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Abstract: Palynostratigraphy and palynofacies analyses are applied to identify transgressive-regressive
sequences and changes in paleoenvironment through the Middle Jurassic–Early Cretaceous succession
of the Ramså Basin on Andøya. The conglomerate, the succeeding lacustrine-swamp deposits of
the Hestberget and Kullgrøfta members (Ramså Formation) and the overlying terrestrial to marginal
marine deposits of the lower Bonteigen Member (Ramså Formation), comprise the Bajocian T-R
sequence. Bathonian–Oxfordian strata appear to be missing in the studied boreholes, and the second
T-R cycle spans the Kimmeridgian to Berriasian open marine deposits of the upper Bonteigen Member
and the Dragneset Formation (Breisanden, Taumhølet and Ratjønna members). The overlying Nybrua
Formation comprises a condensed marine succession of Valanginian–Early Barremian calcareous
sandstone and marl, followed by brownish-red siltstone. The upper T-R sequence (Skarstein Formation)
consists of marine transgressive Barremian dark siltstones, silty shales and mudstones, followed by
dark mudstone and shale. Marine palynomorphs recovered in these stacked marine slope turbidite
sediments are of Late Barremian age, but possibly the youngest T-R cycle also includes Aptian deposits
elsewhere in the basin.

Keywords: Andøya; Jurassic; Early Cretaceous; palynostratigraphy; palynofacies; paleoenviron-
ments; T-R sequences

1. Introduction

Studies on the Jurassic and Lower Cretaceous sedimentary rocks preserved in the
Ramså Basin on Andøya were initiated more than 150 years ago by the pioneering works of
Tellef Dahll on the coal resources in the late 1860s, and the subsequent paleontological and
stratigraphic studies of Kierulf [1], Heer [2], Lundgren [3], Friis [4], Vogt [5] and Sokolov [6].

Based on the fossils in material collected by Dahll, Kierulf [1] suggested the presence
of Oxfordian rocks on Andøya, while Heer [2] identified fossils of Middle Jurassic age.
Lungreen [3] recovered marine fossils (bivalves and belemnites) of Oxfordian, Kimmerid-
gian and Volgian/Portlandian age in exposures and boreholes drilled in the Ramså Basin
in the late 1860s.

A more comprehensive stratigraphic description of the Middle Jurassic–Lower Creta-
ceous succession on Andøya, including an overview of paleontological findings, sedimen-
tological descriptions and structural framework, was published by Vogt [5]. Vogt divided
the succession into an Early Jurassic unit, a Late Jurassic unit and an Early Cretaceous unit,
based on the position of the coal beds, the sedimentary units identified in the boreholes,
the records of fossils, and the observations on the structural geology. Later, Sokolov [6]
divided the Jurassic into three units, the “Untere-“, “Mittlere-“ and “Obere Schichten”,
based on bivalves and cephalopods.
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During fieldwork in summer 1952 Tor Ørvig and Natascha Heintz recovered a nearly
complete ichthyosaur (Ophthalmosaurus sp.) in the Kimmeridgian strata [7,8]. New
plant fossils collected from the late 1950s to early 1970s were described by Bose [9],
Manum [10], Manum [11] and Manum et al. [12], and marine macrofossils were docu-
mented by Birkelund et al. [13] and Zakharov et al. [14]. The first reconnaissance studies
of microfossils in the Mesozoic of Andøya were published by Birkelund et al. [13] and
Løfaldli and Thusu [15], and a more detailed study of marine microfloras in the Lower
Cretaceous section on Andøya was presented by Aarhus et al. [16].

As a part of the project ‘An intergrated study of the Ramså Basin on Andøya, northern
Norway’, the Geological Survey of Norway (NGU) drilled four boreholes in the Ramså
Basin in 2015 and 2016 (Figures 1 and 2). Details on the lithologies, depositional environ-
ments and sequence stratigraphy of the Mesozoic sedimentary succession recovered in
the boreholes are found in the report published by Brönner et al. [17]. The present paper
presents results from a palynostratigraphic and paleoenvironmental study of the Mesozoic
succession in the four boreholes (Bh 1–Bh 4) (Figure 2). The new palynological data are
combined with older biostratigraphic and sedimentological records, in order to constrain
the ages of lithostratigraphic units, and to identify transgressive-regressive cycles and
paleoenvironmental changes through the Middle Jurassic–Early Cretaceous succession on
Andøya (Figure 2).

Figure 1. (A) Map of Andøya in Northern Norway and outline of the Ramså Basin. (B) Locations of
boreholes Bh 1, Bh 2, Bh 3 and Bh 4 in the Ramså Basin. Legend: Greenish colour—Onshore Mesozoic
rocks on Andøya; Green colour—Offshore Mesozoic rocks; Straight lines—Faults.
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Figure 2. Lithostratigraphy and biostratigraphic zonations of the Jurassic–Cretaceous succession
of the Ramså Basin, and the stratigraphic intervals covered by boreholes Bh 1, Bh 2, Bh 3 and
Bh 4. Ammonite zones: S. sp. = Surites sp.; P.a.-P.r. = Progalbanites albani-Pavlovia rotunda;
Cym. = Rasenia cymadoce. Buchia zones: B. sub. = Buchia sublaevis; B.i.-B.k. = Buchia inflata-
Buchia keyserlingi; B.i.-B.v. = Buchia inflata-Buchia volgensis; B.v. = Buchia volgensis; B.te. = Buchia
terebratuloides; B.rus. = Buchia russiensis. DSJ28 and DSJ29 = Dinocyst zones of Subboreal
Northwest Europa, RP17 = Russian Platform zone 17. Palyno zones: P.t. = Pseudoceration toveae;
P.a. = Pseudoceratium anaphrissum.
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2. Lithostratigraphy

The Ramså Basin covers an approximately 8 km2-wide area and consists of Mesozoic
sandstones and shales resting on a weathered granitic Precambrian basement (Figure 1). A
formal lithostratigaphic framework for the Mesozoic succession on Andøya was introduced
by Dalland [18] (Figure 2). Beneath the sedimentary rocks there is weathered granite [17,18].
According to Sturt et al. [19] the basement has a thick weathered upper part overlain by
a sandy carbonate rock, giving potassium/argon dates of inferred Paleozoic age. This
unit, named the Holen Formation, has not been confirmed by later studies, and it was not
observed in the present studied boreholes in the Ramså Basin [17].

The oldest Mesozoic strata on Andøya comprise a basal conglomerate of fragmented
basement rocks and minor clastic sediments, followed by the overlying Hestberget and
Kullgrøfta members of the Ramså Formation. The Hestberget Member consists of coarse-
grained sandstone interbedded with kaolin-rich shale, bituminous shale, siltstone and
some coal layers [17,18]. The overlying Kullgrøfta Member consists mainly of bituminous
shale, and a few layers of siltstones and fine-grained sandstones. The upper part of the
Ramså Formation is assigned to the Bonteigen Member which consists of medium- to
coarse-grained sandstones, inter-bedded with siltstones and a few layers of shale and coal.

The overlying Dragneset Formation consists of marine sandstones, siltstones and shales,
with some of intervals of calcareous concretions and some glauconite-rich layers [18,20].
The formation is divided into the Breisanden, Taumhølet and Ratjønna Members. The
Breisanden Member consists mainly of medium- to fine-grained sandstones, with some
calcareous layers and some large concretions. The Taumhølet Member consists of siltstones
and fine-grained sandstones, with minor shaly layers. According to Dalland [18], a single
layer of volcanic material was observed in the lowest part of the member. A similar layer of
volcanic material has not been observed in the present cores. The Ratjønna Member consists
mainly of siltstones, with some layers of light sandstone in the upper part. Ammonites,
bivalves and belemnites are common throughout the member.

The Dragneset Formation is overlain by the Nybrua Formation, which is divided
into the Leira and Skjermyrbekken Members. The Leira Member consists dominantly of
calcareous sandstone, with siltstone inter-beds [17,18,20]. The Skjermyrbekken Member
comprises brownish-red siltstone. Rare, fragmented marine fossils are present.

