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Sammanfattning  
 
Bildandet av granitmagmakammare i Mournebergen, Nordirland 
Maria Björkgren  
 
Mätningar av magnetiska mineral har visat att den stelnade magman i en granitgång 
tillhörande Mournebergen i Nordirland en gång flödat in mot granitmagmakammarna. 
Med den här vetskapen kan tolkningar göras över hur de stora Mournebergen en 
gång formades. Sedan länge har den så kallade ’space problem’ debatten pågått 
bland forskare inom vulkanologi. Debatten diskuterar huruvida magma intruderar och 
placeras i jordskorpan. Mournebergen består huvudsakligen av 
granitmagmakammare som intruderat in i omkringliggande bergarten gråvacka för 
cirka 56 miljoner år sedan. Är magmakammarna ett resultat av deformation i 
omkringliggande gråvacka eller tvärtom? AMS (anisotropy of magnetic susceptibility) 
är en metod där magnetiska mineral och dess magnetiska susceptibilitet mäts för att 
ta reda på dess orientering i en stelnad magma. Vid ett pålagt magnetiskt fält 
kommer de magnetiska mineralen visa på en viss magnetisk susceptibilitet i olika 
orienteringar. Det här kan representeras som tre axlar på en ellipsoid. Axlarna på 
ellipsoiden ger information om hur mineralen flödat med magman. AMS-mätningar av 
stenprover från den studerade granitgången Luke’s Mt Dyke i Mournebergen visar på 
att graniterna som utgör största delen av bergen troligen är resultat av ett så kallat 
passivt bildande av magmakammare och därmed har omkringliggande bergarten 
gråvacka inte deformerats av granitmagmakammarna.  
 
Nyckelord: granit, magmakammare, Mournebergen, space problem, AMS  
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Abstract 

The Formation of Granite Magma Chambers in the Mourne Mountains, Northern 
Ireland 
Maria Björkgren 

The Mourne Mountains situated in County Down, Northern Ireland, mainly consists of 
solidified granite magma chambers that intruded ~ 56 million years ago into the 
surrounding greywacke. How granite magma chambers are emplaced in the crust 
has for years been a debate amongst scientist of volcanology, and is referred to as 
the ‘space problem’ debate. There are two principle theories in how the granite 
magma chambers in the Mourne Mountains were formed; either the magma 
chambers were forcefully emplaced by doming the greywacke host-rock or the 
magma chambers were emplaced by passively by magma filling the space over a 
subsiding block of host-rock. In this study rock samples from Luke’s Mt. dyke has 
been investigated with anisotropy of magnetic susceptibility (AMS). AMS measures 
the orientation of magnetic minerals in a rock sample and thereby shows the magma 
movement. These measurements indicated that the magma in the studied Luke’s Mt 
dyke flowed into the connected magma chamber and thus are a feeding ring-dyke. 
This implies that the granite bodies of the Mourne Mountains were emplaced by a 
passive process like cauldron subsidence.  

Key words: granite, magma chamber, Mourne Mountains, space problem, AMS 
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1. Introduction

The study of solidified magma intrusions can provide important information about the 
processes in the subsurface, i.e.  what occurs before and under magmatic or volcanic 
events. The better the workings of magma are understood the easier it will get to 
predict and prepare us for volcanic eruptions, like the Nevado del Ruiz eruption in 
1985 that killed over 23000 people (Blatt 2006).  

Dykes are sheet intrusions that either feed a magma chamber or are fed by it. 
Information about magma movement in a dyke can explain how the associated 
magma chamber was once emplaced. The emplacement of magma chambers in the 
upper brittle crust has been a matter of debate amongst scientists for a long time, 
and is often referred to as ‘the space problem’.  
 Igneous fabric in rocks has long been excellent indicators of magma flow but are 
rarely seen with the naked eye in plutonic rocks (Blatt 2006). Anisotropy of magnetic 
susceptibility (AMS) is a powerful method for analysing microscopic magnetic fabric 
in igneous rocks and give information about their orientation. Anisometric crystals 
rotate with the flow of magma and can thereby be used as indicators of the flow and 
further tell us about the formation of large magma chambers (Khan 1962).  
 The Luke’s Mountain dyke is exposed in the Mourne Mountains, Northern Ireland. 
The mountains are a result of granitic magma intrusions that occurred approximately 
56 million years ago (Stevenson et al., 2007). There are two end-member theories of 
emplacement suggested for the granites of the Mourne mountains. The first 
suggested by Richey (1927) is that the granite bodies were emplaced by cauldron 
subsidence, a type of passive emplacement. The second is described by Stevenson 
et al. (2007) who suggest that the granite bodies of the Mourne mountains was 
instead formed forcefully as multiple laccoliths fed from the south west. Questions 
remain as to which emplacement process is the most viable for the Mourne granites. 
Did the Mourne Mountain granite magma chambers form as a result of passive or 
forceful emplacement of magma? Did the granitic magma deform the surrounding 
host-rock or not? 
 To decipher the magma movement in Luke’s Mt dyke answers can be given to 
these questions.   

2. Background

This section will describe the theory of granite emplacement and the flow 
mechanisms of magma. Background information about the Mourne Mountains from 
where the samples are collected and earlier studies will also be described. The final 
part of this section provides a description of the methods used for this study. 

2.1 Granite emplacement  
Emplacement of intrusive igneous rocks may be represented as the final out of four 
processes in the generation of a magma chamber. Initially partial melting within the 
crust and/or upper mantle alter solid material to partially melt into liquid magma 
(Meighan & Neeson 1979). Due to gravity driven compaction and localized 
deformation the melt is separated, in general solid from liquid, a process called 
segregation. Ascent of melt is a stage affected by buoyancy, rheological properties 
and tectonic forces during which magma rises through the crust and/or upper mantle. 



