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Abstract/Zusammenfassung
Abstract
With regards to emplacement controlled by tectonic activity, sedimentary, metamorphic,
and igneous materials share many similarities. This is not only because that most of the features
are associated with pre-existing structures (e.g. joints, bedding planes, faults), but also the
physical occurrence of intrusions in the upper crust, regardless of which material (i.e. salt, shale,
clastic deposits, magma), show similar shapes, distribution and emplacement mechanisms, which
are mainly controlled by regional tectonics.

Four field studies deal with the conditions of opening of tectonic fractures in the upper
crust, their propagation, interaction and final emplacement. The following examples aim to better
understand (1) the influence of pre-existing tectonic features on emplacement mechanisms in the
upper crust; (2) tectonic effect on magma movement and location of eruption sites; (3) the
feedback between faulting and magmatism; and (4) conditions and mechanisms of dyke
emplacement. The features addressed in the presented case scenarios include clastic, eruptive, and
plutonic bodies, which were studied using field work, 2D numerical, 3D dynamic, geometric
modelling, and macro- and microstructural fabric analyses.

The first case study, located in SE Sweden (Chapter 3), describes the tectonically-controlled
emplacement of the circular, in map view, Götemar Pluton ahead of a propagating shear zone. The
emplacement is consistent with the concept of an inflating sill, that was trapped by mechanical
and structural heterogeneities in the Transscandinavian Igneous Belt. Due to episodic
replenishments with silicic, crystal-poor magma batches from a deeper magma chamber and
amalgamation of sheets, the intrusion grew by roof uplift to form a layered body that consists of
alternating sequences of fine- and coarse-grained granite. Boundaries between the layers are
commonly smudged and diffuse suggesting rapid injections of magma into the initial sill. To
explain the internal stratigraphy, at least two independent pathways from the magma chamber are
proposed, one is additionally connected to a fracture network that developed at the margin of the
growing pluton. Structural field data, e.g. joints, magmatic dykes, and microfabrics indicate
magma mixing in the magma chamber and rapid magma ascent (combined with decompression).
The final emplacement and the shape of the Götemar Pluton were modified by horizontal
extension of the individual intrusive sheets (as the pluton cooled from the roof and margin), minor
floor subsidence, magmatic stoping, and a thickening of the root zone as the last magma batches
arrived. Rapid emplacement of the intrusion within a timeframe of 20 ka-30 ka, might be an
explanation for the missing deformation pattern in the intrusion and thus elucidate why the body
is inferred to be anorogenic, even though the Götemar Pluton was subjected to a regional
deviatoric stress field at the time of emplacement.
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The second case study (Chapter 4) outlines the results for a multi-stage emplacement of
clastic dykes in the Palaeoproterozoic basement in SE Sweden. Sedimentary dykes in crystalline
basement that were formed by downward fracture opening and filled with siliciclastic material
supplied from the surface have been rarely described. Therefore, the field-related example closes
a gap in literature by combining macro- and microfabric analyses to determine the evolutionary
history of sedimentary dykes in basement rocks. A conceptual emplacement model reveals that
the downward propagation of the dyke was controlled by an alternating stress regime and an
episodic repetition of opening/filling, cementation/lithification, and alteration. Pre-existing joints
in the basement rocks were used as pathways for dyke intrusion during NW-SE directed Cambrian
rifting. Clastic dyke orientations can thus be used as a palaeostress indicator.

The third field example (Chapter 6) describes the Holocene segmented monogenetic
Raudholar crater cones in the northern rift zone of Iceland that offers the opportunity to study a
cross-section through the inner workings of the uppermost few hundred metres of a crater row in
an active volcanic rift zone. A 3D reconstruction, based on high-precision GPS mapping, of the
geometry of the plugs and scoria cones is used as a tool to determine the magma flow under a
small edifice, segmentation, and the influence of the re-activation of pre-existing faults underlying
the crater row on the localisation of the eruptive centres. Volcanic deposit analysis suggests a
diversified eruption style and intensive water-magma interaction. Flow indicators reveal a
dominantly horizontal magma transport though dykes connecting the eruptive vents along the
fissure. The Raudholar cones represent individual eruptive events, i.e., they are decoupled from a
shallow magma chamber associated with a central volcano, but connected to a temporal glacial
rebound effect and enhanced mantle melting in early Holocene times.

The fourth case study, located in the northern rift zone of Iceland (Chapter 7), focuses on
the feedback between dyke emplacement and fault slip processes and provides insight into magma
feeding relationships, the mechanical conditions of dyke emplacement, and the mechanical effect
of its emplacement on the surroundings. The results of the field study show that dyke-induced
surface deformation during unrest periods in volcanoes and rift zones are complex, and that
existing grabens may capture feeder dykes. The field observations and numerical models also
indicate that a dyke entering a rift zone graben may cause large reverse displacement on a nearby
boundary fault, and that the displacement, in turn, may contribute to an increasing dyke thickness
close to and at the surface.
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Zusammenfassung
Bezogen auf eine tektonisch kontrollierte Platznahme in der Oberkruste, besitzen
sedimentäre, metamorphe und magmatische Materialien viele Gemeinsamkeiten; nicht nur, dass
diese Strukturen meist an tektonische Vorzeichnungen (z.B. Klüfte, Störungen, Schichtgrenzen)
gebunden sind, so zeigen sie auch Übereinstimmungen in ihrer Erscheinungs-, und
Intrusionsform, sowie in Bezug auf Platznahmemechanismen, und einer räumlichen Verteilung
unabhängig von ihren Materialien (z.B. Salz, Ton, klastisches Material, Magma).

Hintergrund der hier vorgestellten Fallbeispiele ist die Bedingung für die Öffnung
tektonisch induzierter Brüche in der oberen Erdkruste, deren Ausbreitung, Interaktion und finale
Platznahme. Die Ergebnisse tragen zum Verständnis der folgenden Fragestellungen bei: (1) die
Rolle bereits existierender tektonischer Vorzeichnungen auf die Platznahmemechanismen in der
oberen Kruste; (2) tektonischer Einfluss auf den Magmentransport und die Lokation von eruptiven
Zentren; (3) die Interaktion zwischen Magmatismus und Störungen; und (4) Bedingungen für die
Platznahme von Gängen. In vier Fallbeispielen wird die tektonisch kontrollierte Platznahme
verschiedener Materialien, d.h. klastische Gänge, Extrusiv- und Intrusivkörper, untersucht.
Hierbei werden die Ergebnisse auf Geländebeobachtungen, strukturgeologische Daten, Mikround Makrogefügenanalysen, sowie auch auf die 2D numerische, und 3D geometrische
Modellierung gestützt.

Das erste Fallbeispiel in Kapitel 3, beschäftigt sich mit der tektonisch kontrollierten
Platznahme des im Kartenbild runden Götemar Plutons in SE Schweden, der an eine
propagierende Scherzone gebunden ist. Die Platznahme stimmt mit dem in der Literatur oft
beschriebenen Konzept eines sich „aufblähenden“ Lagerganges, der an Heterogenitäten im
umgebenden Transmagmatischen Gürtel gebunden ist, überein. Durch episodische Injektionen
von kristallarmem, sauren Magma, dass durch einen Fördergang aus einer tiefer liegenden
Magmenkammer gespeist wurde, und durch die Vermischung früherer Magmenpulse, wuchs der
Pluton nach oben (Dachhebung). Der so entstandene intern geschichtete Magmenkörper besteht
aus sich abwechselnden Sequenzen aus fein- und grobkörnigem Granit. Die Grenzen zwischen
den individuellen Granitlagen sind meist diffus und verwischt, was auf schnell aufeinander
folgende Magmeninjektionen schließen lässt. Um die alternierende Stratigraphie erklären zu
können, wird ein Modell vorgeschlagen, welches die Speisung des Lakkolithen mittels mindestens
zweier unabhängig voneinander agierenden Fördergängen beschreibt; einer ist der im
Gravimetrieprofil erkennbare vertikalen Fördergang, und ein zweites System ist an ein
Bruchnetzwerk am Rand des wachsenden Plutons gebunden. Strukturgeologische Daten
(magmatische Gänge, Kluftsysteme) und die Untersuchung der Mikrogefüge belegten eine
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Magmenmischung in der Magmenkammer und einen relativ schnellen Aufstieg des Magmas
verbunden mit Dekompression. Die finale Platznahme, und letztlich die Form des Götemar
Pluton, wurde durch eine Kombination aus horizontaler Ausbreitung der Internlagen, einer
untergeordneten Absenkung des Plutonbodens, magmatischem Stoping und einer Verdickung des
Förderganges bestimmt. Eine schnelle Platznahme, die einen Zeitraum von etwa 20 ka-30 ka
umfasste, könnte eine Erklärung für die Abwesenheit von Deformationsstrukturen sein, und zeigt
eine Möglichkeit auf, warum der Götemar Pluton als anorogen bezeichnet wird, obwohl der
Körper während einer Zeit mit regionaler Deformation Platz genommen hat.

Das zweite Geländebeispiel (Kapitel 4) behandelt die passive Platznahme von Kambrischen
Sedimentgängen entlang von vorgezeichneten Kluftsystemen im Paleoproterozoischen Basement
in SE Schweden. Klastische Gänge in Kristallingesteinen, die von der Erdoberfläche ausgehend
nach unten propagieren sind selten beobachtet worden. Diese Studie, gestützt auf die
Interpretation von Mikro- und Makrogefügen, schließt somit eine Lücke in der bisherigen
Literatur. Das vorgestellte konzeptionelle Modell zeigt, dass die Platznahme der Sedimentgänge
von einem wechselnden Spannungsfeld beeinflusst wurde, welches sich in alternierenden Phasen
von Öffnung/Füllung, Zementation/Verfestigung und Alteration des nach unten propagierenden
Ganges äußert. Die Lokation der klastischen Gänge ist an bereits angelegte Kluftsysteme
geknüpft, die auf Grund des NW-SE gerichteten Kambrischen Riftings reaktiviert wurden. Somit
ist die Orientierung von Sedimentgängen ein aussagekräftiger Paleospannungsindikator.

Das dritte Fallbeispiel (Kapitel 6) beschäftigt sich mit der Holozänen monogenetischen
Raudholar-Kraterkegelreihe in der nördlichen Riftzone Islands. Das Gebiet gibt Einblick in einen
Querschnitt durch die oberen hundert Meter dieser segmentieren Kraterreihe in einem aktiven
Extensionsgebiet. Die 3D-Rekonstruktion basiert auf einer präzisen GPS-Vermessung der
erodierten Förderkanäle und intakten Kraterkegel, sowie auf der Aufnahme strukturgeologischer
Elemente. Somit konnten Aussagen über den Magmenfluss unter einem relativ kleinen
Vulkangebäude getroffen werden, als auch der Einfluss der Reaktivierung von bereits unter der
Kraterreihe bestehenden Störungen auf die Lokalisierung der Eruptionsschlote bestimmt werden.
Vulkanische Ablagerungsprodukte zeigen zudem eine variable Eruptionsgeschichte der
Kraterkegel und eine intensive Wasser-Magma-Interaktion. Fließgefüge in (Förder)Gängen lassen
einen vorwiegend horizontalen Magmenfluss erkennen. Die untersuchten Raudholar Krater stellen
ein separates Spalteneruptionsereignis dar, welches, anders als die meisten Spaltenschwärme in
Island, nicht an eine Magmenkammer unterhalb eines Zentralvulkans gekoppelt ist. Aufgrund des
Alters der Raudholar-Kraterreihe (frühes Holozän) könnte dieses Riftsegment zeitlich an das
Abschmelzen der nördlichen Riftzone gebunden sein, was seine außergewöhnliche Lage am
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Rande des Spaltenschwarmes und eine eventuelle Magmenzufuhr von der Kruste/Mantelgrenze
erklären würde.

Das vierte Fallbeispiel (Kapitel 7) beschäftigt sich mit der Interaktion zwischen
Gangintrusionen und Verwerfungen, und zeigt Bedingungen für die Magmenzufuhr für
Gangintrusionen auf, sowie welche mechanische Auswirkung eine Intrusion auf das Nebengestein
haben

kann.

Die

Studie

zeigt,

dass

der

durch

Gangintrusionen

induzierten

Oberflächendeformationen in Vulkanen und Riftzonen komplex sind und existierende
Grabensysteme vorhandene Fördergänge lenken und an sich binden können. Feldbeobachtungen
und numerische Modelle machen deutlich, dass Gangintrusionen nahe gelegene Störungen
reaktivieren können, und dass der Versatz wiederum zu einer Vergrößerung der Gangmächtigkeit
nahe der Oberfläche beiträgt.
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the already published manuscript about dyke-induced reverse faulting in
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Chapter 1: General introduction
Rowan et al., 2003; Schutter, 2003; Lee et al.,

1. General introduction: preface
With

regards

to

emplacement

2006; Jones et al., 2007; Rohrman, 2007;

controlled by tectonic activity, sedimentary,

Filho et al., 2008; Løseth et al., 2008; Polteau

metamorphic and igneous materials share

et al., 2008 a,b; Galland et al., 2009; Fig. 1.4).

many similarities. This is because not only
are most of the features associated with preexisting structures (e.g. joints, faults), but
also the physical occurrence of intrusions in
the upper crust, regardless of which material
(i.e. salt, shale, clastic deposits, magma,
Figs. 1.1-1.4)

show

similar

shapes,

distribution and emplacement mechanisms,
which are mainly controlled by regional
tectonics (e.g. Morley et al., 1998; Capozzi
and Picotti, 2002; Dimitrov, 2002; Marco et
al., 2002; Mazzini et al., 2003a,b; Tucker,
2003; Stewart and Davies, 2006; Hudec and
Jackson, 2007; Cartwright et al., 2008,
Polteau et al., 2008 a,b; Zhigulev et al.,
2008).
The

emplacement

of

(shallow)

intrusions of different types of material is of

Figure 1.1: (A) Salt structures (simplified after

economic interest, e.g. deposits of ore (e.g.

Jackson and Talbot, 1991). (B) Cretaceous salt

Eckstrand and Hulbert, 2007; Ramirez et al.,

dome at Fisher Towers (USA). Photograph by

2006; Vigneresse, 2007), diamonds (Sparks et

Ken Leonard (http://en.wikipedia.org).

al., 2006), and dimension stones (Kalvig et

Shallow magma emplacement is the

al., 2002; Rasmussen and Olsen, 2003;

most direct geological record of the magmatic

Hoffmann

2007;

plumbing systems beneath volcanic centres

Oyhantçabal et al., 2007; Härmä and Selonen,

(e.g. Coleman et al., 2004) and thus an

2008). Shallow magma emplacement, salt and

important

shale tectonics (Figs. 1.1, 1.3) play a

Metcalf,

significant role in the spatial distribution of

monitoring

hydrocarbon

reservoirs

hydrocarbon

generation,

and

Siegesmund,

as

volcanic-plutonic
2004).
of

The

link

(e.g.

occurrence

shallow-emplaced

and

bodies,

well

as

associated volcanic activity and influence of

migration,

and

tectonic forces (Figs. 1.2-1.3) have been

entrapment (e.g. Davison et al., 2000; Petford

intensively studied to understand geological

and McCaffrey, 2003; Planke et al., 2003;

hazards. For example, there is a curtain of

1
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mud volcanoes aligned along the plate
margins in N Italy, the Mediterranean Sea,
the Black Sea, and the Caspic Sea to
Indonesia (e.g. Blinova et al., 2003; Planke et
al., 2003; Mazzini et al., 2007; Bonini, 2008),
that have forced human relocation and have
had an impact on human health and
environment (e.g. Davies et al., 2008; Kopf et
al., 2008; Fig. 1.3). While volcanic threats
from volcanoes such as Vesuvius (Italy), La
Soufrière (Guadeloupe), Teide (Spain), and
Etna (Italy), to name a few, have been known
for a long time (e.g. Chester et al., 2002;
Macedonio et al., 2008; Marti et al., 2008;
Komorowski et al., 2008; Andronico et al.,
2009), hazards from small volume scoriacone eruptions are often overlooked (Ort et
al., 2008), although these features are the
most abundant volcanic landforms on Earth
(Wood, 1980). Studying their eruptions,
deposits, and plumbing systems help to
forecast eruptions and minimise vulnerability
especially in densely populated areas such as
Mexico (e.g. Siebe et al., 2004; Martin and
Nemeth, 2006; Guilbaud et al., 2009). Areas
of scoria cone occurrence became a research
Figure 1.2: (A) Rhyolitic Sandfell laccolith, SE

object lately (in terms of dyke injections, a

Iceland. Steeply dipping strata on either side of

possible volcano formation) connected to

Sandfell were pushed up by the intrusion. View

radioactive waste repository sites e.g. at

towards SE. (B) Hljodarklettar, eroded scoria

Yucca Mountain (USA; e.g. Crowe et al.,

cone row part, rift zone N Iceland. View towards

1983; Wells et al., 1990; Doubik and Hill,

south. (C) Basaltic dyke (dotted line) cross-cutting
sedimentary and lava layers at the Santorini

1999; Ho et al., 2006; Valentine and Keating,

Caldera rim, Greece.

2007). But also other shallow emplaced
materials are targets for waste deposits, such
as salt structures in Northern Germany (e.g.
Langer, 1999; Behlau and Mingerzahn, 2001;

2
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Figure 1.3: Components of a
mud

volcano

system

revealed by 3-dimensional
seismic data and outcrop:
A- Schematic illustration of
the main components of a
mud volcano system. Mud
volcano systems can be
divided into intrusive and
extrusive

structural

do-

mains. Fluid may either coexist with the mud source or
enter from a deeper source
(blue arrows) causing remobilisation of shallower
mud and entrainment of
other overburden lithologies. The mud-fluid mix is transported through fractures and faults to the surface,
where stacked cones form due to episodic eruptive and quiescent periods. B - Seismic coherency cube (see
Bahorich and Farmer, 1995) across a mud volcano (South Caspian Sea, from Davies and Stewart, 2005),
showing feeder conduits, the detailed internal structure of which is unknown. C - Mud-filled dykes from
the Jerudong anticline in Brunei (see Morley, 2003). These types of mud-filled fractures the transport of the
mud-fluid mix to the surface. (From Davies et al. (2007), reprinted with permission of GSA Today.
D-Photograph of mud volcano LUSI in Indonesia (from Davies et al., 2008).

Figure 1.4: 3D representation of saucer-shaped Gamma field sand injective (left, Huuse et al., 2004) and
Golden Valley sill (Karoo, right). Figure reprinted from Polteau et al. (2008a) with permission of Elsevier.
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Koyi, 2001; Brewitz and Rothfuchs, 2007;

As an introduction to the topic,

Hornschemeyer, 2008) and basement rocks in

Chapter 1 focuses on how the different topics

the vicinity of the Götemar Pluton (SE

are related in the context of tectonically-

Sweden; e.g. Tiren et al., 1999; Cruden,

controlled emplacement mechanisms in the

2008; SKB report, 2008; Drake et al., 2009)

upper crust. As the field examples occur

have

within a sequence of extrusive and intrusive

been

studied

with

regards

to

tectonically-controlled emplacement.

rocks, the connection between plutonism and
volcanism is outlined. Furthermore, an

In

attempt

to

understand

the

overview of the mechanisms that control

relationship between the emplacement of

material emplacement is given.

fluids and faulting, this thesis consists of

The case studies are located in Sweden

several field-based studies that focus on the

and Iceland, so the Chapters 2 and 5 give a

tectonically-controlled

of

short overview of the geological framework

features of different scales and materials in

of both areas, followed by the corresponding

the upper crust (i.e. sedimentary dykes,

field studies. The different methods applied to

granitic pluton, and basaltic plugs) in two

each study, namely 2D numerical, 3D

different tectonic settings. The basic idea

geometric and dynamic modelling, and

behind the following emplacement studies is

microstructural

the opening of tectonically-established cracks

microscopy) analysis, are introduced in the

at different crustal levels, their propagation

corresponding chapters. Finally, Chapter 8

and growth. The four case studies, located in

summarises the main results and discusses

Sweden and Iceland, address the following

them in the context of recent research on the

research topics:

related topics.

(1) influence

of

emplacement

pre-existing

tectonic

plutonism

in the upper crust;

The connection between plutonic and

(2) tectonic effect on magma movement

volcanic

and location of eruptive sites;
between

cathodoluminescene

1.1 The connection between volcanism and

features on emplacement mechanisms

(3) feedback

(e.g.

faulting

rocks

is

fundamental

to

understanding magma chamber processes and
and

the evolution of magma systems (e.g. Barnes

magmatism (i.e. reactivation of faults,

et al., 1990; Wiebe and Collins, 1998;

faults as conduits for magma ascent);

Hawkins and Wiebe, 2004; Metcalf, 2004;

(4) conditions and mechanisms of (clastic)

Coleman et al., 2004; Kemp et al., 2006;

dyke emplacement.

Bachmann et al., 2007). Volcanic and
plutonic

rocks

are

clearly

linked

petrogenetically, but the nature of this

4
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connection is still a matter of debate. One of

sills can also be regarded as parts of volcanic

the controversial questions discussed is: Are

systems (Figs. 1.2-1.3; see also field studies

volcanic

Chapters 6 and 7).

and

plutonic

rocks

mutally

complementary or do they evolve along
separate pathways?

1.2 Tectonic influence on ascent and

Plutonic rocks mostly document the

emplacement

final stages of multiple intrusive events (at

–

presentation

of

case

scenarios

varying depths) and can be overprinted by

Pre-existing

structures,

e.g.

joints,

late, near-, and subsolidus processes (e.g.

foliation, bedding planes, folds and faults

textural coarsening, metamorphic reactions,

influence the ascent and emplacement of

deformation; e.g. Zieg and Marsh, 2005). In

different materials such as salt, shale, and

contrast,

an

clastics (e.g. Hutton et al., 1990; Paterson and

instantaneous “snapshot” of the state of the

Fowler, 1993a,b; Morley et al., 1998;

magmatic system at the time of eruption.

Beacom et al., 1999; Lafrance and John,

Moreover, they record the peak of magmatic

2001; Rowan et al., 2001; Kavanagh et al.,

activity in a certain area, rather than late,

2006; Levi et al., 2006; Hudec and Jackson,

waning stages, as plutons do (Bachmann et

2007; Galland et al., 2009). Case studies in

al., 2007).

the literature mainly deal with plutonic bodies

volcanic

rocks

provide

In magma systems, plutons might

(e.g. Johnson and Pollard, 1973; Hutton,

represent a cross-section of magma conduits

1982; Kalakay et al., 2001; Pinotti et al.,

and magma chambers where magmatic

2002; Thomson and Hutton, 2004; O´Driscoll

processes

magmas

et al., 2006; Polteau et al., 2008a,b). Even

reaching the Earth’s surface as a volcanic

though there is a debate whether ascent

eruption

and

mechanisms via diapirs or dykes occur (e.g.

eruption of magmas is regarded as essential to

Clemens and Mawer, 1992; Rubin, 1993;

the evolution of high-level granitic plutons

Petford et al., 1994; Petford, 1996; Clemens,

(e.g.

and

1998; Miller and Paterson, 1999; Vigneresse,

Bergantz, 2004; Vasquez and Reid, 2005).

2004; Burg and Gerya, 2008), a lithosphere-

Shallow magmatic intrusions (with roofs

wide fracturing that provides sieve-like

< 8 km deep) are closely connected to their

pathways for magma ascent in the upper crust

volcanic

include

seems to be most effective (Petford et al.,

exposed resurgent plutons (e.g., Johnson et

1993; Collins and Sawyer, 1996; Clemens,

al., 1990; Fig. 1.2), dyke and sills within

1998). Not only are rapid ascent rates of

volcanic edifices, and very shallow laccoliths

approximately 10-2 m/s predicted for granite

(Fig. 1.2) At deeper levels, dykes that end

melts in dykes (m/a for diapirs), which means

beneath the surface, small pods, plugs, and

that felsic magmas can be transported through

produce
(Metcalf,

Langmuir,

cogenetic
2004).

1989;

Venting

Bachmann

counterparts. Examples

5
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the continental crust in months rather than

(Vigneresse,

thousands (or even millions) of years (Petford

displacement, the regional stress field and the

et al., 2000), also that large plutons can in

amount of melt rising influence type and size

principle be filled in 101-105 yrs (e.g. Petford,

of the laccolith complex at shallow crustal

1996; Petford et al., 2000; de Saint-Blanquat

levels (Hogan et al., 1998; Vigneresse et al.,

et al., 1998; 2001; Michel et al., 2008).

1999).

1995a).

The

amount

of

According to Hutton (1982) and Vigneresse
(1995a), a displacement gradient along a

The first case study (Chapter 3) deals

shear zone can not only cause dilation of the

with the emplacement of a granitic laccolith

zone to allow the space needed for the pluton,

into the upper crust controlled by deep

but can also create differential stresses in the

regional faults: the Götemar intrusion, SE

wall rocks of the zone (Vigneresse, 1995b),

Sweden. This chapter discusses (1) space

thus controlling the emplacement.

creation at depth; (2) influence of the

Furthermore, the presence of melt has a

tectonics on magma transport and final

secondary feedback effect, on e.g. strike-slip

emplacement; (3) magma mixing processes

systems, since they act as lubricants and

and; (4) to a minor amount, the role of

enhance displacement along faults. The stress

stoping as final emplacement mechanism.

field in the emplacement level may be

The strikingly round shape of the Götemar

decoupled from the regional stress field,

laccolith in map view, its special mineralogy,

triggers strain localisation (Tommasi et al.,

geochemistry, and its relationship to the

1994; Brown and Solar, 1998) and magma

surrounding rocks leave room for further data

emplacement occurs as e.g. laccolith or sill

input and discussion in terms of origin and

(Breitkreuz and Mock, 2004). Laccoliths, for

evolution of the hosting Transscandinavian

example, occur in locations associated with

Igneous Belt granites in connection with a

faulting in extensional (e.g. Basin and Range

broader tectonic scenario of SE Sweden.

Province; Neumann et al., 1992; Paterson and
Fowler, 1993a; Hawkesworth et al., 1995;

As

previously

mentioned,

the

Hogan et al., 1998; Huffman and Taylor,

geometrical occurrence of magma intrusions

1998), transcurrent (e.g. Saar-Nahe Basin,

(e.g. as diapirs, volcanoes, dyke and sill

Permo-Carboniferous Europe; Wang et al.,

complexes) is transferable to materials such

2000; Breitkreuz and Mock, 2004; Girard and

as shale (e.g. Dimitrov, 2002; Clari et al.,

van Wyk de Vries, 2005) and compressional

2004) and other clastic materials (e.g. Hillier

(e.g. Mazzarini et al., 2004) tectonic regimes.

and Cosgrove, 2002; Jolly and Lonergan,

However, the ascent must be in locally

2002; Röshoff and Cosgrove, 2002; Mazzini

extensional near-field setting because the

et al., 2003a; Tucker, 2003; Cartwright et al.,

magma has to overcome the tectonic stresses

2008, Polteau et al., 2008 a,b; Fig. 1.3) with
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respect to emplacement mechanisms and

and pre-existing structures on the eruption

formation conditions. A clastic sill or dyke

style. Its location in a volcanic system, the

can be considered as an example of a

possible connection to other eruptive fissures

opening-mode, hydraulic fracture (Lorenz et

and its overall arrangement are important

al., 1991; Cosgrove, 2001; Marco et al.,

observations for magma transport (and the

2002).

Cambrian

magma source) and an indication of the

sedimentary dykes, which formed during

possible relationship between faults and

polyphase downward propagation and active

volcanic

suction-controlled infill of sediments within a

kinematically

changing

Paleo-

activity may be completely dependent on

proterozoic granitic basement of SE Sweden.

tectonic factors for accumulation, storage,

Pre-existing joints determine the location of

and eruption of magma.

Chapter

stress

4

describes

regime

in

the

features

in

the

area.

and dynamically,

Both

volcanic

sedimentary dykes in this area. Sandstone
dykes are thus tectonic markers revealing the
geological

setting,

stress

regime,

The fourth case scenario (Chapter 7)

and

presents an example of the feedback between

depositional conditions at the time of

emplacement and faulting processes in a rift

formation.

zone. Dyke-induced uplift is a common
feature in both, rift graben and the flanks of

Magma propagation and near surface

rift zones (Rubin and Pollard, 1988). Field

(< 1 km) dyke emplacement can be observed

observations in the northern rift zone of

in rift zones and crater cones. The third case

Iceland

study, presented in Chapter 6, deals with the

numerical model of the tectonic situation

three-dimensional

and

show that dyke emplacement can cause

emplacement history of a Holocene scoria

reverse slip along a nearby normal fault. The

cone row in the rift zone of N Iceland. The

exposure of the graben and its connected

deposits consist of basaltic scoria and lava

feeder dyke give further insight into the

flows. The intrusive complex includes plugs

feeding system of a small volume volcano

and dykes. Careful field observation of an

(cinder cone), the shape, and mechanical

exposed feeding system connected to a crater

emplacement conditions of a dyke and

cone shed light on the mechanics of dyke

therefore allows inferences about its mode of

propagation and magma emplacement near

emplacement. The results show (1) how a

the surface. This combined field-based and

graben boundary fault capture a potential

3D dynamic modelling study describes (1)

feeder dyke and (2) why reverse faults are

the influence of faulting on the location of the

only rarely observed or absent in grabens

crater row, (2) the tectonic effect on magma

related to dyke injection.

reconstruction

movement, and (3) the influence of tectonics

7
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and physical parameters such as viscosity and

1.3 Emplacement mechanisms
Traditionally,

emplacement

mecha-

density of the intruding material (e.g.

nisms have been subdivided into “active”

Breitkreuz and Petford, 2004).

forceful mechanisms that result in a distortion

Currently, the following emplacement

of the host rock and “passive” mechanisms

mechanisms have been proposed and partially

that take advantage of space created by

accepted: diapirism and ballooning, dyke and

regional deformation (e.g. Hutton, 1988;

sill

Vendeville and Jackson, 1992a,b; Hudec and

faulting and cauldron subsidence, laccolith

Jackson,

2007).

into

and lopolith formation (i.e. floor subsidence

“passive”

and

is

and roof lifting). Although magmatic stoping

retained in the field of e.g. salt tectonics and

is not regarded as a true emplacement

emplacement of clastic materials (see Chapter

mechanism, it has a great importance as a

4), for example, so-called Neptunian clastic

material-transfer process (e.g. Clarke et al.,

dykes formed by gravitational controlled,

1998; Dumond et al, 2005; Zak et al., 2006).

This
“active”

separation
mechanisms

emplacement

along

fractures,

ring

passive deposition into pre-existing fractures

One has to distinguish emplacement in

(e.g. Stanton and Pray, 2004). Actively-

the lower, ductile from emplacement in the

emplaced clastic dykes describe injections by

upper, brittle crust. Emplacement in the

host rock fracturing and injection of sediment

ductile regime is mainly by ballooning and

mainly from above, connected to high fluid

diapirism (especially when dealing with salt

pressure or pressure gradients (e.g. Röshoff

material). Plutons in the upper crust are

and Cosgrove, 2002).

mainly emplaced by roof uplift and floor

In contrast, a more recent classification

sinking. The emplacement of intrusive bodies

by Paterson and Fowler (1993b) separates the

is always controlled by a combination of

magmatic emplacement mechanisms into

several

space creating, i.e. increase the crustal

influencing each other (e.g. Paterson and

volume,

Fowler, 1993b; Paterson and Vernon, 1995;

and

material-transfer

processes.