The youngest deposits on Andøya are represented by the Skarstein Formation, which
is subdivided into the Nordelva and Helnesset members. The Nordelva Member consists of
dark siltstones, silty shales and mudstones, with some sideritic concretions. The Helnesset
Member consists of dark mudstone and shale, with a few, thin sandstone layers. In borehole
Bh 2 the formation comprises sandstones, siltstones, shales and mudstones. A few marine
macrofossils are recovered, together with relatively common plant remains [18,20].

3. Material and Methods

The present study includes materials from boreholes Bh 1 and Bh 2 drilled in 2015
(Figures 3–5, Figures A1–A4), and from borehole Bh 3 (Figure 6, Figures A5 and A6) and
Bh 4 drilled in 2016 [17]. Locations of the boreholes are shown in Figure 1. The three first
boreholes were drilled through the Mesozoic succession at their localities and penetrated
into the fractured and metamorphic basement. Borehole Bh 4, drilled just south of the
Ramså Basin, penetrated 57.5 m of non-sedimentary basement bedrocks. The present study
only includes a single sample of Mesozoic sediments trapped in a fissure in the bedrock at
25.15 m in this borehole.
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Figure 3. Lithological and gamma log of Bh 1, with interpretations of ages and depositional environments of the formations
and members (Based on Bönner et al. [17]).
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Figure 4. Lithological and gamma log of Bh 2, with interpretations of ages and depositional environments of the formations
and members (Based on Bönner et al. [17]).
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Figure 5. Fragment of a craspeditid ammonite resembling Surites (Bojarkia) cf. mesezhnikowi (Berriasian age) found at
159.80 m in borehole Bh 2.

Borehole Bh 3 was drilled to the west of the previously known western border of the
Ramså Basin [18,20], where gravimetric, magnetic and electromagnetic data indicated an
extension of the basin [17]. The extension of this western sub-basin is illustrated on one of
the seismic lines in the NGU Report 2017.027 [17].

A total of 26 samples from Bh 1, 31 samples from Bh 2, 27 samples from Bh 3 and the
single sample from Bh 4, were selected for palynological analyses and processed following
standard palynological preparation methods at the laboratory of the Geological Survey
of Denmark and Greenland (GEUS). The analyzed samples include three samples from
weathered rocks below the Hestberget Member in Bh 1. Palynological slides with illustrated
specimens (Figures 7–10) are housed in the collections of the Geological Survey of Norway
(Løkken core store).
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Figure 6. Lithological and gamma log of Bh 3, with interpretations of ages and depositional environments of the formations
and members (Based on Bönner et al. [17]).
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Figure 7. Terrestrial palynomorphs from boreholes Bh 1, Bh 3 and Bh 4. (A) Polycingulatisporites sp.,
Bh 1, 89.65 m (7), diameter 58 µm. (B) Cerebropollenites macroverrucosus, Bh 3, 68.7 m (7), diameter
52 µm. (C) Cerebropollenites macroverrucosus, Bh 4, 25.15 m (7), width 51 µm. (D) Cerebropollenites
thiergartii, Bh 4, 25.15 m (5), width 59 µm. (E) Cicatricosisporites sp., Bh 4, 25.15 m (4), width 62 µm.
(F) Contignisporites problematicus, Bh 1, 8.8 m (7), width 60 µm. (G) Densosporites sp., Bh 1, 116.87 m
(3), width 65 µm. (H) Camarozonosporites sp., Bh 1, 8.8 m (7), width 42 µm. (I) Chasmatosporites
apertus, Bh 1, 113.25 m (3), width 67 µm. (J) Deltoidosporites toralis, Bh 3, 68.7 m (6), width 42 µm. (K)
Deltoidosporites sp., Bh 3, 16.6 m (5), width 40 µm. (L) Lycopodiumsporites austroclavatidites, Bh 3, 99.1
m (7), width 56 µm. (M) Perinopollenites elatoides, Bh 1, 22.23 m (7), width 54 µm. (N) Callialasporites
dampieri, Bh 3, 16.6 m (3), width 56 µm. (O) Verrucosisporites? sp., Bh 1, 89.65 m (7), width 60 µm. (P)
Lycopodiumsporites semimuris, Bh 3, 99.1 m (7), width 49 µm. (Q) Striatella? sp., Bh 3, 31.6 m (7), width
62 µm. (R) Apiculatisporites sp., Bh 3, 22.2 m (8), width 60 µm. (S) Corollina sp., Bh 3, 22.2 m (8), width
32 µm. (T) Sestrosporites sp., Bh 2, 200.5 m (7), width 50 µm.
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Figure 8. Marine palynomorphs from boreholes Bh 1, Bh 2 and Bh 3. (A) Gonyaulacysta helicoidea,
Bh 3, 89.7 m (6), width 54 µm. (B) Spiniferites sp., Bh 2, 72.6 m (7), width 57 µm. (C) Ambonosphaera?
staffinensis, Bh 1, 22.23 m (7), width 56 µm. (D) Kiokansium polypes, Bh 2, 89.7 m (6), width central
body 46 µm. (E) Cribroperidinium globatum, Bh 3, 80.81 m (5), width 60 µm. (F) Cribroperidinium
edwardsi, Bh 2, 68.35 m (4), width 66 µm. (G) Chlamydophorella trabeculosa, Bh 2, 25.0 m (5), width
61 µm. (H) Pareodinia sp. 1, Bh 2, 196.95 m (4), width 63 µm. (I) Perisseiasphaeridium pannosum, Bh 1,
65.35 m (5), width central body 54 µm. (J) Oligosphaeridium complex, Bh 2, 68.35 m (4), width central
body 43 µm. (K) Cribroperidinium? sp, Bh 2, 89.7 m (7), width 78 µm. (L) Tasmanites sp., Bh 3, 16.6 m
(5), width 98 µm. (M) Tasmanites sp., Bh 4, 25.15 m (3), width 92 µm. (N) Tasmanitid indet., Bh 3,
16.5 m (5), width 103 µm.
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Figure 9. Dinoflagellate cysts from boreholes Bh 1, Bh 2 and Bh 3. (A) Circulodinium distinctum, Bh 2,
100.8 m (6), width 85 µm. (B) Circulodinium distinctum, Bh 2, 25.0 m (5), width 91 µm. (C) Muderongia
tetracantha, Bh 2, 115.1 m (4), width 82 µm. (D) Ambonosphaera? staffinensis, Bh 1, 22.23 m (7), width
55 µm. (E) Gonyaulacysta helicoidea, Bh 2, 25.0 m (6), width 53 µm. (F) Chlamydophorella nyei, Bh 2,
25.0 m (5), width 50 µm. (G) Dingodinium? sp., 196.95 m (6), width 54 µm. (H) Epiplosphaera gochtii,
Bh 3, 68.7 m (6), width 60 µm. (I) Criborperidinium sp., Bh 2, 72.6 m (7), width 56 µm. (J) Pareodinia
ceratophora, Bh 2, 177.05 m (6), width 52 µm. (K) Gochteodinia villosa, Bh 2, 153.2 m (6), body width
55 µm. (L) Cribroperidinium sp., Bh 3, 44.45 m (2), width 67 µm. (M) Cribroperidinium sp., Bh 3, 44.45 m
(2), width 75 µm. (N) Kleithriasphaeridium corrugatum, Bh 2, 25.0 m (6), width central body 56 µm.
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Figure 10. Dinoflagellate cysts and acritarchs from boreholes Bh 2 and Bh 3. (A) Tubotuberella apatela,
Bh 2, 166.4 m (7), width YY µm. (B) Scriniodinium sp., Bh 2, 116.5 m (4), width YY µm. (C) Hapsocysta
sp. I, Bh 2, 115.1 m (3), width YY µm. (D) Sirmiodinium grossii, Bh 2, 25.0 m (6), width YY µm.
(E) Batioladinium longicornatum, Bh 2, 102.05 m (5), width YY µm. (F) Pseudoceratium anaphrissum, Bh 2,
115.1 m (2), width YY µm. (G) Pseudoceratium iveri, Bh 2, 25.0 m (3), width YY µm. (H) Batioladinium
micropodum, Bh 2, 102.05 m (5), width YY µm. (I) Cyclopsiella nordlandensis, Bh 3, 169.8 m (3), width
YY µm. (J) Cyclopsiella nordlandensis, Bh 3, 176.05 m (2), width YY µm. (K) Ambonosphaera? sp., Bh 2,
97.15 m, width YY µm. (L) Spiniferites sp., Bh 2, 25.0 m (6), width YY µm.