2 

This process can either lead to temporary storage of magma or emplacement. The 
emplacement of intrusive igneous rock refers to the way the magma body 
accommodated in its current crustal position and no further ascent occurred (Petford 
et al. 2000). 
 Granite cannot be produced directly out of mantle melt it would require one or 
more secondary processes to form. Several different types of secondary processes 
could alter the magma composition. Examples of these are fractional crystallization 
and partial melting. Fractional crystallization results in progressive silica enrichment 
of the magma due to silica-poor components that crystallize at high temperatures and 
separate from the remaining magma (Anderson, 2015). Several different types of 
secondary processes could alter the magma composition. Examples of these are 
fractional crystallization and partial melting. Fractional crystallization results in 
progressive silica enrichment of the magma due to silica-poor components that 
crystallize at high temperatures and separate from the remaining magma (Bowen 
1919; Meighan & Neeson 1979). 
 The granite ‘space problem’ was first acknowledged in 1835. To accommodate 
granite, space is required (Pitcher, 1979). Passive and forceful emplacement is two 
theories in how space is created for a magma intrusion. During passive 
emplacement, magma flow because of the negative pressure gradient that is created 
by tectonically generated fractures and/or voids. During forceful emplacement 
magma is the driving force, pushing and displacing the surrounding host rock, 
resulting in deformation of both the magma itself and the host-rock. Most often there 
is evidence of both types of emplacement in an intrusion (Vernon & Paterson 1993). 
Magma body inflation cause an increase in volume and confining pressure, often 
leading to contact-parallel foliations. Regarding passive emplacement, the degree of 
deformation is rather small in both host rock and the magma body (Stevenson 2009).  
 Stoping, cauldron subsidence, ballooning, and diapirism are classical theories still 
applied to explain the emplacement of granite (Anderson 2015). Stoping involves the 
downward movement of host rock fragments (or xenoliths) into the magma chamber. 
During magma intrusion, the overlying host rock is fractured and vacated space is 
created allowing upward movement of the magma body. A similar process to stoping 
is cauldron subsidence. During this, a larger mass of the magma chamber roof 
subsides into the magma body, instead of only fragments. The fractures developed 
during this process allows magma to move upwards and form ring dykes (Blatt 2006). 
Laccolith or lopolithic inflation is a type of forceful emplacement. A feeder dyke gives 
rise to an initially sill intrusion. In the case of a laccolith the sill eventually inflates and 
domes the overlying rock as more magma is added, downwards in the formation of 
lapoliths (Petford et al. 2000). At last diapirism explains how magma is transported 
upwards into overlying rock by buoyancy difference (essentially density differences in 
a ductile medium, forming a dome shaped structure in the crust) 
(Nationalencyklopedin 2017.).  
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2.2 The Mourne Mountains  
The Mourne Mountains (figure 1) are a mountainous area consisting mainly out of 
granite, situated in County Down, south-eastern Northern Ireland (Richey 1927). The 
mountains occupy an area of roughly 180 km2, and reaches heights of roughly 850 m 
above sea level in the eastern and tallest parts of the Mourne Mountains. The 
western Mournes rarely reach these altitudes (Hood 1981).  

The granites were emplaced into the Southern Uplands-Down-Longford (SUDL) 
terrane that consists of steeply dipping and sometimes overturned greywacke and 
slate. SUDL stretches across Ireland and southern Scotland. Around 56 million years 
ago the Mourne granites intruded at relatively shallow crustal depths into the 
surrounding greywacke (Stevenson et al. 2007). The granites were emplaced as five 
“pulses” and are named G1, G2, G3, G4 and G5 after order they were emplaced 
(ibid.). The granites can be distinguished by their petrographic differences (Hood 
1981).  

The Mournes together with the adjacent igneous complexes Carlingford and Slieve 
Gullion are the indicators of Palaeogene magmatic and volcanic activity in north-east 
Ireland. Igneous rocks in parts of the eastern and western Greenland and western 
Scotland are contemporary with the Mournes, constituting the North Atlantic 
Palaeogene Igneous Province (Emeleus & Bell 2005).  
 

 
Figure 1. Map showing the Mourne granites and Luke’s Mt Dyke marked in circle. Ring 
dykes marked in black ellipses. Modified after Meade et al. (2014).  
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2.2.1 Previous studies of the Mourne granite emplacement  
Richey (1927) suggested subsidence of the country rock into an underlying magma 
chamber was the process that emplaced the Mourne granites. The widening of ring 
shaped fractures developed during subsidence and created space for the magma to 
rise from the subjacent magma chamber. Parts of the older solidified granite 
subsided together with the host rock allowing new granite to intrude into the created 
space. Richey (1927) supported his theory with the observed arrangement of 
younger intrusions in the centre surrounded by the older intrusions at the periphery. 
The four distinct intrusions could easily be identified by their varieties in composition 
and well-marked contacts. However, the most obvious evidence was the appearance 
of ring dykes connected to the granites. They could easily be identified as ring-dykes 
by their narrow dyke-like form and that they are partly separated from the granite 
bodies by the host-rock. The ring-dykes were interpreted to be of G1 composition and 
the first to solidify. Thereby, these ring dykes were expected to have fed the magma 
of G1. The walls of the granites were well defined and almost vertical or slightly 
inclined outwards (ibid.). Richey (1927) found no evidence of doming in the host rock, 
which would have been indicative for a laccolithic type of emplacement.  
 Emeleus (1955) identified a fifth granite type of the Mourne granites, now referred 
to as G5. Hood (1981) proved with geochemical studies of the Mourne granites, that 
the ring dykes that Richey interpreted as G1 was instead of G2., but still supported 
the cauldron subsidence model.  

Stevenson et al. (2007) questioned Richey’s theory of cauldron subsidence in a 
more recent study of the Mourne granites. They used AMS and previous structural 
data of the host rock to prove their hypothesis that the intrusions were instead a 
result of laterally fed laccoliths. A gentle dome-shaped fabric was in general identified 
within the Mourne pluton. They found no evidence of steeply plunging lineation or 
steeply dipping foliation at the feeder zones in the way supporting Richey’s idea of 
almost vertical walls of the granites. The trace of the ring dykes was reinterpreted as 
a fault. NE-SW trending magnetic lineation, were interpreted to reflect a feeding 
direction from SW (ibid.).  

Both Richey (1927) and Stevenson et al. (2007) did their studies on the granite 
bodies of the Mourne Mountains. No AMS studies have been done on the dykes 
connected to granite bodies.  

