 1989, 1996), where at least
5 groups (biorecords) of bisaccate pollen are distinguished. Unfortunately, this
morphological division is not synonymous with their botanical affinity (for exam-
ple, “straight bisaccate” may include pollen grains of the genera Pinus, Picea, and
Cedrus — see Boulter and Manum 1989). These most common pollen grains come
from trees producing pollen in large quantities that are well equipped for long-dis-
tance dispersal in the air and water.

Among non-bisaccate pollen grains of conifers, including Sciadopitys [mainly
Sciadopityspollenites verticillatiformis (Zauer) Krutzsch, and Sciadopityspollenites
sp.l, Tsuga (Zonalapollenites sp.), Cupressaceae [Inaperturopollenites spp., Se-
quoia (mainly Sequoiapollenites rotundus Krutzsch and Sequoiapollenites sp.] and
others, are present. Pollen grains of Sciadopitys and Tsuga are well known from the
Tertiary of the Arctic (Manum 1962; Head ef al. 1989a; Boulter and Manum 1989,
1996; Jolley 1998).

Pollen grains of Cupressaceae are generally less frequent in the Tertiary Arctic
palynofloras than in swamp spectra from lower latitudes, but (especially in the
Palaeogene palynofloras) they are of various forms. In addition, macroremains of
these plants [e.g. Metasequoia occidentalis (Newberry) Chaney, Glyptostrobus
dunoyeri (Baily) Boulter et Kvacek, Cupressoconus machenryi (Baily) Boulter et
Kvacek, and Elatocladus campbellii (Forbes) Seward et Holttum — close to Se-
quoia (Boulter and Kvacek 1989)] are also known from the former area. From the
Arctic Tertiary, macroremains of Pinus are also known (Boulter and Kvacek
1989). Well preserved cones, leaves, twigs and wood fragments of Metasequoia
and Glyptostrobus, accompanied by representatives of the Pinaceae family (Pinus,
Picea, Abies, and Larix) were found in the Middle Eocene sediments on Axel
Heiberg Island, Arctic Canada (Basinger et al. 1988; Jahren 2007). From the same
locality numerous pollen grains of Metasequoia and Glyptostrobus types, as well
as pollen of Pinaceae (Picea, Abies, and Pinus) were reported (Richter and LePage
2005). In addition, fossil Cathaya pollen (Cathaya gaussenii Sivak) from the
Eocene of Axel Heiberg Island was reported, and its identification was confirmed
by means of scanning electron microscopy (Liu and Basinger 2000). Pollen grains
of this type of structure were often misidentified as Abietineaepollenites, Pinus
haploxylon type, Pityosporites, Podocarpus, and Podocarpidites (Sivak 1976; Liu
and Basinger 2000). In our material, pollen grains of the genus Cathayapollis were
encountered in all studied samples.

Pollen of angiosperms. — In the studied material, pollen grains of angio-
sperms are very rare — only a few taxa were found. Ericaceous tetrads [Ericipites
ericius (Potonié) Potonié, E. callidus (Potoni€) Krutzsch, and E. roboreus (Po-
tonié) Krutzsch] occur in five samples (810, 811, 812, 814A, and 815). The mor-
phological genus Ericipites is well known from the Arctic Tertiary (e.g. Boulter
and Manum 1989, 1996; Jolley 1998).
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Fig. 13. Spores from the Krabbedalen Formation at Savoia Halvg (central East Greenland). A, B. Reti-
triletes annotinioides (same specimen, various foci; sample 812). C, D. Retitriletes lusaticus (same
specimen, various foci; sample 815). E, F. Retitriletes frankfurtensis (same specimen, various foci;
sample 813). G, H. Echinatisporis sp. (same specimen, various foci; sample 812). I, J. Echinatisporis
miocenicus (same specimen, various foci; sample 812). K. Echinatisporis sp. — tetrad (sample 812).
L. cf. Concavisporites sp. (sample 812). M. Leiotriletes sp. (sample 812). N. Cryptogrammasporis sp.
(sample 812). O. Neogenisporis sp. (sample 812). P. Radialisporis radiatus (sample 815). Q. Leio-
triletes wolffii (sample 812). R. Baculatisporites primarius (sample 811). S. Rugulatisporites quintus
(sample 811). T. Laevigatosporites nitidus (sample 812).
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Fig. 14. Pollen grains from the Krabbedalen Formation at Savoia Halvg (central East Greenland).