While the crustal volume can only be

mechanisms,

interacting

and

Wang et al., 2000; Burchardt et al., 2009).

increased by surface uplift or by lowering the

These emplacement mechanisms can be

crust-mantle boundary, most classic magma-

influenced by the local creation of space in

emplacement mechanisms can be classified as

areas of faulting and folding (Paterson and

material-transfer processes that do not change

Fowler, 1993a). All the mechanisms have

the volume in the crust (Paterson and Vernon,

been vividly debated for more than a century,

1995). The final emplacement, however, is

mainly because field observations tend to be

controlled by the temperature through its

inconclusive: e.g. wall-rock xenoliths and

effect on rheology, the magma driving

discordant wall-rock contacts may reflect

pressure, the local and regional stress field,

either stoping or sequential injection of dykes

8
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and/or

sills,

and

an

ovoid

intrusion

intensity of the internal foliation towards the

surrounded by concentrically-foliated wall

margin, (7) narrow, high-temperature shear

rocks could result from diapirism, ballooning,

zones and steep lineations in the aureole (e.g.

or laccolith emplacement. In the following,

Paterson and Vernon, 1995). However,

the most important ductile and brittle

several of these listed features can be also

emplacement

explained by other material-transfer processes

mechanisms

are

briefly

introduced.

(e.g. Schmeling et al., 1988; Paterson and
Vernon, 1995).

1.3.1 Diapirism and ballooning
Diapirism is the upward movement of
magma into or through country rock driven
by

buoyancy

(Roberts,

1970),

whereas

ballooning describes the symmetrical and
radial in-situ expansion of a body during

Figure

ductile shortening of the country rock (e.g.

1.5:

Schematic

illustration

of

the

mechanisms diapirism and ballooning.

Sylvester et al., 1978; Bateman, 1985;
Ramsay, 1989; Fig. 1.5). In terms of magma

Controversly discussed examples in

emplacement, these mechanisms require that

this context include the Ardara Pluton

a magma chamber with at least 50 vol%

(Ireland; e.g. Pitcher and Berger, 1972;

liquid throughout a volume comparable to the

Sanderson and Meneilly, 1981; Molyneux

size the pluton is present (Glazner et al.,

and Hutton, 2000; Siegesmund and Becker,

2004). Diapiric ascent cannot overcome the

2000; Hutton and Siegesmund, 2001), the

brittle-ductile transition (Clemens, 1998;

Cannibal Creek Granite (Australia; e.g.

Vigneresse and Clemens, 2000). Also, the

Bateman, 1985; Castro, 1987), the Papoose

common emplacement mechanism for salt,

Flat Pluton (California, USA; e.g. Sylvester et

diapirism (e.g. Hudec and Jackson, 2007), is

al., 1978; Hibbard, 1987; de Saint-Blanquat et

mainly driven by tectonics (Talbot et al.,

al.,

2000).

(Norway, Dumond et al., 2005). The La

2001),

and

the

Sausfjellet

Pluton

Features that are commonly assigned to

Bazana Pluton (Spain) has been interpreted as

diapirism and ballooning include e.g. (1) the

a magmatic diapir (Galadi-Enriquez et al.,

vertical

2003).

displacement

of

country

rocks

(England, 1990), (2) radial structures and rim
synclines, (3) an elliptical pluton shape in

1.3.2 Cauldron subsidence, ring faulting and

map view, (4) concentric compositional

caldera collapse

zoning of the pluton, (5) flattened enclaves

Cauldron subsidence is described as

near the pluton margin, (6) an increased

subterranean or plutonic version of caldera

9
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collapse by Clough et al. (1909). It involves

The structural pattern of ring faults is

the sinking of a large piston of rock, bounded

known from field studies of eroded calderas

by ring faults and dykes, into a magma

(e.g. Lipman, 1984), geophysical monitoring

chamber, to be replaced by magma from the

of active calderas (e.g. Saunders, 2001), and

latter (Clough et al. 1909; Anderson 1936;

analogue modelling (e.g. Anderson, 1936;

Fig. 1.6). Ring-dyke emplacement is the

Komuro, 1987; Kusumoto and Takemura,

initial stage, during which magma intrudes

2003, Burchardt and Walter, 2009).

along ring faults (shear fractures), in response

When ring faults reach the surface, a

to the decrease of pressure in an underlying

collapse

magma reservoir (Roberts, 1970), resulting in

transported along the ring dykes, can be

a ring-shaped intrusion (e.g. Anderson 1936).

extruded. The contacts crosscut the host rock

caldera

forms

and

magma,

structure (i.e. they are discordant), implying
brittle

deformation.

subsidence

is

Thus,

regarded

as

cauldron
a

passive

emplacement mechanism, where passive
upwelling

of

magma

fills

the

space

previously occupied by the subsided block
(e.g. Stevenson et al., 2007).
Since the recognition of the formation
mechanisms

of

the

Glencoe

Caldera

(Scotland) by Clough et al. (1909), numerous
studies have recognised a genetic relationship
between ring dykes and plutons in ring
complexes and calderas. Field examples
include

the

Chita

Pluton

(Argentina;

Yoshinubo et al., 2003), the Red Mountain
Creek Pluton (California; Zak and Paterson,
2006), as well as ring complexes in the
Tertiary Igneous Province of Britain such as
Mull, Rum, and Ardnamurchan (e.g. Skelhorn
and Elwell, 1971; Sparks, 1988; Troll et al.,
2000; Nicoll et al., 2009; Holohan et al.,
Figure 1.6: Stages of ring fault initiation and

2009). However, some ring dyke complexes

caldera collapse (modified from Burchardt and

are being reinterpreted as lopoliths or

Walter, 2009).

inverted cone-shaped intrusions (O´Driscoll
et al., 2006; Mathieu et al., 2008).
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1.3.3 Formation of dykes, sills, laccoliths and

Sylvester et al., 1978). Consequently, there

lopoliths

are conflicting hypotheses of sill formation,

Dykes

are

cross-cutting

with their emplacement controlled either by

intrusions. Brittle rocks can fail in tension

buoyancy forces or by tectonic stress systems.

under the pressure exerted by magma and

The hypothesis that sills are emplaced at the

fluid filled fractures form (Hubbert and

level of neutral buoyancy of magma (Bradley,

Willis,

Hydraulic

1965; Corry, 1988) is not consistent with

fracturing of rocks is the only mechanism that

field observations and 3D seismic data of sills

transports magma fast enough before it

that intrude different stratigraphic levels and

solidifies (Spence and Turcotte, 1990).

feed each other (e.g. Francis, 1982; Thomson

However, many intrusions are emplaced in

and Hutton, 2004; Cartwright and Hansen,

fault zones (Morris and Hutton, 1993) and

2006). Robert’s (1970) tectonic hypothesis

there are examples of intrusions propagating

states

through associated brittle and ductile faults

conditions of horizontal compression. The

(Pollard, 1973). Pollard (1973) suggested that

transition from dyke to sill is attributed to a

dykes can be emplaced by three main

rotation of the principal stress from horizontal

mechanisms: tensional fracturing (a shallow-

tension

depth intrusion splits the host rocks and

propagation

propagates along tensional fracture), brittle

compression (σx>σz), which promotes sill

faulting (deeper intrusions propagate along

propagation at shallow crustal levels (e.g.

brittle

their

Roman et al., 2004). Field observations of

termination), and ductile faulting (at high

sills at lithologically contrasting boundaries

confining pressure and high temperature,

(John, 1988; Cruden, 1998; de Saint-Blanquat

ductile faulting occurs near terminations and

et al., 2001, 2006; Rocchi et al., 2002;

the intrusion grows by ductily displacing the

Breitkreuz and Mock, 2004; Mazzarini et al.,

host rock). Dyke propagation by fracturing

2004; Westerman et al., 2004; Valentine and

has

Krogh,

1957;

faults,

been

steep,

Jaeger,

1972).

which

modelled

form

by

at

numerical

and

that

sills

(σx<σz),
at

2006;

are

emplaced

which
depth,

Burchardt,

favours
to

during

dyke

horizontal

2008)

and

analogue models (e.g. Pollard, 1973; Spence

experimental results by e.g. Kavanagh et al.

and Turcotte, 1990; Lister and Kerr, 1991;

(2006) and Menand (2008) underline the

Heimpel and Oison, 1994; Takada, 1994;

importance of a rigidity contrast for sill

Mathieu et al., 2008).

formation.

Sills commonly intrude parallel to

Once a sill has formed, it propagates

bedding planes (Francis, 1982), into basement

laterally by tensile fracturing (Anderson,

rocks (Holness and Humphreys, 2003), pre-

1938) in the direction of least resistance. As

existing lavas, and steeply dipping rocks, or

the size of the sill becomes comparable to its

other unconformities (e.g. Mudge, 1968;

depth and thus has the ability to inflate
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vertically (bending the overburden or lifting

vertically extending feeder dykes (Corry,

the roof), it becomes a laccolith (e.g. Pollard

1988; Westerman et al., 2004; Fig. 1.7).

and Johnson, 1973; Pollard and Holzhausen,

To summarise, a sill grows mainly by

1979; Habert and de Saint-Blanquat, 2004;

lateral propagation, whereas laccoliths grow

Menand, 2008). This also implies that

by vertical thickening, before extending

laccolith

the

laterally again to form plutons (Menand,

uppermost kilometres of the crust. At deeper

2008). Regarding laccolith and lopolith

structural levels, floor sinking by ductile

formation, the growth of the intrusion results

downward flow will result in the formation of

from successive supply of magma in the form

lopoliths (Cruden, 1998). Cauldron or floor

of successive sheet- or sill-like units (e.g.

subsidence differs from lopolith formation by

Horsman et al., 2005; de Saint-Blanquat et

floor depression by the lack of broadly-

al., 2006) favoured by the creation of a local

distributed

deformation

magnitude

(Cruden,

formation

is

limited

of

1998);

to

low

strain

stress field around the initial intrusion

the

shear

(Vigneresse et al., 1999; Horsman et al.,

deformation is instead localised on the

2005).

boundary fault.
The

punched

christmas-tree

laccolith

laccolith,

a

and

the

series

of

concordant intrusions connected by narrow
feeder dykes, are considered as end members
of laccoliths (Corry, 1988; Fig. 1.7). A
punched laccolith is an epizonal intrusion that
can

form by

a

single

sill

that

acts

mechanically as a vertical punch. A simple
laccolith grows from a sill that intrudes along
crustal heterogeneities by vertical inflation,
lifting of the overburden (roof uplift; Johnson
and Pollard, 1973; Corry, 1988; Cruden,
1998; de Saint-Blanquat et al., 2001), and
amalgamation of smaller sheet-like bodies
(Rocchi et al., 2002; Coleman et al., 2004;
Glazner et al., 2004); it is characterised by
flat tops, peripheral faults and steep to
vertical sides. A christmas-tree laccolith may

Figure 1.7: Laccolith models (modified after

evolve from a series of stacked sills and

Corry, 1988) of a punched laccolith and a

smaller laccoliths that are interconnected by

christmas-tree laccolith.
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The dimensional similarity between
sills, laccoliths, and large plutons (McCaffrey
and Petford, 1997; Cruden and McCaffrey,
2001; Westerman et al., 2004) suggests that
the emplacement mechanisms of sills and
laccoliths play an important role in the
emplacement of large plutonic bodies (e.g.
Vigneresse, et al., 1999). Laccoliths therefore
link lava complexes and plutons (Breitkreuz

Figure 1.8: Intrusion thickness (T), area (A) and

and Petford, 2004; Fig. 1.8).

width (L) result in an S-style curve relating the

Field examples of sills and laccolith

dimensions of crack to batholith (modified after

intrusions include the igneous complex on the

Cruden and McCaffrey, 2001).

Isle of Elba (Italy; e.g. Rocchi et al., 2002;
1.3.4 Magmatic stoping

Westerman et al., 2004), the Black Mesa
Pluton (e.g. de Saint-Blanquat et al., 2006),

The mechanism of magmatic stoping

the Trachyte Mesa Laccolith (e.g. Morgan et

can occur at any crustal level (Pignotta and

al., 2005; Horsman et al., 2005), and the

Paterson, 2007) as a result of shear or tensile

Maiden Creek Sill (Utah; e.g. Johnson and

failure caused by the interplay of e.g. thermal

Pollard, 1973; Horsman et al., 2005), the

and mechanical stresses associated with dyke

Searchlight Pluton (Nevada; e.g. Bachl et al.,

emplacement, fluid migration and expulsion,

2001), the Solsikke Sill Complex, Møre

focused porous flow, and tectonic stresses

Basin (North Atlantic; e.g. Hansen and

(e.g. Daly, 1903; Pignotta and Paterson,

Cartwright, 2006), the Great Whin and

2007; Paterson et al., 2008; Fig. 1.9), but is

Midland Valley Sills (United Kingdom; e.g.

most efficient in the brittle crust mainly due

Francis, 1982; Goulty, 2005), and the Golden

to the large temperature gradients between

Valley Sill Complex (South Africa; e.g.

upper crustal rocks and intruding magma

Galerne et al., 2008; Polteau et al., 2008b).

(Zak et al., 2006).

The Great Eucrite intrusion of Ardnamurchan

Features that are typically attributed to

(Scotland; e.g. O´Driscoll et al., 2006) is an

stoping are described in e.g. Paterson and

example of a lopolith.

Fowler, 1993b; Fowler and Paterson, 1997;
Yoshinubo et al., 2003; Dumond et al., 2005,
and Zak et al., 2006. While the volumetric
significance of magmatic stoping is still
under discussion (e.g. Clarke et al., 1998;
Glazner and Bartley, 2006; Zak et al., 2006;
Clarke and Erdmann, 2008; Yoshinubo and

13

Chapter 1: General introduction
Barnes, 2008), it plays an important role
because (1) as a vertical material-transfer
process; (2) it may remove evidence of earlier
emplacement processes (Paterson and Fowler,
1993b;

Paterson

and

Vernon,

1995;

Yoshinubo et al., 2003); (3) it indicates the
presence of a magma chamber that allows
sinking and removal of stoped blocks and
thus rules out emplacement via incremental
dyking

mechanisms

(e.g.

Clemens

and

Mawer 1992; Petford et al. 1994, 2000;
Glazner et al. 2004); (4) it contributes to
chemical contamination of magma and
therefore

facilitates

the

compositional

evolution of magma (e.g. Dumond et al.,
2005; Yoshinubo and Barnes, 2008); (5) it

Figure 1.9: Schematic illustration of the initiation

gives insight into the formation and timing of

of stoping by thermal and mechanical fracturing

magmatic fabrics (Fowler and Paterson,

and magma injection along pre-existing cracks.

1997) and (6) discrete stoping events may
trigger volcanic eruptions (Sparks et al.,
1977; Hawkins and Wiebe, 2004).
Examples of intrusions that have been
at least partly emplaced by stoping include
dykes in Greenland (Bridgwater and Coe,
1969); ring dykes in Glencoe (Scotland; e.g.
Clough et al., 1909), sills in Texas (e.g.
Barker, 2000), as well as plutons such as the
Chita Pluton (Argentina; e.g. Yoshinubo et
al., 2003), the Red Mountain Creek Pluton
(California; e.g. Zak and Paterson, 2006),
Sierra Nevada Batholith (USA; e.g. Pignotta
and Patterson, 2007), and some of the
Variscan Bohemian plutons (Zak et al.,
2006).

14

Chapter 2: Geological and tectonic framework of Sweden
The

2. Geological and tectonic framework of

Archean

evolution

of

Sweden

Fennoscandia can be traced back to 3.5-

2.1 Geological and tectonic framework of

3.2 Ga when an Archean continental core was

Sweden

created (Slabunov et al., 2006), now located

The Baltic Shield is part of the

in the present northwestern-most area (Fig.

Precambrian East European Craton, which

2.1). The term “Fennoscandia” includes the

was formed between 2.0-1.7 Ga by the

Scandinavian Peninsula, the Kola Peninsula,

successive collision of once autonomous

Russian Karelia, Finland, and Denmark

crustal segments (Bogdanova et al., 2008 and

(Fig.2.1). Rifting of the Archean craton

references therein), namely Fennoscandia,

occurred between 2.45-2.0 Ga, followed by

Sarmartia and Volgo-Uralia (Fig. 2.1).

juvenile crust formation in arc systems and
intervening basins outside the
craton itself, that range from
2.1-1.93 Ga (e.g. Lundqvist et
al., 1998, Rutland et al., 2004).
The oldest crustal block
is the Archean domain in the
present NE of Fennoscandia,
onto which the Svecofennian
domain accreted during the
Svecofennian Orogeny at 1.951.85 Ga (Gaal and Gorbatschev,
1987;

Gorbatschev

Bogdanova,

1993;

and

Nironen,

1997; Lahtinen et al., 2005).
The formation of continental
crust took place during several
episodes of accretion. After
1.85

Ga,

Paleoproterozoic

growth of the crust continued
Figure 2.1:

Late Palaeoproterozoic to Early

semi-simultaneously

with

the

collision

Neoproterozoic tectonic complexes in the East

between Fennoscandia and Volgo-Sarmatia

European

(Bogdanova et al., 2008), the crust underwent

Craton

(Baltica).

Modified

after

Bogdanova et al. (2008).

intensive

reworking,

which

resulted

in

granitoid plutons and the formation of the
1500 km long (N-S extent) and a few hundred
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km wide (E-W extent) Transscandinavian

collided and the supercontinent Rodinia

Igneous

assembled

Belt

(TIB;

Andersson,

1991;

Högdahl et al., 2004).
and

Laurentia

and

Torsvik,

2003;

Bogdanova et al., 2008; Li et al., 2008;

During the Mesoproterozoic, Fennoscandia

(Meert

(represented

Fig. 2.2),

by

followed

by

post-collisional

magmatism between 0.96-0.90 Ga.

Greenland today) were characterised by an

In contrast to the extensional regime in

extensional stress regime, as is evident from

central Fennoscandia, the south-southwestern

the occurrence of episodic Rapakivi granites,

margin

dolerite dykes, continental rift intrusives,

Bornholm, parts of Lithuania, Poland) was a

sandstone basins, and continental flood

location of wide-spread granite magmatism

basalts (Bingen et al., 2008). The Gothian

between 1.46-1.44 Ga (Čečys and Benn,

Orogeny (1.64-1.52 Ga; see Fig. 2.5) caused a

2007; Johansson et al., 2004; Obst et al.,

continued

the

2004; Johansson et al., 2006; Motuza et al.,

Fennoscandian Shield at the southwestern

2006; Skridlaite et al., 2007; see Fig. 2.5) and

active margins, and reworking during the 1.2-

an orogenic event that is referred to as

0.9 Ga Sveconorwegian event (Åhall and

Danopolian (e.g. Bogdanova, 2001; Bingen et

Gower, 1997; Bingen et al., 2008; see Fig.

al., 2008; Bogdanova et al., 2008; Brander

2.5), as Baltica and the East European Craton

and Söderlund, 2008; Drake et al., 2009).

(oceanward)

growth

of

(including

southern

Sweden,

The Danopolian event (see Fig. 2.5) is
defined outside the Sveconorwegian Belt and
evidence

is

provided

by

syn-tectonic

deformation in 1.45 Ga plutons in southern
Fennoscandia and 1.49-1.45 Ga hornblende
ages (40Ar/39Ar) from drill cores in Lithuania
(Bingen et al., 2008). Structural, geochronological, and geological data suggest
that the tectono-magmatic event was (1)
related to the collision between Baltica and,
presumably, Amazonia or an other SouthAmerican terrain (Bogdanova, 2001; Čečys
and Benn, 2007), (2) reworking the southFigure 2.2: The ‘traditional’ model of Rodinia.

southwestern margin of Fennoscandia, or (3)

Two rifting events, one along the present-day

a change in subduction geometry in an active

western margin of Laurentia, and a second along

margin setting (Bingen et al., 2008). Coeval

the present-day eastern margin of Laurentia are

with the Danopolonian Orogeny, rifting and

indicated. Reprinted from Meert and Torsvik

the formation of continental basalts and mafic

(2003), with permission from Elsevier.
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dykes occurred in various parts of the western

sedimentary

East European Craton. Jotnian sediments that

orogenic belt (SKB report, 2002; Drake et al.,

have an age of 1.5-1.46 Ga covered central

2009 and references therein).

Sweden (Söderlund et al., 2005) and large

basins

of

the

Caledonian

A final closure and subduction of the

areas of southern Sweden (Flodén, 1980).

Rheic Ocean (Variscan orogeny) between

The time interval between 0.85-0.4 Ga

360-295 Ma was connected to accretion of

was characterised by far-field effects of the

magmatic arcs and docking of micro-

break-up of Rodinia and formation of the

continents (Timmermann, 2004).

Iapetus Ocean, rotation and drift of the
continent Baltica northwards (e.g. Poprawa et
al., 1999; Hartz and Torsvik, 2002; Cocks
and Torsvik, 2005; Fig. 2.3).
Later on, Avalonia collided with
Baltica at 450 Ma with closure of the
Tornquist Sea (SE branch of the Iapetus
Ocean) along the Teisseyre-Tornquist Line;
Baltica-Avalonia

in

turn

collided

with

Laurentia to form Laurussia coupled with the
closure of the Iapetus Ocean (complete by
late Silurian; Pickering, 2008) and the
Caledonian Orogeny (see Fig. 2.5). The now
opened Rheic Ocean separated Laurussia
from Gondwana (Nance and Linnemann,
2008).
After erosion of the sediments in the
late Proterozoic the sub-Cambrian peneplane
Figure 2.3: The postulated positions of Baltica in

was established (Lidmar-Bergström, 1996);
the

presently

eroded

bedrock

relationship to the surrounding terranes (reprinted

surface

from Cocks and Torsvik, 2005, with permission

corresponds to this peneplane. Cambrian to

of Elsevier). Above, situation at around 750 Ma,

Early Silurian marine transgression and

shortly after the break up of Rodinia. Protobaltica

sedimentation resulted in the deposition of

was still attached to Laurentia, which was in turn

sandstone, marl, and limestone (Drake et al.,

attached to the South American terranes. Black

2009).

a

shaded areas are 1 Ga mobile belts. Below, equal

thickness of at least 2.5-4 km during the Late

area polar projection at about 550 Ma, grey areas

Paleozoic (Zeck et al., 1988; Larson et al.,

are mobile belts.

1999)

This

partly

sedimentary

associated

cover

with

had

foreland
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In

early

Permian,

extensional

The Götemar study area is located in

deformation and the main phase of volcanic

the southeastern province of Sweden that is

and intrusive igneous activity took place in

characterised by 1.8 Ga old intrusions of

the Oslo rift (Norway), and dolerite sills and

granitic-syenitic-(quartz) to monozodiorite-

dyke swarms occurred in Britain and Sweden

dioritic-gabbroic composition belonging to

(Timmermann, 2004). In southern Sweden,

the Transscandinavian Igneous Belt (TIB;

mafic dykes and sills were emplaced,

Fig. 2.4). The TIB-area is bounded by the

connected to transtensional deformation of

older Svecofennian crust to the north and the

the Sorgenfrei-Tornquist Zone (Erlstöm and

younger, Southwestern Scandinavian Domain

Sivhed, 2001; SKB report, 2002).

in the west. The TIB-granites in the Götemar

From 60 Ma to present, the opening

area

formed

during

several

pulses

of

and spreading of the North Atlantic defined

magmatism between 1.85 and 1.66 Ga, with

the stress field (Slunga, 1989; Gregersen,

the youngest of these rocks to the west (e.g.

1992). Finally, the sedimentary cover was

Larson and Berglund, 1992; Åhäll and

eroded away during uplift in the Tertiary, and

Larson, 2000), which is described in the

the present sub-Cambrian surface was re-

following section.

exposed (Lidmar-Bergström, 1996). In the

The NW-SE trending, up to 1600 km

last 2 Ma, the area was influenced by

long and 130 km wide TIB formed towards

glaciations, transgression of the Baltic Sea,

the end of the Svecokarelian tectonic cycle at

land uplift due to glacial rebound and

1.83-1.79 Ga (Stephens and Wahlgren, 2008;

regression of the Baltic Sea (SKB report,

Fig. 2.5) by accretion during a phase of

2006).

magmatic

activity

in

the

western

Svecofennian Domain and reworking of
2.2 Tectonic and magmatic evolution of

juvenile Svecofennian crust (Gorbatschev and

Southeast Sweden – the Götemar region

Bogdanova, 1993; Högdahl et al., 2004). This

Since the research activity of the
Swedish

Nuclear

Fuel

and

event was followed by post-orogenic events

Waste

under increasing lower metamorphic grade

Management Company (SKB) in the coastal

conditions until 1.5 Ga (Beunk and Page,

area of Southeast Sweden began to search for

2001). The formation of the TIB towards the

a potential geological repository for spent

present south-southwest is often subdivided

nuclear fuel (e.g. Ström et al., 2008),

into four magmatic periods at 1.85-1.56 Ga,

enormous amount of data have been collected

1.81-1.76 Ga, 1.71-1.69 Ga, and 1.67-1.65 Ga

in the area south of the Götemar on gravity,

(Andersson et al., 2004, 2007; Mansfeld et

geochemical, hydrogeological, and structural

al., 2005; Johansson et al., 2006), which led

geology issues.

to the formation belts of juvenile crust and
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continental magmatic arcs (Bogdanova et al.,

Between 1.40 and 1.53 Ga, the

2008; Fig. 2.4).

southwestern margin of the East European

The area of SE Sweden during this time

Craton

was

subjected

to

extensive

was dominated by dextral transpressive

magmatism and deformation. While various

deformation taken up by ductile NW-striking

suites of e.g. anorthositic and charnockitic-

strain zones, with shortening in NE direction

granitic, that are interpreted as A-type

(Stephens et al., 1996; Beunk and Page,

magmatic rocks, were emplaced between ca.

2001), coupled with exhumation and erosion,

1.50 and 1.53 Ga (Brander and Söderlund,

and continued oblique collision to the NE,

2007; Fig. 2.5), the episode of granitic

with N-S to NNW-SSE directed movement

magmatism around 1.45 Ga (Åhall and

(SKB report, 2002).

Larson, 2000; Skridlaite et al., 2007) was
connected to the Danopolian orogenic event.
During that event numerous voluminous
plutons were intruded in a wide region around
the southern Baltic Sea that are geochemically similar, and appear to have
originated from slightly different sources.
During the ca. 1.45 Ga Danopolian
event (Fig. 2.5), South Sweden experienced a
regional

compression

and

ENE-WSW

shortening that caused syn- and postmagmatic

deformation

of

the

involved

granitoids (Čečys and Benn, 2007). In
contrast to South Sweden, the coeval plutons
(Åhall, 2001) further north, in Småland e.g.
the Götemar and Uthammar Plutons (Kresten
and Chyssler, 1976; Åberg et al., 1985;
Kornfält et al., 1997; Cruden, 2008), seem to
occur in an extensional setting that expresses
a distal influence of the Danopolian igneous
activity. The emplacement might be triggered
by changes in the crustal stress field and
resulted in time-lapsed magma formation and
migration (Čečys, 2004).
Figure 2.4: Simplified geological map of SE
Sweden (modified after Beunk and Page, 2001).
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Ocean; Poprawa et al., 1999).
Faults with NNE and WNW
strike control the geometry of
outliers of Lower Paleozoic rocks
and disturb the sub-Cambrian
peneplane, again in Cretaceous
times due to marine transgression
in

SE

Sweden

(Lidmar-

Bergström, 1994; Bergman et al.,
1999; SKB report, 2002).
2.3 Case studies Sweden
The circular (in horizontal
cross-section) Götemar intrusion is chosen as

Figure 2.5: Active tectonics (red) and oscillatory

example of pluton emplacement in the upper

loading and unloading cycles (blue) during
geological time in the Götemar area (modified

crust, influenced by deep rooted faults

from Stephens et al., 2008). SvK: Svecokarelian

(Chapter 3). Circular plutons have been often

Orogeny, G: Gothian Orogeny, D: Danopolian

attributed

Orogeny, SvN: Sveconorwegian Orogeny, C:

mechanisms (Marsh, 1982; Bateman, 1985;

Caledonian Orogeny.

Hutton, 1997). Studies of other semi-circular

to

diapirs

or

ballooning

plutons in Sweden (Cruden and Aaro, 1992;
The

time

up

to

850

Ma

was

Cruden

et

al.,

1999)

reveal

a

rather

characterised by subsidence and formation of

asymmetric, tabular shape of the plutons, like

a foreland sediment basin to the east of the

it is assumed for many plutons worldwide

Sveconorwegian orogenic belt, exhumation of

(Cruden, 1998; Cruden, 2008). This case

deeper

erosion.

study presents a complex emplacement

Subsequently, the sub-Cambrian peneplane

history including episodic granitic injections

was established, the major unconformity

and build-up of a layered laccolith. Its special

between

mineralogy,

crustal

levels

Proterozoic

Fennoscandian

shield

and

rocks
and

on

the

geochemistry

and

hostrock-

Paleozoic

pluton relationship offers potential for more

sedimentary overburden. In Early to Middle

field work not only in terms of emplacement

Cambrian times the NE-SW trending Baltic

of the TIB batholith and its individual

Basin developed, related to rifting along the

intrusion, but also towards a petrographic and

southwestern margin of Baltica and the latest

tectonic model of SE Sweden.

stages of the Precambrian super-continent
breakup leading to sea-floor spreading in the
Tornquist Sea (SE branch of the Iapetus
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Dyke emplacement mechanisms can be
applied to different material, e.g. basalt,
granite, gravel, clay, till, breccia, bitumen,
and appear in sedimentary, igneous and
metamorphic milieu. Along the coast of SE
Sweden, including the Götemar Pluton and
adjacent areas, hundreds of clastic dykes have
been found, attributed to mainly Cambrian to
Ordovician activity associated with NW-SE
directed rifting and sea floor spreading (e.g.
Carlson and Holmqvist, 1968; Bergman,
1982; Tynni, 1982; Katzung and Obst, 1997;
Alm and Sundblad, 2002; Chapter 4). The
mechanism of clastic dyke formation is
poorly understood, and interpretations of field
observations are commonly ambiguous. The
case

study

of

the

emplacement

of

sedimentary dykes in the coastal area of SE
Sweden is an example for downward
propagation of a fracture without evidence of
hydraulic fracturing in an alternating stress
regime.
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the

With respect to emplacement, major tectonic

Götemar Pluton – case study Southeast

structures may play an important role by

Sweden: preface

creating dilational space (e.g., Hutton, 1982;

3.

Multi-stage

emplacement

of

Plutons do not necessarily form, and

1988; Tikoff and Teyssier, 1992; Grocott et

perhaps rarely do form, by crystallisation of a

al., 1994; Titus et al., 2005), arresting ascent

large body of magma emplaced during a

(e.g., Clemens and Mawer, 1992; Hogan et

single intrusion event (e.g. Cruden and

al., 1998), or controlling the geometry of

McCaffrey, 2001; Glazner et al., 2004; Annen

plutons (Hutton, 1982; Holdsworth et al.,

et al., 2006). Many plutons are thought to be

1999; Titus et al., 2005).

assembled as a series of sheet-like intrusions

Wiebe and Collins (1998), Petford et al.