In addition to palynomorphs, the palynological samples were analyzed for other
particulate organic matter (POM) following the classification and categories of Tyson [21].
Due to the very limited proportions of amorphous organic matter (AOM) and prasino-
phycean algae (i.e., less than 1% when present), a somewhat simplified grouping into five
main groups was used: (1) Marine palynomorphs (dinoflagellate cysts and acritarchs),
(2) Terrestrial palynomorphs (spores and pollen), (3) Cuticle, (4) Woody (Ligno-cellulosic)
material and (5) Black fragments (Carbonized material/Inertinite/Charcoal). The various
palynofacies’ components were point-counted on unoxidized slides from sieved residues
(20 µm). The records listed in Tables 1–3 sum up the observations from at least 300 counts
of various types of organic particles observed during several traverses on different parts of
the examined slides. Each group of the recorded organic matter is presented as percentages
of the total counts. Both palynmorphs and other palynodebris were more closely examined
in slides from oxidized residues.
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Table 1. Percentage distribution of particulate organic matter (POM) in Borehole Bh 1. Samples 157.07 m and 193.25 m were
barren. Mar = marine palynomorphs (acritarchs, dinoflagellate cysts, prasinophycean algae); Ter = terrestrial palynomorphs
(pollen, spores); Cut = cuticule, Wod = Woody fragments; Blk = black, coaly fragments (charcoal).

Borehole Bh-1

Depth (m) Lithostrat. Mar Ter Cut Wod Blk T-R Sequence

8.55

Breisanden Member

2 15 3 11 70

Berriasian-Kimmeridgian

16.98 2 11 1 7 79

22.23 3 12 1 7 77

26.18

Bonteigen Member

1 8 4 87

34.80 1 20 5 19 55

38.09 1 10 1 5 83

42.60 1 11 7 51 30

45.86 1 12 3 12 74

59.44 5 1 10 84

Bajocian

66.32

Kullgrøfta Member

2 23 72 3

74.40 7 18 73 2

79.10 21 10 64 5

85.01

Hestberget Member

23 12 59 6

89.65 19 9 67 5

93.10 8 2 10 80

104.10 5 1 9 85

106.12 2 2 91 5

113.25

Basal conglomerate

1 1 98

116.87 2 1 97

121.78 1 1 98

132.62 1 3 1 96

146.28 2 1 97

155.75 2 1 2 94

157.07

166.80 2 2 3 93

193.25
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Table 2. Percentages of various groups of particulate organic matter (POM) in Borehole Bh 2. B = weathered basement.
Mar = marine palynomorphs (acritarchs, dinoflagellate cysts, prasinophycean algae); Ter = terrestrial palynomorphs (pollen,
spores); Cut = cuticule; Wod = Woody fragments; Blk = black, coaly fragments (charcoal).

Borehole Bh-2

Depth (m) Litostrat. Mar Ter Cut Wod Blk T-R Seq.

25.00

Skarstein Formation

3 5 2 7 83

Ba
rr

em
ia

n-
A

pt
ia

n

39.50 6 5 5 11 73

68.35 3 7 5 40 45

72.60 4 5 2 8 81

86.20 1 9 4 35 51

89.70 4 8 5 31 52

93.75 5 19 5 21 50

97.15 5 16 3 15 61

100.80 2 14 4 21 59

102.05 4 16 2 25 53

110.05 7 15 3 38 37

115.10

Nybrua Formation

10 6 1 5 78

V
al

an
gi

ni
an

-
Ba

rr
em

ia
n116.50 5 3 4 88

119.45 5 2 3 90

121.40 1 5 94

123.65 1 99

125.95

Dragneset Formation

1 9 6 39 45

K
im

m
er

id
gi

an
-B

er
ri

as
ia

n

127.80 3 8 3 33 53

142.12 1 9 5 39 46

148.25 1 10 5 33 51

153.20 1 10 7 47 35

159.80 2 4 3 91

166.40 2 5 5 88

171.98 1 11 5 47 36

177.05 1 12 6 49 32

182.70 1 9 7 50 33

188.35 2 10 5 43 40

196.95 2 11 3 46 38

199.30 1 10 5 46 38

200.05 8 9 61 32

201.70 1 99
B

202.13 3 1 1 95
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Table 3. Percentages of various groups of particulate organic matter (POM) in Borehole Bh 3. B = weathered basement.
Mar = marine palynomorphs (acritarchs, dinoflagellate cysts, prasinophycean algae); Ter = terrestrial palynomorphs (pollen,
spores); Cut = cuticule; Wod = Woody fragments; Blk = black, coaly fragments (charcoal).

Borehole Bh-3

Depth (m) Lithostrat. Mar Ter Cut Wod Blk T-R Seq.

16.60

Taumhølet Member

1 25 2 22 50

K
im

m
er

id
gi

an
-B

er
ri

as
ia

n

22.20 1 9 4 39 47

31.60 1 15 5 49 30

36.60 1 10 5 41 53

44.45 1 14 2 14 69

48.61 1 20 3 25 51

57.50 1 19 6 33 41

63.38 2 15 1 12 70

68.70 1 21 5 38 35

76.75 2 24 4 31 39

80.81 2 30 2 31 35

91.00 1 15 7 35 42

99.10 1 12 6 37 44

100.54 1 35 6 23 35

105.40 1 15 1 8 75

114.00

Breisanden Member

1 21 5 18 55

120.12 1 19 8 72

131.16 1 9 1 9 80

139.78 1 5 1 8 85

142.20 2 32 2 23 41

148.00 2 23 3 27 45

152.25

Bonteigen Member

1 4 1 5 89

164.03 1 2 2 95

169.84 1 5 2 92

173.80 3 17 4 21 35

176.00 1 6 1 4 88

176.05 8 10 1 11 70

181.45 3 1 16 80

Ba
jo

ci
an

186.00 5 5 61 29

193.86

Kullgrøfta Member

5 11 81 3

195.00 6 10 49 35

200.72 2 1 7 90

203.45 8 9 52 31

207.75
Hestberget Member

4 5 41 50

209.31 3 1 14 82

212.85 B 2 6 49 43 B
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4. Palynostratigraphy
4.1. Borehole Bh 1

In borehole Bh 1 the lowermost sample at 193.25 m and the sample from 157.10 m,
both from sediments preserved in the fragmented basement conglomerate, yielded no
palynomorphs, only a few small pieces of black coal fragments. The analyzed samples
from 166.80 m to 59.46 m contain various amounts of terrestrial palynomorphs, with no
marine species (Figure A1). Marine palynomorphs were recovered from 45.86 m (upper
Bonteigen Member) to the uppermost studied sample at 8.55 m.

The sample from the fractured rocks at 166.80 m below the Hestberget Member con-
tains rare Cerebropollenites macroverrucosus and C. thiergartii, while the gymnosperm pollen
Callialasporites damperi was recovered at 155.75 m. The sample at 146.28 m yielded Ba-
culitisporites spp., along with common Lycopodiumsporites spp. and Detoidospora toralis.
The sample from 121.78 m contained only indeterminate bisaccate pollen grains. Further
upwards, Apiculatisporites ovalis, Cerebropollenites thiergartii, Deltoidospora toralis and Ly-
copodiumsporites spp. were recovered in a sample from 116.87 m in the basal conglomerate.

The rare palynomorphs obtained from the weathered, conglomerate basement are not
older than Middle Jurassic. While Cerebropollenites thiergartii appears in the Rhaetian and
Cerebropollenites macroverrucosus in the Sinemurian [22], Callialasporites spp. is not known to
appear in strata older than the latest Toarcian–Aalenian [12,23,24].

