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Abstract The Northern Marginal Zone of the Rum
Igneous Centre is a remnant of an early caldera and its
infill. It is composed of intra-caldera breccias and vari-
ous small-volume pyroclastic deposits, overlain by
prominent rhyodacite ash-flow sheets of up to 100 m
thickness. The ash-flows were fed from a feeder system
near the caldera ring-fault, and intrusive rhyodacite can
locally be seen grading into extrusive deposits. A variety
of features suggest that the ash-flows were erupted from
a magma chamber that contemporaneously hosted felsic
and mafic magmas: (i) chilled basaltic inclusions in
rhyodacite; (ii) formerly glassy basaltic to andesitic en-
claves with fluid-fluid relationships; (iii) feldspars with
thick reaction rims enclosed in the basaltic to andesitic
inclusions, yet with cores chemically resembling those of
the rhyodacite: (iv) trace element compositions of the
rhyodacite and the mafic enclaves form a mixing line
between the end-member rhyodacite and basalt com-
positions. Additionally, textural and chemical features in
the rhyodacite feldspar phenocrysts are consistent with
magma mixing; (v) feldspars with resorption embay-
ments cutting through internal zonation of the crystals;
(vi) complexly zoned crystals with sieve-textured zones
that are overgrown with euhedral zones; (vii) oscillatory
zonation of feldspar phenocrysts in the rhyodacite,
showing sharp increases in anorthite (DAn ‡ 10%) fol-
lowed by gradual decrease in An-content (DAn £ 4%).
This evidence points to eruption of ash-flows from a
felsic magma chamber that was periodically replenished

by injection of mafic magma. Diffusional mixing be-
tween the two magmas was permitted by temperature
and compositional differences, but was slow due to the
contrast in viscosities and densities. The Fe–Ti–P-en-
riched basic magma that replenished the chamber was
degassing on entering the lower temperature environ-
ment and soon equilibrated thermally, followed by
chemical exchange between the two end-member mag-
mas. This process formed hybrid andesite enclaves en-
riched in trace elements beyond that caused by simple
mixing, implying trace element diffusion in addition to
bulk mixing. Eruption was caused by replenishment
with, and degassing of, the basic magma and the
chamber partially evacuated while the process of hy-
bridisation was underway. The erupted products record
magma mixing by chamber replenishment, blending of
two magmas and elemental exchange in the magma
chamber, and also physical mingling in the eruptive
conduit.

Introduction

Many intimate associations of felsic and mafic rocks are
reported from major and minor composite intrusions in
the British Tertiary Igneous Province (BTIP) (e.g. Har-
ker 1904; Blake et al. 1965; Walker and Skelhorn 1966;
Elwell et al. 1974; 1974; Gamble 1979; Thompson 1980;
Bell 1983; Sparks 1988; Bell and Emeleus 1988; Kerr
et al. 1999). The case has been made that such composite
intrusions provide not only compelling evidence of the
operation of compositional zonation and magma
replenishment in chambers but also an opportunity to
observe coexisting magmas frozen during violent
emplacement (e.g. Marshall and Sparks 1984). Two
generic models can explain such occurrences of intimate
association of felsic and mafic rocks: (a) protracted
fractional crystallisation modified by mixing and
replenishments (cf. Marshall and Sparks 1984), and (b)
replenishment of a magma chamber by input of a con-
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trasting magma type that more or less mixes with the
resident magma to produce hybrids (Eichelberger et al.
2000). The key difference between the models is that in
the former the mafic to felsic rock compositions repre-
sent a co-genetic suite modified by magma mixing,
whereas in the latter the magmas coexisted in a common
reservoir but were derived from distinct sources, being
thus co-eruptive but not co-genetic.

A mixed rhyodacite–andesite–basalt suite occurs in
feeder dykes, plugs and associated ash-flow deposits of
the Northern Marginal Zone of the Rum Igneous
Centre. Basaltic chilled margins on a composite feeder
dyke and enclaves in intrusive and extrusive rhyodacite
ash-flow deposits are taken to represent mafic magma
that coexisted with felsic magma compositions. This
felsic–mafic suite offers a link between magma chamber
processes, dyke intrusion and surface volcanism. It also
provides an opportunity to compare the mixing
behaviour of contrasting magmas in a common magma
reservoir, in feeder conduits above the reservoir and
within the resulting ash-flow deposits themselves. Using
field, petrographic and chemical evidence, we distin-
guish between physical mixing of rhyodacite and basalt
on eruption (mingling) and pre-eruptive chemical
magma mixing (hybridisation) in order to assess the
genetic relationship between the mafic and the felsic
magma compositions. We also document previously
unreported field observations and new geochemical
data on this classical example of a mixed-magma
occurrence, one of the few remnants of explosive silicic
volcanism in the BTIP, and suggest that the mafic
magma replenished a felsic magma chamber and initi-
ated a complex mixing process that ended in the ash-
flow eruptions.

