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Abstract: From the almost 200 volcanic outcrops in the Central Skåne Volcanic Province (CSVP), only three are 

of volcaniclastic material. These volcanoclastics, and the transition to the underlying crystalline basement, have 

been investigated for the first time in a drill core (KBH2) from Djupadalsmölla in order to understand the stra-

tigraphy, depositional process, age of deposition, and depositional environment. The core constitutes three rock 

units, in ascending order: the kaolinite weathered crystalline basement, a thin dark coloured mudstone, and a mas-

sive lapilli tuff (volcaniclastics). From the degraded state of the crystalline basement, it is clear that extensive che-

mical weathering tock place implying a wet and humid climate. Through palynological studies of the mudstone unit 

the depositional environment was likely a restricted bay or lagoon with limited marine influences surrounded by a 

forest covered wetland at the time of volcanism. The age of the mudstone could be determined to late Pliensbachian 

through the palynomorphs. Petrographic analysis shows that all but the lowermost part of the volcaniclastic deposit 

has a lapilli tuff texture. The material is, however, highly degraded and replaced by swelling clay minerals and 

highly affected by diagenetic processes. The depositional process could only be narrowed down to two alternatives. 

Either directly deposited by a pyroclastic flow or secondarily deposited by a lahar.  
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Sammanfattning: Av de nästan 200 blottningarna av vulkaniska bergarter som kan ses i Central Skåne Volcanic 

Province (CSVP) består endast tre av vulkanoklastiskt material. Stratigrafin i dessa avlagringar vars förhållande till 

underliggande urberg har för första gången beskrivits i en borrkärna (KBH2) från Djupadalsmölla för att bestämma 

stratigrafin samt avsättningsprocessen, åldern och avsättningsmiljön. Borrkärnan består av tre enheter i stigande 

ordning: det kaolinitvitrade kristallina urberget, den mörka lerstenen, och den massiva lapilli tuffen 

(vulkanoklastisk). Utifrån urbergets vittrade tillstånd står det klart att utbredd kemisk vittring ägde rum vilket tyder 

på ett mycket blött och fuktigt klimat. Palynologiska studier av lerstenen tyder på att avsättningsmiljön var en av-

gränsad marin vik eller lagun i ett annars skogsklätt landskap när vulkanismen ägde rum. Åldern på lerstenen kunde 

också bestämmas till sen Pliensbachian utifrån de palynologiska studierna. Petrografisk analys visade att allt utom 

den allra nedersta delen av det vulkanoklastiska materialet påvisas ha en lapilli tuff textur, dock är det klart att 

materialet är mycket nedbrutet och ersatt av svällande lermineral men även starkt påverkade av diagenetiska pro-

cesser. Den exakta avsättningsprocessen kunde inte identifieras men två alternativ kunde nås. Antigen direktavsatt 

från ett pyroklastiskt flöde eller en sekundärt avsatt av en lahar.  
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1  Introduction 
Volcanic rocks are relatively common in certain 

areas of Sweden, and some of these are associated 
with mineral deposits. These rocks are generally Pro-
terozoic in age, >1.8 Ga, and located in central 
(Bergslagen area) and northern (Skellefteå region) 
Sweden (Salin et al. 2021). In the southernmost pro-
vince of Sweden, i.e., Skåne, the youngest known vol-
canic remnants in the entire country are found (Fig. 1). 
These are represented by more than one hundred 
outcrops of basaltic rocks and include at least three 
outcrops with poorly consolidated volcaniclastic rocks 
(Wikman et al. 1993;  Wikman & Sivhed 1993;  Au-
gustsson 2001). These basaltic and volcaniclastic rocks 
are concentrated within an area of 1200 km2 in the 
central part of Skåne, which Vajda et al. (2016) refer-
red to as the Central Skåne Volcanic Province (CSVP). 
The ages of the rocks have been dated to early Jurassic 
to early Cretaceous using a variety of dating techni-

ques (Tralau 1973;  Bylund & Halvorsen 1993;  Ber-
gelin 2009;  Bergelin et al. 2010;  Tappe et al. 2016;  
Vajda et al. 2016). Ar-Ar geochronological studies 
suggest at least three pulses of volcanism dated at 191-
176 Ma, 145 Ma and 110 Ma (Bergelin et al. 2010). 

The aim of this study is to describe and document 
the volcaniclastic rocks from a drill core recovered at 
Djupadalsmölla in central Skåne (Bergelin & Calner 
2012; Fig. 1). This is the only known drill core 
(KBH2) comprising volcaniclastic rocks from the 
CSVP. I have performed detailed logging and 
documentation of the core as well as studied the petro-
graphy in order to investigate depositional processes 
and the origin of lithic material within the deposit. In 
addition, I have analysed palynological data to date the 
rocks, and to interpret the plausible paleoenvironment 
at the time of deposition. The latter also required 
description of the rock units immediately underlying 
the volcaniclastic deposits.  

Figure 1. A) Location of map B in the southern-most province of Sweden, Skåne. B) Geological map of Skåne superimposed on 

the topographical map, showing the main tectonic units and major fault lines. Note the position of the Central Skåne Volcanic 

Province (CSVP) near the intersection of the north-south-trending Protogine Zone (PZ) and the southeast-northwest-trending 

Sorgenfrei-Tornquist Zone (STZ). The drill site at Djupadalsmölla is marked by the red star. Map data: Lantmäteriet© & 

SGU©.  

PZ 

PZ 

PZ 

STZ 
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1.1 Earlier research  
Basaltic and pyroclastic rocks of the CSVP were 

identified as being of volcanic origin first in the early 
19th century (Hisinger 1826), and the first scientific 
documentations of these rocks were made in the 
1870’s and 1880’s (Tullberg & Nathorst 1880;  Eich-
städt 1883;  Svedmark 1883;  Wikman & Sivhed 
1993). Over the following 75 years only a few works 
on the CSVP were conducted (Henning 1902; Norin 
1934; Norin 1940). In the 1950’s and 1960’s a series 
of studies on the basalts and volcaniclastic deposits 
were published, but the age of the volcanism was still 
uncertain. From wooden logs enclosed in the volca-
niclastic deposits, a Cenozoic age had been suggested 
in the late 20th century (Printzlau & Larsen 1972). The 
age span of these fossils was later revised and is now 
known to range from the Jurassic to the Cenozoic 
(Tralau 1973). In a study by Tralau (1973), well pre-
served fossil logs, spores and pollen from a nearby 
volcaniclastic deposit were studied, and an early to 
middle Jurassic age was proposed. One-year earlier 
Printzlau & Larsen (1972) had published the first radi-
ometric datings of the basalts using K/Ar geochrono-
logy. Their results indicated a Cretaceous age whereas 
a couple years later, Klingspor (1976) presented K/Ar 
dates ranging from the Jurassic to the Cretaceous. In 
her study, the basalt originally dated as Cretaceous by 
Printzlau & Larsen (1972), was re-dated as being of 
Jurassic age. Since then, more radiometric datings 
have been performed using the more robust 40Ar/39Ar 
dating technique, resulting in an age span from early 
Jurassic to early Cretaceous (Bergelin 2009;  Bergelin 
et al. 2010;  Tappe et al. 2016), i.e., in the same age 
range as the K/Ar dates presented by Klingspor 
(1976). Paleomagnetic measurement are in agreement 
with an early Jurassic age for several of the outcrops 
(Bylund & Halvorsen 1993). When the Swedish Geo-
logical Survey (SGU) conducted bedrock mapping of 
the CSVP area in the beginning of the 1990’s nume-
rous basalt localities were described, though no addit-
ional volcaniclastic deposits were identified (Wikman 
et al. 1993;  Wikman & Sivhed 1993). Although much 
of the focus has been on the basalts, their origin and 
absolute ages have been investigated and debated 
(Tappe 2004;  Bergelin 2009;  Bergelin et al. 2010;  
Tappe et al. 2016). The debate have been over the du-
ration of the volcanic activity with Bergelin finding 
three different pulses (191-176 Ma, 145 Ma & 110 
Ma) while Tappe debates only a single pulse around 
176 Ma. 

In more recent years the volcaniclastic deposits in 
the CSVP have regained new focus, much because of 
exceptional preservation of wood and other plant 
remains, some of which shows different growth stages 
at a cell-scale (Augustsson 1999;  Augustsson 2001;  
Bomfleur et al. 2014;  Bomfleur et al. 2015;  
McLoughlin & Bomfleur 2016;  Vajda et al. 2016).  
 

2 Geological setting 
The Mesozoic basalts and volcaniclastic remnants 

of the CSVP are located in the central parts of Skåne 
and comprises all the basaltic deposits in Figure 1 and 
all but three deposits in Figure 2. The CSVP is located 
near the area where two major tectonic zones intersect; 

the Proterozoic N-S trending Protogine Zone (PZ) and 
the NW-SE trending Sorgenfrei-Tornquist Zone 
(STZ).  