2.2.2 Dykes 
Dykes and sills are sheet intrusions and the main transporters of magma to magma 
chambers. They form as magma intrudes into the solid crust as sheets that later 
crystalize. Dykes are discordant to the host-rock stratigraphy while sills are 
concordant to the stratigraphy. The propagation of the magma flow in dykes is a fluid-
visco-elastic process. Whether the flow regime is laminar or turbulent in a given dyke 
depends on Reynolds number (assuming a Newtonian rheology) and may vary 
during the propagation of the dyke. The dynamics of magma flow also depend on the 
cooling rate by the edges of the dyke (Geoffroy et al. 2002). Granitic magmas (this 
study) in dykes often have a laminar flow and the crystallization time is often faster at 
the outer edges of the dyke (Eriksson et al. 2011), implying that magma flow is 
slower at the edges of the dyke. The walls of the dyke will cause shear acting on a 
magma containing early crystallized phenocrysts. These solid crystallized 
phenocrysts will rotate and interact with each other resulting in an alignment with 
their long axes at low angle to the flow direction. This tilting of phenocrysts yields a 
specific fabric called ‘imbrication fabric’. By studying the symmetry of this imbrication 
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fabric from both sides of the walls of a dyke, the flow direction of magma can be 
determined. In the centre of a dyke with laminar flow the fossilized fabric will be more 
random oriented as this fabric is not as affected by the simple shear acting from the 
walls of the dyke (Eriksson et al. 2011; Geoffroy et al. 2002).   

Dykes are further important indicators of the emplacement of a magma chamber. If 
the magma chamber has been fed by a dyke, that is if the magma moves from the 
dyke into the magma chamber, it is most indicative for passive emplacement. If the 
dykes connected are also ring-shaped it is proof for cauldron subsidence. Dykes fed 
by the magma chamber, that is if the magma has moved out from the magma 
chamber into the dyke, are indicative for forceful emplacement (Stevenson et al. 
2007; Richey 1927).  
  
2.3 AMS  
By analysing the orientation of crystals in a igneous rock, it is possible to interpret the 
formation its deformation history. If crystallization occurred while the magma body 
was at rest, this would typically show a random fabric. If the crystallization instead 
occurred during flow or deformation this would yield preferred orientations of 
anisotropic crystals. Thereby petrofabric studies can help us understand the 
formation of magma intrusions (Blatt 2006). Though many igneous rocks exhibit 
some mineral fabric, these are usually not observable on outcrop scale (Knight & 
Walker 1988).  

Anisotropy of magnetic susceptibility (AMS) measures the magnetic anisotropic 
fabric in a rock in an applied magnetic field to investigate the orientation of these 
minerals. Since the property of magnetic susceptibility in a rock sample varies 
depending on direction of measurement, the sample is measured in 15 varying 
directions. This yields six independent quantities for each sample. From these six 
quantities three principal susceptibility magnitudes can be identified as K1, K2 and K3 
which together can be represented as a susceptibility ellipsoid (Anderson 2015). K1 
represents the major susceptibility, K2 the intermediate susceptibility and K3, the 
minor susceptibility. 

This susceptibility ellipsoid will vary in shape depending on the relationship 
between the principal susceptibility magnitudes, indicating types of fabric. K1> K2 ≈ K3 
indicate a prolate shape of the ellipsoid and would imply a linear fabric, while if K1 ≈ 
K2 > K3 would indicate an oblate shape which imply a planar fabric (ibid.). If all axes 
show the same magnitude in all directions, the sample is either isotropic or show both 
prolate and oblate fabric. From these axes the mean magnetic susceptibility, Kmean, 
can further be determined along with the strength of foliation (F), lineation (L) and the 
overall fabric strength (H). This is mathematically represented as follows (Khan 
1962);  
 

Kmean = (K1+ K2 + K3) / 3  
 
 F = (K2 - K3) / Kmean  
 
 L = (K1- K2) / Kmean  
 
 H = L + F or H = (K1- K3) / Kmean  
 

There are three parameters that are commonly applied to describe magnetic 
anisotropy, these are bulk magnetic susceptibility (Km), the shape factor (T) and 
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degree of anisotropy (Pj) (Jelinek 1981). The bulk susceptibility is simply describing 
how magnetic the sample is. The shape of the susceptibility ellipsoid ranges from 
prolate (-1) to oblate (+1) and is described by the shape factor (T). The last 
parameter, the degree of anisotropy (Pj), derives from 1, which indicates an isotropic 
unit, any value above 1 indicates an anisotropic unit (ibid.).  

Several studies have suggested different interpretations for dyke flow using AMS 
data. Khan (1962) and later supported by Ellwood (1978) suggested that K2 should 
be parallel to direction of magma flow, while studies by Knight and Walker (1988) of 
the Koolau Complex on Oahu (Hawaii) suggested that K1 should be parallel to flow 
direction. Knight and Walker presented in their study that their K1 AMS axes clustered 
in the same orientation as the dyke wall-lineation observed in the field (Knight & 
Walker 1988). Geoffroy et al. (2002) instead proposed K3 as flow indicator in his AMS 
study of dykes, as the minor susceptibility axis is expected to reflect the pole to 
foliation planes created during magma flow. Additional observations of imbrications, 
of more or less oblate foliations, suggested that K3 could be better used to show the 
direction of magma flow and that the flow vector could be defined by the intersection 
line between the magnetic foliation (Geoffroy et al. 2002). The direction of magma 
flow is then believed to be perpendicular to the calculated intersection line and 
parallel to the plane of symmetry between the foliation planes (ibid.). 

 
   
2.4 Magnetic properties of minerals  
Diamagnetism, paramagnetism and ferromagnetism are three dominant categories of 
magnetism (Atkins 2010). Diamagnetism indicates that all the electrons are paired 
and will not be attracted to an external magnetic field. This will result in a negative 
susceptibility. Paramagnetism instead indicate that there are one or more unpaired 
electrons which will result in a magnetic field oriented in the same direction as an 
applied field, giving a positive susceptibility. Ferromagnetism often shows a relatively 
strong magnetism compared to dia- and paramagnetism. This is a result of electron 
spins that are ‘spontaneously coupled’ giving a strong magnetic field, even in the 
absence of an applied external field (ibid.). Two additional types of ferromagnetism 
are antiferromagnetism and ferrimagnetism. Antiferromagnetism is when transition 
metals combine with other elements (e.g. oxygen). The spins of cations and anions of 
the elements interact into an antiparallel alignment. This results in cancelling of the 
individual magnetic moments giving a low magnetic susceptibility (Atkins 2010). 
Ferrimagnetism occurs when the atomic magnetic moments are uneven. Magnetite, 
Fe3O4, is a typical example of a ferrimagnetic mineral. The compound consists of one 
Fe2+ ion with two Fe3+ ions per formula unit. The magnetic moments of the two Fe3+ 
ions are oriented towards each other and cancellation occurs. It is thereby the Fe2+ 

