Bull. geol. Instn Univ. Upsala N. S. 3, 4: 3 7-78, 1 97 1

GRAVITY TECTONICS ON ÖLAND
Ove Stephansson
Institute of Geology, University of Uppsala
Box 5 5 5 , S- 7 5 1 2 2 Uppsala, Sweden
( Submitted April 1 5 , 1 9 7 1 )

The most striking structures of southern Öland are
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Domes with diameters of about 200 m have been
found at two places on southern Öland. The domes are
"single-layer domical diapirs" and result from buoyancy
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age of formation is presenred for the different diapiric
structures on southern Öland.
Two !arge structures are described from central Öland.
The Mossberga dome, with a diameter of about 4 km,

examined the small domes described by Palmqvist
( 1 965 ) , the ridge Hog's Back (Svinryggen) mapped
by Bergsten and Svensson ( 1 963) and the structures

is concentrically built of outward dipping Lower Ordovi

mentioned by Königsson (op. cit.) including the

cian Iimestones i n the random part with successively

Resmo-Ekelunda zone and the small ridges at

older rocks

rowards

its

centre.

The

dome-generating

Gösslunda and west of the Hog's Back. Further,

irregularity at Mossberga is a monadnock of Archaean

the folds described by Lindström ( 1 963) from

quartzite which i n all prohability protrudes

into the

overlying bituminous shale of Middle Cambrian age.
The gravitational instability of light shales overlain by

several localities on Öland were analysed. The
structures showed many striking similarities with

denser limestene made the doming possible. The eectonic

those

style in the area of Borgholm differs from other places

prompted detailed mapping of the Öland struc

on Öland. Faulting and rather strong ti!ting of Jimestorre

tures.

units are found, e.g.

along the Gestadås structure.

obtained

in

centrifuged

models.

This

Small domes and ridges with diameters and wave

The Great Alvar on southern Öland was mapped

lengths of around one meter are the most characteristic

in 1 969 with support of aerial photographs on

structures on northern Öland. Single-layer domical or

the scale of 1 : 5 000, kindly placed at my disposal
by Professor L.-K. Königsson (Fig. 1 ) . At that

anticlinal diapirs dominate and mar! is the most common
buoyant material. The very early occurrence of d iapirism
in the history of the sediments is readily deduced from

time the idea of gravitational emplacement of

the almost harizontal bedding in the very next mar! or

the large structures on the Great Alvar, due to a

limestene bed above the bent one.

density inversion in the strata, was supporred by
the report of true shale domes in the Gulf Goast

INTRODUCTION

area of the United States (Gilreath, 1 968) . Results

Ever since Professor Hans Ramberg organized the

from a series of rock density determinations of
different stratigraphic units on Öland, made by

eectonic laboratory at the Institute of Mineralogy
and Geology at the University of Uppsala in the
early sixties, studies there have revolved round
different types of gravity tectonics. For the ex
perimental model studies of gravity eectonics the
use of a large-capacity centrifuge has yielded new
and important results (Ramberg, 1 963a, 1 967 ) .
Theoretical analysis within the field o f geodyna
mics has proceecled hand in hand with the ex
perimental work. In the search for a field area
displaying structures where theory, experiment
and observation in the field could be intimately
linked together the island of Öland is found to be
well suited.
The possibility of Öland as a field area, where
some of the theoretical and '=xperimental results
on gravity eectonics could be tested, arose through
personal communications with Dr. K. Palmqvist
in February 1 968. In 1965 Palmqvist described
small dome structures on southern Öland. In the
spring of 1 968 I also paid attention to some of the
structures - mainly the ridges - and the tectonic
map presenred by Königsson ( 1 968) .
In the summer of 1 969 I visited Öland and

Dr. B. Dahlman at the Geological Survey of Swe
den, clearly show that density inversion exists
in the strata ( Dahlman, personal communica
tions ) .
Mapping of tectonic structures o n t h e central
and northern part of the island was performed
during the summer of 1 970. As might have been
expected the large ridges or anticlinal diapirs
mapped on southern Öland were not found on
other parts of the island due to the small thickness
of the buoyant layer of alum shale. On central
Öland special attention was called to the two large
structures at Mossberga and Gestadås; both were
investigated in the early thirties under the guidance
of Dr. O. Meier. On northern Öland the investi
gations have been concentrared on the weil
exposed cliff of Västra Landborgen along the shore
of Kalmarsund and the area immediately east of
the cliff. The fold structures at Horns Udde,
described by Lindström ( 1 963) , were analysed in
detail.
Since the structures to be found on Öland appear
in different litho-stratigraphic units, and more-

Gravity Tectonics on Öland
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over, as the information concerning these units
is spread in different publications, there was need
of a stratigraphic review. This has been compiled
mainly from the works of Hedström and Wiman
( 1 906) , Westergård ( 1 936, 1 947 ) , Bohlin ( 1 95 5 ) ,
Jaanusson ( 1 960a) , and Martinsson ( 1 965 ) .
Same o f the large structures mapped on Öland
are interesting from a hydrogeological point of
view. Hence, the major results of the mapping
have been communicated to Drs. B. Dahlman,
H. Möller, and J. Pousette at the Geological Survey
of Sweden.

REVIEW OF THE STRATIGRAPHIC SETTING
AND THE APPEARANCE OF DIAPIRIC
STRUCTURES ON SOUTHERN ÖLAND
The island of Öland on the eastern coast of Sweden
is built up of Cambrian and Ordavieian rocks, the
latter represemed mainly by limestones. In general
the strata dip very gendy ESE and the boundaries
between the different units run roughly along the
island. The oldest rock found on Öland is the
top of the Lower Cambrian Sandstone. This rises
u

above sea-level wirhin a small area on the shore
at Mörbylånga. The bottom part of the Middle
Cambrian, the Eccaparadoxides oelandicus Beds,
consists of more or less arenaceous shales, Wester

w

gård ( 1 936) . South of Mörbylånga the unit rises

x

above sea level and occupies a narrow strip along

1-

the shore, Fig. 2 . According to Westergård (op.
cit.) the thickness of the O elandicus Beds is sup
posed to be around 2 5

m

in the area of Mörby

långa. However Martinsson ( 1 96 5 ) found that if
the sequence is not disturbed, the Oelandicus Beds
at Mörbylånga can hardly exceed 7-8 m in
thickness. Towards the north the thickness of the

O elandicus Beds increases and a bituminous shale
forms the bottom part of the beds. The outcrop
of Lower Cambrian sandstorre tagether with the
moderate thickness of the Oelandicus Beds in the

10

20 km

Fig. l. Sketch map of Öland showing the main division
into southern, central, and northern parts. The shadowed
area is the Great Alvar, compiled from the physiogno
mic map by Königsson ( 1 968) .
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Fig. 2. GeologicaJ map of s outhern Öland
compiled from geological maps of the Swe
dish GeologicaJ Survey

(Munthe

1 9 02b, Hedström & Wiman

1 9 02a,

1 9 06)

and

the map of southernmost Öland by Jaa
o

5

10 km

nusson ( 1 9 60) .

area of Mörbylånga seem to be intimately related

cover it is difficult to strictly distinguish the two

to the main ridges or anticlines on the Great

facies, and their stratigraphic relationships are

Alvar. The strike of these ridges radially converge

fairly obscure. The extremely easily weathered shaly
facies are very similar to those of the Oelandicus

towards the Mörbylånga area.
The upper boundary of the Oelandicus Beds is
lithologically and faunistically sharply marked by

Beds (Martinsson, op. cit.) .

the Acrothele granulata Conglomerate. Above this

and the escarpment of the "Västra Landborgen"

The main strip between the Oelandicus Beds

are the Paradoxides paradoxissimus Beds which

is occupied by the Paradoxissimus Beds, Fig. 2 .

according to Martinsson (op. cit.) comprise two

The total thickness o f these i s about 6 0 m in the

typical facies, one with a considerable content of

southern part of the island. Above this the Para

siltstone beds with shaly interealatians called the

doxides forchhammeri Zone is represenred on
Öland by a thin and sparadie conglomerate, the

Paradoxissimus Siltstone and the other a grey
shale without distinct siltstone beds called the
Paradoxissimus Shale. Owing to the Quaternary

Exporrecta Conglamerate which is covered by the
Upper Cambrian Olenid Series. The alum shales

Gravity Te ctonics on Öland
embracing the Olenid, Dictyonema, and Cerato
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l

pyge Shales ( the two latter belonging to the Ordo
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vician) will be treated in more detail since they
are of great importance in the formation of the
main ridges and some of the dame structures.
Our knowledge of the alum shale is mainly based
upon the work of Westergård ( 1 944, 1 947) .
The Olenid Shale has a thickness of around
1 3 m at Ottenby in the somhemmost part of the
island which gradually decreases to about 5 m at
Mörbylånga. The isopachytes run in an east-west
direction.

Stinkstone is very common

in

15
MÖRBYLÅNGA

the

SÖORA BÅRBY

Olenid Shale, 2 4-63 % per volume, but is almost

C\

lacking in other beds of the alum shale. The

c,
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/
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isopachytes of the Lower Ordavieian Dictyonema
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.,.. ) -

l
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/

/
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Shale have a direction more or less coincident

,

with the length of the island. The thickness along

'
,

15

the eastern coast Iine is about 8 m in the southern
most parts and the unit vanishes 4 km E of Mörby
långa. Finally, the Ceratopyge Sha!e, developed as
alum shale extends half way between Mörbylånga
and Ottenby. The thickness of the Ceratopyge
Shale in the boring at Ottenby is 2 . 3 m. The

,..,

l
l
l
l
l

l
l
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isopachyte map, Fig. 3, shows the total thickness of
the alum shale. This figure was constructed from
the isopachyte map of Westergård ( 1 947) tagether
with information provided by The Water Weil
Archives of the Geological Survey of Sweden. The
isopachyte map shows a remarkable thickening
of the alum shale along the main ridges. From
a weil at Kvinsgröta in the centre of the Bårby
As Ridge the thickness is known

to

ll

20

be 3 2 .7 m.

Further, small Iocal outcrops of Dictyonema Shale
are found in the central part of the same ridge
just south of Bårby. Guterops of alum shale are
not known from the Triberga and Resmo-Sandby
ridges but narrow zones of Limbata and Plani

limbala Limestone in stratigraphically younger
Iimestones are found, and are an indirect proof
of piercement and hence a thickening of the alum
shale. There is supposed to be a slight divergence
of the normally NNE striking isopachytes in the
northern part of the Great Alvar at the eastern
part of the Dröstorp ridge and the Vickleby
ridge.
The upper part of the Tremadocian Ceratopyge

10 km

Fig. 3. Isopachyte map
Lower

Ordavieian

alum

of

the

Upper

Cambrian

and

shales.

The

thicknesses

are

compiled from the weil record office of the GeologicaJ
Survey of Sweden; S m interval of isopachytes.

Shale is a glauconitic shale; the glauconite content
sometimes reaches 85 % of the mass of the rock
according to Badding ( 1 93 2 ) . The thickness of the
glauconitic shale is 0.3 m on the shore W of
Ottenby and 0.9 m at Bårby (Hadding, op. cit.,
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fig. 3 ) . The late Tremadocian Ceratopyge Lime

along the "Västra Landborgen" except in the area

stone makes up the basal part of the so-called

of Smedby and east of Södra Bårby, Fig. 2.

orthoceratite limestone. It consists of beds of grey

The Vaginatum group of Iimestones belonging

glauconitic limestone interealared with layers of

to the Kunda stage of the Lower Ordavieian con

greenish gray shale. Outcrops in the quarry of

sists of light gray pale brownish to brownish
red Iimestones (recrystallized calcarenites) . In the

Degerhamn and investigations by Hadding ( 1 932)
and Tjernvik ( 1 956) indicate a thickness varying

southern part of the island the total thickness is

between 0.3 m and 1 . 5 m. The interealared shales

around 9 m. The Vaginatum Limestone - very

of the limestone beds of Tremadocian and Areni

capable of resisting denudation - occupies the

gian ages and the underlying Tremadocian glauco

main part of the Great Alvar. A thorough descrip
tion of the Vaginatum Iimestones is available for

nitic shale are supposed to be the driving agencies
in the formation of the intermediate dome struc
tures along the western part of the Great Alvar

northern Öland ( Bohlin 1 95 5 ) but is still lacking
for the southern part.

and some of the saddle-shaped ridges on its western

The stratigraphy and lithology of the Viruan

and central part.

