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Abstract Long-distance lateral magma transport within the crust has been inferred for various magmatic
systems including oceanic island volcanoes, mid-oceanic ridges, and large igneous provinces. However,
studying the physical and chemical properties of active fissure systems is difficult. Hence, this study investi-
gates the movement of magma away from the Mull volcano in the North Atlantic Igneous Province, where
erosion has exposed its upper crustal dike networks. Magmatic lineations within dikes indicate that the
magma flow in the Mull dike suite changed from near vertical to horizontal within 30 km of the volcanic
center. This implies that distal dikes were fed by lateral magma transport from Mull. Geochemical character-
istics indicate that many <50 km long dikes have deep crustal signatures, reflecting storage and assimila-
tion in Lewisian basement. Following crystallization and assimilation in the lower crust, magma fed an
upper crustal reservoir, where further fractionation and incorporation of Moinian rocks generated felsic
compositions. Distal dikes are andesitic and reflect events in which large volumes of mafic and felsic magma
were combined by mixing between lower and upper crustal reservoirs to generate the 30-80 km? required
to supply the long-distance dikes. Once propagated, compositions along dikes were not significantly
affected by assimilation and crystallization. Supplying the distal dikes with magma would have required a
large-scale evacuation of the crustal reservoirs that acted as a potential trigger for explosive volcanism and
the caldera formation recorded in Mull central complex.

1. Introduction

Long-distance magma transport within the Earth’s crust is an important process that shapes the structure of
volcanic edifices and is a significant, yet unseen, contributor to crustal growth. This lateral transport has
been recognized in various volcanic settings including large igneous provinces [e.g., Ernst and Buchan, 1997;
Magee et al., 2012a, 2012b, 2016], hot spot volcanoes [e.g., Ryan, 1988; Klugel et al., 2015], mid-oceanic
ridges [Dziak et al., 1995; Sinton et al., 2002], and island arc volcanoes [e.g., Hildreth and Fierstein, 2000; Geshi
et al., 2002; Ishizuka et al., 2008, 2014, 2015]. There is increasing evidence from active volcanic systems for
lateral magma movement based on the migration of seismic swarms [e.g., Einarsson and Brandsdottir, 1980;
Toda et al., 2002; Peltier et al., 2005; Aloisi et al., 2006], ground deformation [e.g., Nishimura et al., 2001; Aloisi
et al., 2006; Peltier et al., 2008], emanation of volcanic gases [e.g., Gonzalez et al., 2013], and the formation of
eruption fissures [e.g., Nakamura, 1977]. Major factors controlling lateral transport seem to be the regional
and local crustal stresses [e.g., Watanabe et al.,, 1999; Pinel and Jaupart, 2004] combined with the magma
overpressure and physical properties (e.g., density and viscosity) of the magma and country rocks [e.g.,
Rubin, 1990; Lister and Kerr, 1991]. Numerical modeling predicts that the magma composition as well as the
distance and direction of transport can vary depending on the shape, size, and depth of the source magma
chamber as well as the size and aspect of the volcanic edifice [e.g., Pinel and Jaupart, 2004].

Active oceanic island volcanoes such as Kilauea provide detailed information about magma movement and
its controlling factors. Based on seismic and geodectic data at Kilauea volcano, lateral magma injection
occurs from reservoirs at 1 and 3 km beneath the surface [Poland et al., 2014]. This dike intrusion at Kilauea
is triggered by both an increase in magma pressure within a magma reservoir and extensional stress [e.g.,
Owen et al., 2000]. An eruption and intrusion started on 17 June 2007 was an example of dike formation in
which both magma pressure and extensional stress contributed to the lateral injection [Poland et al., 2008].

ISHIZUKA ET AL.

LARGE-VOLUME LATERAL MAGMA TRANSPORT 1618


http://dx.doi.org/10.1002/2016GC006712
http://orcid.org/0000-0001-7223-0284
http://orcid.org/0000-0002-8570-6373
http://dx.doi.org/10.1002/2016GC006712
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1525-2027/
http://publications.agu.org/

@AG U Geochemistry, Geophysics, Geosystems 10.1002/2016GC006712

Marti et al. [2013] demonstrated that lateral magma transport from an eruption of El Hierro volcano in the
Canary Islands was controlled by the local stress field. In this case, a flexural effect generated by the island’s
mass, as well as the prevailing tectonic stress, facilitated the lateral migration of magma along the crust/
mantle discontinuity.

Spreading and rifting environments, such as Iceland and Afar, also provide examples of active lateral
magma transport [e.g., Einarsson and Brandsdottir, 1980; Ebinger and Casey, 2001]. In the Krafla 1975-1984
rifting episode, seismic data indicated that magma laterally migrated at velocities of ~1-2 km/h away from
a single crustal magma reservoir located at the center of the segment [e.g., Tryggvason, 1984; Bjornsson,
1985]. INSAR measurement between August 1999 and April 2000 at Eyjafjallajokull volcano revealed that
magma migrated horizontally southward, producing inflation on the southern flank of this volcano before a
cessation of the unrest [Pedersen and Sigmundsson, 2006]. In 2014-2015, Bardarbunga volcano provided a
spectacular example of lateral magma transport from a magma reservoir that triggered caldera collapse
[Gudmundsson et al,, 2016]. A caldera area of 110 km? was formed, while magma drained laterally for 48 km
and erupted as a major lava flow [Gudmundsson et al., 2016]. In Afar, seismic data indicated that velocities
of lateral dike migration are in the same range as Krafla or those deduced for slow spreading mid-oceanic
ridges [~1-2 km/h) [Grandin et al., 2011]. In terms of the driving force for lateral dike propagation, Grandin
et al. [2012] proposed that a horizontal pressure gradient along the slope of the brittle-ductile transition
zone beneath a rift axis plays a more important role in driving magma laterally, rather than the topographic
gradient along the ridge segment [e.g., Rubin and Pollard, 1987].

Recent studies of active arc volcanoes have improved our understanding of the way in which magma is
moved laterally from central plumbing systems and its significance with respect to eruption mechanisms.
Hachijojima volcano in the Izu-Bonin arc has two distinct lateral magma transport pathways, with dikes ema-
nating from separate deeper and shallower crustal reservoirs. In contrast, Izu-Oshima volcano has only evi-
dence for of lateral transport from a single magma chamber in the upper crust [Ishizuka et al., 2008, 2014].
Miyakejima erupted in 2000 and provided a spectacular example of lateral magma transport draining the
magma reservoir, triggering caldera collapse, and generating violent explosive eruptions [Geshi et al., 2002].

These examples indicate that there are some key differences in the mode of lateral transport and in the com-
position of magmas involved. Investigating such magma movement is important not only to appreciate the
processes occurring in the magmatic plumbing but also to understand the evolution of the volcanic edifice in
relation to hazard mitigation. However, studying the physical and chemical properties of magma transport in
active volcanic systems is difficult because most of the transported material resides at inaccessible crustal
depths. Hence, this study set out to examine magma movement in a system where the transport pathways
and the center of magmatic system are both exposed at the surface. Such a system is found as an extensive
dike swarm extending from the central complex of the Isle of Mull in the North Atlantic Igneous Province, pro-
viding an opportunity to tie together the physical and chemical parameters of magma distribution.