(e.g., Coleman et al., 1995; Morgan et al.,

(2000), Vigneresse and Clemens (2000) and

1998; Wiebe and Collins, 1998; Brown and

Pupier et al. (2008), amongst others, proposed

McClelland, 2000; de Saint-Blanquat et al.,

that most granitic intrusions initiated as low-

2001; Glazner et al., 2004; Matzel et al.,

viscosity, crystal-poor magma in tabular

2006) emplaced at rates several orders of

intrusions fed from below by small magma

magnitude faster than the long-term average

batches that ascend either in dykes or are

growth rate (Bartley et al., 2006). Such

channelled along shear zones. Space for the

plutons are supposed to be highly composite

incoming magma is made by a combination

and may take up to millions of years to grow

of lateral and vertical material transfer at

if magma is delivered in discrete pulses,

moderate strain rates (typically > 10-14/s) on

resulting in a partioning of single continuous

timescales of less than 100 000 years (Petford

bodies (e.g., Coleman et al., 2004; Condon et

et al., 2000).

al., 2004; Glazner et al., 2004; Matzel et al.,

Formation of laccoliths through upward

2006; Cruden et al., 2005; Annen et al.,

inflation of original sill-like or tabular

2006).

intrusions is generally regarded to be

Ascent of magma by dyking was

mechanically possible at shallow depths,

proposed as a mechanism to build up large

whereas formation of lopoliths via floor

granite plutons within a relatively short time

sinking is more feasible at greater depths

in contrast to diapirism (Clemens and Mawer,

(Corry, 1988; Clemens and Mawer, 1992,

1992; Petford et al., 1993; Clemens, 1998).

Petford, 1996; McCaffrey and Petford, 1997;

Dyking as a mechanism of magma ascent

Clemens, 1998; Cruden, 1998; Cruden et al.,

plays a mayor role for granites related to

1999). Inflation (vertical and/or horizontal;

shear zones (Hutton, 1982; Tobisch and

Brown and McClelland, 2000; Cruden and

Cruden, 1995; Aranguren et al., 1997), but

McCaffrey, 2001) is a general mechanism for

also for batholiths emplaced at shallow levels

pluton growth, which may take different

in anorogenic settings (Wilson et al., 2000).

forms depending on (1) the geometry of the
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intersection between the evolving pluton and

The

highly

differentiated

circular

its feeder (point source, linear, etc.), (2) pre-

Götemar Pluton is described by earlier studies

existing structure (anisotropy) of the wall

by Kresten and Chyssler (1976) as the upper

rocks at the emplacement site (hetero-

part of a diapiric intrusion within the

geneities, anisotropies), and (3) the regional

surrounding rocks of the Transscandinavian

tectonic stress field (de Saint-Blanquat et al.,

Igneous

2001).

“crystallised mush with a high volatile

Belt

batholith

emplaced

as

For sub-elliptical and circular pluton

content at a subvolcanic level”. The term

shapes in map view, as the following field

“crystallised mush” describes a magma that is

example of the Götemar Pluton in Sweden,

above

several authors have suggested a tabular or

(Bachmann et al., 2007). Latest studies by

funnel-shaped form that steepens in the

Cruden (2008) and Cruden and Wahlgren

directions of one or more feeders (e.g.

(2008), based on gravity modelling redefine

Vigneresse, 1995a,b; Cruden, 1998). Floors

the intrusion of the Götemar Pluton as a

that steepen towards a feeder are also

punched laccolith emplaced in a brittle, upper

characteristic

layered

crustal regime by a combination of floor

intrusions (e.g. Irvine, 1980; McBirney,

subsidence and roof lifting, and rule out the

1996). Models for the development of

possibility of diapirism.

subhorizontal

of

a

tabular

number

of

plutons

its

solidus

at

high

crystallinity

typically

Based on additional structural field

involve: (1) horizontal fracture propagation

data, microfabric analysis, and taking into

and/or magma accumulation at anisotropic

account drill core data and the gravity profiles

levels in the crust (e.g., Hogan et al., 1998)

of the intrusion by Cruden (2008), the

(2) lateral growth or ballooning and (3) floor

following

subsidence accommodated by either normal-

regarding the emplacement of the Götemar

sense movement on basal shear zones or

Pluton:

sinking of the pluton as a deeper source

emplaced as a steep-walled intrusion or as a

reservoir is drained (Brown and Solar, 1998;

subhorizontal tabular body? (2) Is there a

Cruden, 1998; Wiebe and Collins, 1998;

possible tectonic influence on emplacement?

Dumond et al., 2005). Circular plutons have

(3)

often been attributed to emplacement by

emplacement?

diapirs or ballooning (Marsh, 1982; Bateman,
1985; Hutton, 1997). Recent studies indicate
that ‘‘inflating’’ plutons are not necessarily
balloon- or bubble-shaped, but are rather
tabular (de Saint-Blanquat et al., 2001).
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Abstract
The Götemar Pluton at the coast of SE
Sweden

is

involving

magma

mixing, decompression through rapid ascent

combination of structural, petrographic, and

and repeated heating of the laccolith by

microstructural data of the pluton–wall-rock

episodic magma injections. Cooling from the

system. The pluton is circular in plan view

roof downward resulted in the cessation of

and an internally zoned tabular structure,

vertical inflation and probably promoted

assembled by intrusion of successive pulses

lateral expansion and minor floor depression.

of magma at a crustal depth of 4-8 km. Initial

Although no syn-emplacement deformation

pluton formation involved magma ascent in a

is recorded in the Götemar Pluton, the

vertical feeder dyke, which was arrested at

emplacement is supposed to be tectonically-

stratigraphically-controlled

mechanical

controlled by a NNE-SSW trending shear

Transscandinavian

system along which several coeval plutons in

Igneous Belt batholith, leading to the

SE Sweden are aligned. However, the lack of

formation of a sill. Subsequent sill inflation,

internal deformation does not preclude that

accompanied by horizontal infilling from

the country rocks were subject to a regional

several magma sources via fractures and a

deviatoric stress field at that time. An

feeder dyke at the base of the laccolith,

inferred

resulted

previously

timeframe of 20 ka-30 ka, may explain why

emplaced magma pulses and raising of the

the pluton appears to be anorogenic even

roof, facilitated by thermal weakening as the

though it was emplaced during a period of

wall-rock temperatures progressively rose

regional deformation.

in

in

the

deformation

of

using

history

a

discontinuities

re-examinated

emplacement

during emplacement of successive magma
pulses. CL analysis emphasise a complex

25

rapid

emplacement,

within

a

Chapter 3: Multi-stage emplacement of the Götemar Pluton - case study Southeast Sweden
scandian plutons as examples of anorogenic

3.1. Introduction
A circular to elliptical shape of plutons

intrusions mainly because of their A-type

is often described (e.g. Cruden and Aaro,

granitoid affinity (e.g., Whalen et al., 1987).

1992; Patterson and Fowler, 1993a,b; Cruden

New

et al., 1999; Molyneux and Hutton, 2000;

granitic plutons of similar composition and

Pinotti et al., 2002; Galadi-Enriquez et al.,

age to the Götemar Granite in Sweden (e.g.

2003; Ciavarella and Wyld, 2008; Raposo

Åhall, 2001; Čečys et al., 2002; Čečys and

and Gastal, 2009) and has been attributed to

Benn, 2007; Bogdanova et al., 2008; Brander

emplacement

ballooning

and Söderlund, 2008) and adjacent areas as

(Marsh, 1982; Bateman, 1985; Hutton, 1997;

e.g. Bornholm and Lithuania (e.g. Kornfält

Galadi-Enriquez et al., 2003). Key elements

and Vaasjoki, 1999; Söderlund et al., 2002;

often interpreted to support ballooning are (1)

Obst

internal structures (e.g., zoning, dykes,

Johansson et al., 2006; Motuza et al., 2006;

foliations,

thermal

Skridlaite et al., 2007; Zarins and Johansson,

aureoles; (3) country-rock strain fields and

2008), suggest syntectonic intrusion of a

near-field

series of Mesoproterozoic plutons during the

by

diapirs

or

microstructures);

(2)

material-transfer

processes

investigations

et

al.,

of

2004;

Mesoproterozoic

Cymerman,

2004;

(processes operating in the structural aureole

so

of the pluton; Patterson and Vernon, 1995;

compressional event (Bogdanova et al., 2001;

e.g., stoping, assimilation); (4) timing of

2008, Brander and Söderlund, 2008). Čečys

subsolidus deformation in the pluton and

and Benn (2007) proof a ENE-WSW directed

country rocks (Patterson and Vernon, 1995).

compression

The term ‘‘ballooning’’ often suggested that

cogenetic,

plutons are associated with radial expansion

(1.44 Ga; Åhall, 2001), and the Götemar

and oblate strains. A growing number of

Pluton (1.45 Ga; Åhall, 2001) as a focus in

recent studies indicate that ‘‘inflating’’

this study, are located close to the town

plutons are not balloon- or bubble-shaped,

Oskarshamn

but are rather tabular and resemble either

According to studies by Čečys (2004), these

laccoliths or lopoliths (de Saint-Blanquat et

plutons

al., 2001). The circular shape of the plutons is

extensional setting and seem to express a

explained as a result of stress field changes

distal influence of the Danopolian igneous

from vertical to horizontal related magma

activity. The Götemar Pluton itself shows no

flow at shallow crustal levels by Pinotti et al.

signs of deformation or structural control on

(2002).

emplacement at first sight, so the “anorogen

Earlier studies (e.g., Larsen, 1971;
several

Mesoproterozoic

1.47-1.44

in

this

elliptical

(Fig.

Ga

Danopolian

connection.
Uthammar

3.1A),

are assumed

to

SE
occur

The
Pluton

Sweden.
in

an

component” is a matter of debate and part of

Åberg, 1988; Anderson and Morrison, 2005)
discuss

called

this study.

Fenno-
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In this work, the Götemar Pluton is re-

Thus, the around 1.8 Ga old plutonic host

examined for its emplacement mechanism.

rocks of the Götemar Pluton are well studied,

For this purpose, brittle structures (magmatic

in contrast to the 1.4 Ga old granitic

dykes, joints, and mineral veins) were

intrusions in the area, which have been

mapped to determine the host rock-pluton

mostly ignored until now.

connection. Microfabric analysis, including
cathodoluminescence

is

Kresten and Chyssler (1976) interpreted the

presented to evaluate grain generations and

intrusion as a diapir, a current re-evaluation

fabrics in order to show the complex

by Cruden (2008) and Cruden and Wahlgren

crystallisation and heating history of the

(2008), based on gravity data, suggest

intrusion.

discordant, hybrid plutons modified by floor

Available

microscopy,

With regards to the emplacement,

literature

data,

in

particular gravity profiles and drill core data

subsidence

from the Götemar Pluton are used in addition

measurements (Triumf, 2004; Cruden, 2008)

to strengthen the emplacement scenario. We

reveal vertical upper contacts of the pluton,

show that the Götemar Pluton grew by

and a mid-level body with outward dipping

recurrent magma injections that caused syn-

upper, horizontal and lower contacts, that

and postmagmatic deformation of the pluton.

give the pluton a punched tabular shape with

and

roof

lifting.

Gravity

a flat roof (Cruden and McCaffrey, 2001;
Cruden, 2008; Fig. 3.2). An inferred centrally

3.2 State of the art
Although the Götemar Granite has been

located feeder extends to depths of around

quarried for dimension stone since the 1930s,

4 km (Cruden and Wahlgren, 2008; Cruden,

only little geological work has been done on

2008; Fig. 3.2) in the gravity models. Gravity

the pluton and its emplacement. Kresten and

modelling indicates that the Götemar Pluton

Chyssler (1976) were among the first to

has considerably greater lateral extent in the

describe the rock suites and reveal their

subsurface (Triumf, 2004; Cruden, 2008).

geochemistry. First dating of the Götemar

Numerous drill core data from the host rock

massif by Åberg (1978) and later by Åberg et

(Wahlgren et al., 2008) are used to constrain

al. (1984) yielded ages of 1.4 Ga. After the

the gravity profile by Cruden (2008). Drill-

Swedish

Waste

core data from three different locations in the

Management Company (SKB) began to

Götemar Pluton (Scherman, 1978) identified

investigate the Oskarshamn area for long-

fine-grained

term storage of nuclear waste, numerous data

repeatedly as probably horizontal tabular

on geophysics (e.g. gravity), geochemistry,

sheets (with a thickness of 0.2 m–23 m)

age dating, and structural geology (e.g.

extending between coarse-grained granite

faulting,

(single increments up to 100 m thick).

Nuclear

mineral

Fuel

veins)

and

were

collected

(reports available on the SKB homepage).

aplitic

granite

that

occurs

However, it cannot be reconstructed from the
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3.3 Geological setting
The study area is located on the
Baltic Shield, which is part of the East
European Craton. The country rock is
formed by metaplutonic rocks of the Transscandinavian Igneous Belt batholith (TIB;
Fig. 3.1; Andersson et al., 2007; Söderlund
et al., 2008), a crustal segment formed in a
back-arc environment (Beunk and Page,
2001) in response to a Paleoproterozoic
Figure 3.2: N-S and E-W gravity profiles of the

northward directed subduction beneath the

Götemar and Uthammar Plutons modified after

WNW-ESE trending Oskarshamn-Jönköping

Cruden (2008), profiles located in Figure 3.1C.

Belt (OJB). The latter is a 1.84-1.83 Ga old

drill core records whether the granites are

island arc complex pre-dating the TIB-rocks,

multiple intrusions with the resultant great

located approximately 100 km to the south

thickness.

(Mansfeld et al., 2005). The TIB is an up to

Geochemical analyses of the Götemar

1600 km long and 130 km wide batholithic

Pluton (Åhall, 2001; Alm et al., 2005) reveal

complex, which was accreted during a phase

geochemical

the

of magmatic activity in the western part of

overall homogenous pluton, in terms of trace

the Svecofennian Domain (Gorbatschev and

element distribution and SiO2 content that

Bogdanova, 1993; Högdahl et al., 2004). It is

result in a subdivision into fractionated rest

formed by reworked juvenile Svecofennian

magma (commonly aplites) and two Götemar

crust, supplemented by mantle additions.

heterogeneities

within

other

Syn- to postkinematic intrusion of

contemptuous plutons in the area, according

various generations of granitoids occurred

to Åhall (2001), the Uthammar intrusion has

between 1.85 and 1.65 Ga (Wikman and

the most primitive magma composition,

Kornfält, 1995; Kornfält et al., 1997; Åhäll

compared to the three intrusions in the

and Larson, 2000; Högdahl et al., 2004;

Oskarshamn area, with characteristic high

Wahlgren et al., 2006), which represent the

amounts of mafic minerals and a high Fe,

southernmost part of the now-exposed TIB.

Mg, Ti content. Therefore, the coeval

The rocks are affected by the N-S directed

intrusions possibly developed from the same

Svecokarelian Orogeny (Wahlgren et al.,

magma (Åhall, 2001).

2006).

Granite

varieties.

Regarding

Isotopic

data

(U/Pb

blocking

temperature) indicate that the TIB intrusive
rocks cooled below 700-500°C in less than
10 Ma after their emplacement (SKB, 2008).
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Far-field effects of continental crustal

As the host rock has not been heated to

growth and reworking continued during the

temperatures higher than 350°C since 1.4 Ga

Gothian (1.61-1.56 Ga) and Danopolian

(Drake et al., 2009), it can be supposed that

Orogeny (high-grade metamorphism; 1.46 -

only brittle deformation has affected the area.

1.42 Ga), accompanied by ongoing igneous

In general, a close relationship between the

activity and sedimentation (Bogdanova et al.,

emplacement of the TIB-granites and the

2001; SKB report, 2002). The emplacement

shear zones in that area has been observed

of

(Lundberg

1.47-1.44 Ga

Fennoscandian
simultaneously

intrusions

in

Shield
the

commenced
of

Sjöström,

2006).

The

transition from ductile to brittle deformation
presumably took place during 1.75-1.70 Ga,

Danopolian Orogeny (Bogdanova et al.,

i.e. during uplift and stabilisation of the crust

2001) and thus point to an orogenic

after the Svecokarelian Orogeny (Carlsson

connection (Cecys and Benn, 2007; Möller et

and Christiansson, 2007; Drake et al., 2009).

al., 2007; Bogdanova et al., 2008; Brander

Mylonites older than 1.75 Ga formed at

and Söderlund, 2008). Late Sveconorwegian

temperatures of around 450-500°C (Lundberg

(1.1-0.9 Ga) and Early Cambrian extension in

and Sjöström, 2006; Drake et al., 2009), and

the working area is indicated by dolerite and

hence predate the intrusions of Götemar and

sandstone dykes (Friese et al., submitted; cf.

the neighboured Uthammar intrusions (Drake

Chapter 4). The Proterozoic basement was

and Tullborg, 2006, Drake et al., 2009), but

deeply eroded by extensive lithospheric uplift

were reactivated as these plutons were

during the Late Proterozoic and probably

emplaced. These N-S, NE-SW and E-W

Early-Paleozoic, and covered by Lower

striking mylonites are thought to be related to

Paleozoic platform sediments of several

the

hundred

Svecokarelian Orogeny (e.g. Wahlgren et al.,

thickness.

onset

and

the

meters

with

the

During

the

late

stages

of

the

1.75 Ga

old

Caledonian Orogeny (510-400 Ma), foreland

2006;

basins formed and sediments of 2.5–4 km

Söderlund et al., 2008), under a compressive

thickness

Late

stress regime with ductile shortening in N-S

Paleozoic (Tullborg et al., 1995; Middleton et

to NNW-SSE direction. The estimated widths

al., 1996; Larson et al., 1999; Söderlund et

of the faults of regional importance range

al., 2005). This cover was eroded during the

from 5 m to 50 m, their lengths are estimated

Mesozoic and, to a minor amount, during the

to be up to 25 km (SKB report, 2002). One of

Quaternary by glacial erosion, even below the

the largest faults, striking N-S, postdates the

Cambrian unconformity (Lidmar-Bergström,

emplacement of the Götemar intrusion, cuts

1997), which is referred to as a key

the pluton, and offers insight into two

stratigraphic marker horizon.

different emplacement levels. The western

accumulated

during

the

Stephens

and

Wahlgren,

2008;

block was uplifted and represents the deeper
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part of the pluton, whereas the eastern part is

granite”, and “quartzdiorite-tonalite”. The

regarded as the roof block (Kresten and

TIB-granites have an age of around 1.8 Ga

Chyssler, 1976). The around 25 km long, N-S

(Wahlgren et al., 2004), and show intensive

trending shear zone, and additional minor

magma

ones, cutting the western part of the Götemar

(Söderlund et al., 2008). In addition, N-S

pluton (Kresten and Chyssler, 1976; SKB

striking dolerite dykes (Wahlgren et al.,

report, 2002 and references therein), are not

2006) that are possibly related to the 978-

well exposed in the field, and have been

946 Ma Blekinge Dolerites (Söderlund et al.,

primarily

geophysical

2005) occur in the Götemar area. Both rock

measurements (magnetic data, VLF, NEMR

suites show a distinct metaluminous affinity

data by Krumbholz, 2009) and the topology.

and I-type signature that is typical for island-

inferred

from

mingling

and

mixing

features

arc magmas (Nolte et al., in preparation). The
3.4

Field

relationships

and

area immediately north to the Götemar Pluton

internal

is marked by abundant dioritic-tonalitic

structure of the Götemar Pluton
Since our main aim was an evaluation
of

the

mechanisms

emplacement

of

the

controlling
Götemar

enclaves (that belong to the “quartzdiorite-

the

tonalite”) and NNW-SSE elongated rhyolite

Pluton,

bodies (Küstner, 1997; Nolte et al., 2008).

fieldwork focused on a study of the

The

emplacement-related

the

characterised by abundant mafic enclaves and

intrusion. This includes data of joints, minor

NE-SW oriented, fine-grained granitic dykes

intrusions, and magmatic dykes, mineral

in close relation to a complex fault zone

veins and hydrothermal alteration associated

system (SKB report, 2002; Lundberg and

with the Götemar body (cf. Fahlbusch, 2008;

Sjöström, 2006; Wahlgren et al., 2006).

structures

in

area

southeast

of

the

pluton

is

Weidemann, 2008).
3.4.2 Contact features and internal structure
3.4.1 The host rock

of the Götemar Pluton

The main lithological unit of the host

The 1.45 Ga old Götemar Pluton

rocks is a heterogeneous rock suite of coarse-

(Åhall, 2001) is circular in map view with a

grained quartzsyenite-granite, to granodiorite

diameter of 5 km (Fig. 3.1). The emplace-

(often summarised and named “Småland

ment depth has been calculated, based on

granites” by e.g., Kornfält et al., 1997; Fig.

extrapolation of

3.1B), as well as an equigranular variety of

biotite (Page et al., 2007), to a depth between

the monzodiorite, which are refined classified

4.5–8 km (Cruden, 2008; Cruden and

by Nolte et al. (2008) and Nolte et al. (in

Wahlgren, 2008), which corresponds to a

preparation), based on their geochemical and

depth

petrographic

transition. The Götemar Pluton is composed

characteristics

as

“monzo-
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of

equigranular,

coarse-grained,

homo-

and occur as partly-fused blocks (Fig. 3.3D).

geneous alkali feldspar mesoperthitic granite

The

(Drake et al., 2007) and subordinate fine-

observed in the field as narrow shear zones,

grained varieties that preferentially occur in

where localised shear possibly caused slip

marginal areas (primarily in the NE and

along mineral plane veins, forming NE-SW

NNW), as well as in the central part of the

striking steeply dipping fractures featuring

pluton as isolated caps (Fig. 3.1C). The

asymmetric

granite is only weakly deformed in a brittle

3.3A, B).

pluton

experienced

horsetail

brittle

faulting

terminations

(Figs.

manner (Drake and Tullborg, 2006). The
contact between pluton and host rock is sharp

3.4.3 Jointing in and around the Götemar

and discordant. The intrusion exerted a

Pluton

thermal impact on the surrounding TIB-rocks

The general joint pattern within the

(Söderlund et al., 2008). Although no

Götemar Pluton as observed in the field, is

indications for a contact aureole were

orthogonal (NE-SW and NW-SE striking;

observed in the field, Söderlund et al. (2008)

Fahlbusch, 2008; Fig. 3.4). This contradicts

presented geochemical and geochronological

results of Kresten and Chyssler (1976), who

data (on biotite and hornblende) on the

revealed radial and concentric joints in the

cooling history of the Proterozoic bedrocks

Götemar Pluton based on aerophotographic

that proof that the Götemar Pluton cooled

lineament analysis. Apart from these steep

below 300°C at 1.40 Ga, whereas outside the

joint sets, flat-lying joints are very common

pluton, the biotite samples show cooling ages

in and outside the pluton. The “monzo-

of 1.43 Ga (Söderlund et al., 2008), which

granitic”

reflects a rapid cooling of a thermal aureole.

orthogonal joint set, but an ESE striking joint

Veined, inhomogeneous migmatic fabrics

set (Fig. 3.4), for which an early formation

occur in the host rock at the contact to the

can be assumed, because they were used as a

Götemar Pluton in the NW and SW sector

main migration path for fluids and are

(Fig.

occupied by Götemar-related magmatic dykes

3.3C).

Schlieric

magma-mingling

structures, as well as polygonal-brecciated

host

rock

also

display

this

as well (dominantly flat-lying ones).

xenoliths are found in close vicinity to the

In contrast to observations by Kresten

NW margin of the pluton, but are rather

and Chyssler (1976), only the host rock

interpreted as independent xenolith blocks

seems to show a concentric joint pattern.

(Fig. 3.3C). Within the western, deeper

Outside the Götemar Granite, steep NNW-

exposed level of the pluton, scarce angular to

SSE striking joints are common; near the N-S

rounded, fine-grained granitic enclaves with

striking fault zone steep parallel striking

mafic seams (biotite) are observed that are

joints occur (Fahlbusch, 2008). NNW-SSE

interpreted as autostoped blocks (autoliths)

trending joints in the host rock contain
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Figure 3.3: Field examples of (A) brittle faults in the fine-grained granite variety of the Götemar Pluton;
(B) conjugate fracture system and horsetail terminations; (C) migmatic and schlieric structures at the
Götemar Pluton-host rock contact; (D) autostoped fine-grained enclave with a mafic seam in the Götemar
Granite representing early injections into cold host rock; (E) angular, mafic fragments of a dyke at the
Götemar Pluton-host rock contact

Figure 3.4: (A) Projection of poles to plains of the orientation of joints in the host rock and (B) in the
Götemar Pluton.
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almost no mineral veins, and are probably

(2007,

older than the Götemar Granite. Horizontally-

relationship of mineral veins in TIB-rocks

sheeted joints are common in the Götemar

and

Pluton and in the host rock (Fig. 3.4).

mineralization to at least four different

Subsequent extension caused thin, vertical,

orogenies and the emplacement of the

orthogonal fractures that strike NNW and NE.

Götemar body.

2009)
related

The
3.4.4

Mineral

veins

and

the

fracturing

in

alteration associated with the Götemar

hydrothermal

Pluton

fractures,

the

host

alteration

the

cross-cutting

and

widely-occurring

(oxidation)

hydrothermal

studied

associated

red-staining

rock,
especially

greisening,

and

due

to

along
strong

Mineral veins in the Götemar Pluton

sericitisation, as also observed in thin sections

are related to syn- and postmagmatic

(see below; Kresten and Chyssler, 1976), is

circulation of hematite, fluorite, pyrite,

related to the emplacement of the Götemar

calcite, quartz, epidote, muscovite, and

pluton (Drake et al., 2007). Mineral veins

kaolinite, revealing a low-temperature genesis

associated with the greisening are quartz,

(Drake et al., 2009). Fluorite veins, partly

muscovite, fluorite, pyrite, calcite ± topaz and

associated

epidote

Fe-Mg chlorite. The greisening is only

(composite veins) are most common in the

described north of the Mederhult shear zone

Götemar Granite, whereas the surrounding

(Fig. 3.1), so probably this shear zone acted

host rock is mainly crosscut by quartz-,

as a barrier for hydrothermal fluids from the

epidote- and hematite-rich veins that are

Götemar Granite (Drake et al., 2009) or is a

usually associated with cataclastic zones and

direct result of the juxtaposition of different

smaller faults. Monomineralic fluorite veins,

exposure levels by faulting along the N-S

striking NE-SW, mainly occur within the

striking shear zone.

with

calcite

and

Götemar Granite (Fig. 3.5). The surrounding
bedrock contains rare fluorite veins. One

3.4.5 Minor intrusion associated with the

exception is the area immediately south of the

Götemar Pluton

Götemar intrusion, where monomineralic

The most abundant dykes (up to 1 m

fluorite veins in the host rocks are interpreted

thick) in the Götemar Pluton are flat-lying

to be related to a subsurface continuation of

tabular pegmatites, exploiting pre-existing

the Götemar Granite (Fahlbusch, 2008). The

joints (Weidemann, 2008). The sharply

highest density of fracture fillings occurs east

bordered pegmatites often show internal

of the N-S striking steep shear zone and dips

zonation, multiple intrusions and mainly

to the ENE (Fahlbusch, 2008), indicating a

contain quartz, feldspar, and mica, but also

greater

pyrite, apatite, beryl, and topaz, that point to a

importance

of

hydrothermal

circulation at shallower levels. Drake et al.
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Figure 3.5: Mineral veins and magmatic dykes in the Götemar area. (A) Aplite with diffuse boundaries and
a pegmatite margin (left side) in the Götemar Pluton. Diffuse boundaries indicate an emplacement into hot
host rock. (B) Swarm of subparallel, steeply dipping aplitic dykes in a quarry in the Götemar Pluton
(marked by arrows). Fine-grained margins indicate an emplacement into colder host rock. (C) Quartz vein
and red staining of the host rock. Hammer for scale. (D) Fluorite vein in the Götemar Pluton (arrow).

formation from volatile-rich residual melt.

in the eastern marginal part of the pluton. The

Quartz

graphic

aplites have undulating to diffuse boundaries

intergrowth (Weidemann, 2008), that might

(Fig. 3.5) that suggest injection into hot host

be an indication of high pressures at the time

rocks. An array of steeply-dipping sub-

of crystallisation of the pegmatite (e.g. Cerny,

parallel aplitic dykes (thickness of 0.05 m-

1971; Lentz and Fowler, 1992). The high

0.2 m) with sharp, fine-grained boundaries,

content of volatiles is also reflected by the

which imply emplacement into cold rocks, is

occurrence of hydrothermal breccias that

observed at the southeastern margin of the

mainly occur in the eastern, shallower part of

pluton (Weidemann, 2008; Fig. 3.5). Hence,

the intrusion.

several generations of aplites occur in the

and

feldspar

display

Aplites (thicknesses of 0.2 m-0.75 m),

Götemar Pluton, but the two sets of aplites do

striking NNE-SSW (Weidemann, 2008) in

not show preferred strikes.

the Götemar intrusion, mainly appear as

Within the host rocks, the preferred

steeply-dipping sheets in the field, primarily

trend of up to 5 m thick aplitic dykes is ENE-
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WSW to NE-SW; in doritic (“quartzdiorite-

feldspar (rapakivi-fabric) occur occasionally

tonalite”) and porphyritic varieties of the

(Fig. 3.6A, C).

“monzogranite”, the dykes strike NNW-SSE

Polysynthetic, interlocked plagioclase

(Weidemann, 2008). Thus, the emplacement

twins, almost idiomorphic due to drifting

of dykes seems to be controlled by a local

together of crystals in the melt (synneusis;

stress field (σ1 oriented NNW-SSE) and pre-

e.g. Vance, 1969; Stull, 1979) are visible

existing older fracture sets. Pegmatite and

(Figs. 3.6B, E). The albite-rich cores of

aplite bodies occur as xenoliths up to 5 m in

plagioclase have been strongly altered into

diameter in the host rock. Steeply-dipping,

epidote and clinozoisite-sericite, while the

subparallel (strike NW-SE to NE-SW, and

marginal parts are frequently unaltered,

ENE-WSW

fine-grained

resulting in a strong zoning (Fig. 3.6).

granitic and mafic (dolerite and metabasite)

Oscillatory zoning is observed in plagioclase

dykes, with a maximum thickness of 1.5 cm

grains (Fig. 3.7E). Deformation twins in

occur exclusively in the host rock.

plagioclase indicating weak deformation in

respectively)

It is conspicuous that dykes are

the solid state, occur locally in the coarse-

abundant only in the eastern (marginal) part

grained granite, but are abundant in the fine-

of the Götemar intrusion. An explanation for

grained granitic caps (Küstner, 1997; Figs.

this observation might be that dykes, having

3.6D,3.7B). Further evidence for deformation

their origin in late differentiated magmas of

is given by bent biotite flakes (kink bands)

the roof, were already eroded in the uplifted

and fragmented plagioclase crystals which

block of the pluton.

were partly healed together (Figs. 3.7C, D).
Quartz crystals show two sets of

3.5

Mineralogy,

microfabrics,

cathodoluminescence

analysis

of

and

deformation

bands (chessboard patterns)

the

indicating weak plastic deformation at high

Götemar Pluton

temperatures (Figs. 3.6-3.7). The margins of

3.5.1 Mineralogy and microfabrics of the

the grains are often resorbed and show

Götemar Granite

embayments. A few domains show re-

The coarse-grained Götemar Granite

crystallised quartz and subgrains especially in

is dominated by large K-feldspar laths with

the fine-grained granite caps (Fig. 3.7).

perthitic exsolution structures that can even

Furthermore, several clusters of anheadral

be macroscopically identified (Fig. 3.6A).

quartz grains are characterised by grain

The

boundary migration that resulted in the

K-feldspar

twinning,

and

display
usually

cross-hatched

contains

smaller

nucleation of smaller quartz grains (Figs.

inclusions of plagioclase and quartz (Fig.

