
  Examensarbete vid Institutionen för geovetenskaper 
    ISSN 1650-6553 Nr 304

The Roots of a Magma Chamber,  
  the Central Intrusion,

 Rum, NW-Scotland

 
The Roots of a Magma Chamber,
the Central Intrusion,
Rum, NW-Scotland  

  Tobias Mattsson

Tobias Mattsson

Uppsala universitet, Institutionen för geovetenskaper
Examensarbete E1, Geologi, 30 hp 
ISSN 1650-6553 Nr 304
Tryckt hos Institutionen för geovetenskaper, 
Geotryckeriet, Uppsala universitet, Uppsala, 2014. 

 

The island of Rum in the Inner Hebrides, NW-Scotland, hosts a central 
volcanic complex that is part of the British-Irish Palaeogene Igneous 
Province situated in NE- Ireland and NW- Scotland. On Rum, rocks 
from several stages of Palaeogene magmatic activity have been expo-
sed by millions of years of erosion. Rum is best known amongst geolo-
gists because of the famous layered ultrabasic intrusion that covers the 
SSE part of the island, which is amongst the world’s most studied non-
active (fossil) volcanoes. 
The Long Loch Fault traverses Rum with a N-S direction and has been 
proposed to represent the feeder zone to the layered ultrabasic intru-
sion. The area close to the Long Loch Fault has been named the Central 
Intrusion, and was formed by interaction of the plutonic rocks with the 
Long Loch Fault. There are two end-member theories for the origin of 
the Central Intrusion: (i) formation by wholesale subsidence (graben 
formation) of layered ultrabasic units or (ii) by intrusion of new mate-
rial in-between the Western and Eastern Layered Intrusions (brecciating 
and fracturing blocks of material from the layered suite) and so causing 
pulses of uplift and subsequent collapse. 
To test how the Long Loch Fault influenced magma emplacement on 
Rum, field work was conducted including structural mapping, and 
rock-sampling. The data collected in the field were processed by struc-
tural 3D modelling (Move Software suite) and complemented by petro-
graphy, FTIR, Electron Microprobe analysis and thermobarometry 
modelling. The results reveal that several fault splays cut the Central 
Intrusion, which furthermore provide evidence of a transtensional 
graben situated above the fault zone and into which the layered units 
collapsed. This collapse was associated with the intrusion of Ca-rich 
feldspathic peridotite at zones of weakness in the layered rocks (e.g. 
bedding planes, unit contacts, fractures), producing smaller fault blocks 
and acting as a lubricant in-between blocks. FTIR and barometry 
results show that the intruding feldspathic peridotite magma was 
water-rich and that the clinopyroxenes in the magma crystallised at 
approximately 15 km of depth. Consequently, a combination of both 
theories for the creation of the Central Intrusion appears most reasona-
ble.
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Abstract 
The island of Rum in the Inner Hebrides, NW-Scotland, hosts a central volcanic complex that 

is part of the British-Irish Palaeogene Igneous Province situated in NE- Ireland and NW- 

Scotland. On Rum, rocks from several stages of Palaeogene magmatic activity have been 

exposed by millions of years of erosion. Rum is best known amongst geologists because of 

the famous layered ultrabasic intrusion that covers the SSE part of the island, which is 

amongst the world’s most studied non-active (fossil) volcanoes.  

The Long Loch Fault traverses Rum with an N-S direction and has been proposed to 

represent the feeder zone to the layered ultrabasic intrusion. The area close to the Long Loch 

Fault has been named the Central Intrusion, and was formed by interaction of the plutonic 

rocks with the Long Loch Fault. There are two end-member theories for the origin of the 

Central Intrusion: (i) formation by wholesale subsidence (graben formation) of layered 

ultrabasic units or (ii) by intrusion of new material in-between the Western and Eastern 

Layered Intrusions (brecciating and fracturing blocks of material from the layered suite) and 

so causing pulses of uplift and subsequent collapse.  

To test how the Long Loch Fault influenced magma emplacement on Rum, field work 

was conducted including structural mapping, and rock-sampling. The data collected in the 

field were processed by structural 3D modelling (Move Software suite) and complemented by 

petrography, FTIR, Electron Microprobe analysis and thermobarometry modelling. The 

results reveal that several fault splays cut the Central Intrusion, which furthermore provide 

evidence of a transtensional graben situated above the fault zone and into which the layered 

units collapsed. This collapse was associated with the intrusion of Ca-rich feldspathic 

peridotite at zones of weakness in the layered rocks (e.g. bedding planes, unit contacts and 

fractures), producing smaller fault blocks and acting as a lubricant in-between blocks. FTIR 

and barometry results show that the intruding feldspathic peridotite magma was water-rich 

and that the clinopyroxenes in the magma crystallised at approximately 15 km of depth. 

Consequently, a combination of both theories for the creation of the Central Intrusion appears 

most reasonable. 

The combination of data gathered allows to formulate a model in which the tectonic 

activity of the Long Loch fault repetitively opened and closed the magma conduit, causing 

pressure build-up in the underlying magma reservoir(s) when the conduit was shut. When the 

pressure was released, e.g. during fault movement, dense (phyric) and wet ultrabasic magma 

ascended rapidly and spread out into the shallow crustal magma chamber, thus supplying the 

growing ultrabasic pluton with pulses of magma from depth. 
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Sammanfattning 

Ön Rum är en del av ö-gruppen Inre Hebridéerna i Nordvästra Skottland och består till stor 

del av magmatiska bergarter som härrör från en vulkan som var aktiv för cirka 60 miljoner år 

sedan. Vulkanen tillhör den Britiska Paleogena Magmatiska Provinsen och är skapad av 

mantelplymen som för nuvarande befinner sig under Island. Den nu eroderade vulkanen har 

en ikonisk status bland geologer världen över på grund av att den minerallagrade 

magmakammaren som utgör stora delar av ön, alltså själva hjärtat av vulkanen.  

Long Loch förkastingen delar Rum i två delar och har föreslagits vara huvudledaren av 

magma in i magmakammaren. Området på ön i anknytning till förkastningen har påverkats 

mycket av dess rörelser och har namngets den Centrala Intrusionen. Det finns två vitt skilda 

teorier om hur den Centrala Intrusionen har skapats: (i) den Centrala Intrusionen har skapats 

genom sättningar i magmakammaren och bildat en gravsänka, eller (ii) nytt material tränger i 

magmakammaren, vilket leder till upplyftning av magmakammar golvet som följs av sättning 

och bildar en gravsänka.  

I denna masteravhandling testades hypotesen ’Long Loch förkastningen var den primära 

magmaledaren till magmakammaren idag exponerad på Rum’ genom fältarbete, 3D 

modellering, petrografi, och geokemiska analyser (FTIR, Mikrosond och barometri). 

Resulatet visar att den Centrala Intrusionen genomskärs av flera förskastningsgrenar till Long 

Loch förkastningen vilka tillsammans formar ett tulpan mönster (en typ av gravsänka) som 

indikerar att en zon av flytande magma (magmaledare) låg under den Centrala Intrusionen när 

vulkanen var aktiv. Magman från zonen underlättade gravsänka bildandet genom att dela 

minerallagren i stora block och att intrudera mellan lager och fungera som glidmedel, vilket 

betyder att båda teorierna kan appliceras på bildandet av den Centrala intrusionen. FTIR och 

barometri analyserna visar att den intruderade magma var mycket vattenrik och och kom från 

en  magmakammere på 15 km djup. Long Loch förkastningens rörelser stängde och öppnade 

magmakanalen, vilket orsakade att kristallrik magma intruderade i pulser. 

 

 

 

Nyckelord: Rum, Minerallagrad magmakammare, Long Loch Förskastningen, 3D 

modellering.  
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1. Introduction 

The Island of Rum, situated 20 km west of the Scottish mainland, is the largest of the Small 

Isles of the Inner Hebrides (Fig. 1). Rum hosts a central volcanic complex that formed in early 

Palaeogene and that has been extensively studied for over 100 years. However, Rum was not 

established as a world-class geological locality until the Natural conservancy agency (now 

Scottish Natural Heritage, SNH) bought the island in the 1950’s and made it the biggest 

nature reserve in Great Britain (Emeleus 1997, and references therein). The ultrabasic layered 

intrusions covering the SSE’ part of the island has attracted the interest of generations of 

geologists (e.g. Emeleus and Troll 2008; 2014). The most distinct layering can be found in the 

eastern part of the layered intrusion close to the only settlement on the island. Consequently 

the eastern part of the layered intrusion has received the most scientific attention, leaving the 

rest of the ultrabasic layered intrusion comparatively less well explored. 

 

Figure 1. Map of Rum, including place names and peaks (after Emeleus and Troll 2008). 
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The Long Loch fault (LLF) traverses Rum from south to north (Fig. 2), dividing the 

island and the eroded central volcanic complex into two parts. The fault has been proposed to 

be pivotal in the creation of the volcanic complex (McClurg 1982; Volker 1983; Emeleus et 

al. 1996: O’Driscoll et al 2007b; Petronis et al. 2009). Cut by the Long Loch fault are the 

rocks of the Central Intrusion (CI), whose chaotic structures and diverse sets of intrusive rock 

have been formed by interaction with fault movement along the Long Loch fault (Emeleus et 

al. 1996). However, the mechanisms of formation of the Central Intrusion have been debated 

(e.g. Wadsworth 1961; Donaldson 1975; McClurg 1982; Volker 1983; Wadsworth 1992; 

Emeleus et al. 1996) and can be separated into two fundamentally different schools of 

thoughts: (i) The Central Intrusion was created by wholesale subsidence (graben formation) of 

the layered ultrabasic units as a consequence of fault movement (Wadsworth 1961, 1992) or 

(ii) it was created by intrusion of new material in-between the Western and Eastern Layered 

Intrusions thus brecciating and fracturing blocks of material from the existing layered suite, 

causing initial uplift and subsequently collapse (e.g. Donaldson 1975; Volker and Upton 

1990).  

To test how the Long Loch fault influenced magma emplacement on Rum and helped to 

feed the ultrabasic layered intrusion, field work (structural mapping and rock-sampling) was 

undertaken on Rum in spring 2014. The structural data collected in the field was processed in 

a 3D modelling software and the collected samples were analysed using petrographical and 

geochemical methods (see Chapter 4).  

The occurrence of minerals with modal water (e.g. kaersutite and phlogopite) rocks 

implies that the Central Intrusion magma was water-rich (Donaldson 1975). To quantify the 

water content in the Central Intrusion magma, IR-spectrometry was performed on nominally 

anhydrous mineral (pyroxenes), which allowed for the calculation of water content in the 

magma and is used to discuss the role of volatiles in the late Rum system. Barometry on the 

CI rocks helped to constrain the deep magma plumbing system of the Rum volcano and the 

mode of emplacement of the ultramafic layered complex. 

In concert with published data, these new results are used to propose a model for the 

formation of the Central Intrusion of the Rum Igneous Centre (see Chapter 5).  
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2. Geological Setting 

During the early Palaeogene, several volcanoes were active in the NW-British Isles, forming 

the volcanic rocks presently known as British Palaeogene Igneous Province (BPIP). During 

this period, volcanism also occurred on the eastside of Greenland, heralding the coming 

opening of the North Atlantic and the ‘Iceland’ plume (e.g. Lawyer and Muller 1994; 

Emeleus and Bell 2005). The Palaeogene volcanoes in these areas include some of the most 

iconic geological localities in the world, such as the Ardnamurchan, Rum, and Skye central 

volcanic complexes (e.g. Emeleus and Bell 2005). 

The BPIP is a flood basalt province with extensive basalt lava fields, but also bimodal 

volcanism in most of the central volcanic complexes (e.g. Emeleus and Bell 2005). The 

initiation of volcanism in a 

new locality resulted in 

mainly felsic eruptions 

because of large 

assimilation of continental 

crust. When the crust had 

been depleted, i.e. when the 

easy to melt minerals were 

largely extracted, the 

magma shifted to a 

predominantly mafic 

composition (e.g. Kerr et al. 

1999; Meade et al. 2014).  

Pre-Palaeogene 

tectonic features in the 

region of the BPIP include 

NW-trending terranes of 

the Caledonian orogen that 

are separated from each 

other by large bounding 

faults (Fig. 2). Rum is 

situated in the Hebridean 

terrane, whose major 

Figure 2. The Geological terranes of Scotland are separated by the MTZ (Moine 
Thrust Zone), GGF (Great Glen Fault), HBF (Highland Boundary Fault), SUF 
(Southern Upland Fault). The Palaeogene igneous centres are dark green and 
Palaeogene lava fields are light green, modified after Emeleus and Bell (2005).  
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lithological units are Torridonian sandstone overlying a Lewisian gneiss basement (e.g. 

Emeleus and Bell 2005). Within the BPIP, Palaeogene tectonics is manifested by a domain of 

NNW-SSE and ENE-WSW trending strike-flip faults associated to the stress induced by a N-

S compression and numerous NW-SE trending regional dykes caused by a NE-SW extension, 

likely related to the early stages of the Iceland plume and/or a failed North Atlantic opening 

rift arm (England 1988; Cooper et al. 2012).  

2.1. The Geology of Rum 

The 2.5 Ga old Lewisian gneiss comprises the basement rock of Rum. Before the onset of 

magmatic activity in the Palaeogene, the Lewisian gneiss was covered by three different 

sedimentary units (Emeleus 1997). The oldest and most extensive sedimentary unit preserved 

on the island today is the Precambrian Torridonian sandstones and shales, derived from a 

large river system at the passive margin of the Laurentian continent (Nicholson 2009). The 

second sedimentary unit is of Triassic age and consists of primarily fluvial sandstone and 

shale that were deposited in large basins and subsequently up-thrusted on Rum, apparent from 

a monocline at the boundary with the Torridonian sandstone. Regression in the Jurassic led to 

the formation of the third sedimentary unit in shallow seas. The Jurassic sandstones have been 

down-faulted and appear only within the central volcanic complex’ boundaries (e.g. Emeleus 

1997; Emeleus and Bell 2005), i.e. no in situ outcrop remain on Rum. 

The layering of the Torridonian sandstone is almost vertical at the contact with the Rum 

central complex, which is evidence of updoming during the initiation of magmatic activity on 

Rum ca. 60.5 Ma ago (Hamilton et al. 1998; Troll et al. 2008). Simultaneously, uplift 

occurred within the Main Ring Fault (MRF) that brought Lewisian gneiss and lower 

Torridonian members close to the surface (Emeleus 1997; Emeleus and Troll 2008). The 

MRF is an arcuate fault with most of the central volcanic complex within its boundaries, 

except parts of the ultrabasic series that intrudes Torridonian sandstone (Emeleus 1997). 

The initial volcanism on Rum was of felsic nature and included rhyodacite ignimbrite 

flows and dykes emplaced during or after a caldera collapse that followed the updoming 

phase. Traces of caldera the collapse include wall-rock collapse breccias that underlie the 

rhyodacites (Troll et al. 2004). Concurrent to early hypabyssal and extrusive volcanism, a 

felsic porphyritic body named the Western Granite intruded west of the rhyodacite (Hughes 

1960a; Petronis et al. 2009). In the rhyodacites and the Western Granite there are textures and 

compositions reminiscent of magma mixing (Troll et al. 2004). The early intrusive Am Màm 

breccia carries large clasts of gabbro, feldspathic peridotite, sandstone and gneiss, in a diorite 
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to granodioritic matrix that offers further evidence for mixing, and confirms that the Rum 

volcano had a bimodal plumbing system in its early configuration (Troll et al. 2004; Emeleus 

and Troll 2008; Meyer et al. 2009; Nicoll et al. 2009).  

The mafic/ultramafic part of the central volcanic complex on Rum (the Layered Suite) 

is divided into three major intrusions, the Eastern Layered Intrusion (ELI), the Western 

Layered Intrusion (WLI), and the Central Intrusion (CI) (Fig. 3). The ELI is the most famous 

part of the island, harbouring peaks up to 800 m high that consists of alternating layers of 

ultrabasic rocks, and which comprise 16 different units of bytownite-troctolite and feldspathic 

peridotite. Peridotite generally occurs at the bottom and troctolite in the upper parts of the 

layers, which commonly exhibit a variety of structures and textures (Brown 1956; Emeleus et 

al. 1996).  

 

Figure 3. Map of Rum and the Small Isles with major geological units and structural features marked (after Emeleus and 
Troll 2008). 

2.1.1. Ultrabasic rocks of Rum  

The rocks of the Layered Suite are predominantly of ultrabasic composition with minor basic 

gabbros (e.g. Emeleus 1997). Notably, the classification presented below only applies to Rum 

rocks, since Rum rocks are relatively rich in Ca-plagioclase compared to other ultramafic 

rocks (Emeleus 1997; Le Maitre 2002). Bytownite-troctolite or allivalite is one of the most 
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characteristic rock types on Rum and can be singled out from a great distance as they occur in 

distinct light-grey layers. Bytownite-troctolite is a plagioclase-olivine cumulate rock that has 

between 95 to 50% plagioclase with minor cumulate clinopyroxene (35 to <5%). Feldspathic 

peridotite, is an olivine cumulate with interstitial plagioclase (50 to 30%). Feldspathic 

peridotite has a similar composition to harrisite textured rocks (see below), but with smaller 

olivine grain-size (Brown 1956; Wadsworth 1961; Emeleus et al. 1996). Peridotite on Rum is 

classified as an olivine cumulate rock with up to 30% plagioclase. Dunite dykes on Rum, 

consists of 95% olivine, and <5% interstitial plagioclase and clinopyroxene (McClurg 1982). 

Gabbro’s in the layered intrusion comprises plagioclase, pyroxene, and abundant in olivine, 

and therefore named olivine gabbro.  

The fosterite (Fo) content in olivine varies between Fo84-70 for troctolite (Fo78-70 in lower 

units) olivines and between Fo86-85 for peridotite olivines. The Mg# in clinopyroxene range 

from Mg#87-74 in troctolite and between Mg#87-83 % for peridotites. The anorthite (An) content 

in plagioclase ranges from An89-62 for troctolite and peridotite plagioclase varies between 

An88-55 (Dunham and Wadsworth 1978; Kitchen 1985; Emeleus 1997).  

Donaldson (1975) analysed the Central Intrusion breccia and identified the matrix as 

feldspathic peridotite that consists of 70 to 35% olivine (Fo83), 62 to 18% plagioclase (An59 to 

An77-55), pyroxene (Mg# 86) content of <12%, and up to 10 % of nominally hydrous minerals, 

such as phlogopite and kaersutite.  

2.1.2. Textures in the ultrabasic intrusions of Rum 

Rum rocks have some of the most iconic igneous textures in the world of petrology because 

they offer an insight into the formation of layered intrusions and thus the interior of the 

magma reservoir (e.g. Donaldson et al. 1973; Upton et al. 2002; O’Driscoll et al. 2007a). The 

ultrabasic rocks in the layered intrusion are primarily of cumulate origin (Wager et al. 1960; 

Wadsworth 1961) and formed by successive/progressive crystal accumulation on the floor of 

a larger magma chamber. The composition of the minerals between the cumulate crystals 

distinguishes between different types of cumulate rocks. If a fractionation trend developed in-

between the cumulate crystals (i.e. the interstices evolved in a closed system), the rock is an 

orthocumulate. If instead the intercumulus liquid leaves the cumulate crystal pile by diffusion 

or convection (open system) and the cumulate crystals grow from migrating liquid to fill the 

interstices, the rock is an adcumulate. Another proposed mechanism for the liquid to leave the 

cumulate pile is by being squeezed out by the overlying load of accumulated crystals (Hunter 

1987), while a poikilitic textured rock is called heteracumulate, and was likely caused by 
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slow crystallisation of macrocrysts in an open-system, e.g. when new magma is added (Wager 

et al. 1960; Wadsworth 1961). Finger structures (Brown 1956; Butcher et al. 1985) are not 

uncommon in the Layered Suite and are created by replacement of plagioclase with 

clinopyroxene and olivine at the contacts of e.g. troctolite layers in contact with peridotite. 

These can be up to 3 m in length, but are usually on dm scale (Butcher et al. 1985). 

2.1.2.1. Harrisite texture 

Harrisite, named after Harris bay on southern Rum, is a texture that consists of coarse-grained 

skeletal olivine plus plagioclase, and in some instances clinopyroxene. Harrisites (rocks with 

harrisite texture) occur throughout the Layered Suite on Rum, however, they are most 

common and best developed in the Western Layered Intrusion (O’Driscoll et al. 2007a). The 

prominent distinguishing feature of harrisites are skeletal and dendritic olivines, similar to the 

spinifex texture in komatiiates from Archean greenstone belts, although, spinifex textured 

rocks lack branching of olivine as seen in harrisites (Nesbitt 1971; Donaldson 1974). 

Harrisites crystallised when the ‘proposed’ Rum picritic parent magma (e.g. Upton et al. 

2002) intruded into the already layered magma chamber. A lack of crystals in the intruding 

magma may have prevented nucleation right away, although, as the magma cooled it became 

supersaturated in olivine, and subsequently crystallised olivine extremely fast (hours to days) 

in dendritic skeletal shapes. The growth of the harrisite texture on Rum predominantly 

occurred at the top of the ultramafic layers, olivine growth was later terminated by currents 

inside the magma chamber (O’Driscoll et al. 2007a). 

2.1.2.2. Poikilo-macro-spherulitic feldspar texture 

No scientific articles dealing with Poikilo-macro-spherulitic feldspar texture have been 

written since its seminal description by Donaldson (1973). The texture’s features has become 

visible due to weathering, unveiling a radiate (360°) ‘ray’ pattern (cm to dm size) plagioclase 

(bytownite) macrocrysts that grew in the interstices between olivine crystals (the olivine was 

removed by weathering, resulting in a sponge-like appearance of the feldspar). Minor 

clinopyroxene between rays causes the weathering pattern. The texture is proposed to form 

inside the cumulate pile as an effect of remobilisation of olivine and feldspar by the 

introduction of a new Ca-rich magma, implying that the feldspathic peridotite matrix plays a 

major role in the formation of the texture (Donaldson et al. 1973; Donaldson 1975).  