In this study, we acquired physical parameters to examine the magma movement and flow regime within
the Mull dike swarm using preferred crystal orientations and flow marks on dike surfaces. Chemical analysis
of more than 200 dikes for high-precision radiogenic isotopes and whole rock chemistry enabled us to
examine the compositional variation along and between the dikes at different distances from the Mull cen-
ter. Based on these data, in combination with previously published analyses, the petrogenetic evolution
and transport of dike magmas in the crust are explored.

2. Geological Background

2.1. Mull Central Complex

The Isle of Mull, off the west coast of Scotland, exposes a central volcanic complex that is part of the North
Atlantic Igneous Province (Figure 1). Volcanism in this igneous province generated flood basalts initiated by
decompression melting of the Icelandic mantle plume as it arrived at the base of the lithosphere at 61 Ma
[e.g., White, 1988; Saunders et al., 1997; Kent and Fitton, 2000].

Crustal material through which the Mull central complex intruded has been constrained by surface expo-
sure, xenolithic material, and geophysical data (summarized in Thompson et al. [1986]). The lower crust is
consistent with granulite facies Archean Lewisian gneiss, while amphibolite facies Lewisian calc-alkaline
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Figure 1. Locality map of dikes extending from Mull. Names and traces of dikes are after MacDonald et al. [2015].

orthogneisses may be a constituent of the middle crust. These are overthrust by upper crustal rocks com-
prising Proterozoic Moine metasedimentary rocks consisting of psammites and pelites, which are in turn
overlain by a thin Mesozoic sedimentary rock sequence. The basement below Mull changes markedly
across the Great Glen fault that cuts through southeasterly edge of Mull (Figure 3a). North of this fault
is mainly composed of an Archean Lewisian gneiss and Moine schists, while south of this fault has Early
Proterozoic basement and Dalradian metamorphosed sedimentary rocks [e.g., Smith and Watson, 1983]
(Figures 3a and 3b).

The Mull central complex was first described in detail by Bailey et al. [1924], with more recent investigations
detailing the igneous stratigraphy [Kerr et al., 1999]. Volcanism has been divided into four stratigraphic
stages (summarized in Figure 2), which from lower to upper levels are Mull Plateau Group (MPG) [Morrison
et al., 1980], Coire Gorm [Kerr, 1995], Central Mull Tholeiite (CMT) [Kerr, 1995], and Late Mull type [Kerr et al.,
1999]. MPG has been further subdivided into nine subtypes based on chemical characteristics, with the
Staffa magma subtype being the oldest among MPG subtypes [Kerr et al., 1999]. Mussett [1986] reported
“OAr/*9Ar ages of 60 + 0.5 Ma for MPG. Coire Gorm lavas overlie MPG, and uppermost MPG lavas are interca-
lated with the lowermost Coire Gorm flows [Kerr et al., 1999]. These three stages of volcanism were followed
by Late Mull type basalt activity. The majority of Mull volcanism took place between 61 and 59 Ma, and
emplacement of some late-stage dikes continued until approximately 58 Ma [Chambers and Pringle, 2001].

Three overlapping igneous centers define the root of the volcanic system (Figure 3b). These are Glen More
(Center 1), Beinn Chaisgidle (Center 2), and Loch Ba (Center 3), which represent a consecutive shift in the
magmatic focus to the northwest with time [Skelhorn et al.,, 1969; Kerr et al., 1999]. Intrusions associated
with these centers range from gabbro to granite, and each is accompanied by basic to acidic cone sheets
(Figure 3b) [Bailey et al., 1924; Thomson, 1986; Kerr et al., 1999]. The CMT lava associated with Center 1 was
dated to be 59.05 = 0.27 Ma, and Loch Ba ring dike (Center 3) has an age of 58.48 + 0.18 Ma [Chambers and
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Mull (modified after Kerr et al. [1999]). stages This change in melting

depth was explained by mecha-
nisms such as a progressively thinning lithosphere [Kerr, 1994, 1995] and preferential extraction of melt from
the top of a mantle column beneath lithosphere of a constant thickness [Kerr et al., 1999].

2.2. The Mull Dike Swarm

In the North Atlantic Igneous Province, the Mull and Skye central complexes fed extensive linear dike swarms [e.g.,
Speight et al., 1982, Figure 1]. Around Mull, the proximal dikes are dominated by planar sheets with diverse orienta-
tions and a mean of 140° [Jolly and Sanderson, 1995]. At greater distances, the number of dikes decreases and their
thickness increases, while they retain strike directions between 130° and 150° [Jolly and Sanderson, 1995].

Holmes and Harwood [1929] recognized five definite lines and belts of tholeiitic dikes, including the
Cleveland-Cockfield-Armathwaite dike in the north and Acklington dike in the south. Tyrrell [1917] and then
Holmes and Harwood [1929] pointed out that the distribution and petrological affinities of these dikes indi-
cated that they are an extension of the Mull swarm. MacDonald et al. [1988] reported that the Cleveland
dike, one of the longest intrusions, appears to extend about 430 km from Mull to off the coast of northwest
England and has chemical similarities to the tholeiitic rocks of Mull. On this basis, they concluded that the
Cleveland dike is likely to have been fed by lateral migration of a Mull magma. MacDonald et al. [1988]
also demonstrated that based on numerical modeling, lateral migration of magma at a relatively high speed
(1-5 m/s) could emplace the Cleveland dike in 1-5 days with a small excess pressure in a relatively large
magma chamber. Some of the longest dikes, such as Eskdalemuir, show a wide compositional range from
tholeiitic basalt, through andesite, to rhyolite [MacDonald et al., 2009]. Since the rhyolite is of a similar com-
position to that associated with Mull Center 1, MacDonald et al. [2009] concluded that the felsic magma was
also transported from Mull and mixed with tholeiitic basalt magma to produce the diverse compositional
range, either at the exit from magma chamber or during lateral transport.

The timings of the Mull-derived dikes are relatively poorly constrained. MacDonald et al. [2010] suggested
that the geochemistry of the dikes, such as the Cleveland dike, is similar to the MPG lavas with an age of
61-59 Ma. In contrast, Kerr et al. [1999] indicated that majority of the dike compositions belong to the CMT
magma types, with minor amount of dikes having Coire Gorm-type compositions. There are also proximal
basic dikes of Late Mull magma type crosscutting last major intrusives of Loch Ba [Skelhorn et al., 1969],
whose age is estimated to be 58.12 = 0.13 Ma by *°Ar/*°Ar dating [Chambers and Pringle, 2001].
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3. Sample Collection

Fieldwork was organized to examine the spatial variation of dike orientation and determine the direction of
magma movement away from Mull. Samples of dikes at accessible distances were taken for elemental and
isotopic analysis. Figure 3 shows the location of samples together with the major dikes on the simplified
geological map of the southern Scotland and northern England. Dikes sampled in this study extend more
than 270 km southeast from Mull (Cartington) and 30 km to the northwest. Physical data and samples were
collected from 251 dikes as well as material from the host geological units which range from igneous rocks
to sedimentary or metasedimentary rocks. Strike of the dikes is dominantly WNW-ESE to NNW-SSE, and their
thickness ranges from 0.1 to 17 m.