3.6F, 3.7B, F).

3.6). Plagioclase-rimmed megacrysts of K-

Mafic

minerals

occur

only

as

subordinate, glomerophyric, mainly resorbed
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Figure 3.6: Microfabrics of the coarse-grained Götemar Granite. (A) Polished rock sample showing large
K-feldspar phenocrysts with a plagioclase rim and hypidiomorphic, zoned quartz grains in the corners
(arrows). (B) Intergrown plagioclase crystals embedded in perthite. (C) Plagioclase rim around K-feldspar.
(D) Etched and deformed plagioclase (arrow). (E) Intensive sericitisation of plagioclase and occurrence of
fluorite crystals. (F) Fine-twinned plagioclase with sericite and clinozoisite. To the right, a deformed quartz
grain shows signs of deformation (undulose extinction, chessboard-subgrains). All photographs with
crossed nicols.
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Figure 3.7: Microfabrics of the fine-grained granitic variety of the Götemar Pluton. (A) Hypidiomorphic
titanite (ti) occurs as part of mafic nests. (B) Bent, kinked and healed plagioclase in aphanic matrix of
recrystallised quartz and plagioclase. (C) Bent and kinked biotite (arrow). (D) Same view as in (C) with
parallel polars. (E) Oscillatory zoning in plagioclase (arrow). (F) Two sets of deformation bands in quartz
(chess board pattern, arrow).

and chloritised biotite crystals (Figs. 3.6, 3.7)

fluorite microveins and cracks sealed by an

which

solid

unknown black material. A strong hydro-

inclusions (e.g. apatite, zircon). Accessory

thermal overprint (sericitisation, retrograde

minerals like apatite, zircon, fluorite, and

sausuritisation, e.g. formation of epidote and

topaz are common (Figs. 3.6, 3.7). The

calcite),

Götemar Granite is pervaded by hematite and

(greisening) is observed.

are

rich

in

(radioactive)
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Pluton emplacement as well as its syn- to

3.5.2 Cathodoluminescence analysis
In the field of microfabric analysis, the

postmagmatic deformation history.

cathodoluminescence microscopy (CLM) is a
sensitive method to detect growth zoning,

3.5.2.1 CL colours and deformation pattern

alteration patterns, and cementation/mineral

in quartz grains

zonation structures that cannot be observed

The quartz grains in the analysed

with conventional polarisation microscopy

Götemar samples are organised in clusters

(Müller et al., 2003). Compositional zoning in

and show several quartz generations that are

quartz, visible by cathodoluminescence (CL)

summarised in the following Figure 3.8.

colours, can provide information about

Generation (1) occurs as matrix and

crystallisation history which may be related

phenocrysts. These quartz crystals possess a

to emplacement condition dynamics (e.g.

wide, dark purple to blue marginal zone

Müller, 2000; Müller et al., 2002, 2005;

followed by alternating lighter bands towards

Wiebe et al., 2007). The CL-intensities and

the idiomorphic zone of the grain centre

spectra are controlled by activators and

(Figs. 3.9A, F). Grain boundaries between

sensitiser elements such as Ti, Al, Fe, Mn,

individual quartz crystals are straight and

and related intrinsic defects (e.g. oxygen and

accentuated by slight variations in the CL

silicon vacancies; e.g. Sprunt, 1981; Pagel et

colour (dark blue to light blue; Fig. 3.9) due

al., 2000; Götze et al., 2001), that substitute

to

for Si. Monovalent ions (such as H, Li, Na,

between grains and subgrains. (2) Small

and K) act as compensators for the electric

idiomorphic, rounded quartz grains that make

charge at interstitial positions (e.g. Bambauer,

up the matrix. Idiomorphic, rounded dark

1961; Weil, 1984).

blue crystals, with internal deformation bands

different

crystallographic

orientations

The thin sections of the Götemar

are abundant in the fine-grained granite in

samples were coated with a carbon layer and

interspaces (Figs. 3.8, 3.9G). (3) Secondary,

analysed using a hot-cathode luminescence

xenomorphic quartz fillings are found along

microscope HC2-LM (Neuser et al., 1995) at

grain boundaries, microveins, and cataclastic

an acceleration energy of 14 keV and a

bands tracing healed ruptures, and make up

filament current of 0.18 mA.

recrystallised domains (Fig. 3.9A-E, G). (4)

This

study

the

Xenomorphic to fine-grained quartz result

discrimination of quartz and plagioclase

from multiple alteration events, and occur as

generations in the Götemar Pluton, growth

patchy fields in deformed areas, straight lines

structures,

and

tracing fluid migration ways and in close

crystallisation history of individual crystals to

vicinity to deformed and broken quartz

determine the evolution of the Götemar

grains, and as an orthogonal set primarily at

internal

focuses

on

deformation,

39

Chapter 3: Multi-stage emplacement of the Götemar Pluton - case study Southeast Sweden

Figure 3.8: Summary of the different quartz generations identified in the granites of the Götemar Pluton as
observed in CLM.

the end of veins that cross-cut earlier formed

pattern, and are associated with domains of

hydrothermal secondary quartz grains. This

abundant inclusions of accessory minerals

generation occurs in all earlier described

(yellow apatite, monazite producing radiation

quartz generations (Fig. 3.9).

halos and light blue to greenish fluorite)

Brittle

deformation

structures

are

possibly tracing hydrothermal fluid pathways

observed mainly in the oscillatory zoned

(van den Kerkhof, pers. comm.; Fig. 3.9B-F).

quartz grains of generation (1), including
convexly bended, broken and later healed

3.5.2.2 CL colours of K-feldspar and

cracks that are partly interlocked, cutting each

plagioclase

other (Fig. 3.9A-D). Patches of recrystallised

Apart from quartz, plagioclase and K-

grains encompass relic quartz grains (Figs.

feldspar were studied using CL microscopy

3.9A, C-E, and 3.11G). Patchy structures in

(Figs. 3.10, 3.11). In the K-feldspar, perthite

quartz that occur independently from grain

exsolution spindles with apatite inclusions

boundaries

occur as scattered fibres in patchy domains

might

indicate

deformation
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Figure 3.9 overpage: CL images of quartz crystals in the Götemar Granite. (A) Smudged zoning in quartz,
boundaries are straight (arrow) and round (dotted lines). An early formed fragment of zoned quartz is
overgrown and used as crystallisation nucleus (arrows). Patchy areas are left-over areas of older quartz that
has been deformed (arrow). (B) Different quartz generations. Radioactive halos in younger quartz
generation with light purple CL colours overgrows older dark purple, patchy quartz mark older and
younger generations. (C) Dark blue CL colours with internal zoning (see schema in d, dotted lines). Grains
show micro fractures that are sealed with secondary quartz (purple CL) and magma fluids (bright veins).
Apatite, calcite and fluorite veins are visible by bright yellow colours. (D) Schematic picture of phenomena
shown in (C). (E) Networks of microveins with secondary quartz (arrows). (F) Cyclic zonation of quartz
with idiomorphic grain in the centre (Drachenfels pers. comm. 2009, printed with permission). (G) Several
quartz generations of the fine-grained granite. Rounded, dark blue quartz grains (with linear deformation
bands, embayments, and dissolution features on the margin) next to non-luminescent, xenomorphic,
recrystallised quartz. Plagioclase crystals have bluish (anorthite-rich) and pinkish (albite-rich; Slaby et al.,
2002) colours with simple zoning. The grains are rounded, deformed and are baked together, while very
small grains seem to be recrystallised. The K-feldspar crystal is broken and healed, and appears to be also
rounded without zoning (Drachenfels pers. comm. 2009, printed with permission).

with sharp boundaries of varying light blue to

colour, which points to intensive alteration of

light purple CL colours (Fig. 3.11). Large K-

the anorthite-rich part into albite, calcite

feldspar

by

(intensive bright orange CL colour), sericite,

plagioclase (Figs. 3.6, 3.11), and contain

and kaolinite (Fig. 3.10). (2) Plagioclase that

subhedral inclusions of plagioclase crystals. It

build up the rim around the K-feldspar shows

is a common observation that idiomorphic

an combined fine to broad oscillatory zoning

plagioclase show irregular zonation and blue

with blue CL in the albite-rich margin, while

CL colours in direct contact with large K-

the inner part is greenish due to a higher

feldspar

K-feldspar

content of Mn and Ca (e.g. Drachenfels,

fields

of

2004; Slaby and Götze, 2004; Fig. 3.11),

different blue-light purple CL colours that are

similar to CL colours of feldspar crystals in

concordant with the occurrence of perthitic

basaltic

albite rich zones.

plagioclase occurs together with the rounded,

phenocrysts

crystals.

megacrysts

show

The

are

mantled

large

patchwork

magmas.

(3)

Glomerophyric

Plagioclase crystals show, similar to

deformed dark blue quartz of generation (2).

quartz, a complex growth and crystallisation

The interior shows re-crystallisation and a

history, summarised in Figure 3.10. Several

fibrous core. The mainly greenish-blue to

generations of plagioclase can be identified:

purple CL colours of these plagioclases trade

(1) Plagioclase as inclusions in the K-feldspar

the twin lamella, whereas the greenish-blue

are the most complex generation. An

colour indicates anorthite and the pinkish CL

observed rounded grain core of a “filled

colour the occurrence of albite (Slaby et al.,

plagioclase” has a dark brown to bright CL

2002).
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Figure 3.10: Summary of identified plagioclase generations in the granites of the Götemar Pluton as
observed with CLM.

3.6 Interpretation and discussion–a model

(3) Layers of these aplitic granites occur as

for the multistage emplacement of the

scattered bodies with gradational and sharp

Götemar Pluton

boundaries on subaerial outcrops. (4) The

We

following

recognised orthogonal and horizontal joint

observations, and literature data that are

systems support a sheet-like layering of the

relevant to the discussion of the emplacement

granite.

of the Götemar Pluton.

localisation and ponding of late-magmatic

(1)

summarise

Gravity

the

measurements

(5)

Intensive

metasomatism,

reveal

volatile-rich fluids (now observed as mineral

vertical upper contacts of the pluton, and a

veins), greisen-type alteration, and the lack of

mid-level body with outward dipping upper

deformation of the host rock, point to an

and horizontal lower contacts. An inferred

exposed near-roof structure of the Götemar

centrally-located feeder extends to depths of

Granite. (6) Data from microstructures and

around 4 km. (2) Drill-core data identified

CLM indicate a complex emplacement

fine-grained

history.

aplitic

granite

that

occurs

Several

quartz

and

plagioclase

repeatedly as tabular sheets (with a thickness

generations, deformation of grains in a

of

moving

0.2 m-23 m)

between

coarse-grained

granite (single increments up to 100 m thick).

magma,

heterogeneities

in

the

crystallisation of plagioclase imply multiple
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Figure 3.11: CL images of plagioclase crystals in the Götemar Granite. (A) Intergrown plagioclase (arrows)
with alternating blue CL colours at the margin and an intensively altered core (bright colours are secondary
calcite) in a perthitic K-feldspar. Both plagioclase grains grew together during a postmagmatic stage
(arrow). The patchy colouring is due to perthitic exsolution and marks slight deformation of the grains. (B)
Intergrown plagioclase crystals form the margin of the mantled K-feldspar (arrow). (C) Internal zoning of
plagioclase. Different CL colours point to chemical variations during crystallisation (Drachenfels, pers.
comm., printed with permission). (D) Corroded (arrow) and altered plagioclase crystals with lath-shaped
grain mantle (Drachenfels, pers. comm. 2009, printed with permission). The corroded plagioclase probably
originates from magma mixing in a chamber, while the mantle of the plagioclase crystallised after
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(continuation Figure 3.11) pressing out of the mush and during magma transport into the Götemar
intrusion. (E) Complexly intergrown plagioclase crystals by synneusis. Multiple-stage oscillatory growth
can be recognised (arrow), but the process was disturbed several times. A fine zonation (arrow) arises from
self-organised growth without intervention of externally-imposed periodicities in the state of the melt,
when crystal growth is controlled by cyclic competition of crystal growth rate and diffusion rate of
elements (e.g. Sibley et al., 1976; Drachenfels, pers. comm. 2009, printed with permission). (F) Small Kfeldspar crystals drifted next to larger plagioclase crystals by synneusis (arrows), an indication for
turbulences in the melt (Drachenfels, pers. comm. 2009, printed with permission).

heating

episodes

and

changes

in

the

exploited horizontal structural anisotropies

crystallisation conditions, and decompression

within the heterogeneous TIB-batholith (Fig.

through rapid ascent. (7) The occurrence of

3.12), which acted as trap for the upward-

megacrysts with rapakivi-fabric indicates a

propagating silicic magma in dykes, as

special crystallisation history. (8) Internal

underlined by the occurrence of horizontal

heterogeneities in the Götemar Granite

joints, the shape of the plutons in the gravity

detected by geochemical analyses imply a

model, and as proposed by models for other

minor fractionation of the magma.

plutons (e.g. Sylvester et al., 1978; Petford et

All our observations support a model

al., 1993; de Saint-Blanquat et al., 2001). The

involving episodic injections of mainly silicic

orthogonal joint system may trace the

magma of rather homogeneous composition.

infilling and inflation axis of a pluton (de

Magma was transported through a feeder

Saint-Blanquat et al., 2001).

dyke from a magma chamber source. The
initial formation of a sill was followed by

Sill

inflation of multiple pulses of magma

development of internal layering

inflation,
The

intrusions from at least two different sources

laccolith

formation

of

formation
the

and

laccolithic

from a deeper magma chamber to explain the

complex is consistent with a proposed two-

internal layering (Fig. 3.12).

stage model (e.g., Johnson and Pollard, 1973;
McCaffrey and Petford, 1997; de SaintBlanquat et al., 2001) that involves horizontal

Ascent of magma and initial sill formation
As shown by gravity profiles (Cruden,

intrusion of the magma as a sill followed by a

2008) the initial ascent of magma occurred

thickening of the intrusion by upward

through a dyke system. Cruden (1998)

inflation.

calculated that ascent rates for granitic
–3

The formation of the internal layering

to 1 m/s for

of the Götemar Pluton involved magma

dykes of 3 m–13 m width, with a typical

feeding processes from at least two different

ascent rate of 0.1 m/s. The initial magma

locations in a magma chamber, independent

ponding and formation of a sill probably

from each other, to explain the alternate

magmas may vary from 3*10
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an initially slowly inflating sill with silicic
magma. The magma chamber was an open
system, replenished by silicic magmas and
periodically invaded by mafic magmas, as
seen

by

clustered

synmagmatic

mafic

enclaves (forming a dyke) in the field (Fig.
3.3E).

Replenishments

buffered

the

composition of the fractionating magma
chamber. Magma mixing processes are
mainly triggered by the input of mafic magma
(e.g. Wiebe et al., 1997; Miller and Miller,
2002), which transports heat into the system;
however, acid-acid magma mixing may have
also occurred in the chamber (e.g. Grogan
and Reavy, 2002).
In the case that the mafic input was
low, the recognition of textures, mainly on
quartz and plagioclase, are a useful indication
for magma mixing (e.g. Hibbard, 1981; Slaby
and Götze, 2004; Slaby et al., 2007) as it has
been done by CLM-studies (Figs. 3.8-3.11).
Recent studies of several silicic volcanic
systems have shown a variety of evidence
that the crystal content of magma chambers
may wax and wane, possibly depending on
the rate of new magma input (Mahood, 1990).
This process explains the observed CLfeatures

in

plagioclase

and

K-feldspar,

namely the corroded cores and changes in the
chemical

Figure 3.12. Schematic illustration of the multi-

zonation

(from

normal

broad

zonation to narrow, oscillating bands) that

stage emplacement of the Götemar Pluton. See

suggest chemical disequilibrium in the melt

text for further explanation.

(Drachenfels, 2004; Fig. 3.11). Also the
layering between fine- and coarse-grained

occurrence of a rapakivi-fabric (Figs. 3.6A,

granite (Fig. 3.12). A deeper-lying magma

C, 3.11B) can be explained by magma mixing

chamber filled the feeder dyke connected to

and/or decompression due to rapid magma
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ascent (e.g. Hibbard, 1981, 1991; Wark and

Holtz (1996), triggered by extension or shear

Stimac, 1992; Salonsaari and Haapala, 1994;

in

Dobnikar et al., 2002; Słaby and Götze, 2004;

Calculations

Gagnevin et al., 2005; Müller et al., 2008).

observations by Müller (2000) show that

Replenishments

the

zoned quartz in granites with dominantly

resident magma to leave the stability field of

(dark) blue CL colours represent a water poor

alkali feldspar (Collins et al., 2006) and cause

(< 2.5 wt % H2O) “rhyolitic” crystallisation

sporadic rapakivi-textured granite in the melt.

environment in the crust.

frequently

caused

the

upper

crust

by

(Müller,

Thomas

2000).

(1992)

and

Synneusis, as seen in the microfabrics (Fig.

Crystallisation of the initial crystal-

3.11E), is an indication for magma pulsing

poor magma at eutectic composition in the

and turbulence in the magma system (Vance,

initial sill system formed the coarse-grained

1969). Another model, proposed by Dempster

Götemar Granite. Higher melt H2O contents,

et al. (1994), explained the formation of a

and an extended temperature range over

plagioclase

which crystallisation can proceed, favour

mantle

by

redistribution

of

exsolved plagioclase from alkali feldspar

both

phenocrysts linked to the high fluorine

granites. In addition, the potential for the

contents of magmas.

development of late, H2O-rich melt fractions

ascent

of

magma

by

of

coarser-grained

are significantly enhanced. Upon reaching

CL analysis furthermore indicates a
rapid

crystallisation

vapour saturation, these late melt fractions are

common
in

likely to form aplite and pegmatite dykes

microfabrics. Oscillatory-zoned quartz and a

(Hogan et al., 2000), which intruded the

schlieric occurrence point to unstable external

Götemar Pluton and TIB-granites during late-

parameters

and

and postmagmatic stages. Most coarse-

chemical composition; Vance, 1969; Ginibre

grained increments show no sign of chilled

et al., 2002), whereas rounded quartz grains,

margins that might indicate rapid magma

deformation pattern, resorption surfaces (e.g.

pluses without time for solidification. These

embayments, reaction rims; Fig. 3.11) in

mechanisms

crystals underline decompression by rapid

heterogeneities in the crystallisation history

ascent,

as observed in plagioclase and quartz.

decompression

and

features

(temperature,

that

observed

pressure

recrystallisation

and

also

contributed

to

Fine-grained granite, in contrast, was

reheating was triggered by stacking of
layered bodies within the pluton (Figs. 3.8-

injected

3.9). The occurrence of resorption surfaces is

chamber via a fracture/dyke system, possibly

in accordance with a rapid ascent of granitic

located at the evolving margin of the pluton

melts by dyke formation as found by e.g.

(Fig. 3.12). Geochemical analyses (Åhall,

Clemens and Mawer (1992), Petford et al.

2001; Alm et al., 2005) show slight variations

(1993), Petford (1996) and Johannes and

from the bulk granite, so that a different
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source location within the magma chamber is

in the mush (Hildreth, 2004). This model can

emphasised The additional heat that is

explain the formation of a sill-like cap, but

transfered into the layered sill body by

not the repeated occurrence of the sheets in

repeated

triggers

the proposed time interval. The proposed time

and

interval of 104-105 years (Bachman and

granite.

Bergantz, 2004; Michel et al., 2008) is rather

Similar, an absence of solid-state deformation

unlikely when considering the thickness of

within the injections and at most contacts

each of the layers (maximum 100 m). The

between aplites and granites which are

process of episodic magma injection via

primarily smudged or are even destroyed by

dykes happened much faster (Clemens and

the emplacement of new magma pluses,

Mawer, 1992). Consequently, an injection of

indicate that the time gap between individual

magma from at least two different sources to

injection pulses was insufficient for a

form the granite varieties is the more likely

complete solidification of the preceding

model to explain the observation of a rapid

injections. The observed autoliths in the field

emplacement of the Götemar Pluton.

injection

remelting,

of

magma,

fractionation,

crystallisation

of

ascent

fine-grained

might demonstrate how early injections of
granitic magma looked like as they intruded

End of inflation, final emplacement stages

into cold TIB-rock and later into hotter sheets

and modification of the Götemar Pluton
Cooling from the “roof” downwards

where the boundaries are smudged and

resulted in cessation of vertical inflation,

diffuse, reflecting different ages.
A model by Bachmann and Bergantz

promoting further lateral expansion and floor

(2004) and Bachman et al. (2007) suggests

subsidence (Fig. 3.12). In addition, con-

repeated expelling of higher fractionated,

traction of magma due to cooling leads to

crystal-poor melt from “a crystalline mush”

late-stage sinking of the intrusion due to a

into dykes and pods, concentrated in newly-

density increase (John and Blundy, 1993;

formed fractures and gashes by brittle

Barnes et al., 2004; Ciavarella and Wyld,

deformation, as the developing pluton was

2008). Solid deformation observed in the

displaced

floor

coarse-grained granite might indicate an end

subsidence. Melt expulsion from crystalline

of the vertical inflation, and a rather

mushes is slow, and it requires a chamber to

horizontal expansion of the laccolith triggered

have a “mush state” that is preserved for a

by solidification of the margin and roofs or

downwards

by

gradual

4

5

long time (in the order of up to 10 -10 years)

depression of the pluton floor during waning

to produce a sill-like cap of crystal poor

stages, which is emphasised by numerous

magma which can be kept from rapid and

brittle

thorough crystallisation due to the presence

deformation patterns in minerals. The rate of

of water (and other volatiles) and heat stored

arrival of subsequent melt batches exceeds
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the rate of crystallisation at the site of pluton

modification of the pluton. Secondary quartz

construction, melt pressure ultimately may

developed in multiple temporal and spatial

lead to (sub-) horizontal magma fracture, or

stages. The occurrence of post magmatic

viscous flow of wall rocks may allow lateral

alteration

spreading (Brown and Solar, 1999). Cruden

pattern, healed micro veins, and secondary

(2008) proposed a combination of floor

quartz mixed with alteration products like

subsidence and roof uplift for the Götemar

calcite. These observations strongly indicate a

Pluton since neither mechanism alone can

complex,

explain the occurrence of the root zone

during emplacement, and a syn- to post

underneath the pluton to form a punched

magmatic deformation of repeated cooling

laccolith. However, the root zone is assumed

and heating in high-temperature events (pers.

to be related to the arrival of last magma

comm. A. Müller, 2009) that did not allow

batches during progressive locking of the

the grains to equilibrate.

features

like

multi-stage

fluid

saturation

magmatic

history

pluton and induced in-situ horizontal inflation

Discordant contacts between the host

of the feeder dyke as proposed by de Saint-

rock and the Götemar Granite provide

Blanquat et al. (2001; Fig. 3.12) for the

evidence for magmatic stoping that modified

Papoose Flat pluton (USA). Nevertheless, the

the roof and margins of the pluton (Cruden,

proposed final emplacement mechanism was

2008; Fig. 3.12). Although emplacement by

associated with minor floor subsidence,

prolonged magma injections is much less

partial melting of existing internal layers and

likely to produce xenoliths (Glazner and

magmatic stoping, as described by e.g.

Bartley, 2006; Clarke and Erdman, 2008),

Brown and Solar (1998), Cruden (1998),

autostoped blocks, observed in the eastern

Hogan et al. (1998), Brown and McClelland

part of the Götemar Pluton, suggest some

(2000), Coulson et al. (2002), Glazner et al.

modification by stoping and

(2004), Matzel et al. (2006), and Michel et al.

multistage emplacement of the pluton. In the

(2008), for other layered plutons, to solve the

case of the Götemar Pluton, magmatic

room problem. As gravity data shows only

stoping was mainly caused by combined

minor

the

mechanisms of thermal-mechanical cracking

emplacement probably required bending of

(cf. Clarke et al., 1998), followed by porous

layers, and eventually failure of roof-rock

flow (cf. Brown and Solar, 1998; Olsen et al.,

parts (magmatic stoping) associated with

2004). Bartley et al. (2006) state that

reactivation of pre-existing fractures and the

discordant

formation of new brittle ones, as seen in the

occurrence, as it is described for the

field from narrow localised shear zones and

incrementally grown Götemar Pluton, might

the occurrence of autoliths. CL observation

be explained with a crack-seal mechanism, in

underlines

which new cracks form within previously-

subsidence

a

syn-

of

the

and

floor,

postmagmatic
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emplaced

increments.

Devolatisation

of

evidences indicate that the pluton was not

blocks caused fracturing, the input of fresh

emplaced

magma and local pulsing of magma and

Nevertheless the absence of synplutonic

volatiles contribute to further block sinking

regional deformation of the host rock does

and enhanced a breaking off of (roof) blocks

not preclude the possibility that emplacement

(e.g. Pignotta and Paterson, 2007).

was subject to a regional deviatoric stress

during

regional

deformation.

field at that time, as suggested by the
Tectonically-controlled emplacement of the

occurrence of a propagating shear zone

anorogenic Götemar Pluton?

beneath the aligned plutons. The prevailing

Cruden (2008) proposed, based on the

regional stress field had an influence on

aeromagnetic anomaly alignment of plutons

crustal migration of magma feeding into the

along the SE coast of Sweden, a NNE-SSW

pluton (e.g. feeder conduits, tectonic over-

trending linear, deep-seated shear zone. Even

pressuring) and on the final emplacement of

though Cruden (2008) found no evidence of

the pluton. An inferred fast emplacement at

syn-emplacement faulting in the Götemar

rates of 10-15 cm/a for an average vertical

Pluton, the occurrence of the coeval plutons

growth rate were calculated by Cruden (1998)

Götemar and Uthammar can be explained by

and Petford et al. (2000) for granitic plutons,

a propagating shear zone, similar to the

and imply a vertical growth of 3 km of the

model proposed by Hutton (1982) for the

pluton in 20 ka-30 ka, which a is likely

Donegal Batholith, at the end of which the

timeframe when evaluating the alternating

pluton is syn-tectonically emplaced. This is

injections of fine- and coarse-grained granite

emphasised by the idea of Čečys (2004) that

in the Götemar Pluton. A consequence of

the Götemar Pluton is emplaced in a tensional

rapid emplacement is that more slowly

stress regime triggered by far-field effects of

accumulating regional tectonic strains were

the Danopolian Orogeny, and the absence of

not recorded during pluton construction. This

deformational pattern in the pluton itself.

might explain why the Götemar Pluton

The formation of laccoliths through

appears to be undeformed and thus appear

upward inflation of tabular intrusions is

anorogenic, even though it was emplaced

regarded as being mechanically possible only

during waning stages of the Danopolian

at shallow depths. Buoyancy and volatile

Orogeny

release effects control the magma pressure,

propagating shear zone. It is possible that

and tectonic overpressuring increases a

pluton assembly and regional-scale processes

possible emplacement depth (de Saint-

took place at different time rates, as shown by

Blanquat et al., 2001), explaining a possible

e.g. de Saint-Blanquat et al. (2001) for the

emplacement of the Götemar Pluton at depths

Papoose Flat Pluton, USA.

between 4.5-8 km (Cruden, 2008). All field
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propagating shear zone along the coast of SE

3.7 Conclusions
The Götemar Pluton, located on the

Sweden. Even though their coeval occurrence

coast of SE Sweden, is a circular intrusion in

proves a genetic connection, the Götemar,

map view with a diameter of 5 km. The

Uthammar, and Jungfrun Plutons represent

asymmetrical, (geo) chemically homogeneous

individual magma series in a proposed

laccolith is structurally zoned in horizontal

extensional setting at that time, expressing a

direction, with a feeder zone that fed the

rather distal influence of the igneous activity

pluton from below. Sequential, subhorizontal

associated with the Danopolian Orogeny. A

injections of fine- and coarse-grained granitic

rapid emplacement of the Götemar Pluton

magma were confirmed by borehole data. The

offers an explanation for the lack of

model proposed in this study assumes at least

deformation in the “anorogenic” Götemar

two independent sources for the different

Pluton. We assume that the emplacement was

granites. Structural field data, CLM studies

subject to a regional deviatoric stress field, as

on quartz, K-feldspar, and plagioclase and the

is suggested by

occurrence of autoliths in the field support

propagating shear zone beneath the aligned

our model of an inflating sill and growth by

coeval plutons. The prevailing regional stress

episodic replenishment of silicic magma.

field had an influence on the migration of

Initial magma ponding was along structural

magma feeding the three plutons (e.g. feeder

and material heterogeneities in the TIB-

conduits, tectonic overpressuring) and on

batholith. Final emplacement of the Götemar

their final emplacement.

the occurrence of a

Pluton was due to a combination of gradual
minor floor subsidence and roof uplift as
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4. Episodic formation of Cambrian clastic

The

dykes – case study Southeast Sweden:

formation

preface

interpretation of field observations are

Clastic dykes are discordant, tabular

Donaldson,

lithified

mechanisms

material,

of

is

understood,

poorly

clastic

dyke
and

commonly ambiguous (e.g. Aspler and

bodies composed of weakly to strongly
arenaceous

mechanism

although

1985).

Two

have

been

end-member
proposed:

breccia, gravel, clay, till, and bitumen are

depositional or Neptunian clastic dykes

known (Röshoff and Cosgrove, 2002). These

formed by passive deposition (gravity-

structures have a thickness in the range of

related) of clastic material into pre-existing

centimetres to tens of meters and lengths of a

fissures (e.g., Eyal, 1988; Stanton and Pray,

few

kilometers

2004); and injection of clastic dykes formed

(Röshoff and Cosgrove, 2002). Clastic dykes

dynamically by host-rock fracturing and

do not only intrude sediments (e.g. Phillips

injection of unlithified clastic sediment

and Alsop, 2000; Hillier and Cosgrove,

slurries from below (e.g. Larsson, 1975;

2002; Jolly and Lonergan, 2002; Andre et al.,

Röshoff and Cosgrove, 2002; Heubeck,

2004; Levi et al., 2006; Heubeck, 2009), but

2009) connected to high fluid pressures.

centimetres

to

several

also lava flows in volcanic environments

Considering actively injected clastic

(e.g. Harms, 1965; Sturt and Furnes, 1976;

dykes, four principal intrusion triggers have

Schlische and Ackermann, 1995; Curtis and

been

Riley, 2003) and basement rocks (e.g.

liquefaction (e.g. McCalpin, 1996; Galli,

Carlson and Holmquist, 1968; Bergman,

2000); (2) tectonic stress (e.g. Winslow,

1982; Katzung and Obst, 1997; Beacom et

1983); (3) localised excess pore pressure

al., 1999). Clastic dykes are also a common

generated by depositional processes (e.g.

feature beneath glaciers (e.g. Åmark, 1986;

Truswell, 1972; Martel and Gibling, 1993),

Le Heron and Etienne, 2005; van der Meer et

(4) overpressured fluid influx into a shallow

al., 2009).

sand body (e.g. Jenkins, 1930; Brooke et al.,

identified:

(1)

seismic-induced

From a tectonic point of view,

1995). Le Heron and Etienne (2005) connect

extensive sandstone intrusions are common

the downward injection of subglacial clastic

in tectonically active environments that are

dykes to meltwater-related hydraulic fracture

characterised by high sedimentation rates,

processes.

mud-dominated sedimentary systems and

suggested that clastic dykes may also form

where applied tectonic stresses afford the

by overpressure-induced hydraulic fracturing

development of high fluid pressures, e.g. fold

at depths greater than several hundred

and thrust belts and strike-slip basins (e.g.

meters.