The Protogine Zone is a term used since the early 
days of scientific geology in Sweden, but its tectonic 
origin, age and extension have been debated for many 
decades (Andréasson & Rodhe 1990;  Wahlgren et al. 
1994). In this thesis, the Protogine Zone is recognized 
as a N-S trending, ca. 25–30 km wide zone of discrete 
shear zones of both brittle and ductile deformation, 
stretching from the southern end of lake Vättern and 
southwards through Småland and Skåne. It disappears 
under Phanerozoic sedimentary rocks southwest of 
Romeleåsen horst, southern Skåne (Wik et al. 2006). 
The zone broadly defines the eastern boundary of the 
ca. 1.3-0.95 Ga Sveconorwegian orogeny. It has a long 
and complex tectonic history as indicated by three 
different generations of mafic and felsic intrusions 
located along the zone, dated at 1.56, 1.2 and 0.95 Ga 
(Ask 1996;  Jarl 2002;  Söderlund et al. 2004;  Söder-
lund & Ask 2006). The youngest event of deformation 
and metamorphism is connected to the Sveconor-
wegian orogen that presumably overprints much of the 
earlier events (Ulmius et al. 2018). Some brittle de-
formation is probably of younger (post-0.95 Ga) age. 

The Tornquist lineament stretches from the North 
Sea to the Black Sea (Teisseyre 1893; Tornquist 1908; 
Tornquist 1910; Sorgenfrei & Buch 1964). The north-
western half, known as the Tornquist fan, spreads out 
between the North German-Polish Caledonian deform-
ation front in the south and the Fennoscandian shield 
in the north with the most prominent structure repre-
sented by the Sorgenfrei-Tornquist zone (STZ) 
(Sorgenfrei & Buch 1964). The southern boundary of 
the STZ runs between the Danish island of Bornholm 
and Skåne. From there it runs through the middle of 
Skåne in a SE-NW direction and continues to the 
North Sea through the Kattegat strait and northern-
most Denmark (Erlström 2020). 

The STZ started to form roughly 290 million years 
ago, as hundreds if not thousands of diabase dikes in-
truded the bedrock of Skåne. This is within the same 
timespan as other events of regional magmatism; the 
Oslo rift, the British Midland valley swarm, the dia-
base sills in the table mountains in the province of 
Västergötland in southern Sweden, and large volcanic 
deposits in the North Sea and northern Germany 
(Priem et al. 1968;  Michelsen & Nielsen 1993;  Ernst 
& Buchan 1997;  Ahlberg et al. 2003;  Obst & 
Katzung 2006;  Torsvik et al. 2008;  Timmerman et al. 
2009;  Erlström 2020). The cause of magmatism is not 
fully understood where one of the two leading theories 
invokes a mantel plume in the North Sea, just north of 
the Danish province of Jutland (Ernst & Buchan 1997;  
Torsvik et al. 2008;  Hounslow et al. 2012). The other 
theory suggests magmatism associated tectonic acti-
vity during the aftermath of the Variscan orogeny 
(Timmerman et al. 2009;  Erlström 2020). As the 
magmatism waned and the stresses in the STZ started 
to shift during the late Permian, block faulting became 
dominant. This was not just the case in the STZ but in 
most of the Tornquist fan which eventually led to the 
formation of the Danish basin (Erlström 2020). The 
correlation between the CSVP and the intersection 
between the Protogine zone and STZ have been di-
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scussed since the earliest descriptions of the CSVP 
until more recently (Nathorst 1887;  Wikman & Siv-
hed 1993). No actual evidence for the connection has 
however been presented. 

The basalt occurs as previously mentioned in over 
one hundred outcrops and drill sites in the CSVP (Fig. 
2). The few times the contacts have been observed it 
has been through private water well drillings and then 
between the basalts and the Precambrian crystalline 
basement (SGU). Bölau (1966) reported contacts 
between basalt and tuff in several drillings. The volca-
nic rocks also superimposed sandstones that he paly-
nologically dated to early Jurassic. In one of the dril-
lings the basalt was layered between two tuff layers.  
 

2.1 The Djupadalsmölla volcaniclastic 
deposit 

One of the few and by far best exposed natural 
section of the volcaniclastic deposits is the classical 
locality along the Rönne river valley at Djupadals-
mölla (Fig. 2). The outcrop is ca 20 m wide, ca 10 m 
high and today with abundant scree and overgrowth. A 
few smaller outcrops exist nearby and downstream the 
main outcrop. At the riverbank, ca 20 m northeast of 

the main outcrop, granitic basement rock is visible. 
This suggests a close proximity to the boundary 
between the old basement rocks and the Jurassic vol-
caniclastic rocks in this area. According to Wikman et 
al. (1993) the volcaniclastics rest immediately on top 
of kaolinitisied basement rock (herein referred to as 
the sub-Jurassic weathering surface) near the herein 
studied locality, whereas it rest on sandstone and 
claystone with some coaly layers only ca 100 m south 
of this outcrop. Norling et al. (1993) described a com-
plete transition at a small dug out section near the 
main outcrop at Djupadalsmölla. Their section was 
composed of a kaolinized basement overlain by two 
meters of alternating beds of claystone and sandstone 
with abundant plant fossils. This succession was over-
lain by a one-meter-thick layer of volcaniclastics with 
accidental lithics/xenoliths of different origins and 
plant remains. The volcaniclastics were overlain by 1-
2 meters of Quaternary deposits.  

A few early studies have been based on this 
locality (Tullberg & Nathorst 1880;  Eichstädt 1883;  
Svedmark 1883), whereas the only more recent study 
is by Augustsson (2001). None of these studies 
focused on describing the stratigraphy of the volca-

Höör 13 

13 

13 

23 

23 

Figure 2. A) Geological map covering most of the Central Skåne Volcanic Province (CSVP). B) The drill site location (red star) 

and known extent of the volcaniclastic deposit along Rönne river at Djupadalsmölla. Map data: Lantmäteriet© & SGU©.  
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niclastic succession or its relationship to the weathered 
basement surface below. Due to the poor quality of the 
outcrop and a general lack of data, a drilling project 
was launched by the Department of Geology at Lund 
University in 2012, and in the summer that year two 
behind-the-outcrop cores were extracted from just 
above the main outcrop. The first coring attempt 
(KBH1) was abandoned early due to problems with 
drilling in the lose sediments and only ca 10 m of this 
core was retrieved. The second core (KBH2) reached a 
total depth of 27,85 m, corresponding to a level ca 8 m 
below the top of the weathered crystalline basement. 
Both cores are stored at the Department of Geology, 
Lund University.  

 

3  Material and methods  
The rocks of the KBH2 core are rich in fissures and 

in many parts poorly consolidated. For this reason, 
almost 25% of the volcaniclastic succession is preser-
ved only as rubble in the core boxes. The core was 
split where it was possible and polished (samples D-(1
-13)-21-L) to describe the general facies and thin sect-
ions were produced for petrographic study. The log-
ging was done in 1:10 scale to not lose the finer details 
that could be recognized in the core.  

Three samples for palynological analysis were col-
lected from a ca 0.3-m-thick mudstone interval 
between the crystalline basement rocks and the volca-
niclastic rocks. Three narrow stratigraphic intervals, 
each ca 1-2 cm thick, were selected for this sampling 
(samples D-(I-III)-21-K); their lowest point (tilted) 
located at 0.01, 0.15 and 0.23 m above the base of the 
mudstone, respectively. The three samples were prepa-
red at GEUS, Copenhagen, as follows: 20 g of bulk 
rock was treated in alternating steps with hydrochloric 
(38%) and hydrofluoric (40%) acid to remove carbo-
nate and silicate mineral phases, according to standard 
palynological processing described in Poulsen et al. 
(1990). After washing to neutrality, residues were sie-
ved with 11 μm mesh-size sieves and mounted on 
strew slides. The samples were analysed by Sofie 
Lindström and up to 300 palynomorphs were counted 
per slide with a compound microscope at 650x magni-
fication. A sample collected by Ingemar Bergelin and 
previously analysed by Sofie Lindström was also in-
cluded in the data set (D-IV-12-K).  Abundance data 
for every palynomorph taxa were calculated as percen-
tages of the total counted palynomorphs in each of the 

four samples. Secondly, abundance data for all none 
reworked spores and pollen were calculated. This 
could then be recalculated into parent plant abundance 
by known correlations (Abbink et al. 2004;  Petersen 
& Lindström 2012;  Lindström et al. 2017) and there-
after to photic niche distribution as well as plant rela-
ted environmental distribution. 

At the same levels as the three palynomorph 
samples, D-(I-III)-21-K, were taken from samples 
were also taken for thin section preparation (sample 
series D-(I-III)-21-L). The material for these samples 
were composed of rock fragments that had been glued 
together and then polished. For this reason, there is no 
stratigraphic orientation for these samples. 

Two sets of thin sections were produced from the 
core; one at the time of drilling in 2012 (sample series 
D-(1.1-10.3)-12-E), and one for the current study 
(sample series D-(2-13, I-IV)-21-E). The original thin 
sections of the volcaniclastics and the crystalline base-
ment were produced in Erlangen from 10 different 
samples. In total 9 large and 11 small thin sections 
were produced. The newer thin sections were also sent 
to Erlangen for preparation (2021). They were partly 
from the same sample depths as the original (D-(1.1-
5.4, 7.2-10.3)-12-E) but with two additional samples 
of the volcaniclastic material as well as one from a 
suspected basaltic clast (D-(11-13)-21-E). Several po-
lished slabs and thin sections were also made from the 
mudstone underlying the volcaniclastic deposits, after 
preparation in Erlangen (I-IV). 