Samples for geochemical analysis were obtained from most of the observed dikes and collected separately
from the samples for intrusive direction analysis. Block samples were collected from the freshest part of the
dikes. If suitable material for geochemical analysis could not be obtained by block sampling, core samples
were recovered with an engine drill. Some locations where petrological variation was observed within sin-
gle dike, block samples were collected from both margin and interior of the intrusion.

4. Analytical Methods

4.1. Determination of Magma Flow Direction

Some dikes exhibit preferred orientations via elongated vesicles and crystals. High cooling rates and high
melt viscosities in the peripheral part of a dike favor the preservation of elongated vesicles, hence, the dike
margins can be an indicator of the shearing direction during solidification [Rust et al., 2003]. Shear elongates
vesicles along the deformation direction and forms an alignment of elongated vesicles subparallel to the
flow band (Figure 4a). Shear also rotates elongated objects such as crystals and forms an oblique alignment.
Therefore, the oblique alignment of crystals and vesicles relative to flow banding can indicate the direction
of shear, which represents the movement of magma against the host rock [e.g., Delaney and Pollard, 1981;
Baer and Reches, 1987; Philpotts and Philpotts, 2007]. Since the wall rock is fixed, shear deformation in the
peripheral part of the dike indicates the flow direction of magma in the dike interior (Figures 4b and 4c).

We have only used the magmatic lineations observed in the outermost chilled margin of dikes for the analy-
sis of intrusion direction, since they can record the magma movement against the host rock in the very early
stages of dike intrusion. Magmatic lineations were recognized macroscopically in 24 dike outcrops at distan-
ces between 20 and 90 km from the Mull center (supporting information Table S1). The plunge and plunge
direction of bubbles and crystals were measured by digital clinometer on the intrusion surface.

4.2. Whole Rock Chemistry

Two hundred twenty dike samples were analyzed for major and trace elements with selected samples also
analyzed for Sr, Nd, and Pb isotope ratios. All the analytical work was conducted at the Geological Survey of
Japan/AIST, and analytical data are listed in supporting information Table S2.

Normally, 50 g of rock chips were ultrasonically cleaned, and then pulverized using an agate mortar. Whole
rock major elements were analyzed on glass beads, prepared by fusing 1:10 mixtures of 0.5 g subsamples
and lithium tetraborate. The glass beads were analyzed using Panalytical Axios XRF spectrometers. External
error and accuracy are generally <2%, but Na could have as much as ~7% error depending on the surface
condition of the glass beads. The data for each element agree with accepted values within these errors
(supporting information Table S2).

The rare earth elements (REE), V, Cr, Ni, Rb, Sr, Y, Zr, Nb, Cs, Ba, Hf, Ta, Pb, Th, and U concentrations were
analyzed by ICP-MS on a VG Platform instrument. About 100 mg of powder from each sample was dissolved
in a HF-HNOs mixture (5:1) using screw-top Teflon beakers. After evaporation to dryness, the residues were
redissolved with 2% HNOs prior to analysis. In and Re were used as internal standards, while JB2 with a simi-
lar level of dilution to the samples was used as an external standard during ICP-MS measurements. Instru-
ment calibration was performed using five to six calibration solutions made from international rock
standard materials (including BIR-1, BCR-1, AGV-1, JB1a, and BEN). Reproducibility is generally better than
+4% (RSD) for the REE, and better than £6% (RSD) for other elements except those with very low concen-
tration and Ni (see BHVO2 analysis in supporting information Table S2). Detection limits vary from element
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the photograph in Figure 4b.

to element, but for elements with low concentrations, such as REE and Ta, limits typically fall within a range
1

from0.2to2pgg .
4.3. Radiogenic Isotopic Composition

Isotopic compositions of Sr, Nd, and Pb were determined on 500 mg of hand-picked 0.5-1 mm rock chips.
The chips were leached in 6 M HCl at 140°C for 30 min prior to dissolution in HF-HNOs. Sr, Nd, and Pb iso-
tope ratios were measured on a nine-collector VG Sector 54 mass spectrometer. Sr was isolated using Sr
resin (Eichrom Industries, lllinois, USA). For Nd isotopic analysis, the REE were initially separated by cation
exchange, before isolating Nd on Ln resin (Eichrom Industries, lllinois, USA) columns. Procedural Sr and Nd
blanks were considered negligible relative to the amount of sample analyzed. Sr and Nd isotopic composi-
tions were determined as the average of 150 ratios by measuring ion beam intensities in multidynamic col-
lection mode. Isotope ratios were normalized to %6Sr/%8Sr =0.1194 and *°Nd/'**Nd = 0.7219. Measured
values for NBS SRM-987 and JNdi-1 [Tanaka et al., 2000] were & Sr/®6Sr = 0.710278 = 19 (2 s.d,, n =33) and
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M3Nd/"™*Nd = 0.512104 * 10 (2 s.d., n = 38) during the measurement period. All 8’Sr/%®Sr ratios were nor-
malized to NBS SRM-987 87Sr/2°Sr = 0.710248 [Thirlwall, 1991] as measured during the same analytical session.

Pb separation was achieved using AG1-X8 200-400 mesh anion exchange resin. Procedural Pb blanks were
<30 pg and considered negligible relative to the amount of sample analyzed. Pb isotopic measurements
were made in multidynamic collection mode using the double-spike technique (Southampton-Brest-Lead
207-204 spike SBL74) [Ishizuka et al., 2003; Taylor et al., 2015]. Natural (unspiked) measurements were made
on 60-70% of collected Pb, giving 2°®Pb beam intensities of 2.5-3 X 10~ ''A. Fractionation-corrected Pb iso-
topic compositions and internal errors were obtained by a closed-form linear double-spike deconvolution
[Johnson and Beard, 1999]. The reproducibility of Pb isotopic measurement (external error: 2 s.d.) by double
spike is <200 ppm for all 2Pb/?**Pb ratios. Measured values for NBS SRM-981 during the measurement
period were 2%Pb/2%*Pb = 16.9407 + 0.0039, *°’Pb/***Pb = 15.5010 * 0.0050, and 2°®Pb/***Pb = 36.724 +
0.012 (2 s.d., n=21).

5. Results

5.1. Classification of Dikes

This study divides the dikes into seven groups (Types 1-5, low MgO, and high MgO), based on their geo-
chemical characteristics (Table 1). It has been recognized that dikes extending from Mull have a diversity of
Fe,03/MgO at similar levels of MgO [MacDonald et al., 1988, 2010, 2014, 2015]. Such differences can be
used to assess the relationship between each of the dike groups, as well as the potential comagmatic ori-
gins within and between the dikes, the Mull central complex and Mull lavas. This type of Fe-Mg distinction
is shown in Figure 6a. Mull Plateau Group lavas (MPG) lie to the high-MgO end of a tholeiitic Fe-enrichment
trend. Coire Gorm-type lavas extend to higher Fe,Os, while some of the CMT lavas show lower Fe,O3 than
MPG at comparable MgO. The Fe-enrichment trend of MPG is continued to low MgO by Mull Center 3
[Thomson, 1986]. In contrast, Mull Center 1 forms an array with continuously declining Fe,O3 with less than
8% MgO: more akin to a calc-alkaline trend. Mull Center 2 is somewhat intermediate between Centers 1
and 3.