(Middle Ordovician) Iimestones of the bedrock of

According to Tjernvik ( 1 95 6 ) and Lindström

the northern and southern part of Öland has been

( 1 963) the Arenigian of Öland is from the top

worked out by Jaanusson ( 1 960) . He has presenred

divisible into:

a

Lepidurus
Limbala

Limestone

Billingen

Stage

Hunneberg

Stage

Limeston e

The Billingen and Hunneberg Stages are equi
valent to the previously used term Planilimbata
Limestone. The total thickness of the Planilimbata
Limestone is about 8 m, and the Limbala and

Lepidurus Limestones are each around 3 m in
thickness. The lower part of the Arenigian Iime
stones are layered with marly and shaly intercala
tions. According to Jaanusson ( 1 960a) the Areni
gian limesrones, except for the Lepidurus Lime
stone, can be classified as calcilutites and calca
renitic calcilutites. At the base of the Lepidurus
Limestone more sandy sediments have undergone
a strong recrystallization and most of the limestone
has therefore been classified as a recrystallized
calcarenite. In the sense of Jaanusson ( 1 952) the
limit between calcarenite and calcilutite is drawn
at about 20 % per volume of the "sand fraction"
in the limeston e. Lindström ( 1 963) has investi
gared fold structures with wavelengths of about

combined litho- and bio-stratigraphic classifica

tion. The Segerstad Limestone which is of Aserian
age forms the bottom part of the Viruan of Öland.
The limestone is a reddish brown, mostly thick
bedded calcarenite sometimes with interealatians
of finely nodular limestone. The uppermost parts
consist of coarse extensively recrystallized calcare
nites with occasional interealatians of beds of
fine!y nodular limestone or mar!, Jaanusson (o p.
cit. ) . The entire succession is known from the
borings at Skärlöv and Gammalsby where the
thickness is around 3 m. Throughout the whole
of Öland the Segerstad Limestone is overlain with
bedded calcarenites which belong to the Skärlöv
Limestone. The thickness of the Skärlöv Limestone
varies between 1 . 5 and 2 m. The mar! layers
belonging to the Segerstad and Skärlöv Limestones
are supposed to have actively participated in the
formation of the saddle-shaped ridges and inter
mediate domes on the eastern part of the Great
Alvar at Segerstad and Mellby.
The Skärlöv Limestone is overlain by the Seby
Limestone, a reddish brown bedded limestone
( mostly calcarenite) interealared with fine nodular

0.5 m at several places on the island. The folds
were found in the entire lower part of the
Arenigian but were most common in the lower

Fig. 4. Stratigraphic position of tectonically active layers
in

the

formation

of

different

southern central Öland.

diapiric

structures

on

The thicknesses of the straci

part of the Billingen Stage. The Lower Ordavieian

graphic units are approximate and refer to southern

below the Kunda Stage occupies a narrow strip

Öland.
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limesrone; the thickness rs around l m. The
superiroposed

Folkeslunda

sence of open joints and soil-filled joints, in

Limestone is a grey

which growths of grass, herbs and bushes is a

calcarenite with interealadons of finely nodular

common phenomenon, favoured the study of sets

limestone and marl.

Following the litho-strati

of joints using aerial photographs. Master j oints

graphic division of Jaanusson (op cit.) the Skär

and sets of major joints presenred on the struc
tural map ( Fig. 5) were drawn from aerial photo
graphs at a scale of 1:5 000. Although the small

löv, Seby und Folkeslunda LimestOnes belong to
the Lasnamägi Stage. The entire succession of
this stage is known from the boring of Gam

thickness of soil favoured the discovery of the

malsby and is 5.3 m in thickness. The Iimestones

structures on the surface the often very slight

have

range of exposures close ro the eastem

divergences in dip of most of the ridges and

boundary of the Great Alvar. Domes of small and

domes from the gently dipping plateau made it

intermediate size - diameter 0.5 ro 5 m - appear

difficult. However, the measurements of strike
and dip of the limestone beds were facilitated

a

in the Seby Limestone on the Baltic sea shore
north of Hålnäs situated 2 km SE of Sandby.
The stratigraphically youngest unit exposed on

due to the presence of ephemeral swamps or
temporary pools, i.e. shallow warer-filled depres

southem Öland is the Furudal Limestone which

sions in the bedrock surface mostly dammed by

belongs to the Uhaku Stage. The rock is mainly

scarps or

calcilutite with intercalations of finely nodular

extent and the depth of the shallow water in

sometimes grave! ridges.

Here the

limesrone and mar!. The calcilutitic development

different parts of the pools or swamps clearly

and the marl interealadons are concentrared in

indicated the strike and dip of the bedding

the lowermost parts with an areal extension over

surfaces.

the whole of Öland.
The stratigraphic column, the main lithology

Th e main ridges

of the beds and the stratigraphical position of the

The divergent dips of the limesrone beds at the
ridges contrasting with the almost flat-lying

tectonically active layers in the formation of the
different

diapiric

structures on southem

and

central Öland are presenred in Fig. 4. The stared
thicknesses of the stratigraphic units are approxi
mate and refer to southem Öland.

surmundings were mentioned by Munthe ( 1 902a,
1 902b) in the description of the gological maps
of southem Öland. In a description published
somewhat later Hedström and Wiman ( 1 906)
made several references to divergent dips of the
limesrone beds at separate localities along what

DESCRIPTION AND CLASSIFICATION OF

is now found to be the continuous ridge or an

THE RIDGES ON SOUTHERN ÖLAND

ticline between Södra Bårby and As. This main
ridge with a total length of almost 30 km strikes

The Great Alvar of Öland on which most of the

NNW-SSE in its northem part bur tums some

anticlinal

have been in

what towards a N-S direction in its southem part.

vestigated is a slightly ESE-dipping plateau mainly

The width of the ridge varies between 5 0 m and

consisting of the so-called orthoceratite limestone.

300 m and the more or less harizontal denudation
surface shows in several places rather steeply

and domal structures

A general description of the morphological pat
terns of the area is present ed by Königsson ( 1 968)

dipping older limestone beds in the centre flanked

in a comprehensive work on the Holocene history

by successively younger and more gently dipping

of the Great Alvar.

beds. Along the Södra Bårby-As Ridge several

The generally very thin soil and the lack of

marked culminatians occur which are indicated

soil in several areas makes the whole Great
Alvar a karst area characterized by strong weathe

on the structural map by curves in the border
Iines, Fig. 5.

ring and intensive jointing in sets of different

Close to the norrhem end of the Södra Bårby

frequency, size, and degree of opening. The pre-

-As Ridge we notice a collection of regularly
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spaced circular domes with an average diameter of
10 m. In the same area we also find a row of
round

or

slightly

elongated

depressions

with

smooth inwardly dipping edges. These depressions,
often more than one metre deep, have been
classified as dolines by Nilsson ( 1 965 ) . Similar
structures are also found closely connecred with
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structural patrerns and they are all supposed to
have had the same type of origin, i.e. gravitationally
controlied piercement of the overlying, tectonically
passive limestone beds by the underlying, tecto
nically active shales. The strong vertical forces
associated with the vertical movements have led

dolines show strong evidence of a deep-seated

to the formation of bending folds (Ramberg,
1 963b) . Another srriking characteristic is the
remarkable change in direction of joint sers or

denudation process due to glacier movements

sarnerimes

the main ridge at Resmo. Many of these so-called

affecring the ofren strongly joinred Iimestones
close to the main ridges. Hence, quasi-dolines

joint systems ( intersecring sets of
joints) when we move towards the ridges from
the outside (cf. the structural map, Fig. 5 ) .

would be a better term for these structures. Local

The main ridges with their strongly joinred

abnorma! dips of limestone beds due to weathering
and wash out of loose material is a fairly common

binge regions have offered a good opportunity to

feature on the top of the scarps associared with

eroded parts form depressions in the almost flat

the limbs of the main ridges.

lying surroundings and have served as a suitable

Hedström and Wiman (op. cir.) also mentioned
the main ridge between Resrna and Ekelunda
which they classified as a "broken saddle" charac
terized by upwarping of older limestone beds inro
younger. However, this ridge is found to conrinue
further east of the village of Ekelunda till ir
becomes covered by grave! at the Alvar barder,
1 . 3 km W of Sandby church. Hence, the ridge
is hereby called the Resmo-Sandby Ridge. In
the area of Ekelunda the ridge bends slightly
towards the north and becomes narrower. This
narrowing accompanied by less pronounced dips
of the limestone beds of the ridge as we move
towards the northeast appears to be due to a

denudation during the last ice movements. These

area for deposition of moraine and glaciofluvial
materials when the land ice left Öland. Conse
quently, we now often find grave! deposits situated
in, or close to, the centres of most of the main
ridges (cf. the physiognomic map and figs. 10, 1 5 ,
and 1 8 i n Königsson ( 1 968) . Königsson found
rhat many of the deposits still preserved were
tectonically controlied and in a sketch map he
also presenred possible tecronic zones on the
Great Alvar.
Laoking at the mam ridges as tecronic zones
implies amongst other things a high frequency
of joints and �ers of joints and automatically
gives the ridges a great importance for the
subterranean drainage of !arge areas of the Great

thicker overburden of limestone. This ridge also
shows several culminations.

Alvar. Several productive springs are known from

The Dröstorp Ridge, cut by the outler of the

ridges are never dry. Further, Jooking at the

Dröstorps Mose and running in an ENE-WSW

map showing the archaeological monuments wirhin

direction, shows a remarkable narrowing towards

the Great Alvar (Königsson, op. cit. fig. 1 04, p.
1 4 7 ) , we norice a strong concentration of groups

the southwest. This part of the ridge also differs
samewhat from the ordinary partern of the main
ridges as regards the denudation and dimensions.

the main ridges, and wells situated wirhin the

of old house foundations, strongholds, and graves
close to the main ridges and hump-back ridges,

Here, a narrow inract anricline rises about 2 m

Le. m areas which have offered reliable water

above the flat-lying surmundings and one and the

resources.

same limestone bed endases the strucrure. Hence,
this part of the ridge belongs to a type of structure
which is here called a hump-back ridge. Except

The hump-back ridges

for the southwestern part of the Dröstorp ridge,
the main ridges as a whole show very similar

ridges and hump-back ridges is based upon differ
ences in morphology, dimensions and to some

The propo�ed division of the ridges into mam
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Hump-back ridges

are

often

oriented paraHel with

surrounding set of joints. The domes

a

have tangential

and

radial

joints.