The original thin sections from the basement and 
the ones from the mudstone made in Lund were used 
for mineral/rock classifications and the original volca-
niclastic sections were used for point counting for 
classification and for calculation of total porosity of 
the rocks. For this, they were first scanned and en-
hanced using photoshop smart sharpening filter with 
settings 250% zoom and 2.5 radii. After this the soft-
ware JMicroVision was used for counting of 300 
points per thin section in the volcaniclastic thin sect-
ions. Due to the degraded state of the volcaniclastic 
material the grainsize could only be accurately deter-
mined in the thin sections. Thin sections were also 
examined in polarized light microscope and scanning 
electron microscope (SEM) to identify changes in che-
mical and mineralogical composition through element-
al mapping using energy dispersive X-ray 
spectroscopy (EDX).  

Sample series Old name Production year 

D-(1.1-10.3)-12-E “original” 1.1-10.3 2012 

D-(IV)-12-K Old palynology sample 2012 

D-(I-III)-21-L Thin sections I-III 2021 

D-(2-8, 9-9.2, 10-11, 11o, 12-12.3, 
13, I-IV)-21-E 

“new” 2-8, 9-9.2, 10-11, 11o, 12-
12.3, 13, I-IV 

2021 

D-(I-III)-21-K Palynology sample I-III 2021 

D-(1-13)-21-L Polished slab 1-13 2021 

Table 1. Naming of the sample series with old names to identify them more easily and production year. The naming scheme 

works as follows. The first letter in the code is for Djupadalsmölla. The following number (roman numbers as well) is the 

sample number of that specific series. The second number (12 or 21) is the production year. Last letter stands for the city where 

it was produced in (E-Erlangen, K-Copenhagen, L-Lund). 
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4  Results 
The core section includes three distinct rock units, 

in ascending order; 1) Crystalline basement that is 
deeply kaolinite weathered (6.32 m), 2) A dark-grey 
mudstone unit rich in palynomorphs (0.3 m), and 3) 
Greenish grey to blackish volcaniclastic rocks (19.5 
m). The reference level used herein corresponds to the 
boundary between the weathered crystalline basement 
and the overlying mudstone and is situated 20.50 m 
below ground surface (Fig. 3). Below follows a 
description of the three rock units. 

 

4.1 The crystalline basement  
The crystalline basement rock is a reddish to 

whitish gneiss and encompass the lowermost 6.32 m of 
the core. The gneiss is invariably weathered and alte-
red. The lowermost cored meter (-6.32 to -5.35) differs 
from the rest of the unit in being dominated by mafic 
minerals that form ca 0.5 m thick mafic band (Fig. 
4A). Similar mafic bands are relatively common in 
outcropping  
gneiss further north of the locality. Within this mafic 
band there are several small veins of coarse-grained 
quartz and k-feldspar. The upper 5.35 m of the base-
ment is devoid of more pronounced mafic bands. The 
gneissic fabric becomes less distinct towards the top 
due to an increasing degree of weathering. Pink 
feldspars are visible from the base of the core until -
3.50 m below the reference level. Two levels with lar-
ger quartz crystals occur at -3.60 and –0.25 m. At ca -
4.00 m the gneiss is weathered extensively to a cream 
white kaolinite clay. At the top, -0.30–0.00 m, the 
gneiss is weathered to a similar white kaolinite clay 
with sparse quartz grains. Comparison of driller’s no-
tes on the core boxes and own measurement of the 
core suggests that ca 1.20 m of the top of the core was 
lost during drilling, likely because of the soft character 
of the weathered material in this part of the core. This 
means that the nature of the original contact to the 
overlaying mudstone is unknown.  

In the two thin sections produced from the crystal-
line basement an upward increase in the degree of 
weathering was evident. In sample D-1.1-12-E quartz 
and k-feldspars were identified  as well as unidentified 
oxides (Fig. 5A). There are abundant degraded mafic 
minerals as well, that could not be identified. No plagi-
oclase was detected in this sample. In sample D-2.1-12
-E quartz is the only mineral that could be identified 
with all other minerals heavily altered (Fig. 5B). The 
altered minerals create an amorphous matrix in 
between the quartz grains with some darker spots as-
sumed to represent degraded, mafic minerals.  

 

4.2 The Mudstone unit 
The mudstone unit varies from light greyish to dark 

greyish in colour and consists of ca 0.30 m of silt and 
clay in different ratios and poorly defined layers (Fig. 
6). The bedding planes are tilted 20-30° from the hori-
zontal plane. In the darker coloured sections, at ca 
+0.01 and +0.15 m, small flakes of coaly material 
occur. Small-scale and poorly preserved bedforms, 
most likely ripples, with a maximum amplitude of ca 1 
cm, can be seen through most of the unit. Several 
micro-faults occur in the lower sandy section of the 

mudstone (Figs. 7-8). Towards the top, the mudstone 
is successively displaced by the volcaniclastics and at 
the top of the unit, a few larger volcaniclastic frag-
ments are embedded in the mudstone.  

A first set of thin sections (D-(I-III)-21-L) from the 
mudstone were produced from material of the core 
without known orientation relative to the core. These 
samples were taken at the same levels as the samples 
for palynology and are described below.  

Sample D-I-21-L consist of coarse silt - fine sand 
grains (0.2-0.02 mm) in a matrix of clay (Fig. 9A). 
Some larger grains reach into the lower range of me-
dium sand. The grains consist mostly of quartz with 
subordinate small black fragments (<0.5 mm). The 
latter fragments are angular and in most cases one axis 
is longer than the other two.   

Sample D-II-21-L is more fine-grained than sample 
I, with no quartz grains being larger than 0.02 mm 
(coarse silt; Fig. 9B). In this sample the black frag-
ments were more numerous and also larger, although 
rarely over 0.05 mm, than in the previous sample, but 
still only makes up a very small part of the rock.   

Sample D-III-21-L is made up of silt sized grains 
(<0.02 mm) in a clay matrix (Fig. 9C) and with subor-
dinate larger quartz and k-feldspar grains in the 0.05-1 
mm size range. Some areas of the sediment around 
these larger grains contain higher levels of sulphur 
(Fig. 10). Unlike previous samples, no black fragments 
were seen. 

 

4.3 Palynomorphs from the mudstone unit 
In the four samples a total of 100 different taxa, 

were identified. Of these 80 were pollen and spores 
(land plants) and 9 were identified as reworked materi-
al of an older age (Fig. 11-12, Table 2). The rest of the 
palynomorphs constitutes dinoflagellate cysts, acritar-
chs and algae (Fig. 12-13). Three palynomorphs, Cal-
lialasporites turbatus, Mancodinium semitabulatum 
and a putative Nannoceratopsis gracilis (Fig. 13G), 
have their first appearance datum (FAD) in late Pliens-
bachian (ca 185 Ma) whereas the reminder has a much 
broader temporal distribution (Poulsen & Riding 
2003). Both dinoflagellate cysts indicative of marine 
influences and algae, especially the microalga 
Botryococcus indicative of lacustrine to brackish envi-
ronment were noted (Fig. 13; (Guy-Ohlson 1998). 

The aquatic palynomorphs makes up 5-9% of the 
total palynomorph count (tpc; Fig. 12). Of these the 
different dinoflagellate cysts dominate with 3-8% tpc 
while the other aquatic palynomorphs all together ne-
ver reach over 2% tpc. Palynomorphs that couldn’t be 
identified constituted 0-13% tpc while spores and pol-
len (land plants) account for 82-94% tcp (Figs. 11-14).  

The dominant palynomorph in all four samples, 
Perinopollenites elatoides (Figs. 11-15c), accounting 
for 24-36% of total none reworked sporopollen count 
(tnrsc), were coming from Taxodium (a kind of swamp 
cypresses; Abbink et al. 2004;  Lindström et al. 2017). 
As the name implies these trees preferred to grow in 
very wet environments like swamps and mires making 
up much of the upper canopy (Table 2, Fig. 14). Two 
other palynomorphs that were common, Deltoidospora 
toralis (Fig. 16b) and Deltoidospora minor (Fig. 16d) 
were derived from ferns in the groups Dipteridaceae 
and Dicksoniaceae (Fig. 11). They made up the under-
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Figure 3. Sedimentary log profile of the Volcaniclastic deposits of the KBH2 drill core from Djupadalsmölla. The log is made in 

scale 1:10 with the first column representing the depth noted during drilling and here is also noted what core box the certain 

section is stored in. The second column represent the logging depth based on the contact between the weathered basement and 

the dark-coloured mudstone as reference level. Here the volcaniclastic subunits are marked as well. The relative difference 

between the measurements in the first and second column can be seen as the degree of core loss or expansion due to fragmentat-

ion. Three main rock units can be separated in the core. The lowermost unit is the weathered crystalline basement that was cored 

to a depth of 6.32 m below the basement surface. It includes a thicker mafic band in the lowermost part succeeded by several 

levels of highly weathered gneiss. The k-feldspars show an increasingly degraded state and whitening towards the top of the 

basement. At the top, the gneiss has degraded fully to kaolinite clay with quartz grains. The basement is overlain by a ca 0.3-m-

thick, dark-coloured mudstone unit including a rich and diverse palynomorph fauna and tiny coal/vitrinite fragments. The third 

and uppermost rock unit encompass the volcaniclastic strata subdivided in four subunits. The subunits do not represent major 

petrographic differences but more likely reflect post-depositional diagenetic changes and should therefor only be used to navi-

gate in the core. Subunit 1 is only 0.23 m thick and is characterised by a low degree of preserved volcaniclastic texture and a 

high degree of core loss. The second subunit is 1.02 m thick and characterised by a well-preserved volcaniclastic texture, light 

coloured pseudo-nodules, and several wood fragments. The third subunit is the longest, stretching from +1.50 to +14.75 m. Due 

to the much larger size of this subunit there are more changes, but the most characteristic ones are the poorly consolidated state 

of the material, the many cement filled fractures and a shift from light (in subunit 2) to dark pseudo-nodules. The uppermost 

subunit (4) is 5.03 m thick and is characterised by its darker colour and well consolidated state. The pie charts to the right of the 

log show point counting results. Note the even proportion of ash around 45% in all samples. The proportion of intergranular 

cement shifts the most between sample D-4.3-12-E at 27% and D-7.2-12-E at 36%.  