Overall, the range of MgO-Fe,03 in the studied dikes roughly matches the diversity of compositions
observed on Mull (Figure 6b). There are some differences, for example, the dikes do not extend to as high
MgO (>10 wt %) as the MPG or have the most extreme Fe-enrichment observed in Center 3. Our new data
include dikes with high Fe,0O5 values relative to the published data (Figure 6b). This is because previously
published dike data are mostly for long-distance dikes which show decreasing Fe,03 with decreasing MgO,
while our data include a number of proximal dikes which show first increasing, then decreasing Fe,03 with
decreasing MgO [Dagley et al., 2008; MacDonald et al., 1988, 2010, 2014, 2015].

At distances of >50 km from Mull, individual dikes can be traced across southern Scotland and northern
England for >400 km [Dagley et al., 2008; MacDonald et al., 2010, 2015]. Figure 6¢c combines the data from
this study with existing data for these distal individual dikes, which tend to fall naturally into three/four
groupings [MacDonald et al., 1988, 2009, 2010, 2014; Dagley et al., 2008]. Each group represents a magma
fractionation pathway or potentially a mixing trajectory between mafic and felsic magmas. Although these
trajectories tend to focus toward an approximately similar low-MgO composition, they spread to a variety
of Fe,05 at their high-MgO end (Figure 6b). As such, it is possible to quantify the variation in the Fe,O3 by
using the Feg, parameter, modified after Klein and Langmuir [1987]. Essentially this translates any

Table 1. Summary of Characteristics of Each Type of Dikes

Type 1 Type 2 Type 3 Type 4 Type 5 High MgO Low MgO
Number of dikes 20 29 36 38 27 19 14
MgO (wt %)? 2.5-75 2.5-7.5 2.5-75 2.5-7.5 2.5-7.5 >7.5 <25
SiO, (wt %)? 47.6-61.8 482-62.0 46.7-59.3 46.8-54.9 454-54.0 45.6-50.4 56.3-69.5
Fego <12 12-134 13.4-16.1 <16.1 11.54-19.84 9.69-13.66 8.91-21.04
Th/Nb >0.1 >0.1 >0.1 >0.1 <0.1 >0.1 >0.1
Distance from Mull (km) 12.7-275.1 9.7-2735 3.6-399.3 3.4-155.1 8.9-44.1 9.2-90.2 9.2-53.5
Inclination of magma flow direction (°) 15 0-32 0-65 12-36 2-21 3-29

“Normalized value to total = 100%
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composition along a magmatic trend of constant gradient to a fixed value of 8 wt % MgO. Figure 6¢ shows
the division of the dike magmas into four types (Types 1-4 with increasing Feg ), bounded by Fegq of 12%,
13.4%, and 16.1% (Figure 6c and Table 1). As the dike trajectories may represent mixing and because there
is convergence at low MgO, the Feg, parameter is only meaningful for compositions between 2.5 and 7.5
wt % MgO. This range is represented by the shaded region in Figure 6c, and dike samples with MgO wt %
higher than 7.5% are labeled as "high MgO” and those with lower than 2.5 wt % are labeled as “low MgO”
(Figure 6b and Table 1). Type 1-4 dikes include previously reported long-distance dikes [MacDonald et al.,
1988, 2009, 2010, 2014]. Type 1 dikes includes part of Eskdalemuir and Stevenston-Coylton dikes, Type 2
includes Moneyacres and Barrmill-Hartfell, Type 3 includes Cleveland, Dalraith, and Hawick-Acklington, and
Type 4 includes Bracken Bay-Straiton (Figures 2 and 3).

Type 5 dikes have distinct geochemical characteristics relative to the other dikes. Their key distinguishing
feature is that they have characteristically low Th/Nb regardless of MgO (ranging from ~3 to 10 wt %;
Figure 7) and are consequently defined by having Th/Nb less than 0.1 (Table 1).

There is some evidence that the distribution of dike types has some dependency on the distance from Mull,
as shown in Figure 8. Type 5 dikes occur exclusively within 50 km from the Mull center, and “high-MgO”
dikes only occur within 100 km. Type 4 dikes occur mostly within 50 km, although the Bracken Bay-Straiton
dike [MacDonald et al., 2014] at 140-155 km from Mull is an exception. Types 1-3 occur along the entire
length of the dike system.

Taking the dikes as a whole, many geochemical parameters, in particular the major elements, have a discern-
able systematic spatial variation (Figure 8). Distal dikes (>100 km) have a narrow range of compositions, while
proximal dikes cover a much wider range. This change can be perceived as progressive with distance rather
than being a step-function. For example, the SiO, content of dikes progressively narrows and converges on an
andesitic composition with increasing distance from Mull, while basalt and rhyolite are restricted to proximal
locations (Figure 8b). Distal dikes of each type have narrow major element compositional range, which is
mainly due to the very tight compositional range of each long-distance dike (Figure 8a).

Trace element and isotopic compositions also show a systematic variation with distance (Figures 8d-8f). In the
case of 2°°Pb/2%*Pb, for example, Type 1-3 dikes show a wider range in the proximal area (~17-19) but mostly
converge to the limited range of 18.0-18.6 for the dikes further than 100 km from Mull (Figure 8e). Similar pro-
gressive changes are observed for Th/Nb and '**Nd/"**Nd (Figures 8d and 8f). Th/Nb narrows its range to 0.4-
0.8 at >100 km, and "**Nd/"**Nd also narrows to 0.5118-0.5122 compared to the proximal dikes.

5.2. Magma Flow Direction Within Dikes

The plunge angles of magmatic lineations vary depending on the distance from Mull (Table 1 and support-
ing information Table S1). The dikes with distance shorter than 30 km show wide variation in angles span-
ning from 0° to 65°, while dikes further than 30 km from Mull show lower angles than the shorter ones, and
smaller range from 0° to 32°, with 4° and 8° for dikes further than 50 km (Figure 5). Most of the dikes with
high angles are Types 4 and 5, with a range between 12° and 65° for Type 4, and between 2° and 21° for
Type 5 (Table 1). All the dikes with magmatic lineations suggest upward and outward flow of magma rela-
tive to the center of Mull.

5.3. Petrography
A summary of the petrographic features of the analyzed samples is listed in supporting information Table
S3. Most proximal dikes (with a distance less than 30 km from Mull) examined are aphyric to sparsely phyric

NW SE

] , ~ | N, I  / PR . : | | |

T ‘ <t AN Ve -rk’—-v P f f f i T
50 km 0 km 50 km 100 km
[ ——

Mull Seil  Melfort Dunoon Largs

Figure 5. Magma flow direction within dikes recorded at distances relative to the Mull center: a location marked by the star on the map in
Figure 3a.
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Figure 6. Classification of dikes based on MgO-Fe,03 whole rock compositions. (a) Compositional ranges of Mull Plateau Group (MPG),
Coire Gorm and Central Mull Tholeiite and Mull Centers 1-3 [Kerr, 1993; Kerr et al., 1999], (b) highlights the dikes with low-MgO (<2.5 wt %
MgO) and high-MgO (>7.5 wt % MgO) and Type 5 dikes (with Th/Nb < 0.1) relative to other Mull dikes. An example of fractionation path
for a Type 5 dike (D156) is shown in black solid line. This is determined at 0.6 GPa and oxygen fugacity of 2 units above fayalite-magnetite-
quartz buffer using (c) rhyolite-MELTS [Gualda et al., 2012]. Subdivision of dikes with between 2.5 and 7.5 wt % MgO (gray shaded band)
based on Feg: the Fe,05 content recalculated back to MgO = 8 wt % following the procedure of Klein and Langmuir [1987]. Boundaries
between Types 1-4 are shown in Figure 6¢ and are defined using a fractionation lines with slope = 0.786 as Type 1 = Fego < 12.0, Type