The direction

of primary

and

se

condary joint sets according to Kaufmann ( 1 9 3 1 ) are
shown.
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Fig. 6. Hump-back

rid

ge. The so-called Hog's
Back,

situated

2.5

km

NW of Gösslunda, cen
tral Great Alvar. A mor
phological description of
the

ridge

Bergsten

is
and

given

by

Svensson

( 1 963).

extent ongm. In contrast to the mam ridges the

and orientated parallel with the major single

hump-back ridges are intact anticlines consisting
of upright folds of bedded limestones. These

joint or joint set which occurs in the vicinity of
the ridges. However, same of these parallel joims

anticlines rise above the almost flat-lying sur

situated clo�e to the ridges have either developed

roundings and often a single limestone bed covers

or become accentuated during the formation of

the whole structure. The length of the ridges varies

the amicline. The majority of the ridges are

from a few hundred metres up to almost two

straight except for two which show a slight and

kilometres. The width or wavelength seldom ex
ceeds 50 m and an average value of 1 0 m is

rather narrow offset. Culminatians are also present

rather representative for most of them, although

gradually die out in both ends. A morphological

along some of the ridges. Normally the ridges

values as low as a few merres do occur. The

description of the most significam ridge, the so

height or amplitude measured from the almost

called Hog's Back situated 2.5 km NW of Göss

flat-lying surmundings varies from a maximum

lunda, the central Great Alvar, is presenred by

of 2

Bergsten and Svensson ( 1 963) .

m

for the largest ridges down to a few

decimetres for the small ones. The areal distribu
tion of the ridges is rather scatrered although we

Origin of the two types of ridges

notice a certain concentration in the middle part
of the Great Alvar (Fig. 5 ) . We also find that

Besides the differences in morphology and di
mensions between the two types of ridges there

most of the hump-back ridges are located near

is also some slight difference in origin. The joint

Gravity Te ct onics on Öland
pattera close to the hump-back ridges indicates
that the ridges were initiared at the site of early
formed sets of j oints. These joints have lowered
the strength of the overburden and favoured
growth of the ridge. Some of the sets of joints
now observable in the vicinity of the hump-back
ridges were certainly developed during the process
of growth or folding and represent failure foUowed
by a plastic deformation. A

strict distinction

between these two main types of joints is almost
impossible due to the strong weathering.
The dimensions and general appearance of the
hump-back ridges in relation to their stratigraphi
cal position indicate relatively thin and shallow
source layers. Since the thickness of the inter
ealatians in the different limestone units seldom
exceeds the scale of decimetres there must have
been s everal layers of marl and shale which
cooperated in the formation of the hump-back
ridges. The same is true for the domes of inter
mediate size found at several places on Öland.
The stratigraphical positions of the source layers
for the hump-back ridges are shown in Fig. 4.
Along the main ridges we do not find any
marked sets of joints running parallel with the
ridges which could have initiared the formation
of the ridges. From the structural map, Fig. 5 ,
w e notice a remarkable change i n the number
and direction of sets of joints as we near the main
ridges. This characteristic is mainly thought to
be connected wth the growth of the ridges and
represents failure following the plastic growth.
The present position and direction of the main
ridges seem to have been controlied by early
tectonically formed weak zones radially diverging
from the area of Mörbylånga just west of the
border of the Great Alvar on the leve! with
Resmo. Hence, some of the different sets of
joints now visible in the vicinity of the main
ridges could also be of another type developed
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Classification of the 1·idges
In this section we will first establish a description
and classification of the geometry and morphology
of the ridges which does not involve any genetic
terms. Later we will find that in the case of the
ridges on southera Öland there are also possi
bilities of introducing genetic terms.
Following the non-genetic description and classi
fication of folds according to Ramsay ( 1 967, p.
345) the terms that describe the parts and shapes
of folds can be divided into two groups: those
which refer to a single folded surface wiehin the
structure and those which describe the relationships
of adjacent surfaces. In our case the description

of the single folded surface will be mainly restric
red to the exposed surfaces of the intact hump
back ridges. Generally, the crest and binge Iines
here are coincident and run rectilinearly except
for two of the hump-back ridges which show a
slight offset. Culroinations and depressions are
fairly common and can be found along both types
of ridges. The fold profiles of the single binge
folds, i.e. the cross sections of the folded surfaces
perpendicular to the binge line, are mainly of two
types: (a) those with a narrow augular binge zone
often associated with a marked open joint running
parallel with the binge Iine, (b) those with a gently
curv�d binge zone, cf. Fig. 6. Both types of fold
profile can be found in one and the same ridge.
Very often both types of folds show straight limbs.
The interlimb angle varies between gentie ( 1 80 °
t o 1 20 ° ) and open ( 1 20 ° t o 7 0 ° ) according t o the
fold description suggesred by Fleuty ( 1 964) . Inter
Iirob angle, wavelength and amplitude of the
folds are to a !arge extent dependent upon the
leve! of the exposed surface in relation to the top
of the source layer. Wavelengths and amplitudes
of the two types of ridges, presenred in the previous
section, are in both cases referred

to

the almost

in connection with the formation of the eectonic

flat-lying surroundings as a median surface.

weak zones.
The dimensions and tectonic style of the main

Information about the relations of adjacent
surfaces in the ridges is almost lacking for the
hump-back ridges whereas the planed off main
ridges offer some information. From dip measure
ments across the main ridges the results point to
almost vertical axial surfaces which biseec the

ridges tagether with their stratigraphical and
geographical position indicate a formation where
the light and ductile alum shales act as buoyant
source layers.
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turn implies that the

the layers have a eonstant orthogonal thickness and

ridges are symmetrical folds. Deviations from this

interiimb angle which

the thickness of any bed measured parallel to the

rule are known from a few places, e.g. along a
distance of about 2 km south of the bend of the

axial trace of the fold is always greater than that at

Bårby-As Ridge and at some places on the bend
of the Resmo---Sandby Ridge. Using the terms

subclasses of fo!ds the reader is referred to Ram
say (o p. cit., p. 367 ) .

m

to describe the attitude of folds based on the
dip of the axial surface and on the plunge of
the binge Iine ( Fleuty, op. cit. ) , the ridges found
on S. Öland can be classified as upright sub
harizontal folds. Because of the fact that decolle
ment structures are often associated with buckling
of one or several competent layers underlain by a
much less competent layer the ridges show a
striking similarity with a decollement structure.
As in the decollement structures the limbs of the
folded layers are flattened out and become harizon
tal on both sides of the axial surface. This feature
together with a gradually increasing dip of the
limestone beds towards the centre of the main
ridges indicates a convergence of the trough and
inflection surfaces towards the interior part of
the structure.
The morphological classification of folds in
volves the shape of the profile section of the folded
layers. According to Ramsay ( op. cit.) i t is always
possible to express the changes in shape within
the fold and to classify the folded layer using any
of the parameters: orthogonal thickness, thickness
paraHel to the axial surface, and inclination of the

the binge. For further characteristics of the two

In order t o obtain a Successively increasing dip
of the originally horizontally bedded limestone
layers as we move on an arbitrary harizontal
plane towards the central part of the main ridges
it is Iikely that the layers possess one of the
arrangements schematically shown in Fig. 7. In
a folded sequence with no interealatians of plastic
layers of rnaris and shales within the limestone
pile the structure is Iikely to form by a successive
thinning of each bed towards the binge, e.g. case
a in Fig. 7. The result is a fold shape in accordance
with subdass l A. In a limestone sequence with
interealatians of rnaris and clays the same main
structure can be obtained by a plastic yielding of
the incompetent interealatians and a brittle or
semibrittle failure of the more competent limestone
beds, cf. case b in Fig. 7. The shape of the profile
section of the interealatians will here earrespond
to subdass l A. The stretching of the limestone
beds due to the folding is at the same time cam
pensared for by an equal amount of opening up of
the joints. The morphology of the more competent
limestone beds here fits into the subdass l B, i.e.
a paraHel fold. Notice that in both cases the

dip isogons. From field observations there is clear
evidence that the curvature of the inner fold are

structure dies out away from the buoyant layer.

of the main ridges always exceeds that of the
outer are. This is turn implies that the dip isogons

In those parts of the Great Alvar where the
main ridges occur the stratigraphic sequence

converge on each other and on the axial trace of

mainly consists of alternating units of bedded

the folded layer as they are followed in towards
the inner are of the fold. Ramsay assigns folds

Iimestones without interealatians and bedded Iime

with convergent dip isogons to his Class l which

shales. Hence, it is most Iikely that the limestone
beds in one and the same main ridge consist of

in turn can be subdivided into three subclasses
depending on the strength of the convergence of
the isogons. The folds of the ridges found on
southern Öland can be classified among the two
l

stones with interealadons of maris, clays and

both l A and l B types of folds. The final shape
of each single layer and the whole structure is
to a very great extent dependent upon the shape

A, folds with strongly convergent

and dimensions of the underiying buoyant layer

dip isogons, and l B, paraHel folds. In folds be

of alum shale. This is shown schematically in

longing to the subdass l A the orthogonal thick
ness of the limbs always exceeds that at the binge

Fig. 7 c, d. Notice that in all cases there is an
increasing dip of the limestone surfaces going

of the structure. In parallel folds, subdass l B,

horizontally towards the axial plane.

subclasses:

Gravity Tectonics on öland
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b.

Fig. 7. Schematic seetians of a main ridge.

c.

Same sequence as in (a) but with another shape of
the surface of the buoyant layer.

a.

Folded sequence of limestone without intercalations;
each layer has convergent dip isogons, subdass l A.

d.

Same sequence as in (b) but with another shape of
the surface of the buoyant layer.

b. Folded sequence of Iimestones with interealatians of

Notice that in all cases the structure dies out away from

plastic layers of rnaris or shales; the limestone layers

the buoyant layer of alum shale; further note the in

form paraHel folds, subdass l B; the interealatians

creasing

have a fold geometry belonging to subdass l A.

horizontally towards the axial plane.

dip

of

the limestone

surfaces

as

we

move
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Fig. 8. Normal stress distribution in the centre of an

the surface; R is the radius of the load, p is the load and

elastic, homogenenus structure loaded perpendicular to

a

In principle chere are cwo ways in which an
originally straight layer may be bent into folds;
longitudinally or transversely, with respeec to the
layer. In the case of longitudinal bending the
bed will huckle under a compressive deviatoric
seress that accs paraHel to the bed, and the folds

Y

is the normal stress.

simple relationship between the lengch of are
and layer thickness of bucking folds.
Dealing with structures formed by a mechanism
of bending, a characteristic feature of the hetero
genenus strain around a competent body endosed

developed are called buckling folds. If the bed is

in less competent rocks is the slight penetration
of the contacc strain into the surroundings. "The

bent transversely by deviatoric stresses normal to

tendency of the incompetent rocks to conform to

ic bending folds are formed. These two mechanisms
and accompanying types of folds are fundamental

able outside a boundary zone chat is not chieker

in the genetic classification of folds. The charac
teristic features of these two classes of folds in
layered rocks have been Successively studied by

the contours of the competent body is not notice
than the 'wavelengch' of the irregularities", says
Ramberg ( 1 963b, p. 7 ) . Bending folds associaced
with competent inclusions are rather common

Ramberg ( 1 963b) . Further, a third dass of folds

structures e.g. in stracified rock adjacent to rows of

generared by accentuation of initial curvatures

boudins.

by homogeneous strain has been suggesred by

Bending folds can also originate from local

Flinn ( 1 962) and Ramberg ( 1 964) . The genetic

deviatoric scresses acting perpendicular to a certain
bed in a sequence of layered rocks. Since the beds

classificacion of folds, mainly based upon the
results obtained by Ramberg, has also been discus
sed by Ghosh ( 1 968) in connection with buckling
experiments of multilayer systems.
According to Ramberg ( 1 963b) buckling folds

remain in their original position at a certain
distance from the applied deviatoric stress the
surface of the beds that are bent becomes greater
than it was in ics original position; hence, each

may be distinguished from bending folds by (a)

bed undergoes extension as the bending structure

the pattern of the contact scrain, (b) the contrast

becomes accentuated. The deformation of any

in competence of the folded layer vis-a-vis the
adjacent rock and (c) the commonly existing

individual bed is eaused by the eransmitred pressure
from the underlying strata applied over its entire

Gravity Tectonics on Öland
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surface. This pressure will gradually decrease as we

point t o a deeper source layer. I n the case o f the

move away from the area of the applied deviatoric

main ridges the source layer must be searched for

stress. The situation can be illustrared by means

in the Upper Cambrian and Lower Ordavieian
alum shales.
The change of thickness of originally uniform

of the Boussinesq equations which are weil known
among strength-of-material scientists. In Fig. 8 the
normal stress distribution is shown parallel with
the y-direction of an infinite two-dimensional

layers subjected to bending forces is directly

elastic and homogenenus structure subjected to a

formed by buckling (cf. Ramberg, 1 963b, figs. 7

opposite to the changes of layer-thickness in folds

distributed load along a limited part of its free

and

surface. For a layered structure each such curve

buckling multilayers consisting of competent sheets

of normal stress as shown in Fig. 8 will penetrate

with considetable or restricted ease of sliding
often show chevron-type folds in the centre of

slightly deeper into the structure than the equi
valent curve in the homogenenus structure (Sonn
tag, 1 9 5 7 ) . The gradually decreasing stresses in the
y-direction away from the applied load are re
flected in the decay of the normal stresses parallel
with the x-direction, although this is not illustrared

8).