A. Piceapollis tobolicus (sample 812). B. Sequoiapollenites rotundus (sample 812). C. Sequoiapolle-

nites sp. (sample 812). D. Abiespollenites absolutus (sample 812). E. Inaperturopollenites verru-

papillatus (sample 812). F. Inaperturopollenites dubius (sample 812). G. Zonalapollenites sp. (sam-
ple 811). H. Pinuspollenites labdacus (sample 812).
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Fig. 15. Pollen grains from the Krabbedalen Formation at Savoia Halvg (central East Greenland).
A. Cedripites parvisaccatus (sample 812). B, C. Sciadopityspollenites verticillatiformis (same speci-
men, various foci; sample 812). D-F. Sciadopityspollenites tubulus (same specimen, various foci;
sample 812). G, H. Cathayapollis wilsonii (same specimen, various foci; sample 811). I. Cathaya-

pollis pulaensis (sample 811). J. Ericipites ericius (sample 810). K, L. Diervillapollenites sp. (same
specimen, various foci; sample 812). M. Lonicerapollis gallwitzi (sample 815).
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Fungi (Microthyriaceae). — In the studied material, 3 various specimens of
sporocarps of the Microthyriaceae epiphylous fungi were found (in samples 811 and
812). Recently, these fungi are usually ectoparasites extended in tropical and subtrop-
ical regions. Some of them occur in sub-polar regions. Their presence is an important
palaeoecological indicator of high total annual rainfall — above 1000 mm. They usu-
ally live on leaves of seed plants (conifers and others) as well as on ferns and mosses.
Some of them could live on fallen leaves (Elsik 1978). According to Elsik (1978) and
there cited authors, the oldest fossil microthyriaceous fungi were found in the Lower
Cretaceous strata, being most numerous in the Eocene and Miocene ones.

Palaeoflora and plant communities

It is difficult to reconstruct the type of northern subarctic palaeofloras, because
there are no modern equivalents of the Tertiary palaeoenvironment of the Arctic
(see Boulter and Manum 1996). According to earlier studies (Basinger et al. 1994;
Boulter and Manum 1996), the climate was then temperate with periodic light re-
duction (a few months of reduced light and even darkness each year). These condi-
tions surely demanded a special physiology and lifestyle for their inhabitants.

Composition of pollen spectra from sediment in question (dominated by
bisaccate pollen) points at the presence of coniferous forests dominated by Pinus
species, accompanied by Picea, Cupressaceae and others, with a minor share of
angiosperms. Presence of spores shows an important role of ferns, Lycopodiaceae
and Selaginellaceae. Probably the forests understory was composed of these
plants, or they grew on open areas and at the edges of open water. Similar fossil
plant communities were described from other Tertiary Arctic localities (Boulter
and Fisher 1994 in Boulter and Manum 1996).

The state of preservation of some sporomorphs (e.g. spores Echinatisporis in
tetrads) in our samples suggests that the distance to the terrestrial source was rela-
tively short.

Comparison with other palynofloras of Northern Subarctic

The studied palynoflora distinctly differs from the Paleocene—Eocene flora of
Brito-Arctic Igneous Province, which is rich both in conifers and angiosperms
(Boulter and Manum 1989). Also the Early Eocene palynofloras (Holes 916A and
918D) of East Greenland are distinctly richer, being dominated by Inaperturo-
pollenites hiatus and various angiosperms. They contain some megatherm taxa
and a high proportion of palaeotropical forms typical for the Eocene temperature
maximum (Jolley 1998).

Spore-pollen assemblages from the Upper Paleocene and possibly Lower
Eocene deposits from Spitsbergen are also dominated by conifers and ferns, with
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moderate values of angiosperms. Although the conifers and ferns prevail, the an-
giosperm pollen are much more diverse — with taxa indicating a moderately
warm-temperate climate (Norris and Head 1985). Similar Late Eocene spore-pol-
len assemblages (which point at warm-temperate climate) are also known from the
Beaufort-Mackenzie Basin of western Arctic Canada (Norris and Head 1985).

The Middle Eocene palynoflora from Axel Heiberg Island, Canadian High Arctic
(Richter and LePage 2005) is also distinctly richer in angiosperms (mainly Alnus,
Pterocarya, Juglans, and Quercus). This site was studied using a high-resolution (de-
tailed) palynological analysis. The pollen data show successional processes and sug-
gest that the local vegetation reflected climatic and environmental changes. This
palynoflora was dominated by members of the Pinaceae family (mainly Picea and
Abies) when the area was relatively dry, whereas Metasequoia type (Inaperturo-
pollenites) was predominant when local environmental conditions were more humid.
So, fluctuations of share of the broad-leaved deciduous forests and Metasequoia-
dominated swamp forest communities were observed (Richter and LePage 2005).

The share of angiosperms considerably decreased from the Eocene to the Oligo-
cene. The declining climatic conditions and taxonomic decimation were caused by
the global fall in temperature after the Terminal Eocene Event (Boulter and Manum
1996). The decrease of species diversity and disappearance of thermophylic taxa, in-
dicating cooling of climate, is well recorded in many Arctic palynofloras.