Winslow, 1983; Thompson et al., 1999; Jolly
and Lonergan, 2002).
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The

following

case

study

of

a

Cambrian sedimentary dyke in the Västervik
area, Southeast Sweden, gives insight into
the formation of a lithologically complex
clastic

dyke.

Sedimentary

dykes

in

crystalline basement that were formed by
downward fracture opening and filled with
siliciclastic material supplied from the
surface are rarely described (e.g. Beacom et
al. 1999). The field related example therefore
closes a gap in literature by combining
macro-

and

determine
sedimentary

microfabric

the

evolutionary

dykes

in

analyses

to

history

of

basement

rocks.

Furthermore, the clastic dykes in the area of
Southeast Sweden occupy pre-existing joint
sets and are thus palaeostress indicators.
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fillings during episodes of downward dyke

Abstract
Fabrics

of

Cambrian

sedimentary

growth. Pressure solution of quartz grains is

dykes formed in Proterozoic granites of the

an evidence of extensional phases with dyke

Västervik area (Southeast Sweden) evidence

propagation that were interrupted by phases

repeated

of horizontal compression normal to the dyke

opening/filling

and

minerali-

sation/cementation events under varying

walls.

conditions. Diagnostic features include (1)

sedimentary dykes formed by opening of a

wall-parallel boundaries between epiclastic

pre-existing joint set during NW-SE oriented

fillings and (2) early-formed dyke sediments

rifting during the Cambrian.

The

N-S

and

NE-SW

striking

that appear as lithoclasts in subsequentlyformed sedimentary fillings. The psammitic

4.1 Introduction

components mostly consist of well-rounded

Sedimentary

dykes

in

crystalline

quartz grains related to a coastal environment

basement rocks have been described from

and fragments from the granitic host rock.

different areas of the Baltic shield (e.g.

Platy calcitic fragments embedded in the

Bergman, 1982; Carlson and Holmquist,

epiclastic

as

1968; Katzung and Obst, 1997). They have

microveins within already-lithified dyke

been interpreted to be of Cambrian age,

sediments and the adjacent host rock.

although only a few fillings could be dated

Convex downward-pointing, internal sagging

by fossils, which give the maximum age of

structures,

preferred

fissure formation (e.g. Tynni, 1982). The age

orientation of compositional boundaries and

of dyke emplacement is generally accepted

long axes of grains/rock fragments parallel to

to be the age of the feeder bed (Röshoff and

the dyke walls, are interpreted as the result of

Cosgrove, 2002). Several mechanisms of the

suction-controlled flow of unconsolidated

formation of sedimentary dykes have been

matrix

together

originally

with

formed

the
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attributed to the dynamic environment and

constant throughout the outcrop. Cross-

the physical properties of the host rocks

cutting relationships between the two dyke

(Röshoff

Most

directions have not been observed. Since

frequent are Neptunain dykes which form by

there are only vertical outcrop sections,

injection of soft sediments caused by pore

possible strike-slip components could not be

pressure gradients (e.g. Smart et al., 1988;

observed.

and

Cosgrove,

2002).

Winterer et al., 1991; Phillips and Alsop,

Detailed

information

about

the

2000; André et al., 2004; Stanton and Pray,

evolutionary

2004; Levi et al., 2006; Heubeck, 2009). In

sedimentary dykes based on comprehensive

contrast, sedimentary dykes in crystalline

fabric analysis could not be found in the

basement which were formed by downward

literature. The present study focuses on the

fracture opening and filled with siliciclastic

macro- and microfabrics, which show a

material supplied from the surface are rarely

complex polyphase dyke formation under

described (e.g. Beacom et al., 1999).

varying conditions and stress configurations,

history

of

comparable

Geological mapping on the scale of

and hence contributes to the inferred

1:10 000, has been carried out in the

geodynamic situation of SE Sweden in

Paleoproterozoic of the Västervik area

Cambrian times. The samples for this study

(Southeast Sweden) by diploma students

were collected at a road cut at the E22,

from the Geoscience Centre of the Georg-

approximately 2.5 km NE of the village

August-University of Göttingen (Germany).

Gunnebo (Figs. 4.1, 4.2).

They have discovered several outcrops
where sedimentary dykes cut granitoids (Fig.

4.2 Geological setting

4.1). A compilation of further locations

The study area around Västervik is part

concentrated along the coastline, south of

of

Västervik, is given by Alm and Sundblad

Svecofennian domain to the north and the

(2002). With respect to the study area around

Transscandinavian Igneous Belt (TIB) to the

Västervik, sedimentary dykes have only been

south (Fig. 4.1). Beunk and Page (2001)

described in detail so far from one locality

propose a back-arc environment for this

(Carlson and Holmquist, 1968), whereas the

crustal segment, which formed in response to

related

been

Paleoproterozoic, northward-directed sub-

discussed briefly. According to their strike,

duction beneath the Oskarshamn-Jönköping

the dykes of the Västervik area can be

Belt (OJB; Fig. 4.1), approximately 100 km

divided into two sets (N-S and NE-SW

to the south (Mansfeld et al., 2005).

striking, Figs. 4.2, 4.3), all of which are

Remnants

steeply inclined. Their thicknesses range

represented by the so-called Västervik

between two and ten cm, and are relatively

formation,

microfabrics

have

only
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Figure 4.1: (A) Simplified geological map of South Sweden (modified after Beunk and Page, 2001). Study
area in (B) is marked. (B) Simplified geological map of the Västervik area (after Lundegardh et al., 1985;
Carlson and Holmquist, 1968) with occurrences of sedimentary dykes. A: Frey (1997), B: Weiss (1994), C:
Rudolph (1995), and E: Jacke (2000) occurrence each with one sedimentary dyke, D: Carlson and
Holmquist (1968) describe three dykes. 1 Metasediments of the Västervik formation; 2 TIB-granites; 3
Götemar Granite; 4 Sedimentary dyke. Grid: Gauss projection.

metamorphic siliciclastics with intercalated

occurred between 1.85 and 1.65 Ga (Åhäll

basic flows and sills. The whole sequence

and Larson, 2000; Nolte et al., 2008), which

was deposited between 1.88-1.85 Ga (U/Pb

represent the southernmost part of the now-

ages of detrital zircons) in a continental

exposed TIB. This basement was deeply

margin environment (Sultan et al., 2005;

eroded by extensive lithospheric uplift and

Sultan and Plink-Björklund, 2006).

erosion during the late Proterozoic and

Due to continued subduction, this back-

probably Lower Paleozoic. At that time

arc basin closed and the Västervik formation

Baltica was affected by NW-SE extension

was strongly deformed in a dextral trans-

with respect to the present geographic

pressional

with

directions (e.g. Murnier and Talbot, 1993;

metamorphism under high-temperature/low-

Cocks and Torsvik, 2005). On the resultant

pressure conditions. Syn- to postkinematic

peneplane,

intrusion of various generations of granitoids

sediments

regime

associated
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thickness were deposited. This cover was
eroded during the Mesozoic and, to a minor
amount, during the Quaternary by glacial
erosion

even

below

the

Cambrian

unconformity (Lidmar-Bergström, 1997). As
a consequence, Cambrian sedimentary dykes,
which formed within the Paleoproterozoic
granitoids, were exposed.

Figure 4.3: (A) Pole plot of the orientation of
joints in granites and corresponding strike
direction of main sets (source: 40 diploma
mapping projects carried out by students of the
Figure 4.2: Outcrop photograph showing the

University of Göttingen, Germany). (B) Pole plot

studied sedimentary dyke (white dashed line).

of the orientation of 94 sedimentary dykes

View towards north, hammer for scale.

occurring

in

Scandinavia

(Västervik

area,

Tindered area, Götemar/ Figeholm, Gotland, and

4.3 Macrofabrics
The steeply-inclined dykes display

Bornholm). A prominent N-S strike is only

constant widths throughout the outcrop of

observed for sedimentary dykes in the Västervik
region, whereas NE-SW and NW-SE strike are

two to ten cm (Fig. 4.4). Dyke filling contacts

prominent

with the granitic wall rock are sharp and

in

all

other

areas,

apart

from

Bornholm. There, only NW-SE strikes are

planar (Figs. 4.4A, C, and D). The dyke

documented. Data of sedimentary dykes from

filling consists mainly of layers of sandstone

Carlson and Holmquist (1968), Larsson (1975),

with well-rounded quartz grains alternating

Weiss (1994), Rudolph (1995), Frey (1997),

with bands of sandy pelites (Fig. 4.4B). The

(continuation Figure 4.3) Katzung and Obst
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(1997), Jacke (2000), Alm and Sundblad (2002),

4.4 Microfabrics

and Weidemann (2008). The arrows indicate the

Thin sections of the sedimentary dyke

inferred NW-SE directed Cambrian extension.

were analysed with an optical microscope in
plane and crossed polarised light. Thin

boundaries

between

lithological

types

are

these

two

diffuse,

main

sections were cut normal to the strike of the

slightly

dykes.

Carbonate

veins

were

studied

undulating and mostly sub-parallel to the

additionally with a “hot-cathode” cathodolu-

dyke walls (Figs. 4.4C, E). Locally, the

minescence (CL) micros-cope (HC3-LM

boundaries are sinusoidally curved with the

apparatus; Neuser et al., 1995; Pagel et al.,

convex arc pointing downwards (Fig. 4.4B).

2000) to investigate the in-situ formed fabrics

In a few cases, fragments of earlier-formed

of the calcite plates. Additional observations

and at least partly-lithified sedimentary

for three-dimensional interpretations were

fillings were observed in zones of younger

made on corresponding hand specimens.

fillings (Fig. 4.4C). Some sections of the
dykes contain larger amounts of angular

4.4.1 Detrital components

fragments of the granitic wall rock, which are

The

psammitic

components

are

preferentially oriented with their long axis

predominated

sub-parallel to the dyke boundaries (Fig.

crystalline quartz grains (Fig. 4.5A). The

4.4D). Smaller fragments of the wall rock

grains are mostly of plutonic origin, indicated

occur mainly as reddish feldspar grains. A

by dark blue cathodoluminescence colours

third component is represented by greyish

(Fig.

platy calcitic grains that are accumulated in

deformation structures. A contribution of vein

narrow

quartz

wall-parallel

zones

in

which

by

4.5B),

is

well-rounded

and

lack

questionable

mono-

intragranular

because

grains

individual plates are likewise preferentially

displaying a diagnostic growth zoning by CL

oriented with their long axes parallel to the

were not observed. A few non-luminescent

dyke walls (Fig. 4.4E). The platy calcitic

grains may be derived from low temperature

grains are up to two cm long and three mm

mineralisation in a diagenetic environment,

thick. These aligned plates seem to delineate

probably

boundaries between vein fillings of different

Precambrian sandstones deposited in other

composition. In the adjacent wall rock,

areas. There are no other indications of

similar carbonate plates of the same size

sedimentary source rocks.

appear as mineralisation in the form of enechelon arranged (micro) veins (Fig. 4.4E).
Corresponding veins are also observed in
lithoclasts of the granitic wall rock (Fig.
4.4D).
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Figure 4.4: Macrofabrics of sedimentary dyke as observed in hand specimens. (A) Dyke segment with
sharp contact to the granitic wall rock. (B) Three generations of dyke filling; top and bottom: dark-coloured
filling with high content of pelitic matrix; central segment: psammitic filling with calcite cement, convex
arc (dashed line) pointing downwards. (C) Compositional zoning parallel to the dyke wall. Dark finegrained zone contains a fragment of earlier-formed dyke sediment (arrow). (D) Dyke segment with
abundant fragments of the granitic wall rock with long axes aligned sub-parallel to the dyke boundary.
Fragments contain calcite (micro) veins. (E) Dyke segment with diffuse compositional zoning; zones of
platy calcite plates are arranged parallel to the dyke wall, corresponding en-echelon calcite veins in the wall
rock.
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Figure 4.5 overpage: Spectrum of detrital components. (A) Well-rounded monocrystalline quartz grains
embedded in calcite cement. (B) Cathodoluminescence image of a comparable fabric domain; blue colours
point to plutonic source rocks of the quartz grains. (C) Example of rarely-observed angular quartz grains.
(D) Polycrystalline quartz grain with strongly sutured crystal boundaries. (E) Quartz mylonite grain
showing strong shape- and lattice-preferred orientation (crossed polars and gypsum plate). (F) Grain of
coherent quartzitic breccia. (G) K-feldspar (Kf) with well-developed microcline twins, strongly-altered
plagioclase (Plag). (H) Detrital biotite (Biot), slightly deformed by mechanical compaction between quartz
grains (Qz); crossed polars. (I) Fragment of metaarkosic sandstone (crossed polars). (J) Fragment of
micaschist (crossed polars).

Only very few monocrystalline quartz

with typical cross-twinning, showing only

grains show angular shapes (Fig. 4.5C),

minor alteration, in contrast to plagioclase

which indicates fracturing shortly before or

grains that are often strongly altered to

during

dyke.

sericite (Fig. 4.5G). Occasionally, larger

Polycrystalline quartz grains (Fig. 4.5D) are

flakes of brown biotite were observed in

less frequent and display a wide range of

quartz/feldspar-rich fabric domains (Fig.

crystal sizes and different shapes of internal

4.5H), as well as in the pelitic matrix. Zircon,

grain boundaries, which both probably

rutile and apatite are the main accessory

strongly depend on the angle of intersection.

components.

deposition

into

the

These components may have been mostly

With the exception of fragments from

supplied from the Västervik formation where

the

metaquartzites with a corresponding variety

polymineralic components, for example,

of microfabrics occur (Vollbrecht and Leiss,

metaarkoses (Fig. 4.5I) or micaschists (Fig.

2008). In rare cases, smaller grains of

4.5J) are comparatively rare. Platy grains of

quartzitic mylonites with distinct textures

calcite

(lattice-preferred orientations, Fig. 4.5E) and

microveins (details see below), which are

coherent micro breccias (cataclasites; Fig.

mixed with the siliciclastic detrital material

4.5F) were observed.

during later dyke opening and filling steps.

granitic

are

wall

regarded

rock

as

(see

above),

fragments

of

A second group of detrital components
is represented by angular or weakly-rounded

4.4.2

In-situ

feldspars which are probably derived from

mineralisations
Mechanical

granitic rocks in the vicinity or the

formed

fabrics

compaction

by

and

grain

immediate wall rock. Potassium feldspars are

rotation associated with microbrecciation

less common, but larger in size, and often

was one of the early processes in the

display a hypidiomorphic shape with thin

unconsolidated

perthitic exolution lamellae and diagenetic

affected quartz grains in primarily porous or

overgrowth zones. Microcline is abundant

clay-rich domains, where rotation of grains
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or fragments was possible. These domains

the dissolved material probably contributed

are best documented by pockets of angular,

to authigenic overgrowth on potassium

well-fitting quartz fragments which display a

feldspars in adjacent strain shadow areas or

similar crystallographic orientation (Fig.

via mass transfer over longer distance on

4.6A).

grains in other fabric domains (Fig. 4.6F).

In domains of early calcite cementation,

mechanical

was

display two zones of authigenic overgrowth

prevented, indicated by the predominance of

separated by a dull rim (Fig. 4.6G). The fact

point contacts between quartz grains (Fig.

that potassium feldspars with authigenic

4.6A). Pressure solution as a second early

overgrowth also appear as displaced angular

process is documented by a significant

fragments within the matrix (Fig. 4.6H) is

number of quartz grains, which display

another clear sign of a polyphase dyke

concavo-convex or sutured boundaries (Figs.

formation. Domains primarily poor in pelitic

4.6B, C), particularly in fabric domains poor

matrix

in

boundaries

microcrystalline calcite cement, which partly

preferentially show subvertical orientations

replaced marginal zones of detrital quartz

(Fig. 4.6B) and hence could be related to

grains and also earlier formed quartz cement

phases,

stresses

(Fig. 4.7A). In rare cases two generations of

responsible for dyke propagation switched to

sparry calcite cement are clearly discernable

subhorizontal compressive stresses acting

(Fig. 4.7B). Locally, transitions between

normal to the dyke walls. A corresponding

microcrystalline cement and blocky calcite

body rotation of elongated grains prior to

microveins in quartz were observed (Fig.

pressure solution may have contributed to a

4.7C). The formation of the calcite veins

shape-preferred orientation parallel to the

must have affected the already solidified

dyke walls, in addition to the previously

clastic dyke filling because vein propagation

mentioned

mud-supported

occurred not only along grain boundaries but

flow. Dissolved silica was probably the

also transgranular, for example by cross-

source for early-formed quartz cement which

cutting detrital grains of quartz and feldspar

is, due to later replacement by calcite (see

(Fig. 4.7D). Cathodoluminescence colours

below), only preserved as relics (Fig. 4.6D).

reveal

Part of the dissolved silica precipitated as

individual calcite crystals within sealed

cryptocrystalline quartz within the fine-

microveins (Fig. 4.7E). This implies a free

grained pelitic matrix. In contact with quartz,

crystal growth into open fissures associated

parts of the previously mentioned detrital K-

with an episodic variation in fluid influx

feldspar grains were also affected by

during calcite cementation. Moreover, the

pressure solution (Fig. 4.6E). Precipitation of

incorporation of elongated clasts of the wall

pelitic

in

matrix.

which

compaction

Corresponding potassium feldspars often

These

tensional

dyke-parallel
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Figure 4.6: In-situ formed fabrics I: Mechanical compaction, pressure solution, and overgrowth. (A)
Microbrecciation of quartz (crossed polars and gypsum plate). (B) Subvertical plane or concavo-convex
boundaries between quartz grains (crossed polars). (C) Pressure solution of quartz indicated by sutured
grain boundaries (crossed polars). (D) Relics of quartz cement (arrow; crossed polars and gypsum plate).
(E) K-feldspar (Kf) affected by pressure solution in contact with quartz (arrows; crossed polars). (F) K-
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(continuation Figure 4.6) feldspar overgrowth/cement and questionable pressure solution of K-feldspar in
contact with quartz (crossed polars) (G) K-feldspar (Kf), displaying two zones of overgrowth, which are
partly replaced by calcite (Cc). (H) Angular grain of K-feldspar with overgrowth on original boundaries,
face without overgrowth (arrow) was produced by in-situ fragmentation; subsequent separation from
counterpart due to flow of pelitic matrix.

(i.e. of the solidified sedimentary dyke)

(Fig. 4.8B),

indicates that the considered calcite veins

compaction. Single crystals or aggregates of

partly formed by repeated crack-sealing.

euhedral

Another evidence for a comparatively late

another in-situ formed phase (Fig. 4.8C).

formation of calcite microveins is that they

Occasionally, the aggregates are elongated

crosscut the overgrowth rims of potassium

and outline the previously described, steeply

feldspars (Fig. 4.7F).

inclined

which

to

indicates

subhedral

boundaries

mechanical

pyrite

between

represent

different

In patches with higher clay content,

generations of detrital fillings. This may

quartz grains occasionally display a strong

indicate that these compositional interfaces

pseudomorphic replacement by sparry calcite

served as migration pathways for fluids.

with conservation of the original rounded

In general, the significant in-situ

grain shape (Fig. 4.7G). This kind of

processes comprise soft sediment flow in

replacement

poly-

association with mechanical compaction by

their

grain rotation and microbrecciation, pressure

boundaries, while monocrystalline grains are

solution and re-precipitation, formation of

mostly preserved.

microveins, authigenesis, and overgrowth

crystalline

preferentially-affected
quartz

grains

along

According to EDX analysis (Jacke,

(cementation)

partly

associated

with

2000), the matrix is mainly composed of

replacement of pre-existing phases. Primary

microcrystalline aggregates of sericite/illite,

variations in composition and porosity,

chlorite,

spatiotemporally

and

probably

cryptocrystalline

variations

in

flow

of

quartz, in which larger, in-situ formed flakes

different pore fluids, and local stress

of chlorite are embedded. Locally, these

heterogeneities

phyllosillicates display an orthogonal shape

distribution of different microfabric domains.

fabric symmetrically oriented to the dyke

Hence, a complete sequence of the dyke-

walls (Fig. 4.8A), particularly in domains

forming processes cannot be reconstructed

with low content of coarse-grained detritus.

unequivocally, because unambiguous age

Larger flakes of chlorite or strongly-altered

relationships were established only for

detrital biotite are partly crenulated or

restricted fabrics domains and hence might

marginally

not be valid for all the dyke fillings.

components

delaminated
like

quartz

between
or

hard

feldspar
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Figure 4.7 overpage: In-situ formed fabrics II: Calcite mineralisations (all photos taken with crossed
polars). (A) Calcite cement partly replacing monocrystalline quartz grains and quartz cement. (B) Two
generations of sparry calcite cement filling the interstitial between monocrystalline quartz grains. (C)
Microveins of blocky calcite (Cc) transsecting monocrystalline quartz grains (Qz). (D) Subvertical calcite
microvein (dashed white line) with intra- and intergranular sections indicating a solidification of the dyke
sediments prior to vein formation. (E) Cathodoluminescence image of a calcite vein fragment (see Figure
2e) showing growth zoning of individual crystals. Elongated fragments of a sedimentary dyke (arrows)
indicate a calcite vein formation by repeated vein opening and sealing. (F) Calcite microvein crosscutting a
K-feldspar grain (Kf) with in-situ overgrowth zone; fragments of K-feldspar within the calcite vein
indicates crack-seal mechanism. (G) Polycrystalline quartz grain strongly replaced in-situ by calcite.

Figure 4.8: In-situ fabrics III: Matrix. (A) In-situ formed chlorite displaying two conjugate directions of
shape-preferred orientations symmetrically inclined to the dyke wall; local crenulation (arrows) point to
weak shortening normal to the dyke walls. (B) Detrital biotite (Biot) displaying in-situ crenulation due to
horizontal compression. (C) Authigenesis of pyrite within the matrix (aggregates of single idiomorphic
crystals).
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The described sedimentary dykes were

4.5 Interpretation
According

to

their

strike,

dyke

only observed in granitic rocks and not in the

formation could be related to a NW-SE

Proterozoic metasediments of the Västervik

directed rifting, which affected Baltica

formation. One probable explanation for this

during Early to Middle Cambrian (Fig. 4.9)

is that within the metasediments, the built-up

and represented the latest stages of the break-

of critical stress values necessary for dyke

up of the Precambrian super continent (e.g.

formation was prevented due to episodic

Murnier and Talbot, 1993; Hartz and

stress relief by layer-parallel slip. The

Torsvik, 2002; Cocks and Torsvik, 2005).

predominance

This timing agrees with the paleogeographic

inclinations of the metasedimentary strata

reconstructions by Hagenfeldt (1989; see

would be favourable for this process.

below). The simultaneous development of

As

of

described,

moderate

to

K-feldspar

steep

displays

two sets of dykes was controlled by pre-

zones of overgrowth which are later on

existing subvertical joint sets (Figs. 4.1B,

replaced by calcite. For authigenic feldspar

4.3), both oriented at an obtuse angle to the

to occur, alkaline pore waters rich in Na+ or

supposed rifting direction. However, taking

K+ are necessary to convert aluminosilicates

other regions of Baltica into account, the

in the sediment to feldspar during shallow

strike directions of comparable sedimentary

burial (Kastner and Siever, 1979; Tucker

dykes of Cambrian age cannot be attributed

2001). Flehmig (1977) states that both the

to this stress field (e.g., Katzung and Obst,

presence of alkali and silica in seawater are

1997; dykes on Bornholm island strike 120-

sufficient for feldspar and quartz to form,

125°; Fig. 4.3). It follows from comparisons

even during the deposition of sediments.

of Figure 4.3A and B that at regional scale

Together with the predominance of well-

all pre-existing steep joints were opened to

rounded quartz grains, the formation of the

form sedimentary dykes. This could be

sedimentary dykes can be attributed to a

explained by a radial extensional regime due

coastal environment which agrees with

to a crustal up-doming, as described by e.g.

paleogeographic

Marco et al. (2002) for sedimentary dykes

Hagenfeldt

above a domal salt structure. Another

sediments were supplied from the surface,

possible explanation for additional dyke

since (exotic) sandstone fragments, which

directions could be stress reorientations in

could not be derived from older, already

the vicinity of faults. Other extensional

lithified dyke sediments, are absent.

structures like normal faults, which can be
clearly correlated to the opening direction of
the sedimentary dykes, have not been
observed.
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Figure 4.9: Schematic illustration of the Cambrian (550Ma) tectonic framework (modified from Cocks and
Torsvik, 2005). Equal area polar projection, N gives the present N-direction with respect to Baltica. Rifting
of Baltica marked by normal fault symbols. NE-SW and NW-SE striking trends of the joints in the
Västervik area are indicated as simplified pole plot figure.

The following describes a sequence of
events,

which

might

have

leading to a downward flow of the

occurred

unconsolidated

fillings

and

re-

repeatedly until individual dykes attained

orientation of elongated components

their final dimensions (Fig. 4.10):

and compositional boundaries (sub-)

(1)

Pre-existing

joint

formed

parallel to the subvertical dyke walls.

by

Initial

coalescence of microcracks during the

Engelder,

2009

represented

by

fillings.

granite in a differential stress field (e.g.
and

are

convex-downward boundaries between

early cooling and uplift history of the

Nadan

stages

and

(4) Consolidation of fracture fillings

references therein).

due

to

combined

mechanical

compaction, pressure solution and

(2) Lateral extension of joint and

precipitation of quartz or authigenesis

downward propagation of fracture.

of potassium feldspar (overgrowth),

Simultaneous filling with wall rock

chlorite

fragments, detrital grains and mud

and

pyrite.

Horizontal

compression normal to the dyke wall

from the surface.

occurred at least temporarily during
(3)

Further

downward

fracture

this consolidation phase.

propagation caused a suction effect
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Figure 4.10: Model of polyphase dyke development. For explanation of the different stages see text.
Structural elements not to scale.
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(5) Formation of sub-vertical calcite

cementation/lithification

microveins by calcite cementation in

Taken the results as a whole, a model of

fractures through already lithified dyke

passive gravitational infill with uncon-

fillings and the adjacent wall rock.

solidated

Growth zoning indicates that calcite

associated with suction processes due to

mineralisation

open

episodic downward dyke propagation is

fissures. The absence of sediment input

favoured, rather than injection under high

may reflect a lack of detritus supply

fluid pressure as has been discussed for other

from the surface or that these fissures

sedimentary dykes in Southeast Sweden.

formed in subsurface levels. Quartz

Pressure solution of quartz and crenulation of

cement and detrital quartz were partly

phyllosilicates shows that extensional phases

replaced by calcite.

were interrupted by phases of horizontal

occurred

into

indurated

sediments.

from

the

alteration.

surface,

compression normal to the dyke wall. The

(6) Phase of dyke opening transecting
already

sediment

and

orientation of the sedimentary dykes agrees

The

with the regional stress field during the

newly-introduced epiclastic sediments

Cambrian. The formation of two sets of

incorporated clasts of the partly-

dykes was controlled by pre-existing sets of

brecciated lithified dyke sediments,

joints, which were in suitable orientation to

together with platy fragments of the

the extensional stress direction. Further

calcite veins.

analyses of the dyke-forming processes
dyke

could implicate of the hosting environment

propagation and related subsidence of

and hence could help to reconstruct the

the latest sediment fillings, which

paleogeographic

caused a boudinage-like stretching and

tectonics.

(7)

Progressive

downward

situation

and

regional

strong preferred orientation of the platy
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Chapter 5: Geological and tectonic framework of Iceland
5. Geological and tectonic framework of

the opening of the North Atlantic (Wolfe et

Iceland

al., 1997; Allen et al., 2002). Iceland is

5.1 Location of Iceland - mantle plume and

located in the central North Atlantic and

Mid - Atlantic Ridge

represents a subaerial part of the Mid-Atlantic

The Iceland basaltic plateau is the

Ridge between the ridge segments Reykjanes

product of the interaction between the

Ridge in the south and Kolbeinsey Ridge in

spreading plate boundary and the mantle

the north, while separate the European and

plume that influenced the region throughout

the North American Plate (Fig. 5.1).

Figure 5.1: The principal elements of the geology in Iceland, outlining the distribution of the major
geological subdivisions, including the main fault structures and volcanic zones and belts. RR, Reykjanes
Ridge; SISZ, South Iceland Seismic Zone; WVZ, West Volcanic Zone; MIB, Mid-Iceland Belt; EVZ, East
Volcanic Zone; NVZ, North Volcanic Zone; TFZ, Tjörnes Fracture Zone; KR, Kolbeinsey Ridge; ÖVB,
Öraefi Volcanic Belt; SVB, Snæfellsnes Volcanic Belt (modified from Thordarson and Höskuldsson,
2002).
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Spreading velocities across Iceland

15–50 km-wide belts of active faulting and

have been estimated at 18.3 mm/a over the

volcanism and is further divided into volcanic

last 3 Ma in a direction of 105°E (NUVEL-

systems. More than 30 systems are identified

1A model of global plate motion; DeMets et

by Johannesson and Saemundsson (1998; Fig.

al., 1994), whereas latest measurements

5.2A). The spreading segments are divided

reveal data of 21.9 mm/a in a direction 102°E

further into fissure swarms. It is characterised

(Geirsson et al., 2006) reflecting minor

by

contributions from local processes such as

includes a fissure (dyke) swarm associated

on-going glacio-isostatic movements (Pagli et

mostly with a central volcano, with a typical

al., 2007). Due to widespread magma

lifetime of 0.5–1.5 Ma (e.g. Jakobsson et al.,

production caused by the mantle plume

1978; Jakobsson, 1979b; Saemundsson, 1978,

(estimated at 107 km3 in 2-3 Ma; e.g. White et

1979; Fig. 5.2B). The fissure swarms are

al., 1987; White and McKenzie, 1989) flood

elongate structures (5 to 20 km wide and 50

basalts and volcanic centres in Greenland, the

to 200 km long) which are normally aligned

Faeroe Islands, and the British Isles have

sub-parallel to the axis oft the hosting

been formed.

volcanic zone. The central volcano, when

a

volcano-tectonic

architecture

that

Currently the mantle plume centre is

present, marks the location of the main

located below south-central Iceland, beneath

eruptive activity and characterised by the

the glacier Vatnajökull (e.g. White and

occurrence of felsic volcanic rocks, high-

McKenzie, 1995; Fig. 5.2A). The high

temperature

magma generation rates compared to mid-

eventually,

ocean ridges have led to the formation of an

Thordarson and Larsen, 2007; Thordarson

anomalously thick crust (up to 45 km below

and Höskuldsson, 2008).

central Iceland; Darbyshire et al., 2000; Allen

The

a

geothermal

fields,

and,

collapse

caldera

(e.g.

Neovolcanic

Zone,

where

et al., 2002) and a high variation in

lithospheric

geochemical and petrological signatures (e.g.

composed of an axial rift zone and three off-

Jonasson,

and

rift flank zones (Saemundsson, 1979). The

the

flank zones are the Snaefellsness Volcanic

geochemical signature of Icelandic rocks

Zone in West Iceland, the South Iceland

reveals an origin by mixing of MORB and

Volcanic Flank Zone, and the Öraefajökull-

OIB sources (Oskarsson et al., 1985).