ion giving the mineral its strong magnetic properties (Beckman 2015). Magnetization 
of ferromagnetic minerals is affected by the shape, lattice and size of the mineral 
grain (Özdemir & Dunlop 2006). Depending on the size of a magnetic mineral grain it 
has different magnetic domains; single-domain (SD) or multi-domain (MD). Larger 
magnetic mineral grains (>1μm) are multi-domain grains and have several internal 
differing a north and south magnetic pole, while single-domain grains (<1 μm) only 
have one north and south pole within the grain (Hubert & Schäfer, 1998). Multi-
domain grains shape axes coincide with the K1 axes, while the single-domain grains 
shape axes are inverse (Ferré 2002).  
 Ferro- and ferrimagnetic substances spontaneously show magnetism below a 
specific temperature called the Curie temperature (Tc). Above this temperature an 



7 

external magnetic field must be applied for the matter to show any magnetism (ibid.). 
Every ferro- and ferrimagnetic mineral will show a specific Curie temperature (table 1) 
and thereby minerals can be identified (Özdemir & Dunlop 2006). The result from a 
Curie temperature measurement is plotted on a graph showing the temperature 
versus the magnetic susceptibility (Anderson 2015).  
  
Table 1. Magnetic properties of minerals. Modified from Anderson (2015). Sourced from (Deer et. al., 
1966; Beausoleil et. al., 1983; Rochette et. al., 1992; Borradaile and Henry, 1997; Martıń -Hernández, 
and Hirt 2003; Valley et al. 1994).  
Mineral Magnetic behaviour Curie temperature 

°C 
Magnetic 
susceptibility (K) (S. 
I. x 10-6) 

Pyrrhotite 
(monoclinic) 

Ferrimagnetic 302-327°C 32,2 x 103 

Magnetite Ferrimagnetic 580°C 2-2.8 x 106 

Biotite Paramagnetic -4/44°C Ca. 1000 
Maghaematite Ferrimagnetic Ca. 350°C 2-2.8 x 106 

Haematite Antiferromagnetic 680°C 1 x 105 

 
 

2.5 Petrographic studies  
Detailed information of igneous rocks can be provided by studying its microscopic 
structure in a thin section under the microscope (Blatt 2006). As anisotropic crystals 
rotate with the flow of magma they give rise to indicative shape fabrics. Secondary 
processes may also deform already solidified magma giving features in the solid 
state. Microstructures can give important information about temperature, stress and 
deformation both before the magma has completely crystalized and afterwards 
(Nédélec et al. 2015).    
 
3. Method 
 
AMS analyse was used together with Curie temperature measures and thin section 
analysis to investigate the flow direction of magma in Luke’s Mt Dyke. These 
methods will be described below together with sample preparations. 
 
3.1 Sample preparation  
A set of four oriented block samples (MM-LM-1 to MM-LM-4) were collected in a 
traverse across the Luke’s Mt dyke in the Mourne Mountains (figure 2).  

The AMS analysis required 21-millimeter-long and 24-millimeter-wide cylinders of 
each sample. To make this possible each sample was cored and cut with a diamond 
blade. To reduce friction between the diamond blade and the sample, water was 
always present in the system, also to keep the blade from expanding from the heat 
generated. A total of 29 samples could be retrieved from this. All 29 samples were 
labelled with a name (e.g. MM-LM-1A) and position parameters for the AMS analysis. 
Parts that could not be used for AMS analysis was collected for the Curie 
temperature measurements (see section 3.3). 
For the Curie temperature measurement, sample MM-LM-2 was crushed with a jaw 
crusher. The material resulting from this was later grinded into powder using Agate 
Mill. The instrument was neatly cleaned with acetone before use to avoid 
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contamination. Approximately 5 milligrams of sample could be grinded at a time. 
 

 
Figure 2. Sample carried out from Luke’s Mt dyke. Chisel for scale. Photo by Tobias 
Mattsson 2016.  
 
  
3.2 AMS analysis  
The samples were measured with an Agico Kappabridge MK1-FA at Uppsala 
University. For best results, no metal objects were present near the instrument since 
this could affect the magnetic susceptibility. Before the analysis could begin the 
instrument was calibrated. Once the instrument was calibrated each specimen was 
measured in three different positions after the labelling done during preparation. The 
three positions yielded a total of 15 measured orientations for each specimen. The 
dip direction and dip were recorded for every susceptibility axes. The analysis took 
approximately four minutes per specimen. This procedure was done for all 29 
specimens. The instrument was connected to a computer operating a software 
provided by Agico, recording all data for further analysis.  
 Magma flow was analysed using the K1 method by Knight and Walker (1988) along 
with the K3 method by Geoffroy et al. (2002) (section 2.4). All lineation measurements 
from AMS data were plotted in a lower hemisphere stereonet, by using the software 
Visible Geology. Shear bands observed and measured in the field were additionally 
plotted in a separate stereonet for this method. A total of four foliation measurements, 
calculated from AMS data, were plotted in a lower hemisphere stereonet. Two 
intersection lines could be retrieved from the foliation plots. A line perpendicular to 
the intersection line of sample MM-LM-1 and MM-LM-4 (samples collected from 
edges of Luke’s Mt dyke) was produced to represent the upward/downward 
component of an interpreted magma flow direction.     
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3.3 Curie temperature test  
The instrument Agico Kappabridge MK1-FA was calibrated before use.  

LM-2 that was milled during sample preparation was used for this Curie 
measurement. A strong magnet was used to separate the magnetic minerals from the 
sample, hence only the magnetic minerals were used for Curie temperature 
measurement.   