Cerebropollenites macroverrucosus, C. thiergartii and Callialasporites damperi are also
present at 106.12 m in the overlying Hestberget Member and at 79.10 m in the Kullgrøfta
Member. In their study of the Jurassic flora of Andøya, Manum et al. [12] argued for a
Bajocian age for the Hestberget Member and a questionable Bajocian age for the Kullgrøfta
Member. They pointed out that the common occurrence of Cerebropollenites thiergartii in the
Hestberget Member, as here also seen in the Kullgrøfta Member in Bh 1, could indicate an
Early Jurassic, rather than a Middle Jurassic age. However, a Bajocian age is suggested from
the regular occurrence of Chasmatosporites spp. in the Kullgrøfta Member. The similarity
with terrestrial microfloras known from Bajocian deposits in East Greenland [25] further
constrains a Bajocian age.

In borehole Bh 1, the lowermost sample with marine palynomorphs at 45.86 m in
the Bonteigen Member (lower Dragneset Formation) contains acritarchs and a few di-
noflagellate cysts with relatively long biostratigraphic ranges (Figure A2). The sample
from 42.60 m yielded two single marine specimens (Tasmanites sp. and together with
Rhynchodiniopsis cladophora). In contrast, the sample at 34.80 m yielded a moderately di-
verse marine palynoflora, including biostratigraphic significant dinoflagellate cysts such as
Gonyaulacysta jurassica var. longicornis and Scriniodinium crystallinum. According to Riding
and Thomas [26] and Poulsen and Riding [27], the stratigraphic range of Scriniodinium
crytallinum is from the Late Callovian to the earliest Kimmeridgian (Baylei ammonite zone).
Paulsen and Riding [27] used the last (youngest) occurrence of Scriniodinium crytallinum to
delimit the upper boundary of their DSJ27 dinoflagellate cyst zone. Ilyina et al. [28] placed
the youngest appearance of this species in the Early Kimmeridigian Kitchini ammonite
zone (i.e., top of the Involuta subzone) in West Siberia.

Further upwards, the presence of Gonyaulacysta jurassica var. longicornis at 34.80 m
could indicate an age not younger than Middle Oxfordian [29] based on records from
the Russian Platform. However, a somewhat younger range into the Late Oxfordian or
earliest Kimmeridigian for this species cannot be excluded. Records of Ambonosphaera?
staffinensis at 26.18 m and 22.23 m point towards a Kimmeridgian age at these levels, an age
supported by the presence of Nannoceratopsis pellucida and Perisseiasphaeridium pannosum at
22.23 m. The presence of the latter species suggests a correlation to the DSJ29 dinoflagellate
cyst zone [27]. The co-occurrence of Nannoceratopsis pellucida and Perisseiasphaeridium
pannosum species suggests an Early Kimmeridgian age (i.e., the lower part of the DSJ29
dinoflagellate cyst zone). Following the first appearance datum given by Riding et al. [29],
the presence of Senoniasphaera jurassica at 16.98 m may indicate a Late Kimmeridgian age at
this stratigraphic level.
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The uppermost analyzed sample at 8.60 m in the Breisanden Member contains a
less diverse marine microflora, with the dinoflagellate cysts Escharispaheridia pococki and
Sentusidinium pilosum only being indicative of a general Late Jurassic age. Based on
correlation to the Breisanden Member in Bh 3 a Kimmerdigian age is most likely.

4.2. Borehole Bh 2

In borehole Bh 2, the samples at 202.13 m, 201.70 m and 200.05 m from sedimentary
deposits in the fractured basement rocks contain no marine palynomorphs, but single
foraminifera linings are present in the samples at 201.70 m and 200.5 m (Figure A3).
Terrestrial palynomorphs are present, and as discussed for the Ramså Formation in borehole
Bh-01, the presence of the gymnosperm pollens Callialasporites damperi suggests an age not
older than latest Toarcian or Aalenian for these deposits. However, this species has a long
stratigraphic range, with its last appearance datum in the Early Cretaceous. Consequently,
a precise age of the sediments in the fractured basement in Bh 2 cannot be given, and an
age corresponding to the Late Jurassic age of the overlying strata in Ratjønna Member
(Dragneset Formation) cannot be excluded for the sediments at 201.70 m and 200.05 m.

Dingodinium tuberosum found at 199.30 m and 188.35 m in the lower Ratjønna Member
of Bh 2 is known to have a stratigraphic range from the latest Oxfordian (Rosenkrantzi
ammonite zone) to the Berriasian (Kochi ammonite zone) in the British Jurassic [26]. The
presence of Oligosphaeridium diluculum at 188.35 m further points towards a Late Jurassic or
Early Cretaceous age. According to Poulsen [30] and Dybkjær [31], this species is restricted
to the Gochtedinia villosa zone (equivalent to the Opressus to Stenomphalus ammonite
zones) in the Danish Jurassic. Oligosphaeridium diluculum has also previously been found in
the Ratjønna Member on Andøya [16], where it seems to be restricted to beds that correlate
to the Berriasian (Ryazanian) Buchia volgensis bivalve zone and Buchia volgensis-Buchia
inflata zone (Figure 2).

Upwards in borehole Bh 2, the dinocyst Phallocysta eumekes found at 177.05 m is
evidence of reworking from Upper Toarcian–Aalenian strata (refer to the stratigraphic
range in the Subboral and Boreal realms published in Smelror and Below [32] and Poulsen
and Riding [27]). The presence of the dinoflagellate cyst Gochteodinia villosa from 177.05 m
to 153.20 m suggests a correlation to the Gochteodinia villosa Zone (RPJ17) of Riding
et al. [29] as defined on the Russian Platform. The RPJ17 Zone covers the stratigraphic
interval from the Opressus to the Icenii ammonite zones following the Northwest Europe
standard ammonite zonation, i.e., of latest middle Volgian to earliest Late Ryazanian (latest
Jurassic–earliest Cretaceous) age. A similar stratigraphic range for this species was recorded
in Subboreal Northwest Europe by Poulsen and Riding [27].

Nøhr-Hansen et al. [33] defined the Gochteodina villosa villosa Zone (NEG Cr1) in
NE Greenland as the interval from the first occurrence of Gochteodinia villosa subsp. villosa
to the first occurrence Oligosphaeridium complex. In borehole Bh 2 Gochteodinia villosa subsp.
villosa first appears at 117.05 m, while the first occurrence of Oligosphaeridium complex is
noted at 119.45 m. According to Nøhr-Hansen et al. [33], the age of the NEG Cr 1 Zone is
latest Tithonian to latest Berriasian. Aarhus et al. [16] reported Gochteodinia villosa from
Lower Cretaceous (Ryazanian deposits in a core from Sklinnabanken and in the Ratjønna
Member (Upper Dragnesset Formation)) on Andøya. Aarhus et al. [16] further found that
this species seems to be restricted to the Buchia volgensis zone in the Ratjønna Member.

Birkelund et al. [13] assigned a Middle Volgian–Ryazanian age (Tithonian–Berriasian)
for the Ratjønna Member. They found Ryazanian (Berriasian) evidence only in the upper-
most part of the member, where Surites (Bojarkia) cf. mesezhnikovi and Buchia volgensis occur
together, suggesting that these beds (D164) may be referred to as the youngest Ryazanian
ammonite zone in the Boreal Realm. The recovery of a fragment of a craspeditid ammonite
resembling the specimen illustrated as Surites (Bojarkia) cf. mesezhnikowi in Birkelund
et al. [13] (pp. 3–4). at 159.80 m in borehole Bh 2 (Figure 5), supports the assignment of a
Berriasian (Ryazanian) age at this stratigraphic level.
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Higher up in borehole Bh 2, the co-occurrence of Cribroperidinium spp., aff. Gochteo-
dinia sp., Stiphrosphaeridium anthophorum and Systematophora areolata at 127.80 m indicate a
Berriasian (or possibly earliest Valanginian) age for the uppermost part of the Ratjønna
Member. The absence of Oligosphaeridium complex supports this assumption. A Tithonian
age for the lower Ratjønna Member and a Ryazanian age for the uppermost Ratjønna
Member agrees with the previous biostratigraphic age assessment published by Birkelund
et al. [13], Løfaldli and Thusu [15] and Zakharov et al. [14].