story in the forests they lived in and were common in 
drier patches in mire like environments. Alisporites 
robustus is another common palynomorph coming 
from a seed fern from the group Corystospermales that 
lived in waterlogged conditions in mire like environ-
ments and made up the upper canopy just like Perino-
pollenites. Lastly, Pinuspollenites minimus (Fig. 15f) 
coming from pinacean coniferes living in dryer areas 
appear towards the top of the mudstone. Worth noting 
is the low amounts of Classopollis (Figs. 11-15a) in all 
the samples. Classopollis was produced by a family of 
conifers, the Cheriolepideaceae, and some of its mem-
bers could tolerate dry and/or saline environments and 
may have preferred to live like today’s mangrove trees 
(Abbink et al. 2004).  

When it comes to the composition of the vegetation 
most of the pollen came from gymnosperms (53-61% 
of tnrsc) and secondly ferns (30-39% of tnrsc) with 
Sphenophytes, Bryophytes and Lycophytes only ma-
king up 1-3% of tnrsc (Fig. 11). Within the gym-
nosperms, conifers dominated, while cycads/ginkgos 
and seed ferns were common.  

For the ferns it was the Dipteridaceae/
Dicksoniaceae that dominated. In the photic niche, 
plants making up the canopy is the most common and 
constitutes 60-69% of tnrsc (Fig. 14). Twenty-three 
different species from 13 different genera were identi-
fied in this photic niche. The understory constitutes 17
-32% of tnrsc, from 3 species in a single genus. Plants 
creating the ground cover corresponds to 8-15% of 
tnrsc and 26 species from 24 different genera could be 
identified. Spores and pollen that are not known from 
which plants or photic niche they belong to, make up 0
-1% of tnrsc.  

When applying the environmental preferences of 
pollen-related plants, three different articles were used 
(cf. Fig. 14). The first being Abbink et al. (2004) and 
the second and third being Petersen & Lindström 
(2012) and Lindström et al. (2017). The last two were 
combined since they used the same categories. Abbink 
et al. (2004) uses different names for some of the envi-
ronmental categories but are interpreted to be semi-
interchangeable with the ones from Petersen & Lind-
ström (2012) and Lindström et al. (2017). This con-

cerns the lowland and upland categories from Abbink 
et al. (2004) and are interpreted to be corresponding to 
the mire and well drained categories in Petersen & 
Lindström (2012) and Lindström et al. (2017). It is 
also good to note that Petersen & Lindström (2012) 
and Lindström et al. (2017) has subgroups in these 
categories that the first set has as its completely own 
categories. there are some variations seen in the two 
different interpretations as can be seen in Figure 14. 
The general consensus in both, is however a wetland 
area with only a few dryer parts. 

 

4.4 The stratigraphy and sedimentology 
of the volcaniclastic unit 

The volcaniclastic unit is 19.50 m thick and mainly 
composed of lapilli tuff cemented by calcite or zeolite. 
Xenoliths (rock fragments picked up before leaving 
the vent and identified by angularity) and accidental 
lithics (non-volcaniclastic rock fragments picked up 
after leaving the vent, identified by higher degree of 
roundness) are common. They range in size from a 
couple of millimetres to ca 0.1-0.2 m with the majority 
having a felsic composition. The volcaniclastic suc-
cession shows no obvious bedding features or sedi-
mentary structures and overall appears massive from 
clay weathering. A striking feature, however, is nume-
rous rounded to sub-rounded bodies of better preser-
ved and more lithified rock that due to their better pre-
servation and colour contrast stands out in the core as 
pseudo-nodules. These are frequent in most part of the 
core and facilitate description of the microscopic pro-
perties and classification of the rocks (Fig. 17). Alt-
hough the colour of the pseudo-nodules may vary, 
petrographic study show that they have a similar com-
position as the surrounding rock mass. Due to the lack 
of descriptive sedimentary features a subdivision of 
the rocks was made based on the colour and contrast 
of the core. The subdivision includes four parts, herein 
referred to as volcaniclastic subunits 1-4 (Fig. 3) and 
these are described below. 

Subunit 1 (+0.25-+0.48 m) starts at the transition 
between the dark coloured mudstone and the volca-
niclastics. In the lowermost part of the unit larger la-
pilli sized clasts are embedded in a fine-grained matrix 
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of unknown composition whereas the upper part of the 
subunit is more degraded and only occasional larger 
grains are preserved (Fig. 4B). This subunit is the most 
degraded part of the core and all other parts of the core 
show clearer grain boundaries. Important to note is the 
fact that the top 0.10 m of this subunit (half of the 
subunit) and lowermost 0.10 m of the next subunit 
represents an interval with substantial loss of core, ca 

80%, which may lead to anomalous facies shifts in the 
succession. 

Subunit 2 (+0.48-+1.50 m) is a lapilli-tuff and 
starts, as the preservation of the volcaniclastic grains 
are better, with high contrast between grains and 
matrix, giving the perception that it is lapilli domina-
ted (Fig. 4C). This is not the case as is evident from 
point counting results (presented further down). A 

Figure 4. Selected polished slabs from the Djupadalsmölla KBH2 drill core. A) D-13-21-L, -5.70 m. Degraded mafic band in the 

lowermost part of the core. B) D-3-12-E, subunit 1, +0.40 m. Degraded volcaniclastics from the lowermost part of subunit 1. C) 

D-8-21-L, subunit 2, +1.00 m. Bright lapilli-tuff with small wood pieces and a sandstone clast at the top. D) D-10-21-L, subunit 

3, +9.20 m. Fine-grained lapilli-tuff with a degraded felsic accidental lithic. E) D-12-21-L, subunit 3, +13.90 m. Dark-coloured 

pseudo-nodule in light-coloured lapilli-tuff. Note that lapilli grains seemingly are absent in the pseudo-nodule, but microscopy 

reveals that they are present also here although preserved with the same colour. F) D-8-12-E, subunit 4, +15.60 m. Small pseudo

-nodules with greenish lapilli grains enclosed in lapilli tuff with abundant cement (light coloured). G) D-5-21-L, subunit 4, 

+19.25 m. Intermediate dark lapilli tuff from the top of the core. 
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clear white cement fills the intergranular porosity and 
the vesicles. At +0.8 m there is a large pseudo-nodule 
with intense white cement and almost black grains, a 
feature that is characteristic for the pseudo-nodules in 
this subunit. Near the same level (+0.8 m) is the first 

piece of petrified/charred wood. In the polished slab 
centred around 1.00 m (Fig. 4E), three small fragments 
of charred wood were noted, which are a couple of 
mm in size. At the top of the polished slab there is an 
accidental lithic fragment of sandstone, 30 x 20 x 10 

Figure 5. Descriptive photographs of the thin sections. A) D-1.1-12-E, ca -4.50 m. Degraded gneiss with K-feldspars and quartz 

still intact while other minerals have degraded. B) D-2.1-12-E, ca -0.90 m. Heavily degraded gneiss with only quartz still intact. 

C) D-3.2-12-E, subunit 1, ca +0.40 m. Heavily degraded volcaniclastic deposit with no clear texture preserved except for two 

non-volcanic grains. The volcanic glass is replaced by swelling clay minerals (s.c.m.). D) D-4.3-12-E, subunit 2, ca +0.60 m. 

Degraded lapilli tuff with a clear volcaniclastic texture of angular to subrounded grains replaced with s.c.m. and cemented with 

calcite or in smaller areas kaolinite. E) D-5.4-12-E, subunit 3, ca +4.20 m. Degraded lapilli tuff with a volcaniclastic texture of 

angular to subrounded grains replaced with s.c.m. and cemented with Fe rich calcite.  F) D-7.2-12-E, subunit 3, ca +7.30 m. 