The water content of the Central Intrusion magmas may have been high and probably 

influenced the formation of the poikilo-macro-spherulitic feldspar texture, also supported by 

the presence of minerals like phlogopite and kaersutite as inclusions in, and replacements of, 
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clinopyroxene, plus the abundant Ca-plagioclase in Central Intrusion breccia matrix 

(Donaldson et al. 1973; Donaldson 1975). 

2.1.3. Ultrabasic layering 

Unit 12 (East section), logged by Elias (1992), will be presented as an example of layering in 

the Eastern Layered Intrusion. The bottom of the unit (0 m) comprises harrisitic olivine 

peridotite with clinopyroxene bands. At 2 m, sheared peridotite and anorthosite (schlieren) 

with textural and modal layering occur. At 3.5 m, a gabbro sheet intruded, after which the 

lower allivalite unit starts to grade from weakly inclined layering to prominent layering of 

troctolite composition. From 6.5 m, the lower peridotite layer start, consisting of intercumulus 

feldspar layering with a zone of peridotite replacing layered feldspathic peridotite. 

Replacement finger structures occur at the contact with the middle allivalite at 8.5 m. At 10.5 

m, peridotite with schlieren appears, and at 12 m, the upper peridotite layer starts. Between 15 

to 18 m the unit grades from feldspathic peridotite to coarse-grained troctolite with less 

defined layering in the upper allivalite layer (textural layering). Unit 12 is capped with an 

anorthosite layer giving the unit a total thickness of ~18 m.  

In the Western Layered Intrusion, layering is not as well developed as in the Eastern 

Layered Intrusion, but on a much smaller scale, e.g. grading and lamination of crystals in 

peridotite. Western Layered Intrusion rock types ranges from bytownite gabbro to feldspathic 

perdotite and peridotite including layers with harrisite textured olivines. In the southern 

Western Layered Intrusion, layered gabbro has a brecciated intrusive contact with the Western 

granite (e.g. Emeleus and Troll 2008). 

2.1.4. The Long Loch Fault (LLF) 

The Long Loch Fault was probably active before the onset of Rum as a magmatic centre and 

certainly during magmatic activity on Rum (Fig. 4). After the end of volcanic activity that 

fault continued to be active with some 750 m right-lateral displacement that occurred after 

pluton had essentially solidified (Emeleus 1997). Additionally there is probably a vertical 

component of displacement along the Long Loch Fault, evident from the sole exposure of the 

Canna Lava Formation on the western side of the Long Loch Fault, i.e. vertical offset may 

have prevented the lavas to be deposited on the eastern side of the fault (Emeleus 1997). The 

Long Loch Fault can be traced on the sea-floor south of Rum at least to the proximal NW-SE 

trending Camasunary fault (Smith 2012) and probably also north of the island (cf. Emeleus 

1997). The fault is most likely a Palaeogene tectonic feature, however, its N-S sense of 
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displacement does not reasonably fit the regional tectonics and stress field in the BPIP at the 

time and may thus be in part related to ascending magmatic pulses. 

 

Figure 4. The Long Loch Fault valley looking south. The trace of the fault system can be followed on Ruinsival in the 
background (white dashed lines, note topography causes some distortion). 

2.2. The Central Intrusion 

The Central Intrusion is situated between the Western and Eastern Layered Intrusions, its 

distinction from the rest of the Layered Suite was made by McClurg (1982). Like the Western 

and Eastern Layered Intrusions, the Central Intrusion has layered units, although if they are 

native to the Central Intrusion is debated (e.g. Wadsworth 1961, 1992; Donaldson 1975; 

McClurg 1982; Volker 1983; Emeleus et al. 1996). The major difference of the Central 

Intrusion to the other two intrusions are the extensive ultrabasic breccias, trending roughly 

parallel to the Long Loch Fault, with compositions that grade from dunite peridotite to 

feldspathic peridotite and plagioclase cumulate layers (troctolite) (e.g. Emeleus et al. 1996). 

After its instigation the Central Intrusion was subdivided into three major units/members, the 

Ruinsival member, the Long Loch member, and the An Dornabac member. However, this 

division is probably superfluous as the Central Intrusion rocks are most likely collapsed 

members of the Eastern and Western Layered Intrusions (e.g. Emeleus et al. 1996; Emeleus 

1997).  

In the southern part of the Central Intrusion and the island, the ultrabasic breccias and 

faults bound large blocks of layered ultramafic rocks in the Ruinsival member. The most 
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obvious example is the An’t Snidhe Block that has a wedge shape in map view. The block 

consists of layered troctolite and peridotite with maximum dips of 30° towards the north 

(Volker 1983). The Trollaval-Papadil block of the Ruinsival member, formed when ductile 

layers subsided, while overlaying layers with greater competence seem to have been uplifted, 

which led Volker (1983) to propose that the northern part of the Central Intrusion has likely 

subsided, while the southern part has been relatively uplifted.  

2.2.1. Previous studies on the ultrabasic breccias    

The ultrabasic breccias of the Central Intrusion were first mentioned by Harker (1908) as 

being peridotites intruded by veins of troctolite and thus regarded the breccias of intrusive 

origin. The breccia zones in the southern part of the island were originally described in detail 

by Wadsworth (1961), who interpreted the breccias as having formed by blocks that fell into a 

crystal mush from a higher situated now eroded fault scarp (rock fall and scree processes 

effectively). The breccia in contact with the Western Layered Intrusion was further 

investigated by Donaldson (1975), who proposed the breccia to be of intrusive origin due to 

the lack of sorting and concluded that the intrusion shows varying degrees of force in different 

areas of the breccia exposures. McClurg (1982) suggested the Central Intrusion to be of 

intrusive origin and further proposed that the Central Intrusion was the principal feeder 

system to the ultrabasic layered complex of Rum. Wadsworth (1992) noted mixing of blocks 

and that the breccia matrix is almost identical to the feldspathic peridotite Western and 

Eastern Layered Intrusions, and therefore regarded it as cumulate residual magma, not at all 

related to a feeder zone. Wadsworth (1992) additionally supported his interpretation by 

collapse structures in the breccias, which showed no evidence for magma migrating upwards, 

and could thus not feed the main Rum chamber above. Volker (1983) studied the southern 

part of the Central Intrusion and observed that (i) the breccia clasts are smaller at the margins 

and grade to bigger sizes towards the centre of the Central Intrusion, (ii) a fracture system 

caused by subsidence converges towards the Long Loch Fault, (iii) the ultrabasic breccias 

have vertical contacts cut by small anorthosite veins, (iv) evidence of flow around elongate 

clasts, which indicates that the breccias are likely intrusive. Volker and Upton (1990) 

presented a conceptual model for the mechanism of brecciation based on blocks subsiding in a 

period of extension, and so forcing evolved fluids (residual magma) to migrate upwards along 

block boundaries, i.e. intrusive brecciation. 

The northwestern part of the Central Intrusion was investigated by McClurg (1982) and 

Wadsworth (1992), who found both westerly and easterly dip-directions, and that the Central 
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Intrusion contact trend towards the WNW while the eastern Central Intrusion steepens closer 

to the fault (from 20-30º  to 60-70º dip  right next to the fault). Wadsworth (1992) also noted 

sorting of troctolite clasts close to the contact of the Ard Mheall member higher in 

stratigraphy of the western Central Intrusion, with breccia clast sizes that vary from 5 to 30 

cm, but can reach 25 m, and that occur alternating in sorted and unsorted within these breccias 

breccias.  

2.3. Volcanoes and faults in strike-slip tectonic settings 

In relation to a strike-slip fault, several subsidiary faults develop both synthetic and antithetic 

to the direction of principal stress (e.g. van der Pluijm and Marshak 2004; Fig. 5a). Intruding 

magma into strike-slip faults will affect the fault pattern, which has been investigated using 

analogue models and remote sensing techniques (e.g. van Wyk de Vries and Merle 1998). In 

analogue modelling experiments (e.g. Girard and van Wyk de Vries 2005), a high density 

ductile anomaly (similar to a mafic intrusion), creates a pull-apart basin oblique to the strike-

slip fault, with faults splays along the borders of the basin (Fig. 5b), while notably, the same 

experimental setup with no ductile body generated a normal strike-slip fault. A strike-slip 

fault can also have significant impact on volcanic features like calderas, however, the primary 

testable control volcanic features is the shape of the ductile magma chamber and its contrast 

to the solid host rock, which induces faulting (cf. Holohan et al. 2008). This concept 

underlines the importance of contrasting rock properties in the formation of syn-magmatic 

structures in a strike-slip tectonic setting both inside and outside the magma chamber.  

 

  
Figure 5. a) Conceptual image of features related to strike-slip faults. Riedel shears are semi-parallel to principal direction of 
stress, while P fractures are symmetrical to the Riedel shears. R’ fractures are conjugate to Riedel shears (e.g. van der Pluijm 
and Marshak 2004). b) Fractures formed around a ductile body (orange ellipsoid) in a strike-slip analogue model (modified 
after Girard and van Wyk de Vries 2005). 
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3. Methods 

To create a comprehensive model for the evolution of the Central Intrusion, field work, and 

both structural and geochemical laboratory methods were applied.  

3.1. Field methods 

Field work was conducted in the area of the Long Loch Fault on Rum for one week in May 

2014. For time reasons, focus lay on the northern and central part of the Central Intrusion. The 

study area was divided in an eastern and western part, since the Long Loch Fault valley 

represents a geological and geographical barrier.  

Structures associated with the fault were recorded by measuring strike and dip of 

layering in the breccia rock units and of contacts and by noting lithological variations in 

relation to fault activity. Only major features were measured. Half of the measurements were 

taken with Fieldmove clino
®
 application by Midland Valley Ltd using the electronic compass 

and clinometer in the smartphone Samsung Galaxy S3
®
 (Appendix 3). The accuracy of the 

measurements was double-checked regularly with an analogue compass and clinometer. 

Samples from representative Central Intrusion rock types were collected for reference, 

including one oriented sample of poikilo-macro-spherulitic feldspar texture, by marking 

north-direction on the rock surface and recording the orientation of the rock face before 

removal from the outcrop. 

3.2. Structural modelling 

Structural data was processed with the Midland Valley Ltd. software package Move
®
 to 

visualize the geological structures in 3D. Surface measurements and literature data (Emeleus 

2004) were draped onto a 3D map of Rum (OS sheet NM39, 10m accuracy) and features were 

then projected in dip-direction to create a 3D model of the Central Intrusion. To study large-

scale features (e.g. faults), field measurements together with satellite and panorama images of 

the area were used to extrapolate the fault surface traces in Move
®
. Fracture and fault pattern 

analysis were performed in Esri ArcGIS
®
 by drawing polylines of lineaments onto satellite 

images (source: Esri, DigitalGlobe, GeoEye, i-cubed, USDA, USGS, AEX, Getmapping, 

Aerogrid, IGN, IGP, swisstopo, and the GIS User Community) of Rum.  

In the 3D model, the rocks were divided into groups for easier distinction: A) peridotite 

outside of the breccia zone, B) troctolite inside and outside of the breccia zone, C) peridotite 

and layered gabbro inside the breccia zone, D) gabbro plugs and sheets, and E) feldspathic 

peridotite (matrix) veins/dyke intrusions.  
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3.1. Electron probe Micro-analyser 

A microtextural and chemical study of thin sections was undertaken at Uppsala University 

using petrography, Scanning Electron Microscopy (SEM), and a field emission electron probe 

micro-analyser (FE-EPMA). The microprobe JXA-8530F JEOL HYPERPROBE is equipped 

with Wavelength dispersive spectroscopy (WDS), which was used for geochemical analysis 

on individual minerals. Electron dispersive spectroscopy (EDS) was used to identify unknown 

mineral phases. The electron beam was set to 15.0 kV and 10 nA. Olivine and pyroxene were 

analysed with a beam diameter of 2 µm and plagioclase, amphiboles and micas with a 

diameter of 5 µm. The microprobe is equipped with 5 spectrometers for WDS analysis with 

different crystals to analyse for different elements. TAP crystals were used to analyse Na, Al, 

and Si, Mg with Spectrometers 1 and 2. PETJ crystal in Spectrometer 3 and 4 were used to 

analyse Ca, Mn, K, Ba and Ti. LIFH crystals on spectrometer 5 were used to collect Fe, Va 

and Cr. The microprobe uses Smithsonian Institute mineral standards. Olivine (USNM 

111312, n= 490) with a ≤1.3% s.d. for SiO2, FeO and MgO. Augite (USNM122142, n= 220 

≤2.1% s.d. for SiO2, MgO, CaO, FeO and Al2O3. Anorthite (USNM 137041, n= 430) gave 

≤1.1% s.d. for SiO2, CaO and Al2O3 and Ca-plagioclase (USNM 115900, n= 240) gave ≤1.4% 

s.d. for SiO2, CaO and Al2O3. 

3.2. Fourier Transform Infrared Spectroscopy (FTIR) 

To analyse water the content of a magma the nominal anhydrous mineral clinopyroxene can 

be used, which may hold OH
-
 in point defects (charge deficiencies) in its crystal structure 

(e.g. Skogby 2006).  An IR spectra can identify OH-vibrational bands and thus quantify water 

content in specific minerals, and together with geochemical data on the pyroxenes (from 

microprobe analysis) calculate the partition coefficient between H2O and the magma, to 

obtain the amount of water in the magma the pyroxenes crystallised from (e.g. Wade et al. 

2008; Nazzareni et al. 2011). 

 A gabbro vein sample was chosen because of the clinopyroxene megacrysts contained 

(R14-C-Gabbro2). Crystals were separated from the sample by crushing and handpicking 

crystal pieces >1 mm in size. To account for any lost OH
-
 during common redox reactions and 

to remove water in cracks in the crystals, the crystal samples were heated in hydrogen gas at a 

temperature of 700° C and pressure at 1 atm, in a furnace at an even temperature for several 

hours, causing hydrogen to enter the sites of the lost OH
-
 ions (see Sundvall and Skogby 

2011). The crystals were then oriented in direction of refractive indices (α, β, and γ) and 

mounted in 100 µm apertures to avoid inclusions and cracks. An IR spectrum over the range 



14 
 

were the vibrational modes of the H2O molecule can be detected (2000 to 5000 cm
-1

) was 

collected with an Equinox 55 spectrometer. To produce the NIR light a halogen lamp was 

used, a CaF2 beam splitter and a polarizer were set in the beam path, and an InSb detector 

collected the spectrum. The IR spectrum was viewed in the Peakfit
®
 software after being 

baseline corrected. The intensity of the peaks in the spectra allows for calculation of water 

content in the pyroxenes using the equations of Bell et al. (1995) and Libowitzky and 

Rossman (1997).  

To calculate the water content of the magma, the EMP data of the pyroxenes were used 

to determine a partition coefficient between water from clinopyroxene and the host basaltic 

magma employing the equation developed by Wade et al. (2008). The analysis was performed 

on multiple crystals (n=5) to define a mean value between water in the gabbro vein magma. 

Standard Error of Estimate (SEE) for the water content estimation is ± 20%. 

3.3. Barometry 

The depth of formation is important in estimating to get further constraints on the Rum deeper 

volcanic plumbing system. For this purpose, barometry was employed using major element 

mineral data (from EMP) on clinopyroxenes from the gabbro vein (R14-C-Gabbro 1 and 2) 

and feldspathic perdidotite dyke (R14-Har-dyke 1 and 2) by applying the Nimis (1995) 

barometer updated by Putirka (2008, eqn 32b), which estimates the pressure of pyroxene 

crystallisation using the crystal cation fraction in clinopyroxene. Equation 32b (Putirka 2008) 

was chosen since it requires input of H2O content of the parent magma as well as temperature 

of crystallisation, which would otherwise yield a systematic error (Putirka 2008). H2O content 

was set to 2.5% after FTIR analysis results on the pyroxenes (Chapter 4.6.) and the 

temperature input was set to 1200º C after the temperature estimate of Central Intrusion 

breccia matrix crystallisation from Donaldson (1975). SEE for this barometer is ±260 MPa 

(Putirka 2008). 
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4. Results 

Observations from field, 3D modeling, petrography, the results from the EMP, FTIR analyses 

and the barometric modelling are presented below. 

4.1. Field observations and rock relationships 

This section presents general observations and aspects from the field work that are significant 

for the formation of the Central Intrusion. Locations of field images (Figs. 7-40, 67) in the 

Central Intrusion are provided in Figure 6. 

 

Figure 6. Location of figure images located on the satellite image of the Central Intrusion (Satellite images are from Google 

Earth
®

).  

4.1.1. Eastern Central Intrusion 

The eastern side of the Long Loch Fault (or eastern Central Intrusion) is a large breccia zone 

with clasts of mainly peridotite and troctolite, but also layered gabbro, and intruded 

feldspathic peridotite. At higher elevation in the eastern Central Intrusion (i.e. at greater 

distance from the Long Loch Fault), the primary form of brecciation is intrusion by thin 

(≤5cm) feldspathic peridotite veins into peridotite, meaning that the breccia is largely clast 

supported, although matrix-supported breccias are locally seen (Fig. 7). On the lower ground 

(i.e. closer to the Long Loch Fault), the breccias becomes increasingly chaotic, and ductile 

deformation become common place with both frequent slump and collapse structures visible, 

i.e. closer to the Long Loch Fault, ductile collapse of layers appears to have acted as the 

primary cause of brecciation (Figs. 8-11). Notably, pure feldspathic peridotite matrix is not as 

noticeable in heavily slumped collapse brecciated zones.  
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Figure 7. Outcrop of matrix supported breccia close to the border with the Eastern Layered Intrusion. The breccia contains a 
feldspathic peridotite (grey) matrix and peridotite clasts (brown). Peridotite clasts seem elongated in a preferential direction, 
implying that the breccias were either subject to movement during or after their formation and before becoming fully 
consolidated. Orange pen for scale (ca. 15 cm). 

 

Figure 8. Ductile slab of layered peridotite (brown) and troctolite (grey) draped over a peridotite breccia visible to the right. 
Inset shows close-up of large peridotite ‘dropstone’ that fell into the slumped troctolite. Person for scale. 
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Figure 9. Coarse troctolite breccia in the lower eastern Central Intrusion. Note the internal alignment of the breccia clasts, 
while the dips in the clasts show random directions. Person for scale. 

 

 

Figure 10. Slumped peridotite (white dashed lines) in the eastern Central Intrusion. The deeper exposures appear to have 
deformed in a more ductile fashion than the material from higher levels in the Central Intrusion. The proximity to the feeder 
zone may have had an influence of deformation style. Person for scale. 
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Figure 11. Slumped mass of peridotite (brown) above grey sheared troctolite breccia (green dashed line) (eastern Central 
Intrusion). The troctolite layers are stretched by the slumped peridotite and cut by small extensional faults (e.g. yellow 
dashed lines). The faults are penetrated by feldspathic peridotite. Person for scale. 

 

4.1.2. Western Central Intrusion 

The western side of the Long Loch Fault, or the western Central Intrusion, displays several 

similarities with the eastern side. In addition, large slabs (50 to ≥100 m in diameter) of 

layered peridotite and troctolite that seemingly slid towards the Long Loch Fault are unique to 

the western Central Intrusion (Wadsworth 1992). North of An Dornabac (An Dornabac ridge) 

the slab layers are stratigraphically situated between an upper angular and lower sheared 

troctolite breccia (Figs. 12-14). An intrusion breccia with peridotite clasts and feldspathic 

peridotite matrix crops out along the border of the western Central Intrusion breccia zone (see 

also eastern Central Intrusion breccias) (Figs. 15 and 16).  

The lower breccia matrix varies between localities from peridotite to plagioclase-rich 

feldspathic peridotite composition, and carries small-elongated clasts (≤40 cm) whose long-

axes generally plunging towards the Long Loch Fault (Figs. 12 &13). The upper breccia clasts 

vary from cm to m in size, surrounded by a matrix of peridotite. Notably, troctolite constitutes 

the matrix at some localities and can be seen to carry peridotite clasts (Fig. 14).  
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Figure 12 (Previous page). a) Stratigraphy of the An Dornabac ridge. At the bottom, the lower sheared breccia and at the 
top, the upper angular troctolite breccia are visible. In-between the two breccias several peridotite and troctolite layers 
occur that dip towards the Long Loch Fault. Sitting person for scale. b) The upper angular breccia contact. Troctolite marks 
the contact. Person for scale. c) The lower sheared breccia. Orange pen for scale. Inset shows close-up of the breccia clasts, 
which are parallel to the dips of the overlying slabs. d) The upper angular troctolite breccia with brown peridotite matrix. 
The upper breccia probably formed from brittle fault scarps above the current site when large angular troctolite blocks fell 
into a peridotite mush. Person for scale. 

 

Figure 13. a) Lower breccia matrix ‘flowing’ around rounded and elongate troctolite clasts. Pen for scale. b) Lower sheared 
breccia unconformity. Both sub-horizontal and sub-vertical sheared and slumped breccia clasts (grey) occur in a peridotite 
matrix (brown). Person for scale. 
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Figure 14. a) Upper breccia. 

Troctolite (light grey) with 

slump features that indicate 

gravitational collapse. The hot 

peridotite lowered the viscosity 

of the troctolite, which in places 

became sheared and slumped 

during the collapse towards the 

Long Loch Fault. b) Troctolite 

matrix in the upper breccia with 

peridotie clasts. c) Large 

troctolite block (light grey) in 

peridotite (brown). Persons for 

scale. 
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South of An Dornabac at the Lag Sleitir ridge (Fig. 15), the troctolite layers are not 

brecciated, as they are north of An Dornabac. Instead, sheared clasts and higher olivine 

content occur in the bedding planes of moderately dipping troctolite layers (breccia matrix?), 

indicating that layers slid towards the Long Loch Fault. On the western side of Lag Sleitir, a 

ca. 50 m wide zone of peridotite intrusion breccia crops out and marks the western border of 

the Central Intrusion (Fig. 16). Notably, matrix-type rocks rarely cut the troctolite layers in 

the area. The bedding planes in the troctolite layers rather seem to have acted as infiltration 

pathways for the matrix magma, preventing brecciation of the rock as seen elsewhere (Figs. 