Results

from

mode!

experiments

of

the mode! giving way to conjugate and single
hinged, sharp-crested folds away from the centre
( Ghosh, 1 968, fig. 5 and 14) . Almost identical
chevron-like folds were earlier obtained by Ram
berg ( 1962) in rubber models consisting of multi

in the figure.
The net effect of decreasing stresses away from

layers of thin sheets of stiff rubber interlayered

the loaded area is a decreasing amount of contact
strain. This in turn leads to a gradually decreasing

these buckling foids are parallel-sided with more

bending amplitude of each layer as we move

distinctly from bending folds.

with rather chick sheets of soft rubber. Most of
or less eonstant interlimb angles, thus differing

away from the area of applied deviatoric stress.

The theoretical results combined with results

In Fig. 8 we also notice the close similarity
between the length of the loaded part of the

from mode! experiments are to a great extent

structure and the distance to a region of greatly
reduced normal stress in the y-direction. This
situation is in close agreement with the conclusions

applicable to the ridges found on southern Öland.
Solely on the basis of their geometrical and
morphological patterns the general appearance

obtained by Ramberg ( 1 962, p. 4 1 1 and 1 963b,

of both types of ridges indicates an origin ac
cording tO the mechanism of bending. On the

p. 7 ) ; namely, that the finite displacements in the

basis of a genetic classification the ridges are

area surrounding a single buckled layer or a bent

bending folds or supratenuous folds. The evidence

competent body are scarcely noticeable outside a
boundary zone that is chieker than the wavelength

ridges is presented in a later section.

of the fold

for a bending mechanism in the formation of the

the competent body. Applying the

Another genetic classification of the ridges

theoretical results concerning contact strain in

or

different geological structures to the two types

can be obtained if we introduce the concept of
diapirism. As early as 1 907 Mrazec introduced the

of ridges we conclude that the commonly open

term diapiric fold for chose folds in which the

interlimb angle ( 1 20 ° to 7 0 ° ) and the moderate
wavelength ( average 10 m) of the hump-back

sediments of the core pierced the overlying beds
(Mrazec, 1 9 1 5 ) . To-day the terminoiogy of diapiric

ridges indicate a rather shallow source area for the

structures is rather confusing. However, some of

deviatoric stresses. Hence, the source layer for the

the terms introduced by Hoen ( 1 964) are appli

gravity formation of the hump-back ridges must

cable to the structures on Öland. Hoen classified

be searched for among the marly and shaly inter

anhydrite diapirs on Axel Heiberg Island into

ealatians in the different limestone units. The

three main groups, based on the structural setting

main ridges on the other hand, with their larger
dimensions and gradually decreasing amplitude

in which they occurred - domical diapirs, anti
dina! diapirs and fault diapirs. By making use

in the direction of increasing overburden thickness

of the term anticlinal diapir in describing the
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ridges on southern Öland both the main morpho

dame has a diameter of around 200 m. Most of

logy and the mechanism of origin of the ridges

it is covered with thin soils, but on aerial photo
graphs and to some extent in the field the almost

are evident. Hence, the term single-layer anticlinal
diapir and multi-layer anticlinal diapir are sugges
red for describing the main ridges and the hump
back ridges respectively. Single-layer here implies
one layer of buoyant material.

circular form is observable from scarps. From
the outer border of the dome towards the centre
the outwardly dipping beds with their scarps form
a structural pattern of concentric rings which are
clearly visible on the aerial photographs. The dip
of the limestone beds around the border averages

DESCRIPTION AND CLASSIFICATION OF
THE DOMES OF SOUTHERN ÖLAND
The dame structures found on the island of Öland
range in size from several kilornetres in diameter
- such as the Mossberga Dame situated on
central Öland - down

to

not more than a couplc

of decimetres. The domes of southern Öland appear
in nearly all the different stratigraphic units
of the limestone sequence from the Lower Ordo
vician Hunneberg Stage to the Middle Ordavieian
Seby Limestone. Further, if we take inta con
sideration the source layers for some of the !arge
domes still older units are affected.

1 2 ° with a maximum of 1 5 ° towards the east
i.e. in the main direction of dip of the whole
Great Alvar plateau. From the border towards the
centre of the dome we reach Successively younger
beds of Lepidurus Limestone which at the same
time are marked by slight increases in dip. The
!arge diameter of the dame in relation to its strati
graphical position indicates a doming process with
the alum shales as the active source layers. The
thickness of the alum shales in the area of Klinta
is estimated to be about 10 m.
A dame with almost the same dimensions as
the one at Klinta but with a slight elongation in
a NW-SE direction is situated close to the

Most of the domes are found along the western
part of the Great Alvar. Stratigraphically they are

eastern border of the Great Alvar halfway between

all situated between the Iimestones of the Hunne

the durch of Stenåsa and the village of Frösslunda.

berg Stage and the Lepidurus Limesrone. The ex

The domes next in size are situated near the

posed parts of the two domes at Melby and the

central part of the Great Alvar 2 . 5 km east of the

slightly elongated dame just NW of Stenåsa on

village of Mellby, Fig. 5. The three domes which
could be discerned with certainty are situated in

the eastern part of the Great Alvar all belong to
the Segerstad Limestone, Fig. 4. Outside the Great
Alvar domes have been found along the shore of
the Baltic sea just north of Hålnäs, 2 km SE

a row striking almost N-S. The domes have an
average diameter of 2 0 m and the distance between
each pair is around 50 m. The height or amplitude

of Sandby. The exposed parts of the domes belong

of the domes varies between one and two meters

to the Seby Limestone. Small and very gentie dome

measured from the almost flat-lying surroundings.

structures appear along the low sea-cliff at Orten

The very smooth and regular shape of the domes

by on the eastern shore of the Baltic on southern

is readily seen in Fig. 9. Here, a stone-wall almost

most Öland. The structures, which have been
assigned to the Billingen Stage, are mentioned by

one metre high runs right over the centre of the

Lindström ( 1 963 ) .

covering except near their apices. The exposed

central dame. The domes mostly have a thin soil
parts of the domes stratigraphically belong to the

Description of the domes
One of the largest domes found on southern

Segerstad Limestone (Larsson, personal commu
nications) .

Öland, apart from a possible dome-like culmina

The next group of domes of almost equal size,

tian or uplift in the area of Mörbylånga, is

here called intermediate domes, have diameters

situated close to the western border of the Great

ranging within the interval 5-1 5 m. They are

Alvar at the village of Klinta. The almost circular

all situated along the western part of the Great

Gravity Te ctonics on öland
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Fig. 9. Dome in Segerstad Limestene 2 . 5 km E of the
village of Mellby. The height of the stone-wall is about
one metre.

Alvar and the limestone in which they occur range

the outwardly dipping limestone beds with their

from the Ceratopyge Limestone up to the Lepidu

escarpments and two sets of roughly discernable

rus Limestone. In a short artide on "Dome-like

joints, one set radiating out from the centre of

uplifts on the Great Alvar" Palmqvist ( 1 96 5 )

the dome, the other developed tangential to the

was able t o identify not less than 5 0 separate
of the stronghold at Södra Bårby. The domes are

circular structure. The joint systems associated
with the domes are distinctly different from the
main sets of joints in the neighbourhood. The

more or less concentrared on the central or eastern

grave! deposit in the central erater consists of a

part of the main ridge which runs between Sö::lra

mixture of angular fragments of limestone not

Bårby and As. A striking partern of this area

far transporred rogerher with well-rounded pebbles
of pre-Carobrian rocks. Although the domes in

dome structures wirhin a limited area 1 .3 km ESE

is a certain concentration of several domes into
separate domains often with very regular spacing
between the domes wirhin each domain, Fig. 1 0.

each domain show a very regular spacing that is

In general there are two types of surface structure

adjacent pair of domes, we notice a certain varia

found: (a) domes with denuded top eraters and

tion in diameter among them. In most cases we

slightly more than the mean diameter of any

scarps along the flanks, (b) intact domes where one

find a couple of big domes of erater type (a)

and the same limestone bed encloses the structure.
The outward dip of the dome flanks and the height

with a diameter of about 1 5 m surrounded by
slightly smaller domes of both (a) and ( b) types.

or amplitude measured from the flat-lying sur

Several domes are surrounded by a slightly deve

roundings are slightly greater for the first type of

loped rim syncline and in an area between two

domes. On average the outward dip is 1 5 ° and

closely spaced domes the syncline often becomes

the amplitude varies in between 20 and 50 cm. In
Fig. 1 1 a dome belonging to the first group is

strongly accentuated.

shown; notice the almost axi-symmetrical shape,

elongated domes which

In Fig. 1 0 we further notice the occurrence of
are of type

(a)

and
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marked A i n Fig. 1 0. I t has a diameter o f 8 m and
is in the Vaginatum Limestone.

(b). Within the area of dome development we
also find a small hump-back ridge which at both

limestorre which could easily be broken into pieces.

ends are locked by domes of the (a)-type. The
appearance of domes in combination with a ridge

marked changes in clip of the limestorre beds were

is of great importance for understanding that the
mechanism of origin for both types of structure3
is similar.
One of the domes, marked with the letter B in

The day content increased downwards and no
observed down to 1 .2 5 m beneath the surface.
Palmqvist believes in dome formation under the
action of vertical forces but finds it difficult to
explain them as pre-Glacial structures. Extension

Fig. 1 0, was dug out and described in detail by

by freezing of water and weathered materials in
cavities - frost tectonics - is a Iikely mechanism

Palmqvist ( 1 965 ) . At a depth of about one metre

according to him. Undoubtedly, most of the domes

beneath the surface he reached a zone of "soft"

and ridges have been affected by such a process
which in tum has accentuated their structural
pattern, but an origin due to frost tectonics seems

Fig. 1 0. Intermediate domes and a small hump back
ridge 1 . 3 km SE of Bårby stronghold. Notice the ten
dency of domes to form along the hump-back ridge

quite improbable.
Another part of the Great Alvar with apparent

each domain. Dome A is shown in Fig. 1 1 , and dome B

similarity to the dome area at Södra Bårby is
situated at the southwestern border of the small

in Palmqvist ( 1 96 5 , figs.

bills of Tingstadbackar, 1 . 1 km S of the village

and the rather regular spacing of the domes
l, 2).

within
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Fig. 1 2. Slightly

elongate

intermediate

dome

in

the

quarry 1 . 3 km south of the church of Vickleby. The
levelling staff is 1 .4 m.

of Eriksöre, cf. Figs. 5 . Here more than 2 0
separate domes could b e counted within a n area

brown

calcilutite,

most

capable

of

resisting

of 1 00 m by 50 m. Like the situation at Södra

weathering. A thin layer of soil covers the struc
tures outside the borders of the quarry. At the

Bårby both types of domes appear (i.e. (a) and

time of quarrying the limestone slabs, the stone

(b) ) . Also, the spacing and amplitude of the
domes show great similarities in the two areas.

stopped due to the !arge number of joints. The

breakers exposed part of the dome and then

A three-dimensional exposure of a dome with
a surface structure similar to that of the type (b)

steadily increasing frequency of joints towards the

domes found in the areas of Södra Bårby and south
of Eriksöre, was discovered at the southern wall of

tendency for the development of sigmoidal tension
gashes or pinnate tension joints on the Ieft hand

a small quarry close to the main road at the village

wall. These have developed more or less en echelon

dome is readily seen in Fig. 1 2 . Also notice the

of Perstorp. Here a vertical section, almost three

in some of the Iimestone beds. The simultaneous

metres high, through the central part of a circular

appearance of pinnate joints tagether with the

dome was exposed along an east-west striking joint

almost

surface. Unfortunately, the dome structure is now

combined tension and simple shear mechanism

covered with refuse.