Degraded lapilli tuff with a volcaniclastic texture of angular to subrounded grains replaced with s.c.m. and cemented mainly 

with calcite but both chlorite and zeolite occur as well. G) D-9.1-12-E, subunit 4, ca +15.30 m. Degraded lapilli tuff with a vol-

caniclastic texture of angular to subrounded grains replaced with s.c.m. and cemented mainly with calcite but both chlorite and 

zeolite are common as well. H) D-8.2-12-E, subunit 4, ca +15.60 m. Degraded lapilli tuff with a volcaniclastic texture of angular 

to subrounded grains replaced with s.c.m. and in the lower two thirds cemented with Fe rich calcite or in some dark red to brown 

areas, Ca rich siderite. In the upper one third it is instead zeolite cemented. I) D-10.3-12-E, subunit 4, ca +18.00 m. Degraded 

lapilli tuff with a volcaniclastic texture of angular to subrounded grains replaced with s.c.m. and cemented mainly with calcite 

but both chlorite and zeolite occur as well, just as some dark red to brown areas of Ca rich siderite.  
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mm in size. It is a mineralogically mature and well 
cemented sandstone with angular grains. This was the 
only sandstone clast to be identified in the core and it 
is classified as an accidental clast due to its rounded 
shape. At +1.25 m, the first two fragments of gneiss or 
granite were noted. The interval between +0.65 and 
+1.60 m has a similar composition and appearance as 
the section below but is affected by core loss as this 

one meter of material comes from a span of 2.15 m, 
that is 47% core loss.  

Subunit 3 (+1.50-+14.75 m) is a lapilli-tuff that 
starts as the colour change from the light and grainy 
texture in subunit 2 to a much darker and lower con-
trast texture with many small (< 0.2 m) lighter colou-
red pseudo-nodules in subunit 3 (Fig. 4C-D). The ce-
ment/matrix in the subunit is dark with the grains 

Figure 6. The dark-coloured mudstone at the top of the crystalline basement with ca 10-15 cm of volcaniclastics at the top (left). 

Purple notes indicate locations for samples I-III for palynology and thin sections. Left is up core.  

Figure 7. Polished slabs of the dark-coloured mudstone interval. A represents the lowermost portion of the mudstone and D the 

topmost. Arrow at the latter show the up direction for that part. The mudstone has a shifting lithology from an organic rich clay 

to a clean quartz arenite. Sedimentary structures can be seen in all parts of the mudstone. Micro-faults can be seen in the sand-

stone section of A and a close-up of this slab can be seen in Figure 8. In the top of D two larger volcanic clasts are embedded in 

the mudstone.  
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being lighter coloured. The opposite is true for the 
pseudo-nodules, with lighter coloured cement and dar-
ker grains. In a polished slab from +13.90 m, a 
seemingly oppositely coloured pseudo-nodule, for this 
subunit, can be seen cut in the middle with some of the 
surroundings (Fig. 4E). In this pseudo-nodule the con-
trast between grains and cement are low but it still the 
same cement to grain ratio as outside of it. Similar 
observations were also seen in other polished slabs.  

In the lower part of subunit 3, white cement-filled 
fractures have their first occurrence, cutting through 
the core at low to medium angles (15-50°) from the 
horizontal plane (Fig. 4D). These closed fractures are 
more and less abundant throughout subunit 3 and are 
most common in the interval +1.50 to +5.20 m. The 
last occurrence of such fracture occurs at +15.20 m, 
representing the only fracture in subunit 4. At +11.35 
m, in an area between two none fractured parts of the 
core, silica has impregnated the rock. This is the only 
part of the core where any suspected silicious fluid 
effects were noted. 

At +10.85 a piece of wood measuring 20 x 5 x 20 
mm is preserved. Due to the fragmented state of the 
core at this level it is possible to see the three-

dimensional structure of the wood as well as fibrous 
structures within it (Fig. 18). Four smaller wood pieces 
occur at +11.10, +11.50, +12.30 and at +12.40 m. At 
+13.55 the biggest piece of wood of the entire success-
ion was observed, 30 x 6 mm. At +14.70 and +15.00 m 
another two potential wood pieces being 18 x 3 mm 
and 23 x 2 mm respectively occurs. The last two wood 
pieces are uncertain, and both occurs at +15.95 m. 

Subunit 4 starts at +14.75 m, where the rock colour 
changes to almost black for the first two meters. 
Above this there is a gradual change to a more inter-
mediate grey in the top two meters. The degree of core 
loss is relatively small and the rocks in this part are 
better lithified. Less than one meter above the base of 
the subunit, lighter pseudo-nodules similar to those of 
the underlying subunits decrease in number (Fig. 4F). 
There are however similar pseudo-nodules also higher 
up, although much less distinct (Fig. 4G).  

Three accidental clasts and/or xenoliths occur in 
Subunit 4. The lowermost is dark grey with no obvious 
internal structure and most likely a sedimentary rock. 
The second is interpreted to be a basalt although its 
small size and degraded state make this interpretation 
uncertain. The third, being larger, was confirmed to be 

Fig. 8. Close-up of the lowermost portion of the mudstone (Fig. 7A). In the sandy layer several micro-faults can be seen with the 

assumed direction of displacement marked with arrows. Note that the section is not correctly oriented and that up in the section 

is the direction of the black arrow.  

Figure 9. Thin section samples from the three sample levels in the dark-colured mudstone unit. A) Mudrock mainly composed 

of coarse silt and small coal fragments with subordinate fine sand (D-I-21-L from ca +0.01 m). B) Fine-grained mudrock with 

the largest fraction being the coaly fragments and quartz in the silt fraction (D-II-21-L, from ca +0.15 m). C) Mudrock with 

roughly the same grain size as in A but lacking coaly material. Instead, millimetre sized crystals of quartz and K-feldspar are 

scattered within the sample (D-III-21-L, from ca +0.23 m).  
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a basalt xenolith. It was more angular than most of the 
other lithics in the core suggesting it to be broken off 
during the eruption.  

4.5 Thin section petrography of the volca-
niclastic unit 

Seven of the original thin sections, D-(3.2-10.3)-12
-E, were from the volcaniclastics and are described
below from observations in polarized light microscope
and SEM EDX analysis. In general, the composition of
the volcaniclastic grains corresponds to swelling clay
minerals formed from the degradation of the original
ash and lapilli glass. In all thin sections where grains
could be seen they are angular to sub rounded.

One thin section was studied from subunit 1, D-3.2
-12-E (Fig. 5C). Most of the sample consists of
swelling clay minerals originating from the alteration
of the volcaniclastic grains. The difference to other
studied thin sections is that these clay minerals make
up a heterogenous mass without a clear texture. Due to
this no proper naming of the sample could be reached.
However, a few vague grain boundaries can be seen,
with little of the original texture remaining within said
grains except for a handful of cement filled vesicles
and even fewer contours of degraded mafic mineral.
Several non-volcanic, sub rounded grains can be seen
clearly and are composed of quartz, K-feldspars or a
combination of the two.

Thin section D-4.3-12-E (Fig. 5D) from subunit 2, 
shows a clear volcaniclastic texture as a clast suppor-
ted lapilli-tuff. Both ash and lapilli grains contain nu-
merus vesicles filled with a clear cement. The cement 
is dominated by calcite, but some smaller vesicles are 
filled with alteration products from the grains. The 
intergranular cement is dominated by calcite that en-
close most grains and fills up all except the largest 
pore spaces, which instead is filled with kaolinite clay 
(Fig. 19A).  

Two thin sections were produced from subunit 3, D

-5.4-12-E and D-7.2-12-E (Fig. 5E-F). These have the
same general texture as thin section D-4.3-12-E in
subunit 2, only clearer due to a high contrast between
grains and cement and due to a lesser degree of degra-
dation.  The

first thin section coming from the lower part of the 
subunit is only cemented with iron rich calcite in both 
the vesicles and the intergranular spaces. The second 
thin section coming from the middle part of the 
subunit has several different kinds of cement. In the 
vesicles, calcite is still the dominant cement, but 
chlorite and different zeolites were also identified (Fig. 
19B). The chlorite either fills smaller vesicles or 
occurred as a rim in larger vesicles filled with zeolites. 
One of the zeolites seen is the Ba rich type called har-
motome. In the intergranular spaces the same kind of 
occurrence is seen with calcite dominating but here it 
is possible to see chlorites growing on the calcite and 
the zeolites filling out the last bit of porosities (Fig. 
19C-D). 

In subunit 4 there is three thin sections with two 
from the lower part, D-9.1-12-E and D-8.2-12-E (Fig. 
5G-H), and one from the middle part, D-10.3-12-E 
(Fig. 5I). These have the same general grain size and 
texture as thin sections from subunits 2-3, although 
cement mineralogy differs. The first thin section has 
most of its vesicles filled with calcite but it’s not the 
same dominance as seen in previous parts. Both 
chlorite and especially zeolites are more common with 
suspected chlorite zonation in several vesicles. The 
intergranular cement is dominated by zeolites but cal-
cite do still occur in local patches. Thin section D-8.2-
12-E was different in the way it was divided in two
clear halves, the upper and the lower half (Fig. 5H).
The lower half is dominated by calcite cemented ve-
sicles with some chlorite. The intergranular cement is
close to 100 % calcite with a handful of patches that
by the naked eye looks pink to dark red but in plane
polarised light looks red to brown and most of the time

Figure 10. SEM EDX photograph of thin section D-III-21-L from the upper part of the dark-coloured mudstone unit (Fig. 9). 