Aarhus et al. [16] found that Oligosphaeridium complex first appears in the overlying
Leira Member (Nybrua Formation). This is also seen in borehole Bh 2, where O. complex
first occurs at 119.45 m in the Nybrua Formation. The lowermost samples from the Nybrua
Formation in Bh 2 (123.65 m and 121.40 m) contain no age-diagnostic palynomorphs. The
samples from 119.45 m and 116.50 m in the middle and upper part of the Nybrua Formation
contain Chlamydophorella trabeculosa, Muderongia staurota and Pseudoceratium anaphrissum.
The latter species restrict the age of the middle and upper part of the formation to not older
than Barremian [26,33]. Nøhr-Hansen [33] used the last appearance (youngest occurrence)
of Pseudoceratium anaphrissum to define the top of his Early Barremian Pseudoceratium
anaphrissum Subzone in the Lower Cretaceous of North-East Greenland (P.a. in Figure A4).

Higher up in Bh 2, the record of Trichodinium speetonense, Muderongia staurota and
Pseudoceratium anaphrissum up to 72.60 m confirms an age not younger than Barremian.
The presence of Batioladinium longicornutum and Gonyaulacysta fastigata at 68.35 m further
supports a Barremain age [33,34]. In the Lower Cretaceous dinoflagelle cyst zonation of
Nøhr-Hansen [33] and of Nøhr-Hansen et al. [34], the youngest occurrence of Batioladinium
defines the top of the Late Barremian Pseudoceratium toveae Subzone (P.t. zone in Figure A4).

In the uppermost part of borehole Bh 2, the record of Odontochitina nuda (previously
Pesudoceratium nudum) in the uppermost analyzed sample at 25.0 m suggests a not younger
than earliest Aptian age for the upper Skarstein Formation in Bh 2. This is based on the
stratigraphic range of these species published by Heilmann-Clausen [35], Nøhr-Hansen [33]
and Nøhr-Hansen et al. [34]. However, the single record of Pseudoceratium iveri at 25.0 m
rather suggests a correlation to the Late Barremian Pseudoceration tovae dinoflagelleate cyst
zone of Nøhr-Hansen [33]. According to Nøhr-Hansen [33] and Nøhr-Hansen et al. [34],
this species seems to be a good marker species restricted to a very narrow interval in
the uppermost Barremian in East Greenland. An age not younger than Barremian is also
constrained by the presence of Kleithriasphaeridium corrugatum and K. fasciatum at 25.0 m,
which are known to have their last appearance datum in the Barremian [35,36].

4.3. Borehole Bh 3

In borehole Bh 3, the terrestrial palynomorphs recovered in the Hestberget, Kullgrøfta
and lower Bonteigen members are comparable with the microfloras recovered from the
correlative Middle Jurassic beds in borehole Bh 1 (Figure 6). The recoveries of Cerebropollen-
ites macroverrucosus, C. thiergartii and Callialasporites spp. at 212.85 m and 209.30 m point to
an age not older than Middle Jurassic for the oldest deposits of the Ramså Formation. As
discussed for borehole Bh 1, Manum et al. [12] argued for a Bajocian age for the Hestberget
Member (lower Ramså Formation), and possibly also the Kullgrøfta Member.

In Bh 3, the sample from the ravinement lag (conglomerate) at 176.05 m contains an
assemblage with a few marine acritarchs and the single dinoflagellate cyst Gongylodinium
hocneratum (Figure A5). According to Riding and Thomas [26], this latter species appears
to be restricted to the Bajocian–Early Bathonian. This species is here interpreted to be
reworked. This also appears to be the case for some of the species in the immediately
overlying sample.

Above this, the record of Dingodinium minutum, Evansia evittii, Fromea tornatilis and
Esharisphaeridia rudis in the transgressive bed at 176.00 m within the Bonteigen Member
is intriguing. These species are characteristic of the Late Bathonian–Callovian [29], and
they appear here to be reworked into younger Kimmeridgian marine transgressive beds
in the upper part of the Bonteigen Member. The occurrence of Cyclonephelim hystrix and



Geosciences 2021, 11, 354 19 of 32

Scriniodinium inritibile in the same beds at 176.00 m is indicative of an age not older than
Early Kimmeridgian. Riding and Thomas [26] report the oldest appearance of C. hystrix in
the earliest Kimmeridgian Baylei ammonite in the British Jurassic.

Upwards in borehole Bh 3, the recovery of Oligosphaeridium patulum at 173.80 m in
the Bonteigen Member points to an age not older than Early Kimmerdgian. According to
Riding and Thomas [26], the stratigraphic range of this species is restricted to the Early to
Late Kimmeridgian in the British Jurassic. Further, the presence of Epiplosphaera areolata
and Epiplosphaera spp. from 173.80 m up to 36.6 m supports a Late Jurassic age for the
Dragneset Formation. The oldest occurrence of Perisseisphaeridium pannosum at 100.54 m in
borehole Bh 3 restricts the age to not older than Kimmeridgian at this level.

Fairly firm age determinations are also provided by the presence of Nannoceratopis
pellucida at 68.7 m and of Scriniodinium crystallinum at 57.50 m. The recoveries of these
species suggest an age not younger that Early Kimmeridgian. The record of Gonyaulacysta
jurassica up to 68.70 m is consistent with a Kimmeridgian age, and so is the record of
Epiplosphaera gochtii up to 36.6 m [37].

In the uppermost part of borehole Bh 3, the record of Pereisseiasphaeridium pannosum at
up to 22.20 m suggests a Kimmeridgian to Early Tithonian age for the upper part Dragneset
Formation (i.e., upper Taumhølet Member) in borehole Bh 3. According to Riding and
Thomas [26] and Poulsen and Riding [27] this species is restricted to the Kimmeridgian and
Early Tithonian (Early Volgian) in the British Jurassic and Subboreal Northwest Europe.

4.4. Borehole Bh 4

Borehole Bh 4 was drilled in the basement outside the Ramså Basin (FI. 1). Here a
single sample of sediments trapped in a fissure in the granitic bedrock at 25.15 m yielded
a relatively rich and diverse palynoflora dominated by pollen and spores, with a few
marine specimens of dinoflagellates and prasinophycean algae. Recorded taxa/species
include the pollen and spores Baculatisporites spp., bisaccate pollen, Callialasporites damperi,
Cerebropollenites macroverrucosus, Cerebropollenites thiergartii, Cicatricosisporites hallei, Cinguli-
zonates rhaeticus, Deltoidospora crassexina, Deltoidospora toralis, Leptolepidites major, Lycopodi-
umsporites clavatoides, Lycopodiumsporites spp., Ovalipollis ovalis, Perinopollenites elatoides,
Stereisporites seebergensis, Trachysporites fuscus, the dinoflagellate cysts Dissiliodinium sp. and
Escharisphaeridia pocockii, and Prasinophycean algae Tasmanites spp.

The palynoflora resembles those found in the marginal marine middle part of the
Bonteigen Member (Ramså Formation), i.e., at 42.60 m in borehole Bh 1, and is interpreted
to be of Kimmeridgian age. The recovery of Cingulizonates rhaeticus may indicate reworking
from Hettangian or Upper Triassic strata.

5. Palynofacies

Palynofacies analyses have been widely used in identifications of depositional environ-
ments and changes in sea-levels [38–41]. Particulate organic matter provides information
about the origin, transport and depositional conditions, and burial history of sedimentary
particles [42]. Key factors controlling the distribution of terrestrial and marine organic par-
ticles are productivity, both terrestrial and marine, wind and water currents, river run-off,
distance from land and resistance to biodegradation. In addition, salinity and hydrographic
conditions, such as temperature and water circulation, are controlling factors. As a conse-
quence of these factors, different palynofacies compositions are typically found in different
parts (system tracts) of transgressive-regressive sequences [40,41]. However, this report is
based on a limited number of samples and aimed at more general palynofacies character-
istics. Consequently, variable and rapidly changing processes along the nearshore/shelf
depositional environments may have caused more complicated palynofacies patterns.