2 = Fegp 12.0-13.4, Type 3 = Fegy 13.4-16.1, and Type 4 = Fego > 16.1. Data include previously reported long-distance dikes [MacDonald
et al,, 1988, 2009, 2010, 2014; Dagley et al., 2008].
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Figure 7. MgO-Th/Nb for Mull dikes divided according to Figure 6. Black line represents an assimilation-fractional crystallization (AFC) process
[DePaolo, 1981] involving crystallization of a depleted Icelandic magma (Table 2) and the assimilation of a 20% melt of Lewisian granulite. The
assimilation:crystallization ratio r = 0.1. Divisions along the line are (F), the fraction of melt remaining. Blue dashed line represents an example
AFC trend involving the assimilation of a 10% melt of the average Moinian rock (Table 2) by a Type 5 magma (D054) with r = 0.2 at variable F.
Crustal melting is calculated by modal melting using kd’s from Rollinson [2012] and modal mineralogy for Lewisian granulite from Rollinson
[2012] and for Moinian rocks from Lambert [1958]. Two example magma-mixing trends are shown. The green line represents mixing between
Type 5 dike D145 and low-MgO dike D199; red line mixing between Type 5 dikes D054 and D199. Mixing increments are the % of low MgO
added. Data for Central Mull Tholeiite (CMT) and Mull Plateau Group (MPG) are from Kerr et al. [1999].

basalt. Phenocrysts, where present, are dominantly plagioclase (2-5 mm, max 13 mm) accompanied by cli-
nopyroxene (~2 mm) and olivine (~2 mm) in some cases. Dike D204 is picritic, having an exceptionally
large amount of olivine phenocrysts (>15-20%). Some dikes are porphyritic (e.g., D164b, D178, D192, D199,
D216a, D217, D219, D229, D230a, D230c, D233, and D242), mostly plagioclase phyric, but no particular pet-
rological differences are noted with respect to distance from Mull.

Groundmass is dominantly composed of plagioclase, clinopyroxene, and opaque minerals, and olivine is
also present in some basaltic dikes. Most of the Type 5 dikes contain olivine in their groundmass. Textures
of these basalts vary between intersertal, variolitic, intergranular to ophitic/subophitic. Grain size varies
from glassy, aphanitic to doleritic, and in some cases gabbroic in the central part of large dikes.

Most of the distal dikes are not basalt, but basaltic andesite to rhyolite. They are dominantly aphyric to sparsely
plagioclase phyric, with intergranular/intersertal and occasionally ophitic/subophitic plagioclase and pyroxene.
Grain size is commonly doleritic with minor amount of samples showing gabbroic or aphanitic texture.

Variable degrees of hydrothermal alteration are observed, mainly in proximal dikes. Patchy to pervasive
chloritization is the most widely observed alteration of dikes on the Isle of Mull itself. Samples affected by
significant hydrothermal alteration were excluded from further analyses.

5.4. Major and Trace Element Variations

Distinct trends are observed in the covariation of some elements. For example, the MgO versus SiO, plot
(Figures 9a and 9b) has two trends: hyperbolic and straight. The straight trend, which shows relatively con-
stant decrease in MgO with increasing SiO,, is almost exclusively formed by distal, mostly Type 1-4 dikes.
This straight trend overlaps with the compositions of Mull Center 1. A hyperbolic trend is most apparent in
the MPG. Among the dikes, Type 5 shares its compositional range with MPG in having lower SiO, at a given
MgO (Figure 9b). Overall, the combined trend of the MPG and Type 5 dikes is reproduced by a crystal frac-
tionation path determined using rhyolite-MELTS [Gualda et al., 2012] using a relatively primitive Type 5 sam-
ple as the starting composition (black line in Figure 9b). Two distinct trends are also apparent on MgO
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Figure 8. Compositional variation of dikes with distance from Mull. (a) SiO, for specific long-distance dikes—this study and data sources in Figure 6b. (b-f) Various parameters for all

dikes divided according to Figure 6.

versus TiO, (Figure 9¢). Types 1-3 form subhorizontal trends with constant TiO, and MgO ranging from 7.5%
to 3.5%: again overlapping the field of Mull Center 1. Alternately, Type 5 dikes display a sharp increase in TiO,
with increasing MgO, and reach a maximum at ~4% MgO (Figure 9¢), with their compositional range compa-
rable with the MPG. This Type 5 trend is again reproduced by the calculated fractionation path (Figure 9c).

Trace element ratio diagrams are also found to discriminate between the dike groupings (Figure 10). For
example, on the Th/La-Nb/La plot (Figures 10b and 10c), Type 5 dikes show a tight positive correlation
aligned between depleted Icelandic magma (high Nb/La with low Th/La: Table 2) and Lewisian granulitic
crust (low Nb/La with very low Th/La: Table 2). Type 1-4 dikes form a fan-shaped array extending from a
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Figure 10. Trace element ratios for Mull dikes. (a) U/La-Nb/La and (b, ¢) Th/La-Nb/La. All AFC and mixing parameters shown here are calculated as for Figure 7.

similar range in Nb/La and converging toward an average Moinian rock composition at high Th/La. This
trend is mirrored by an increasing Th/La from the high-MgO dikes to the low-MgO dikes. Type 1-4 dikes are
distributed within a Icelandic magma-Lewisian granulite-Moinian rock triangle (Figures 10b and 10c), and
this is also the case for U/La-Nb/La plot (Figure 10a).
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It has been reported that Lewisian

Table 2. End-Member Components Used in Isotopic and Trace Element . ) ) .
gneisses of granulite facies and amphib-

Modeling
Depleted laniEEn lamisEm olite facies have different geochemical
Icelandic Gneiss® Gneiss© Moinian characteristics [e.g., Dickin, 1981;
Lava® Granulit Amphibolit Rocks? .
ava GRS CaIRILElS ocks Thompson et al, 1986]. Geochemical
Wttt RS (08 discrimination between the granulite
Si0, 48.02 72.07 70.20 66.73 o - .
MgO 16 059 429 173 and amphibolite facies of Lewisian
Trace Elements (ppm) gneiss can be achieved based on U/La,
Sr 46.0 515 475 261 : : .
Th/La rati nd Pbi Figure 1
Nb 053 2.64 39 16.6 /La rat osf";\ d. b soto.pes (. gure 10
g 0.54 416 248 44.9 and supporting information Figure S1).
Ce 1.6 95.9 44.6 83.1 It is noted that on the U/La-Nb/La plot
Nd 19 36.9 17.7 36.9 : I .
<m e o 2T o (Figure 10a), contributions from either
Pb 0.073 6.93 112 257 granulite facies or amphibolite facies
Th 0.033 0303 56 139 Lewisian combined with Moinian rocks
u 0.011 0.085 0.64 501 d depleted Icelandi
Bt Refss and depleted Icelandic magma cover
87Sr/%6sr 0.702888 0.71003 071168 0.72897 most of the compositional range of the
43Nd/"*Nd 051315 0.51058 0.51077 0.51179 dikes. However. on the Th/La-Nb/La
205pp/2%*ph 18.48 14.51 14.83 19.11 . -
207pp,204py, 15.47 14.90 1471 15.65 plot, dikes with lower Th/La clearly
29%pb/*Phy 38.12 3436 37.39 3871 require a contribution from a compo-
2Element abundance is from BIR-1 rock standard, except Pb concentration nent with low Th/la (~0.08, Figure