The high carbon areas in A are most likely carbon coated glue. In both A and B large quartz grains can be seen and in B a small 

k-feldspar is visible in the sulphur rich matrix.  



Figure 11. Taxonomic belonging based on Abbink et al. (2004);  Petersen & Lindström (2012);  Lindström et al. (2017). The 

conifer pollen Callialasporites turbatus has its first occurrence in the 0.18 m sample and has its FAD in late Pliensbachian.  
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Figure 12. Aquatic palynomorphs. Species indicative for both marine and lacustrine environments were detected in all samples. 

The first occurrence of the dinoflagellate cyst Mancodinium semitabulatumk is in sample 0.15 m and it has its FAD in late Pli-

ensbachian.  

Table 2. Palynomorphs ordered by taxonomic belonging with related plants environmental and climatic preferences as well as 

photic niches. *based on Abbink et al. (2004);  Petersen & Lindström (2012);  Lindström et al. (2017). **based on Petersen & 

Lindström (2012) and Lindström et al. (2017). ***based on Abbink et al. (2004).  

Name of paly-
nomorph 

Known or probable 
parent plant affinity 
* 

Habit/ photic 
niche ** 

Preferred environment 
** 

Preferred environ-
ment *** 

Climate (Abbink 
et al. 2004)*** 

Cycads/Ginkgos 

Chasmatosporites spp. Upper canopy Mire Lowland Drier, cooler 
Chasmatosporites apertus Upper canopy Mire Lowland Drier, cooler 
Chasmatosporites elegans Upper canopy Mire Lowland Drier, cooler 
Chasmatosporites hians Upper canopy Mire Lowland Drier, cooler 

Seed fern (Pteridospermatophyta/Pteridosperms) 
Vitreisporites pallidus Caytoniales Mid canopy Mire, riverbanks River 
Alisporites radialis Corystospermales Upper canopy Mire 
Alisporites spp. Corystospermales Upper canopy Mire 
Alisporites robustus Corystospermales Upper canopy Mire 
Alisporites thomasii Corystospermales Upper canopy Mire Tidally influenced 
Alisporites microsaccus Corystospermales Upper canopy Mire 
Chordasporites spp. Corystospermales 

Conifer 

Exesipollenites tumulus 
Cupressaceae/ 
Taxodiaceae 

? Upper 
canopy Mire Lowland(coastal) Drier, warmer 

Cerebropollenites 
macroverrucosus Upper canopy Well drained Pioneer 
Cerebropollenites thiergartii Upper canopy Well drained Pioneer 

Classopollis classoides Cheirolepidiaceae Upper canopy Well drained, coastal 

Perinopollenites elatoides 
Cupressaceae/ 
Taxodiaceae Upper canopy Mire, riverbanks Lowland Wetter, cooler 

Pinuspollenites minimus Pinaceae Upper canopy Well drained 
Callialasporites turbatus Araucariaceae Coastal Cooler 
Pinuspollenites pinoides Pinaceae Upper canopy Well drained 
Callialasporites sp. ? Araucariaceae Coastal Cooler 

Classopollis meyerianus Cheirolepidiaceae Upper canopy Well drained, coastal 
Araucariacites australis Auracariaceae Upper canopy Well drained, coastal Coastal Cooler 
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Cycads/Ginkgos/Bennettitales/Peltaspermales (Seed ferns) 
Phyllocladiidites spp. 
(Conifer?)   

? Upper 
canopy       

Podocarpidites spp. (Conifer?) Podocarpaceae 
? Upper 
canopy       

Bisaccates unidentifiable 
(Conifer?)   

? Upper 
canopy   Upland?   

Monosulcites punctatus 
(Cycads/Ginkgos?)   Upper canopy Mire, drier patches Lowland Drier, warmer 

Quadraeculina anellaeformis   
? Upper 
canopy unknown habit Upland   

Monosulcites 
"echinatus" (Cycads/Ginkgos?)   Upper canopy Mire, drier patches Lowland Drier, warmer 
Monosulcites spp. (Cycads/
Ginkgos?)   Upper canopy Mire, drier patches Lowland Drier, warmer 
Clavatipollenites hughesii 
(Angiosperm???)   ? Mid canopy Unknown habitat Lowland Drier, warmer 

Erdtmanithecales 
Eucommiidites minor Erdtmanithecales ? Mid canopy Mire     
Eucommiidites troedssonii Erdtmanithecales ? Mid canopy Mire Lowland Drier, warmer 

Bennettitales 
Monosulcites minimus Bennettitales Mid canopy Mire Lowland Drier, cooler 

Fern 

Deltoidospora minor 
Dipteridaceae, Dick-
soniaceae Understory Mire, drier patches Lowland Drier, warmer 

Deltoidospora toralis 
Dipteridaceae, Dick-
soniaceae Understory Mire, drier patches Lowland Drier, warmer 

Deltoidospora australis 
Dipteridaceae, Dick-
soniaceae Understory Mire, drier patches Lowland Drier, warmer 

Osmundacidites wellmannii Osmundaceae Ground cover Mire Lowland Wetter, warmer 
Punctatisporites globosus Osmundaceae Ground cover Mire Lowland Wetter, warmer 
Baculatisporites comaumensis Osmundaceae Ground cover Mire Lowland Wetter, warmer 
Converrucosisporites spp.   Ground cover Mire     
Marattisporites scabratus Marattiales Ground cover Mire     
Spheripollenites spp.     Mire     
Gleicheniidites conspiciendus Gleicheniaceae Ground cover Mire, drier patches Lowland Drier, warmer 
Trachysporites spp.   Ground cover Mire     
Zebrasporites interscriptus   Ground cover Mire     
Striatella seebergensis Polypodiaceae Ground cover Mire     
Gleicheniidites senonicus Gleicheniaceae Ground cover Mire, drier patches Lowland Drier, warmer 
Conbaculatisporites spinosus   Ground cover Mire     
Lycopodiacidites rugulatus   Ground cover Mire River   
Retitriletes austroclavatidites   Ground cover Mire Tidally influenced   
Retitriletes clavatoides   Ground cover Mire Tidally influenced   
Retitriletes semimuris   Ground cover Mire Tidally influenced   
Skarbysporites crassexina   Ground cover Mire     
Tigrisporites scurrandus   Ground cover Mire Lowland Drier, warmer 
Trachysporites asper   Ground cover Mire     

Gleicheniidites spp. Gleicheniaceae Ground cover Mire, drier patches Lowland Drier, warmer 
Matonisporites spp. Matoniaceae Ground cover Mire Lowland Drier, warmer 
Matonisporites phlebopteroi-
des Matoniaceae Ground cover Mire Lowland Drier, warmer 
Cibotiumspora juriensis   Ground cover Mire     
Trachysporites sparsus   Ground cover Mire     
Laevigatosporites spp. Marattiales Ground cover Mire     
Trachysporites fuscus ?   Ground cover Mire     

Bryophyte  
Rogalskaisporites cicatricosus   Ground cover   River   
Stereisporites spp.   Ground cover Mire River   
Stereisporites aulosenensis   Ground cover Mire River   
Annulispora folliculosa   Ground cover Mire River   

Lycophyte  
Kraeuselisporites reissingeri   Ground cover Mire River   
Aratrisporites minimus   Ground cover Mire, coastal River   
Aratrisporites spp.   Ground cover Mire, coastal River   
Lycospora salebrosacea   Ground cover Mire River   

Equisetales 

Calamospora tener   Ground cover Mire, riverbanks River   



24 

Figure 13. Selected dinoflagellate cysts, acritarchs and freshwater microalgae from Djupadalsmölla followed by sample and 

slide number as well as England Finder coordinates. Same scale in all pictures with scale bar being 20 μm. a) Unknown di-

nocyst, 20.33m:5, J47/2. b) “Rotundus granulatus”, 20.48m:5, H54/3. Note pore plug and slightly constricted paracingulum. c) 

Dapcodinium priscum, 20.33m:4, D29/3. Probably reworked. d) Dapcodinium priscum, 20.24m:5, D32/1. Probably reworked. e) 

Mendicodinium groenlandicum, 20.24m:8, P30/1.  f) “Rotundus granulatus”, 20.48m:5, C36/3. Note pore plug. g) ?