for the deformation of each layer in the Iimestone

planar

sub-vertical

JOints

indicates

a

A dome of intermediate size and partly exposed

sequence. At the exposed part of the curved flank

in three dimensions was found in the easteramost

of the dome the radial and tangential sets of joints

parts of a small quarry situated close to the eastern
side of the road 1 .3 km south of the church of

of piled-up 5-10 cm thick Iimestone slabs with

are clearly visible and the exposed flank consists

Vickleby. The dome is slightly elongated in an

an outward dip averaging 3 0 degrees. A slight

ESE-WNW direction with its westernmost parts

rim syncline is also detectable. around this dome.

exposed in the quarry, Fig. 1 2 . The very top of the

Outside the Great Alvar, domes of intermediate

Limhata Limestone consists of a hard reddish-

size have been found along the shore of the
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Baltic sea at the small village of Hålnäs, 2 km

If we apply the most commonly used terminology

SE of Sandby. The morphology of the shore where

in salt tectonics to describe the domes found on
southern Öland they could be classified as pillows.

the domes appear distinctly differs from the
huge, planar and gently dipping limestene surfaces
so characteristic along most of the eastern coast

Here, a pillow is characterized by a slightly
bent surface of the source layer with gradual

of Öland. At Hålnäs wave action has broken up

decrease in dip away from the centre. In salt

blocks from the strongly jointed domes. These

tectonics the pillow forms as a primary stage in

blocks now form a border along the shore. Along

the process of gravitational instability of the

the exposed part of the shore and in shallow water
areas a total of nine domes were discovered all

less dense salt layer overlain by a heavier over
burden. The truly intrusive domes, e.g. plugs,

in the Seby Limestone. The general appearance
of these domes is similar to the one previously
described from Södra Bårby and south of Eriksöre.

pillow stage has "marured", thus representing
a seeond phase in the process of gravitational in

mushrooms and teardrops, form only when this

The type of domes that come next on a basis
of size are the small domes on the scale of deci

stability.

metres. On southern Öland small domes appear
along the sea-cliff at Ottenby, situated on the

Axel Heiberg Island into three main classes -

eastern shore of the Baltic, southernmost Öland.

According to him the domical diapirs occur in

The domes at Ottenby and similar strucrures at

tectonically undisrurbed areas and are surrounded

Perstorp

(now filled with refuse)

Hoen ( 1 964) divided the anhydrite diapirs of
domical diapirs, anticlinal diapirs and fault diapirs.

have been

by essentially f!at-lying strata. None of the terms

described by Lindström ( 1 963) . Since the type

pillow or domical diapir imply any restriction
as to size or dip of the surmunding strata. How

locality of small domes is situated at Horns Udde
on norrhem Öland these strucrures will be treared

ever, the term domical diapir is more suitable

in more detail in a later section.

than pillow in classifying the domes on southern
Öland. As for the ridges, which are classified as

Classification of domes
The present termino!ogy dealing with diapirism
or dome formation is limited, confusing and mainly
restricted

to

areas of salt deposits. The terms most

commonly used are salt dome, salt anticline and

anticlinal diapirs, the term domical diapir gives
both the general morphology of the structure and
the mechanism of origin. The purely descriptive
terms, !arge, intermediate and small which were
used to qualify domes in the previous section only
refer to the diameter of the domes.

salt uplift. Each has been used in a different sense

In the case of salt tectonics a complete sequence

by different writers. Piercement or diapiric struc

of salt commonly forms the source layer for the

tures can have many different forms. There are

gravitational growth of a pillow or a salt dome,
e.g. the Zechstein evaparites in Germany. A similar

waves, pillows, domes, mushrooms, teardrops and
plugs developed most!y in areas of little or no
orogenie activity, e.g. the United States' Gulf

situation holds for the main ridges and the !arge

Coast or the Hannover basin in norrhem Europe.

"mother" bed or source layer consists of alum

In orogenie belts several more types of diapiric

shale.
The situation is somewhat different for the

structure appear. Even wirhin areas which have
been tectonically stable there may be great differen

domes on southern Öland, but instead of salt the

hump-back ridges ( anticlinal diapirs ) , the inter

ces in forms among individual diapirs as the

ruediare domes and the small dornes ( domical

results of variation in the original thickness of

diapirs). Their dimensions, wavelength or dia

the source layer or overburden. Salt plugs formed

meter, amplitude, and oucward dip of the lime

in areas of thick salt, and salt pillows formed

stone beds, in relation to their stratigraphic posi

in areas of thin salt are common features in the

tion preclude the possibility of gravitational forma

basins of the Gulf Coast and in Germany.

tion which involves the alum shales. The principal
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Fig. 1 3 . Schematic section of an intermediate dome. At

contacc or when the plastic layers reach

an early stage the dome occurs in the form of a gentie

ness. A standstill in growth is followed by horizontal

a

certain thick

bulge. The convergent flow of the plastic intercalations

sedimentation . The term multi-layer domical diapir is

will cease when the limestone surfaces come into mutual

suggesred for this structure.

mechanism of origin is the same, i.e. gravitational
instability of a layered sequence of rock, bur in

A sketch of a section of an intermediate dome
is shown in ourline in Fig. 1 3 . The geometry

this case several layers of m ar! and shale forming

depends on the stage of evolution of the domal

intercalations in the limestone units, have co

structure. At a very early stage the dome appears

operated in the doming process. lnstead of one

in the form of a gentle bulge. As the convergent

source layer consisting of a more or less complete

flow of marly or shaly materials increases towards

sequence of almost the same rock type the source

the center the srructure becomes more accentuated.

layer for the hump-back ridges and the inter
mediate and small domes is composed of alternating

This convergent flow of plastic materials will cease

layers of limestone and marl or shale.

as soon as the limestone surfaces abo v e and below
the plastic layers come into contact or when the

The spontaneous rise of the buoyant media in

plastic layers reach a certain minimum thickness.

the field of gravity is in the form of a perturba

When the doming process has come to a standstill

tion whose wavelength depends upon the total

sedimentation with harizontal bedding surfaces

number of layers in the multi-layer system and on
the layer thicknesses and rheological properries.

will continue. A domical diapir showing subse

Perturbations with a "wavelength" either larger or
smaller than a certain characteristic wavelength for
the multi-layer system rise less rapidly and are
gradually adsorbed by the fastest growing perturba

quent sedimentation during the latest stage of
growth was found on northern Öland, cf. Fig. 1 8,
p. 7 1 . Here h arizontal sedimentation after the
cessation of growth is evident from the harizontal
discontinuous bedding surfaces situated directly

layered system in the field of gravity have been

above the rop of the dome. The term multi-layer
domical diapir is suggesred for this type of struc

developed by Ramberg ( 1 968) .

ture. This is in order to distinguish between

tion. Equations for the dynamics of this type of

Gravity Tectonics on Öland
domes formed by gravity instability of a multi
layer sequence from domes formed by instability
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rock beneath the source layer, basernem rock
movements, variation in thickness or composition

of a single layer.

of the overburden or source layer and any type of

The hump-back ridges have an origin very
similar to that of the domes, except for the

faulting are the most common mechanisms involved.
The physical and mechanical aspects of this problem

phase of initiation. As already mentioned, the

with respect to the structures on Öland will be

ridges were initiared by single joints or sets of

treated in detail in a forthcoming paper.

joints whereas their actual growth was due to
gravitational instability of the marly and shaly
interealatians in the different limestone units.
Commonly, these ridges gradually die out towards
both ends, but sometimes they form closed anti
clines with a well-rounded nose at one end ( cf.
the hump-back ridges l km east of the village of
Södra Bårby, Fig. 5 ) . Also, transitional structures
of ridges and domes appear such as the small
hump-back ridges from the dome area SE of Södra
Bårby, Fig. 1 0. Here, a nose dome is situated at
the southern end of the ridge and a domical
culminatian appears in the center of the ridge.
Hence, conforming with the classification of inter
mediate and small domes, the term multilayer
anticlinal diapirs is suggesred for these ridges.

The strong similarity in the general pattern of
the main ridges indicates simultaneous initiation
and

formation.

The

directions

of

the

ridges

diverging outwards from a rather limited area
preducles the possibility of a formation by a
mechanism of harizontal compression, and further,
the tectonic style on southern Öland is contra
dietory to such an explanation. The main ridges
are supposed to be initiared by faulting along
zones radially diverging from the area of Mörby
långa. There is strong evidence that this faulting
can be connected with a local tectonic uplift in
the area of Mörbylånga. The appearance of Lower
Cambrian sandstone and the possibly abnormal
thickness of the Oelandicus Beds in this area
strengthen this explanation, provided that the
observation of undisturbed Lower Cambrian sand

AGE OF FORMATION OF THE DIAPIRIC
STRUCTURES ON SOUTHERN ÖLAND
The stratigraphic position of the source layers
active in the formation of the different structures
was presenred in Fig. 4. Possible ages of forma
tion of the diapiric structures - in time-strati
graphic terms are summarized in Fig. 14. The
time-stratigraphic classification of the Lower and
Middle Ordavieian is in accordance with the
classification of Jaanusson ( 1 960b) . The dating
of the different types of diapirs is based solely
upon the dimensions of the structure in relation

stone at Mörbylånga is correct, cf. Martinsson
( 1 965, p. 1 88) . Expressing the age of this faulting
more exactly is impossible from local evidence.
However, an Idaverean age is suggesred because
certain tectonic activities are known to have taken
place in adjacent areas at that period of time, e.g.
the early development of the middle part of the
Caledonian geosyncline and spreading of volcanic
sediments now appearing as layers of metabentonite
in the Ludibundus division of the Idaverean Stage
(Magnusson et al., 1 962) .
Before the actual growth of the mam ridges
could start the overburden material must have

to its stratigraphical position, e.g. an intermediate

reached

dome which is found to consist of limestone of

thickness ratio of the source layer to the over

a

certain

thickness,

and

further

the

Kundan age is most probably of Aserian age since
a certain amount of overburden material is

burden is a controlling factor of the growth. From
the isopachyte map, Fig. 3, we know that the

required before the diapiric growth can start.

thickness of the alum shale gradually increases

Whatever theory geologists have proposed for

eastwards. Provided that the whole sequence of

the origin of diapiric structures they have needed

alum shale is invalved in the gravitational forma

to search for some mechanism of initiating the

tion of the main ridges this implies a great span

growth of the diapir. Irregularities in the basernem

in the time of formation. Differences in parameters
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on southern Öland.

such as strength, effective viseosity and density

rapid. The intermediate hump-back ridge 1 . 3 km

will also inf!uence the growth. Hence, a precise

ESE

dating of the growth of the anticlinal diapirs must

grew at the same time as the multi-layer domical

be left open for now.

diapirs in this area.

of the stronghold at Bårby was initiated and

There is strong evidence that the initiation of

The dimensions of the !arge domes in relation

the multi-layer anticlinal diapirs - the hump-back
ridges - took place along almost straight joints,

diapirism with the alum shales acting as the source

and further, that the subsequent growth was fairly

layer.

to their stratigraphical position indicate a domical
The

mechanism

of

initiation

of

these

Gravity Te ctonics on öland
structures must be searched for among the known
variations in thicknesses and compositions of the
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deposits, and only in small and scatrered places
are the rocks below accessible for observation. The

material in the source layer and the overburden.

same situation is true for the eastern and norrhern

Where these domes appear the thickness of the

most parts of northern Öland. The main details

Tremadocian shales is rather limited and the

of the stratigraphy show striking similarities with

commonly very irregular boundary with the under
lying Olenid Shale must have have afforded good

map of central Öland, Fig. 1 5 left part, is mainly

apportunities for initiation of the diapirs. The
irregular boundary is due to the great proportion
of stinkstone in the Olenid Shale.
As in the case of domical diapirs the multi

the situation on southern Öland. The geological
compiled from Hedström's and Wiman's map
( 1 906) at the seale of 1 : 200 000 and Jaanusson's
( 1 960a) notes on the Viruan of central Öland.
North of Föra on northern Öland the map (Fig.

layer domical diapirs have been initiared by

1 5 right part) is compiled in extenso from Jaa

irregularities in the source layer or the overburden.

nusson ( 1 960a) ; here the western part was mapped

The present situation with irregular appearances
of shaly and marly interealatians in the different

by B. Bohlin and the eastern part by V. J aanusson.

limestone units accounts for the good opportunity

the island - the Eccaparadoxides oelandicus Beds

for dome initiation during the Lower and Middle
Ordovician.
The mechanism and age of formation of the
small domes will be treared in detail in connection
with the description of the small domes at the
type locality Horns Udde, northern Öland. Al
though the basic mechanism of formation is the
same for the different structures shown in Fig. 1 4
the small domes depart from the general partern
as far the rheological properties of the limestone
beds is concerned. The structures of !arge and
intermediate size indicate that the limestone beds
possessed brittle or semi-brittle properties during
the growth whereas the structure of the small
domes clearly points to the limestone bed having
had a plastic or semi-plastic property during dome
formation. The layers of mads and shales on the
other hand always show a plastic behaviour in
dependent of the size of the structure.
The possibility of postulating the age of forma
tion of the structures is sometimes hampered due
ro accentuations of the structural partern eaused
by frost activity and weathering.