Snaefell Flank Zone in East Iceland (Fig.

Steinthorsson,

2007;
2007).

Sigmarsson
However,

accretion

takes

place,

is

5.2A). Volcanic rift zones are characterised
5.2 Geological structure and stratigraphy

by extensive crustal spreading and the

of Iceland

production of tholeiites, whereas flank zones

The Neovolcanic Zones in Iceland,

exhibit little or no crustal spreading and are

which cover around 30 000 km2, delineate

characterised by the production of alkali
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Figure 5.2 (A) Distribution of active volcanic systems among volcanic zones and belts in Iceland (modified
after Johannesson and Saemundsson, 1998). (1) Reykjanes–Svartsengi, (2) Krisuvık, (3) Brennisteinsfjöll,
(4) Hengill, (5) Hromundartindur, (6) Grimsnes, (7) Geysir, (8) Prestahnjukur, (9) Langjökull, (10)
Hofsjökull, (11) Tungnafellsjökull, (12) Vestmannaeyjar, (13) Eyjafjallajökull, (14) Katla, (15) Tindfjöll,
(16) Hekla–Vatnafjöll, (17) Torfajökull, (18) Bardarbunga–Veidivötn, (19) Grımsvötn, (20) Kverkfjöll,
(21) Askja, (22) Fremrinamur, (23) Krafla, (24) Theistareykir, (25) Öraefajökull, (26) Esjufjöll, (27)
Snæfell, (28) Ljosufjöll, (29) Helgrindur, (30) Snaefellsjökull. The large open circle indicates the
approximate centre of the Iceland mantle plume/anomaly as depicted by Wolfe et al. (1997). (B) Key
structures of volcanic systems: c-crustal magma chamber, ds-dyke swarm, cv-central volcano, fs-fissure
swarm, fe-fissure eruption (modified from Thordarson and Höskuldsson, 2002). (C) Different petrological
features of axial rift zones and flank zones (after Jakobsson, 1972; 1979a,b). Rift zones produce mainly
tholeiites whereas flank zones produce alkali olivine basalt.

olivine basalts and transitional alkali basalts

Rift and the West Volcanic Zone (WVZ;

(Jakobsson, 1972, 1979a, b; Jonasson, 2007;

Einarsson, 1991b; Figs. 5.1, 5.2A). With

Sigmarsson and Steinthorsson, 2007; Fig.

respect to data of Perlt and Heinert (2006),

5.2C). Volcanic zones include the Reykjanes-

who reveal that 45 % of the total opening

Langjökull Volcanic Zone, in Southwest

across the southern Iceland is accommodated

Iceland that has been active for at least 6 to

along the WVZ, it would make it the slowest

7Ma

and

spreading volcanically active mid-ocean ridge

consists of the Reykjanes Peninsula Oblique

presently known (Sinton et al., 2005). The

(Saemundsson,

1979,

1986),
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eastern part of the rift zone can be divided

is up to 12 km (Torfason, 1979) and

into the North Volcanic Zone (NVZ) and the

composed of 1000s of individual flows

East Volcanic Zone (EVZ; e.g. Oskarsson et

(Watkins and Walker, 1977). Along the

al., 1985; Einarsson, 1991a,b). The North

margins of the rift axis, the lava flows dip at

Volcanic Zone initiated about 8-8.5 Ma ago

low angles of 3°-10° towards the active rift

(Garcia et al., 2003), and its structural

zone, defining a synform-like structure

evolution appears to be closely related to rift

(Garcia et al., 2003). The regional tilt varies

jumps (Garcia et al., 2008). The East

with stratigraphic depth (Walker, 1964;

Volcanic Zone (EVZ) is with an age of 2 to 3

Saemundsson et al., 1980) and is assumed to

Ma years the youngest part of the Icelandic

be the result of the gradual loading from

rift (Johannesson et al., 1990) and is currently

volcanic

propagating south (Johannesson, 1980).

Saemundsson, 2008). The exposure level

production

(Sigmundsson

and

ranges from 2000 m in Southeast Iceland
The

stratigraphic

classification

(Walker,

of

1974)

to

around

1100 m

in

Iceland is mainly based on absolute age

Northeast Iceland (Gustafsson, 1992) due to

dating, paleomagnetism (e.g. Kristjansson

extensive erosion (Geirsdottir et al., 2007).

and Jonsson, 2007) and on the glacial-

The Tertiary is conformably overlain

interglacial history of the country (e.g.

by the Plio-Pleistocene, which covers around

Helgason and Duncan, 2001). According to

25 000 km2, predominantly in broad zones

Saemundsson (1979) and Thordarson and

between Tertiary areas and the Neovolcanic

Hoskuldsson

of

zones. The boundary between Tertiary and

Iceland is grouped into the Tertiary basalts

Plio-Pleistocene series is fixed at the base of

(16-3.3

(3.3-

the Mammoth palaeomagnetic event 3.1-

0.7 Ma) and the Upper Pleistocene (< 0.7 Ma;

3.3 Ma ago, as the first tillites appear

Figs. 5.1, 5.2).

interstratified with the lavas in southwestern

(2002),

Ma),

the

the

succession

Plio-Pleistocene

and

The oldest exposed rocks in Iceland

northeastern

Iceland

(Sigmundsson,

occur in the Northwest and have an age of 14

2006; Sigmundsson and Saemundsson, 2008).

to 16 Ma, while in East Iceland the oldest

Deposits

rocks have an age of 12 Ma (Ross and

dropstones, morainic material, hyaloclastites,

Mussett, 1976). The Tertiary pile mainly

pillow lavas interstatified in subaerial lava

consists of 5 m to 15 m thick individual

flows

tholeiitic

alternating cold and warm periods with

lava

flows,

basaltic

breccias

of

lacustrine

(Saemundsson,

1979)

indicate

glaciations

rocks,

central

130 000 a (e.g. Geirsdottir and Eiriksson,

The

1994); over 20 glaciations in the last 4-5 Ma

volcanoes

are

restricted

(Saemundsson,

to
1979).

every

with

(hyaloclastite), and intermediate and acid
which

occurring

sediments

100 000-

were estimated by Geirsdottir et al. (2007).

cumulative thickness of the Tertiary lava pile
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The Upper Pleistocene covers an area

past (Saemundsson, 1979; Hardarson et al.,

of about 30 000 km2 and is set between two

1997; Kristjansson and Jonsson, 1998) and

magnetic epochs at 0.8 Ma (Sigmundsson and

are evident from the location of monoclines

Saemundsson,

are

created by the tilt of the lava pile towards the

characterised by more voluminous hyalo-

active rift zone (Johannesson, 1980). The

clastites than that which occur in the Plio-

unstable

Pleistocene, in addition, lavas erupted in

relocation going back to at least 15 Ma (West

interglacial

more

Fjords; Jancin et al., 1985; Jonsson et al.,

glaciations

1991; Hardarson et al., 1997). The transition

extensive

2008).

periods
and

The

that

rocks

indicate

longer-lasting

(Sigmundsson and Saemundsson, 2008).

rift

zones

show

evidence

of

of activity of one rift zone to the next is

The Postglacial period is not fixed but

characterised by a temporal overlap, similar

connected to the deglaciation before the

to the present shift from the Reykjanes-

Younger

Langjökull Volcanic Zone to the East

Dryas

Thordarson

(around

and

11500 a

Hoskuldsson,

BP;
2002;

Volcanic Zone.

Sigmundsson and Saemundsson, 2008). The
Postglacial

flows,

rift jumps were developed by e.g. Gibson and

pyroclastics, unconsolidated marine clays,

Piper (1972) and Helgason (1984). The model

fluvioglacial and fluvial outwash; eruptions

by Gibson and Piper (1972) involved lateral

of intermediate and acid magmas have

shifting of individual volcanic centres while

occurred in some volcanic systems (e.g.

others remain stationary, which in turn

Hekla). The intensity of volcanism has varied

control the development of the new fissure

throughout the Postglacial, with much higher

and partially overlaps the earlier-formed lava

volcanic

first

flows. Helgason (1984) proposed, based on

(e.g.

the distribution of volcanic centres in eastern

Hardarson and Fitton, 1991; MacLennan et

Iceland that volcanic activity is not fixed to

al., 2002; Thordarson and Larsen, 2007;

the plate boundary but shifts throughout the

Sigmundsson and Saemundsson, 2008).

island. Helgason (1984) concluded that rift

millennia

series

constrain

production
after

the

rates

lava

Models explaining the mechanism of

in

the

deglaciation

jumps occur frequently with small-scale
jumps over 20 to 40 km approximately every

5.3 Rift jumps and spreading episodes
As the North American-Eurasian plate

2 Ma, whereas large-scale rift jumps over 100

boundary migrates westwards relative to the

to 200 km can occur every 6 to 7 Ma. In

Icelandic hot spot (Burke et al., 1973; Fig.

addition, activity can also shift back to the

5.3), eastwards jumps bring the volcanic

area of an extinct rift zone, so that new rift

zones of Iceland back to location of the

segments can form in older crust with a

mantle plume (Saemundsson, 1974). Rift-

higher proportion of evolved rocks.

zone relocations have been proposed in the
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(e.g. Einarsson and Johannesson,
1989; Sigurgeirsson, 1995; Larsen
et al., 1998). The whole system is
activated in these episodes and they
can last for several years to
decades. Constraints on the crustal
spreading process are marked by
build-up of extensional stress in the
upper

crust,

decompressional

melting in the mantle, stretching
across the fissure swarm prior to
rifting causes subsidence. The stress is
Figure 5.3: Crustal accretion, relocation and

released in rifting episodes that occur

propagation of the Icelandic rift zones in the last

irregularly, but are on the order of 100 to

12 Ma (numbers in Ma). The panels show map
views for 8, 6, 4, 2 and 0 Ma. The 8 Ma panel

1000 years at each location along the plate

shows the spreading along the Snæfellsnes and

boundary (Sigmundsson and Saemundsson,

Skagi rift zones. The 6 and 4 Ma panels

2008). The most recent rifting episodes

demonstrate the incipient propagation and mature

occurred in north Iceland: 1618 Theistareykir

development of the Western and Northern Rift

event (without eruption), 1724-1729 Krafla

Zones after the new rift initiation at about 7 Ma.

Fissure Swarm, 1874-1875 Askja Fissure

The 2 and 0 Ma panels show the southward

Swarm (Sigurdsson and Sparks, 1978; Buck

propagation of the Eastern Rift Zone, initiated at

et al., 2006; Hjartardottir, 2008; Fig. 5.4) and

about 3 Ma. Based on data from Sæmundsson

1975-1984 again in the Krafla swarm. It has

(1979) and Johannesson (1980) and a synthesis by

been confirmed that the Krafla fissure swarm

Ivarsson (1992), adapted from Trønnes, R.G.,

has been subjected to at least six major rifting

(http://www.hi.is).

events

during

the

past

3000

years

Rifting episodes are not a continuous

(Saemundsson, 1992). The latter magmatic-

process. Events on the volcanic systems are

tectonic episode in the Krafla swarm was

closely linked to plate movements (e.g.

extensively studies and recorded and gave

Sigurdsson and Sparks, 1978; Björnsson et

insights into the development of a rifting

al., 1979; Brandsdottir and Einarsson, 1979;

event (e.g. Einarsson, 1991a; Tryggvason,

Björnsson, 1985).

1984, 1994; Brandsdottir et al., 1997;

Spreading takes place in distinct rifting

Arnadottir et al., 1998; Buck et al., 2006;

episodes that usually are confined to a single

Sigmundsson, 2006; Fig. 5.5). During most of

volcanic system, although near-concurrent

the episode, magma ascended from depth and

activity on two or more systems is known

accumulated in a magma chamber at about
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3 km depth. The inflation periods were
characterised by sudden deflation events
when the walls of the chamber were breeched
and magma was injected laterally into the
adjacent fissure swarm where subsequently
large-scale rifting took place (Fig. 5.5). Not
every deflation episode results in an eruption
(Fig. 5.5). Rifting episodes of the Krafla
1975–1984 type appear to take place in the
northern rift zone of Iceland about every 100150 years (Björnsson et al., 1977) and the
eastern rift in South Iceland seems to have
comparable frequency (Larsen, 1984).
The

rifting

process

is

a

cyclic

deformation process and can be subdivided
into three phases (inter-, co- and post-rifting)
with

different

deformation

styles

(Sigmundsson, 2006). Inter-rifting periods are
characterised by continuous spreading with a
velocity in agreement with NUVEL-1A
model (DeMets et al., 1994). An inter-rifting
period is followed by an active rifting event
(co-rifting phase), where dykes are intruded
into the upper crust to release extensional
strain accumulation from the inter-rifting
phase. The co-rifting phase is typically split
up in a series of repeated large instantaneous

Figure 5.4: Location of the Askja and Krafla

displacements, giving a high, but short lived

volcanoes and swarms of the same name at the

spreading velocity in the vicinity to the

divergent plate boundary in North Iceland.
Seismic stations are shown with triangles (e.g.

intruded dykes (Fig. 5.5).

sva). The Sveinagja Graben, as part of the Askja

A co-rifting phase is followed by postrifting,

where

the

rift

fissure swarm, was part of the main fissure

perpendicular

eruption during the Askja rifting episode 1874-

deformation rate near the rift axis decrease

1876 eruptive fissure was is located 40–70 km

(Heki et al., 1993, Hofton and Foulger, 1996;

north of Askja (figure reprinted from Sturkell et

Pollitz and Sacks, 1996). The duration of a

al. (2006), with kind permission from Springer

post-rifting and the inter-rifting phase depend

Science and Business Media).

79

Chapter 5: Geological and tectonic framework Iceland

on the rheological properties of the materials

divergent plate movement can be studied.

underlying the recently activated spreading

This is especially meaningful to determine

segment, and rheological variations within

actual hazard studies, not only referring to

the en echelon arrangement of the fissure

eruptive fissures, but also to various types of

segment (Pedersen et al., 2009). Recent GPS

volcanoes. The interaction and feedback

measurements from the Krafla area indicate

processes between magmatism and faulting,

relaxation

if and under what conditions a fault acts as

duration

of

a

few

decades

(Arnadottir et al., in press).

pathway for an upward propagating dyke are
relevant questions in terms of forecasting and
understanding eruptions.

5.4 Case studies Iceland
Iceland is often named a “window” to
study

divergent

a

exposures of active systems, and therefore the

fundamental

conditions to study the tectonically-controlled

processes such as magma flow processes, and

emplacement of intrusive bodies in the upper,

eruption mechanics. Both are tectonically-

brittle crust in an area undergoing extension.

controlled. The conditions in Iceland to study

The field examples of the area deal with the

the interaction of magmatism and faulting

topics of (1) the interaction of dyke

offer interesting field examples supported by

emplacement in graben and faulting, and (2)

a rather uniform stress field conditions and a

felsic magma movement and emplacement in

well-documented stratigraphy, that is exposed

an active rift zone.

laboratory

to

plate

tectonics

investigate

and

The northern rift zone of Iceland offers

to up to 2 km depth in East Iceland (Walker,
1974).
In the northern rift zone the latest
rifting episodes are documented (Krafla,
1975-1984), young eruptive fissures (eroded
and intact) are present and the active
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magma

infer mechanisms of shallow dyke injection

emplacement – case study Northeast

in active volcanic areas (Connor and

Iceland: preface

Conway, 2000). As regards volcanic hazard,

6.

Tectonic

feedback

on

Linear magmatic volcanoes or volcanic

the threat of scoria cones is often overlooked

fissures form the Icelandic landscape. The

(Ort et al., 2008). Scoria-cone eruptions are

monogenetic tightly packed crater cones are

typically low in volume, and are the most

often distributed along rift zones and define a

common landforms on Earth (Ort et al.,

single fissure segment but most commonly

2008). Scoria-cone eruption effects vary due

the rows consist of multiple fissure segments

to eruption style, tephra extent, types of land

arranged en echelon (e.g. Thorarinsson,

use, the culture and complexity of the

1981; Thordarson and Self, 1993; Connor

affected area.
Flow localisation along a fissure and

and Conway, 2000; Thordarson and Larsen,
include

conduit formation is not well understood

spatter, scoria and mixed cone rows, which

(e.g. Wylie et al., 1999; Quareni et al., 2001;

are constructed by weakly to vigorously

Petrovic and Dufek, 2005; Diller et al., 2006;

fountaining, lava producing eruptions and

Gaffney et al., 2007; Michieli Vittuni et al.,

volcanogenic chasms (e.g. Head and Wilson,

2008). The transition from fissure eruption to

1989; Martin and Nemeth, 2006; Thordarson

localised vents during basaltic volcanism is

and Larsen, 2007). Spatter and scoria cones

often explained as a function of cooling in

are typically formed by small-volume fissure

narrow portions of dykes coupled with

eruptions (≤ 0.5 km3) in a short period of

enhanced flow in thicker portions, resulting

time (e.g. Vespermann and Schmincke,

in isolated, long-lived vents. Along the

2000), as for example observed during the

selected 6 km long fissure in north Iceland,

eruption of the Parícutin cone (México; e.g.

volcanic eruptions focused on several crater

Luhr and Simkin, 1993) and assumed for

cones. The inner structure of such systems is

scoria cones in the San Francisco Volcanic

rarely exposed.

2007).

The

basaltic

volcanoes

Field (USA; Holm and Moore, 1987; Elson

The presented study sheds light on the

et al., 2002; Ort et al., 2008; Riggs and

interior of a crater cone row and helps to

Duffield, 2008).

understand the feeding features, propagation

Scoria cones, the focus of this case
study,

occur

in

all

tectonic

and localisation of the magma flow.

settings

worldwide are commonly distributed along
fault zones and are grouped parallel or en
echelon to the strike of the faults, and can be
thus indicators for the current stress field
(Vespermann and Schmincke, 2000) and
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Abstract
A 6 km long, early Holocene cinder

in the eroded Hljodaklettar area. The chain is

cone row in the rift zone of north Iceland,

marked by “cone-in-cone” formation that

which is partly exposed to a depth of 200 m

reflects the irregular shape of the conduits.

along the Jökulsa a Fjöllum river canyon, is

The magma transport between the eruptive

reconstructed in three dimensions by using a

vents is dominantly horizontal. Reactivation

precise, non-stationary GPS to investigate

of pre-existing NNW-SSE trending faults,

the fault control on emplacement and

underlying the volcanic fissure caused the

eruption style. The en-echelon arranged

eruption frequency to be time-lapsed and

monogenetic volcanic structures in the

hence resulted in the observed en-echelon

Fremrinamur

show

segmentation of the vents. As regards the

intensive water-magma interaction. Spatter,

early Holocene age of the cones, the volcanic

welded breccias, scoriaceous lapilli, welded

deposits

and non-welded deposits, and the occurrence

System might represent a spatial and

of different bombs and rounded river gravel

temporal link between compound lava shield

point to phreatomagmatic and transitional

formation

eruptions

Glaciation and the later common central

Volcanic

between

System,

Strombolian

and

Hawaiian lava-fountaining episodes. An
initial

magma

flow

emission

in

the

just

Fremrinamur

after

the

Volcanic

Weichselian

eruptive fissures in the volcanic systems.

(effusive

fountaining phase) from the fissure was
responsible for the distinctive multi-tiered
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inner workings of a crater row in a volcanic

6.1 Introduction
Monogenetic

volcanoes

that

have

rift zone. Due to erosion of a large part of the

erupted only once in their history, such as the

vent system by the Jökulsa a Fjöllum river

Raudholar tephra cones in the northern rift

(Fig. 6.2), the interior of the cones is exposed

3

zone of Iceland with a volume of 0.1–1 km ,

to a depth of 200 m. The aim of this paper is

demonstrate the minimum amount of magma

to describe the exposed early Holocene

that is required to create a channel through

eruptive fissure and its deposits, reconstruct

the lithosphere (Walker, 1993). Spatter and

the scoria cone row in three spatial

scoria cones are the result of purely effusive

dimensions

to weakly fountaining, short lived, small

geological evolution in terms of the coeval

3

3

and

to

demonstrate

the

(≤ 0.1 km ) to medium (0.1-1 km ) fissure

stress field, and the emplacement and

eruptions (Thordarsson and Larson, 2007).

propagation of magma under a small edifice.

Scoria-cone forming eruptions are commonly

Furthermore, the importance of the tectonic

associated with Strombolian-type activity

control and the interplay between pre-

(Houghton et al., 1999; Vespermann and

existing structures and fissure eruption is

Schmincke, 2000; Martin and Nemeth,

outlined. A detailed 3D mapping of the

2006), but often show a great variety in

volcanic construct was necessary because of

eruption

gradual

a rather inaccurate digital elevation model

transition between Hawaiian lava fountaining

(DEM) of the area. The 3D shape of the

to moderate and violent Strombolian-type

plugs is used as a tool to determine the

mechanisms, driven by a reduction in magma

magma flow and segmentation, localisation

ascent speed (Parfitt and Wilson, 1995).

of the eruptive centres and give evidence for

The

styles,

ranging

physical

from

connection

between

cone formation.

dyke-conduit systems and their associated
eruptive products is rarely preserved or

6.2 Regional setting

reported (Atkinson and Lambert, 1990; Goto

In the Northern Volcanic Zone, rift-

et al., 1990; Houghton et al., 1999). Cinder

related structures and eruptive fissures are

cones are mostly studied in active volcanic

common,

zones, where the feeding conduits are often

interglacial lava shields are responsible for

covered by lava flows, and as abundant

the major amount of lava (MacLennan et al.,

features in volcanic fields (e.g. Head and

2002). The NNE-trending volcanic system

Wilson, 1989; Martin and Nemeth, 2006;

Fremrinamur (Figs. 6.1, 6.2) is around 160

Rapprich et al., 2007; Keating et al., 2008).

km long and 17 km wide. Its central volcano

but

early

postglacial

and

The monogenetic Raudholar crater

is constructed on the basaltic Ketildyngja

cones (Figs. 6.1, 6.2) offer the opportunity to

shield volcano and is overlain in turn by two

study an upper cross-section through the

lava shields (Johannesson and Saemundsson,
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1998;

Tentler

and

Mazzoli,

2005;

(2008). In this paper, both the Randarholar

Hjartardottir, 2008), which last erupted

and Raudholar crater cones are regarded as

approximately 4000 years ago (Thorarinsson,

parts

1951).

Volcanic System.

of

the

bifurcating

Fremrinamur

The Raudholar cones and its
eroded southern part Hljodaklettar
mark the easternmost branch of the
Fremrinamur Fissure Swarm (Fig. 6.2,
marked in red) and occur as fissurealigned

scoria

cones.

The

approximately 6 km long crater row is
aligned

NNE,

Jökulsargljufur

in

and

along

the

canyon,

while

its

southern end bends slightly NNW,
giving it an arcuate shape. The
Figure 6.1: Geological map of the fissure swarms

unglaciated Raudholar scoria cones are

in Northeastern Iceland, after Johannesson and

situated along the narrow river canyon of

Saemundsson (1998). Encircled central volcanoes

Jökulsa a Fjöllum, a minor part of the cones

are: Th-Theistareykir, Kr-Krafla, Fr-Fremri-

are inside the canyon. As the cones underlie

namur, and As-Askja. Background is a DEM of

the Hekla tephra H5 deposits (dated to

Iceland provided by the National Land Survey of

7000 BP, Thorarinsson, 1971), the Raudholar

Iceland.

eruption has an estimated early Holocene age
The Fremrinamur Central Volcano contains a

of around 9000 years (Waitt, 2002 and

rhyolite extrusion and a prominent geother-

references therein; Tentler and Mazzoli,

mal field (Sigurdsson and Sparks, 1978). It is

2005). It is associated with an intracanyon

a matter of debate which of the following

lava flow that fills an area of 2 km2, just west

eruptive

the

of the prominent valley Vesturdalur (Fig.

Fremrinamur system, as the Askja Fissure

6.2). The lava flow stratigraphy there shows

Swarm is so close by (Fig. 6.1). Whereas, for

that the Jökulsa river cut a canyon, nearly to

example,

Tentler

and

(2005)

present depth, before the Raudholar eruption.

attributed

the

fissures

Kraeduborgir,

The deposits surrounding the crater

Raudholar, Sveinar and Randarholar to the

row, dating from the last interglacial,

Fremrinamur system (Fig. 6.2); the Sveinar-

emanated mostly from shield volcanoes

Randarholar fissures were placed in the

nearby, like for example, Grjothals (Slater et

Askja Fissure Swarm by Johannesson and

al., 1998; Information Centre Jökulsar-

Saemundsson

gljufur, Asbyrgi; Fig. 6.2).

fissures

is

(1998)

assigned

Mazzoli

and

to

Hjartardottir
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Hyaloclastite mountains and tillite
deposits flank the eruptive fissure.
The lava deposits east of the
Hljodaklettar area have their origin
in a 10 000 year old eruption from a
shield volcano in the neighboured
Theistareykir Fissure Swarm (Fig.
6.1; source: Information Centre
Jökulsargljufur, Asbyrgi).
A second, prominent NNEtrending

crater

row,

Randarholar-Raudborgir

the
fissure,

erupted slightly later, around 60008000

years

ago

(Thorarinsson,

1959; Sigurdsson et al., 1975;
Tentler

and

Mazzoli,

2005;

Fig. 6.2). This linear fissure chain
is mainly controlled by (grabenbounding) normal faults, connected
to

the

Volcano.

Fremrinamur
The

Central

lava

poured

northwards in a valley and joined
with the lava of the Hljodaklettar
eruption. The magma of both
fissure eruptions is of primitive
olivine tholeeitic composition.
It is assumed that the up to
120 m deep Jökulsa a Fjöllum
canyon was excavated by gigantic
glacial outburst floods (16 outbursts
Figure 6.2: Detailed geological map of the

were determined by stratigraphic methods

northern part of the Fremrinamur Fissure Swarm

near

modified after Sigurdsson et al. (1975). The

originated from the Vatnajökull Glacier to

studied Raudholar Cone Row and Hljodaklettar

the south (Fig. 6.1). The best documented

plugs are highlighted in red.

outbursts occurred in late Holocene (around

Vesturdalur;

Waitt,

2002)

that

2500 BP), early Holocene (< 7100 BP),
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Holocene (2900-2000 BP), and probably just

structural feature is defined by a number of

after deglaciation 9000-8000 BP (Waitt,

points with a known three dimensional

2002; Alho et al., 2005 and references

position, and spatial orientation (strike and

therein; Kirkbride et al., 2006). It has been

dip); dykes and contact to the host rock were

argued that most of the Jökulsa canyon

measured in this way, for example. The

already existed in its present form before the

second, line feature method, was used to map

Holocene series of floods, as the valley is cut

the complete outline of a plug or conduit, by

into pre- to late glacial basalt (Kirkbride et

continuously walking around and over the

al., 2006). A detailed canyon morphology,

feature. The height of some inaccessible

stratigraphy and glacial outburst history are

plugs was measured with a Silva levelling

described by Waitt (2002) and Alho et al.

clinometer. Due to inaccessibility, the eroded

(2005).

area east of the Jökulsa a Fjöllum river could
not be mapped (Fig. 6.3B, dashed lines), but
is included in the overall interpretation of the

6.3 Methodology
The Raudholar cones and eroded

cinder cone chain.

Hljodaklettar plugs were mapped with a non-

Inaccessible areas and overhanging

stationary Trimble Pathfinder® Pro HXTM

parts of the geological structures were

GPS system, including a 12-channel dual

reconstructed

frequency GPS receiver, a Zephyr antenna,

photographs in ArcGIS 9.1 and later added

and a RangerTM field computer, with an

by hand in the 3D model of the crater chain.

accuracy of 0.4 m in horizontal and 0.7 m in

Aerial photographs at the scale of 1:30 000, a

vertical direction, after post processing. The

DEM of the area (cell size of 25 m) provided

accuracy of mapping of the individual plugs

by the National Land Survey of Iceland, and

in the field depended mainly on satellite

several

availability and the geometry of the plugs.

(National Land Survey Iceland) were used as

Mapped data of the plugs include the outline

a basis to plot field data and the individual

of the 3D structure of each individual

plug outlines determined by the accurate

conduit, data on individual dykes (including

GPS measurement. The digital maps and the

strike, dip, thickness), joints, scoria and

DEM

hyaloclastite plane walls (contacts to the host

reconstruction and presentation of the crater

rock), and faults in the vicinity of the crater

row by modelling the point and surface

row (Fig. 6.3A). Data were obtained by two

structures using the software GoCad 2.0.8,

different methods: point and line feature

3D Move 5.0 and Move 2008.1 (Fig. 6.4).

measurements. For a point measurement, a
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Figure 6.3: (A) Dataset of accomplished measurements in the field area. Two methods can be
distinguished: point and line features (see text for further information). (B) DEM of the mapped area
showing the reconstructed crater row in GoCad 2.0.8, as well as faults.

6.4 Results from the 3D mapping and

Appendix CD). The lower cones merge at

reconstruction of the crater row

depth. From the shape of the intact cinder

We inferred from the reconstructed 3D

cone Raudholar we surmise that it consists of

shape that the eruption vents were offset (left-

at least two buried, overlapping cones that

lateral) and closely spaced, 50 m-300 m apart

may have resulted from a shift in vent

(Figs. 6.4B, C); the non-eroded Raudholar

location, or simultaneous activity at nearby

cones are spaced at 200 m in N-S direction

vents on the fissure.

und up to 800 m in E-W. The height of the
plugs varies between 10 m–190 m and up to

6.5 Raudholar and Hljodaklettar eruptive

205 m for the Raudholar cones (Fig. 6.4C).

vents and deposits

Several bigger plugs are flanked on their

The

characteristics

of

pyroclastic

western side by small, aligned dyke conduits,

deposits are influenced by factors like

which represent subsidiary vents or lava

accumulation rate and cooling rate (Head and

breakouts (Figs. 6.4B, C). The conduits are

Wilson, 1989; Sumner et al., 2005). Among

elongated in N-S direction, and are funnel-,

the studied eruptive centres, variation in the

horseshoe-, and irregular shaped, which

degree of welding in the eroded conduits of

indicates an overlapping of cones of the same

the volcanic edifice points to variable

age (Fig. 6.4C; see supplementary data,

temperature conditions; weakly-welded
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deposits represent low temperature
deposits and agglutinated spatter
beds point to a high temperature.
Most common along the outcrop is
an intermediate stage consisting of
agglutinated

spatters

and

non-

flattened bombs. The deposits can
be grouped by their size, shape of
clasts and welding into (i) weakly
welded, scoriaceous red and brown
lapilli, (ii) twisted, fluidally-shaped,
welded spatter and scoria, (iii)
volcanic bombs, (iv) dykes and (v)
lava flows.

6.5.1 Lithofacies of weakly welded,
scoriaceous red and brown lapilli
The weakly welded, but wellsorted, red and dark scoriaceous
lapilli-sized, fall-out deposits (Fig.
6.5) are only to be formed on the up
to 205 m high and around 2 km
long, 800 m wide Raudholar single
Figure 6.4: (A) Example of a mapped plug in the

spatter cone. This characterises the eruption

field, GPS data points and joint data were

as a discrete bubble outburst in the upper

imported into GoCad 2.0.8. Point and line features

zone of the magma-filled conduit, partly

were combined to a surface. (B) Complete

interrupted by violent degassing of the near

reconstructed cone row that consists of 54

surface magma (Head and Wilson, 1989).

individual plugs and dykes measured with the

The cone shows a coarse internal strati-

non-stationary GPS system in the field. Oblique

fication and clasts-supported parallel, inward-

view. (C) Contour map of the crater cone,

dipping (angle of 20°-50°) beds (Figs. 6.5A-

topology of the plugs is indicated by lines of
different colours (dark–low altitude to light–

C). Fine-grained black and red scoria ash

higher altitude); each line represents 10 m in

units contain individual beds of massive,

vertical section. The basic altitude of the area is at

weakly-stratified scoria, as well as layers of

an elevation of 100 m, the river canyon has an

ballistically-emplaced

average elevation of 50 m.