The sample was heated up to 700°C and then cooled down to 40°C, with a field 
intensity of 200 ampere meters. The instrument was heated with 13,7°C per minute 
and measured every 22 second. Before the sample was added to the system, the 
instrument had to run the whole sequence once without a sample, this took 
approximately two hours. This was done to subtract the empty container from the 
measurement of the sample. Once the instrument had run without a sample, the 
powdered sample was inserted into the holder for measurement.  The samples were 
heated in an argon atmosphere to minimize the effects of oxidation of the sample 
during measurement. The argon pressure was set to 2 bars.  During measurement, 
the instrument was connected to a computer recording all data  
 
3.4 Petrographic study 
A thin section from sample MM-LM-2 was studied in plane polarized light and cross-
polarized light under the microscope at Uppsala University.  
 
4.  Results  
 
The results are divided into four parts. The first part is describing the field 
observations. The second part of the results is representing the AMS data in lower 
hemisphere stereonet and representative figures. Part three represents the resulted 
Curie temperature measurements and at last part four describes analysed thin 
sections.  
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4.1 Field observations  
The Luke’s Mt dyke is well exposed in the Mourne Mountain area and can easily be 
detected in the field (figure 3). The dyke has a porphyritic appearance and clear 
contact to the host rock. Shear bands (figure 4) were measured and have a general 
strike of 240° and dip of 75° and are parallel to the contact with the host rock.  
 

 
Figure 3. Luke’s Mt dyke. Person for scale. Photo by Tobias Mattsson 2016.  
 

 
Figure 4. Shear band from Luke’s Mt dyke. Pen for scale. Photo by Tobias Mattsson 2016. 
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4.2  AMS results  
For each sample (MM-LM-1 to MM-LM-4), the retrieved susceptibility ellipsoid axes 
are plotted in a lower hemisphere stereonet (figure 5). Individual specimens are 
represented as small symbols, while the larger symbols represent the mean tensor of 
a sample. In sample MM-LM-1, MM-LM-2 and MM-LM-4 the maximum susceptibility 
axes, K1, cluster in a south-west orientation, while in sample MM-LM-3 they cluster in 
a north-east orientation.  
 Shape factor (T) versus the degree of anisotropy (Pj) is shown in figure 6 and 
show how all four samples have triaxial shaped susceptibility ellipsoids. Microscopic 
foliation and lineation retrieved from AMS data is shown in figure 7 and figure 8.  
 

 
Figure 5. Lower hemisphere stereonet of the AMS result of a crosscut of Luke’s Mt dyke. 
Site 1 is samples MM-LM-1, site 2 is sample MM-LM-2 etc. Sourced from data in appendix 1.  
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Figure 6. Shape factor (T) versus the degree of anisotropy (Pj) from AMS results. Larger dot 
representing the mean shape factor for all samples.  
 

 

 
Figure 7. Foliation compiled from resulted AMS data.   
 

 
Figure 8. Lineation compiled from resulted AMS data.   
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4.2.1 Flow determination from major axis 
Figure 9 is showing magnetic lineation calculated from AMS data in lower 
hemisphere stereonet. AMS data has been interpreted by Knight and Walkers (1998) 
theory for determining magma flow. This is related to the shear bands observed in 
the field in figure 10.  
 
 

a)   b)  
Figure 9. Lineation calculated from AMS plotted in lower hemisphere stereonet. a) showing 
all lineation from sample MM-LM-1 to MM-LM-4. b) show only lineation from sample MM-LM-
1 and MM-LM-4 (edges of the dyke).  
 

 
Figure 10. Field observed shear bands from Luke’s Mt dyke plotted in a lower hemisphere 
stereonet.  
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4.2.2 Flow determination from minor axis 

Figure 11 showing all magnetic foliations calculated from AMS data in lower 
hemisphere stereonet. Follows Geoffroy’s et al. (2002) theory of magma flow 
indicator from AMS data. Intersection line retrieved from calculated foliation of 
sample MM-LM-1 and MM-LM-4 (edges of the dyke), illustrates a flow direction 
towards SW (figure 12a). The line perpendicular to this intersection line is shown in 
figure 12b and shows an upward component of 68°. 
 
 

a)      b)  
Figure 11. Foliation plotted in lower hemisphere stereonet. a) showing foliation from sample 
MM-LM-2 and MM-LM-3. b) showing MM-LM-1 and MM-LM-4 (edges of dyke).  
 

a)      b)  
Figure 12. a) Intersection line (230/34) from foliations received from AMS measurements of 
sample MM-LM-1 and MM-LM-4 plotted in lower hemisphere stereonet. b) the two 
imbrications foliation of MM-LM-1 and MM-LM-4 with K3 illustrated as small dots, and the line 
perpendicular to intersection line illustrated by larger dot.  
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4.3 Curie temperature  
The normalized susceptibility drops dramatically for the heating curve at 580°C and 
rises with the same rate and temperature for the cooling curve (figure 13). This Curie 
temperature is indicative for the mineral magnetite. 

 
Figure 13. Results from Curie temperature measurements, showing the temperature °C 
versus the normalized susceptibility. Sourced from data in appendix 2.  

 
4.4 Thin sections  
The groundmass of the thin section mainly consists of quartz and some feldspar 
(figure 14). Magnetite often occurs in clusters with biotite crystals and align in the 
same direction. Some phenocrysts of alkali feldspar and quartz was observed.  
 

 
Figure 14. Microstructures of sample MM-LM-2.  
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5. Discussion  
 
Whether the large granite bodies of the Mourne Mountains were initially formed by 
forceful or passive emplacement of magma, was investigated by studying the magma 
flow of the Luke’s Mt. dyke. No AMS studies have earlier been carried out on the 
dykes connected to the Mourne Mountain granites. The movement of the magma in 
dykes possess important information about the emplacement mechanism of magma.  

Anisotropy of magnetic susceptibility of selected samples show well clustered 
principal susceptibility axes (figure 5). The major, intermediate and minor axes are 
well clustered in sample MM-LM-2, MM-LM-3 and MM-LM-4 while for sample MM-
LM-1 they are more scattered. Sample MM-LM-1 show the intermediate and minor 
axes aligned on a plane which reflects a prolate shape of the susceptibility ellipsoid. 
As this sample was taken close to the edge of the dyke this prolate shape could be a 
strong lineation caused by shear stress at the edge of the dyke during emplacement.  

A triaxial shaped susceptibility ellipsoid tell us that both foliation and lineation 
fabric are present in the sample, where the major axis represents the lineation, and 
the minor together with the intermediate axis represent the foliation (Khan 1962). It is 
interpreted that the triaxial shape could be due to post-emplacement deformation of 
the initial prolate fabric crystallizing during magma flow. It could also be a result of an 
oblique type of maximum stress, a mixture between pure and simple shear. The 
shape of the susceptibility ellipsoid is sometimes also related to the alignment and 
interaction between the magnetic mineral grains (Grégoire et al. 1995).   