The oldest rocks found on the central part of
- occupy about one half of the narrow strip
between the shore of the Kalmarsund and the
cliff of Västra Landborgen. A very small isolated
outcrop of these beds is also found beneath the
soil in the centre of the dome at Mossberga.
The youngest strata of the unit consist of dark
or almost black shale followed by greenish arena
ceous shale. A greenish gray soft shale forms the
uppermost part. The total thickness of the unit is
stared to be 57 m in a boring 2.5 km S of Borg
holm and from this place the thickness decreases
both southward and northward (W estergård,
1 946) . The Oelandicus Beds were of great im
portance in the formation of the Mossberga dome.
The two facies of the overlying Paradoxissimus
Beds were discussed in the review of the strati
graphic setting of southern Öland. According to
Martinsson ( 1 96 5 ) the thickness of the Paradoxis
simus Beds does not exceed 1 5 . 1 m immediately
E of Borgholm. A thickness of 12 m is known
from a drilling 2.5 km S of Borgholm ( interna!
report of the former Electrical Prospecting Com
pany, now the Terratest Company, Stockholm) .
Towards the north the thickness decreases. Although

STRATIGRAPHY AND TECTONICS OF
CENTRAL AND NORTHERN ÖLAND

the stage is still present at Horns Udde on the
west coast it has not been found with certainty
in the boring at Böda Hamn (Waern, 1 952) .

Most parts of central Öland - here taken as the

Martinsson (o p. cit., p. 1 88) has found a series

region between the latitude of Torslunda and at just

of very small anticlines with fairly steep limbs

north of Borgholm - are concealed by Quaternary

(dips reaching 3 8 ° )

and with amplitudes of
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Fig. 1 5 . GeologicaJ map central (left part) and northern

radoxissimus Beds; 3. Upper Cambrian and Lower Ordo

Öland. The central part and

vician alum shales; 4 . Ceratopyge-Lepidurus Limestones;

the

southernmost parts

of northern Öland are compiled from Munthe 1 9 02a,
Munthe

&

Hedström

1 9 04,

Hedström

&

Wiman

5.

Vaginatum

Limestone;

6.

Segerstad

Limestone;

7.

Folkeslunda, Seby and Skärlöv Limestones; 8 . Källa and

1 906 and notes from Jaanusson 1 9 60a. North of Föra

Persnäs Limestones on northern Öland, Furudal Lime

the map is compiled from Jaanusson 1 9 60a, text fig. 2 .

stone on central Öland; 9 . Dalby Limestone; 1 0. Inter

Symbols:

mediate domes; 1 1 . Small domes;

l . Eccaparadoxides oelandicus Beds; 2. Paradoxides Pa·

i n Lower Ordavieian limestones.

1 2 . Small anticlines

around 45 cm at Kolstad Villastad in the town
of Borgholm. The fold structures were found

folds are one of several indications that there
have been tectonic movements along the bend

in the lower part of the Paradoxissimus Beds con

of cliff line at Borgholm, and subsequent in

sisting of Paradoxissimus Shale with alternating

vestigations of temporary exposures at the castle

siltstone beds, cf. the drawing handed over by

ruin of Borgholm exclude the possibility of glacial

Dr. Martinsson, Fig.

tectonics (Martinsson, personal communications) .

1 6 . The structures were
are

The main lithology of the lower parts of the

unfortunately no longer available for examination.
According to Martinsson (op. cit., p. 1 89) the

Paradoxissimus Beds, i.e. alternating layers of silty
and shaly beds, and the formation of boudinage

exposed

during

different

excavations

but
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cm

Fig. 1 6. Structure in the lower part of the Paradoxissi

A n d e rs

M a rt i n s s o n
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similar trends were found 8 and about 2 0 m south of

mus Beds at Vikingavägen, Borgholm, engaging two of

the figured structure. Topsoil and thinner siltstone layers

the three major siltstone beds in the local section. Axis

omitted. The top layer of the shale grades into local

trend 1 02 0 , obliquely intersected by temporary excava

moraines with scattered allochthonous boulders. Drawn

tion in the street towards 54 o . Two lower folds with

from a field sketch and a colour slide.

structures in the competent siltstone beds of the

but this decreases towards the north and the unit

folds, speak in favour of a gravitational origin.

seems to be altogether lacking in the northem

The almost complete lack of outcrops of the lower

most parts. Thicknesses of the Dictyonema Shale

parts of the Paradoxissimus Beds on Öland has

are rarely known except at the sea cliffs along the

prevenred a further investigation.

western coast; here they seldom exceed a couple

The isopachytes of the Upper Cambrian and

of decimetres. According to Westergård ( 1 947 )

Lower Ordavieian shales maintain their main
direction on central and northern Öland. Along

the zero thickness isopachyte runs in a NNE
direction through a point l km E of the town of

the Västra Landborgen in the south and the cliffs

Borgholm. However, a more easterly direction

of the west coast towards the north the thickness

north of Borgholm is likely since the shale is

seldom exceeds 2 m. On the eastern part of central
and northern Öland the thicknesses are nowhere

lacking in the drill core obtained at Böda Hamn
(Waern, 1 9 5 3 ) . Known outcrops of Dictyonema

known to exceed 10 m and 4.5 m respectively.

Shale are of alum shale type.

The collective term alum shale can no longer be

The Ceratopyge Shale seems

to

be present all

used due to a great difference in facies. Thus, the

over Öland. In norrhem Öland the Shale exhibits

Upper Cambrian Olenid Shale mainly consists of

both alum shale facies and glauconitic shale facies

conglomeratic bank of stinkstone. In the area

with laminae of bituminous shales. From seetians

of Borgholm the thickness is around one metre,

through the Early Ordavieian beds in norrhem

a
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The stratigraphy and lithology o f the Viruan

Öland the thickness is found to vary between
0.7 and 1 .8 m (Tjernvik, 1 95 6) .

(Middle Ordovician) limestorres are described by

The very different facies and small thicknesses

Jaanusson ( 1 960a) . According to him the Aserian

of the Upper Cambrian and Lower Ordavieian

and Lasnamägian topo-stratigraphic divisions, i.e.

shales almost exclude the possibility of these

the divisions from the Segerstad Limestone up

units to form diapiric structures like main ridges

to

and ]arge domes. Hence, along the well-exposed
western part of northern Öland it is not surprising

have the same lithological characteristics through
out Öland, cf. the description of these rocks given

that these types of structures have not been found.

for southern Öland. Differences between norrhem

The thicknesses of the shales along the eastern
part of central Öland do not preclude the possible

and southern parts of the island appear in the

appearance of diapiric structures but this area is
mostly concealed by Quaternary deposits.
Our knowledge of the Lower Ordavieian lime
storres is solely resericred to the northern part of
the island, e.g. Regnell ( 1 942 ) , Bohlin ( 1 9 5 5 ) ,
Tjernvik ( 1 95 6) , Badding ( 1 9 5 8 ) , and Lindström
( 1 963 ) . Like the situation on southern Öland, the
lower Arenigian limestorre succession is grouped
into two stages, the Hunneberg Stage at the
bottom and

the Billingen

Stage above. Both

stages consist of layered limestorres with shaly
and marly intercalations. In the bottommost parts
the shales can be said to dominate. The Billingen
Stage is overlain by the Limbala Limestone and
the Lepidurus Limestone. The investigations on
norrhem Öland have confirmed the results ob
tained by Lindström ( 1 963 ) , namely, that small
and intermediate domes and anticlines (sedimentary

and

including

Limestone. The different places where the struc
tures are to be found are indicated on the
geological map, Fig. 1 5 .
The Vaginatum Limeston e o f Öland i s known
mainly from the work of Bohlin ( 1 95 5 ) .

According

Folkeslunda

Limestone,

lithological development of the Uhakuan beds,
mainly in the middle and upper parts. Through
out Öland the bottom part of the Uhakuan Beds
consist of calcilutite interealared with fine]y nodular
limestone and marl. In n orthern Öland the topo
stratigraphic division Källa limestone forms this
part. The Källa Limestone is overlain by the
Persnäs Limestone, a coarse calcarenite. The highest
beds exposed on Öland belong to the Dalby
Limestone of Kukruscan age. This sequence is
lithologically fairly uniform, and consists of coarse
calcarenites with thin interealatians of calcareous
shale, mudstone or mad.
The boring at Böda Hamn, northern Öland, has
yielded the following thicknesses of the Viruan
limescones (Jaanusson, 1 960a) :
Kukruse Stage
Uhaku Stage

folds according to Lindström) do not appear in
units stratigraphically higher than the Lepidurus

the

Lasnamägi Stage
Aseri Stage

Dalby Limestone

5 .80 m +

Persnäs Limestone

5.15 m

Källa Limestone

2.20 m

Folkeslunda Limestone

2.88 m

Seby Limestone

0. 2 0 m

Skärlöv Limestone

2.04 m

Segerstad Limestone

5.13 m

The marly and shaly interealatians in the lime
storre pile of southern Öland were supposed to
be the driving agency in the formation of the

to Swedish stratigraphy the Vaginatum Limestone

diapiric structures, e.g.

comprises the beds from the Expansus Limestone
up to and including the Gigas Limestone. From

and

structures have been found in beds stratigraphically

the boring at Böda Hamn the total thickness is

higher than the Lepidurus Limestone on norrhem

known to be 8.4 m. In mapping the norrhemmost
part of the island Bohlin found a zone of slight

is more exposed, and consequently the possibility

the

intermediate

the hump-back ridges
domes.

None

of

these

Öland. Although the bedrock of southern Öland

falding j ust north of Byxelkrok. The fold axis

of discovering structures is much better, there are

of this broad fold trends almost NW-SE and
the main structure is apparent from the strati
graphical boundaries on Fig. 1 5 .

lithological differences preventing the formation
of these structures on northern Öland. A earn
parison of the lithology between the Aseri Stage
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and the Uhaku Stage from the borings at Böda

tion and only scatrered outcrops are available.

Hamn on norrhemmost Öland and Gammalsby,
Fig. 2) shows that the layers of calcareous shale,

Hence, the boundaries between the different strati
graphic units in the central part are mainly
based on results of magnetic and electric resistivity

mudstone and marl so common in the boring

measurements, placed at the author's disposal by

of Gammalsby are almost absent in the boring

Terratest Co., Stockholm.

of Böda Hamn, cf. Jaanusson (op. cit., text figs.

In 1 93 3 a boring was made in the centre of
the dome. lt reached 106.2 m beneath the

2 . 5 km E of Kvinsgröta on southern Öland (cf.

3, 4, 1 8) . Hence, the source layers required for
diapiric formation are missing. The Dalby Lime
stone sequence in the boring of Böda Hamn shows
several interealatians of mudstone and mar! that
might have acted as source layers in the forma

surface which is situated 39 m above the sea
level. The core was subjected to a close investiga
tion by Westergård ( 1 936) and the sequence he
obtained is shown at the centre of section A-A,

tion of diapiric structures, hut unfortunately only

Fig. 1 7 . The following description of the core is

small and scatrered outcrops of the Dalby Lime

a summary of Westergård's results. From the

stone are accessible for observation, and here no

bottom of the boring up to the 52 m leve! and

structures have been found.