(Figs. 6.5B-E). Rootless lava flows, emitted
88
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during an effusive episode, are embedded in

bombs

loose scoria and spatter deposits in the cone

constitute the outer edifice wall (Fig. 6.6A).

(Figs. 6.5C-F).

The agglutinated bombs, which have a

and

welded

vent

breccia,

and

diametre of up to 20 cm, are spindle and
6.5.2 Lithofacies of twisted, fluidally-shaped,

ribbon shaped. Welded deposits (Fig. 6.6B)

welded spatter

along eruptive fissures and vent-forming

Pyroclastic

breccias

and

welded

spatter cones are dominant, rootless lava

agglomerates (Figs. 6.6A, C), are exposed at

flows appear embedded in welded spatter

the southern, eroded, steep part of the cinder

(Fig. 6.6C).

cone Raudholar. The beds are rich in lava

Figure 6.5: Lithofacies of fallout deposits (A) Elongated Raudholar cinder cone. Pyroclastic beds are
visible on the outer hinge, see person for scale. Jökulsargljufur canyon is in the background. View to northnortheast. (B) View into eroded part of cinder cone. 1 m thick pyroclastic beds alternate with fall-out
deposits. View to the northeast. (C) Inclined sheet above fall-out deposits ranging from scoria lapilli to
smaller bombs, reflecting Strombolian-type eruption. View to the northeast. (D) Layered cinder-cone
deposit. Scoria lapilli, fluidal-elongated small bombs and fragments of juvenile rocks. Compass for scale,
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(continuation Figure 6.5) close-up view in E indicated by square. View to the north-northwest. (E) Closeup view of (D) showing scoria lapilli, fluidal small bombs and fragments of juvenile rocks. Compass for
scale. (F) View north-northwest inside of the Raudholar cone, exposed by river outbursts. Columnar lava
flow showing prominent entablature structure.

Figure 6.6: Lithofacies of welded spatter. (A) Welded agglutinates scoria fragments and bombs marking
eruptive vent structures. (B) Welded lapilli and fractures building the resistant cone walls, signs for hot
temperature and location for eruptive vent centres. (C) Lava flow over scoria breccia layer, embedding
river gravel. View to the northeast.

6.5.3. Lithofacies of volcanic bombs

bombs (Fig. 6.7C) represent samples from the

Volcanic bombs of all kinds of sizes and

underlying basaltic lava flow in the canyon,

materials are present (Fig. 6.7) and give

as

evidence of the eruption style, conduit

(plagioclase) fragments that originate from

composition and underlying rocks. Some

the nearby riverbed (Fig. 6.7D). The bombs,

rounded bombs are surrounded by scoria

apart from river gravel, are only found at the

lapilli that are embedded on the bomb surface

base of Hljodaklettar; magmatic clasts are

and indicate that still-molten bombs landed

neither restricted to vertical nor horizontal

on the crater walls. Cored bombs are present

sections of the eroded cones and implicate the

(Fig. 6.7A), as well as fusiform (spindle

contemporary activity of en-echelon volcanic

shape) ones (Fig. 6.7B), angular tholeeitic

segments.
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Figure 6.7: Lithofacies of volcanic bombs. (A) Cored bomb. River gravel bombs. (B) Elongated bomb on
scoria cone. (C) Angular bomb with embedded molten scoria lapilli. (D) Rounded river gravel from nearby
Jökulsa a Fjöllum river ballistically transported during phreatomagmatic eruption.

Within the plugs, the main transport is

6.5.4 Dykes at the eroded part Hljodaklettar
A “transition zone” between the cinder

inferred to be lateral (Figs. 6.8A, B, D). One

cone and the exposed Hljodaklettar plugs is

up to 5 m thick, NNE-SSW striking (feeder)

marked by the occurrence of numerous

dyke can be followed throughout the eroded

vertical dykes, which intersect each other

outcrop and marks one of the major magma

(Figs. 6.8A, B). The geometry and widths of

pathways that connect the plugs (Fig. 6.8A,

the cylindrical necks are remarkably constant

dashed line). The dykes have a minimum

(Fig. 6.8C); with increasing depth, they

thickness of 5 cm and coalescence to form

become elongated to a dyke form and are

thicker, multiple intrusions. The contact

attached to the lava flows (e.g. Fig. 6.8D).

surfaces reveal typical brittle deformation

Individual plugs are laterally interconnected

structures such as breccias, tension gashes,

by elongated plugs and narrow curving,

and aligned vesicles (Figs. 6.8E, F) that point

vertically-jointed dykes, around 1-3 m thick.

to a magma flow towards the individual

Funnel-shaped necks represent the con-

conduits and a horizontal propagation of the

vergence and intersection point of several

magma flow.

dykes, since surrounded by individual dykes
(Fig. 6.8A).
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Figure 6.8: Dykes and flow indicators. (A) View south, away from the cinder cone Raudholar. Some dykes
(around 4 m-6 m wide) can be followed throughout the whole outcrop connecting single plugs (marked
with dashed line) (B) Dykes marking the “transition zone” between plug dominated, eroded Hljodaklettar
and Raudholar cinder cone. View NNW. Dyke-walls are approximately 15 m-20 m high. (C) View northnorthwest into the labyrinth of plugs. Major plugs are always accompanied by smaller lava vent/breakouts
on their sides. Person for scale. (D) View southeast to dykes next to river Jökulsa a Fjöllum, exposed
underneath an eroded cone. Plugs are up to 40 m high. (E) En-echelon, sigmoidal-shaped cracks. Pencil for
scale (F) Elongated, elliptical voids trace the magma flow path. Compass for scale.
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The outer margins are covered with

Thin sections (Fig. 6.10) to investigate

hyaloclastite breccia and scoria remnants

the composition and texture were made from

(Figs. 6.8A, B). During flow of the magma,

basaltic lava flows. The most frequent

shearing occurred and caused a preferred

association of phenocrysts are plagioclase-

orientation of platy crystals, flattening and

olivine-clinopyroxene, with a high amount of

elongation of gas bubbles parallel to the

glass in moderate vesicular lava flows (Figs.

shearing

or

6.10A, B) and agglutinates of opaque

foliation; see Fig. 6.10). The feeder dykes

minerals that occur in the bombs. The

have sharp contacts to the overlying scoria

variolitic basalt is a primitive olivine-

and spatter deposits, and show chilled

tholeiite, showing corroded, subhedral to

margins.

idiomorphic crystals with a serpentinitized

surface

(trachytic

texture

network (chrysotile), emanating from the
6.5.5 Lava flows at the eroded part

crystal edges, and partial replacement by

Hljodaklettar

iddingsite (pseudomorphic transformation of

Columnar joints show a multi-tiered
structure

with

a

clear

into

needles intergrown with olivine imply a high

colonnade and entablature (Figs. 6.9A, C).

cooling rate of the lava flow (Lofgren et al.,

The

1974; Fig. 6.10C).

chaotically-jointed

distinction

olivine; Figs. 6.10C, D). Skeletal plagioclase

entablature

(Fig.

6.9B, D) is marked by the occurrence of pipe

Plagioclase

is

common

in

the

vesicles, vesicle cylinders, and big spiracles

groundmass and as subhedral, albite-carlsbad

(Fig. 6.9D). The largest amount of pahoehoe

twinned crystals with oscillatory zoning (Fig.

lava was discharged at the beginning of the

6.10E). The fine-grained, holocrystalline

cone-building episode (effusive fountaining

groundmass is mainly represented by fanning

episode), but rootless lava flows are also

intergrowths of skeletal plagioclase and

embedded in scoria and spatter deposits (Figs.

dendritic clinopyroxene and glass (tachylite,

6.5, 6.6). Lava tubes (Fig. 6.9E) build

sideromelan

prominent underground galleries. Prismatic

palagonite; Figs. 6.10A, B). Magma flow

joints in the colonnade (Fig. 6.9F) have

structures traced by oriented plagioclase lattes

striations (chisel structures) parallel to the

are common (Fig. 6.10F). Corroded and

cooling surface, which show crack initiation

serpentinitised olivine implies alteration,

and arrest (Dance, 1997; Lyle, 2000 and

plagioclase needles point to quick cooling

references therein).

and hence a reaction with water.
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Figure 6.9 overpage: Lava flows. (A) Clear distinction between colonnade and entablature in the lava flow.
Wall is around 15 m high. (B) Chaotic curvi-columnar joints of the entablature dominate the shape of the
approximately 10 m wide necks. (C) Close-up view of 3 m high colonnade and entablature. (D) The
entablature shows large spiracles (up to 5 m wide) that were filled with loose hyaloclastite material which
has been eroded. (E) Lava tube in Hljodaklettar, the place is known as the “church”. Persons for scale. (F)
Striations in vertical columnar joints in the lower colonnade marks joint growth and arrest (picture taken in
the Sveinar fissure lava flow, south of Hljodaklettar). Person for scale.

variety of joint geometries (e.g. hexagons

6.6 Reconstruction of the eruption style
Elongated scoria cones that are built

and polygons) have been documented in the

above fissures have a more complex

field area, reflecting different cooling rates

subvolcanic vent system and are common in

(Dance, 1997). Toramaru and Matsumoto

well-drained basaltic settings (Vespermann

(2004) carried out analogue experiments and

and Schmincke, 2000). The occurrence and

found out that low order, polygonal-shaped

eruption mechanisms give information about

joints are related to higher cooling rates,

the

sub-surface

whereas at lower cooling rates, hexagons

hydrology during the time of cone formation

dominate. DeGraff and Aydin (1987) pointed

(Risso et al., 2008). A topographic profile

out that colonnade joints propagated upwards

(Fig. 6.11A; marked A-A´, located in Fig.

from the lava base, while those of the

6.3A) in direction 194° along the main vents

entablature propagated downwards from the

of the linear cone row show a multiple vent

surface. The darker and more fine-grained

activity (Fig. 6.11) indicated by a “cone-in-

“pitchstone or vitrophyre” are related to the

cone” geometry. This implies a horizontal

faster

magma transport direction (towards north as

(Saemundsson, 1970). The petrography of

shown by deformation structures in the

the olivine-plagioclase tholeiite (Fig. 6.10

dykes), while the “fingers” that reach the

see above) points to a high cooling rate.

paleoenvironment

and

surface now represent the eroded plugs.
short-lived

rate

in

the

entablature

The irregular top of these volcanic

The initial, vent-clearing, phase was a
relatively

cooling

features is due to emplacement below its

phreatomagmatic

own cinder accumulation (Walker, 1993).

eruption at shallow depths close to the river

The distinctive curvi-columnar entablature

aquifer (Figs. 6.11B, C). Well-rounded river

formed by water seepage into the lava

gravels

were

interior (Lyle, 2000). Hyaloclastite breccia

ballistically ejected and are found at various

horizons are present at the outer margins of

locations at the eroded base at Hljodaklettar.

the magma flow and dykes, indicating that

In the next stage, lava flows were emitted

most lava flow interacted with water.

and

juvenile

fragments

and formed the now prominent colonnade
and entablature features of Hljodaklettar. A
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Figure 6.10: Thin sections of tholeeitic basalt from the field area. (A) Vent breccia containing fragments of
tholeeitic basalt (olivine and plagioclase phenocryst embedded in microcrystalline, variolithic skeletal
plagioclase in pyroxene groundmass), silicified glass rinds (brown colours) surround elongated segregation
vesicles. Plane-polarized light, base of photo 1.8 cm. (B) Same view as in (A), crossed nicols. Interstitial
brown basaltic glass is present. (C) Roundly-corroded olivine crystals with secondary plagioclase needles
in tholeeitic fluidal bomb. Plane-polarised light, base of photo 9 mm. (D) Rounded embayment having their
origin in magmatic corrosion that point to unstable conditions. Plane-polarized light, base of photo 9 mm.
(E) Simple twinned plagioclase phenocryst with oscillatory zoning in the upper half of the crystal,
surrounded by glomerophyric, skeletal, plagioclase needles and clinopyroxene (augite and pigeonite).
Plane-polarized light, base of photo 9 mm. (F) Clusters of fine interstitial plagioclase needles intergrown
with clinopyroxene in a microcrystalline groundmass of tholeeitic host rock exposed in the Jökulsa a
Fjöllum canyon. Plagioclase shows slight magma flow alignment. Plane-polarised light, base of photo 1.8
cm.
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Saemundsson (1970) and Long and

(Houghton et al., 1996, 1999). Alternating

Wood (1986) concluded that entablature

beds of welded and non-welded, fine- and

jointing is the result of quick cooling of the

coarser-grained lapilli are common (exposed

upper part of the lava flow as the still hot

on Raudholar cone), which show distinct

flow surface becomes flooded by (river)

inward-dipping

water. The eruption environment favoured

repeated explosion driven by magmatic

lava ponding and damming that resulted in a

degassing in an open conduit. Deposits of

diversion of the river and indulation of the

well-sorted and rounded scoriaceous lapilli

lava flow surface (Saemundsson, 1970; Lyle,

on Raudholar indicate that the final phase

2000).

was Strombolian through a wide, unblocked

bedding,

and

suggests

We postulate that the eruption style

conduit. Small lava flows (0.5 m thick) are

was transitional between Strombolian and

embedded in Strombolian and Hawaiian-type

Hawaiian lava fountaining (Fig. 6.11D),

related deposits. The lack of ash layers is

which arose from an intermediate ascent of

explained by (1) an inferred low degree of

magma (Parfitt and Wilson, 1995). The

fragmentation

agglutinates and spatter-rich tephras suggest

Hawaiian eruptions (Chester et al., 1985;

that lava fountains may have erupted

Vergniolle and Mangan, 2000) and (2) by the

continuously (Wolff and Sumner, 2000). The

quick erosion after deposition, especially in

Strombolian-style differs from the Hawaiian

an area characterised by numerous glacial

by the absence of glass fragments and the

outbursts (Fig. 6.11E).

during

Strombolian

and

abundance of fine-grained tephra and non-

A complex mixing of ejecta from

welded clasts, whereas lava fountaining

different vents along the feeder system is

phases consist of larger portions of spatter

typical for basaltic explosive eruptions (Self

(Vergniolle and Mangan, 2000; Parfitt, 2004;

et al., 1980; Houghton et al., 1999). Together

Bertotto et al., 2006). Spindle and fluidal

with a prominent linear arrangement of

spatter fragments, often welded together,

vents, it points to magma that intruded at

were

contem-

shallow levels. Contrasting eruptive products

poraneously active conduits. The lower

and eruptions at various points in space and

facies of the eroded cones show a variety of

time are common (e.g. Walker et al., 1984;

coarse-grained, ragged ejecta.

Thordarson and Self, 1993; Risso et al.,

ejected

from

several

The large variety in clasts (different

2008) and are caused by e.g. contrasts in the

vesicularity, density, shape) points to an

architecture

extension of the vent system along the

differences), development of local ponds and

fissure, and hence to unstable discharge rates

a non-uniform width

in

(Houghton et al., 1999).

magma

and

a

varying

extent

of

magma/water interaction between the vents
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Figure 6.11 overpage: (A) Topographic profile (A-A´) in N-S direction (194°) along the Raudholar Cone
Row (see Fig. 6.3 for location). The z grid is 20 m beginning with an elevation of 80 m to 240 m; the x grid
is 500 m. Arrows point to vents and thus feeder dykes as constrained by vent locations. (B) Initial stage
before the eruption. Faults underlie the Jökulsa a Fjöllum canyon and river. (C) A phreatomagmatic
eruption creates first deposits, where magma fingers reach the surface. The magma flow direction is
assumed to be horizontal. The eruption produces left-lateral cones that present the now-eroded
Hljodarklettar plugs. (D) The main eruption stage is transitional between Hawaiian lava fountaining and
Strombolian eruption and produces scoria cones and rootless lava flows on top of the phreatomagmatic
deposits. The river is partly dammed and diverted. (E) After erosion and glacial bursts, parts of the cone
row are exposed, whereas the more northerly cones are intact.

6.7 Discussion

subvertical axes during upwards propagation.

6.7.1 Structural control on eruptive fissure

The

location

indicates a time-lapsed eruption history

observed

en-echelon

arrangement

The Raudholar crater row is distinctly

along individual segments. This implies dyke

different compared to other eruptive fissures

segmentation (similar to observation during

in the Northern Volcanic Zone. While the 70

the Laki 1783 eruption, Thordarsson and

km long, younger Randaholar fissure is

Self, 1993; and Krafla rifting episode, Buck

located over wide areas inside a well-

et al., 2006) at shallow depth from a main

developed graben system, the Raudholar

fracture/magma chamber or above lateral

cones seem to lack a connection to

magma flow, controlled by slightly-changing

superficial

regional

faults.

Normal

faults

are

stress

field,

under

a

small,

numerous on the western and southern side

developing volcanic edifice (Pinel and

of the crater row, which show a prominent

Jaupart, 2004) or/and due to oblique

downthrow to the west (Sigurdsson et al.,

extension of the area (DeMets et al., 1994;

1975; Fig. 6.2).

Clifton and Schlische, 2003).

The

6.4,

In comparison with existing fault

field

systems (Figs. 6.2, 6.12) surrounding the

observation and geological maps imply that

eruptive fissure, we suggest that the pre-

crater cones at Hljodaklettar are segmented

existence and/or formation of en-echelon

in a sinistral en-echelon manner, which

arranged faults, underlying the river, played

follow the trend of the river canyon. For

a major role during fissure eruption. The

eruptive fissures located at rift zones,

cones thus follow the segmented fault trace

spreading stresses have been put forward as a

(Connor and Conway, 2000). The presence

cause of segmentation (Klügel et al., 2005)

of some conjugate NW-SE striking faults is

either by segmentation of individual dykes

evidence of a complex stress field pattern in

within the upper crust or by rotation of

the northern study area. The bending of the

additional

3D

model

movie

in

(Figs.

6.3,

appendix),
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eruptive fissure might reflect the meeting of

As most of the conduits are cylindrical

two fault systems in the area, a NNE-SSW

in shape once they became established, the

direction, similar to faults in its southern

maximum horizontal compression was radial

continuation that developed around 9000-

and the minimum horizontal compression

8000 years ago (Sigurdsson et al., 1975;

circumferential, thus σ1 was subvertical and

Sigvaldason et al., 1992), and a younger fault

σ3 was subhorizontal in the fissure swarm.

system striking NW-SE cross-cutting the

The surface-near, exposed plugs show the

older ones. The variation in strike might be

dominant influence of the stress field, since

connected to a change of the axial rift zone

the

from NNE in the vicinity of the Vatnajökull

responsible for the larger superficial opening

glacier to N on the north coast of Iceland

of conduits. However, the overall tectonics

and, secondly, a far-field influence from the

(Fig. 6.12) shows a dominant NNE-SSW

Tjörnes fracture zone (Sigurdsson and

structure, with sigma

Sparks, 1978; Rögnvaldsson et al., 1998).

axis.

maximum

principal

H

stress

σ1

is

parallel to the rift

6.7.2 Plumbing system of the eruptive fissure
Although only the first two hundred
metres of the shallow feeding system of
dykes and conduits of the RaudholarHljodaklettar

row

are

exposed,

field

observations of the inner workings of the
conduits suggest that magma transport was
mostly vertical with lateral offshoots in the
fissure interconnecting the individual plugs.
Dykes below 250 m are not exposed in the
working area. Further south, in the Sveinar
Graben, which belongs to the 70 km long
Randaholar fissure, a slightly-deeper feeding
system and the connection to the overlying
cone is exposed in three dimensions (Fig.

Figure 6.12: Stereogram of structural data in
Raudholar

and

Hljodaklettar.

Equal

6.13; Gudmundsson et al., 2008; Chapter 7).

area

projection, lower hemisphere. Great circles show

We use this outcrop as an analogue for the

surfaces and kinematic indicator. Isolated dots

cones of Raudholar, as the formation and

represent poles of fault and dyke orientation, and

tectonic setting are comparable. Combining

the triangles are poles to bedding planes on

both areas, we conclude that the transition

Raudholar cone.

between tabular dykes to cylindrical flaring

100

Chapter 6: Tectonic feedback on magma emplacement - case study Northeast Iceland
conduits was gradual and started in the upper

fissure marks an intermediate step between

exposed 100 m-50 m of the vent system,

the high eruption rates after Weichselian

similar to results and field observation by

Glaciation between 10 000–7000 BP and the

Keating et al. (2008). The width of the feeder

dominant fissure eruptions after 7000 BP.

dykes is about 4 m-12 m at depth to 200 m

Phreatomagmatic eruptions are enhanced,

(outcrop

and

not only by the location in proximity of the

decrease with depth, as observed at the

Jökulsa a Fjöllum river, but after the ice

Sveinar Graben.

retreat, a higher groundwater level is

Raudholar-Hljodaklettar)

postulated as well (Sigvaldason et al., 1992),
6.7.3 Magma source and vertical versus

suggesting shallow magma fragmentation.

horizontal magma flow in the fissure swarm

Magma transport along fissure swarms is

The age of the Raudholar-Hljodaklettar

often described as a horizontal process from

fissure eruption (around 9000 years) can be

a magma chamber underneath a central

correlated with higher magma productivity

volcano, as observed and monitored in other

after the Weichselian Glaciation (10 000-

swarms, such as Krafla and Grimsvötn

7000 a BP; MacLennan et al., 2002). With

(Thordarson and Self, 1993; Buck et al.,

regards to the age and the remote location of

2006; Paquet et al., 2007). The long,

the Raudholar fissure at the branch of the

discontinuous crater row of the Holocene

fissure swarm, the cone row might be

Randaholar fissure probably has its origin in

temporally related to the formation of

a rifting episode of the Fremrinamur

compound

Volcano.

lava

shields

in

the

area

(Sigvaldason et al., 1992). Both, lava shields

In contrast, the Raudholar cones

and fissure eruptions, have similar formation

represent

histories (Rossi, 1996) and their magma

unconnected to the 70 km long Randarholar

source is at the deep roots of the crustal-

eruptive fissures. However, further geo-

mantle

vertical-feeding

chemical sampling of fissures, lava flows of

channels supplying them with magma.

similar age and the lava shields in this area is

Volcanic activity in the last 7000 years was

needed to clarify the source of magma and

dominantly fissure eruption (MacLennan et

hence the deep magma movement.

boundary,

with

al., 2002), located in central segments of the
volcanic systems. We therefore assumed that
the formation of the Raudholar-Hljodaklettar

101

a

single

eruptive

event,

Chapter 6: Tectonic feedback on magma emplacement - case study Northeast Iceland

Figure 6.13: Field example of Sveinar cone row, southwest of Raudholar Cone Row. (A) Dyke in Sveinar
Graben widens near the surface and feeds a spatter cone. View is north across the Jökulsargljufur canyon.
(B) Dyke feeding basaltic lava flow. View northwest.

partly-welded deposits and fluidal bombs,

6.8 Conclusions
The 6 km long roughly NNE-trending

and an Hawaiian lava fountaining phase, that

Raudholar-Hljodaklettar fissure is divided

produced cinder cones, among them the

into

segments,

Raudholar cone, with well-sorted, bedded,

dominated by (eroded) remnants of scoria

scoriaceous lapilli and embedded rootless

cones. Detailed field studies and GPS

lava flows. The linear arrangement, multiple

mapping of the crater row allow us to

vents and mixed ejecta resulting from a

reconstruct the eruption and to evaluate the

change in eruption style point to shallow-

reasons for its location and shape. The

seated controls on degassing and magma

eruption

short-lived

fragmentation in the short-lived vents. Data

phreatomagmatic phase as magma came into

collection shows a dominant NNE-SSW

contact with the Jökulsa river. Evidence for

structure, with sigma

this is the multi-tiered, columnar basaltic

axis.

left-lateral

began

arranged

with

a

hyaloclastite

breccia

parallel to the rift

The monogenetic Raudholar fissure is

lava flow (curvi-columnar entablature and
colonnade),

H

located

and

on

the

outer

branch

of

the

rounded gravel, which have their source in

Fremrinamur Fissure Swarm, controlled by

the river bed. The main eruptive episode was

pre-existing (reactivated) or newly-formed

transitional,

Strombolian-type

NNE-SSW trending faults. Faulting and an

eruption, that produced spatter ramparts,

inferred time-lapsed eruption history are

between
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responsible for the en-echelon segmentation

Geology and Geodynamics Department of

of the 9000 year old eruptive fissure. Due to

the University of Göttingen. Midland Valley

its remote location, on the outer rim of the

is acknowledged for providing a free

fissure swarm and without any observed

educational license for their software Move

evidence for a connection to the Randaholar-

2008.1.

Sveinar fissure, the magma source is
assumed to be the crust-mantle boundary.
Flow indicators point to horizontal magma
transport between the eruptive vents along
the fissure. A gradual transition from tabular
dykes to cylindrical flaring conduits, starting
in the upper exposed 100 m-50 m of the vent
system, is observed. Whereas the Randaholar
fissure marks a typical “central volcanoeruptive fissure connection”, the Raudholar
cones

represent

individual

eruptive

segments, temporally connected to a glacial
rebound effect and enhanced mantle melting
in early Holocene times.
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7. Dyke-induced reverse faulting in a

and Troll, 2001) in normal and reverse slip

graben–case study Northeast Iceland:

directions (e.g. Gargani et al., 2006; Hampel

preface

and Hetzel, 2008). The stress transfer

Extension of the Earth’s lithosphere at

between

volcanic

activity

and

dyke

rift zones can result in both faulting and

intrusions

magmatism.

may

seismicity (e.g. Troise, 2001; Bursvik et al.,

accommodate an equal or possibly larger

2003; Walter and Amelung, 2004) whereas

proportion of strain than is accommodated by

dyke intrusion itself may be aseismic

normal faults (e.g. Ebinger and Casey, 2001;

(Ebinger et al., 2008). In rift zones, lateral

Buck et al., 2006; Keir et al., 2006; Rowland

dyke intrusion at shallow levels can trigger

et al., 2007; Ebinger et al., 2008). The

normal faulting and subsidence (Brandsdottir

process

strain

and Einarsson, 1979; Sigurdsson, 1980;

partitioning between faulting and magmatism

Saemundsson, 1992). Observations of dyke

remains poorly understood, because magma

intrusions, which cause fault slip have been

rarely reaches the surface and surface

reported e.g. at Kilauea volcano, Hawaii, and

deformation is interlinked with faulting

demonstrated by field observation and

triggered by dyke intrusion (e.g. Rubin and

InSAR data revealing coeval slip on a

Pollard, 1988; Rubin, 1992; Bursvik et al.,

normal fault system (Cervelli et al., 2002).

2003; Gudmundsson and Loetveit, 2005;

Dyke-induced

Calais et al., 2008).

formation is not only constricted to the

of

Within

dyke

rifts,

intrusion

dykes

and

may

enhance

deformation

or

and

suppress

graben

Dyking events result in localised

terrestrial surface but can be found on other

extension marked by intensive swarms of

planets, e.g. Mars (e.g. Ernst et al., 2001;

earthquakes,

Schultz et al., 2004; Goudy and Schultz,

with

or

without

effusive

volcanism (e.g. Einarsson and Brandsdottir,

2005; Wyrick and Smart, 2008).

1980; Rubin et al., 1998; Buck et al., 2006).

Existing (volcano-tectonic) grabens in

Thus earthquake swarms and geophysical

rift zones may capture upward-propagating

measurements (e.g. InSAR, satellite geodetic

dykes (e.g. Gudmundsson and Loetveit,

techniques) allow to estimate vertical and

2005).

lateral migration of magma during tectono-

relationship

magmatic episodes and the response of the

boundary faults with dyke emplacement at

plate to stresses induced by dyke intrusion

depth by models of matching data from the

(e.g. the 9-year Krafla rifting period in

Krafla event in 1975-1984, Iceland, as well

Iceland; e.g. Sigmundsson, 2006; Afar rift,

as experimental models by Mastin and

Africa; Ebinger et al., 2008).

Pollard (1988). They showed that faults far

Rubin

(1992)

between

demonstrates
displacement

a
on

Active magma reservoirs are known to

from the dyke are within a zone of dyke-

trigger faulting in their vicinity (e.g. Walter

induced compression and are effectively
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locked during the dyke event, whereas faults

Embley, 1998) and due to magma-induced

that would intersect the dyke close to its top

stress changes along parts of faults (e.g.

will slip until they intersect the dyke at

Parsons et al., 2006).

depth. Gaffney et al. (2007) state that dyke

In the following example, the focus is

capture by faults is most common at high

on normal fault-dyke interaction in the

angle faults and restricted to shallow depths.

northern

Dyke-induced faulting at oceanic spreading

observations

centres is assumed to be responsible for

numerical

narrow (10m-100 m) grabens (e.g. Chadwick

emplacement can cause reverse slip due to

and Embley, 1998; Carbotte et al., 2006).

dyke

Thus,

graben

compression along a nearby normal fault,

displacements, not only in Iceland, best fit

rather than generating a graben or triggering

with

fault-induced

normal fault slip on the existing boundary

dyke-induced

graben faults.

observed
dyke-

displacements,

and

dyke-induced
normal

instead

of

displacements alone (Rubin and Pollard,

rift

zone
and

model

overpressure

of
a

Iceland.

Field

two-dimensional

suggest
exerting

that

dyke

horizontal

Numerical models are a helpful tool to

1988).

simulate physical problems and to simplify

One of the key questions in the

complex geometries with heterogeneous

formation of volcano-tectonic grabens is,

material properties. Numerical models are

whether the boundary faults already existed

divided

before the eruption and thus captured the

Brebbia and Dominguez, 1992), discrete

associated dyke, or if the feeder dyke was

elements (e.g. DEM, Egholm, 2007) and

responsible for the graben formation. Several

finite- element (FEM, Logan, 2000) models

examples from Iceland, e.g. during the

whereas the difference between them is the

Krafla unrest events in 1975-1984 (Rubin,

way of discretisation of a problem in either

1992; Rubin et al., 1998), in the Thingvellir

volumetric or surface elements. To run a

Graben, western rift (Bull et al., 2003), and

numerical model, the boundary conditions

in the Laki fissure (Gudmundsson et al.,

have to be known, i.e. the inferred geometry

2007) indicate that dykes may have been

of the feature, the thickness of the model

captured by (boundary graben) faults and

layers, the applied stress field, and the

subsidence occurred ahead of a laterally

mechanical properties of the rock and its

propagating dyke. This adds additional

surrounding layers (most commonly Young’s

mechanisms for seismic components of

modulus and Poisson’s ratio; Hudson and

volcanic risk assessment along with fault

Harrison, 1997). The BEM, as used in the

motion due to transient stresses around a

following study, gives accurate solutions for

propagating dyke top (e.g. Rubin and

boundary problems, like surface stresses.

Pollard, 1988; Rubin, 1992; Chadwick and
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which we can base reliable forecasting of

Abstract
Normal-fault slip of the boundary

eruptions.