The palynofacies variations observed through the Middle Jurassic–Early Cretaceous
succession of the Ramså Basin are outlined in Tables 1–3. Marine palynomorphs are missing
in the Hestberget, Kullgrøfta and lower Bonteigen Members both in boreholes Bh 1 and
Bh 3. Terrestrial material dominates also in the marine upper Bonteigen Member, as well
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as in the marine deposits of the overlying Dragneset, Nybrua and Skarstein Formations.
This points towards relatively proximal settings as shown on the sedimentological logs
(Figures 3, 4 and 6).

The palynofacies in the basal conglomerate in borehole Bh 1 is dominated by black
fragments, inertinite, reflecting reworking and oxidation of the particulate organic matter.
In the lacustrine swamp and lake deposits of Hestberget and Kullgrøfta Members the
palynofacies is made up of higher plant debris with woody materials and plant cuticule,
combined with common pollen, spores and coaly fragments/charcoal (Tables 1 and 3).

In the marine part of the Bonteigen Member and in the Dragneset Formation, black,
coaly fragments (charcoal) and terrestrial palynomorphs dominate the palynofacies, re-
flecting high terrestrial input, wave action, reworking and oxidation of the organic matter.
The first transgressive phase in the upper Bonteigen Member, following the unconformity,
is evidenced by the presence of marine microplankton at 45.86 m in borehole Bh 1 and
176.05 m in Bh 3.

The boundary between the submarine slope and fan deposits of the upper Dragneset
Formation and the overlying condensed section of the Nybrua Formation is recognized by
a marked chance in palynofacies, with a drop in the content of palynomorphs and woody
phytoclasts and a sudden increase in black, coaly fragments (charcoal) in the condensed
marine deposits. This is attributed to multiple periods of reworking and oxidation of the
organic matter in the condensed Nybrua Formation (borehole Bh 1, Table 1).

A marked change in palynofacies follows the transition from the condensed deposits
of the Nybrua Formation to the basin floor and slope deposits of the overlying Barremian
Skarstein Formation. While the lower Nybrua Formation seems almost barren of paly-
nomorphs, the proportion of marine palynomorphs increases upwards, and the sample
at 115.01 m contains the highest proportion of marine palynomorphs recorded in the
Ramså Basin succession (Table 2). Further upwards in the Skarstein Formation, the relative
proportions of terrestrial materials increase. The relatively high proportions of terrestrial
palynomorphs, cuticule fragments and woody phytoclasts, combined with dominantly (i.e.,
above 50%) carbonized materials (coaly fragments) throughout the Skarstein Formation,
evidently point to a relatively proximal setting, with high inputs of land-derived sedi-
ments and organic matter. In the uppermost studied part of the Ramså Basin succession
(upper borehole Bh 2), the proportion of black, coaly, inertinitic fragments dominates the
palynofacies, reflecting the input of redeposited materials in the turbiditic slope deposits
(Table 2).

6. Ages of Formations/Members, Stratigraphic Breaks and Transgressive Surfaces

The age of the lower and middle Ramså Formation (Hestberget, Kullgrøfta and lower
Bonteigen members) have been discussed for many years. Pioneering studies of plant
fossils were not conclusive and the succeeding palynological investigations [18] indicated
a Middle Jurassic age. Since then, several publications on Jurassic palynology have been
made available, and different palynostratigraphic zonations have been introduced. While
some zonations based on dinoflagellate cysts offer a relatively high-resolution subdivision
of the Jurassic strata, zones based on terrestrial palynomorphs are often not so well age-
constrained and most often lack firm correlations to the more detailed standard zonations
based on ammonites.

Since marine palynomorphs are very rare in the Hestberget, Kullgrøfta and lower
Bonteigen Members, precise age determinations are difficult. The single record of the
dinoflagellate cyst Nannoceratopsis gracilis in one of the minor marine incursions of the
Hestberget Member [12] is of limited biostratigraphic value. This species has a wide range
through the Upper Pliensbachian to Bathonian in the British Jurassic and elsewhere in the
Subboreal realm [26,27].

As pointed out by Manum et al. [12], the presence of the gymnosperm pollen Callialas-
porites in both members suggests an age not older that latest Toarcian for the Hestberget
and Kullgrøfta members. This is also confirmed by the presence of Callialasporites spp. in
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the Hestberget and Kullgrøfta member in boreholes Bh 1 and Bh 3. In their study of the
Jurassic flora of Andøya, Manum et al. [12] argued for a Bajocian age for the Hestberget
Member and a questionable Bajocian age for the Kullgrøfta Member. This correlation is
based on the regular occurrence of Chasmatosporites spp. in the Kullgrøfta Member and
on the similarity with terrestrial microfloras known from Bajocian deposits in East Green-
land [25]. Chasmatosporites spp. are also present in the Hestberget and Kullgrøfta Members
in borehole Bh 3. The presence of regular to common Cerebropollenites macroverrucosus and
Perinopollenites elatoides in these members in boreholes Bh 1 and Bh 3 further constrains the
correlation to the Bajocian of East Greenland. The recovered palynofloras also suggest a
Bajocian age for the conglomeratic beds underlying the Ramså Formation in borehole Bh 1
and the sapropelic layers underlying the formation and capping the weathered basement
rocks in Bh 3.

Manum et al. [12] found only poorly preserved palynomorphs in the lower part of
the Bonteigen Member, and according to them the low diversity assemblages provided
no means with which to differentiate the age of the lower Bonteigen Member within the
Bajocian to Oxfordian/Kimmeridgian time interval. Herein, a Bajocian age is assigned to
the lower Bonteigen Member in boreholes Bh 1 and Bh 3 based on the similarities between
the assemblages of terrestrial palynomorphs with those in the underlying members.

An unconformity and a transgressive surface separate the lower and the upper parts
of the Bonteigen Member. The marine palynomorphs recovered in the upper part of the
member in borehole Bh 1 restrict the age to Late Callovian to earliest Kimmeridgian. The
dinoflagellate cyst assemblages recovered from the upper Bonteigen Member in borehole
Bh 3 (i.e., 176.00 m and 173.80 m) give a more precise Early Kimmeridigian age. Based on
the records of Cyclonephelium hystrix at 176.00 m and Oligosphaeridium patulum at 173.80 m,
and the presence of Nannoceratopsis pellucida and Scriniodinium crystallinum in the overlying
Dragneset Formation, the marine transgressive deposits in the upper part of the Bonteigen
Member are correlated to the earliest Kimmeridgian Beylei ammonite zone. Thus, an
intra-formation hiatus spanning the Bathonian to Oxfordian separate the lower and upper
Bonteigen Member depositional units.

Ammonites of the Boreal Cymadoce zone are well documented from the Breisanden
Member (lowermost Dragneste Formation) in the Ramså Basin [13,18]. The marine pa-
lynofloras previously recovered in the member confirm an Early Kimmeridgian age [12].
The present records from boreholes Bh 1 (i.e., 34.80 m) suggest a correlation to the earliest
Kimmeridgian Baylei ammonite zone for the oldest deposits of the Breisanden Member.
There is no evidence for the presence of any Oxfordian strata in this borehole, as indicated
by previous studies [12,18].

A continued transgression is inferred upwards in the succession. The biostratigraphic
data obtained from the overlying Dragneset Formation suggest a general Kimmeridgian
to Early Tithonian age for the Breisanden and Taumhølet members in boreholes Bh 1
and Bh 3. This is in line with the previous age determinations based on ammonites,
bivalves and marine palynomorphs from the same units in cores and outcrops elsewhere
in the Ramså Basin [12,13,18]. In particular, the record of Pereisseiasphaeridium pannosum at
57.50 m, 36.60 m and 22.20 m in the upper Taumhølet Member in Bh 3 is of biostratigraphic
significance, since this species is restricted to the Kimmeridgian and Early Tithonian (Early
Volgian) in the British Jurassic and Subboreal Northwest Europe [26,27].