Nannoceratopsis sp., 20.24m:8, J29/3. Poorly preserved specimen. h) Micrhystridium sp., 20.48m:5, H26/3. i) Veryhachium sp., 

20.33m:3, K26/1. j) Mendicodinium reticulatum, 20.48m:5, N53/2. Epicyst only. k). Mendicodinium sp. cf. morgenrothum, 

20.48m:5, O38/2. Epicyst only. l) Mendicodinium sp. cf. morgenrothum, 20.48m:5, N35/3. Hypocyst only. m) Mendicodinium 

sp., 20.48m:5, O55/2.  n) Mendicodinium sp., 20.48m:5, C26/3.  o) Lecaniella korsdoddensis, 20.33m:5, J31/1. p) Lecaniella 

sp., 20.24m:8, F30/1. q) Tetraporina tetragona, 20.48m:5, K43/3. r) Veryhachium sp., 20.24m:5, E57/1.  
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has a radiating shape (Fig. 17B, 19E). These patches 
consist of Fe rich calcite interfingered with Ca rich 
siderite. In the upper part, the cement in the vesicles is 
still calcite with some chlorite but the intergranular 
cement is 100 % zeolite (Fig. 19F). Thin section D-
10.3-12-E from middle part of the subunit has once 
again a dominance of calcite cemented vesicles, some 
chlorite filled with possible zonation, and some filled 
with zeolites. The intra-granular cement is also domi-
nated by calcite, but some zeolite patches do occur as 
well as some dark streaks most likely consisting of Ca 
rich siderite.   

The five samples used for point counting, D-(4.3-
5.4, 7.2-8.2, 10.3)-12-E, show a similar result with 
none of them deviating significantly in terms of grain 
size or intragranular porosity as can be seen in the log. 
Ash grains varies between 43-48 % while lapilli grains 
varies between 19-25 %. The intergranular cement 
ranges from 27-36 %. When cement filled vesicles 
were encountered, they were counted as part of the 
grain they were found in.  

A single sample, D-4.3-12-E, were also used to 
calculate porosity before cementation. Both intra- and 
intergranular cement were counted and gave a total 
porosity of 46% with the intragranular porosity being 
16% and the intergranular porosity being 30%.  

 

5 Discussion 
5.1 The sub-Jurassic weathering surface 

As Pangea started to break up in the Triassic 
(Kimmerian rifting), many of the faults in the STZ got 
reactivated (Vejbæk 1990;  Mogensen 1994;  Mogen-
sen 1995; Michelsen 1997; Erlström 2020). This for-
med new local depocenters in Skåne and surroundings 

through much of the early Mesozoic. As these faults 
settled again and sedimentation gradually filled up the 
smaller depocenters the sedimentation moved further 
and further on to the Skåne part of the STZ, which in 
much of the Mesozoic and later times likely acted as a 
relative high compared to much of the Tornquist fan. 

In the latest Triassic and earliest Jurassic, the cli-
mate and sedimentation of the region changed dras-
tically from a warm and dry environment dominated 
by alluvial fan deposits in the Norian to a wet and hu-
mid climate during the Rhaetian with deposition of 
more intensely weathered sediments, palaeosols, coals 
and mineralogically mature sandstones (Ahlberg et al. 
2002). The sedimentation also started to reach even 
further into Skåne with many larger transgressions 
taking place from the Rhaetian and onwards (Nielsen 
2003;  Lindström & Erlström 2006), as deeply weathe-
red crystalline basement rocks in the central parts of 
Skåne started to get kaolinized weathered and/or cove-
red with siliciclastic sediments. In the northwest of 
Skåne, tidal flats dominated, depositing a mix of clay 
and sand with sporadic coal deposits, while the central 
parts were more energetic and therefor depositing clea-
ner quartz sand and locally monomict quartz conglo-
merates. In the north and northeast of Skåne, and li-
kely on some of the horsts as well, the weathered felsic 
basement rocks were still exposed. This caused the 
formation of the sub-Jurassic weathering surface and 
the associated kaolinite weathering of the crystalline 
basement.  

The high degree of chemical weathering at the top 
of the crystalline basement, the sharp transition to the 
overlying dark mudstone and, most importantly, the 
fact that almost two meter of material was washed out 
at the transition between the two units, indicate even 

Figure 14. Pollen related plants environmental preferences and photic niches based on Abbink et al. (2004);  Petersen & Lind-

ström (2012);  Lindström et al. (2017). The pollen belonging to each group can be seen in Table 2. 
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more weathered material to have been present, likely 
consisting of clean kaolinite and possibly also 
mudstone. Chemical weathering is dependent on water 
and favoured by high temperatures. The substantial 
weathering of the crystalline basement at Djupadals-
mölla cannot be the result of pre-Rhaetian weathering, 
due to the dry climate at the time (cf. Ahlberg et al. 
2003). Hence the weathering must have taken place 
sometime between the Rhaetian and the late Pliens-
bachian, as implied by the palynomorph age in the 
overlying mudstone; that is, over a time period of 

maximum 25 Ma.  
 

5.2 The establishment of an aquatic envi-
ronment 

The dark-coloured mudstone at the top of the base-
ment rocks were deposited in an aquatic environment 
(Figs. 6-7). The temporal changes in the composition 
of this unit, with interbedded layers of organic-rich 
clay/silt and fine-grained sand, suggest that the energy 
within this aquatic environment fluctuated due to the 

Figure 15. Selected pollen taxa from Djupadalsmölla, followed by sample and slide number as well as England Finder coordina-

tes. Same scale in all pictures with scale bar being 20 μm. a) Classopollis classoides, 20.48m:5, G49/1. b) Eucomiidites tro-

edsonii, 20.24m:9, K28/2. c) Perinopollenites elatoides, 20.33m:5, G47/4. d) Callialasporites dampieri, 20.24m:5, C30/3. e) 

Alisporites thomasii, 20.24m:9, N29/1. f) Pinuspollenites minimus, 20.24m:5, C33/1. g) Monosulcites punctatus, 20.24m:9, 

L44/1. h) Quadraeculina anellaeformis, 20.24m:5, C54/1. i) Lecaniella sp., 20.48m:5, P19/4. j) Alisporites thomasii, 20.48m:5, 

O56/4. k) Clavatipollenites hughesii, 20.24m:8, E39/2. l) Chasmatosporites apertus, 20.48m:5, E40/4. m) Alisporites radialis, 

20.48m:5, J28/2. n) Cerebropollenites macroverrucosus, 20.48m:5, G49/1. o) Chasmatosporites elegans, 20.24m:9, F33/4.  
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presence of weak currents. The relative common 
occurrence of dinoflagellate cysts in all four samples 
implies that there were marine influences on this envi-
ronment. However, the presence of a range of algae, 
indicative of calm lacustrine to brackish environments, 
rule out a fully marine setting. Given the pronounced 
topography of the underlying basement surface, this 
was possibly a restricted area, such as a lagoon or pro-
tected bay. 

The occurrence of the palynomorphs Callialaspori-

tes turbatus, Mancodinium semitabulatum and Nanno-
ceratopsis gracilis gives a maximum age of late Pli-
ensbachian with all three palynomorphs having their 
FAD there (Batten & Koppelhus 1996;  Poulsen & 
Riding 2003). The fact that we do not find any Parvo-
cysta, Phallocysta and Susadinium dinoflagellate cysts 
and/or common occurrences of Callialasporites pol-
len, is a strong indication that we are not in the Toar-
cian but instead in the late Pliensbachian (Batten & 
Koppelhus 1996;  Van De Schootbrugge et al. 2020). 

Figure 16. Selected spores from Djupadalsmölla, followed by sample and slide number as well as England Finder coordinates. 

Same scale in all pictures with scale bar being 20 μm. a) Punctatisporites globosus, 20.24m:5, F39/4. b) Deltoidospora minor, 

20.24m:8, F30/1. c) Deltoidospora australis, 20.48m:5, P20/2. d) Deltoidospora toralis-type, large specimen, 20.48m:4, C30/3. 

e) Gleicheniidites senonicus, 20.48m:5, L26/3. f) Deltoidospora toralis, 20.24m:8, J33/2. g) Stereisporites aulosenensis, 

20.33m:5, M23/3. h) Lycopodiacidites rugulatus, 20.48m:5, K44/1. i) Retitriletes clavatoides, 20.24m:5, E58/1. j) Gleicheniidi-

tes conspiciendus, 20.48m:5, P47/2. k) Dicyclosporis sp., 20.24m:9, L43/1. l) Foraminisporis jurassicus, 20.48m:5, Q32/3. m) 

Retitriletes semimuris, 20.48m:5, K35/3. n) cf. Manumia delcourtii, 20.48m:5, H27/1. o) Calamospora tener, 20.33m:5, P24/3. 

p) Baculatisporites comaumensis, 20.24m:8, P30/1. q) Zebrasporites interscriptus, 20.33m:5, P25/4. r) Kraeuselisporites reis-

singerii, 20.48m:5, J54/1.  
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The vegetation composition derived from the paly-
nomorph analysis support a humid and intermediately 
warm climate with plants preferring both cooler 
(Perinopollenites elatoides & Chasmatosporites spp. 
etc.) and warmer (Monosulcites spp. & Deltoidospora 
toralis etc.) climate (Abbink et al. 2004; Table. 2). It 
also gives a picture of a wetter low-land vegetation 
with the dominant pollen occurrence being Perinopol-
lenites elatoides which comes from a Taxodiaceae 

(swamp cypress; Figs. 12-14). The parent plant of P. 
elatoides is known to have preferred wetter conditions, 
such as rivers or wetlands, giving evidence for the 
lacustrine influence on the area while the sparse 
occurrence of Classopollis give an indication that con-
ditions were not optimum for the parent plants of these 
types of pollen. With the dominant environment deri-
ved from the interpretation of Abbink et al. (2004) 
being lowland and the three dominant environments 
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Figure 17. Thin sections presenting an overview of the descriptive microscopic texture and volcaniclastic terminology used. 