Worldwide,

several

hundred

faults of a graben is commonly attributed to

million people live in the vicinity of active

dyke-induced stresses. Here, however, we

volcanoes (Chester et al., 2002). Accurate

report for the first time clear field evidence

forecasting of eruptions is thus a basic

of a large dyke-induced reverse-fault slip on

concern in many countries. Some eruptions

a fault associated with a volcano-tectonic

have been predicted, many more have not.

graben. The measured reverse faulting,

Also, many unrest periods have caused false

reaching at least 5 m occurs in the Holocene

alarm since they have, eventually, not lead to

rift zone of North Iceland. The reverse slip

eruptions (Newhall and Dzurisin, 1988;

has apparently occurred on an existing

Scarth and Tanguy, 2001).

normal fault as a result of overpressure of a

Most volcanic eruptions are supplied

nearby 6 m–13-m-thick 8000 yr-old feeder

with

dyke. A numerical model of the dyke-fault

propagating toward the surface induces

interaction supports our interpretation. The

stresses and displacements at the surface

results indicate that dykes, particularly

(Pollard and Holzhausen, 1979; Pollard et

potential feeder dykes, may cause large

al., 1983; Rubin and Pollard, 1988; Bonafede

reverse slips on nearby normal faults. This

and Olivieri, 1997; Rubin, 1995; Bonafede

conclusion should improve the general

and Danesi, 1997; Gudmundsson, 2003).

understanding

deformation

Dykes in rift zones are commonly associated

during volcanic unrest periods and may help

with grabens (Rubin and Pollard, 1988;

forecast dyke-fed eruptions.

Rubin, 1995; Gudmundsson and Loetveit,

of

geodetic

magma

through

dykes.

A

dyke

2005). The effects of dyke-induced stresses
on the boundary faults of the grabens and the

7.1 Introduction
One principal aim of volcanology is to

associated

provide a theoretical understanding, on

fissure

swarms

must

be

understood if we are to infer correctly the
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volcano-tectonic processes associated with

offset laterally by 25–50 m. The main graben

volcanic unrest periods. The surface effects

is ~20 km long and mostly 0.5–1 km wide

of an approaching dyke can often be detected

(Fig. 7.2). Normal faults north of the canyon

by geodetic and other measurements (Pollard

of the river Jökulsa a Fjöllum (Fig. 7.1) are

et al., 1983; Rubin and Pollard, 1988;

clearly a continuation of the Sveinar Graben,

Bonafede and Olivieri, 1997; Bonafede and

but they do not form such a clear-cut, single

Danesi, 1997; Meriaux and Jaupart, 1998;

main graben (Fig. 7.2).

Gudmundsson, 2003; Houlie et al., 2006;

The

vertical

displacement

was

Wright et al., 2006). When dyke-induced

measured at many points along the boundary

surface deformation and related signals are

faults

understood, we should be able to infer if, and

displacement is generally similar on the

then when and where, a dyke-fed eruption is

eastern and western faults, commonly 2–7 m,

likely to occur.

but increases to ~20 m as the graben

of

the

Sveinar

Graben.

The

In this paper, we present the results of

approaches the river canyon. The maximum

field observations and numerical modelling

measured throw, the same on both the

indicating that dykes that enter rift zones

boundary faults, is 22 m. On approaching the

may occasionally generate reverse slip on

river canyon, the graben thus deepens, but

existing normal faults. We focus on a feeder

also becomes more complex in structure.

dyke associated with the Holocene Sveinar

Thus, the western boundary fault splits into

Graben in the rift zone of North Iceland. The

two segments (not shown in the schematic

emplacement of the dyke (at ~8000 B.P.)

illustration in Fig. 7.2). Also, there are many

apparently generated a 5 m reverse slip on a

faults and fractures inside the graben where

nearby fault associated with the continuation

it meets with the canyon, both on the western

of the Sveinar Graben.

and

the

eastern

side

of

the

canyon

(Sigurdsson et al., 1975; Gudmundsson and
Backström, 1989; this study).

7.2 Graben and feeder dyke
The Sveinar Graben forms a part of the

Part of the Sveinar Graben is the site of

volcanic rift zone of North Iceland (Fig. 7.1).

a Holocene volcanic fissure (Figs. 7.1, 7.2).

Traditionally, the Sveinar Graben has been

The fissure has given rise to the Sveinar-

assigned to the Fremrinamur Volcanic

Randarholar Crater Row. The total length of

System

Backström,

the crater row is ~75 km, but it consists of

1989), but some recent studies assign it to

separate segments many of which are spaced

the Askja Volcanic System (Johannesson and

far apart (Fig. 7.1).

(Gudmundsson

Saemundsson,

1998).

and

The

graben

is

composed of major, discontinuous normal
faults, the fault segments commonly being
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The age of the Sveinar-Randarholar
Crater Row is estimated to be at least
6 000 yrs and more likely about 8000 yr
(Thorarinsson, 1959; Sigurdsson et al.,
1975;

Gudmundsson

and

Backström,

1989). It is not known if the entire fissure
was simultaneously active.
South of the river canyon, the SveinarRandarholar Crater Row is partly inside
the Sveinar Graben (Figs. 7.1, 7.2). North
of the canyon, however, most of the crater
row does not follow a clear, narrow
graben; in fact, the Sveinar-Randarholar
lava flows cover some of the faults (Figs.
7.1, 7.3). Similarly, the southernmost part
of the crater row is not associated with a
graben (Fig. 7.1). Indeed, most of the
narrow grabens in this part of the rift zone
of Iceland cannot be related to crater rows
(Fig. 7.1).
The feeder dyke to the SveinarRandarholar Crater Row is exposed in
both the walls of the canyon of Jökulsa a
Fjöllum. Where the dyke crosses the
canyon it consists of two overlapping
segments. The eastern dyke segment
strikes N5°W, dips 86–89°E, and is 2 m
thick on both sides of the canyon.
Figure 7.1: Location of the Sveinar Graben and

In the western wall of the canyon the

Sveinar-Randarholar Crater Row in the Holocene

dyke segment is directly connected with a

rift zone of northern Iceland (modified from

spatter cone of the Sveinar-Randarholar

Johannesson and Saemundsson, 1998). Inset map
of Iceland shows location of research area within
the Neovolcanic zone (covered by rocks younger

Crater Row. The western dyke segment,
some 85 m west of the eastern segment, is

than 0.8 Ma). Also shown is location of Figure

more variable in attitude and thickness. Thus,

7.2.

in the western canyon wall, its attitude is
N30°E/85°W, but in the eastern wall the
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attitude changes from N5°W/82°W (deep in
the canyon) to N9°E/84°W closes to the
surface (Fig. 7.3). Similarly, in the western
wall the segment thickness varies from 8.5 m
close to the river to 2 m far from the river. In
the eastern canyon wall, the segment
thickness is 4.5 m close to the river but
gradually increases with altitude to 6–7 m,
and then to ~13 m where the dyke connects
with the spatter cone (Fig. 7.3). In all the
outcrops of both segments, the dyke rock is
the same: very fine-grained and dense basalt,
without phenocrysts or large vesicles, even
close to the surface. The dyke segments have
clear

cooling

joints;

some

parts

are

essentially cube jointed, whereas others have
typical horizontal joints forming two main
columnar rows.
7.3 Dyke-induced reverse faulting
Where the dyke meets with the crater
cone in the eastern wall of the canyon, it is
very close to a fault (Fig. 7.3). The attitude
of this fault, labelled A in Figure 7.4,
indicates that it is a reverse fault. Major
reverse faults, however, are very rare in
Iceland (Gudmundsson and Loetveit, 2005).

Figure 7.2: Schematic illustration (located in Fig.

Where the dyke dissects the paleosurface and

7.1) of part of the 8000 yr old Sveinar-

connects with the crater cone, the dyke is 13

Randarholar Crater Row and Sveinar Graben

m thick and its centre is only 40 m from fault

where they meet with the canyon of the Jökulsa a

A. We propose that fault A was earlier a

Fjöllum.

normal fault and that its present reverse slip
is induced by the dyke emplacement.
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the models, the dip of fault A is 75°E and it
is located at a distance of 40 m from the dyke
fracture (Figs. 7.3-7.4). There are several
faults east of the dyke, the closest one being
~80 m from the dyke. This fault B is also
included in the model (Figs. 7.4). The host
rock is modelled as homogeneous and
isotropic with a typical in situ Young’s
modulus (stiffness) for basaltic lava flows of
10 GPa and a Poisson’s ratio of 0.25
(Oddson, 1984; Egilsson et al., 1989; Bell,
2000). In estimating the static in situ
Young’s modulus, account has been taken of
the common fractures (mainly cooling joints)
in the basaltic lava flows (Fig. 7.3), which
tend to lower the effective Young’s modulus
(Priest, 1993; Nemat-Nasser and Hori, 1999).

Figure 7.3: Photograph and drawing show the
western feeder-dyke segment to the SveinarRandarholar Crater row being connected to one
of its spatter cones. View is north across the
canyon of the river Jökulsa a Fjöllum. At
connection labelled “Dyke”, the thickness is of
the dyke is 13 m, whereas close to the river, this
thickness is 4.5 m (Dyke with arrow). Also
shown is the reverse fault (Fault, arrow), with a
displacement of 5 m, only 40 m from the centre
of the dyke. Host rock is primarily composed of
interglacial basaltic lava flows.

Figure 7.4: Boundary-element model of effects of
a dyke with a magmatic overpressure of 10 MPa

To test this idea, we made several
simple

numerical

models

using

on nearby graben faults A and B. Fault A is

the

identified in Figure 7.3, whereas fault B is

boundary-element program Beasy (Brebbia

outside the area of Figure 7.3. In the model, the

and Dominguez, 1992; www.beasy.com). In

faults are taken as open, friction-free normal
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(continuation Figure 7.4) faults that extend from

Thorarinsson (1959) argues that the Sveinar-

the free surface to a depth of around 100 m.

Randarholar eruption started north of the

Subsequent dyke emplacement has insignificant

canyon of Jökulsa a Fjöllum and gradually

effects on fault B, but causes reverse slip of as

propagated laterally to the south and became

much as 16 m on fault A.

captured

by

the

Sveinar

Graben.

Gudmundsson and Backström (1989) also

Based on their length/thickness ratios,

found evidence of the Sveinar-Randarholar

many regional dykes in Iceland exposed in

lava flow being faulted in a brittle manner at

the uppermost 1 km of the crust formed with

some localities along the Sveinar Graben.

an overpressure of ~4–21 MPa, with a

This observation suggests that the graben

common value of ~10 MPa (Gudmundsson,

continued to develop during rifting episodes

1986). Using this value for the feeder-dyke

younger than the one that generated the 8000

overpressure in the uppermost 100 m of the

yr-old Sveinar-Randarholar lava flow.

crust and the above elastic constants, the

Further evidence that fault A existed at

numerical model in Figure 7.4 indicates that

the time of the feeder-dyke emplacement is

the dyke has little effects on fault B but

the great increase in the dyke thickness close

induces reverse slip on fault A by as much as

to the surface (Fig. 7.3). While the free-

16 m. Thus, when the dyke entered the

surface effect increases a mode I fracture

Sveinar Graben and, eventually, propagated

opening at the surface (Gray, 1992), the

to the surface its overpressure resulted in a

dyke-thickness increase from 6 m at the

large reverse slip on the normal fault closest

depth of 30 m below the surface to 13 m at

to the dyke, namely fault A. Thus, even if

the surface (Fig. 7.3) is likely to be partly

fault A may initially have had a normal

related to the reverse slip on fault A during

displacement of, say, 10 m, as is common in

dyke emplacement. Not only does the slip

the Sveinar Graben, the dyke overpressure

provide space for the accommodation of the

presumably changed it to a reverse fault with

dyke opening, but fractures of any kind, and

a slip of ~5 m. For some faults, however, the

particularly slipping faults, also lower the

reverse slip due to a dyke may not exceed the

effective Young’s modulus of the rock in a

previous normal throw. Many normal faults

direction perpendicular to the loading (Priest,

near dykes may thus at one time have had

1993; Nemat-Nasser and Hori, 1999). Thus,

larger throws than presently observed.

part of the great increase in the dyke
thickness in the uppermost 30 m of the

7.4 Discussion

canyon wall is presumably due to the

There is little doubt that the Sveinar

associated reverse slip on fault A (cf.

Graben captured the feeder-dyke to the

Gudmundsson and Loetveit, 2005).

Sveinar-Randarholar Crater Row.
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7.5 Conclusion
The field observations reported here
show that dyke-induced surface deformation
during unrest periods in volcanoes and rift
zones may be complex and that existing
grabens may capture potential or actual
feeder dykes. The field data and the
numerical model indicate that dykes entering
rift-zone grabens may cause large reverse
displacements on nearby boundary faults and
that

the

displacements,

in

turn,

may

contribute to an increasing dyke thickness
close to and at the surface. We believe that
these results add significantly to our general
understanding

of

geodetic

deformation

during periods of volcanic unrest and may
help forecast dyke-fed eruptions.
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The

8. Discussion and conclusions
The case studies (Chapters 3-4 and 6-7)

fourth

field

combination

study

of

examines

active

and

a

passive

presented in this thesis contribute to an

emplacement at the Earth’s surface using the

enhanced

understanding

example of a sedimentary dyke located in SE

controlled

emplacement

of

tectonically-

mechanisms

of

Sweden (see Chapter 4).

different features at different levels in the
upper crust. The field studies deal with the

8.1

conditions of the opening of tectonic fractures

Götemar Pluton, Southeast Sweden

Multi-stage

emplacement

of

the

in the upper crustal level, their propagation,

Chapter 3 describes the results of a

interaction, and final emplacement. Features

field study of the Mesoproterozoic Götemar

addressed in the case scenarios include

Pluton

clastic, eruptive, and plutonic bodies, which

emplacement is suggested to be episodic with

were studied using field work, 2D numerical

repeated magma injections that build up a

and 3D geometrical modelling, and macro-

layered intrusion with alternating fine- and

and microstructural fabric analysis. The

coarse-grained granite for the upper third of

results of the field-based studies attempt to

the body, based on borehole data. Gravity

address the following points: (1) the influence

data and field observations show that space

of

on

creation was mainly by roof uplift and minor

emplacement mechanisms in the upper crust;

floor subsidence. CL-analysis indicate a

(2) tectonic effect on magma movement and

complex crystallisation history of the pluton

location of eruption sites; (3) the feedback

with magma mixing in a deep magma

between faulting and magmatism; and (4)

chamber,

conditions and mechanisms of (clastic) dyke

crystallisation

emplacement.

succession,

pre-existing

tectonic

features

located

in

SE

repeated
of

and

Sweden.

heating
the

and

growing

conditions

The

of

re-

granite
pressure

decrease and variations in the temperature
The following discussion of the main
results

is

grouped

according

to

during rapid ascent of magma. Brittle

the

deformation structures, healed microcracks,

emplacement depth of the features, starting

and recrystallisation of quartz imply a

with the Götemar granitic laccolith, SE

reheating history of the pluton triggered by

Sweden (see Chapter 3), followed by the

several magma pulses, amalgamation and

Holocene scoria cone row Raudholar in the

stacking

northern rift zone of Iceland (see Chapter 6).

emplacement history is illustrated in Figure

The second part of the discussion deals with

8.1. For further explanation see Chapter 3.

the feedback between magmatic bodies and
faulting (dyke-induced reverse faulting in the
northern rift zone of Iceland, see Chapter 7).
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idealised
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al., 2000; Petford et al., 2000; de SaintBlanquat et al., 2001; 2006; Coleman et al.,
2004; Pupier et al., 2008; Slaby and Martin,
2008, to name a few). Tabular plutons that
grew

by

vertical

stacking

of

magma

increments formed by dyke and coeval sill
amalgamation might serve furthermore as
conduits for vertical transport of magma
(Bartley et al., 2006).
Emplacement of granite plutons in
areas of local extension associated with
strike-slip faults and shear zones is a
mechanism

consistent

with

the

main

structural and petrological features of many
batholiths (e.g. Castro, 1987; Tikoff and
Teyssier, 1992; Vigneresse, 1995a,b). The
case study emphasises that the emplacement
of the Götemar Pluton was tectonically
controlled by a NNE-SSW propagating shear
zone along the coast of SE Sweden, similar to
Figure 8.1: Schematic emplacement history of the

the proposed tectonic model by Hutton

Götemar Pluton. Initial pluton formation involved

(1982) for the emplacement of round and

magma ascent in a vertical feeder dyke, which

deformed plutons ahead of a propagating

was

arrested

at

stratigraphically-controlled

shear zone and filling of pull-apart structures.

mechanical discontinuities in the host rock,

A major point of debate about the

leading to the formation of a sill. Subsequent sill

applicability of this mechanism arises from

inflation, accompanied by horizontal infilling

the comparison between the time scale of

from several magma sources via fractures and a
feeder dyke at the base of the laccolith, resulted in

granite emplacement and the common rates

deformation of previously emplaced magma

of

pulses and raising of the roof.

Fowler, 1993a,b; Hanson and Glazner, 1995;

regional

deformation

(Paterson

and

Vigneresse, 1995a,b). Ascent velocities of
The study of the Götemar Pluton joins

magmas are typically faster than tectonic

a series of studies that investigate the

strain rates (Fernandez and Castro, 1999). As

formation

of

shown with this field example, a rapid

incremental growth by pulsed injections of

emplacement offers an explanation for the

silicic and/or mafic magmas (e.g. McNulty et

lack

of

intrusions

as

result
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“anorogenic” pluton. The emplacement was

not necessarily provide evidence for an

subject to a regional deviatoric stress field, as

orogenic setting.

is suggested by the occurrence of a

With regards to the Götemar granite

propagating shear zone beneath the aligned

many questions remain unanswered that

coeval plutons. The prevailing regional stress

might

field had an influence on the migration of

geochemical and isotope analyses. These

magma feeding the several plutons (e.g.

questions include (1) the source depth of the

feeder conduits, tectonic overpressuring) and

magma formation; (2) further implications for

on their final emplacement (cf. de Saint-

magma

Blanquat et al., 2001). Several Meso-

crystallisation

proterozoic plutons in Fennoscandia, and

scandinavian Igneous Belt (TIB) granite; (3)

outside (cf. Anderson and Morrison, 2005),

classification of granites forming the TIB in a

are

broader view to the regional tectonics of SE

described

predating

the

as

anorogenic

orogenic

intrusions

construction

of

be

solved

by

mixing,

further

intensive

or/and

and

fractional

heating

of

Trans-

Sweden (e.g. Nolte et al., in preparation).

Rodinia. Some plutons, however, are shown
to be syntectonic (e.g. Motuza et al., 2006;

8.2 Reconstruction of a crater cone row in

Skridlaite et al., 2007; Čečys and Benn, 2007,

the northern rift zone of Iceland

Bogdanova et

al.,

2008;

Brander

and

The

field

example,

presented

in

Söderlund, 2008; Zarins and Johansson,

Chapter 6, describes a Holocene segmented

2008), and are assumed to be connected to

row of monogenetic crater cones in the

reactivated

time

northern rift zone of Iceland that offers the

(Selverstone et al., 2000; Anderson and

opportunity to study a cross-section through

Morrison, 2005; Chapter 3), other plutons are

the inner workings of the uppermost few

anorogenic although it is recognised that the

hundred metres of a crater row in an active

same conditions leading to their formation

volcanic rift zone. The 3D reconstruction

may have occurred during extensional phases

based on high-precision GPS mapping of the

of orogens (Karlstrom et al., 2001; Anderson

plugs and scoria cones, is used as a tool to

and Morrison, 2005). Nevertheless, the

determine the magma flow under a small

discussion

versus

edifice, segmentation, influence of the re-

orogenic origin continues, but the fact that

activation, and the influence of pre-existing

most of these intrusions postdate prior

faults underlying the crater row on the

orogenic events is regarded as significant

localisation of the eruptive centres. Volcanic

(Åhäll et al., 2000; Andersson and Morrison,

deposit

2005). That some intrusions have been shown

eruption style (Fig. 8.2).

shear

zones

regarding

at

that

anorogenic

to be coeval with regional deformation does

As

analysis
common

suggests
in

a

diversified

Iceland,

aligned

eruptive fissures are initially active along
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entire segments, while eruption later focuses

attention mainly because of its significance

on central points to build up cones (Fig. 8.2).

for hazard assessment (e.g. Martin and

To explain and model the transition from a

Nemeth, 2006; Valentine and Keating, 2007;

fissure eruption to a central vent eruption has

Keating et al., 2008; Ort et al., 2008) and

been a major research field in the last years

associated environmental and climatic issues

(Ida, 1992; Wylie et al., 1999; Quareni et al.,

that arise from large eruptions as for example

2001; Petcovic and Dufek, 2005; Diller et al.,

the Laki eruption 1783-1784 AD (e.g.

2006; Gaffney et al., 2007; Michieli Vittuni et

Thordarson et al., 2001; Thordarson and Self,

al., 2008). The presented study also discusses

2003; Chenet et al., 2005; Grattan, 2005), as

the

well as the formation of flood basalts (e.g.

occurrence

of

magmatic

plumbing

systems connected to tectonic features.

Mege and Kome, 2004; Grattan, 2005;
Petcovic and Dufek, 2005; Wignall, 2005;
Bryan and Ernst, 2008). Furthermore, crater
rows play a significant role in the analysis of
the

paleoenvironment

(e.g.

syn-volcanic

rivers, fluvial deposits; Risso et al., 2008),
and palaeostress and current stress situation
(e.g. Vespermann and Schmincke, 2000).
The direction of magma transport is
important for the formation of volcanic
edifices and the morphology of rift zones
(Ishizuka et al., 2008). While vertical
propagation is imagined for a conduit
between source depth and magma plumbing
locality underneath large volcanic centres
(e.g. Pinel and Jaupart, 2004; Geshi, 2008;
Soriano et al., 2008), lateral magma transport
has been recognised along volcanic rift zones

Figure 8.2: Intrusion of magma and opening of

of ocean-island volcanoes (e.g. Hawaii,

tectonic fractures perpendicular to rift extension.

Canary Islands; Iceland; e.g. Sigurdsson and

The magma flow direction between the Raudholar

Sparks, 1978a,b; Ryan, 1988; Soriano et al.,

single cone segments is assumed to be horizontal.
The eruption produces left-lateral cones that

2008), mid oceanic ridges (e.g., Dziak et al.,

present the now-eroded Hljodarklettar plugs.

1995; Smith and Cann, 1999; Sinton et al.,
2002) and continental rift zones (e.g., Wright
et al., 2006).

The formation of crater rows during

Eruptive fissures that occur

independently from a central volcano, as seen

fissure eruptions has received scientific

118

Chapter 8: Discussion and conclusions
in this field example in Iceland (Fig. 8.2),

simply does not exceed the previous normal

might be fed from the dykes that directly

throw of the fault. This suggests in turn that

propagate from the deeper a magma chamber

normal faults near dykes, which intrude

(e.g. Geshi, 2008).

after the faulting, may have experienced
greater normal slip than presently observed.

8.3 Dyke-induced reverse faulting in the
northern rift zone of Iceland

The

field

study

presented

in

Chapter 7, located in the rift zone of Iceland,

represents

interconnection

an

example

between

of

faulting

the
and

magmatism and provides valuable insight
into magma feeding relationships, the
mechanical conditions of dyke emplacement, and the mechanical effect of its
emplacement on the surroundings. It thus
defines

the

feedback

between

dyke

emplacement and fault slip processes. The
results of the field study show that dykeinduced surface deformation during unrest
periods in volcanoes and rift zones are
complex, and that existing grabens may
capture feeder dykes (Fig. 8.3). The field
Figure 8.3: Schematic illustration (A) of part of

observations and a numerical model also

the 8000 yr old Sveinar-Randarholar Crater Row

indicate that a dyke entering a rift-zone
graben

may

cause

large

and Sveinar Graben where they meet with the

reverse

canyon of the Jökulsa a Fjöllum. (B) Drawing

displacement on a nearby boundary fault,

showing the western feeder-dyke segment of the

and that the displacement, in turn, may

Sveinar-Randarholar View is north across the

contribute to an increasing dyke thickness

canyon of the river Jökulsa a Fjöllum. At

close to and at the surface (Fig. 8.3).

connection labelled “Dyke”, the thickness is of
the dyke is 13 m, whereas close to the river, this

Reverse faults are rarely observed in
grabens

associated

with

dykes.

(continuation Figure 8.3) thickness is 4.5 m. Also

Field

shown is the reverse fault (Fault, arrow), with a

observation presented in this case study

displacement of 5 m, only 40 m from the centre of

suggests two possible reasons for that. One

the dyke. Host rock is primarily composed of

explanation is that reverse throw often

interglacial basaltic lava flows.
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A second reason is that the faults

2006; Acocella and Neri, 2008) in connection

outside a critical distance to the dyke cannot

with the triggering of landslides and the

be reactivated (e.g. Rubin and Pollard, 1988).

monitoring of seismic events.

According to Gaffney et al. (2007), the ability
of magma to intrude a fault depends on the

8.4 Episodic formation of Cambrian clastic

fault dip; while high-angle faults are often

dykes in the basement of Southeast Sweden

occupied by dykes, shallow dipping faults are

Chapter 4 presents the results of the

not (Keating et al., 2008). The results of the

multi-stage emplacement of clastic dykes in

case study suggest that a significant fault slip

the Paleoproterozoic basement in SE Sweden.

can occur due to magma lubrication when a

Macro- and microfabric analyses and a

dyke is captured by a fault. This adds

conceptual model of the formation of a

additional mechanisms for seismicity along

selected dyke reveal that the downward

with fault motion due to transient stresses

propagation of the dyke was controlled by an

around a propagating dyke top (e.g. Rubin

alternating stress regime. Pre-existing joints

and Pollard, 1988; Rubin, 1992) and due to

in the basement rocks were used as pathways

magma-induced stress changes along parts of

for dyke intrusion, and dyke orientation can

faults (e.g. Parsons et al., 2006).

thus be used as a palaeostress indicator.
Further results indicate that clastic dyke

Although the primary cause of dyke
injection

in

a

volcano-tectonic

formation can last over a long time span with

context

remains unclear, it is accepted that dyke

episodic

intrusions trigger faulting and not vice versa

conditions result in alternating periods of

(cf. Rubin and Pollard, 1988). The slip

opening/filling, cementation/lithification and

magnitude is roughly equal to the dyke

alteration. The analyses of micro- and

thickness, which agrees with displacement

macrofabrics are therefore not only a helpful

rates measured and modelled in the field

tool to distinguish between Neptunian and

example in northwest Iceland (Pollard et al.,

actively emplaced sedimentary dykes (Fig.

1983). Khodayar and Einarsson (2004)

8.4), but can also help to determine the host

present several field examples from Iceland

tectonic

of reverse motion associated with dykes, sills

paleogeographic

or cone sheets and suggest local bends of

during dyke formation. The existence of

steeply-dipping

and/or magma

joints and other heterogeneities in the host

intrusion as a likely origin. The results of this

rock are thus potential locations for intrusions

study are thus of a general significance, not

(Fig. 8.4), not only of clastic material, but

only from a hazard point of view, but can be

also for magma. In this context, the presented

applied to other volcanic areas, such as Etna,

field study attempts to close a gap in

Nyiragongo and Fogo (e.g. Houlie et al.,

literature, providing a combination of detailed

fractures,
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environment,
and

Changing

and
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thus

stress

the

conditions
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macro- and microfabric studies for the
downward propagation of clastic intrusions in
basement rocks (Fig. 8.4).
This study joins a series of examples
that reflect the general increase in attention
on clastic dyke intrusion that have not only an
implications for fluid flow processes through
hydrocarbon

reservoirs

(e.g.

Jolly

and

Lonergan, 2002; Hurst and Cartwright, 2007)
and applications in waste disposal and
groundwater remediation (e.g. Pearce et al.,
2001), but also use sedimentary dykes as
excellent palaeostress indicators. Current
research activities focus intensively on these
fields. For example, Beacom et al. (1999) use

Figure 8.4: (A) Initial pre-existing joint serves as

clastic dykes to date fault movements in

location for dyke in crystalline basement.

context of a syn-rifting palaeostress system in

Sedimentary dyke emplacement is divided into

northern Scotland. Andre et al. (2004) use

active intrusion (induced by fluid pressure, B) and

sedimentary dykes in the Paris Basin to

passive (so called Neptunian dyke; driven by

reconstruct the E-W extension of the western

gravity infill, C). The described dyke in SE
Sweden features active downward propagation

European platform during the late Jurassic.

and passive infill of sediment form above.

Winslow (1983) describes clastic dykes in
relation to thrusting in the southern Andes.
Eyal

(1988)

presents

sandstone

Ancient fluid seeps and intrusions

dykes

related

captured within fault breccias, located in the

to

distinguish

provide

paleoseismic

an

useful

records

(see

addition
also

were

the sandstone intrusion were earthquake

between

induced liquefaction or a large fluid pressure

passively-filled dykes and injection dykes
that

migration

Aiello (2005). The main trigger identified for

method based on AMS, to provide a
tool

hydrocarbon

studied by e.g. Mazzini et al. (2003a,b) and

eastern Sinai. Levi et al. (2006) present a
petrofabric

to

increase caused by hydrocarbon-rich fluids

to

(Fig. 8.4; e.g. Mazzini et al., 2003a,b; Duranti

e.g.

and Mazzini, 2005; Huuse et al., 2005).

Obermeier, 1996; Becker et al., 2005).

Seismic studies often detect large (clastic)
intrusions from offshore petroleum provinces
e.g. in the North Sea, West Africa, and
offshore Mid Norway (e.g. Møller et al.,
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2001; Davies, 2003; Hurst et al., 2003).

¾ Dykes can be captured by faults. This is

Sandstone intrusions with a similar geometry

not only applicable to magma, but also

to magmatic saucer-shaped sills are under

for clastic intrusions (see Chapter 4,

intensive study in terms of hydrocarbon

Chapter 7).

e.g.

¾ The interplay between tectonic forces and

Cartwright et al. (2008) and Polteau et al.

emplacement has to be considered as an

(2008a,b) in the North Sea and the Faroe-

important

Shetland Basins.

numerical and geometrical modelling

potential

and

fluid

pathways

by

parameter

for

analogue,

(e.g. Chapter 6-7).
Regardless of the material the tectonic

¾ The feedback between tectonics and

fractures were filled with, the field-based

emplacement contributes significantly to

examples show that conditions for the

geological hazard assessment (Chapter 6

opening and further development of tectonic

and Chapter 7).

fractures

are

similar.

The

stress

field

determines the opening direction (along
planes perpendicular to the minor stress
component) and rate, controls the fluid flow
and the location of final emplacement. All
presented examples are thus palaeostress
indicators. General implications that arise
from the presented case scenarios include
¾ Pre-existing

structural

heterogeneities

(mainly lithological boundaries, faults
and joint systems) determine the location
of dyke/sill emplacement (see Chapter 34, 6-7), eruptive cone localisation and
alignment (see Chapter 6).
¾ Fluid ascent is not related to a special
type of deformation (see Chapters 3, 6-7).
The simplest way is extraction of fluid
from a matrix by compression and shear,
but it always connected to an extensional
near-field setting (see Chapters 3-4, 6-7).
¾ Faults can be reactivated during dyke
emplacement and can change their sense
of slip in addition (see Chapter 7).
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