4 m beneath the top of the Archaean, the rock
is a uniform true quartzite without any traces
of clastic

NOTES ON THE STRUCTURES OF

textures. The uppermost 4 m

are

weathered and the contact between the weathered

CENTRAL ÖLAND

zone and the overlying conglamerate is sharp.

Although the bedrock of central Öland is mostly

The same type of quartzite occurs in several
places in the Kalmarsund area, e.g. the peninsula

concealed by Quaternary deposits it appears in
it a few interesting !arge structures. The Moss
berga dome is situated about 12 km S of Borgholm
and 3 km S of Borgholm the structure at Gestadås
can be followed for more than 3 km in a NE-SW
direction. Both structures were investigated in the
early thirties by the former Electric Prospecting
Co. under the guidance of Dr. O. Meier in a search
for gas and oil in the Lower Cambrian of Öland.
Some of the results were presenred by Dr. Meier
at a meeting of the Geologiska Föreningen, Stock
holm, in March 1 9 3 5 .

The Mossberga dame
The main structure of the dome is apparent on

of Skäggenäs about 10 km W of Mossberga, N of
the town of Kalmar, on the isle of Norra Skallar
ön, NE of Kalmar and on the island of Jungfrun.
These scatrered occurrences of quartzite in the
Kalmarsund area formed small monadnocks on the
sub-Carobrian surface when it was invaded by
the Cambrian sea. These monadnocks, including
the buried one at Mossberga, form the southern
most outliers of the Västervik quartzite of Lower
Archaean age. The quartzite surface under the
Mossberga dome dips outwards on all sides and
from a water drilling l km W of Rälla, i.e. almost
4 km from the centre of the dome, the surface
of the quartzite is encountered more than 95 m

the early geological maps of Öland, cf. Hedström

lower down.
The quartzite is overlain by the Lower Cambrian

and Wiman ( 1 906) . The dome is concentrically

basal conglomerate, about 1 5 cm in thickness.

built up of outwardly dipping Lower Ordovician

Then follows a grey mainly fine-grained sandstone

limestone in the outer part followed by Successi
vely older rocks towards the centre, Fig. 1 5 . Topo
graphically, the landscape rises towards the dome

which grades upwards into a 60 cm thick conglo
merate. The very small thickness of the Lower

as far as the border of the Vaginatum Limestone,

of the sequence at Mossberga. In Westergård's

and in fact the highest point on Öland is situated
just north of the church of Högsrum. The topmost

opinion the great thickness of the upper conglo
merate and the abundance of quartzite pieces

part of the dome has been removed due to denuda-

found here, indicate that the quartzite formation

Cambrian, 1 .7 m, is the most remarkable feature
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Gravity Tectonics on Öland
may reach to a higher leve! samewhere in the

Above

vicinity of the boring where it has never been
covered with Lower Cambrian sediments. The

shale is the only rock present, and it continues up to

upper surface of the Lower Cambrian is supposed
to have a gentie dip outwards from around the

the

latter

leve!

the

greenish-grey
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arenaceous

1 1 . 1 m, where it is covered by a 0 . 3 m thick stratum
of greenish-grey argillaceous

and calcareous sandstone.

At 1 0. 8 m and thence upwards there appears another
greenish-grey shale which is less arenaceous and is softer

area of the bare hale, mainly due to differential

than the lower one. The highest strata are samewhat

campaction of the sandstone pile. The validity

displaced

of this assumption is supporred by the leve! of the
Lower Cambrian surface observed in the boring
l km W of Rälla and in other borings S of Rälla,
Fig. 1 7 . Although the sandstone is supposed to
have behaved passively

( i.e. not participated)

during the growth of the Mossberga dame under
the effect of gravity, there may have been a slight
bulging in this layer below the trunk of the
dame. From rnadel experiments of dome forma
tion we know that if the substratum below a layer
of buoyant material is not rigid it tends to
participare in the flow and form a bulge below
the dome. Further, the rise of the substratum
will increase as the degree of doming increases,
cf. Ramberg ( 1 967, p. 1 1 2 ) . Hence, the slight
darna! rise obtained earobined with the moderate
thickness and rather strong competence of the
sandstone under the Mossberga dame suggest that
a limited bulging of the sandstone has occurred.
The buoyant Iayer in the formation of the
Mossberga dame is made up of the different
shales belonging to the Middle Cambrian Eeca
paradoxides oelandicus Beds. Westergård' s descri p
tian of the Oelandicus Beds from the boring at
Mossberga ( 1 936, p. 1 3) may be quored in extenso:
"The lower portion of the Oelandicus beds, from the
conglamerate up to the 3 2 m leve!, consists of a dark
grey or almost black samewhat bituminous clay-shale,
often with an abundance of extremely thin seams of grey

by

the

contioental

ice,

and

the

covering

moraine consists exclusively of fragments of the same
kind of shale in a clayey matrix. It may be assumed
that the eroded part of the Oelandicus shale originally
had a thickness of at !east 5 and probably, about 10 m."

The lithological partirian of the Oelandicus Beds
mentioned above can also be observed in small
outcrops along the shore of Kalmarsund from
the area south of Rälla

to

Borgholm. Studies of

the different types of shales exposed along the
shore indicate clearly their ability

to

have acted

as a ductile buoyant substratum in a darna! rise.
The thicknesses of the overlying Middle Cam
brian Paradoxides paradoxissimus Beds are almost
unknown in the Mossberga area. From the lateral
extent which is mainly based on geophysical
results the thickness is estimated to be around
10 m. Whereas the Paradoxissimus Shale and
Siltstone and the overlying alum shales, about 5 m
thick, have actively cooperated with the Oelandicus
Beds as source layers for the dame formation can
not be assessed on present evidence. However, the
Upper Cambrian and Lower Ordavieian alum shale
has served as a low-strength ductile layer of
"smearing" at the contact between the overlying
Iimestones and the underlying shales and in this
manner has facilitated the dome generation.
On the surface the Lower Ordavieian Iimestones
outcrop around the shales with stratigraphically
younger Iimestones away from the centre. Only

32 and 29 m, alternate dark-grey

scatrered outcrops of the Planilimbata and Limhata

shale and lighter greenish-grey fairly arenaceous shale.

Limestone are found whereas the younger Vagina

Fig. 1 7. Geologic map and seetian of the Mossberga

tum Limestone extensively crops out in the southern
and eastern parts of the dom e, Fig. 1 7. The
outward dips vary from a few up to ten degrees
and the region of the anomalous dips departing
from the prevalent ESE direction indicates an
outer dame diameter of around 4 km.

sandstone. Between

dome. The boundaries between the different stratigraphic
units i n the centre of the dome are based on geophysical
measurements.

The

boring

in

the

centre

shows

the

stratigraphy and main lithology according to Westergård
( 1 9 3 6 ) . Data for the boring

l

km W of Rälla are

In as much as domes with diameters on the

compiled from the weil record office of the Geological

scale of kilornetres are lacking for the rest of

Survey of Sweden.

Öland there must have been certain specific factors
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predominant only at Mossberga which lead to
the dome formation here. Hence, the metastable

20 m below sea leve!. With an estimated eastward
dip of 5 m per l 000 m and a distance from

situation of lighter ductile shales overlain by

Rälla to the Skäggenäs Peninsula of 4.5 km, we

heavier limescones is not enough. If both source

may reckon that the upper surface of the Lower

layer and overburden are uniform in thickness,

Cambrian was about 2 . 5 m above sea leve! at the

composition and density, and if further the layering

the peninsula. Hence, a situation with deposition
of Oelandicus Beds directly upon the Archaean
quartzite seems likely and by analogy with the

is parallel, then diapiric structures should theore
tically not start growing from the metastable
source layer. From theory, experiments, and nature

situation at Mossberga, this implies that a former
dome may have existed on top of the quartzite at

we know that irregularities either in geometry
or property are necessary to generate doming.

Skäggenäs Peninsula.

The dome-generating irregularity at Mossberga
is the quartzite monadnock which in the vicinity

The Gestadås structure

of the boring is supposed

to

project up in the

bituminous shale of the lowermost Oelandicus
Beds. The dynamics of the dome generation is
explained by the change of thickness and weight
of the source layer along the contact with the
quartzite. This creates a pressure difference in the
source layer around the monadnock that could
initiate harizontal flow. A complete treatment of
the dynamics and history of the doming, tagether
with descriptions of centrifuged models, will be
presenred in a forthcoming paper.

The strong eastward bend of the cliff at Borg
holm is the most striking evidence for eectonic
movements in this area. This bend is, to some
extent, also reflected by the slight bend of the
stratigraphic boundaries, cf. Fig. 1 5 . Strong devia
tions in attitude of the limestone units from
their normally flat-lying position can be found
around the ruined castle of Borgholm situated at
the easternmost part of the bend in the cliff.
1 5 0 m south of the castle a zone of strongly tilted
Lower Ordavieian Iimestones can be followed for

Due to high resistance of quartzite to denuda
tion we have reason to assume that there may exist

more than 1 00 m in a WNW-ESE direction.
Zones of weakness in the bedrock are evident

other monadnocks

from the strongly eroded valleys situated on both

which

may

h ave

initiared

doming on Öland and in the area of Kalmarsund.

sides of the main road 1 .5 km south of the ruined

On the island of Öland we have so far no clear

castle.

indication of further doming. The only possible
locality is situated just north of Byxelkrok on

Further towards the south, about 2 . 5 km from
the castle, we find the middle part of the Gestadås

norrbernmost Öland, where a slight folding of
the limestone units was first reporred by Bohlin

structure. This structure was first investigated in

( 1 95 5 ) . Lack of deep weil holes and limited out

prospecting. Results of eight borings and several

crops render a determination of the origin difficult,

excavations along the northern and central part

the early thirties in connection with oil and gas

however. Of the monadnocks of quartzite now

of the ridge have been kindly placed at my disposal

present in the area of Kalmarsund, the one forming

by Dr. O. Meier. According to the borings and

the Skäggenäs Peninsula on the rnainland at almost

excavations the northern part of the ridge is a

the same latitude as Mossberga, may possibly have

sub-harizontal upright fold with gently dipping

initiared a dome. Abundantly fossiliferous Lower

limbs ( 10 °-20° ) . A fault running along the

Cambrian sandstone beds alternating with gray

crestal line is found with about 10 m downthrow

and reddish shale from a locality in the western

of the eastern block.

part of the Skäggenäs Peninsula have been de

The borings in the eastern limb on the central

scribed by Åhman and Martinsson ( 1 965 ) . From

part of the ridge indicate a repetition of the Upper

well-sinkings in the area of Rälla it may be seen

Cambrian and Lower Ordavieian units. The most

that the top of the Lower Cambrian is situated

probable explanation for this repetition is the

Gravity Tectonics on öland
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multi-layer

by harizontal deposition and finally a slight bulging

domical diapir from the old quarry 1 . 5 km NNW of

in a later stage. The uppermost three layers of limestone

ö. Vannborga. The scale is l m. Notice the diameter

form a stone wall.

Fig. 1 8 . lntermediate

dame

of

the

type

diminishing upwards, the cessation of growth followed

presence of a low angle, westward dipping fault

A geological interpretation of aerial photo

striking almost paraHel with the eastern part of
the ridge. Whether the faulting along the ridge

graphs by N. B. Svensson (personal communica

was preceeded by any anticlinal diapirism can be
determined only after further borings.

DIAPIRIC STRUCTURES ON
NORTHERN ÖLAND
So far the only !arge structure described from

tions) has shown several rather wide depressions
or valleys erossing the northern part of the island
in a NW-SE direction. No strong deviations in
dip of the limestone surface, generally gentie
dipping to the ESE have been found in the vicinity
of these valleys, and an origin due to ice movement
seems most Iikely on the evidence now available.
However, it must be emphasized that observations
along the valleys can only be made at scatrered

northern Öland has been the slight fold trending
NE-SW just north of Byxelkrok (Bohlin, 1 95 5 ) .

places and only three glacial striae preserved to

The origin o f this fold i s uncertain. A diapiric

Öland according to Königsson ( 1 968) . According

indicate the direction of ice movement on norrhem

process with the alum shales acting as a source

to N. B. Svensson ( op. cit.) the valleys may re fleet

layer is out of question due to the small thickness

the topographic subsurface of the Precambrian

of the shales. Diapirism invalving the Oelandicus

basement.