The most similar to our results of pollen analysis have been shown by Boulter
and Manum (1996) from the Oligocene and Miocene deposits from the Hovgard
(Hovgaard) Ridge (Greenland Sea); especially from its Oligocene part. The pollen
spectra are dominated there by bisaccate pollen (mainly of Pinus, Picea, and
Cedrus types), accompanied by pollen of Tsuga, Sciadopitys, and some Taxo-
diaceae (= Cupressaceae). Angiosperms are represented by a few taxa and several
specimens (mainly Ericaceae). In addition, spores are quite common (mainly
Baculatisporites, Polypodiaceaesporites, Cyathidites, Lycopodiumsporites, and
Gleicheniidites). Spores from the same groups were found in our material.

Also the Middle Oligocene spore-pollen assemblages from Sarsbukta (Spits-
bergen) are dominated by bisaccates, with a low share of angiosperms — both in
terms of diversity and relative frequency (Manum 1962; Boulter and Manum 1996).

Similar pollen and spore assemblages are also described from the Miocene
(Early and early Middle Miocene) of Baffin Bay (Head et al. 1989a). These pollen
spectra consist mainly of coniferous tree pollen (Pinus, Picea, and Tsuga — making
up about 50% of the sporomorphs) and trilete fern spores. Other pollen and spore
taxa are present in small numbers. There are mainly warm-to-cool temperate forest
species. In addition, isolated specimens of Radialisporis radiatus, Reticulosporis
spp. (Lycopodiaceae), Favoisporites trifavus, Saxonipollis sp., and other taxa that
range down into the Early Palacocene of the Canadian Arctic occur. A similar situa-
tion was observed in the studied material. These sporomorphs might be reworked,
although their state of preservation in both materials suggests that they are in situ.
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During Pliocene and Pleistocene, the Arctic vegetation became enriched in
non-arboreal plant pollen and spores. The Upper Pliocene to Holocene sediments,
e.g. from Baffin Bay, contain more herbaceous pollen. These assemblages are
largely dominated by Pinus, accompanied by Betula (probably shrub taxa), Alnus
and Ericaceae, as well spores of Polypodiaceae ferns, Lycopodium and Selaginella.
In addition, the high Sphagnum shares indicate the existence of extensive peatlands
(de Vernal and Mudie 1989). Similar spore-pollen assemblages can be observed in
the Pliocene—Pleistocene deposits from the Yermak Plateau, Arctic Ocean (Willard
1996). In contrast to our material, modern spore-pollen spectra from Spitsbergen,
northern Greenland and Iceland are dominated by nonarboreal taxa, small angio-
sperms, with low percentages of such bisaccates as Pinus pollen (Willard 1996).

Age interpretation

Pollen and spores found in our material are of limited biostratigraphic value.
The marine spectra reflect changes of local vegetation (succession of plant com-
munities, changes of climate — temperature, moisture, and light level), as well as
distance from the source (forested) area, rather than their real age. Therefore we fo-
cused on age-interpretation of dinoflagellate cyst assemblages, which have been
extensively studied for decades from the Tertiary of the northernmost Atlantic
(e.g. Manum 1976; Manum et al. 1989; Firth 1996; Poulsen et al. 1996; Williams
and Manum 1999; Nghr-Hansen and Piasecki 2002; Eldrett ef al. 2004; see also
Damassa et al. 1990). Additionally, data of dinoflagellate cyst zonation schemes
(e.g. Heilmann-Clausen and Costa 1990; Kothe 1990; Powell 1992; Van Simaeys
et al. 2005a) or stratigraphic ranges of particular species (e.g. Kothe and Piesker
2007) from north-western Europe can be compared, although due to significant
differences in taxonomical composition between these two areas (see e.g. Wil-
liams and Manum 1999), their value may be slightly limited. Former studies on
Palacogene dinoflagellate cysts from the Greenland Sea and the Norwegian Sea
were based mainly on material from mid-oceanic boreholes. Our material comes
from exposures on Greenland, and may represent a different sedimentological set-
ting than those mentioned above, since northernmost Atlantic area is believed to
represent several isolated basins separated from oceanic circulation during early
stages of its history (e.g. Thiede and Myhre 1996).

The majority of dinoflagellate cyst species from the Krabbedalen Formation at
Savoia Halvg is known from Eocene (mainly Late Eocene) and Early Oligocene of
lower latitudes. This refers to e.g. Phthanoperidinium comatum (Fig. 10B-H),
Cribroperidinium tenuitabulatum (Fig. 11C, D), Pentadinium laticinctum (Fig.
5SR-U), Glaphyrocysta semitecta (Fig. 4A-K), and Lentinia serrata (Fig. 91-P).
Comparison of taxonomical composition of our assemblages to those from North
Atlantic, also shows some similarities to assemblages described from both Eocene
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and Oligocene sites by previous authors, and makes unanimous age interpretation
difficult. Moreover, some of our dinoflagellate cysts are also known from Oligo-
cene—Miocene of northern Atlantic. Thus, a Miocene age of the Krabbedalen For-
mation, although less precisely documented, cannot be excluded. The sporomorph
data do not contradict such a young age.