The fabric at the edges are aligned parallel to the dyke in figure 7 and 8, while the 
magnetic fabric at the centre of the dyke is more random oriented, this is a typical 
fabric for laminar flow (idbd).  

The susceptibility ellipsoids could be a representation of the average alignment of 
magnetite grain clusters. It is also visible in thin section that the magnetite grains are 
larger than 1 μm (figure 14) which most probably indicate that they are multi-domain 
grains. Therefore, the AMS axes should be normal to the shape axes of the grain and 
be a good estimate of the magma flow. To be completely confident if the magnetite 
grains are multi-domain or not, further analyses must be done. However, for this 
study these analyses were not considered necessary, as the petrographic analysis 
was mainly done to support the AMS data.  

By using the imbrication method proposed by Geoffroy (2002) with the minor axis 
as a flow proxy, the magma flow of the dyke could be interpreted. The intersection 
line retrieved from the imbrication foliation implies that the magma in the dyke flows 
from north-east to south-west (figure 12a and figure 15). The line perpendicular to the 
intersection line show an upward magma flow (figure 12b and figure 15).  
 The major axis was also applied as indicator of magma flow, as proposed by 
Knight and Walker, but was believed to not alone give a trustworthy estimate of the 
flow. It was applied to verify the interpretations made by the imbrication method. The 
major axis agrees with the direction given by the intersection line. The magnetic 
lineation collected from AMS analysis is also consistent with macroscopic shear 
bands observed in the field. If one instead would use only the major axis as flow 
indicator it would not be clear in which direction the magma has truly moved.    

The south west direction of the magma flow indicates that the big granite bodies of 
the Mourne mountains were fed by Luke’s Mt dyke. 

These results contradict with Stevenson’s (2007) studies of the Mourne 
mountains, who claimed a forceful emplacement of magma fed from south-west to 
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north-east. Instead the results agree with Richey’s model of ring dykes and cauldron 
subsidence.  

A feeder dyke does not necessarily have to imply a passive type of emplacement; 
it could as well imply forceful emplacement (e.g. laccolith). However, the observable 
ring dykes connected to the Mourne Mountains in addition to Luke’s Mt dyke being a 
feeder dyke agrees very well with the passive emplacement, cauldron subsidence 
model, as proposed by Richey (1927).  

The result of this study further show that granite emplacement is still an open 
problem within geology. Since intrusions show contradictory results within the same 
intrusion. The only way forward might be to formulate new models of emplacement 
and disregard the old end-member theories. For this to be possible more study on the 
flow of magma and plutonic structures are needed to fully understand magma 
emplacement. 

 
 

 
 
Figure 15. Illustrating the interpreted magma flow direction in Luke’s Mt dyke achieved from 
the intersection line of imbrication foliation. Magma flow is perpendicular to intersection line 
and parallel to the symmetry plane of imbrication foliation. The flow direction of N230° has an 
upward component of 68°.  
 

6. Conclusion 
The magma of Luke’s Mt dyke has moved in a direction of N230° with an upward 
component of 68° into the connected magma body. This indicate that the Luke Mt. 
dyke is a ring dyke, which favour Richey’s model of cauldron subsidence and hence 
that the granites were passively emplaced.  
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Appendix 2 
 
Curie temperature data  
 
 
TEMP TSUSC CSUSC NSUSC TIME 

24,7 1362,8 1551,04 0,85 0 
26,2 1362,5 1550,74 0,85 27 
31,6 1365,6 1553,9 0,851 50 
39,1 1369 1557,31 0,853 73 
46,9 1370,4 1558,7 0,854 96 
54,2 1371,4 1559,7 0,855 119 
61,2 1375 1563,3 0,857 142 
67,2 1378,7 1567 0,859 165 
73,2 1382,1 1570,4 0,86 188 
79,2 1384,3 1572,6 0,862 211 

85 1388,6 1576,94 0,864 235 
90,8 1393 1581,36 0,866 258 
96,3 1397,6 1585,99 0,869 281 

101,1 1402,1 1590,51 0,871 304 
106,3 1404,6 1593 0,873 327 
110,8 1407,1 1595,5 0,874 350 
115,6 1411,7 1600,13 0,877 373 
120,9 1415,9 1604,32 0,879 396 
125,7 1420,8 1609,22 0,882 419 

131 1425,9 1614,32 0,885 442 
135,8 1430,8 1619,22 0,887 465 
140,3 1432,1 1620,49 0,888 489 
145,1 1439,9 1628,3 0,892 512 
150,5 1448,1 1636,5 0,897 535 
155,3 1453,7 1642,1 0,9 558 
160,7 1458,7 1647,12 0,903 581 
165,8 1464,3 1652,72 0,906 604 
171,5 1468,7 1657,12 0,908 627 
176,9 1473,6 1662,05 0,911 650 
182,3 1478,4 1666,81 0,913 673 
187,7 1485,9 1674,32 0,917 696 
193,4 1492,7 1681,12 0,921 720 
198,8 1498,1 1686,56 0,924 743 
204,2 1505,9 1694,34 0,928 766 
209,7 1514,7 1703,2 0,933 789 
214,6 1517,9 1706,45 0,935 812 
219,5 1522,1 1710,64 0,937 835 

225 1524 1712,54 0,938 859 
230 1529,8 1718,34 0,942 882 

235,7 1532,2 1720,74 0,943 905 
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TEMP TSUSC CSUSC NSUSC TIME 
246,5 1537,6 1726,17 0,946 951 
251,5 1539,3 1727,9 0,947 974 
256,4 1543,7 1732,32 0,949 997 
261,7 1548,3 1736,94 0,952 1021 

267 1548,5 1737,16 0,952 1044 
272,3 1548,6 1737,28 0,952 1067 
277,6 1548,8 1737,48 0,952 1090 
283,1 1548,3 1737,01 0,952 1113 
288,7 1545,2 1733,9 0,95 1137 
294,3 1542,2 1730,9 0,948 1160 
299,9 1538,1 1726,84 0,946 1183 