Ammonites of Tithonian age have been recovered in the Ratjønna Member (uppermost
Dragneset Formation) [13]. These are placed in the Boreal Middle Volgian Rotunda and
Albani zones (corresponding to the latest Kimmerdigian and earliest Portlandian British
Stages). Buchia faunas from the Ratjønna Member range from Tithonian to Berriasian in
age (i.e., Middle Volgian Buchia russiensis zone to Late Ryazanian B. inflate-B. volgensis
zone) [14]. The dinoflagellate cyst assemblages recovered from the Ratjønna Member in
borehole Bh 2 confirm these earlier age determinations. The presence of Oligosphaeridium
diluculum at 188.35 m suggests a correlation to Gochteodinia villosa dinocyst zone and the
Opressus to Stenomphalus ammonite zones in the Sub-Boreal Jurassic. Oligosphaeridium
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diluculum has also previously been found in the Ratjønna Member on Andøya [16], where it
seems to be restricted to beds that correlate to the Berriasian (Ryazanian) Buchia volgensis
and Buchia volgensis-Buchia inflata bivalve zones. The recovery of Gochteodinia villosa at
177.05 m in Bh 2 constrains a correlation to the Gochteodinia villosa Zone (RPJ17) of Riding
et al. [29] as defined on the Russian Platform. The RPJ17 Zone covers the stratigraphic
interval from the Opressus to the Icenii ammonite zones following the Northwest Europe
standard ammonite zonation. The recovery of this species further allows a correlation to
the latest Tithonian–Berriasian Gochteodina villosa Zone (NEG Cr1) in NE Greenland as
defined by Nøhr-Hansen et al. [34].

Earlier studies have suggested a Valanginian to Hauterivian age for the overlying
Nybrua Formation [14,18,20]. The condensed deposits of this formation are initiated by a
transgression. In the present study no age-diagnostic palynomorphs have been found in
the lower Nybrua Formation, but a Valanginian to earliest Hauterivian age seems likely.
The samples from 119.45 m and 116.50 m in the middle and upper Nybrua Formation in
borehole Bh 2 contain Chlamydophorella trabeculosa, Muderongia staurota and Pseudoceration
anaphrissum. The latter species restricts the age of the middle and upper part of the
formation to not older than Barremian [26,33,34].

The condensed deposits of the Nybrua Formation are overlain by basin floor and lower
slope deposits of the Skarstein Formation. There are no indications of any stratigraphic
break associated with this deepening in depositional settings. The recovery of basement
clasts in condensed the Nybrua Formation and the lower Skarstein Formation may in-
dicate some genetic relations between the depositional units. Dalland [18] suggested a
Hauterivian–Aptian age for the formation, while the sparse recovery of dinoflagellate cysts
by Løfaldli and Thusu [15] gave an indefinite Barremian–Aptian age. Zakharov et al. [14]
indicated a questionable Hauterivian age for the lower Nordelva Member Buchia faunas.
Based on re-examination of the dinoflagellate cyst assemblages described by Birkelund
et al. [13] and Løfaldli and Thusu [15], Aarhus et al. [16] suggested a Late Hauterivian–
Early Barremian age for the lowermost part of the Nordelva Member, and Late Barremian
to Early Aptian age for the upper Nordelva Member and the overlying Helnesset Member.

The present study suggests a Barremain age for the Skarstein Formation in borehole
Bh 2. This age determination is based on the stratigraphic range of recovered dinoflagel-
late cysts as published by Heilmann-Clausen [35], Nøhr-Hansen [33] and Nøhr-Hansen
et al. [34]. In the upper part of Bh 2 the record of Pseudoceratium iveri at 25.00 m suggests a
correlation to the Late Barremian Pseudoceratium tovae dinoflagellate cyst zone [33,34].
According to Nøhr-Hansen [33], this species seems to be a good marker species restricted to
a very narrow interval in the uppermost Barremian in East Greenland. An age not younger
than Barremian is supported by the presence of Kleithriasphaeridium corrugatum and K.
fasciatum, which are known to have their last appearance datum in the Barremian [35,36].

7. T-R Cycles and Paleoenvironments

The palynomorph assemblages recovered from boreholes Bh 1, Bh 2 and Bh 3 offer
means for correlations between the formations and depositional sequences in the Ramså
Basin with time-equivalent Upper Jurassic and Lower Cretaceous strata in the offshore
Nordland and Troms areas and adjacent areas in the Jurassic–Early Cretaceous Boreal
and Sub-Boreal Realms. The depositional sequence discussed herein follows the T-R
(transgressive-regressive) cycle concept outlined by Embry [43,44].

In the Late Bajocian, a transgressive event led to major facies changes in the basins and
along the shelf margins off Norway and Greenland [45–47]. On the Barents Shelf this event
correlates to the transition from the nearshore sandy deposits of the Stø Formation to the
offshore muddy siltstones of the Fuglen Formation [45,46]. In the offshore Nordland VII
area the sea transgressed major areas of peneplained basement [45]. The event appears to
correlate to the initial deposition of the Ramså Formation on Andøya. The strata recovered
in Bh 1 and Bh 3 may indicate that there was a paleoslope declining towards the east.
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Dalland [18,20] divided the Mesozoic succession on Andøya into two fining-upwards
sequences separated by an unconformity, i.e., a lower sequence of Middle Jurassic to
Early Cretaceous age, and an upper sequence of Early Cretaceous age. However, he also
recognized a significant stratigraphic break in the lower sequences, where larger parts
of the Bathonian, Callovian and Oxfordian appear to be missing. As outlined above,
Bathonian–Oxfordian strata were not recovered in the present studied boreholes. Further,
our data also suggest stratigraphic breaks in the Early Cretaceous.

Following the present interpretation, the Bajocian T-R sequence encompasses the Hest-
berget Member deposited in fluvial, lacustrine, costal swamp environments, the Kullgrøfta
Member representing a fresh- to-brackish water lagoon setting, and the fluvial deposits of
the lower Bonteigen Member [17–19]. The palynoflora contains a diversity of pteridophytes
and some bryophytes, with relatively few bisaccate pollen. The large variations in the
compositions of the palynofloras and palynofacies within this T-R sequence point towards
rapid shifts in vegetation and depositional conditions. During the Middle Jurassic the
Ramså Basin probably lay on the north-eastern side of an elevated landmass between
Norway and Greenland, and the floras probably represented the boreal phytogeographic
province [12].

The transgressive surface in the middle part of the Bonteigen Member marks a tran-
sition from fluvial, mainly point bar sedimentation, into high energy beach and shallow
marine deposits of the upper Bonteigen Member. This major transgression took place in
the earliest Kimmeridgian and initiated the Kimmeridgian–Berriasian/Early Valanginian
T-R sequence, which spans the uppermost Ramså Formation (upper Bonteigen Member)
and the overlying Dragneset Formation (i.e., the Breisanden, Taumhølet and Ratjønna
Member). We should also note that during this transgression, weakness zones and cracks
in the crystalline basement west of the Ramså Basin were filled with sediments, as docu-
mented by the Kimmeridgian marine deposits recovered in borehole Bh 4. Upwards in the
succession there are other deepening events recorded in the Dragneset Formation, and in
borehole Bh 2 Ryazanian transgressive strata directly rest on the granodioritic basement.
The rapid facies changes and the Ryazanian flooding of the basement seen in Bh 2 were
probably related to tectonic activities concurrent with the Late Jurassic–Early Cetaceous
rifting episode along the North Atlantic margins.

On Andøya, the initial part of the Kimmeridgian–Berriasian/Early Valanginian T-R
sequence is represented by the mouth bar to delta front deposits of the upper Bonteigen
Member, followed by offshore transition zone settings of the Breisanden Member. The
lower part of the Breisanden Member was deposited in an open marine, lower to upper
shoreface environment and marine fossils, including bivalves, belemnites and ammonites
are relatively common. The upper part was probably deposited in a more restricted marine
environment [20].

Dalland [18] suggested that the low diversity of marine fauna found throughout
the Taumhølet Member points towards a somewhat restricted shallow, brackish water
lagoon depositional environment. The sediments recovered in borehole Bh 3, however,
suggest a shelf–shoreline aggradation and deposition in a shelf to offshore transition zone
environment [20]. The transgression and deepening in the upper Taumhølet Member
in borehole Bh 3 may relate to the time of maximum flooding recognized in the latest
Kimmerdgian (Aulacostephanus eudoxus ammonite zone) recognized on the Barents Shelf
and offshore Nordland [45,46] and in East Greenland [47].