Two basal samples, 810 and 811, yielded frequent specimens of well preserved
Glaphyrocysta semitecta (Fig. 4A-K). This species so far have not been reported
from Oligocene strata of the North Atlantic. It is known to have occurred in lower
latitudes during Bartonian—early Rupelian (Bujak et al. 1980; Brinkhuis 1992,
1994). In the same basal interval (samples 810, 811), Corrudinium incompositum
(Fig. 7U-Y) occurs. This species is known from the Greenland-Norwegian seas
from Eocene only (Manum et al. 1989; Firth 1996), while it is present in Oligocene
strata in lower latitudes (e.g. Haq et al. 1987).

Another species present in our material and reported from the Eocene of higher
latitudes is Lentinia serrata (Fig. 91-P), being also known from Bartonian—-mid
Rupelian strata of lower latitudes (Bujak ef al. 1980; Brinkhuis 1992, 1994).
Manum et al. (1989) reported Lentinia serrata and Lentinia wetzelii from Lower
Eocene strata of the Norwegian Sea (possibly one of these species represents
Deflandrea sp. 1 from Lower Eocene, figured by Manum 1976, pl. 4.21). Also
Firth (1996) reports both species from Eocene strata of the Greenland Sea only, but
in that case, Oligocene interval was very poorly sampled.

Much younger, Oligocene age of the basal sample 810, could be suggested by
the presence of Spiniferella cornuta (Fig. 6C-E) known from Rupelian—Chattian
of the northernmost Atlantic (Poulsen et al. 1996; Williams and Manum 1999; see
also Benedek 1972). However, Damassa et al. (1990) report Priabonian age range
of this species in the North Atlantic.

Oligocene age of our Krabbedalen Formation section could be assumed on the
base of occurrence of a species Dinoflagellate cyst sp. A (Fig. 10I-L) in samples 810,
811, and 814 A. This species resembles Dinoflagellate cyst 3 (?Evittosphaerula sp. 1)
of Manum et al. (1989, pl. 8.3, 4) described from Rupelian strata of the Norwegian
Sea (see also Williams and Manum 1999). ?Evittosphaerula sp. 1 of Manum et al.
(1989) was later synonymized with a newly described species Piccoladinium fene-
stratum by Versteegh and Zevenboom (1995). Interestingly, this species was for-
mally described from Upper Pliocene of Sicily, Italy (Versteegh and Zevenboom
1995) whereas ?Evittosphaerula sp. 1 (and, possibly representing the same species,
our Dinoflagellate cyst sp. A) was described from (mid?) Oligocene of the Norwe-
gian Sea (Manum et al. 1989) and Greenland (this paper). No record of similar mor-
photype has so far been reported from the interval between Oligocene and Pliocene.

Another species, which also frequently occurs in our material, is Cordosphae-
ridium minimum. It possesses a precingular archaeopyle and processes that are not
united distally, showing only indistinct ridges connecting process bases (Fig.
110-Q, T-V). Some specimens, however, are larger. They possess massive pro-
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cesses and low membranes that proximally connect the processes (Fig. 11R, Z,).
Moreover, one specimen (Fig. 11Z;, Z,) possesses an apical archaeopyle. This
makes this taxon similar to the Labirynthodinium truncatum subs. truncatum de-
scribed by de Verteuil and Norris (1996) from Middle Miocene of eastern USA.
However, Manum (1976) described similar morphotypes, with both apical (Dino-
cyst V; Manum 1976, pl. 4.5) and presumably precingular archaeopyle (Dinocyst
II; Manum 1976, pl. 2.19), from “mid” Oligocene-Middle Miocene and Middle
Eocene-Lower Miocene intervals, respectively.

Batiacasphaera minuta (Fig. 7A-E) is another species that is frequently de-
scribed from Miocene strata (see Matsuoka and Head 1992). However, this species
is not a good age indicator due to its similarity to other taxa. It has been presumably
described also from Palaeogene strata under other taxonomical names, e.g. Tectato-
dinium sp. of Matsuoka (1974) or some representatives of the Batiacasphaeral
Cerebrocysta group A sensu Head et al. (1989b; see Matsuoka and Head 1992, p.
168). Manum et al. (1989) described Batiacasphaera minuta from Oligocene—
Lower Miocene interval of the Norwegian Sea.

Pyxidinopsis sp. 1 sensu Manum et al. (1989), a species found in samples 810
and 814A (Fig. 7F-J), was described from “mid” Oligocene-Lower Miocene
(Manum et al. 1989, pl. 3.7) and Rupelian—Burdigalian (Williams and Manum
1999, p. 106, pl. 2.9a-b) strata of the Norwegian Sea.