17 & 18).  

 

Figure 15. Lag Sleitir ridge with major lithological units marked. Lower down (foreground) a zone of intrusion breccia with 
peridotite clasts is exposed. East of the breccia, a thick succession of tilted troctolite layers (towards the Long Loch Fault) 
with feldspathic peridotite and sheared troctolite clasts in bedding planes between layers are recorded. Overlying the 
troctolites are peridotite layers that dip towards Long Loch Fault at a relatively shallow angle. 
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Figure 16. The intrusion breccia west of the Lag Sleitir ridge. The breccia appears to dip towards the Long Loch Fault. Person 
for scale. 

 

Figure 17. Lag Sleitir ridge. Troctolite/gabbro layer in contact with overlying peridotite. In the contact zone, feldspathic 
peridotite likely acted as a lubricant allowing the layers to slide downward towards the Long Loch Fault during graben 
formation. Orange pen for scale. 
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Figure 18. Lag Sleitir. Deformed 
clasts in-between troctolite 
layers. a) Outcrop view of 
troctolite (light rock) with 
feldspathic peridotite in-
between layers (darker and 
rougher surface). Person for 
scale. b) Feldspathic peridotite 
with deformed clasts 
sandwiched between troctolite. 
Orange pen for scale. c) Heavily 
sheared gabbroic clasts 
(schlieren) in olivine-rich 
troctolite. Orange pen for scale. 
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4.1.3. The whaleback 

The ‘whaleback’ is an 

extensive outcrop in the north-

western part of the Central 

Intrusion, given its name as it 

crops out similar to a 

whaleback between the Long 

Loch to the east and a valley 

to the west (e.g. Emeleus and 

Troll 2008). The ‘whaleback’ 

consists of layers of troctolite 

and two types of peridotite, in 

form of ‘normal’ peridotite 

(below troctolite) and a 

‘pebbly peridotite’ deposit 

above the troctolite.  

At the northern end of 

the ‘whaleback’, a ca. 5 meter 

thick succession of layered 

troctolite dips ca. 40° towards 

the west (Figs. 19a & 20b). 

The troctolite layers follow 

the long axis of the outcrop 

(Fig. 19b), but thin to a ca. 30 

cm wide single layer towards 

the south. The troctolite layer 

is traceable south of the 

‘whaleback’, although the 

layering is more ‘chaotic‘ and 

dips more steeply with 

dissimilar azimuths (Fig. 19c, 

breccia zone).  

Figure 19. a) W-dipping troctolite layers (white/grey) on the northern part of 
the ‘whaleback’ outcrop (walking stick for scale, encircled). b) View of the 
‘whaleback’ looking south. Note stringers of troctolite in peridotite. c) The 
continuation of the troctolite layer south of the whaleback outcrop. The layer 
dips steeply and is deformed in a ductile fashion. 
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Figure 20. Details from the ‘whaleback’ outcrop. a) Erosion features on the upper troctolite (light grey) in contact with 
pebbly peridotite (dark grey). Orange pen for scale. b) W-dipping troctolite layers. Note ‘finger’ structures at bottom contact 
with peridotite (brown). Cross-cutting basaltic dykes (dark grey) are ca. 15 cm thick. 
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Figure 21. Graded ‘pebbly peridotite’ (brownish grey) in contact with troctolite (light grey) on the whaleback. Up direction 
towards the observer (west). Red pen for scale. 

 

Figure 22. Peridotite clasts in the pebbly peridotite with chilled or reacted margin on the ‘whaleback’ outcrop. The larger 
peridotite clast dips towards the west. Orange pen for scale. 
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The troctolite layer displays replacement structures (fingers) at its bottom contact and 

erosional features at its upper contact with the pebbly peridotite deposit (Fig. 20a). The 

pebbly peridotite clasts are sorted, usually rounded and enclosed in a plagioclase-rich matrix 

(Fig. 21), suggesting that the pebbly peridotite was deposited in a dynamic fashion inside the 

magma chamber (cf. Emeleus et al. 1996; Emeleus and Troll 2008). In the pebbly peridotite, 

large peridotite ‘dropstones’ have been deposited that presently dip towards the west, 

although impact structures are relatively symmetrical, which may indicate that the 

‘whaleback’ rocks were originally horizontally arranged in the magma chamber before being 

tilted westward within the Long Loch Fault fault zone (Fig. 22). A similar type of peridotite 

also outcrops further south in the eastern Central Intrusion. 

4.1.4. The Central Intrusion contact 

Where traceable, the boundaries of the breccia zones with the Eastern and Western Layered 

Intrusions are steep (Volker 1983; Volker and Upton 1990; Emeleus 1997), but the contacts 

are mostly obscured by vegetation. In the vicinity of the breccia zones, the feldspathic 

peridotite has frequently intruded as dykes, carrying peridotite (host-rock) xenoliths, and as 

veins that cut the peridotite “country rocks” of the Eastern and Western Layered Intrusions in 

a radial and a sub-parallel fashion relative to the Long Loch Fault (Fig. 23). The eastern 

Central Intrusion contact with the Eastern Layered Intrusion is wavy as a result of the intense 

conjugate faulting that occurred in the area and small-scale sliding and slumping of layered 

slabs from the Eastern Layered Intrusion. On the western side of the Long Loch Fault, where 

the conjugate faulting is not as prominent, the breccia zone contact has a large sinuous shape 

over the study area. Internal (within the Central Intrusion) breccia contacts (e.g. with 

intrusions) are narrow zones (1 to 10 cm) with progressively less feldspathic peridotite. 

Intrusive brecciated peridotite by feldspathic peridotite veins has generally higher plagioclase 

content and is thus a little lighter in colour compared to an un-brecciated peridotite, which has 

been applied to map contacts (e.g. Fig. 24).  
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Figure 23. Feldspathic peridotite dyke (grey) with a similar composition to the breccia matrix, in the north-eastern Central 
Intrusion breccia contact zone. The dyke is striking parallel to the Long Loch Fault and abundant peridotite host-rock 
xenoliths are entrained in the dyke (e.g. next to hammer in a). a) Vertical and b) horizontal view of the dyke. This site is the 
sample location for R14-Har-dyke1. Hammer shaft is ~25 cm. 
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Figure 24. Contact between sheared intrusion breccia (light brown) and dunitic peridotite (dark brown) in the western 
Central Intrusion. The contact is sharp and steep (70° SW). The lighter peridotite (on the left) is intruded by feldspathic 
peridotite veins (grey) that were subsequently elongated, i.e. their long-axes plunge dominantly towards the Long Loch 
Fault. The dark patch next to the scale is due to water on the outcrop surface. 

4.1.5. The feldspathic peridotite and the breccia matrix   

The feldspathic peridotite matrix that intruded the Central Intrusion rocks can be divided into 

two broad types of veins (cf. Wadsworth 1992) (Figs. 25 & 26): (i) steep veins striking 

roughly sub-parallel to the Long Loch Fault, and (ii) veins parallel to layering in intruded 

rocks. The first set occurs both inside and outside of the Central Intrusion and a similar strike 

of the veins hints at a relationship to the abundant fault splays in the Central Intrusion. In 

addition, brecciation features bear a resemblance to hydraulic fractures (‘magma fracking’, 

Figs. 27 & 28). The olivine crystals in the matrix are often situated in the centre of the veins 

(implying flow), and at certain localities, the olivines have features similar to harrisite texture. 

Lower in the stratigraphy of the eastern Central Intrusion, several coarse-grained gabbro veins 

cut the slumped rocks and the feldspathic peridotite matrix (Figs. 29 & 30), implying multiple 

intrusive episodes. The feldspathic peridotite is almost always seen in connection to poikilo-

macro-spherulitic feldspar textures, suggesting that the poikilo-macro-spherulites formed due 

to interaction with the matrix magmas via e.g. heating and dissolution plus subsequent 

recrystallisation (Figs. 31-33). 
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Figure 25. Harrisite textured breccia matrix (white) that have intruded peridotite in the eastern Central Intrusion. The 
feldspathic peridotite (lower half of image) have crystallised the dendritic olivine textures (harrisite) while the intruded 
peridotite (upper half of image) is intensely cut by matrix veins. Note the matrix also contains large pyroxenes. 

 

 

Figure 26. Eastern Central Intrusion. Feldspathic peridotite vein (grey/white) that cut peridotite (brown). Large olivines once 
filled the hollows enclosed by plagioclase in the feldspathic peridotite. The olivines are generally centered in the veins, which 
was interpreted by Donaldson (1975) as the feldspathic peridotite vein having been olivine phyric on intrusion already. Coin 
for scale. 
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Figure 27. Eastern Central Intrusion. Straight vein intrusions (grey) of feldspathic peridotite that fractured previously massive 
peridotite (brown). The veins propagated along weakness zones in the rock (e.g. bedding planes) and eventually ruptured 
the peridotite perpendicular to the weakness zone likely by a process similar to by hydraulic fracturing (‘magma-fracking’). 
Encircled orange pen for scale. 

 

 

Figure 28. Upper eastern Central Intrusion. Brecciation of massive peridotite by fracturing through intruding feldspathic 
peridotite. Note the dendritic plagioclase-rich pattern cut by an orthogonal vein system that exploited former layer 
boundaries. Coin for scale.  
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Figure 29. Eastern Central Intrusion. Gabbro vein intruded into harrisite breccia. The gabbro vein may be residual magma 
after olivine crystallisation (Donaldson 1975). The plagioclase-rich margin of the gabbro vein may indicate a chill, 
postulating a temperature difference between the gabbro vein and feldspathic peridotite host-rock. Orange pen for scale. 

 

Figure 30. Gabbro vein with large pyroxenes (white rock with black dots) in eastern Central Intrusion, cut peridotite 
(greenish/grey rock) with poikilo-macro-spherulitic feldspar (left). Note the rock next to the vein is darker brown, probably a 
result of ‘oxidation’ from interaction with the intruded vein. Gabbro veins are more common lower down in topography in 
the eastern Central Intrusion, i.e. closer to the Long Loch Fault. Orange pen for scale. 
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Figure 31. Example of poikilo-macro-spherulitic texture in the eastern Central intrusion in association with intruded 
feldspathic peridotite (lower left corner of image). See Fig. 6 for location. 

 

Figure 32. ‘Whaleback’ outcrop. Poikilo-macro-spherulitic feldspar textured rock in contact with pebbly peridotite that has a 
plagioclase-rich matrix. Thin anorthosite and felspathic peridotite veins cut the poikilo-macro-spherulitic feldspar rock (e.g. 
left of pen knife). 
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Figure 33. Poikilo-macro-spherulitic textured rock north of An Dornabac (type locality). Note the feldspathic peridotite vein in 
the lower right corner. 

4.1.6. Faults 

Fault splays and fault lenses (Fig. 34) in connection with the Long Loch Fault, and internal 

faults within breccia blocks are common features in the Central Intrusion (Fig. 11). Most of 

the faults are visible as straight, meter to several meter wide furrows or terraces between 

outcrops, causing the northern part of the Central Intrusion to display a topographic graben 

profile in cross-section. The fault furrows are a probable effect of dilation and penetration of 

the breccia matrix magma that have been picked out by erosion, resulting in fault traces that 

are not directly visible except for the clearly late faults where no dilation has occurred. The 

traces of the faults seem in instances to grade in to shear zones intruded by feldspathic 

peridotite, apparent in form of shear sense indicators (Figs. 35 & 36), such as rotated 

entrained clasts. The fault splays dip steeply towards the Long Loch Fault and have numerous 

intersections that create fault-bounded lenses (e.g. Figs. 37 & 38), where blocks behaved 

independently relative to the surrounding blocks, as evident from dissimilar dips and up-

directions. The mechanisms of block collapse into the Long Loch Fault graben was oblique to 

normal, but also rotational in places, as is apparent from overturned blocks, which require 

rotation to become overturned (see Chapter 5., Fig 37; Appendix 1). Furthermore, steeply 

inward dipping rock faces on the western side of the Long Loch Fault valley may hint at a 

steep overall dip of the Long Loch Fault towards the west (Fig. 4).  
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Figure 36. Eastern Central Intrusion. Sense of shear indicators in feldspathic peridotite shear zone. The shear zone has a left-
lateral sense of shear that is sub-parallel to the Long Loch Fault. The shear zone can be followed for over 100 m and appears 
to grade into a fault splay furrow. a) Peridotite clast (brown, within yellow dashed line) with wings (similar to mica fish) 
indicating sense of shear. b) Fold (yellow dashed line) in wet troctolite showing sinistral sense of shear. Orange pen for scale.  

Figure 34.  The 
lowermost fault-lens 
of the eastern Central 
Intrusion, which is 
bound by the Long 
Loch Fault to the 
west and borders a 
larger lens towards 
the east. 

 

Figure 35. Shear zone in the 
eastern Central Intrusion. a) 
Highlighted area shows the 
continuation of the feldspathic 
peridotite shear zone on the 
outcrop. The width varies 
between 1 m to 40 cm. b) Clast of 
troctolite in the shear zone. The 
clast is elongated parallel to the 
strike of the shear zone and serve 
as a potential sense of shear 
indicator. Compass for scale. c) 
View perpendicular to the shear 
zone (in strike direction). The 
entrained clasts are not 
elongated in this view, indicating 
that they are cigar shaped and 
elongated in the direction of 
strike of the shear zone (cf. Fig. 
36). 
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Figure 37. Overturned block east of the Long Loch Fault and in-between two fault splays, documenting block rotation inside the magma chamber. The overturned block has an up-direction 
towards the west and seemingly moved towards the Long Loch Fault, apparent from intra-layering troughs, graded layering, and mineral growth features (poikilo-macro-spherulitic feldspar 
texture). See also Appendix 1.  Person for scale. 

 

Figure 38. The eastern side of the Central Intrusion viewed from the west. Dashed lines are visible fault splays and the yellow line represents the approximate contact with the Eastern Layered 
Intrusion. The contact is undulating, which may be an effect of local faulting and of slumping of layered slabs that into the Long Loch Fault graben, while other contact rocks appear brecciated 
by the intrusion of feldspathic peridotite. 
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4.1.7. Gabbro intrusions  

Gabbro plugs and sheets outcrop at several localities in the Central Intrusion, most of which 

are assumed to post-date the main Central Intrusion formation as they cross-cut the Central 

Intrusion breccias (e.g. Glen Harris gabbro sheet) (Emeleus 1997). There are, however, 

exceptions; e.g. the An Dornabac gabbro sheet intrusion dips shallowly (12º) to the east and 

has a contact with the host-rock in the western Central Intrusion that is noticeably dipping 

with ~60º towards the Long Loch Fault (Fig. 39). Also at the north-eastern contact zone of the 

Central Intrusion, a gabbro plug (sheet?) seems to have collapsed towards the Central 

Intrusion, evident from steeply dipping graded bedding (Fig. 40), implying that the sheet was 

emplaced before or during the formation of the Central Intrusion (e.g. Wadsworth 1992). 

 

Figure 39. Western Central Intrusion. The An Dornabac gabbro sheet intrusion dips towards the Long Loch Fault. The internal 
layering (white dashed lines) in the An Dornabac gabbro sheet may have been originally more or less horizontal (Holness et 
al. 2012), but was subsequently tilted towards the east, indicating collapse and displacement of the original units. 

 

 

Figure 40. Layered gabbro sheet in the eastern Central Intrusion that apparently collapsed into the Long Loch Fault graben. 

a) Dashed line marks the steeply-dipping (~80ºS) gabbro-peridotite contact. b) Graded layering in the gabbro indicates that 

the originally sub-horizontal gabbro sheet collapsed towards the CentraI Intrusion. Orange pen for scale. 
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4.2. Geological map 

The presented geological map of the Central Intrusion is based on the existing geological map 

of Rum (Emeleus 2004), but includes updates on the borders of the Central Intrusion, on 

subdivisions of the breccia types, and the locations and orientations of fault splays. The 

pebbly peridotite was also added as a separate unit to the geological map due to its distinct 

nature and its volumetric relevance within the Central Intrusion (Fig. 41). 

 

Figure 41. Geological map of the northern Central Intrusion, including a selection of representative field measurements 
(modified from RUM SNHS map, Emeleus 2004).  Coordinate system: Ordnance Survey grid NM39. 
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4.3. Structural 3D modelling and image analysis 

The 3D modelling of the Central Intrusion (Fig. 42) yielded a 3D render of the major 

structural features of the Central Intrusion. For a complete list of measurements used in the 

model, see Appendix 3.  

 

Figure 42. Complete 3D model of the Central Intrusion, map units were draped on top, and measurements were projected 
from the topographical surface of Rum, Ordnance Survey (OS), sheet NM39, with 10 m elevation accuracy to a maximum 
depth of ~1500m. Scale varies with perspective. 

4.3.1. Fault splays, shear zones and breccia matrix intrusion 

In total, 71 faults and fault splays from field and extrapolated field data were included in the 

3D model (Figs. 42 & 43). The fault/lineament satellite image analysis revealed 447 

lineaments, which can be divided into three groups that strike (i) NW - SE, (ii) NNE - SSW, 

and (iii) NE - SW (Fig. 44).  

Fault splays in the field are seen to generally dip towards the Long Loch Fault and 

usually with a steep attitude, which gives the eastern Central Intrusion the appearance of a 

half-graben with progressively bigger fault lenses towards the east, i.e. towards the Eastern 

Layered Intrusion (Figs. 43, 45, 46). The western Central Intrusion fault splays are mainly 

NW-striking, parallel to the western breccia zone and, e.g. the Glen Harris gabbro shear zone 

strikes parallel to several fault splays in the western Central Intrusion (Fig. 43). 

In total 24 measurements on feldspathic peridotite veins were used in the model, and 

while the steeper dipping veins are sub-parallel to the fault splays, the shallow dipping veins 

reflect layering parallel intrusions into the Central Intrusion rocks (Figs. 43 & 46). 
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Figure 43. a) Unmodified (left) and modified (right) satellite image showing lineaments that were identified as fault traces in 
the field and the attitude of which was measured (red lines). These were used for projection in 3D (cf. Fig. 40). The lineament 
map also includes prolongations of fault traces, shear zones and feldspathic peridotite veins. The eastern side of the Long 
Loch Fault fault splays form an arcuate pattern with progressively larger fault lenses towards the east, while the western 
Central Intrusion fault splays are largely parallel to the north western breccia zone. b) Stereoplot of the Central Intrusion 
fault splay orientations used in the 3D model. (Equal area plot of the lower hemisphere).  
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Figure 44. a) Satellite image analysis of lineaments assumed to represent fractures and faults in the Central Intrusion. Image 
source: ESRI ArcGIS. b) Bidirectional Rose diagram showing preferred strike-direction of lineaments. Three main groups of 
fault splays can be distinguished, (i) NW - SE, (ii) NNE - SSW, and (iii) NE - SW. Lineaments indicate that both right- and left-
lateral faulting occurred during the formation of the Central Intrusion. Equal area plot of the lower hemisphere.  

 

Figure 45. 3D projection of fault splays (red) and shear zone (blue), the steep inward dip of the faults give the study area a 
graben-type structure. a) Cross-section view looking towards the south. b) Cross-section view looking towards the north. 
Scale varies with perspective.  
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Figure 46. Projected faults (red) and feldspathic peridotite veins (light green). The feldspathic peridotite veins strike parallel 
and are occasionally continuations of the fault splays. The veins with shallow dip are those that follow layering in breccia 
blocks. a) Perspective view looking north. Inset of stereoplot with density contours of poles to planes of vein orientation. 
Equal area plot of the lower hemisphere.  b) Perspective view looking south. Scale varies with perspective. 

4.3.2. Structure of rocks and breccias of the Central Intrusion 

The dip of the ‘whaleback’ troctolite layer varies from 45 to 25° along strike, with steeper 

dips (60 to 50°) at the northern and southern tips of the outcrop. On the other side of the 

valley to the west of the ‘whaleback’, just outside the breccia zone, peridotite and troctolite 

layers dip shallowly (~10°) towards the ENE. In the north-western breccia zone, structures get 

more chaotic with both steep and shallow dips of features (77 to 18°), but with a primary dip 

towards the NNE. West of the breccia zone (NW of An Dornabac), large peridotite layers dip 

in a shallow fashion (~25°) to the SE, which are cut by feldspathic peridotite veins and a 

couple of fault splays. The central part of the western breccias (NE of An Dornabac ridge) dip 

with ~25° towards the Long Loch Fault.  

Below and south of An Dornabac, large peridotite and troctolite slabs dip with a shallow 

angle (~30°) to the ESE. On the eastern side of the Central Intrusion, the breccias dip in 

seemingly random directions with inclination of 60 to 25°, but steeper in proximity to the 

Long Loch Fault), while the overall dip-direction is towards WNW. The An Dornabac gabbro 

sheet dips towards the east in a shallow fashion and notably intersects the Glen Harris gabbro 

along dip (Figs. 47 and 48). 
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Figure 47. Projected dip of layering of the recorded Central Intrusion outcrops. a) Cross-section view looking south towards 
the ‘whaleback’ outcrop and the Central Intrusion. b) Perspective view of the ‘whaleback’ from the NW, with projected 
troctolite layers. The dip of the troctolite layer varies, which may indicate differential loading by subsiding western Central 
Intrusion blocks (see discussion). c) Perspective view looking north on projected features in the Central Intrusion. d) 
Projected troctolite and peridotite layers of the Lag Sleitir ridge and the An Dornabac gabbro sheet in cross-section view 
from SW. Scale varies with perspective. 
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Figure 48. Map of the main Central Intrusion rock units and stereoplots (lower hemisphere, equal area) with measured dip of 
layering in cumulate rocks and breccia-types in different areas of the intrusion. Density contours for poles to planes. For 
legend see Fig. 42. 
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4.3.3. Fault reconstruction 

By reconstructing late right-lateral fault movement on the Long Loch Fault, the fault pattern 

of the western Central Intrusion and eastern Central Intrusion as well as the distribution of 

rock units do largely link up (Fig. 49). In combination with the steep inward dips, the fault 

splays gives the northern Central Intrusion the shape of a negative flower structure or a 

transtensional (converging) graben that converges to the same strike-slip fault at depth.  