Close up pictures of the thin section D-4.3-12-E and D-8.2-12-E, (Fig. 5D, H). A-B) Thin section and sketch showing an unus-

ually well-preserved texture of the lapilli-tuff at Djupadalsmölla. Note larger lapilli grains with abundant calcite-filled vesicles 

enclosed in a finer ash matrix. The light red in the sketch represents the ash grains (< 2 mm). The darker red represents the lapilli 

grains (> 2 mm) and the grey represents intergranular cement or veins filled with cement. Purple is a sub rounded quartz grain 

and light blue represents a small patch of kaolinite cement. The vesicles (orange) were only added to one lapilli grain but have a 

similar distribution in the other volcanic grains. Replaced mafic minerals (grey with dark green boarder) can be seen in two of 

the grains but are likely to have occurred in many more. It is hard to distinguish these from vesicles, fissure and/or other alterat-

ions seen in the grains. C is a combination of A and B. D) This sample is more typical for the core succession due to degradation 

through clay weathering and a more even texture. Two different types of cement occur, with the dominating cement being Fe 

rich calcite. The small darker patches are Ca rich siderite interfingering with the Fe rich calcite. 20.24m:9, F33/4.  
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Fig. 18. Petrified wood with preserved fibrous structures from +10.85 m in subunit 3 of the volcaniclastic unit.  
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Figure 19. Elemental maps from EDX analysis on pyroclastic thin sections showing clear structures and different cement fil-

lings. A) D-4.3-12-E, subunit 2, ca +0.60 m. Intergranular calcite cement enclosing the volcaniclastic grains with secondary 

kaolinite cement filling up the remaining intergranular porosity. B-D) D-7.2-12-E, subunit 3, ca +7.30 m. In B several vesicles 

with calcite, chlorite and two larger vesicles with zeolite cement were noted. The lower one of the two zeolite vesicle reaches 

towards the Ba endmember of zeolite, harmotome. In C, three different generations of intergranular cement can be seen with a 

first generation of calcite, followed by a thin layer of chlorite and lastly filled out with zeolite. In D a larger and smaller quartz 

grain occur alongside the volcaniclastic grains.  E-F) D-8.2-12-E, subunit 4, ca +15.60 m. In E the typical calcite cement compo-

sition can be seen in the lower part of the sample, while in F, the upper part, the zeolite cement has taken over as the only inter-

granular cement with calcite still cementing the vesicles.  
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derived from the interpretations of Petersen & Lind-
ström (2012) and Lindström et al. (2017) was, mire 
(15-28% tpc), mire/riverbanks (22-34% tpc) and mire/
drier patches (16-28% tpc; Fig. 14). This suggests a 
wet lowland in and around the area with somewhat 
limited topography. 

Eight out of the total eleven reworked paly-
nomorphs were found in the uppermost sample of the 
mudstone, suggesting more erosion of older strata in 
the surrounding area during this time. The proportion 
of reworked material is however low for this rock type 
in early Jurassic of Skåne (Guy-Ohlson et al. 1987;  
Lindström et al. 2017). The unusually dark pollen 
grains that do not differ in age from the remaining 
palynoflora in the top sample could possibly indicate 
burning from a forest fire (personal communication 
Sofie Lindström 2021). 

 

5.3 Volcanism 
The first clear signs of the volcanic activity in the 

core comes from the volcanic clasts pressed into the 
top of the dark-coloured mudstone unit. The clasts are 
embedded in the topmost part of the mudstone 
implying that the mudstone was still unconsolidated 
when the clasts were deposited. This strongly supports 
the idea of the mudstone and volcaniclastics being of 
the same age, namely late Pliensbachian. This is in 
good agreement with the nearby basalt outcrop of 
Eneskogen and Jällabjär, 1 and 3 km away, dated to 
182.1 ± 0.6 and 183.5 ± 0.8 Ma, respectively (Bergelin 
2009).  

The finer details of the eruption or if it was several 
eruptions are difficult to resolve. The lack of clear 
bedding features, sedimentary structures or fabrics 
make interpretation of depositional processes difficult. 
The succession is overall homogenous and there are no 
evidence for repeated eruptions of different composit-
ion. Notable is the more than twenty pieces of preser-
ved wood implying eruption, transportation and depo-
sition across forested areas. Another feature is the 
small grains of quartz and K-feldspars that are embed-
ded in the matrix and cement with the other grains (see 
also Augustsson (2001)). The grains are so small that 
it is unlikely that they would be picked up from the 
wall rock but instead have been picked up on the sur-
face. Grain of the same type and size are also found in 
the topmost sample of the mudstone supporting the 
fact that these comes from the surface. The only two 
depositional processes that fit all these descriptions are 
pyroclastic flows, and lahars (Fisher & Schmincke 
1984;  McPhie et al. 1993). A pyroclastic flow is a 
surge of hot gases and volcaniclastic material that 
follows the topography of the landscape and forms a 
direct deposition in low lying areas. A lahar on the 
other hand is a redeposition process that take place 
when previously deposited volcaniclastic material gets 
remobilised by water as a mass movement and just as 
the pyroclastic deposit follows the topography to low 
lying areas. Lahars are commonly taking place shortly 
after eruptions before vegetation can stabilise the 
ground. Both processes could pick up the wooden 
material as well as the accidental lithics and would 
explain the fine-grained quartz grains in the rock. The 
distance for the deposition or the redeposition would 
likely be quite short as during longer transport a higher 

degree of sorting and rounding is usually achieved. If 
the volcaniclastics came from a strombolian eruption 
in the form of a scoria cone as suggested by Au-
gustsson (2001), and the eruption was located at either 
Eneskogen or Jällabjär both processes could explain 
the deposit at Djupadalsmölla.  

As the first subunit, 0.25-0.45 m, is both pushed 
into the mudstone and more degraded (Figs. 4-5D), it 
is likely that the area was at least wet or partly covered 
by water. The water body must however have been 
rather small/shallow and have a low energy level to 
not sort and round of the grains. 

 

5.4 Post-volcanic events 
The calculated intergranular porosity of 27-36% 

and the total porosity of 54% in sample D-4.3-12-E 
supports limited compaction and thus early lithificat-
ion of the strata at Djupadalsmölla. This conclusion 
was also reached by Augustsson (2001). Four or five 
different types of cement are documented. In samples 
D-4.3-12-E and D-7.2-12-E it is possible to note the 
order. As calcite is the first cement to form in both 
samples and grow on the grains with kaolinite coming 
second in D-4.3-12-E and chlorite coming second in D
-7.2-12-E with zeolite precipitating last. The finding of 
Ba rich zeolites like harmotome both in this study and 
in the study by Augustsson (2001) gives strong evi-
dence that a subsequent marine transgression affected 
the diagenesis. The reason for this is that seawater is a 
major source of barium and, as discussed in the 
previous part, only a very shallow water body must 
have been present during the deposition.  

Two other events that are hard to place in the chro-
nology of the site is the tilting and micro faulting of 
the mudstone. Both could have taken place before the 
volcanism, but this is highly unlikely as the same ang-
led tilt can be seen in features of the volcaniclastics at 
the outcrop. More likely is that the movements took 
place either during the volcanism as the forces from 
the incoming volcaniclastics might have affected the 
mudstone or after as results from fault movements in 
the STZ during the Mesozoic. 

 

6 Conclusions 
The studied strata in the Djupadalsmölla drill core 

can be subdivided in three rock units; a kaolinite-
weathered crystalline basement overlain by a thin 
mudstone unit rich in palynomorphs and volcaniclastic 
strata.  

A late Pliensbachian age is suggested from the co-
occurrence of rare Callialasporites turbatus, Mancodi-
nium semitabulatum and Nannoceratopsis gracilis, but 
also the absence of Parvocysta, Phallocysta and 
Susadinium dinoflagellate cysts and/or common 
occurrences of Callialasporites pollen. 

The environment in Djupadalsmölla in the late 
Pliensbachian was a warm humid climate in a lagoon 
or protected bay with both marine and lacustrine in-
fluences. A thick forest cover dominated by swamp 
cypresses, other conifers, ginkgoes, and seed ferns 
spread out in the sky and a thick understory/ground 
cover with different kinds of ferns covering the 
ground.  

The volcaniclastic deposit in Djupadalsmölla is a 
massive, calcite cemented lapilli tuff, partly replaced 
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by swelling clay minerals. Minor cementation of zeoli-
tes, chlorite, Fe rich calcite and Ca riche siderite also 
occur. The stratigraphic changes in colours and degree 
of lithification are most likely related to diagenetic 
processes. The depositional process that formed the 
deposit in Djupadalsmölla have been suggested to be 
both a pyroclastic flow (Augustsson 2001) and a lahar 
(Norling et al. 1993;  Wikman & Sivhed 1993). Both 
are likely and no evidence to rule out one or the other 
have been reached in this study. It is however clear 
that the transport distance from the source was very 
short and the nearby basalt outcrops at Eneskogen and 
Jällabjär are the most likely sources or having the 
same source due to concordant ages of around 183 Ma 
(late Pliensbachian) and the distance. 
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