An indirect clue leading to acceptance of an Oligocene age of the Krabbedalen
Formation could be the rarity of Wetzelielloideae in our material (frequently occur-
ring in Palaecogene strata of lower latitudes), which resembles their scarcity in
Oligocene of the northernmost Atlantic (e.g. Costa and Downie 1979; Firth 1996).
Only two specimens of Wetzeliella sp. and Charlesdowniea sp. (Fig. 8E and Fig. A,
B, respectively) have been found in sample 813. Three specimens of Apectodinium
sp. (Fig. 8N, O) occur in samples 811-813 (Table 2). Representatives of Deflandrea,
a typical Palaecogene genus, occur as single, poorly preserved specimens only (Fig.
8C, D, F; Table 2). This genus is also rare in Oligocene sequences previously studied
from the northernmost Atlantic (e.g. Manum et al. 1989; Firth 1996).

Another characteristic feature of our assemblage from the Krabbedalen For-
mation is the lack of Chiropteridium, a genus, which was frequently reported from
higher Rupelian—Chattian strata of north Atlantic (Manum et al. 1989; Poulsen et
al. 1996). Its absence may indicate both Eocene and/or earliest Rupelian age of the
studied assemblage. However, it should be noted that Upper Eocene and presum-
ably lowermost Oligocene strata were missing or strongly impoverished in the ma-
terial studied by Manum et al. (1989, p. 615), Firth (1996, p. 203) and Poulsen et
al. (1996). This may explain an “absence” of several species in basal Oligocene se-
quence of the Norwegian and Greenland seas.

The age-interpretation of sporomorph assemblages suggest a wide time-span
for the Krabbedalen Formation, spanning Oligocene through Middle Miocene.
The studied pollen spectra are largely dominated by bisaccate pollen (mainly
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Pinuspollenites), which are always over-represented in marine sediments due to
high pollen productivity of Pinus trees, and because its morphology is favourable
for long-distance atmospheric and hydrologic (buoyancy) transportation. In addi-
tion, plant evolution and migration during Tertiary at high latitudes were less ac-
tive than farther south, and the changes of flora and vegetation were more gradual.
As a consequence, the differences between spectra of different ages are less dis-
tinct at higher latitudes (Boulter and Manum 1996).

The studied spectra are most similar to the Middle Oligocene spectra from
Sarsbukta, Spitsbergen (Manum 1962), the Oligocene—Miocene spectra from the
Hovgard Ridge on the Greenland Sea (Boulter and Manum 1996), and the Mio-
cene (Early and early Middle Miocene) spectra from the Baffin Bay (Head ef al.
1989a). They are dominated by conifers (mainly Pinus), with very low share of an-
giosperms, and are relatively rich in spores (including some palaeotropical taxa).
They also lack such elements as Sphagnum, herbaceous angiosperms, as well as
Betula and Alnus pollen. Therefore, the results of the spore-pollen analysis point at
an Oligocene to Middle Miocene age-range of the studied material.

A supposition of a Lower Miocene age of the described section, would mean
that a majority of the described specimens, especially frequently occurring species
such as Glaphyrocysta semitecta, Lentinia serrata, Phthanoperidinium comatum,
and also less common species Spiniferella cornuta, and Corrudinium incompo-
situm, could be treated as recycled. This would indicate an intense reworking of
Palaeogene strata in Greenland, similar to the one noted by Williams and Manum
(1999) from Oligocene-Lower Miocene of the Norwegian Sea. However, this
age-interpretation is based on a vague material composed of taxa known also from
the Oligocene. We did not found any true Miocene indicators among the species
determined from the Krabbedalen Formation.

Pre-Tertiary recycled taxa

The Krabbedalen Formation yielded a few recycled Cretaceous dinoflagellate
cysts. These are single specimens of Litosphaeridium sp., Subtilisphaera sp., Cir-
culodinium sp. and Oligosphaeridium sp., all found in sample 813. Additionally,
poorly preserved Palaeoperidinium? sp. (Fig. 10M, N) was found in sample 814A.
Their presence indicates erosion of Cretaceous strata in Greenland (see, e.g. Nghr-
Hansen 1993, 1996). Recycling of Cretaceous species was also reported by Williams
and Manum (1999) from Oligocene—Lower Miocene strata of the Norwegian Sea.