 

Figure 49. Removing 750 m right-lateral displacement that occurred after the emplacement of the Central Intrusion (cf. 
shaded geological map in the background), many units and structures seem to link up across the Long Loch fault and fault 
splays seem to mirror image each other. Note also, the pebbly peridotite deposit (blue) outcrops almost continuously along 
the N-S strike of the Long Loch Fault. For legend see Fig. 42. 
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4.4. Sample description, petrography and mineral chemistry 

This section presents petrographic observations on the collected sample suite from the Central 

Intrusion and combines these with EMP results. 

Sample: R14-C-Gabbro 1 

Location: Eastern Central Intrusion breccia zone, gabbro vein cut peridotite and troctolite 

layers parallel to the Long Loch Fault. 

Coordinates: N56°59"48.5' W006°20"36.5' 

Rock type: Coarse-grained gabbro, with visible pyroxene (45%; ≤10 mm size), olivine 

(15%), plagioclase (38%), and minor opaque and alteration phases (2%). 

Mineralogy: The rock contains large euhedral, subhedral and anhedral pyroxenes (cores 

Wo48-43En48-43Fe9-7 and rims Wo49-48En43Fe8). Tabular plagioclase (An85-81) crystals form the 

interstices between the pyroxenes. Pyroxenes are connected by olivine (Fo83) ‘channels’ or 

veins, suggesting that the plagioclase crystallised before the clinopyroxene and olivine. The 

pyroxenes have inclusion of plagioclase and altered olivine (to mica), which imply that the 

pyroxenes are the youngest of the major minerals (Fig. 50).  
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Figure 50. (Previous page). Late gabbro vein with large pyroxenes (brownish green). a) Olivine ‘channels’ or veins (red 
dashed margins) in plagioclase (CPL). b) Small olivine (high relief, white) and clinopyroxene channels (within red dashed 
margins) in plagioclase (low relief white). Note the thickness of the thin section gives some of the minerals anomalous 
interference colours (CPL). c) Inclusion of brown altered olivine in clinopyroxene (PPL). d) Large pyroxenes with inclusions of 
plagioclase. Olivine and plagioclase crystals surround the clinopyroxene crystal (CPL).  

Sample: R14-C-Gabbro 2 

Location: Eastern Central Intrusion, vein in breccia zone. 

Coordinates: N56°59"37.1' W006°20"25.7' 

Rock type: Coarse-grained gabbro comprised of dark pyroxene (40%; ≤5 mm size), olivine 

(15 %), plagioclase (40%), and minor magnetite, Ti-magnetite and alteration phases (5%). 

Mineralogy: Large euhedral to subhedral clinopyroxenes (core Wo47-42En48-43Fe11-8 and rim 

Wo47-45En45-43Fe11-10; Fig. 51) are surrounded by tabular interstitial plagioclase (An63-59). 

Olivine (Fo79-77) fills pathways/channels between pyroxenes, suggesting that the mafic 

minerals intruded as veins into a plagioclase-rich rock. Pyroxene has inclusions of anorthosite 

and altered olivine that started to transform to mica. This relationship implies that the 

pyroxenes are the youngest of the major minerals in the rock (Fig. 52). Magnetite and Ti-

magnetite have crystallised in cracks and along grain contacts of the large pyroxene crystals. 

 

Figure 51. BSE image of representative clinopyroxene in gabbro vein. The rims of this clinopyroxene crystal have higher Ca 
and Fe content due normal zonation and reaction with the surrounding plagioclase. 
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Figure 52. Late gabbro vein with large pyroxenes (light brown/green). Olivine crystals (high relief; white) are situated in 
pathways between pyroxenes (red dashed margin). Tabular plagioclase (white) crystals are randomly oriented. a) Subhedral 
clinopyroxene with brownish altered olivine inclusion (PPL). b) CPL photomicrograph of a. c) Large subhedral clinopyroxene 
with plagioclase inclusions. Note the borders of the clinopyroxene crystals are embayed (PPL). d) Microphotograph of large 
clinopyroxenes that grew around olivine (CPL). e) Olivine channel (dashed red line) connects larger clinopyroxene grains with 
plagioclase in the interstices (PPL). f) Photomicrograph of olivine channel (red dashed margin) in-between clinopyroxenes in 
plagioclase matrix (CPL). 
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Sample: R14-Per-Har-Vein 

Location: Eastern Central Intrusion. Feldspathic peridotite vein intruded by gabbro vein cut 

peridotite in breccia zone. 

Coordinates: N56°59"44.7' W006°20"22.2' 

Rock type: Feldspathic peridotite with olivine (50%), plagioclase (30 %), opaque phases 

(ilmenite, magnetite and chrome spinel?) (15%), and kaersutite (5 %). Gabbro vein contains 

pyroxene (30%), plagioclase (60%) and olivine (10%). 

Description: In hand specimen, the feldspathic peridotite (3 to 10 mm thick in thin section) 

grades to peridotite with less plagioclase between the olivine grains within the rock. Large 

euhedral to subhedral pyroxenes in the gabbro vein are seen to have intruded the feldspathic 

peridotite. In thin section, rounded to tabular cumulate olivines are (poikilitically) enclosed in 

plagioclase on one side of the vein, and in pyroxene on the other side of the vein, implying the 

vein intruded along grain boundaries of larger macrocrysts. The vein is titanium-rich and 

comprises of opaque phases (probably ilmenite, magnetite and chrome spinel), and kaersutite 

(locally replaces pyroxene) and plagioclase. The olivines outside the vein are euhedral 

(cumulate shaped), while notably, the olivines inside the vein are embayed and 

subhedral/subequant (Fig. 53) (cf. R14-Har-dyke1), underlining that they originate from 

different sources. 
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Figure 53. A feldspathic peridotite (breccia matrix) vein that intruded peridotite. The sample is divided between (poikilitic 
textured) clinopyroxene macrocrysts, plagioclase-rich vein and (poikilitic) plagioclase macrocrysts in the interstices between 
the olivine crystals. a) Photomicrograph of olivine poikilitically enclosed in pyroxene (right) and surrounded by plagioclase 
crystals (left) (CPL). b) Image shows olivine pokilitically enclosed in clinopyroxene (CPL). c) Microphotograph of the thinnest 
part of the feldspathic peridotite vein (within red dashed margins) (CPL). d) Image shows embayed olivines and twinned 
clinopyroxene (lower left corner) in the feldspathic peridotite vein (within red dashed margins). Note also the abundance of 
opaque phases in the vein (CPL). e) Microphotograph of kaersutite amphibole (brown/red) that replaced clinopyroxene. The 
vein covers the full image (PPL).  f) Large opaque phases (ilmenite and chrome spinel) in the plagioclase-rich vein. The vein 
covers the full image (CPL).  
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Sample: R14-Har-dyke 1 

Location: Boundary to the breccia zone, eastern Central Intrusion, east of the Long Loch, 30 

cm dyke in peridotite. The dyke is sub-parallel to the Long Loch Fault and carry host-rock 

xenoliths (~10 cm in size) of peridotite. 

Coordinates: N56°59"59.6' W006°20"27.1' 

Rock type: Feldspathic peridotite dyke comprising large olivine (~5 mm; 40%), 

clinopyroxene (15%), plagioclase (38%), ilmenite and chrome spinel (5%), kaersutite and 

pargasite (2%).  

Mineralogy: Olivine (Fo84-83) phenocrysts are rounded, subequant, subhedral and embayed in 

relatively coarse-grained interstices with plagioclase (An73-42), pyroxene (Wo49-44En48-41Fe11-

8), pargasite and kaersutite (very similar to breccia matrix, cf. Donaldson 1975). Ilmenite is 

exsolved in subhedral-subequant hollow chrome spinel (Figs. 54 & 55). The sample traverses 

the border with the peridotite tongue host-rock, which contains of large closely packed 

olivines (Fo87-86) (80%) and minor plagioclase (2.5%), pyroxene (2.5%), chrome- spinel 

(10%) and serpentine (5%) in the interstices. Euhedral chrome-spinel forms trails between the 

olivine grains (Fig. 52).  

 

Figure 54. BSE image of subhedral embayed chrome spinel with exsolved ilmenite, surrounded by clinopyroxene, plagioclase 
and fractured olivine.  
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Figure 55 (previous page). Feldspathic peridotite dyke (very similar to breccia matrix). a and b) Anhedral to subhedral olivine 
with embayed crystal borders. Plagioclase crystals comprise the interstices in-between the olivine grains (CPL). c) Tabular 
embayed olivine crystal in plagioclase (CPL). d) Photomicrograph of large embayed olivine (CPL). e) Photo of clinopyroxene 
crystals and small embayed olivines surrounded by tabular plagioclase (CPL). f) Clinopyroxene grain with olivine and 
clinopyroxene inclusions (CPL). g) Photomicrograph of kaersutite (brown; lower left), pyroxene (light green; top right) and 
embayed olivine in plagioclase (PPL). h) Microphotograph of subhedral pyroxene (top of image, high relief, white) and 
amphibole (brown) (PPL).  

 

 

Figure 56. a and b) Contact between the feldspathic peridotite dyke (lower half of image) and the peridotite plug (upper half 
of image). The contact is a narrow zone with fine-grained olivine, opaque phases and brown minerals (PPL and CPL). c and e) 
show the peridotite host-rock, which consists primarily of close-packed olivine (CPL). d) Large olivine crystal. Note the broken 
out areas in olivine are likely caused by plucking during preparation (CPL). f) Photomicrograph of close-packed olivine with 
trail of chrome spinel in the interstices between olivine crystals (PPL).  
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Sample: R14-Har-dyke 2 

Location: Boundary to the breccia zone, eastern Central Intrusion, east of the Long Loch, 10 

cm feldspathic peridotite dyke in peridotite that is sub-parallel to the Long Loch Fault.  

Coordinates: N56°59"59.6' W006°20"26.8' 

Rock type: Feldspathic peridotite dyke contains olivine (25%), plagioclase (40%), pyroxene 

(20%), and minor magnetite, ilmenite and amphibole (15%).  

Mineralogy:  R14-Har-dyke 2, Subhedral to subequant olivine phenocrysts (Fo85-84) are set in 

a fine-grained matrix of tabular plagioclase (An64-47), pyroxene (Wo48-47En44-42Fe10-9) and 

magnetite with ilmenite lamellae (Fig. 57). Brown-red amphibole surrounds some of the 

opaque phases (Fig. 58). Smaller olivine grains occur and are potentially a second more fine-

grained generation, however, no distinction in chemistry between olivines is detected. 

 

Figure 57. BSE image of magnetite with lamellae of ilmenite that formed together with plagioclase and clinopyroxene in the 
matrix between larger olivine phenocrysts. 
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Figure 58. Feldspathic peridotite dyke that consists of subhedral sparse olivine phenocrysts in a granular matrix of pyroxene, 
kaersutite, magnetite and ilmenite. a) Embayed olivine phenocrysts (large crystals) in matrix (CPL). b) Matrix. Note the 
brownish-red amphibole in the matrix (PPL). c) Large zoned plagioclase surrounded by tabular plagioclase, olivine and 
clinopyroxene. d) Image of granular matrix that comprises clinopyroxene, amphibole, plagioclase, magnetite and ilmentite 
(PPL). 

 

 Sample: R14-Har-Per 

Location: Breccia zone, eastern Central Intrusion, east of the Long Loch. In outcrop the rock 

is cut by breccia matrix. 

Coordinates: N56°59"58.1' W006°20"32.2' 

Rock type: (Feldspathic) peridotite, consists of olivine (40%), pyroxene (28.5%), plagioclase 

(28.5%), and minor opaque phases (3 %). 

Mineralogy: Small cumulate olivines (Fo82-81) (~1 mm in size) with interstices of plagioclase 

(An85-65) and pyroxene (Wo45En47-46Fe9-8) that (poikilitically) encloses the olivine (Fig. 59).  
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Figure 59. Cumulate olivines are enclosed poikilitically in clinopyroxene and plagioclase. The interstices also comprise tabular 
plagioclase crystals. a and b) Olivine enclosed by clinopyroxene (top of images) and plagioclase (base of images) (CPL). c) 
Olivine poikilitically enclosed in clinopyroxene (left) and plagioclase (right) (PPL). d) Cumulate olivine crystals poikilitically 
enclosed in plagioclase (PPL). 

 

Sample: R14-M-Spher 

Location: Eastern Central Intrusion breccia zone, overturned block. The sample was collected 

from horizontal ground and marked with a north arrow. 

Coordinates: N56°59"46.8' W006°20"33.1' 

Rock type: Peridotite with olivine (60 %), plagioclase (25%), clinopyroxene (13%), and 

minor opaque and alteration phases (2%). 

Mineralogy: The rock has a texture similar to poikilo-macro-spherulitic feldspar texture, with 

plagioclase-rich (An85-84) rays radiating from a centre. Olivines (Fo85) are small (1-3 mm), 

rounded to sub-rounded cumulate crystals and are poikilitically enclosed in plagioclase and 

pyroxene (Wo47-45En48-46Fe8-7) macrocrysts (Fig. 60). The weathered surface of the rock has a 

honeycomb-like texture and minor euhedral pyroxene.  
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Figure 60. Poikilo-macro-spherulitic feldspar texture. Subhedral to euhedral olivine is poikilitically enclosed in plagioclase (a) 
and clinopyroxene (b) (CPL). c) Cumulate olivine crystals surrounded by interstitial plagioclase. d) Cumulate olivine enclosed 
in clinopyroxene macrocryst (CPL). e) Microphotograph of olivines (white, high relief) with plagioclase in the interstices 
(PPL). f) Later metasomatism is locally recorded as tremolite (green) that replaced olivine along intra-crystal fractures (CPL). 
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Sample: R14-Per 1 

Location: Southern whaleback, west of Long Loch. 

Coordinates: N57°00"15.9' W006°20"44.9' 

Rock type: Feldspathic peridotite (cumulate rock) consisting of olivine (60%), pyroxene 

(8%), plagioclase (30%) and minor kaersutite, phlogopite and chrome spinel (2%). 

Mineralogy: In outcrop view, the rock appears dominantly fine-grained. The olivines are 

rounded, subequant (both semi-rectangular and rounded) and occur in different sizes (1 to 10 

mm). As the borders on the cumulate olivines are eroded, the rock seems to have formed by a 

more dynamic deposition than cumulate olivines in the other samples (cf. R14-M-SPHER). 

Close-packed olivine clots occur in the rock, resulting in randomly proportioned mineral 

domains in the thin section. Plagioclase is present as tabular interstitial crystals and as 

macrocrysts that poikilitically encloses olivine crystals in the rock. Clinopyroxene 

macrocrysts poikilitically enclose olivine in parts of the rock. Interstitial skeletal chrome 

spinel and kaersutite are minor phases in the rock (Fig. 61).  
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Figure 61. Subhedral to euhedral olivine crystals that are poikilitically enclosed in plagioclase (low relief, white) 
(heteracumulate). The olivines (high relief) are unsorted (from 0.1 to 10 mm size) and have different shapes with some 
crystals showing eroded edges. The olivines also occur in clots. a and c) Images of fractured olivine (high relief, white) in 
plagioclase matrix (PPL). b) Small olivine grains (poikilitically) enclosed in plagioclase (CPL). d) Olivines (poikilitically) 
enclosed in pyroxene (CPL). e) Kaersutite (brown/red) in-between olivines (CPL). f) Clot of close-packed olivine crystals of 
different-sizes (CPL).  
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R14-Per 2 

Location: Eastern Central Intrusion, close to the Long Loch Fault, pebbly peridotite deposit. 

Coordinates: N56°59"27.9' W006°20"35.7' 

Rock type: Feldspathic peridotite (cumulate rock) with olivine (60%), plagioclase (37%), and 

chrome spinel (3%). 

Mineralogy: Olivine grains (Fo87-85) are rounded, subequant (eroded borders) and occur in 

different sizes (1 to 7 mm) and shapes. Plagioclase (An85-83) macrocrysts poikilitically enclose 

the olivine crystals (Fig. 62). The ratio between olivine and plagioclase varies over the rock, 

(olivine is close-packed with limited surrounding plagioclase in parts of the rock). Skeletal 

chrome spinel is present in the plagioclase matrix (Fig. 63). The consistently eroded borders 

of the cumulate olivine imply that the rock has formed by a more dynamic deposition process 

than other cumulate samples (e.g. R14-M-SPHER). 

 

Figure 62. a-d) Subhedral to euhedral olivine crystals (high relief) that are poikilitically enclosed in plagioclase. The olivines 
are unsorted (from 0.1 to 7 mm size) and have different shapes and eroded edges. Notably, the plagioclase interstices are 
radially cracked around olivine grains. a and b) (CPL). c and d) (PPL).  
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Figure 63. BSE image of skeletal chrome spinel embedded  in plagioclase that fills the interstices between cumulate olivines.  

 

4.5. EPMA 

A total of 252 point analyses on major minerals from the collected samples were made 

(Appendix 4). Clinopyroxene is Ca-rich and plots in the augite and diopside field of the 

ternary classification diagram (see Deer et al. 1992). Plagioclase shows large variation in An 

content ranging from bytownite to andesine. Olivines display limited fosterite variation, 

except for lower Fo contents in sample R14-C-Gabbro2 (Figs. 64 & 65). 
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Figure 64. Ternary classification diagrams for a) pyroxene and b) plagioclase (see Deer et al. 1992). The pyroxene crystals 
plot in the diopside and the augite fields, while the plagioclase composition ranges from andesine to bytownite. 
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Figure 65. Detailed 
compositional plots for a) 
pyroxene Mg# plotted 
against wollastonite %, b) 
plagioclase anorthite % 
plotted aginst orthoclase 
%, c) olivine fosterite % 
plotted against NiO wt. %. 
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4.6. FTIR 

The calculated water content in the gabbro vein magma ranges between 1.98 to 2.707 wt. % 

H2O (SEE ±20%) (Table 1). The partition coefficient between magmatic water and water in 

the pyroxenes were calculated using the Al in tetrahedral sites in the crystal structure. Sample 

B crystals are generally larger than sample A crystals, but come from a more weathered part 

of the rock specimen. See also Appendix 2. 

Table 1. FTIR analysis result of the R14-C-gabbro2 clinopyroxenes and calculated water content in the gabbro vein magma. 

Sample Si4+ [IV]Al3+ 

H2O CPX 

(ppm) 

Partition 

Coefficient 

H2O Magma 

(wt. %) 

Sample B (Crystal B3, dried) 1.89 0.053 322 0.0162 1.985 

Sample A Rum-A test (dried Nr.2)* 1.89 0.054 643 0.0165 3.890* 

Sample A (Crystal A1, dried Nr.2) 1.89 0.054 402 0.0165 2.432 

Sample B (Crystal Rum-B, dried Nr.2) 1.89 0.053 398 0.0162 2.454 

Sample B (Crystal B) 1.89 0.053 439 0.0162 2.707 

*Sample may not be sufficiently dried, i.e. meteoric water may still be present in cracks in the crystal. 

4.7. Barometry 

The clinopyroxene macrocrysts from the gabbro veins specimens (R14-C-gabbro 1 and 2) 

(n=37) were used to calculate crystallization pressures (eqn. 32b in Putirka 2008). The 

pyroxenes crystallised at pressures between 300 to 600 MPa (SEE ±260 MPa), which 

correspond to between 9 and 18 km (±7.7 km) depth (Fig. 66). The interstitial clinopyroxene 

(n=22) in the feldspathic peridotite dykes (R14-Har-dyke 1 and 2) crystallised at pressures 

between 180 to 650 MPa (SEE ±260 MPa) corresponding to between 6 and 20 km of 

overlying ultramafic rock. 

  

Figure 66. Barometry of clinopyroxene 

crystals using the Putirka (2008) eqn. 

32b (updated from Nimis 1995). This 

method represents a single pyroxene 

barometer that requires the input of 

crystallisation temperature and water 

content for the source magma 

(Chapter 4.6.). The SEE for the 

barometer is ±0.26 GPa. The 

stratigraphy of the Hebridean Terrane 

below Rum (Trewin 2002; Nicoll 2009) 

and the potential source reservoir of 

the clinopyroxene are marked on the 

diagram. 
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5. Discussion 

The large amount of ultrabasic rock in the central volcanic complex on Rum is unique in the 

BPIP (cf. Emeleus and Bell 2005), as is the association of a pluton directly over a strike-slip 

fault such as the Long Loch Fault and the structures related to it, which suggests that there is a 

connection between the ultrabasic Rum intrusion and the Long Loch Fault system. To 

evaluate this inference, structural and petrological aspects will be considered jointly below.  

5.1. The deeper plumbing system of the Rum volcano 

Barometry results of the gabbro vein and feldspathic peridotite dykes clinopyroxenes give a 

depth of crystallisation of mid to lower-crustal levels, implying that the Central Intrusion 

magmas rested in a deep reservoir hosted by Lewisian granulite crust (Trewin 2002; Nicoll 

2009) before intruding into the shallow magma chamber, supported by the large gravity 

anomaly of the Layered Suite on Rum (McQuillin and Tuson 1963). However, the error of 

equation 32b is very large (Fig. 66), implying that the calculated pressures are only an 

approximation of their former position in the crust. Nevertheless, the consistently deeper 

calculated crystallisation depths than the shallow magma chamber exposed on Rum, argues 

for the bulk of the pyroxenes having crystallised in a deeper (lower crust) holding chamber. 

Additionally, the barometer (Putirka 2008, eqn. 32b) is highly dependent on input 

temperature, a small decrease in input temperature would change the crystallisation pressure 

drastically. The temperature input of 1200ºC, seems, however, appropriate considering the 

ultramafic composition of the magma (Donaldson 1975), and since the Rum parent magma is 

proposed to be several hundreds of degrees hotter than the crystallisation temperature for 

feldspathic peridotite (cf. Upton et al. 2002).  