Beds is plausible, but there is still the lack of
a mechanism of initiation.

The most interesting structures on this part of
the island are the intermediate and small domes
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Fig. 1 9. Small domes from the Billingen Stage, Lower

the lower dome. Notice the slight bulging o f the lime

Ordovician, Horns Udde. The strongly fissured buoyant

stone bed underneath the buoyant layer and the almost

layer of dark mar! may be seen in the centre of the

horizontal limestone layers above the domes.

upper dome. A bent limestone layer may be seen in

and ridges which can be found in great numbers
and with varying appearance in the Lower Ordo

km NNW of Ö. Vannborga, Fig. 1 8 . The botrom

vician along the western coast.

part of the dome, where the scale of the figure is
situated, has a diameter of 4 m. The diameter gra

lntermediate domes

dually diminishes upwards. On both sides of the
major dame other small gentie domes appear. The

Intermediate domes with diameters ranging from
a couple to around ten merres have been found at
three localities along the cliff of the western coast,
cf. the map, Fig. 1 5 . According to the proposed
classification of domes (p. 5 9) the one situated at
Horns Udde is of the type single-layer domical

diapir, cf. Lindström 1963, plate l , seetian 0-2 .5
m. Here the source layer consists of marl and
the overburden of one layer of limestone about
10 cm thick. The other intermediate domes are

interealatians of marl in the limesrone unit were
the source layers in the formation of this type of
dome, cf. p. 6 1 . On the left-hand side of the
dame we notice how younger beds of limestone
have been deposited horizontally and against
the flank of the dame. Further, the slight outward
dip of the discontinuity surfaces on the top of
dame indicates slight movement at a later stage.

Small domes

of the type multi-layer domical diapir. Very re

In an artide on "Sedimentary folds

presentative for this type of structure is the

development of limestones"

southernmost of the domes in the old quarry 1 . 5

described folded limesrone beds of Lower Ordo-

Lindström

and

the

( 1 963)
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rwo mam areas of sourhern

trend rosette. Lindström also menrians that because

Sweden. On the island of Öland fold strucrures

the strongest maximum of fold trends is almost

were described

normal ro the most frequenr joinrs it re:1ders

from

four

different

localities,

Horns Udde, Borgholm and Köpings Klint, Pers
torp and Ottenby, the rwo latter localiries being
on sourhern Öland. The best exposures of the folds
were found along the sea-cliff at Horns Udde on
norrhem Öland. According ro Lindström (op. cir.)
"A rypical fold in the orrhoceratite limesrone
comprises only one limesrone bed that it usually
a few cm thick. Under the folded bed one will
find a bed of marl, which in some cases fills
the core of the fold. The limesrone beds rhat
follow under the marl are usually not affected by
the same folding. The rnaris have been a zone
of 'decollemenr'. The falding can thus regarded
as a mode! of the classic conception of Jura folds",
op. cit. p. 2 5 2 . Lindström furrher menrians rhat
the wavelength of a fold is commonly about 0.5
m or little less, the normal variation being 0.21.5 m, and the amplirude is generally about 1 5
cm. At first sight, a folded limesrone layer looks
like an ordinary fold, bur a close examination
shows that the srructures mostly terminare in
wards at right angles to the exposed surface; in
reality most of the srructures are domes. This
can be seen in many places where the inrensely
fissured layer of marl has been washed out, or
after the loose layer has been scraped out, Fig. 1 9;
cf. also Lindström (op. cir., figs. 7 and 1 3 ) .
Along the almost NE-SW striking cliff a t
Horns Udde, Lindström measured 82 fold axe:;

the fold maximum suspect.
The small domes must have starred ro grow
plastically, simultaneausly with or very soon after
the deposition of the next limesrone bed or beds.
That the doming was very early is readily seen
from the almost harizontal bedding appearing
in the very next marl or limesrone bed above
the benr one, cf. Fig. 19 and the drawing at
Horns Udde by Lindström (o p. cit., plate I, pp.
2 77-292 ) . Also notice the tendency for the benr
limesrone bed ro thin at the rop of the domes. This
deformation rook place very early when the marl
layer was probably still plastic or slightly hardened.
In several domes at Horns Udde the source
layer has pierced through the benr limesrone bed.
Furrher, it seems as if the uppermost parts of
the source layer material have been dissolved or
most probably washed out and later replaced with
calcareous sediments. In places where the source
layer has pierced through, we often find a layer
of marl situated along one or both rims of the
dome immediately above the benr limesrone bed.
This possibly indicates a redistriburion of the
source layer material that was originally siruated
underneath the benr limesrone bed ro a present
position above ir.
The author fully agrees with several of the
conclusions made by Lindström, for example

and 1 00 joints and constructed a rosetre diagram

that the structures srood upright on the sea-floor

for the trend of the fold axes and a sum polygon
for the joinrs whose harizontal extenr was also

during the deposition of younger sediments, and
that the benr limesrone layers mineralogically and

included (op. cit., fig. 8 ) . With the reservation

rexrurally differ from the normally developed

rhat each measuremenr is samewhat uncerrain,

limesrone beds etc. However, unlike Lindström I

Lindström shows that there is a strong maximum
for folds trend ing in an almost NW-SE direcrion,
i.e. perpendicular ro the exposed surface. lt can

have found that the limesrone bed that is situated
underneath the source layer in most of the domes
has bur a fair! y regular bulge with an amplitude of a

be proved that there exist some, although very few,

coup!e of cm. This is a srrucrural partern which

elongate domes or ridges where a measuremenr

among other features lends support ro a theory

of fold axis could confidently be made. However,

of gravitational emplacemenr of the domes and

most of the folded layers have a dome structure.
Another direction of the cliff line or exposed

at the same time proves rhat the underlying bed

surface, thus, would result in a corresponding

of limesrone was plastic bur nevertheless stiffer
rhan the light buoyanr layer during the gravita

change of the direction of the maximum in the

tional doming.
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Fig. 20. Section of a single-layer anticlinal diapir from

The thickness of the dark, buoyant layer of mar! is 14 cm

the Billingen

in the centre of the anticline.

Stage, Lower Ordovician,

Horns

Udde.

According to Lindström some tectonic move

marble plaque on the wall of the "Hotel de Ville"

ment was the triggering that eaused the practically

at Chambery in France. Although the buckling

consolidared limestone bed to glide down an

of the riveted marble plate is in itself an interesting
phenomenon, this non-eectonic mechanism is un

almost imperceptible eastward slope and "The
folds rose where the bed was pushed rogerher by
the movement", op. cit., p. 2 5 6. He further mentians
that the bigger folds at Horns Udde indicate that

likely

to

have been responsible for the structures

found in the Early Arenigian limestone beds on
the island of Öland. This type of buckling demands

some tectonic buckling took place in the Early

a more or less rigid constraint. The surface of

Arenigian. "Indeed the small-seale falding itself
may have been released by earthquake shocks",

contact between the limestone bed and the under
lying plastic substratum of mar! could hardly offer

(op. cit., p. 2 7 1 ) .
Later Gidon and Lindström ( 1 96 5 ) renounced

that constraint. Although the marl layers sarnerimes
die out and the superineurobene layer comes into

the belief in submarine gliding as a factor that
could have played an important role in the forma

conract with the underlying bed of limestone we
still have a discontinuity surface which could

tion of the structures, except for chose in the

hardly withstand the buckling forces. At the Horns

lower part of the seetian at Horns Udde. Instead

Udde seetian we further notice that the distances

they involve a mechanism of buckling due to

between these points of contact sarnerimes reach

humidity changes and dilatation of the limestone
surface, inspired by the behaviour of a Carrara

would expect larger wavelengths of the folds

rens of metres ; were a constraint imposed we
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than we in fact can see. Finally, this mechanism
of buckling can hardly explain the slight bulging
of the limestorre bed underneath the mar! layer
ob�erved in most of the domes.
The basic med1anism of formation of the small
domes is a gravitational instability of an inverted
density stratification, i.e. mar! layers of low density
are overlain by limestorre layers of higher density.
The initiation of the small domes, both of single
and multi-layer domical type, is due to irregulari
ties in the stratification. Hence, at Horns Udde
most small domes are found in the lower portion
of the Billingen Stage where the stratification of
mar!, nodular marly limestorre and limestons beds
is most irregular, d. Lindström ( 1 963, plate 1 ) .

Small ridges
Some of the structures in the diff of Horns Udde
do not show any sign of termirration perpendicular
to the exposed surface. These are small ridges
or antidirres and in accordance with the proposed
classification they are single- or multi-layer anti
dina! diapirs depending on whecher one or several
layers of mar! form the source layer. At Horns
Udde the type first mentioned dominates, Fig. 20.
The mechanism of initiation and growth is the
same as that for the small domes, i.e. initiation
due to irregularities in the stratification and growth
due

to

an inverted density stratification.

A single-layer anticlinal diapir with a curved
crest Iine was found in the bottom of a small

Fig. 2 1 . A

curved

single-layer

anriclinal

diapir

from

a small quarry 2 km WSW of rhe church of Alböke.
The lengrh of rhe exposed parr is abour 6 m. The NW
end

of rhe srrucrure terminares

wirh

a

well-rounded

nos e.

quarry situated 2000 m WSW of the church of
Alböke, Fig. 2 1 . The length of the exposed part
of the ridge is about 6 m. Towards the NW the
structure closes with a well-rounded nose. From
here it gradually bends until it reaches a NNE
direction at the vertical wall of the quarry. The
crest rises almost 40 cm above the flat-lying
surroundings, and the width or wavelength varies
between 2 and 3 m. The core of the ridge consists
of a gray mar! and marly limestorre and is covered
by a 7 cm thick layer of glauconite and goethite
bearing red limestone. The dip of the limestorre
surface increases slightly towards the crest; dips of
almost 3 0 °

can be found locally. A marked

thinning of the covering limestorre bed can be

found at the crest where the bed is still intact,
d. Fig. 2 2 . At the vertical wall of the quarry we
find harizontal younger beds of limestorre situated
about 20 cm above the top of the source layer of
mar!.
The limited disturbance above the ridge and
the marked thinning along the crest of the covering
limestorre bed both indicate a very early origin
for the structure, i.e. when the mar! and limestorre
were still plastic sediments or muds. Although
the establishment or initiation of some of the
joints can be related to the growth of the ridge
most of them are of a later date. Hence, joints
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Fig. 22. The same ridge as shown in Fig. 2 0 . The care

eaused a thinning of the layer along the crest. Notice the

of the ridge consists of grey mar! and marly limestone.

harizontal discontinuity-surface in the srone wall j ust

A layer of glauconite and goethite hearing limestone

above the crest of the ridge.

forms the cover. Stretching of the limestone layer has

and sets of joints can be followed both in the

paraHel with the major axis of evaponttc or

source layer and on the flanks of the covering

sedimentary basins, e.g. the Paradox Basin at the

limestone bed. From chlorite-coated slicken-sicled

border of Utah and Colorado in the United States

joint surfaces within the marls we have clear

(Elston and Shoemaker 1 9 6 3 ) , and the norrhem

evidence of moderate later movements.
The question why we sometimes get domes

part of the Zechstein basin in Germany described
by Trusheim ( 1 960) . The same observation has

and sometimes ridges by the same basic mecha

been made in mode! experiments, cf. Ramberg

nism, is related to irregularities in the source layer

( 1 9 67

or

know further that a source layer with a curved

overburden,

i.e.

irregularities in

thickness,

,

figs. 1 2 , 1 3 ) . From the experiments we

composition, d ensity and rheology. We also know

omer boundary favours the deve:opment of curved

that the outer boundary ( i.e. lateral extent) of the

anticlinal rises. Hence, the geometry of the small

source layer is a strong controlling factor for the

ridge described above may weil be controlied by

growth and final geometry of diapiric structures.

a curved outer limit and related thickness vana

In nature we often find diapiric anticlines trending

tians of the source layer of mar!.
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