305 1533,6 1722,39 0,944 1206 
310,4 1524,5 1713,28 0,939 1229 

316 1520,9 1709,7 0,937 1253 
321,1 1512,4 1701,17 0,932 1276 
326,5 1504,7 1693,45 0,928 1299 
331,3 1496,4 1685,19 0,923 1322 
336,4 1490,1 1678,91 0,92 1345 
341,2 1483,9 1672,7 0,917 1369 
346,4 1477 1665,86 0,913 1392 
351,8 1471,2 1660,11 0,91 1415 
356,9 1465,4 1654,28 0,906 1438 
362,1 1454,7 1643,58 0,901 1462 

367 1443,9 1632,82 0,895 1485 
371,6 1439,4 1628,34 0,892 1508 
376,5 1430,9 1619,84 0,888 1531 
381,1 1423,1 1612,06 0,883 1555 

386 1416,3 1605,28 0,88 1578 
390,9 1410,5 1599,48 0,876 1601 
396,1 1405,9 1594,88 0,874 1624 
401,1 1402,8 1591,8 0,872 1647 
406,3 1396,4 1585,4 0,869 1670 
411,5 1394,2 1583,2 0,867 1694 
416,5 1386,3 1575,33 0,863 1717 
421,5 1385,3 1574,36 0,863 1740 
426,7 1383 1572,08 0,861 1763 
431,7 1382,1 1571,22 0,861 1786 
436,7 1382,2 1571,34 0,861 1810 
440,8 1382,9 1572,06 0,861 1833 
445,5 1383,8 1573 0,862 1856 
450,3 1384,5 1573,74 0,862 1879 

455 1387,1 1576,36 0,864 1902 
459,7 1390,8 1580,11 0,866 1925 
464,8 1391,4 1580,75 0,866 1948 
469,8 1392,7 1582,07 0,867 1971 
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TEMP TSUSC CSUSC NSUSC TIME 
479,4 1397 1586,45 0,869 2017 
483,5 1402,6 1592,02 0,872 2040 
488,3 1407,9 1597,35 0,875 2064 
493,1 1411,8 1601,27 0,877 2087 
498,2 1416,6 1606,09 0,88 2110 

503 1420,3 1609,82 0,882 2133 
508,1 1425,5 1615,08 0,885 2156 

513 1432,9 1622,5 0,889 2179 
518,1 1435,1 1624,74 0,89 2202 
522,9 1439,9 1629,56 0,893 2225 
528,1 1443,8 1633,48 0,895 2249 

533 1450 1639,71 0,898 2272 
538,1 1454,5 1644,26 0,901 2295 
542,7 1461,1 1650,87 0,905 2318 

547 1465 1654,79 0,907 2341 
551,6 1469,4 1659,23 0,909 2364 
556,5 1470,5 1660,4 0,91 2387 
561,4 1470,5 1660,41 0,91 2410 
566,3 1455,6 1645,59 0,902 2434 
571,2 1407,4 1597,45 0,875 2457 
575,8 1254 1444,13 0,791 2480 
580,5 890,4 1080,56 0,592 2503 
584,8 394,9 585,1 0,321 2526 
589,1 66,5 256,71 0,141 2548 
593,8 -110,1 80,16 0,044 2570 
598,5 -155,5 34,74 0,019 2592 
602,8 -166,8 23,49 0,013 2615 
607,8 -171,3 19,03 0,01 2637 
612,5 -173,6 16,8 0,009 2659 
617,5 -175 15,43 0,008 2681 
621,6 -175,7 14,77 0,008 2703 
625,7 -176,5 13,98 0,008 2725 
630,4 -177,1 13,43 0,007 2747 
634,8 -177,6 12,95 0,007 2769 
638,9 -178 12,59 0,007 2792 

643 -178,5 12,12 0,007 2814 
647,8 -178,8 11,88 0,007 2836 
652,5 -179,2 11,52 0,006 2858 

657 -179,5 11,26 0,006 2880 
661,7 -179,8 11 0,006 2902 
666,5 -180,1 10,7 0,006 2925 
670,7 -180,2 10,62 0,006 2947 
674,5 -180,5 10,33 0,006 2969 
679,3 -180,8 10,05 0,006 2991 
684,1 -180,9 9,97 0,005 3013 
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TEMP TSUSC CSUSC NSUSC TIME 
692,2 -181,3 9,63 0,005 3058 
696,7 -181,4 9,55 0,005 3080 
700,9 -181,6 9,34 0,005 3102 
703,8 -181,7 9,24 0,005 3124 
704,4 -181,8 9,14 0,005 3146 
703,1 -181,8 9,12 0,005 3168 
701,2 -181,8 9,08 0,005 3190 
698,9 -181,8 9,06 0,005 3212 
695,7 -181,7 9,14 0,005 3234 
692,2 -181,7 9,1 0,005 3256 
688,6 -181,6 9,18 0,005 3278 
684,8 -181,6 9,14 0,005 3300 
681,6 -181,5 9,2 0,005 3322 

678 -181,5 9,15 0,005 3345 
674,5 -181,4 9,24 0,005 3367 
670,7 -181,3 9,42 0,005 3388 
666,8 -181,3 9,31 0,005 3410 
663,3 -181,2 9,38 0,005 3432 
659,8 -181 9,57 0,005 3455 

656 -180,9 9,63 0,005 3477 
651,6 -180,8 9,54 0,005 3499 
647,8 -180,6 9,8 0,005 3521 
643,6 -180,3 10,07 0,006 3543 
639,5 -180,1 10,18 0,006 3565 
635,7 -180 10,25 0,006 3587 

632 -179,7 10,55 0,006 3609 
628,2 -179,3 10,86 0,006 3631 
624,4 -178,8 11,29 0,006 3653 

621 -178,3 11,81 0,006 3675 
616,9 -177,5 12,55 0,007 3697 
612,8 -176,1 13,87 0,008 3719 
609,1 -174 15,95 0,009 3741 
604,7 -170,2 19,74 0,011 3763 
600,6 -162,8 27,04 0,015 3785 
596,9 -148,7 41,1 0,023 3807 
592,9 -110,3 79,46 0,044 3829 
588,8 -9,9 179,82 0,099 3851 
585,1 186 375,66 0,206 3873 
580,8 481,6 671,24 0,368 3896 
577,1 779,5 969,1 0,531 3919 
572,4 1055,9 1245,45 0,682 3943 
568,4 1275,3 1464,84 0,803 3966 
563,8 1428,3 1617,82 0,886 3989 
559,2 1515,2 1704,67 0,934 4012 
554,6 1569,1 1758,55 0,964 4035 