5.2. Water content in the Rum magma 

Minerals with nominal water are common in the ultrabasic layered complex, often in 

association with iconic textural features, such as the harrisite texture and replacement 

‘fingers’ (Donaldson 1975; Butcher, Young and Faithfull 1985; Faithfull 1986; Emeleus 

1997; Holness 2005; Holness and Winpenny 2009). Alteration phases may also be important 

indicators of high water content in the magma, for example, olivine inclusions in pyroxenes 

replaced by mica, interstitial amphibole (tremolite), serpentine, and chlorite are common in 

the Central Intrusion rocks. Donaldson (1975) regarded several of the alteration minerals a 

product of the water-rich intruded feldspathic peridotite matrix, as neighbouring rock had 

been less altered. In other parts of the ultrabasic layered complex, the alteration phases are 

considered to be the results of late hydrothermal activity (e.g. Greenwood et al. 1992; Holness 
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and Winpenny 2009). Specifically, Greenwood et al. (1992) and Emeleus (1997) proposed 

that circulating meteoric water had interacted with almost the complete ultrabasic layered 

complex by measuring δ
18

O
 
ratios, but further noted this was strongest at the borders and 

would not likely heavily affect the central parts of the magma chamber. Water-rich mineral 

alterations seen in ultramafic rocks deep in the Central Intrusion may thus be regarded as 

produced by magmatic water (cf. Kitchen 1985), implying that the high water contents 

measured in the Central Intrusion samples reflect that the Rum parent magma was water-rich 

(see also Chapter 4.6.). The high water content of the magma would have decreased the 

solidus of the ultrabasic liquid (e.g. Yoder and Tilley 1962) and lowered its viscosity, which 

likely facilitated ascent of large volumes of ultrabasic magma to shallow levels in the crust.  

In comparison to OIB-type magmas, that have ≤1 % wt. H2O (e.g. Nichols et al. 2002; 

Wallace 2005; Naumov et al. 2012; Sides et al. 2014), the gabbroic veins magma in the 

Central Intrusion is enriched in water and shows closer affinity to H2O contents prevalent in 

continental volcanism (cf. Naumov et al. 2012; Table 2). The high water content supports that 

the gabbro vein pyroxenes probably formed at quite high pressures, deeper than its current 

emplacement position in the magma chamber (≤3 km depth when the Rum volcano was 

active; cf. Emeleus and Troll 2014), since lower pressures would promote degassing (e.g. 

Nichols et al. 2002).  

Table 2. Water content in magmas from different tectonic settings (Naumov et al. 2010). 

Tectonic setting (n) Water content magmas (wt. %) 

Mid-Ocean Ridge (1216) 0.29 (+0.34/ – 0.16) 

Ocean Islands (1238) 0.52 (+0.68 /– 0.29) 

Island arcs (1044) 1.8 (+1.49 /–0.82) 

Active continental margin (430) 1.96 (+2.36 /–1.07) 

Intracontinental rifts and continental hotspots (550) 1.64 (+2.42/–0.98) 

Backarc (196) 0.92 (+0.91 /–0.46) 

Rum (This work) 1.98 to 2.71 (± 20%) 

 

Pyroxene-rich gabbroic alkaline veins occur at several localities in the Rum ultrabasic 

intrusion (Butcher 1985; Kitchen 1985; Emeleus 1997; Hamilton et al. 1998). Butcher (1985) 

argued that the gabbro veins in Unit 10 represent residual intercumulus liquid, as the veins 

could not be seen to cross-cut layered units and had relatively diverse chemistry compared to 

other gabbroic intrusion on Rum (e.g. the Glen Harris gabbro sheet). For the Central 

Intrusion, Donaldson (1975) proposed that the gabbro veins had crystallised from residual 

magma of the feldspathic peridotite matrix. Holness and Winpenny (2009) further proposed 

that the residual liquid from the cumulate pile in the Eastern Layered Intrusion was especially 



68 
 

water-rich and an important agent in post-cumulus processes. The gabbro veins in the Central 

Intrusion appear quite similar to the veins described by Butcher (1985) and Holness and 

Winpenny (2009), inferring that the composition of residual melts may have been developing 

similarly towards alkaline compositions throughout in the ultrabasic layered complex 

The late Mg-rich ‘M9 dyke’ is proposed to be equivalent in composition to the parent 

magma of the Rum ultrabasic intrusion (Upton et al. 2002), which probably had a water 

content very similar to OIB-type magmas. The additional ~1.5% of the water in the gabbro 

vein magma measured in this study must therefore have another origin. Analyses of the ‘M9 

dyke’ reveal a small trace of Lewisian granulite-facies crust (Nicoll 2009), implying that 

incorporation of mafic minerals from the host-rock in the deep magma chamber could have 

increased the water content in the magma. Fractional crystallisation in a lower crustal 

reservoir  would also have had an effect on the water content (cf. Wallace 2005; Nazzareni et 

al. 2011) and could have contributed to the relatively late Central Intrusion magmas 

(including the gabbro vein magma) having been particularly water-rich.  

5.3. The Central Intrusion rocks and magma 

The fosterite content in olivines from the analysed peridotites are comparable to layered 

intrusion olivines (cf. Emeleus 1997), while olivine Fo contents of the feldspathic peridotite 

dykes are generally lower (cf. Donaldson 1975). The intercumulus plagioclase crystals in the 

peridotites have relatively high An content. The plagioclase An content in the feldspathic 

perdotite dykes are lower than in peridotite and show a large compositional variation. The 

pyroxene crystals are also more primitive in the peridotite, suggesting that the matrix parent 

magma had been fractionated in a deeper reservoir (Donaldson 1975). The large 

compositional variation in plagioclase is potentially due to that matrix dykes and veins had 

less interaction with the cumulate pile, which led to fractional crystallisation within the 

interstices of the rock (similar to orthocumulate crystallisation), and which would also, on a 

broader scale, offer a clue to which veins had interacted with the layered cumulates and which 

ones had not (cf. difference in An content between the gabbro veins, Fig. 65).  

The intrusive origin of the feldspathic peridotite breccia matrix was challenged by 

Wadsworth (1961, 1992), Donaldson (1982) and Volker and Upton (1990) based on the 

suggestions that the feldspathic peridotite matrix could have been a filter-pressed residual 

liquid from the cumulate pile. However, the harrisite/spinifex textures and the embayed 

olivine crystals in the feldspathic peridotite veins in the Central Intrusion require an Mg-rich 

magma that crystallises on emplacement (e.g. O’Driscoll 2007a). In addition, the amount of 
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intruded feldspathic peridotite in the Central Intrusion and their structural patterns argue for a 

dominantly intrusive origin of the feldspathic peridotite matrix, consistent with a depth of 

crystallisation of the entrained clinopyroxenes that was likely below the present level of 

exposure (Chapter 4.7.) (see also Appendix 5). 

5.3.1. Reaction with breccia matrix 

The Central Intrusion peridotites seem generally more plagioclase-rich compared to other 

parts of the ultrabasic layered intrusion, and since most of the Central Intrusion rock units 

originated from the Eastern and Western Layered Intrusions (Wadsworth 1961; McClurg 

1982; Volker 1983; Wadsworth 1992; Emeleus et al. 1996), the peridotites must have 

interacted considerably with a plagioclase-rich liquid. 

Post-cumulus processes caused the formation of many of the features and textures in 

ultrabasic layered complex at Rum. For example, Donaldson (1973), Holness (2007) and 

Holness et al. (2005, 2007) strongly emphasised their importance in studies of the ultrabasic 

layered intrusion rocks and textures. The intrusion of feldspathic peridotite (breccia matrix) in 

the Central Intrusion generated a dense 3D network of veins connected to main intrusive 

channels along the layering planes allowing for widespread reaction with the host rock (e.g. 

Butcher et al. 1985). The troctolites and peridotites have reacted differently to the intrusion of 

feldspathic peridotite. No replacement features can be seen in outcrops of the troctolite layers, 

except for higher 

olivine content in 

bedding planes at some 

localities (e.g. Lag 

Sleitir). The peridotites, 

on the other hand, have 

reacted extensively 

with the intruded 

matrix. One example is 

the poikilo-macro-

spherulitic feldspar 

texture found all over 

the Central Intrusion 

(Donaldson 1973; 

Volker 1983; Figs. 31-

Figure 67. Poikilo-macro-spherulitic feldspar texture cut by feldspathic peridotite veins 
that contain small dendritic olivines (harrisite texture) in the eastern Central Intrusion 
east of the Long Loch. Inset shows close-up of the feldspathic peridotite veins. The 
remobilisation of plagioclase from the intruded feldspathic peridotite affects where 
poikilo-macro-spherulitic feldspar textures grew. This observation is consistent 
throughout the Central Intrusion as feldspathic peridotite veins usually occur in 
connection to this texture in the study area (see Figs. 31-33, 67, Appendix 1). 
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33, 67, Appendix 1). The peridotite was more porous and less viscous compared to the 

troctolite layers (see below; Wadsworth 1992), which led to preferential intrusions by 

feldspathic peridotite veins, diffusive replacement, re-crystallisation of interstitial plagioclase, 

and destabilisation of the cumulate pile. The less pronounced mineral layering (cf. Eastern 

Layered Intrusion rocks) in the Central Intrusion peridotite samples also implies that they are 

in part reworked and re-crystallised. In fact, divergent plunge of magnetic lineations in the 

Eastern Layered Intrusion has been suggested to be caused by slumping within the cumulate 

layer (O’Driscoll et al. 2007b). Hence, the potential for finding preserved small-scale features 

from the Western and Eastern Layered Intrusions in the Central Intrusion rocks is limited, 

because the Central Intrusion slump features acted on a variety of scales (see Figs. 8 & 60). A 

substantial pressure change probably occurred in lower stratigraphical units of the layered 

magma chamber when overlying units collapsed towards the Long Loch Fault that caused 

revolatisation of the intercumulus liquid and further enhanced the graben collapse, but also 

allowed for reaction with the new intruded magma. 

The pebbly peridotite rocks were dynamically deposited deep in the magma chamber 

(see Chapter 5.4.2.1.). With the exception of eroded borders of olivine crystals, the pebbly 

peridotite displays no post depositional deformation features. The interstices of plagioclase 

and minor clinopyroxene macrocrysts in the pebbly peridotite are relatively primitive, 

indicating that the already present interstitial minerals recrystallised from diffusive 

equilibrium with the Ca-rich surrounding liquid, since no recrystallisation textures are present 

in the interstices. 

The breccia matrix also crystallised harrisite textured olivine, which implies the 

feldspathic peridotite liquid was an olivine oversaturated melt and appears to have nucleated 

on already entrained crystal fragments. The olivine nucleation growth rate must have 

increased drastically when the matrix liquid intruded the cooler peridotite mush and started to 

crystallise dendritic crystals (c.f. Donaldson 1982; O’Driscoll et al. 2007a). The pyroxenes 

and plagioclase poikilitic macrocryst textures have formed in a similar way, since low 

nucleation rate, but high growth rates are required to crystallise macrocrysts (e.g. Winter 

2010). However, considering that some of the clinopyroxene and plagioclase (poikilitic) 

macrocrysts in the collapsed cumulate layers might be secondary (cf. An content between 

feldspathic peridotite dykes and peridotites), post-cumulus processes can perhaps explain their 

formation, e.g. the wavy-horizon in Unit 9 (Eastern Layered Intrusion) formed by 

metasomatic fluids from an intruding picritic layer depleted and later crystallised 

clinopyroxene macrocrysts in the intruded mush (e.g. Holness 2007). 
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5.3.2. The intrusion of feldspathic peridotite 

Elongated clasts entrained in matrix-supported breccia indicate that the feldspathic peridotite 

intrusion in instances preceded the slump/collapse of rock units into the Long Loch Fault. 

Observations in the southern Central Intrusion by Volker and Upton (1990) that suggest 

subsidence of Eastern Layered Intrusion slabs forced a fractionated magma to move upwards 

are not seen in the study area. The clast shape, which mostly dip towards the Long Loch 

Fault, together with the Mg-rich matrix minerals rather suggest a dominantly deep intrusive 

origin of the feldspathic peridotite breccia matrix, although vertical shear features of clasts 

may have been destroyed during the collapse.  

The intrusion of feldspathic peridotite caused uplift and probably later subsidence of the 

cumulate layers. The intrusion also lowered the viscosity of and partially melted the cumulate 

layers (cf. Leuthold et al. 2014), which led to collapse and slump towards the feeder zone (the 

Long Loch fault). A similar mechanism was suggested by Elias (1992) to explain small-scale 

slump features in the Eastern Layered Intrusion. Considering that some of the peridotite layers 

in the Central Intrusion are of intrusive origin (Volker 1983; Chapter 4.1.). This process may 

have had a large impact on the shape of the Central Intrusion, since the intrusion breccia runs 

along the border of the complete study area. The feldspathic peridotite vein intrusion can 

consequently be regarded as a crucial component in the Central Intrusion formation. 

However, slumped and collapsed layered blocks, and the abundant faults indicate that 

structural failure played an equally important role in the creation of the Central Intrusion.   

5.4. The structure of the feeder zone  

The strike-slip movement along the Long Loch Fault and the hot but relatively rigid ultrabasic 

layers allowed for faulting during the Central Intrusion collapse. The pattern of fault splays 

and the sense of shear in the Central Intrusion indicates that extension occurred, which created 

a transtensional converging graben (cf. Emeleus et al. 1996), supported by the converging 

fracture pattern in the southern Central Intrusion (Volker 1983). The arrangement of the fault 

splays, i.e. the location of transtensional converging graben in the Central Intrusion, thus 

indicates the location an underlying magma upwelling zone, as the competence difference of 

the ductile magma in the feeder compared to the host rock would generate a surrounding 

conjugate fracture pattern and a transtensional basin in a strike-slip setting (cf. Girard and van 

Wyk de Vries 2005; Holohan et al. 2008). Furthermore, the overall shape of the southern 

Central Intrusion resembles a transtensional converging graben (cf. Emeleus 2004), 

suggesting that there may have been several magma upwelling focal points along the Long 
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Loch Fault during the formation of the Central Intrusion. 

This certainly implies that the Long Loch Fault 

influenced magma emplacement on Rum and helped to 

feed the ultrabasic layered intrusion, and that the Central 

Intrusion, which was created by interaction with the 

fault, is the key to understand the formation and perhaps 

emplacement of the complete ultrabasic layered 

complex. The feeder zone to the ultrabasic layered 

intrusion was probably connected to the deeper reservoir 

through the Long Loch Fault, likely extending deep into 

the crust as a transtensional zone of weakness (Fig. 68) 

(brittle ductile transition at ≥300° is at approximately 10 

km of depth, e.g. Van der Pluijm and Marshak 2004).  

5.4.1. Pre-Central Intrusion  

The structural impact of Long Loch Fault strike-slip 

movement on the Rum layered cumuate pile seem to 

have been limited until the creation of the Central 

Intrusion (cf. Volker 1983; Emeleus 1997), probably due 

to the largely fluid interior of the young Rum ultramafic 

chamber. When the troctolite layers of the Central 

Intrusion became semi-consolidated, strike-slip 

movement could affect the cumulate pile. Solidification 

was probably caused by compaction (0.1 to 1 m/year, 

Sparks et al. 1985), i.e. requiring a thousand to several 

thousands of years for the stratigraphical height of the 

present day Central Intrusion to solidify.  

5.4.2. Structures in the Central Intrusion 

The upper angular troctolite breccia in the western Central Intrusion formed by deposition of 

blocks from layered slabs that fell from a fault scarp into a viscous peridotite mush 

(Wadsworth 1992). Competence difference between the components in the angular breccia 

was very important for creating its features. Less viscous and probably hotter peridotite 

deformed in a more ductile fashion and filled the matrix space between the troctolite clasts 

that were deposited from the fault-scarp. There is also evidence of flow features in the upper 

Figure 68. The potential structure of the 
LLF graben. Fault splays cross-cut the 
graben-forming faults, detaching blocks 
from layers, and are responsible for the 
variable dip and features that we see in 
the CI today (e.g. Fig. 69). The Long Loch 
Fault likely connected the shallow pluton 
with a deeper holding chamber indicated 
by mineral barometry (see Chapter 4.7.). 
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breccia. Peridotite heated the troctolite clasts, and when the Central Intrusion collapse 

progressed, the clasts became orientated in direction of collapse (Fig. 14). The superposition 

of the upper angular breccia in the western Central Intrusion resulted from limited compaction 

on top of the pile when the layered slabs started to slide towards the Long Loch Fault.  

Lower down in the stratigraphy, the intrusion of feldspathic peridotite was more intense, 

brecciating the troctolite layers within the cumulate pile. The clasts were subsequently 

sheared when overlying rock slabs started to slide towards the fault. The intrusion breccia 

west of the Lag Sleitir ridge at the border of the Central Intrusion indicate that the intrusive 

brecciation of feldspathic peridotite separated large layered slabs from the Western Layered 

Intrusion, but also intruded between troctolite layers, acting as a lubricant aiding the sliding 

and slumping of blocks (Fig. 18).   

From observations of blocks and slabs in the Central Intrusion, the mechanism of 

structural failure in the Central Intrusion can be summarized as follows: (i) sliding (inward) of 

rock slabs, (ii) normal to oblique-normal movement along fault splays, (iii) rotational inward 

collapse along fault splays, (iv) tumbling of loose blocks onto the collapse pile (Fig. 69). 
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Figure 69. (Previous page). Conceptual model explaining the formation of breccia features in the Central Intrusion. (1) 
Intrusion of feldspathic peridotite along cumulate bedding and dilating weakness zones in the rock. (2) At the borders of the 
Central Intrusion, intrusion of feldspathic peridotite brecciated the cumulate pile by hydraulic fracturing. (3) The intrusive 
brecciation separated the cumulate pile into large blocks, and when the intruding pulse was over, the rock slabs slowly 
started to slide towards the Long Loch Fault. The megablocks slid along bedding planes where the intruded feldspathic 
peridotite aided the collapse by acting as a lubricant. (4) Faulting created scarps in the cumulate pile, which led to the 
formation of large angular breccias deposited below the fault scarps in the magma chamber. (5) The intruding feldspathic 
peridotite brecciated the layered cumulate pile or alternatively the clasts were deposited from a fault scarp lower in the 
stratigraphy. When subsequently the overlying layers started to slide, the brecciated clasts became sheared. (6) Rotational 
collapse of detached blocks in-between fault splays in the Long Loch Fault graben (and the formation of the overturned 
block). (7) Slumped layers were deposited close to centre of the Long Loch Fault graben. Large cumulate convection clouds 
are generated at magma upwelling zones that account for the sorting of the pebbly peridotite. At times of quiescence the 
suspended cumulate olivines sedimented in low areas in the topography, while subsequent renewed upwelling cause re-
deposition.  

5.4.2.1. Emplacement of the ‘whaleback’ 

The fine-grained pebbly peridotite breccia was deposited on the horizontal troctolite layers of 

the ‘whaleback’ (see entrained clasts, Fig. 22) in a topographic low in the layered magma 

chamber. The pebbly peridotite is probably derived from large cumulate convection clouds 

that were generated by the heat and magma upwelling at active feeder zones along the Long 

Loch Fault, larger clasts would have been deposited as debris currents (cf. Wager and Deer 

1939). In periods between magma pulses, the suspended cumulate crystals and fragments 

were deposited and sorted, from cm sized peridotite pebbles to individual olivine crystals. 

Subsequent renewed magma replenishment caused re-deposition. The other outcrop of pebbly 

peridotite is positioned in a topographic low in the Central Intrusion that was probably also a 

topographic low in the magma chamber. This position of the outcrops indicates extensive 

deposition of peridotite crystal mushes at the base of the Long Loch Fault graben, the location 

of the magma upwelling-zones. The pebbly peridotite is thus an indicator for magma feeder 

zones in the Central Intrusion. 

Emeleus et al. (1996) proposed that the ‘whaleback’ troctolite originated from the 

Eastern Layered Intrusion, based on closeness in composition (troctolite) and similar dip-

direction of the eastern Central Intrusion rocks. However, (i) the lack of slump features in the 

troctolite layer (cf. eastern Central Intrusion troctolite) and (ii) that the pebbly peridotite was 

semi-solid before being tilted (Appendix 1) argue for a different type of deposition than 

sliding for the layered troctolite. Situated between the Long Loch Fault and a proposed fault 

splay (Chapter 4.2.), the ‘whaleback’ troctolite layer could possibly have been downthrown 

early during the Central Intrusion formation. The dip of the ‘whaleback’ was then reasonably 

caused by the collapsed slabs of Western Layered Intrusion and cumulates crystal mushes 

depositing on top the western whaleback, pushing it down and uplifting the eastern side of the 

outcrop like a seesaw. Furthermore, the somewhat wavy dip-pattern of the troctolite layer 

suggests differential accumulation by the western Central Intrusion collapsed slabs in troughs. 
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The dip on the outcrops opposite the mire is also very shallow compared to the rest of the 

Central Intrusion, possibly affected by the sub-position of the ‘whaleback’ block that 

prevented extensive tilting of the layers.  

5.4.2.2. Gabbro sheet emplacement 

Was the An Dornabac gabbro sheet emplaced before or after the Central Intrusion collapse? 

The Lag Sleitir ridge troctolite layers have entrained gabbro schlieren, suggesting that some 

gabbro sheets intruded before the collapse. In contrast, whether the gabbro schlieren at the 

Lag Sleitir ridge are related to the An Dornabac gabbro sheet remains speculative. The gabbro 

sheet could have been emplaced in-between semi-horizontal layers and then subsequently 

collapsed together with the rest of the layered cumulates in the area, thus potentially 

explaining the unusual dip of the sheet. The possibility of the An Dornabac sheet being 

emplaced in the collapsed graben by filling a bowl-shaped geometry is still feasible, though. 

However, the un-brecciated peridotite and troctolite layers south of and below An Dornabac, 

imply that the gabbro sheet may have protected the layers from similar brecciation by 

effectively shielding the layers from disintegration during graben collapse, as seen further 

north on the An Dornabac ridge. 

5.5. The emplacement of the ultrabasic layered intrusion 

The Rum ultrabasic complex was created by repetitive pulses of magma that intruded into the 

shallow crustal magma chamber as replenishments and were emplaced as sills, dykes, and as 

fault intrusions into the layered cumulate pile (e.g. Renner and Palacz 1987; Emeleus et al. 