and isotope ratios which are from the equivalent depleted Iceland sample
RP95C from Gee et al. [1998] and Thirlwall et al. [2004]. Th data for depleted Ice-
land assume Th/U of RP95C is equivalent to BIR-1 value of 3.556. ] )
PAverage granulite facies Lewisian gneiss were compiled from Walsh et al. Th systematics of the granulite and
[1979], Whitehouse [1990], Whitehouse and Robertson [1995], Meyer et al. [2009], amphibolite facies. This is apparent in
and Rollinson [201 2]. 206, 204 208 204
“Amphibolite facies Lewisian gneiss were compiled from Walsh et al. [1979], the Pb/""Pb-A""Pb/™"Pb (support—
Whitehouse [1990], Whitehouse and Robertson [1995], Meyer et al. [2009], and ing information Figure S1) where all of
Rollinson [2012]. the dikes form a tight array that is colin-
Average of Moine schist composition reported by Pankhurst et al. [1978], 3 .
Thompson et al. [1986], and Geldmacher et al. [1998, 2002]. ear with Moinian, depleted Iceland and
Lewisian granulite. Typical Lewisian

amphibolite has higher A2%®Pb/2%*Pb,
reflecting its long-term Th/U enrichment and does not correspond to any isotopic correlations observed
within the dikes.

10b): equivalent to Lewisian granulite.
Pb isotopes also reflect the different U/

5.5. Elemental Variation With Radiogenic Isotopes

Taken as a whole, the dikes produce correlations between Sr-Nd isotopes and SiO, (Figure 11); 8Sr/%°Sr pro-
duces a linear, positive trend with SiO, (Figure 11a), while "**Nd/"**Nd decreases with increasing SiO, (Fig-
ure 11b). Isotope-trace element variations also display systematic differences in the dike compositions. On
the 2%°Pb/2°*Pb-Th/Nb plot (Figure 12a), Type 5 dikes form a trend with variable 2°°Pb/?**Pb at a consis-
tently low Th/Nb. This alignment lies along a line between depleted Icelandic magma and granulite facies
Lewisian gneiss (Figure 12a and Table 2). Types 1-4, along with the high-MgO and low-MgO dikes, form a
contrary array to Type 5 in displaying a marked increase in Th/Nb at a more consistent 2°°Pb/2°*Pb: again
focusing on the Moinian composition.

Type 5 dikes, apart from two anomalous samples, form a trend with decreasing Ce/Pb and decreasing
206p204py extending from mantle/Iceland-like ratios (Ce/Pb ~ 25, 2°°Pb/***Pb ~ 18) toward Lewisian
gneiss (2°°Pb/2°*Pb = 14, Ce/Pb ~ 6). Notably, on this plot, Type 1-4 dikes clearly form a separate group
with low Ce/Pb and higher 2°°Pb/?**Pb and are effectively displaced toward the Moinian apex of the
Icelandic-Lewisian-Moinian triangle.

On a Pb-Nd isotope plot (Figure 13a), Type 1-4 dikes extend from high "**Nd/"**Nd with 2°Pb/2**Pb ~ 18,
to lower "*Nd/"**Nd (~ 0.5118) with 2°Pb/?**Pb of 17.0-19.0. As such, this range lies in a sector defined by
depleted Icelandic magma, Moinian rocks, and Lewisian gneiss. Type 1 and 2 dikes generally lie to the high
208pp20phy side of this triangle with ratios generally >18.0. Type 5 dikes have consistently lower
206pp,/294p than Icelandic magma and form an array extending from Icelandic magma composition toward
the low 2°Pb/?**Pb and "**Nd/'**Nd composition of Lewisian gneiss. Sr-Nd isotopes (Figure 13b) show that
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Figure 11. SiO, versus (a) #’Sr/2°Sr and (b) "**Nd/"**Nd for Mull dikes. Compositional fields are shown for Mull central complexes. Mixing and AFC trends calculated as for Figure 7.

Type 5 dikes have only a small increase in 8Sr/%Sr with decreasing '**Nd/"**Nd, while most of the Type 1-3
dikes show significant increases of 8Sr/%6Sr with decreasing '**Nd/"**Nd.

6. Discussion

6.1. Lateral Magma Transport From Mull

To illustrate the direction and transport of magma within dikes extending from Mull, we have reconstructed
the flow directions with distance from the volcanic center in Figure 5. Adjacent to the volcano, the domi-
nant flow is near vertical or at a high angle to the surface both SE and NW of Mull, while beyond 30 km the
flow direction is essentially horizontal. This evidence, combined with strike of dikes showing convergence
toward Mull, leads us to conclude that the dikes southeast and northwest of Mull were fed by laterally trans-
ported magma. The near vertical transport of magma at distances of ~30 km does suggest that some of
the dikes may either be sourced from a melt body outside the extent of the caldera system or were fed by
lateral injection at depth, followed by vertical movement into a shallower fissure system (<10 km deep).
Overall, the dikes are indicative of a magmatic origin beneath Mull central complex rather than being fed
vertically from a series of magma chambers spread along the length of the dike system [Speight et al., 1982;
Dagley et al., 2008]. The magma flow pattern from Mull is comparable to that reported from the Mackenzie
dike swarm, where magma was injected vertically within 500 km of the central dike focus, then transported
laterally for at least 2100 km [Ernst and Baragar, 1992].

6.2. Diking and the Evolution of the Mull Volcano

Evidence above indicates that the dike magmas originated beneath Mull, but our new geochemical data
are able to shed some light on the different genetic pathways of the magmas and how they responded to
residence in the crust.

MPG lavas, which form the main exposure of effusive volcanics, have a chemistry that reflects a contribution
of Lewisian granulite to an asthenosphere-derived magma [e.g., Morrison et al., 1985; Thompson et al., 1982,
1986; Kerr et al,, 1995, 1999]. In particular, this is reflected by the MPG array extending to low 2°°Pb/?**Pb
(around 15: Figures 12a and 12b) while retaining low mantle-like Th/Nb (around 0.05-0.1; Figure 12a). Fol-
lowing the MPG lavas, magmatic activity focused to the Mull central complex, which resulted in the Coire
Gorm lavas, the CMT and the three effusive/plutonic volcanic centers. Sr and Nd isotopes of the Mull central
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Figure 12. (a) 2°°Pb/?**Pb versus Th/Nb and (b) 2°°Pb/>**Pb versus Ce/Pb. Mixing and AFC trends calculated as for Figure 7.

complex form arrays which extend from asthenospheric mantle values toward very high 8Sr/%Sr (~0.718:
Figure 11a) at moderate "**Nd/"**Nd (0.5119: Figure 11b) [Kerr et al., 1999]. These characteristics are com-
patible with the variable amount of assimilation of Moinian rocks (i.e., upper crust) which have significantly
higher 8Sr/®5Sr compared to Lewisian gneiss or asthenospheric mantle and lower **Nd/'**Nd than the
mantle (Figures 11a and 11b). No Pb isotope data have yet been published for volcanics from the CMT lava,
but our single data from a CMT lava indicate that 2°°Pb/?**Pb remains high (~18.6: sample D090h01, sup-
porting information Table S2) at a "**Nd/"**Nd of 0.5126 (supporting information Table S2) which is com-
patible with a contribution from Moinian rocks.