Palaeoenvironment and palacogeography

Our results show overwhelming domination of terrestrial palynomorphs over
marine ones in the sediments in question. The latter, represented almost exclu-
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sively by dinoflagellate cysts, do not exceed 1-2% of palynofacies, being virtually
absent in samples 813 and 815. So, infrequent occurrence of dinoflagellate cysts
make them out of use in sense of statistical analysis. Nevertheless, their presence
suggests a marine sedimentary setting with high influx of terrestrial organic mat-
ter, which may indicate land proximity. However, this interpretation contrasts with
occurrence of the genus Impagidinium, which is known to prefer oceanic waters
(e.g. Harland 1983; Marret and Zonneveld 2003). The sediments in question were
deposited close to sea shore, in an environment with relatively narrow shelf area,
within reach of oceanic water currents. This assumption may be supported by the
fact that our material is completely devoid of Homotryblium specimens. This ge-
nus is believed to have been associated with very proximal shelf areas, lagoonal,
often with increased salinity (e.g. Brinkhuis 1992). However, lack of Homo-
tryblium in our material may be caused by East Greenland palaeo-shoreline and
oceanic circulation during deposition of sediments in question. Early Oligocene
cold water masses of the East Greenland Current evidenced by Birkenmajer and
Jednorowska (1997) could cause unfavourable conditions for motile stage of this
genus. Cold-water conditions are evidenced by the presence of Svalbardella (Fig.
100-Q), a genus believed to had cold-water preferences (e.g. Van Simaeys et al.
2005b). Homotryblium is also rare (e.g. Firth 1996) or absent (e.g. Poulsen ef al.
1996) in Oligocene strata of the northern Atlantic basins.

Changes of dinoflagellate cyst frequency in our section may reflect slight fluc-
tuations in shore proximity and/or terrestrial matter influx. Both may be associated
with sea level fluctuations: the lowermost part of the section (samples 810-812)
and the one represented by sample 814A, could be deposited during relative
high-sea level phases. Intervals represented by samples 813 and 815, in turn, were
presumably deposited during sea-level drop, followed by increased terrestrial in-
flux due to increased land erosion that is indicated by appearance of recycled, pre-
sumably Cretaceous dinoflagellate cysts.

Tertiary strata of the Greenland and Norwegian seas, studied in more offshore
settings, yielded differentiated palynological organic matters. In most cases, they
contain much richer and more taxonomically diversified dinoflagellate cyst as-
semblages, especially in approximately coeval intervals (Manum 1976, fig. 2;
Firth 1996).

Selected dinoflagellate cyst taxonomy

In this chapter, several species have been described, with uncertain taxonomi-
cal position. This refers especially to small holocavate specimens, which resemble
Chlamydophorella and Habibacysta in general morphology and wall features, but
differ in archaeopyle type.
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Chlamydophorella? sp. A
(Fig. 7K-0O)

Description. — Cyst subspherical, slightly ovoidal, holocavate. Cyst wall
composed of thin and solid endophragm covered by regularly distributed, closely
spaced tiny processes, which seem to be united distally by thin ectophragm.
Archaeopyle apical; operculum always attached. No expressions of paratabulation
except of archaeopyle margin.

Discussion. — This species is assigned to the genus Chlamydophorella on the
base of general morphology and wall structure; however, its always attached
archaeopyle makes this assignment tentative. Chlamydophorella? sp. A shows simi-
larity in cyst wall structure to the genus Habibacysta. Closely spaced tiny processes
of the former species resemble columellate periphragm of Habibacysta.

Habibacysta? sp. A
(Fig. 7P-R)

Description. — Cyst subspherical, holocavate, with hardly distinguishable
thin endophragm and thick columellate periphragm, distally united by rather dis-
continuous periphragm. Archaeopyle type uncertain, presumably formed by dis-
ruption of a single precingular paraplate, which remains attached. No indication of
paratabulation.

Comparison. — This species diagnosis is similar to the generic diagnosis of
Habibacysta as given by Head et al. (1989b), except of archaeopyle type, which in
original diagnosis is formed by loss of a single precingular paraplate. Specimens
described in this paper as Habibacysta? sp. A, similarly as H.? sp. B, possess
archaeopyle of uncertain type, possibly formed by loss of precingular paraplate;
opercula of both species remain attached. Thus, the discussed specimens from
Savoia Halvg are tentatively assigned to the genus Habibacysta.

Habibacysta? sp. B
(Fig. 7S, T)
Description. — Cyst small, spherical, holocavate. Cyst wall composed of thin
solid endophragm covered with irregularly spaced clusters. Archaeopyle type not
certain, presumably precingular; operculum attached.

Achomosphaera sp. A
(Fig. 61-K)

Description. — Tiny subspherical chorate cyst with central body bearing nu-
merous processes connected proximally by very indstinct, partially not developed
ridges. Cyst wall consists of slightly thicker, rather smooth or very finely granular
endophragm, and thin and smooth periphragm. Wall layers remain in contact except
of process bases. Processes presumably in gonal positions, mainly hollow, relatively
wide at base, narrowing upwards, distally bifurcated. Some processes, especially in
parasulcal area, may be solid. Archaeopyle not visible.
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Discussion. — This species was included in the genus Achomosphaera, al-
though it possesses proximal but not fully developed ridges.

Reticulatosphaera? sp.
(Fig. 11K, L)

Remarks. — This species resembles Reticulatosphaera actinocoronata in
general arrangement. Distal terminations of processes also show branching typical
for R. actinocoronata. Processes in Reticulatosphaera? sp. are hollow, whereas
the ones in typical Reticulatosphaera are solid.