1996; O´Driscoll et al. 2007a, 2009; Holness and Winpenny 2009). The pulses of magma was 

probably largely affected by the transtensional tectonics of the Long Loch Fault that assisted 

magma to rise efficiently from the deep reservoir to the upper crustal magma chamber. 

Displacement along the Long Loch Fault may have shut the magma conduit repetivively, 

consequently building up pressure in the deeper reservoir (Fig. 70). Renewed fault activity 

then released the pressure, which resulted in rapid ascent of primitive (dense) magma (cf. 

Manconi et al. 2009) that spread out at shallow crustal levels, and is probably reflected in the 

phyric feldspathic peridotite and gabbro veins in the Central Intrusion and in the overall high 

crystal abundance in the ultrabasic layered intrusion. The liberation of water as the Central 

Intrusion magma moved towards the surface produced high gas content of the system, which 

likely assisted the fault-related fracturing of the cumulate pile at shallow-levels in the crust.  
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5.6. The end of magmatism on Rum 

The fractures/lineaments closest to the Long Loch Fault were caused by the propagation of a 

right-lateral strike-slip fault (e.g. Riedel shears; Fig. 44). Hence, in a period of decreasing 

magma availability, a right-lateral strike-slip fault propagated across the centre of the 

converging graben and terminated transtensional faulting (cf. Holohan et al. 2008). The 

overall fault pattern of the Long Loch Fault is therefore a result of early right- and left-lateral 

transtensional faulting when the Rum volcano was active, followed by right-lateral strike-slip 

faulting post-dating magmatism.  

5.7. Suggestions of future work  

To further constrain the order of events and to confirm the model for the formation of the 

Central Intrusion, a) more field work on Rum is needed in the remote southern Central 

Intrusion. Other important aspects to study further are, b) how the Long Loch Fault fits into 

the regional tectonic setting of the BPIP. Lastly, c) systematic barometry on dykes and plugs 

could help to further constrain the underlying plumbing system of the Rum central volcano 

and its evolution through time. 

  

Figure 70. The Long Loch Fault 
repeatedly opened and closed 
the magma pathway, thus 
modulating pressure in the 
deeper magma reservoir. 
Pressure release caused wet 
and crystal-rich magmas to 
ascend rapidly to shallow levels, 
where they spread out to form 
the Rum layered pluton. 
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6. Conclusions 

1. The formation of a transtensional converging graben or a negative flower structure in 

the Central Intrusion indicates that one or several magma feeder zones of the Rum 

ultrabasic layered intrusion were situated along the Long Loch Fault. The Long Loch 

Fault thus acted as pathway for magma emplacement on Rum. 

2. Both intrusion and structural collapse caused the formation of the features observed in 

the Central Intrusion, e.g. the intrusion breccia at the borders of the Central Intrusion 

and the collapse and debris breccias closer to the Long Loch Fault. 

3. The westerly dip of the ‘whaleback’ outcrop was likely caused by the collapse of the 

western Central Intrusion and deposition of dense cumulate crystal mushes, which 

pushed the western side of the outcrop down. 

4. Dendritic olivine textures in the feldspathic peridotite breccia matrix imply that the 

olivines crystallised from a primary Mg-rich magma and not secondary residual 

melts, and hence the feldspathic peridotite is viewed as of intrusive origin. 

5. The Central Intrusion parent magma was water-rich, perhaps due to assimilation of 

Lewisian basement and associated fractional crystallisation (AFC) in the lower 

reservoir.  

6. The activity of the Long Loch Fault repetitively opened and closed the magma 

pathway, which resulted in pressure increase and drop in the underlying deep magma 

reservoirs. When the pressure was released, dense (phyric) and water-rich magma 

ascended rapidly spread out at shallow crustal levels to feed the presently exposed 

Rum pluton. 
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9. Appendix 

Appendix 1. Additional field observations 

 

North of the ’whaleback’  

North of the ‘whaleback’ a large (15 m in diameter) block of layered troctolite enclosed by 

graded bedded peridotite/dunite outcrops. The block contains peridotite dropstones and 

internal faults and folds with an axial plane verging towards the south (Fig. A1). The folded 

troctolite block suggests that the Central Intrusion graben rocks form a syncline (Volker and 

Upton 1990).  

 
Figure A1. Features in and in connection to a troctolite block surrounded by peridotite, part of syncline north of the 
‘whaleback’ outcrop. a) Folded troctolite, with angular unconformity to the left of the image, b) peridotite dropstone in 
troctolite, c) microfault in troctolite layers. The fault is differently pronounced in the layers, indicating difference in 
competence/temperature between cumulate layers, d) graded bedding in peridotite. 
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Eastern Central Intrusion, south of the Long Loch 

The poikilo-macro-spherultic feldspar textures in the overturned block perpendicular to the 

layering in-between layers, similar in fashion to the harrisites that could signify the way-up 

(Fig. A2), which imply that the block has been overturned. 

 

 

 

Figure A2. a) Poikilo-Macro spherulitic 
texture in feldspar. This outcrop is 
different form the type-locality of the 
texture on the western side of the CI. The 
dendrites verge towards the east, which 
may indicate the up direction for the 
block. Note feldspathic peridotite veins 
cut the outcrop. b) Normal grading in the 
block from peridotite to troctolite. c) 
Normal grading from feldspathic 
peridotite to troctolite, implying up-
direction is to the west, i.e. to the top of 
the image. 
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Gabbro sheet (Glen Harris) 

In the southern study area, a gabbro sheet covers a large part of the Central Intrusion (Glen 

Harris gabbro) that can be assumed to be the youngest unit in the Central Intrusion as it cuts 

the breccia zones (Emeleus 1997). The gabbro is largely homogenous (i.e. no bedding can be 

seen in outcrop), although several parallel shear zones cut the gabbro over a narrow (ca. 5 m 

wide) area with a ‘Riedel shear strike’ relative to the Long Loch Fault, indicating that 

conjugate faulting was active over an extended period of time. No chilled margin can be seen 

in the contact between the gabbro and the peridotite (Emeleus 1997). The gabbro was 

therefore likely emplaced soon after the collapse, when the peridotite was still very hot, which 

can explain the shear zones in the gabbros and links them with the movement along the Long 

Loch Fault.  
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Appendix 2. FTIR 

The example spectra for the FTIR analysis on the clinopyroxene crystal show the difference 

in water content in the pyroxene after progressive drying that removed water in micro cracks 

in the gabbro vein pyroxene crystals (Fig. A3). 

 
Figure A3. Collected IR spectra on one pyroxene crystal from R14-C-gabbro2 in different crystallographic orientations. At 0h 
absorbance is the highest due to water in micro cracks in the pyroxene crystal (Franz Weis Pers. Comm.). After the samples 
had been dried in H2 gas over 32h, the water content in the pyroxene crystals was measured and calculated. 
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Appendix 3. Field measurements 

 

Table A1. Fieldmove clino
®
 smartphone measurements used in 3D model. 

Locality  Latitude  Longitude  Dip dipAzimuth Strike  HozizonId  Notes 

 Locality 44  57.000789  -6.354588  22  106  16  Peridotite   

 Locality 44  57.000348  -6.354351  23  119  29  Peridotite   

 Locality 24  56.982660  -6.364491  24  145  55  Troctolite WLI troc. dip to LLF on feldspathic peridotite 

 Breccia  56.995645  -6.354909  62  136  46  Peridotite   

 Locality 18  56.999541  -6.347016  76  84  354  Feldspathic Peridotite 60 cm dyke with coarse grained feld. peridotite 

 Locality 7  56.992314  -6.352565  33  89  359  Peridotite Peridotite troctolite above lower smeared breccia 

 Locality 7  56.992401  -6.350356  30  7  277  Troctolite Possibly overturned block of gabbro peridotite 

 Locality 27  56.983830  -6.361876  35  127  37  Peridotite  Peridoite above troctolite gabbro 

 Locality 27  56.983903  -6.361853  27  137  47  Troctolite Peridotite Contact Contact slip-plane 

 Locality 27  56.983459  -6.362540  21 

 

 98  8  Troctolite  Feldspathic peridotite in troctolite slip-plane 

 Locality 5  57.001297  -6.349455  18 

 

 2  272  Feldspathic Peridotite  Movement of troctolite clasts in peridotite 

matrix 

 Locality 5  57.002613  -6.350021  45 

 

 75  345  Feldspathic Peridotite   

 Locality 5  57.002759  -6.350378  77 

 

 78  348  Harrisite Feldspathic peridotite shear zone 

 Locality 5  57.003124  -6.350730  28 

 

 78  348  Troctolite Peridotite Contact Troctolite bedding in peridotite 

 Locality 5  57.003270  -6.350867  47 

 

 87  357  Troctolite Peridotite Contact Breccais trotolite clast in dunite peridotite matrix 

m to cm sized blocks of troc 

 Locality 11  56.989974  -6.350977  54 

 

 104  14  Feldspathic Peridotite   

 Locality 37  56.995113  -6.352445  35 

 

 59  329  Troctolite Peridotite Contact Peridotite upper breccia contact wavy vonyact 

Locality 26  56.983516  -6.362918  35 

 

 120  30 Troctolite Feld. per. between troctolite planes 

Locality 30  56.985764  -6.361911  21 

 

 181  91 Troctolite   
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Locality 30  56.985801  -6.361876  22 

 

 188  98 Troctolite Deformed gabbro clast in troctolite 

Locality 6  57.000754  -6.348966  44 

 

 89  359 Feldspathic Peridotite Mushy  feldspathic petidotite encircling large 

clast of peridotite 

Locality 32  56.987182  -6.362785  33 

 

 124  34 Peridotite Feldspathic peridotite veined possible breccia 

with deformed clasts 

Locality 3  57.004717  -6.352437  76 

 

 59  329 Troctolite In contact with cpx shearzone harrisite 

feldspathic peridotite 

Locality 29  56.985637  -6.361968  29 

 

 152  62 Troctolite   

Locality 29  56.984282  -6.361748  85 

 

 30  300 Gabbro 30 cm picrite dyke cut gabbro/troctolite layering 

Locality 43  56.999295  -6.353811  29  83  353  Peridotite   

Locality 43  56.998567  -6.352795  64  212  122 Faultsplay Peridotite Faultsplay 

Locality 43  56.998474  -6.352835  33  111  21 Peridotite   

Upper Breccia   56.995077  -6.352138  23  106  16 Troctolite Peridotite Contact Contact. lower part sheared clast 

Harrisite In Gabbro   56.990269  -6.357646  12  124  34 Gabbro   

Locality 25  56.982894  -6.363651  26  134  44 Troctolite   

Locality 25  56.982659  -6.363667  46  110 20  Troctolite Feld. per slip-plane layering troctolite 

Locality 19  57.000070  -6.347758  79  85  355  Troctolite  Breccia slumped. peridotite large block contact 

Locality 19  56.999609  -6.347340  34  335  245 Feldspathic Peridotite   

Locality 17  56.998767  -6.347055  27  324  234 Feldspathic Peridotite   

Locality 12  56.989800  -6.349365  67  67  337 Feldspathic Peridotite  Vein 

Locality 4  57.004717  -6.352437  66  270  180 Troctolite Peridotite Contact   

Locality 15  56.994574  -6.346312  39  332  242 Feldspathic Peridotite   

Locality 40  56.995749  -6.350391  73  102  12 Harrisite Shear next to more brecciated material 

Locality 40  56.995293  -6.350736  78  166  76 Harrisite Shearzone 

Locality 40  56.995165  -6.350954  81  153  63  Harrisite Veining cut peridotite matrix 

Locality 40  56.994481  -6.351243  82  285  195  Gabbro Gabbro layered and breccia peridotite clasts in 

feldspathic peridotite matrix contact 

Locality 40  56.994802  -6.351566  39  60  330  Gabbro  Breccia deformed clasts 

Locality 28  56.984285  -6.361756  28  128  38  Troctolite  Troctolite gabbro 

Slumped   56.990834  -6.352383  43  136  46  Harrisite  Feldspar peridotite vein 
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Locality 1  57.006402  -6.354449  72  355  265  Harrisite  WLI 

Locality 39  56.994912  -6.351933  28  59  329  Troctolite Peridotite Contact  Fault splay 

Gabbro   56.996121  -6.350737  41  84  354  Gabbro  Harrisised brecciated 

Locality 2  57.006022  -6.353357  20  64  334  Troctolite  Macro spherulite 

Locality 22 56.982607 -6.367113  28 78 348 Troctolite peridotite contact Coarse px gabbro layer 

 

Table A2. Compass and clinometer measurements used in the 3D model. 

Locality id Lat Long Dip Strike Note 

R14W101 57.008972 -6.347888 64 336 Peridotite troctolite contact 

R14W102 57.009027 -6.348083 60 192 Microfault in troctolite 

R14W103 57.008944 -6.348 68 60 Southern limb internal troctolite 

R14W106 57.007916 -6.347388 50 150 WB layering in troctolite 

R14W1 57.007388 -6.34675 45 170 WB layering in troctolite 

R14W2 57.007388 -6.346277 45 170 WB layering in troctolite 

R14W4 57.006833 -6.345944 35 142 Troctolite peridotite contact 

R14W5 57.0055 -6.345416 30 186 Troctolite peridotite contact 

R14W6 57.00475 -6.345444 40 178 Peridotite troctolite contact erosion 

R14W7 57.003944 -6.344805 30 174 Troctolite in peridotite 

R14W8 57.003611 -6.344777 25 160 5cm troctolite layer in peridotite 

R14W9 57.002694 -6.3445 50 168 Block of troctolite slumped 

R14L10 57.001055 -6.345638 70 175 Block of troctolite. olivine-rich layer base 

R14L11 57.000666 -6.344888 75 158 Angular clasts of peridotite in troctolite matrix 

R14L12 56.996722 -6.343388 68 204 Fault splay 

R14L13 56.996333 -6.342527 60 170 Overturned block 

R14L14 56.996333 -6.342527 70 150 Fault splay 

R14L15 56.995722 -6.342611 50 328 Fault splay 

R14LL21 56.999416 -6.343138 50 176 Harrisite breccia 

R14LL22 56.999027 -6.340861 78 218 Mg-rich dyke 

R14LL22b 57.000138 -6.340694 75 205 Mg-rich dyke 
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R14LL23 56.999611 -6.339638 20 126 Slumped  peridotite 

R14LL108a 57.000000 -6.337972 88 278 Gabbro block contact 

R14LL108b 57.000000 -6.337972 70 54 Graded layering gabbro 

R14LL109c 57.000000 -6.337972 40 260 Basalt sheet approx. measurement 

R14LL108d 57.000000 -6.337972 80 10 Basaltic dyke 

R14LL108f 57.000027 -6.337777 70 163 Basalt  dyke 

R14LL24 56.996972 -6.342777 80 350 Bottom erosion features peridotite 

R14LL109a 56.997138 -6.3425 52 278 Janet’s  block left limb 

R14LL109b 56.997138 -6.3425 70 137 Janet’s block right limb rafting direction 

R14LL111a 56.994583 -6.342694 40 360 Block of troctolite raft 

R14LL111b 56.994583 -6.342694 20 292 Block of troctolite raft 

R14LL112a 56.996222 -6.349055 20 290 Troctolite block 

R14LL112b 56.996222 -6.349055 90 350 Fault splay 

R14LL113 56.999833 -6.348638 90 154 Fault splay?   

R14LL114 56.999444 -6.348833 90 180 Fault splay 

R14LL115 56.99925 -6.348777 40 235 Lineation  breccia clasts (cigars)  

R14LL116 56.997388 -6.349166 90 165 Fault splay 

R14LL117 57.000583 -6.353333 20 334 Poikilo-macro-spherulite textured block 

R14LL118 56.994722 -6.348944 75 348 Feldspathic peridotite veining 

R14LL119 56.992888 -6.35025 70 147 breccia and vein contact 

R14G17 56.984861 -6.347166 70 340 Riedel shear? Gabbro 

R14LL122 56.997027 -6.338416 30 200 Dunite breccia slumped tilted 

R14LL123 56.995611 -6.338777 90 236 Fault splay 

R14LL124 56.99575 -6.339555 30 36 Foliation feldspathic peridotite slumped block  

R14LL125 56.995722 -6.339472 50 196 Harrisite vein sample cut breccia of dunite 

R14LL126 56.995694 -6.3405 50 164 SOS harrisite vein 100 m long 

R14LL127 56.994388 -6.3405 70 178 harrisite shearzone continuation 

R14LL128 56.99375 -6.340527 80 188 Fault splay dips towards LLF. 

R14LL129 56.993638 -6.3405 30 36 Px gabbro sample vein 

R14LL130 56.993111 -6.341333 60 140 Layered coarse-grained gabbro 
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R14LL131 56.992388 -6.342111 40 125 Troctolite slumped 

R14LL132a 56.993222 -6.342111 90 300 Conjugate fault splay 

R14LL132b 56.993222 -6.342111 90 210 Conjugate fault splay 

R14LL133 56.993 -6.341611 40 206 Dip vary over raft 

R14LL134 56.995861 -6.34275 90 150 Fault splay 

R14LL134b 56.995861 -6.34275 90 348 Terrace at janets block 

R14LL135 56.998416 -6.34325 70 178 Troctolite harrisite lens and layering 

R14LL138 56.998694 -6.337694 10 62 ELI layering 

Compass measurements (right-hand rule). 
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Appendix 4. EMP data 

EMPA (wt.%) 

Sample name     SiO2      Al2O3     MgO       Na2O      MnO       TiO2      K2O       BaO       CaO       NiO       FeO       Cr2O3     V2O3     Total   

C1-mica-1  39.964 0.011 43.641 0.021 0.266 0.074 0.001 0.034 0.066 0.334 15.368 0 0.019 99.799 

C1-ol-1  40.27 0.005 44.022 0 0.294 0 0 0 0.055 0.235 15.873 0.036 0 100.79 

C1-ol-2  40.389 0.005 43.866 0 0.283 0.018 0.007 0 0.079 0.344 16.051 0.007 0 101.049 

C1-ol-3  40.132 0 43.792 0.008 0.182 0.016 0 0.026 0.052 0.233 16.726 0 0 101.167 

C1-ol-4  47.527 33.173 0.015 1.761 0 0.048 0.064 0 17.165 0 0.343 0.05 0.005 100.151 

C1-ol-5  40.07 0.029 43.907 0.007 0.235 0.008 0.006 0 0.011 0.358 16.202 0 0 100.833 

C1-ol-6  48.475 4.77 14.492 0.54 0.009 2.143 0 0.039 22.856 0 5.287 0.477 0.079 99.167 

C1-plag-1  47.439 32.988 0.081 1.739 0 0.043 0.027 0.008 17.494 0 0.355 0.079 0.022 100.275 

C1-plag-2  47.955 32.778 0.021 2.134 0.068 0.019 0.063 0 16.691 0 0.42 0 0 100.149 

C1-plag-3  47.036 32.702 0.076 1.803 0 0 0.045 0 16.562 0 0.315 0 0.005 98.544 

C1-plag-4  47.133 33.164 0.034 1.822 0 0.091 0.049 0 17.295 0.016 0.414 0.064 0.04 100.122 

C1-plag-5  48.105 32.684 0.019 2.055 0 0.125 0.067 0.074 16.684 0 0.481 0.033 0 100.327 

C1-Px-1  52.116 3.174 16.84 0.279 0.107 0.606 0 0.039 21.126 0.06 5.28 0.809 0.012 100.448 

C1-Px-10  51.983 3.482 16.301 0.253 0.149 0.363 0.008 0.012 22.423 0.025 4.576 0.727 0.032 100.334 

C1-Px-11  50.412 4.31 14.869 0.437 0.1 1.258 0.012 0 23.222 0 4.905 0.748 0.069 100.342 

C1-Px-2  52.261 3.301 16.266 0.324 0.038 0.292 0 0.082 22.403 0.014 4.439 0.907 0.047 100.374 

C1-Px-3  50.179 4.434 14.835 0.432 0.189 1.569 0.007 0.016 23.462 0.012 4.958 0.645 0.091 100.829 

C1-Px-4  52.051 3.412 15.972 0.378 0.111 0.651 0.029 0 22.176 0.058 5.45 0.455 0.02 100.763 

C1-Px-5  51.804 3.607 15.742 0.447 0.101 0.883 0 0 22.55 0.07 4.718 0.883 0.054 100.859 

C1-Px-6  52.317 2.882 16.289 0.319 0.136 0.648 0 0.039 21.972 0.076 5.324 0.445 0.005 100.452 

C1-Px-7  51.144 3.91 15.207 0.437 0.235 0.615 0 0.004 21.963 0 5.329 0.632 0.104 99.58 

C1-Px-8  50.4 4.446 14.81 0.49 0.127 1.783 0.015 0.012 22.838 0.037 5.086 0.659 0.04 100.743 

C1-Px-9  51.281 3.601 15.898 0.296 0.191 0.499 0.008 0 21.951 0.07 4.759 1.265 0.074 99.893 

C2A-mica-1  45.456 5.505 11.952 0.172 0.221 0 0.263 0 1.807 0.221 22.077 0.013 0 87.687 

C2A-mica-2  44.537 5.434 13.774 0.312 0.229 0.038 0.297 0 1.412 0.226 22.289 0.002 0 88.55 

Table A3. Major element mineral chemistry analysis (EMPA). 
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EMPA (wt.%) 

Sample name     SiO2      Al2O3     MgO       Na2O      MnO       TiO2      K2O       BaO       CaO       NiO       FeO       Cr2O3     V2O3     Total   

C2A-ol-1  39.067 0.021 40.244 0.047 0.244 0.048 0 0 0.094 0.194 21.384 0.018 0.005 101.366 

C2A-ol-10  39.478 0.012 40.684 0 0.319 0.086 0 0.085 0.023 0.279 20.373 0 0.016 101.355 

C2A-ol-2  39.027 0.061 39.498 0.025 0.347 0.044 0 0 0.064 0.227 20.806 0.011 0 100.11 