Zakharov et al. [14] found no biostratigraphic evidence of any Upper Kimmeridgian–
Lower Volgian strata and suggested that there might be a major hiatus between the
Taumhølet and Ratjønna Members. In our study, we document a Kimmeridgian to Early
Tithonian age for the upper part of the Dragneset Formation (i.e., upper Taumhølet Mem-
ber) in borehole Bh 3. However, a stratigraphic break between these two members cannot
be excluded, as the boundary between the Taumhølet Member and the Ratjønna Member
is not recovered in any of the studied boreholes. In borehole Bh 2 the Ratjønna Member
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rests directly on granodioritic basement, pointing towards a break connected with tectonic
movements and faulted blocks.

Zakharov et al. [14] further suggested a break in the upper Ratjønna Member. This
assumption was based on the lack of biostratigraphic evidence for any Lower-lower Upper
Berriasian (Ryazanian) strata. This cannot be confirmed in our materials. In borehole Bh 3
the youngest deposits of the Taumhølet Member are of Early Volgian age, while the oldest
part of the Ratjønna Member in borehole Bh 2 is of Berriasian age.

Dalland [18,20] interpreted the Ratjønna Member to represent shallow marine deposits
with tidal channels, grading upwards into more open marine environments. The Ratjønna
Member deposits recovered in borehole Bh 2 suggest a submarine slope setting, with a
sandstone-dominated submarine fan [17]. In this borehole, the youngest deposits of the
Kimmeridgian–Barriasian/Early Valanginian T-R sequence are lower submarine slope
deposits (Figure 4).

The Dragneset Formation is overlain by the Nybrua Formation which is divided into
the Leira and Skjermyrbekken members. The formation comprises condensed marine de-
posits in an open shore environment [17,18,20]. Zakharov et al. [14] found no stratigraphic
break between the dark mudstones of the Ratjønna Member and the overlying sandstone,
siltstone and marl of the overlying Valanginian Leira Member (Nybrua Formation). A
marked time-break is neither observed in our present data, but the transgressive surface
between the slump deposits of the uppermost Ratjønna Member and the condensed ma-
rine deposits is regarded as a regional transgressive event, which can be correlated on a
regional scale.

The Nybrua Formation (Leira and Skjærbekken members) on Andøya is correlated to
the Klippfisk Formation, a condensed unit of lower Valanginian transgressive claystones
overlain by Hauterivian limestone recovered offshore Troms and Nordland and further
north on the Barents Shelf [45,46,48]. Further, the Skjærbekken Member includes red silt-
stones and mudstones, which may be facies analogues to the contemporaneous Rødryggen
Member of East Greenland [14].

The youngest deposits on Andøya are represented by the Skarstein Formation, which
is subdivided into the Nordelva and Helnesset Members. The formation was possibly
deposited on a submarine slope, with turbidites and minor debris flows [17]. The Nordelva
Member was deposited in a marine environment, probably in a more offshore setting
than the underlying formations. The transition from the condensed section of the Nybrua
Formation to the basin floor and slower slope deposits of the Skarstein Formation correlated
with the transition from the Klippfisk Formation and the overlying dark shales of the Kolje
Formation off Nordland, Troms and further north on the Barents Shelf [45,46,48]. This
transition marks the base of the Lower Barremian–Aptian T-R sequences.

The few marine macrofossils and relatively common plant remains in the lower
Skarstein Formation (Helnesset Member) indicate a depositional setting in a relatively
short distance to the shoreline [17,18,20]. The uppermost part of the Helnesset Member
was deposited in a somewhat deeper marine environment, in part by turbidity currents,
probably in a submarine slope setting, with debris flow and slump deposits for the youngest
deposits of the Skarstein Formation recovered in borehole Bh 2 [17].

8. Conclusions

Palynostratigraphic and palynofacies analyses are applied for identification of
transgressive-regressive sequences and changes in paleoenvironment through the Mid-
dle Jurassic–Early Cretaceous succession of the Ramså Basin on Andøya. The oldest
sedimentary deposits comprise basal conglomerates and sediments preserved in frag-
mented basement rocks. The overlying Hestberget and Kullgrøfta Members of the Ramså
Formation contain abundant and fairly diverse terrestrial pollen and spore assemblages
which are correlated with comparable terrestrial assemblages earlier reported from these
members on Andøya [12,13], and with assemblages found in Bajocian strata on East
Greenland and elsewhere in NW Europe.
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The Bonteigen Member of the Ramså Formation contains a lower terrestrial to marginal
marine unit of Bajocian age, and an upper marine unit of Kimmeridgian age separated by
a hiatus spanning the Bathonian–Oxfordian time interval. The Bajocian age for the lower
Bonteigen is based on recoveries of pollen and spore assemblages comparable to those
found in the underlying Hestberget and Kullgrøfte members. The Hestberget, Kullgrøfta
and lower Bonteigen Members comprise the Bajocian T-R sequence as defined herein.

Bathonian to Oxfordian strata have not been recorded in any of the studied cores.
Marine microfloras (dinoflagellate cysts) are found in the upper Bonteigen Member in
borehole Bh 3, along with the previous records of ammonites and bivalves in this unit. The
fossils provide good evidence for an Early Kimmeridgian age for the transgressive deposits
above the intra-formational stratigraphic break in the Bonteigen Member. Sediments of
the same age are found as infills in cracks in basement rocks outside the Ramså Basin to
the west. The transgressive surface above the hiatus marks the onset of the Kimmeridgian–
Berriasian T-R sequence, which at Andøya spans the upper Bonteigen Member and the
Dragneset Formation (Breisanden, Taumhølet and Ratjønna Members).

Marine microfloras encountered in the Dragneset Formation confirm a Kimmeridgian
age for the Breisanden and lower Taumhølet Members, a Kimmeridgian-Early Tithonian
(Early Volgian) age for the upper Taumhølet Member and a Tithonian-Berriasian (Middle
Volgian–Ryazanian) age for the Ratjønna Member. These age determinations are in line
with previous biostratigraphic interpretations and correlations based on ammonites and
bivalves [13,14] and dinoflagellate cysts [13,14,16].

Most of the condensed marine section of the Nybrua Formation (Leira and Skjerbekken
members) is of Valanginian age. While older studies have indicated a mid-Hauterivian
(or younger) age for the uppermost Skjermyrbekken Member, the present palynological
results suggest a Barremian age for the uppermost Nybrua Formation. The dinoflagellate
cyst assemblages recovered in the overlying Skarstein Formation are of Barremian age. A
change in facies and depositional environment from sand and siltstones with basement
clasts in the upper Nybrya Formation, to the dark basin floor shales of the overlying
Skarstein Formation, marks the onset of the Barremian–Aptian T-R sequence.

The youngest sediments encountered in the present boreholes represent marine slope
deposits, which based on the dinoflagellate cysts can be correlated to the Late Barremian
Pseudoceration tovae zone of Nøhr-Hansen [33]. Pseudoceration tovae seems to be a good
marker species restricted to a very narrow interval in the uppermost Barremian in East
Greenland [33].

The palynomorph assemblages recovered from the studied boreholes offer means for
detailed correlations between the formations and depositional T-R sequences in the Ramså
Basin with time-equivalent Upper Jurassic and Lower Cretaceous strata in the offshore
Nordland and Troms areas, and with Jurassic–Lower Cretaceous successions elsewhere in
the Boreal and Sub-Boreal areas.
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Appendix A

Figure A1. Records of terrestrial palynomorphs in borehole Bh 1.

Figure A2. Records of marine palynomorphs in borehole Bh 1.
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Figure A3. Records of terrestrial palynomorphs in borehole Bh 2.
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Figure A4. Records of marine palynomorphs in borehole Bh 2.
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Figure A5. Records of terrestrial palynomorphs in borehole Bh 3.
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Figure A6. Records of marine palynomorphs in borehole Bh 3.
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