Alterbidinium sp. A
(Fig. 9A-E, G, H)

Description. — Dorso-ventrally compressed peridinioid cyst, rhomboidal
pericyst, and ovoidal endocyst with one apical and two asymmetrical antapical
horns. Endocyst remains in close contact with periphragm in hypocyst (except of
antapical horns, where it is cornucavate). They are widely separated from each
other in epicyst, forming a large epicavation. Endophragm without ornamentation,
periphragm densely covered with granules, which frequently fuse with each other.
Paracingulum and parasulcus developed as faint depressions, the former showing
linear alignment of granules. Archaeopyle intercalary formed by loss of anterior
intercalary paraplate, which remains attached.

Peridinioid sp. A
(Fig. 9Q, R)

Description. — Small, elongated, dorso-ventrally compressed peridinioid,
with rounded apical horn and two asymmetrical antapical horns. Large epipericoel
present. On hypocyst, periphragm and endophragm are pressed except of horns.
Periphragm finely striated. Archaeopyle not observed.
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Appendix 1 — dinoflagellate cysts

An alphabetic listing of dinoflagellate cysts from the Krabbedalen Formation at
Savoia Halvg (Central East Greenland) is provided below. Full taxonomic citations
are given in Fensome and Williams (2004). Numbers in parentheses refer to Table 2,
followed by reference to the appropriate photomicrographs in Figs 4 to 11.

Achomosphaera alcicornu (2; Fig. 6A)
Achomosphaera ramulifera (28; Fig. 6B)
Achomosphaera sp. A (42; Fig. 61-K)
Achomosphaera sp. (29)

Alterbidinium sp. A (35; Fig. 9A-E, G, H)
Alterbidinium sp. (25; Fig. 9F)

Apectodinium sp. (34; Fig. 8N, O)
Batiacasphaera minuta (1; Fig. 7TA-E)
Charlesdowniea sp. (48; Fig. 8A, B)
Chlamydophorella? sp. A (11; Fig. 7TK-0)
Cordosphaeridium cantharellum (55; Fig. 11E)
Cordosphaeridium minimum (1; Fig. 110-Z,)
Corrudinium incompositum (13; Fig. 7TU-Y)
Cribroperidinium tenuitabulatum (52; Fig. 11C, D)
Dapsilidinium sp. (54; Fig. 11N)

Deflandrea heterophlycta (23; Fig. 8F)
Deflandrea sp. (14; Fig. 8C, D)

Dinoflagellate cyst sp. A (19; Fig. 10I-L)
Glaphyrocysta semitecta (26; Fig. 4A-K)
Glaphyrocysta sp. (9; Fig. 4L)

Habibacysta? sp. A (21; Fig. 7P-R)
Habibacysta? sp. B (37; Fig. 7S, T)
Impagidinium aculeatum (36; Fig. 5D, E)
Impagidinium japonicum (6; Fig. SA-C)
Impagidinium sphaericum (31; Fig. SF-J)
Impagidinium velorum (10; Fig. 5K)
Impagidinium sp. (30; Fig. SL-N, Q)
Kallosphaeridium sp. (40; Fig. 4T)

Lentinia serrata (39; Fig. 91-P)

Lingulodinium machaerophorum (7; Fig. 4AM-S)
Litosphaeridium sp. (46; Fig. 8G)
Membranophoridium sp. (15; Fig. 8P)
Mendicodinium sp. A of Wrenn and Kokinos (1986) (27; Fig. 111, M)
Nematosphaeropsis sp. (32; Fig. 50, P, V, W)
Oligosphaeridium sp. (45; Fig. 8H-L)
Operculodinium centrocarpum (18; Fig. 11F-H)
Operculodinium hirsutum (38; Fig. 11])
Palaeoperidinium? sp. (53; Fig. 10M, N)
Pentadinium laticinctum (5; Fig. SR-U)
Pentadinium taeniagerum (24; Fig. 11A, B)
Peridinioid sp. A (43; Fig. 9Q, R)
Phthanoperidinium ameonum (33; Fig. 10A)
Phthanoperidinium comatum (12; Fig. 10B-H)
Pseudoceratium sp. (47; Fig. 4U, V)
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Pyxidinopsis sp. 1 of Manum et al. 1989 (3; Fig. 7F-J)
Reticulatosphaera? sp. (41; Fig. 11K, L)
Spiniferella cornuta (16; Fig. 6C, D, E)
Spiniferites pseudofurcatus (8; Fig. 6G, H)
Spiniferites sp. (20; Fig. 6F, L-U)
Stoveracysta sp. (22; Fig. 7Z,-Z,)
Subtilisphaera sp. (50; Fig. 8M)
Svalbardella sp. (17; Fig. 100-Q)
Trithyrodinium sp. (51; Fig. 9U)
Vozzhennikovia sp. (44; Fig. 9S, T)
Wetzeliella sp. (49; Fig. 8E)

Appendix 2 — sporomorphs and fresh-water phytoplankton

This is a systematical listing of spores, pollen grains and fresh-water phytoplankton
from the Krabbedalen Formation at Savoia Halvg (Central East Greenland).