25 

TEMP TSUSC CSUSC NSUSC TIME 
545,1 1614,7 1804,1 0,989 4081 
540,3 1626,1 1815,46 0,995 4104 

536 1627,9 1817,24 0,996 4127 
531,1 1632,4 1821,69 0,998 4150 
526,6 1633,8 1823,05 0,999 4173 
522,3 1635,8 1825,04 1 4196 
517,8 1632,2 1821,42 0,998 4219 
513,3 1628,9 1818,1 0,996 4242 

509 1625,8 1814,98 0,994 4265 
504,2 1623 1812,18 0,993 4288 
499,4 1619,4 1808,55 0,991 4311 
494,6 1613,8 1802,93 0,988 4334 
489,8 1610,6 1799,67 0,986 4357 

485 1605 1794,1 0,983 4380 
481,1 1601,2 1790,24 0,981 4403 
476,4 1596,5 1785,53 0,978 4426 
471,9 1593,7 1782,71 0,977 4449 
466,9 1590 1779,02 0,975 4472 
462,1 1587,8 1776,75 0,974 4495 
457,1 1584,7 1773,64 0,972 4518 

452 1579,7 1768,62 0,969 4541 
447 1574,9 1763,8 0,966 4564 
442 1572,8 1761,68 0,965 4587 

436,7 1568 1756,88 0,963 4610 
431,7 1565,8 1754,68 0,961 4633 
427,3 1562,3 1751,18 0,96 4656 
422,3 1553,8 1742,65 0,955 4679 
417,7 1552,1 1740,96 0,954 4702 
412,7 1547,2 1736 0,951 4725 
407,7 1544,1 1732,86 0,949 4748 
402,5 1537,5 1726,22 0,946 4771 
397,3 1536,4 1725,11 0,945 4794 
392,9 1534,5 1723,19 0,944 4817 
388,3 1531,2 1719,9 0,942 4840 
383,4 1528,3 1717 0,941 4863 
378,2 1525,3 1713,97 0,939 4886 
373,3 1519,7 1708,35 0,936 4909 
367,8 1516,4 1704,99 0,934 4932 
362,7 1514,2 1702,78 0,933 4955 
357,2 1512,9 1701,46 0,932 4978 
352,1 1510,1 1698,68 0,931 5001 
346,9 1508 1696,58 0,93 5024 
341,2 1499,6 1688,13 0,925 5047 
336,1 1496,8 1685,31 0,923 5070 
331,3 1492,9 1681,37 0,921 5093 



26 

TEMP TSUSC CSUSC NSUSC TIME 
321,1 1488,9 1677,34 0,919 5139 

316 1487,5 1675,94 0,918 5162 
310,9 1485,4 1673,79 0,917 5185 
305,6 1482,1 1670,5 0,915 5208 
300,2 1482 1670,37 0,915 5231 
294,9 1481,4 1669,75 0,915 5254 
290,1 1477 1665,33 0,912 5277 
285,1 1475,3 1663,67 0,912 5300 
280,1 1474,7 1663,03 0,911 5323 
274,8 1472,6 1660,91 0,91 5346 
269,8 1469,7 1658,02 0,908 5369 
264,5 1465,4 1653,72 0,906 5392 
258,9 1462 1650,25 0,904 5415 
253,4 1459,5 1647,74 0,903 5439 
248,4 1458,5 1646,72 0,902 5462 
243,2 1456,2 1644,4 0,901 5485 
237,7 1456,4 1644,6 0,901 5508 
232,4 1454,3 1642,46 0,9 5531 
226,9 1450,8 1638,94 0,898 5554 

222 1447,7 1635,82 0,896 5577 
217,4 1447,7 1635,8 0,896 5600 
212,2 1444,6 1632,65 0,895 5623 
207,2 1443,3 1631,36 0,894 5646 
202,3 1441,4 1629,46 0,893 5670 
196,9 1438 1626,06 0,891 5693 

192 1435 1623,04 0,889 5716 
186,6 1434,7 1622,74 0,889 5739 
181,7 1430,7 1618,71 0,887 5762 
177,1 1427,6 1615,59 0,885 5785 
172,5 1425,9 1613,85 0,884 5808 
167,4 1422,7 1610,63 0,883 5831 
162,8 1417,5 1605,41 0,88 5854 

158 1419,3 1607,22 0,881 5877 
153,2 1419 1606,89 0,88 5900 
148,1 1415,2 1603,1 0,878 5924 
143,3 1412,8 1600,7 0,877 5947 
138,5 1409,4 1597,3 0,875 5970 
133,4 1407,3 1595,17 0,874 5993 
128,6 1403,5 1591,35 0,872 6016 
123,8 1400,5 1588,33 0,87 6039 
119,6 1400,1 1587,91 0,87 6062 
115,1 1397,5 1585,29 0,869 6085 
110,8 1399,4 1587,2 0,87 6108 
106,6 1397,8 1585,6 0,869 6131 
102,1 1396,5 1584,33 0,868 6154 



27 

TEMP TSUSC CSUSC NSUSC TIME 
93,7 1392,4 1580,25 0,866 6200 
89,5 1393 1580,87 0,866 6223 
86,1 1392,8 1580,69 0,866 6246 
82,1 1393 1580,88 0,866 6269 
78,4 1389,1 1577,01 0,864 6292 
74,8 1393,3 1581,2 0,866 6315 
71,1 1391,2 1579,1 0,865 6338 
67,5 1392,6 1580,5 0,866 6361 
64,1 1390 1577,9 0,865 6384 
60,9 1391,8 1579,7 0,866 6407 
57,6 1393 1580,9 0,866 6430 
54,4 1393,1 1581 0,866 6453 
51,6 1390,2 1578,1 0,865 6476 

49 1390,5 1578,4 0,865 6499 
46,1 1390,4 1578,3 0,865 6522 
43,8 1393,2 1581,1 0,866 6545 
41,2 1392,2 1580,1 0,866 6568 
38,9 1393,3 1581,2 0,866 6591 
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