C2A-ol-3  39.237 0 39.899 0.008 0.287 0.045 0.018 0 0.044 0.23 21.296 0.038 0 101.102 

C2A-ol-4  39.068 0.043 40.341 0 0.252 0.021 0.011 0 0.037 0.194 21.117 0.029 0.005 101.118 

C2A-ol-5  39.332 0.014 40.362 0 0.455 0.012 0 0.078 0.061 0.246 20.987 0 0 101.547 

C2A-ol-6  39.076 0.021 40.479 0.035 0.35 0.002 0.004 0 0.086 0.206 20.529 0 0.014 100.802 

C2A-ol-7  39.262 0.057 40.144 0.023 0.332 0 0.01 0 0.091 0.198 20.838 0 0 100.955 

C2A-ol-8  39.421 0.005 40.636 0.052 0.329 0.037 0 0.1 0.053 0.329 20.548 0 0 101.51 

C2A-ol-9  39.341 0.005 40.282 0 0.313 0 0 0.059 0.045 0.209 20.507 0 0.002 100.763 

C2A-plag-1  53.428 29.484 0.054 4.06 0 0.064 0.147 0.055 12.833 0.043 0.545 0 0.02 100.733 

C2A-plag-10  53.58 28.864 0.046 4.729 0.04 0.093 0.171 0.043 12.381 0.008 0.487 0 0.005 100.447 

C2A-plag-2  53.89 29.145 0.029 4.319 0 0.105 0.168 0 12.284 0 0.466 0.012 0.01 100.428 

C2A-plag-3  53.449 28.679 0.069 4.444 0.074 0.11 0.126 0.058 12.383 0.049 0.451 0.048 0 99.94 

C2A-plag-4  53.351 29.227 0.036 4.265 0 0.057 0.163 0 12.727 0.025 0.385 0.06 0 100.296 

C2A-plag-5  52.655 29.264 0.037 4.148 0 0.042 0.156 0 12.682 0.004 0.558 0 0 99.546 

C2A-plag-6  52.709 29.33 0.055 4.203 0 0.131 0.149 0 12.693 0.01 0.506 0 0.015 99.801 

C2A-plag-7  53.545 29.49 0.047 4.342 0 0.114 0.15 0 12.989 0 0.401 0.012 0 101.09 

C2A-plag-8  52.614 29.68 0.046 4.266 0 0.117 0.061 0 12.779 0 0.42 0 0 99.983 

C2A-plag-9  52.543 29.712 0.027 4.084 0 0.094 0.118 0 12.938 0 0.537 0 0.035 100.088 

C2A-Px-1  50.944 3.581 15.822 0.404 0.234 1.12 0.007 0 21.2 0.018 5.614 0.773 0.057 99.774 

C2A-Px-10  52.485 2.382 16.808 0.391 0.175 0.78 0 0.043 21.158 0 5.751 0.394 0.074 100.441 

C2A-Px-11  51.202 3.09 14.99 0.392 0.101 1.187 0 0 21.7 0.082 6.96 0.197 0.057 99.958 

C2A-Px-12  51.663 2.794 16.085 0.409 0.182 1.095 0 0.02 21.189 0.133 6.383 0.439 0.087 100.479 

C2A-Px-13  52.366 2.753 15.489 0.421 0.109 0.857 0 0.031 22.37 0.072 5.519 0.355 0.05 100.392 

C2A-Px-14  50.806 3.121 15.024 0.383 0.275 1.283 0 0 21.31 0.092 6.652 0.277 0.138 99.361 

C2A-Px-15  51.465 2.804 16.201 0.338 0.095 1.089 0.023 0.055 20.511 0 6.72 0.327 0.064 99.692 

C2A-Px-16  51.779 3.003 15.744 0.423 0.069 1.06 0 0.023 22.274 0 5.819 0.48 0.01 100.684 
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EMPA (wt.%) 

Sample name     SiO2      Al2O3     MgO       Na2O      MnO       TiO2      K2O       BaO       CaO       NiO       FeO       Cr2O3     V2O3     Total   

C2A-Px-17  51.321 2.927 15.928 0.36 0.17 0.935 0.021 0 22.093 0.031 5.438 0.556 0.047 99.827 

C2A-Px-18  51.536 2.737 15.141 0.438 0.333 1.102 0 0.086 21.992 0 6.251 0.325 0.104 100.045 

C2A-Px-19  51.029 3.508 15.644 0.373 0.117 1.12 0 0.02 21.996 0.049 5.119 0.915 0.087 99.977 

C2A-Px-2  50.883 3.228 15.024 0.454 0.085 1.416 0.005 0.051 22.063 0.082 6.583 0.358 0.097 100.329 

C2A-Px-20  52.027 3.144 16.091 0.368 0.086 1.022 0 0.129 21.599 0.051 4.917 0.81 0.06 100.304 

C2A-Px-21  51.599 2.893 16.033 0.348 0.047 0.908 0.011 0.043 21.5 0.061 5.256 0.668 0.057 99.424 

C2A-Px-22  51.842 3.299 15.657 0.377 0.168 1.003 0 0 22.339 0 5.058 0.741 0.099 100.583 

C2A-Px-23  52.163 3.118 15.998 0.399 0.137 0.95 0 0.098 21.477 0.043 5.353 0.678 0.067 100.481 

C2A-Px-24  51.096 3.402 15.165 0.471 0.006 1.292 0 0 21.268 0.086 6.347 0.23 0.035 99.398 

C2A-Px-25  51.128 3.615 15.592 0.467 0.14 1.005 0.011 0 22.274 0.037 5.283 0.74 0.074 100.366 

C2A-Px-26  51.599 3.018 16.026 0.402 0.152 1.137 0.013 0 21.973 0.123 5.665 0.445 0.045 100.598 

C2A-Px-27  51.652 3.056 16.026 0.421 0.193 1.077 0 0 20.761 0.049 6.221 0.443 0.089 99.988 

C2A-Px-28  51.616 2.971 14.995 0.446 0.221 1.093 0 0.055 21.996 0.012 6.802 0.442 0.077 100.726 

C2A-Px-29  52.118 2.781 15.696 0.357 0.067 1.054 0 0 21.584 0.01 6.355 0.544 0.047 100.613 

C2A-Px-3  50.583 3.998 15.784 0.381 0.1 1.385 0.016 0.031 21.449 0.008 5.89 0.658 0.035 100.318 

C2A-Px-30  51.902 3.063 15.198 0.498 0.078 1.089 0.006 0.039 22.398 0.064 5.911 0.339 0.059 100.644 

C2A-Px-4  52.242 2.606 16.165 0.476 0.141 0.898 0.015 0 22.14 0.047 4.702 0.57 0.037 100.039 

C2A-Px-5  50.665 3.472 14.848 0.418 0.196 1.358 0 0.031 22.154 0 6.435 0.275 0.062 99.914 

C2A-Px-6  51.869 3.223 16.012 0.403 0.168 0.961 0.007 0 21.251 0.123 5.329 0.815 0.114 100.275 

C2A-Px-7  51.887 2.853 15.571 0.31 0.119 0.892 0 0.078 22.322 0.004 5.514 0.607 0 100.157 

C2A-Px-8  51.034 3.626 15.855 0.431 0.105 1.242 0 0.027 21.962 0.043 5.359 0.771 0.092 100.547 

C2A-Px-9  50.87 3.253 15.076 0.434 0.062 1.355 0.025 0.047 22.243 0.035 6.354 0.273 0.107 100.134 

C2B-inc-1  33.937 15.81 25.985 0.117 0.058 0.358 0.057 0.023 0.649 0.079 11.301 0.046 0.005 88.425 

C2B-ol-1  39.388 0.006 41.088 0 0.281 0.034 0 0 0.051 0.226 20.031 0 0 101.105 

C2B-ol-2  39.299 0.021 40.131 0.017 0.248 0 0.016 0.075 0.073 0.218 20.23 0 0 100.328 

C2B-ol-3  39.451 0 40.117 0 0.384 0.037 0 0 0.04 0.206 21.118 0.04 0.026 101.419 

C2B-ol-4  39.571 0.009 40.421 0 0.328 0.083 0.027 0 0.07 0.241 21.037 0.067 0 101.854 

C2B-plag-1  52.145 29.232 0.061 3.808 0 0.11 0.118 0.028 12.69 0 0.447 0 0 98.639 
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EMPA (wt.%) 

Sample name     SiO2      Al2O3     MgO       Na2O      MnO       TiO2      K2O       BaO       CaO       NiO       FeO       Cr2O3     V2O3     Total   

C2B-plag-2  53.056 29.203 0.041 4.1 0 0.049 0.16 0 12.386 0 0.547 0.002 0.013 99.557 

C2B-plag-3  51.466 28.455 0.07 4.231 0 0.101 0.157 0.02 11.745 0.035 0.363 0.053 0 96.696 

C2B-px-1  51.518 2.863 16.599 0.368 0.186 1.102 0.013 0.02 20.049 0.012 6.502 0.418 0.025 99.675 

C2B-px-2  50.79 3.17 15.157 0.369 0.234 1.272 0.008 0 22.192 0.035 6.498 0.174 0.032 99.931 

C2B-px-3  51.073 3.286 15.509 0.419 0.161 1.041 0.001 0.008 22.22 0.069 4.759 0.638 0.078 99.262 

C2B-px-4  51.684 2.552 16.024 0.375 0.164 0.898 0 0.067 21.497 0 5.006 0.53 0.093 98.89 

C2B-px-5  50.57 2.981 15.257 0.522 0.161 1.035 0.001 0 21.796 0 5.398 0.18 0.065 97.966 

C2B-px-6  50.931 3.545 14.935 0.379 0.083 1.139 0 0.067 21.974 0 6.281 0.404 0.11 99.848 

C2B-px-7  51.483 2.985 16.617 0.383 0.077 1.101 0.017 0.169 19.774 0.01 6.989 0.388 0.072 100.065 

C2B-px-8  51.664 2.878 16.303 0.472 0.129 0.9 0 0.083 21.014 0 5.364 0.481 0.087 99.375 

C2B-px-9  51.282 3.189 15.109 0.39 0.141 0.891 0.004 0.035 22.348 0.006 5.701 0.421 0.025 99.542 

H1B-inper-1  49.763 5.286 14.449 0.573 0.126 1.756 0 0.02 23.004 0.09 4.65 0.535 0.04 100.292 

H1B-mica-1  43.2 10.733 24.285 0.132 0.07 0.031 0.096 0 2.438 0 5.865 0.002 0.017 86.869 

H1B-mica-2  42.963 9.318 26.532 0.101 0.164 0.009 0.128 0 1.504 0.026 3.6 0.024 0 84.369 

H1B-mica-3  43.963 3.946 22.563 0.177 0.13 0 0.141 0 2.456 0.177 13.905 0 0.012 87.47 

H1B-ol-1  41.076 0.047 46.996 0 0.244 0.077 0 0 0.048 0.294 12.217 0 0.036 101.035 

H1B-ol-10  40.282 0 44.613 0 0.164 0 0.01 0.053 0.035 0.291 15.407 0 0 100.855 

H1B-ol-11  40.063 0.013 44.817 0 0.327 0.015 0 0.03 0.056 0.281 15.96 0.062 0 101.624 

H1B-ol-12  40.461 0 44.048 0 0.243 0.038 0 0 0.045 0.175 15.001 0.025 0.007 100.043 

H1B-ol-2  40.671 0.031 46.432 0.019 0.143 0 0.009 0 0.065 0.4 11.978 0.037 0 99.785 

H1B-ol-3  40.86 0.049 46.78 0.006 0.22 0.096 0 0 0.058 0.319 12.286 0 0.002 100.676 

H1B-ol-4  40.796 0.026 46.431 0.045 0.099 0.066 0 0 0.106 0.433 12.457 0.009 0.015 100.483 

H1B-ol-5  40.688 0.039 45.176 0 0.272 0.08 0.007 0 0.026 0.293 13.485 0.034 0 100.1 

H1B-ol-6  40.478 0.008 45.301 0.017 0.259 0.055 0.004 0.042 0.029 0.225 13.228 0.028 0.063 99.737 

H1B-ol-7  40.652 0.085 46.462 0 0.333 0.045 0 0 0.037 0.285 12.966 0.011 0.022 100.898 

H1B-ol-8  40.53 0.04 45.788 0.018 0.184 0.058 0 0 0.105 0.307 13.46 0.055 0 100.545 

H1B-ol-9  40.153 0 44.266 0 0.261 0.001 0 0 0.086 0.299 15.301 0.032 0 100.399 

H1B-op-1  0.001 0.053 8.897 0 0.399 51.025 0 0.136 0.03 0.096 36.389 0.653 0.373 98.052 
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EMPA (wt.%) 

Sample name     SiO2      Al2O3     MgO       Na2O      MnO       TiO2      K2O       BaO       CaO       NiO       FeO       Cr2O3     V2O3     Total   

H1B-op-2  0 5.415 4.05 0 0.42 3.175 0 0.076 0.06 0.302 66.341 14.9 0.375 95.114 

H1B-opaa-1  0 14.723 9.321 0 0.404 2.699 0.011 0.034 0.024 0.356 42.95 27.47 0.183 98.175 

H1B-opaa-2  0 9.625 6.313 0 0.438 3.38 0 0.037 0.026 0.538 54.689 21.706 0.314 97.066 

H1B-plag-1  54.865 29.046 0.003 4.856 0 0.175 0.275 0.122 11.71 0.051 0.279 0 0.028 101.41 

H1B-plag-2  55.127 28.589 0.017 4.91 0.081 0.182 0.221 0.039 11.015 0 0.34 0 0.013 100.534 

H1B-plag-3  50.71 31.362 0.002 3.362 0 0.065 0.112 0.008 14.79 0 0.314 0 0.01 100.735 

H1B-plag-4  50.878 31.626 0.023 3.307 0 0.086 0.096 0 14.317 0.085 0.307 0 0 100.725 

H1B-plag-6  49.925 31.289 0.023 3.039 0.082 0.107 0.099 0.063 15.013 0 0.331 0.014 0 99.985 

H1B-plagre-5  40.042 23.492 10.515 1.763 0.105 0.087 0.019 0 8.461 0.004 0.661 0 0.045 85.194 

H1B-plagre-7  35.44 0.028 38.291 0.007 0.17 0.049 0.004 0.019 0.038 0.258 8.757 0.026 0 83.087 

H1B-plagre-8  35.011 0.056 37.55 0 0 0.052 0 0.008 0.083 0.355 8.225 0 0 81.34 

H1B-px-1  49.344 4.859 14.28 0.741 0 2.077 0 0.063 22.552 0 6.191 0.163 0.042 100.312 

H1B-px-2  49.629 4.723 14.185 0.664 0.111 1.82 0 0 22.384 0 5.857 0.318 0.052 99.743 

H1B-px-3  48.359 5.983 13.729 0.642 0.075 1.6 0.023 0 22.204 0 6.496 0.384 0.107 99.602 

H1B-px-4  49.803 5.416 14.312 0.727 0 1.638 0.007 0.071 22.591 0.008 5.885 0.416 0.067 100.941 

H1B-px-5  51.839 3.463 15.404 0.551 0.044 0.859 0 0.087 23.058 0.055 5.18 0.592 0.028 101.16 

H1B-px-6  51.583 3.207 15.059 0.617 0.014 1.192 0.007 0 22.708 0.014 5.186 0.379 0.033 99.999 

H1C-in-1  0 5.48 5.015 0 0.274 4.688 0.013 0.086 0 0.342 64.147 14.528 0.549 95.122 

H1C-in-10  42.822 10.641 15.363 3.02 0.136 5.046 0.728 0.05 11.778 0.047 7.948 0.255 0.106 97.94 

H1C-in-11  43.247 10.736 15.265 2.993 0.04 4.652 0.901 0 11.858 0.061 7.442 0.196 0.125 97.516 

H1C-in-12  42.92 10.715 15.489 3.039 0 4.752 0.828 0.05 11.514 0.11 7.741 0.232 0.174 97.564 

H1C-in-13  42.932 10.537 14.77 2.99 0.111 4.945 0.697 0.085 11.836 0.071 7.826 0.38 0.169 97.349 

H1C-in-14  51.381 3.598 16.129 1.03 0.305 1.576 0.27 0 20.584 0 5.116 0.218 0.09 100.297 

H1C-in-15  0.132 1.111 6.263 0 0.027 53.873 0.029 0.094 0.036 0.011 30.821 0.596 0.816 93.809 

H1C-in-16  49.992 4.148 14.652 0.623 0.142 2.042 0 0.102 22.446 0.051 5.856 0.39 0.032 100.476 

H1C-in-17  42.875 24.994 6.679 3.244 0.111 0.053 0.253 0 7.959 0 2.06 0 0.027 88.255 

H1C-in-2  49.098 5.264 13.95 0.728 0 2.168 0 0 22.675 0.045 5.854 0.325 0.11 100.217 

H1C-in-3  50.932 3.762 15.102 0.552 0.168 1.505 0.029 0 22.311 0 5.736 0.328 0.1 100.525 
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EMPA (wt.%) 

Sample name     SiO2      Al2O3     MgO       Na2O      MnO       TiO2      K2O       BaO       CaO       NiO       FeO       Cr2O3     V2O3     Total   

H1C-in-4  40.301 0.013 44.248 0 0.342 0.026 0 0.026 0.106 0.344 15.472 0 0 100.878 

H1C-in-5  50.594 3.527 15.128 0.676 0.098 1.369 0.022 0.095 22.414 0.104 5.701 0.416 0.075 100.219 

H1C-in-6  40.785 0.034 44.479 0 0.202 0.027 0.007 0 0.1 0.275 15.397 0 0 101.306 

H1C-in-7  53.055 2.018 16.003 0.472 0.137 0.852 0 0.047 21.898 0.055 4.948 0.086 0.098 99.669 

H1C-in-8  57.821 26.646 0.115 6.214 0.01 0.141 0.394 0.09 8.453 0.045 0.439 0.024 0 100.392 

H1C-in-9  38.269 17.099 20.383 1.016 0.348 0.111 0.032 0.023 4.213 0.047 4.465 0 0 86.006 

H1C-ol-1  40.44 0.06 44.939 0 0.345 0.038 0 0.03 0.069 0.338 15.242 0 0.007 101.508 

H1C-ol-10  40.324 0.029 43.962 0 0.262 0 0 0 0.03 0.305 15.669 0.011 0 100.592 

H1C-ol-11  40.293 0.031 43.746 0 0.317 0.094 0 0 0.049 0.248 15.124 0 0 99.902 

H1C-ol-2  40.377 0.049 45.03 0 0.294 0 0 0 0.035 0.25 15.219 0 0 101.254 

H1C-ol-3  40.487 0.031 44.494 0.04 0.343 0.01 0.007 0.049 0.067 0.311 15.435 0 0 101.274 

H1C-ol-4  40.339 0 43.935 0 0.194 0 0.024 0.019 0.008 0.277 15.74 0 0.022 100.558 

H1C-ol-5  39.767 0.046 43.195 0 0.324 0 0 0.042 0.022 0.185 15.726 0 0.014 99.321 

H1C-ol-6  40.294 0.01 44.312 0.026 0.228 0.001 0.003 0 0.063 0.271 15.777 0 0 100.985 

H1C-ol-7  40.518 0.043 44.541 0 0.46 0.039 0 0 0.061 0.273 14.96 0.005 0 100.9 

H1C-ol-8  40.096 0.005 44.877 0 0.342 0 0.023 0.049 0.016 0.311 15.358 0.068 0 101.145 

H1C-ol-9  40.266 0 44.625 0 0.163 0 0 0 0.064 0.328 15.404 0.027 0.036 100.913 

H1C-plag-1  54.922 28.416 0.023 5.057 0 0.076 0.274 0.032 11.29 0.01 0.253 0.034 0.01 100.397 

H1C-plag-2  55.256 28.242 0.007 5.101 0.001 0.018 0.236 0 11.052 0.012 0.242 0.022 0.03 100.219 

H1C-plag-3  54.98 28.311 0.015 5.076 0.081 0.124 0.261 0 11.138 0 0.313 0 0 100.299 

H1C-plag-4  56.537 27.34 0.032 5.892 0 0.067 0.326 0 9.889 0 0.348 0.019 0 100.45 

H1C-plag-5  53.393 28.989 0.026 4.37 0 0.087 0.244 0.039 12.429 0 0.348 0 0.003 99.928 

H1C-plag-6  55.965 28.054 0.011 5.378 0 0.079 0.299 0.043 10.975 0.104 0.277 0 0 101.185 

H2A-in-1  49.165 4.425 14.458 0.625 0.192 1.761 0 0.035 22.606 0.023 5.872 0.067 0.042 99.271 

H2A-in-10  48.957 4.829 13.964 0.71 0.119 2.089 0 0.059 22.323 0.014 6.219 0.072 0.065 99.42 

H2A-in-11  0.392 0 0.162 0.307 0.185 0.079 0.022 0.055 53.271 0.023 0.375 0 0.042 54.913 

H2A-in-12  51.427 3.54 15.259 0.705 0.242 1.382 0 0.036 22.698 0.034 5.412 0.01 0.01 100.755 

H2A-in-13  50.465 4.002 14.608 0.712 0.143 1.43 0 0.02 22.829 0.069 5.75 0.058 0.03 100.116 
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EMPA (wt.%) 

Sample name     SiO2      Al2O3     MgO       Na2O      MnO       TiO2      K2O       BaO       CaO       NiO       FeO       Cr2O3     V2O3     Total   

H2A-in-14  50.729 3.515 14.804 0.682 0 1.57 0 0.127 22.644 0.01 5.678 0.002 0.083 99.844 

H2A-in-2  0.499 0.057 0.13 0.279 0.033 0.007 0 0 53.598 0.012 0.24 0 0.029 54.884 

H2A-in-3  49.325 4.525 14.008 0.694 0.07 1.771 0 0 22.638 0 6.012 0.021 0.017 99.081 

H2A-in-4  0.146 0.036 7.091 0 0.321 47.308 0 0.166 0.102 0.019 40.966 0.167 0.384 96.706 

H2A-in-5  50.558 3.714 14.823 0.548 0.118 1.305 0.001 0.012 23.037 0.045 5.25 0 0.063 99.474 