Lycophytina

Echinatisporis miocenicus Krutzsch et Sontag (Fig. 131, J)
Echinatisporis sp. (Fig. 13G, H)

Retitriletes annotinioides Krutzsch (Fig. 13A, B)
Retitriletes frankfurtensis Krutzsch (Fig. 13E, F)
Retitriletes lusaticus Krutzsch (Fig. 13C, D)

Retitriletes pseudoclavatus Krutzsch

Retitriletes punctoides Krutzsch

Retitriletes sp.

Pterophytina

Baculatisporites major (Raatz) Krutzsch

Baculatisporites nanus (Wolff) Krutzsch

Baculatisporites primarius (Wolff) Pflug et Thomson (Fig. 13R)
Cicatricosisporites sp.

ctf. Concavisporites sp. (Fig. 13L)

Corrugatisporites cf. graphicus Nagy

Cryptogrammasporis sp. (Fig. 13N)

cf. Favoisporis sp.

Foveotriletes megafovearis (Krutzsch) Grabowska
Foveotriletes sp.

Intrapunctisporis sp.

Laevigatosporites haardti (Potonié et Venitz) Thomson et Pflug
Laevigatosporites major Cookson ex Krutzsch
Laevigatosporites nitidus (Mamczar ex Krutzsch) Krutzsch (Fig. 13T)
Laevigatosporites sp.

Leiotriletes maxoides/maximus type

Leiotriletes wolffii Krutzsch (Fig. 13Q)

Leiotriletes sp. (Fig. 13M)

Monoleiotriletes gracilis Krutzsch

Neogenisporis neogenicus Krutzsch

Neogenisporis cf. plicatoides Krutzsch

Neogenisporis sp. (Fig. 130)
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Perinomonoletes sp.

Radialisporis radiatus (Krutzsch) Jansonius ez Hills (Fig. 13P)
Rugulatisporites quintus Pflug et Thomson (Fig. 13S)
Toroisporis sp.

Verrucatosporites favus (Potonié) Thomson et Pflug

Gymnosperms

Abiespollenites absolutus Thiergart ex Potonié (Fig. 14D)

Abiespollenites latisaccatus (Trevisan) Krutzsch ex Ziembinska-Tworzydto
Abiespollenites sp.

Cathayapollis pulaensis (Nagy) Ziembiriska-Tworzydto (Fig. 151)
Cathayapollis wilsonii (Sivak) Ziembinska-Tworzydto (Fig. 15G, H)
Cathayapollis sp.

Cedripites cf. miocaenicus Krutzsch

Cedripites parvisaccatus (Zauer) Krutzsch (Fig. 15A)

Cedripites sp.

Inaperturopollenites concedipites (Wodehouse) Krutzsch
Inaperturopollenites dubius (Potonié et Venitz) Thomson et Pflug (Fig. 14F)
Inaperturopollenites verrupapillatus Trevisan (Fig. 14E)

cf. Keteleeriapollenites sp.

Laricispollenites sp.

Piceapollis sacculiferoides Krutzsch ex Hochuli

Piceapollis tobolicus (Panova) Krutzsch (Fig. 14A)

Piceapollis sp.

Pinuspollenites labdacus (Potonié) Raatz ex Potonié (Fig. 14H)
Pinuspollenites macroinsignis (Krutzsch ex Ollivier-Pierre) Planderova
Pinuspollenites sp.

Sciadopityspollenites quintus Krutzsch ex Ziembinska-Tworzydto
Sciadopityspollenites serratus (Potonié et Venitz) Raatz ex Potonié
Sciadopityspollenites tubulus Krutzsch ex Ashraf er Mosbrugger (Fig. 15D-F)
Sciadopityspollenites verticillatiformis (Zauer) Krutzsch (Fig. 15B, C)
Sciadopityspollenites sp.

Sequoiapollenites polyformosus Thiergart

Sequoiapollenites rotundus Krutzsch (Fig. 14B)

Sequoiapollenites sp. (Fig. 14C)

Zonalapollenites sp. (Fig. 14G)

Angiosperms

Diervillapollenites sp. (Fig. 15K, L)
Ericipites callidus (Potonié¢) Krutzsch
Ericipites ericius (Potonié¢) Potonié (Fig. 15J)
Ericipites roboreus (Potonié) Krutzsch
Intratriporopollenites microreticulatus Mai
Lonicerapollis gallwitzi Krutzsch (Fig. 15M)
?Pistillipollenites mcgregori Rouse
Quercoidites sp.

?Saxonipollis sp.

Tricolporopollenites sp.

Fresh-water phytoplankton

Botryococcus cf. neglectus (West et West) Komarek er Marven
Sigmopollis sp.