Combining elemental and isotopic data allow us to evaluate the link between the dikes and events within
the Mull volcano (Figure 1). Figures 6, 7, and 9—11 show the dikes separated into Types 1-5 and high/low
MgO, as well as compared with the available Mull dataset. Type 5 dikes are seen to share the same low Th/
Nb and equivalent variation in 2°Pb/2°*Pb as the MPG lavas (Figure 12), whereas Types 1-4 seem to share
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Figure 13. (a) 2°°Pb/***Pb versus '**Nd/"**Nd and (b) ®5r/%°Sr versus '**Nd/"**Nd. Expected composition of upper crust (Moinian rocks) and lower crust (Lewisian granulite gneiss) are
listed in Table 2. Mixing and AFC trends calculated as for Figure 7.

geochemical characteristics with the CMT (supporting information Table S2, not shown in the plots), indica-
tive of contribution of Moinian rocks. Similar observations can be made in all of the trace element and iso-
tope systematics for the dikes. These compositional differences indicate that the Type 5 and MPG magmas
were the products of Lewisian contamination of a mantle-derived magma similar in composition to
depleted Icelandic lavas. This contamination is best explained by up to 6-8% assimilation of a Lewisian
granulite partial melt into the crystallizing magma: effectively an assimilation-fractional crystallization pro-
cess (AFC) from a depleted Icelandic magma (Figures 7 and 10—13). The absolute amount of the crustal
component depends on the fraction of crustal melting, crustal mineralogy, and the assimilant:crystallization
ratio. As these are underconstrained in the Mull system there is some uncertainty in the amount of crust
assimilated. These characteristics, shared with the majority of the MPG [e.g., Kerr et al.,, 1999], indicate that
Type 5 magmas did not interact with upper crust after incorporation of lower crustal material. This lack of
interaction indicates that Type 5 magmas bypassed any upper crustal reservoir, either on their way to a sur-
face eruption or to produce a Type 5 dike (Figure 14).

In contrast, Types 1-4 as well as the Center 1 and CMT magmas appear to be contaminated by shallower
Moinian rocks but still retain a legacy of Lewisian granulite addition (e.g., 2°°Pb/?**Pb < 18; Figure 12). To
explain the composition of Type 1-4 dikes, we explore the interplay between AFC and magma-mixing pro-
cesses. Type 1-4 dikes, especially distal ones, show good evidence for mixing between mafic and felsic
magmas (Figures 6 and 9). Indeed, as the divisions between the Types 1-4 project back to progressively
higher Feg (Figure 6), the mafic magmas for each type effectively lie at successive points along a Type 5 or
tholeiitic fractionation line. Magma mixing and AFC to produce the dike magma are further supported by
relationship between MgO and Th/Nb (Figure 7). Type 4 dikes have lower MgO at a given Th/Nb than Types
1-3, yet cover an equivalent range of Th/Nb. They project back to the Type 5 array at MgO ~ 6 wt %. Types
2 and 3 form a trend projecting back to MgO ~ 7 wt %, while Type 1 and the high-MgO dikes project back
to MgO ~ 8 wt %. The red and green curves in Figure 7 provide examples of mixing between Type 5 mag-
mas with different MgO and the low-MgO magma to illustrate that the Type 1-4 dikes can be generated by
a variably fractionated Type 5 parent mixing with a low-MgO magma. It is also necessary to produce a sig-
nificant volume of low-MgO magma to enable mixing to progress. Low-MgO dike compositions have Th/Nb
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Figure 14. Schematic summary of Mull dike magma generation. (a) Magma plumbing during the Mull Plateau Group formation. The MPG
magma supply from a mantle source similar to depleted Icelandic plume. Assimilation of Lewisian gneiss by AFC generates MPG and Type
5 magmas. Lack of a large magma reservoir may have allowed contaminated, but relatively unfractionated basaltic magma, to erupt. As
envisaged by Kerr et al. [1999], Moinian contaminated magmatism was absent at this stage. Later magmatism envisaged for long-distance
lateral magma transport and dike formation is shown in Figures 14b and 14c. (b) The formation of low-MgO magma in the upper crust.
This magma was produced from a Type 5 or MPG parent that had already experienced assimilation of Lewisian in the lower crust and sub-
sequently assimilated Moinian rocks during AFC in an upper crustal reservoir. Since Type 5 magmas tend to be more fractionated than
MPG, they could have been stored in an enlarged lower crustal reservoir compared to earlier MPG magmas. (c) During long-distance diking
events (Types 1-3), a large volume of Type 5 magma was transferred from the lower crust to the upper crustal reservoir. The result was a
large volume (~80 km?) of well-mixed Type 5 and low-MgO magmas in roughly equal proportions. This mixed magma eventually
breached the reservoir wall and was transported laterally within upper crust. Evacuation of magma from the reservoir would cause with-
drawal of magma from the main conduit and might have triggered caldera subsidence/collapse associated with Centers 1 and 2 in the
Mull central complex. Type 5 dikes formed by intrusions directly from the lower crustal reservoir at a relatively high angle to the surface.
These are likely to be lower-volume, proximal intrusions but potentially limited to outside the Mull magmatic center.

in the range 0.35-0.9 but are dominantly ~0.6. This is at the upper end of the range of Type 1-4 dikes and
covers the average Moinian rock composition. Isotopically, the low-MgO magma requires the addition of
the high 2°°Pb/?°*Pb, 8”Sr/%Sr, and Th/Nb Moinian composition to the low 2°°Pb/?**Pb, 8Sr/%6Sr, and Th/Nb
characteristics of Type 5. Hence, it is pertinent to consider an AFC process starting with a Type 5 magma
which crystallizes and assimilates a partial melt of Moinian rocks (e.g., the blue dashed curves in Figures 7,
10,and 11).

If we adopt variably fractionated Type 5 magmas as the mafic end-members and mix with a low-MgO dike
magma we can suitably generate Types 1-4. This is shown as the red and green mixing lines in Figures 7,
10, and 12. Some constraints on the amount of Type 5 magma and the low-MgO magmas are provided by
the modeling shown in Figures 7 and 9—13, which indicate that the proportion of low-MgO magma is
between 25 and 70%.