H2A-in-6  0.145 0.164 7.66 0 0.656 49.067 0.014 0.104 0.122 0.026 39.509 0.174 0.374 98.015 

H2A-in-7  50.089 4.205 14.324 0.673 0.209 1.611 0 0 23.082 0.055 5.926 0.034 0.055 100.263 

H2A-in-8  40.188 0.061 45.026 0 0.186 0 0.02 0 0.051 0.138 14.271 0 0 99.941 

H2A-in-9  48.654 4.889 14.121 0.644 0.27 2.11 0 0 22.568 0.01 6.152 0.053 0.018 99.489 

H2A-ol-1  39.697 0.02 44.182 0 0.338 0 0.034 0 0.062 0.281 14.94 0 0 99.554 

H2A-ol-2  39.737 0 44.174 0 0.339 0.01 0.038 0 0.015 0.195 15.066 0.018 0 99.592 

H2A-ol-3  39.957 0 44.434 0 0.454 0.053 0 0.026 0.063 0.199 15.21 0 0.04 100.436 

H2A-ol-4  39.556 0.003 44.063 0.024 0.307 0.086 0 0 0.035 0.279 14.903 0 0.007 99.263 

H2A-ol-5  39.63 0.043 44.03 0 0.266 0.007 0.011 0.004 0.101 0.145 14.714 0.002 0 98.953 

H2A-ol-6  39.897 0.03 44.19 0 0.335 0.058 0 0 0.046 0.201 14.921 0.018 0.002 99.698 

H2A-ol-7  39.752 0 43.849 0.014 0.483 0.045 0 0 0.045 0.209 15.065 0 0.024 99.486 

H2A-plag-1  56.887 27.069 0.035 5.742 0 0.102 0.219 0.067 9.673 0 0.199 0 0 99.993 

H2A-plag-2  51.97 30.06 0.042 4.001 0 0.124 0.108 0.091 13.163 0 0.295 0.031 0.035 99.92 

H2A-plag-3  55.28 27.37 0.065 5.59 0 0.089 0.21 0 10.3 0 0.446 0 0.018 99.368 

H2A-plag-4  56.031 27.295 0.064 5.783 0 0.085 0.206 0 9.996 0 0.343 0.041 0.008 99.852 

H2A-plag-5  56.343 27.054 0.043 5.874 0 0.088 0.223 0 9.701 0 0.277 0.031 0 99.634 

H2A-plag-6  55.7 27.774 0.067 5.367 0 0.078 0.252 0 10.429 0 0.35 0.005 0 100.022 

HP-ol-1  39.93 0.022 42.758 0.009 0.208 0.076 0.006 0 0.052 0.283 17.373 0 0.026 100.743 

HP-ol-2  40.148 0.026 42.941 0.014 0.319 0 0.008 0.041 0.095 0.266 18.203 0 0 102.061 

HP-ol-3  40.189 0 42.766 0 0.272 0.02 0 0 0.07 0.196 17.417 0.013 0 100.943 

HP-ol-4  39.674 0.001 42.67 0.04 0.137 0.067 0 0 0.139 0.249 17.388 0.025 0 100.39 

HP-ol-5  39.945 0.029 42.675 0.015 0.222 0.101 0.031 0.048 0.103 0.229 17.979 0 0.002 101.379 

HP-ol-6  39.861 0.072 43.393 0.003 0.332 0 0 0.015 0.099 0.328 17.557 0 0 101.66 
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EMPA (wt.%) 

Sample name     SiO2      Al2O3     MgO       Na2O      MnO       TiO2      K2O       BaO       CaO       NiO       FeO       Cr2O3     V2O3     Total   

HP-ol-7  39.961 0.011 42.892 0 0.307 0.035 0.007 0 0.056 0.202 17.481 0 0.038 100.99 

HP-ol-8  41.127 0.083 44.311 0.007 0.35 0.07 0.007 0 0.098 0.218 17.375 0.004 0 103.65 

HP-ol-9  40.357 0.001 42.248 0 0.318 0.007 0.007 0.063 0.066 0.253 17.13 0.016 0.007 100.473 

HP-plag-1  48.692 32.513 0.065 2.319 0 0 0.035 0 16.254 0.045 0.396 0.036 0 100.355 

HP-plag-2  46.979 33.164 0.061 1.693 0.064 0.031 0.043 0.004 17.588 0 0.425 0.053 0.002 100.107 

HP-plag-3  52.199 30.064 0.068 3.832 0 0.073 0.125 0.039 13.445 0 0.436 0.021 0.025 100.327 

HP-px-1  52.715 3.128 16.836 0.338 0.26 0.494 0.001 0.062 21.673 0.047 4.637 1.103 0.067 101.361 

HP-px-2  51.492 3.38 15.77 0.457 0.169 0.93 0 0.008 21.281 0.066 5.329 0.913 0.007 99.802 

HP-px-3  51.501 3.565 15.684 0.393 0 1.046 0 0.008 21.007 0.01 4.874 1.028 0.022 99.138 

MA-ol-1  40.644 0.013 45.134 0 0.219 0 0.003 0 0.091 0.29 13.983 0 0 100.377 

MA-ol-2  40.426 0 45.455 0.041 0.197 0.078 0.001 0.03 0.124 0.299 13.881 0.029 0.01 100.571 

MA-ol-3  40.748 0.01 44.914 0 0.195 0.026 0.03 0 0.093 0.259 13.893 0 0 100.168 

MA-ol-4  40.507 0 45.616 0.012 0.25 0.034 0.02 0.068 0.091 0.271 14.425 0.014 0 101.308 

MA-plag-1  47.492 33.519 0.065 1.763 0 0.072 0.043 0 16.835 0.01 0.339 0.036 0 100.174 

MA-plag-2  47.12 33.133 0.028 1.633 0 0.056 0.049 0 17.09 0 0.419 0.033 0 99.561 

MA-px-1  51.13 3.543 15.578 0.45 0.162 1.074 0.019 0.035 21.871 0.039 5.079 0.991 0.076 100.047 

MA-px-2  52.629 3.418 16.603 0.355 0.101 0.455 0.013 0 21.831 0.043 4.408 1.047 0.042 100.945 

MA-px-3  50.521 4.003 15.611 0.486 0.171 1.574 0.004 0.051 22.351 0.058 4.615 0.945 0.054 100.444 

P1A-in-1*  50.029 3.719 15.33 0.435 0 0.619 0.001 0.012 22.153 0.079 3.741 0.443 0.048 96.609 

P1A-mica-1*  41.118 11.659 14.548 3.096 0.073 5.235 0.294 0.054 11.844 0.029 6.429 0.895 0.138 95.412 

P1A-mica-2*  41.378 12.27 14.741 3.236 0.113 4.422 0.422 0 11.661 0.076 6.435 1.191 0.116 96.061 

P1A-mica-3* 36.033 14.324 17.154 2.379 0.141 6.757 5.906 0.111 0.052 0.074 5.308 0.99 0.105 89.334 

P1A-ol-1*  40.026 0 44.798 0.008 0.176 0 0 0 0.073 0.333 13.554 0 0 98.968 

P1A-ol-10*  40.167 0 44.83 0 0.253 0 0 0.068 0.14 0.22 12.487 0 0 98.165 

P1A-ol-2*  38.875 0.012 43.779 0.013 0.048 0.013 0.01 0 0.127 0.244 13.086 0 0 96.207 

P1A-ol-3*  39.906 0 45.606 0.003 0.113 0 0.006 0.065 0.089 0.311 11.947 0.044 0 98.09 

P1A-ol-4*  39.846 0.024 45.699 0 0.174 0.05 0.006 0 0.15 0.297 12.449 0.035 0.041 98.771 

P1A-ol-5*  40.211 0.049 45.314 0 0.13 0.013 0 0.076 0.107 0.258 12.572 0.028 0.029 98.787 
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EMPA (wt.%) 

Sample name     SiO2      Al2O3     MgO       Na2O      MnO       TiO2      K2O       BaO       CaO       NiO       FeO       Cr2O3     V2O3     Total   

P1A-ol-6*  39.64 0.03 44.521 0 0.136 0.099 0.011 0 0.094 0.329 12.986 0.021 0.034 97.901 

P1A-ol-7*  38.724 0 44.352 0 0.126 0.02 0.003 0.065 0.131 0.234 12.967 0.037 0.043 96.702 

P1A-ol-8*  39.465 0.001 43.452 0.035 0.166 0.013 0.014 0.057 0.071 0.234 12.197 0.028 0 95.733 

P1A-ol-9*  38.826 0.03 43.694 0.019 0.154 0.036 0 0 0.033 0.238 11.305 0.009 0.036 94.38 

P1A-opa-1*  0 8.816 5.608 0 0.645 3.596 0 0.03 0.047 0.246 45.099 27.69 0.471 92.248 

P1A-opa-2*  0 9.655 5.155 0.045 0.512 2.83 0 0 0.015 0.15 45.074 26.62 0.455 90.511 

P1Aopaincl3*  37.122 14.681 19.942 0.454 0.07 4.259 8.563 0.062 0.253 0.094 5.213 0.926 0.074 91.713 

P1A-plag-1*  48.527 31.558 0.056 2.396 0 0.065 0.01 0.055 15.234 0 0.33 0.022 0.018 98.271 

P1A-plag-2*  37.972 28.997 0.159 3.006 0 0.108 0.028 0 12.995 0.039 0.653 0.005 0.04 84.002 

P1A-plag-3*  48.807 31.047 0.041 2.965 0.083 0.024 0.058 0.091 14.404 0.014 0.22 0 0.038 97.792 

P1A-plag-4*  49.569 31.63 0.013 3.004 0.026 0.021 0.071 0 15.076 0.026 0.299 0.014 0.028 99.777 

P1A-plag-7*  48.147 31.82 0.013 2.54 0 0.052 0.041 0.039 15.445 0 0.322 0.019 0 98.438 

P1Aplagre-5*  36.995 29.392 0 2.965 0.008 0.222 0.014 0 13.453 0 0.204 0 0 83.253 

P1Aplagre-6 * 36.755 29.381 0.259 2.874 0.167 0.065 0.017 0.043 13.105 0 1.272 0.012 0 83.95 

P1Aplagre-8*  37.423 28.832 0.114 2.999 0 0.042 0.017 0 12.17 0 1.059 0 0.025 82.681 

P1A-px-1  49.099 4.332 15.355 0.389 0.093 1.097 0 0.138 20.624 0.049 4.179 1.085 0.005 96.445 

P1A-px-2  48.373 4.466 14.98 0.442 0.05 0.979 0.013 0.063 20.811 0.047 3.73 1.118 0.07 95.142 

P1A-px-3  43.386 4.213 13.954 0.32 0.041 0.826 0 0.071 16.735 0 2.569 0.804 0.058 82.977 

P1A-px-4  49.964 3.996 15.331 0.434 0.019 0.756 0.017 0 20.949 0.073 4.138 0.97 0.095 96.742 

P1A-px-5  49.871 4.562 15.179 0.384 0.092 0.973 0.012 0 21.705 0.055 3.951 1.116 0.068 97.968 

P1A-px-6  51.476 3.194 15.292 0.719 0.085 0.996 0 0.111 21.799 0 4.129 0.774 0.053 98.628 

P2B-ol-1  40.037 0.025 44.931 0 0.194 0 0 0 0.129 0.306 14.068 0 0 99.69 

P2B-ol-2  40.698 0.025 46.146 0 0.197 0 0.009 0.083 0.225 0.405 13.106 0.02 0 100.914 

P2B-ol-3  40.257 0.063 44.561 0 0.298 0.004 0.014 0.004 0.146 0.271 14.055 0.029 0 99.702 

P2B-ol-4  40.664 0.068 45.996 0 0.367 0.063 0 0.015 0.158 0.353 12.6 0 0.012 100.296 

P2B-ol-5  38.732 0.041 43.407 0 0.148 0 0.008 0 0.107 0.307 12.654 0 0 95.404 

P2B-ol-6  40.23 0.048 45.566 0.009 0.13 0.015 0.011 0 0.147 0.269 14.859 0.027 0.007 101.318 

P2B-op-1  0 25.952 11.324 0 0.448 1.475 0 0.055 0.012 0.268 34.843 25.611 0.237 100.225 
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*Sample P1A not sufficiently carbon coated, but their stoichiometry are ok. 

 

EMPA (wt.%) 

Sample name     SiO2      Al2O3     MgO       Na2O      MnO       TiO2      K2O       BaO       CaO       NiO       FeO       Cr2O3     V2O3     Total   

P2B-plag-1  46.945 33.032 0.038 1.656 0 0.009 0.011 0.059 17.379 0.018 0.45 0.034 0 99.631 

P2B-plag-2  46.868 33.267 0.038 1.645 0 0.014 0.022 0 17.599 0.031 0.449 0.024 0.015 99.972 

P2B-plag-3  47.483 32.993 0.073 1.856 0 0 0.029 0 16.836 0 0.403 0.036 0 99.709 

P2B-plag-4  46.592 33.415 0.065 1.707 0.167 0.038 0.025 0.012 17.382 0.012 0.403 0.012 0.057 99.887 

P2B-plag-5  46.407 33.409 0.051 1.558 0 0 0.036 0 17.905 0 0.388 0.022 0.015 99.791 

P2B-plag-6  47.242 32.954 0 1.871 0 0.087 0.052 0 17.13 0 0.345 0 0 99.681 

C1: R14-C-Gabbro 1 

C2A,B: R14-C-Gabbro 2 

H1,B,C: R14-Har-dyke 1 

H2A: R14-Har-dyke 2 

HP: R14-Har-Per 

MA: R14-M-Spher  

P1A: R14-Per 1 

P2B: R14-Per 2 
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Appendix 5. Major and Trace elements 

X-ray fluorescence spectroscopy (XRF) was undertaken at university of Bergen using a Phillips PW1404 spectrometer to analyse major element 

compositions for the collected samples (Table A4). A and B samples are the same sample analysed at different times. To showcase the 

differences between samples the data were plotted in major element variance diagrams (Fig. A4). The gabbros and feldspathic peridotite samples 

have generally more alkaline compositions. The feldspathic peridotite and R14-Per-Har vein relatively have high titanium content. Trace 

elements was analysed by ICP-MS at University of Bergen (Table A4; Fig A5). The felspathic peridotite curve is comparable to North Atlantic 

Igneous Province tholeiitic basalt (cf. Meyer et al. 2009), providing indirect evidence that the feldspathic peridotite matrix are likely of deep 

intrusive origin. 

  

 Sample name Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2    MnO 

    

Fe2O3 Total                  LOI 

R14-C-Gabbro-1 1.24 13.54 15.72 47.10 0.01 0.04 15.90 0.47 0.11 5.32 99.46 0.93 

R14-C-Gabbro-2A 3.02 9.65 17.86 49.11 0.01 0.11 13.10 0.46 0.11 5.71 99.14 0.71 

R14-C-Gabbro-2B 3.05 9.46 18.39 49.35 0.02 0.10 13.07 0.47 0.11 5.69 99.71 0.6 

R14-Har-dyke-1A 1.68 27.08 7.87 42.37 0.04 0.12 6.17 1.00 0.22 12.79 99.34 3.66 

R14-Har-dyke-1B 1.57 27.43 7.70 42.67 0.04 0.10 6.04 1.00 0.22 13.03 99.80 3.97 

EH11S-1B 0.61 31.55 6.27 40.73 0.02 0.04 5.35 0.27 0.22 13.26 98.33 0.28 

EH11S-1A 0.66 31.57 6.84 40.78 0.01 0.05 5.00 0.26 0.22 13.38 98.77 0.3 

R14-M-Spher-A 0.85 35.29 5.81 40.67 0.02 0.05 4.17 0.17 0.23 12.89 100.15 3.41 

R14-M-Spher-B 0.46 35.18 5.39 40.64 0.02 0.02 4.32 0.18 0.22 12.78 99.21 3.46 

R14-Per-1A 0.87 36.50 4.26 40.34 0.02 0.06 4.00 0.24 0.23 13.24 99.73 4.17 

R14-Per-1B 0.37 36.81 4.10 40.76 0.02 0.03 3.97 0.26 0.23 13.36 99.90 4.21 

R14-Per-2A 0.68 32.38 8.10 40.69 0.02 0.05 4.86 0.17 0.22 13.37 100.53 4.53 

R14-Per-2B 0.54 31.31 7.93 40.42 0.02 0.03 5.41 0.19 0.21 12.78 98.84 2.71 

R14-Per-Har-Vein 1.07 26.62 6.01 41.21 0.02 0.10 5.31 1.91 0.30 17.05 99.59 2.33 

Table A4. Wholerock XRF major element data. EH11S are (feldspathic) peridotite from the ELI. 
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Figure A4. Wholerock major element variance diagrams with MgO on the X-axis. 
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Li 2.191 2.145 1.984 9.734 2.092 1.760 4.034 1.870 1.874 2.125 2.298 2.504 2.534 2.562 

Sc 44.418 32.301 31.252 21.850 21.795 12.239 13.542 16.222 15.548 10.286 11.609 24.387 14.025 16.604 

V 141.871 142.583 132.845 176.846 175.007 68.388 69.879 81.573 78.172 63.041 59.621 216.110 104.477 122.326 

Cr 1977.431 739.032 684.171 2092.114 2154.273 2832.073 2809.949 2908.859 2721.269 2936.654 2588.675 538.738 4078.790 4181.316 

Mn 592.994 639.856 610.142 1209.565 1244.980 1228.258 1218.691 1226.222 1215.485 1220.919 1118.368 1630.029 1264.212 1255.943 

Co 40.407 38.025 36.632 101.616 103.697 128.291 127.875 130.238 128.680 123.924 110.635 126.949 128.938 125.745 

Ni 499.853 349.778 336.454 1228.581 1254.097 1566.941 1559.144 1733.855 1728.487 1522.081 1370.589 916.558 1675.517 1582.407 

Cu 50.874 174.238 169.911 28.304 27.062 89.192 84.531 25.593 36.371 70.593 61.697 94.258 326.313 301.391 

Zn 25.881 30.368 29.271 70.481 72.634 68.669 68.528 92.774 71.904 72.389 64.893 90.844 77.275 77.242 

Rb 0.285 0.520 0.577 1.153 1.232 0.077 0.082 0.230 0.207 0.572 0.145 1.337 0.542 0.408 

Sr 194.296 309.563 309.259 143.623 143.905 72.237 67.628 59.683 60.154 125.666 128.456 103.255 93.539 89.317 

Y 6.095 6.527 6.290 9.410 9.407 1.321 1.513 2.252 2.114 1.095 1.338 5.941 2.119 2.581 

Zr 13.816 12.480 12.029 47.317 47.170 2.893 3.135 6.393 5.985 2.810 3.210 33.145 5.045 7.582 

Nb 0.152 0.092 0.100 0.960 0.962 0.040 0.035 0.130 0.110 0.127 0.045 2.566 0.162 0.155 

Cs 0.002 0.009 0.009 0.019 0.022 -0.001 -0.001 0.007 0.004 0.007 0.002 0.024 0.009 0.007 

Hf 0.568 0.518 0.500 1.464 1.466 0.103 0.118 0.228 0.223 0.111 0.133 1.018 0.186 0.243 

Ta <LoD <LoD <LoD <LoD <LoD <LoD <LoD <LoD <LoD <LoD <LoD <LoD <LoD <LoD 

Pb 0.207 0.493 0.510 0.420 0.463 0.137 0.137 0.876 0.220 0.280 0.262 0.679 0.648 0.466 

Th 0.020 0.025 0.022 0.160 0.147 0.007 0.005 0.018 0.017 0.005 0.005 0.107 0.035 0.080 

U 0.010 0.010 0.007 0.043 0.040 0.005 0.005 0.010 0.007 0.005 0.005 0.027 0.010 0.020 

La 1.017 1.137 1.114 2.471 2.447 0.447 0.405 1.843 0.997 0.859 0.952 1.659 0.524 0.505 

Ce 2.726 2.989 2.928 6.643 6.664 0.927 0.922 3.218 1.990 1.623 1.871 4.115 1.316 1.318 

Pr 0.485 0.536 0.520 1.124 1.151 0.131 0.146 0.423 0.281 0.226 0.256 0.663 0.208 0.223 

Nd 2.901 3.132 2.976 6.096 6.222 0.706 0.750 1.931 1.411 1.020 1.260 3.446 1.144 1.237 

Sm 1.028 1.136 1.073 1.882 1.911 0.212 0.234 0.487 0.409 0.249 0.319 1.079 0.356 0.412 

Eu 0.483 0.614 0.601 0.694 0.694 0.127 0.131 0.165 0.159 0.150 0.166 0.433 0.192 0.206 

Gd 1.287 1.394 1.344 2.133 2.097 0.252 0.295 0.515 0.472 0.260 0.337 1.207 0.449 0.510 

Tb 0.210 0.230 0.225 0.335 0.340 0.045 0.052 0.080 0.072 0.040 0.052 0.202 0.072 0.088 

Dy        1.301       1.400       1.356       2.019         2.035          0.263         0.307        0.457        0.443          0.223         0.282        1.229        0.434        0.536 

Ho 0.256 0.277 0.266 0.394 0.399 0.054 0.062 0.089 0.087 0.042 0.057 0.244 0.089 0.107 

Er 0.690 0.722 0.702 1.048 1.072 0.152 0.175 0.248 0.242 0.127 0.152 0.697 0.247 0.293 

Tm 0.087 0.095 0.092 0.143 0.142 0.020 0.025 0.033 0.035 0.017 0.020 0.032 0.040 0.040 

Yb 0.517 0.567 0.567 0.870 0.880 0.157 0.175 0.230 0.225 0.127 0.152 0.640 0.225 0.260 

Lu 0.074 0.084 0.077 0.127 0.129 0.024 0.029 0.037 0.034 0.019 0.022 0.099 0.034 0.039 

Table A4. Trace Element ICP-MS data. EH11S are (feldspathic) peridotite from the ELI. 
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Figure A5. ICP-MS C1 chondrite (Sun and Mcdonough 1989) normalised trace element data.  
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