The temporal relationship between the dikes, Mull lavas, and the central complex is not clear. MacDonald
et al. [2010] concluded that the dikes were related to the MPG event in the early development of the vol-
cano (62-60 Ma). In contrast, Kerr et al. [1999] favored an origin coincident with the Mull central complex
(59-57 Ma). Deductions about the temporal relationships between dikes and Mull volcanics are attempted
here, however, there is scope to test these models by direct dating of the dikes. Similarity between their
major element and isotopic compositions suggests that Type 1-3 dikes were contemporaneous with Center
1, while Type 4 dikes could be contemporaneous with Center 2 or 3 (Figures 1, 6, and 11). No igneous rocks
with geochemical characteristics similar to the MPG have been reported at Center 1 or CMT stage, and the
activities of Center 1 and CMT are stratigraphically positioned after the MPG [Kerr et al.,, 1999] (Figure 1).
This implies that the difference between the MPG and Type 1-4 dikes was caused by a temporal shift in the
composition of Mull and that all distal dikes formed after the MPG. Type 5 dikes share geochemical charac-
teristics with the MPG in terms of the contribution of Lewisian gneiss (Figures 7 and 10— 13). However, Type
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5 dikes are slightly distinct from MPG because they have generally experienced greater amounts of frac-
tional crystallization (Figures 6, 7, and 9). This implies that the Type 5 dike magmas either resided for longer
in the lower crust or were part of a more extensive lower crustal reservoir compared to the MPG. An infer-
ence from the geochemical modeling shown in Figures 7 and 10— 13 is that Type 5 magmas developed in
the lower crust, rising episodically to feed an upper crustal reservoir. At this level, the magma could evolve
further by AFC to produce low-MgO magmas or mix with preexisting upper crustal melts to produce Type
1-4 dikes. Accordingly, this equates to dike Types 1-5 all existing in the same magmatic stage, but with
Type 5 dike magmas not erupting at the surface, or the surface record subsequently being lost. Type 5 con-
tamination characteristics match the Lewisian lower crust and not the Moinian upper crust. Hence, it is pos-
sible that these Type 5 magmas either fed directly upward to be intercepted by, and mix with, the
shallower magma reservoir, or laterally bypassed the upper reservoir to generate Type 5 dikes.

Constraints on the depth of magma storage can be gained from the location of the Moine-Lewisian inter-
face. This boundary is a thrust dipping at ~15° SE and breaks surface ~30 km NW of Mull [Magee, 2011]
and projects to a depth of ~8 km beneath the volcanic center. It should be noted that since this estimate
assumes that the dip of the thrust is constant, which may not be the case for a thrust of this scale, there is a
large uncertainty in this depth. Contamination of magma with Lewisian gneiss indicates a residence in the
crust at depths >8 km, while contamination of Moinian rocks involves interaction at <8 km. Consequently,
if magmas have a Moinian rock signature then they must have had a final residence depth <8 km, or at
least mixed with magmas at this depth prior to eruption or intrusion.

6.3. Magma Volumes of the Mull Dikes

Type 5 dikes are always basaltic, which potentially means that magma residence time in the crust was short,
but sufficient to assimilate 4-7% Lewisian crust (Figures 7 and 10—13). As the maximum length of Type 5
intrusions is ~50 km (with an average of 30 km), and with an average thickness around 2.6 m, the volume
of magma involved would be 0.8-1.3 km* (assuming an average dike height of 10 km). Type 4 dikes are
restricted to around 150 km long, representing volumes of up to 3.4 km?>. Type 1-3 dikes have the greatest
volumes, extending 400-500 km with volumes 30-80 km?, which is similar to the estimate for the Cleveland
dike (Type 2) by MacDonald et al. [1988]. An observation from the relationship between SiO, and distance
(Figure 8a) is that andesitic magma, rather than basaltic or rhyolitic, formed the longest and largest volume
Type 1-3 dikes, and was perhaps the only magma available in suitable quantities to supply large-scale prop-
agation events. MacDonald et al. [2010] proposed that the andesitic magma was a mixture between mafic
and felsic components, either prior to or during dike intrusion. This is entirely reasonable and the evidence
in this study indicates that they initiated as Type 5 basalts in the Lewisian lower crust followed by a mixing
with an approximately equivalent volume of felsic magma in a shallower upper crustal reservoir (Figure 14).
Combining the products of the lower and upper crustal reservoirs would generate the appropriate composi-
tion and volume required for the longest dikes.

Clearly the evacuation of large volumes of magma from a subvolcanic reservoir would have had ramifica-
tions for the Mull volcano. Evidence from Miyakejima volcano [Geshi et al., 2002] illustrates the explosivity
caused by lateral transport of ~1-2 km? of magma, hence, the withdrawal of 50-100 km?® from a volcanic
center is likely to produce significant caldera collapse and generate pyroclastic volcanism (Figure 14). There
is evidence for multiple explosive events within the Mull central complex, such as the explosion breccias
within Centers 1 and 2, which are associated with vent or caldera development [Kerr et al., 1999; Emeleus
and Bell, 2005]. As discussed in the previous section, the large-volume Type 1-3 dikes are geochemically
similar to Center 1 or 2 magmas and hence may have been coeval.

6.4. Crustal Contamination During Magma Transport

As dike magmas clearly experienced upper crustal assimilation, a question is whether this assimilation took
place beneath the Mull volcano or during long-distance lateral transport? Among each type of dike, espe-
cially specific long-distance dikes (Figures 8 and 9), there seems to be little geochemical variation with dis-
tance from Mull indicative of a progressive assimilation of the host rock (Figure 8). For example, Type 1 and
2 dikes show similar and significant contribution of Moinian rocks regardless of the distance from Mull (Th/
Nb in Figure 8d). This is despite the fact that the dikes in this study intrude many different geologic units
and a great diversity of rock types in their transit across southern Scotland and northern England
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[MacDonald et al., 1988]. This observation is in accord with the assimilation of both lower and upper crustal
material beneath the Mull igneous center rather than during lateral magma movement.

Lack of interaction between host rocks and magma could be one of the factors that allowed magma to be
transported great distances without freezing. Mull dikes may have propagated with similarly rapid magma
movement to that observed in some recent diking events. For example, magma moving 30 km in 6 days
away from Miyakejima prior to the July/August 2000 eruption, and ~30 km in about 4 days prior to the cal-
dera collapse at Bardarbunga volcano in 2014 [e.g., Yamaoka et al., 2005; Gudmundsson et al., 2016].

7. Conclusions

Magmatic lineations within dikes demonstrate that the direction of magma flow gradually changed from
near vertical to horizontal within 30 km of the Mull central complex and provides firm evidence for lateral
magma transport.

Geochemical correlations between the extensive Mull dike swarm and Mull volcanism indicate that long-
distance magma transport initiated after the formation of the voluminous Mull Plateau Group lavas is likely
to have been contemporaneous with the development of the Mull central complex. Short-distance dikes
with low Th/Nb (Type 5) reflect contamination of a primary depleted Icelandic composition magma with
Lewisian granulite in the lower crust and involve relatively low volumes of magma (<1 km?). Type 5 mag-
mas progressively fed into an upper crustal reservoir, where they crystallized and assimilated Moinian host
rocks. The resultant low-MgO felsic magma was then combined in variable proportions with incoming vol-
umes of Type 5 magma from the lower crust to produce the majority of the distal dikes. The longest dikes
represent the episodic combination of a roughly equal proportion of basaltic Type 5 magma from the lower
crust mixing with the felsic contents of the upper crustal reservoir. The resultant andesitic magma was of
sufficient volume (between 30 and 80 km?3) to supply dikes of ~500 km length. These high volume magma
evacuations from beneath the Mull volcano are likely to be responsible for the formation of calderas devel-
oped in the stages of Centers 1 and 2 [Kerr et al., 1999].

During the magma transport within crust, both crystallization and assimilation of the various country rocks
appear to be minimal, with all crustal contamination taking place beneath the Mull volcano. This lack of
interaction with the host rocks may have allowed magma to move long distances without freezing.
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