Geological setting and previous work

The rocks preserved in the Northern Marginal Zone of
the Rum Centre have been described and interpreted
previously (including Judd 1874; Geikie 1888; Harker
1908; Bailey 1945; Dunham 1965, 1968; Emeleus 1997;
Troll et al. 2000) and are only briefly summarised here.

The caldera basement is formed by uplifted Lewisian
gneisses (Archaean) and Torridonian sediments (Pre-
cambrian), overlain by an intra-caldera collapse breccia
succession with minor interbedded pyroclastic units up
to 170 m thick (Emeleus 1997). The breccias are suc-
ceeded by 3–6 m of epiclastic sandstone that is overlain
by thick (>100 m) rhyodacite ash-flow sheets (Emeleus
1997). The rhyodacites of the Northern Marginal Zone
(historically called ‘felsites’ in the BTIP) have been a
matter of debate for more than 100 years (compare
Emeleus 1997; Donaldson et al. 2001) and only recently
have they been clearly identified as intra-caldera ash-
flow deposits (Williams 1985; Bell and Emeleus 1988;
Emeleus 1997; Troll et al. 2000). Emeleus (1997) further
determined that the Rum rhyodacites are intra-caldera
ash-flows that had risen through feeder dykes before

spreading on an intra-caldera topography of caldera-
collapse breccias.

The age of formation of the Northern Marginal Zone
(i.e. the rhyodacite) predates the formation of the Rum
Layered Suite of peridotites, troctolites, anorthosites,
and gabbros (60.5±0.1 Ma, Hamilton et al. 1998).
While general aspects of the petrology and mineralogy
of the rhyodacites have been published (cf. Hughes 1960;
Dunham 1965, 1968; Emeleus et al. 1971; Emeleus
1997), no comprehensive petrological and geochemical
account is yet available and the mafic enclaves have
previously not been examined in detail.

Analytical techniques

XRF Central pieces of samples were sectioned by rock
saw and selected for whole-rock analyses, avoiding
cracks and rims affected by alteration. Samples for
whole-rock analyses were crushed and powdered in
agate ball-mills. Samples were dried at 110�C prior to
analysis. Major and trace elements were determined by
XRF on fused beads using a Philips PW1212 spec-
trometer at the University of St Andrews and an auto-
mated Philips PW1480 spectrometer at GEOMAR
Research Centre, Kiel, Germany. All analyses were
performed with a Rh tube; calibration was performed
using international geological reference samples. Several
samples were analysed on both machines and very sim-
ilar results have been obtained.

EMP Samples were prepared as polished thin sections
for optical microscopy and electron microprobe analy-
ses. Mineral and glass analyses were performed on a
JEOL 733 Superprobe at the University of St Andrews,
using wavelength-dispersive spectrometry. Analytical
conditions included an acceleration voltage of 15 kV, a
beam current of 8–20 nA, and counting times of be-
tween 20 and 60 s on peaks. A rastered beam was used
for feldspar (ca. 12 lm2), and for glass (ca. 40 lm2).
Natural and synthetic minerals were used as standards
and monitors.

ICPMS Trace elements and REE were analysed by
Inductively Coupled Plasma-Mass Spectrometry on a
Perkin Elmer Sciex ELAN 5000 at Actlabs Ancaster,
Canada. Analytical procedure and uncertainties are
available at: http://www.actlabs.com.

TIMS Sr and Pb isotopic ratios of the two end-mem-
ber rock compositions were measured at GEOMAR
Research Centre, Kiel, on a Finnigan MAT 262 thermal
ionisation mass spectrometer (TIMS) in a static mode.
Prior to dissolution, all samples were leached for 1 h in
HCl at 120�C. Chemical separation techniques have
been described in Hoernle et al. (1991). Replicate anal-
yses were within analytical uncertainty. 87Sr/86Sr was
fractionation-corrected within-run to 86Sr/88Sr of 0.1194
and the precision of the standard runs for NBS987 was
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0.710254±11. Replicate analyses yielded an external
reproducibility better than 0.000015. The Pb isotope
data on these samples (Table 4), including analytical
procedure and conditions, are available in Geldmacher
et al. (2002).

The Rum rhyodacites

Field relations

The rhyodacites compose the upper units of the pyro-
clastic succession that infill the early Rum caldera (Troll
et al. 2000). The succession is summarised in Fig. 1.

Three main masses of rhyodacite are distinguished in
the Northern Marginal Zone: the Western Mass (Am
Màm), the Central Mass (Meall Breac) and the Eastern
Mass (Cnapan Breaca) (Fig. 1.). The northern part of
the Western Mass has steep to vertical, intrusive con-
tacts with the intra-caldera mesobreccias (max. clast si-
ze Æ 1 m; Lipman 1976) and earlier intrusive rocks,
forming a system of rhyodacite feeder dykes. Traced
southwards it passes into an extrusive sheet, up to 40 m
in thickness and dipping at �25–30� to the south. The
sheet was deposited onto a palaeo-topography of valleys
and ridges (compare Dunham 1968; Emeleus 1997). The
Central Mass too has a steep-sided intrusive contact in
the north passing southwards into an extrusive sheet
that dips �25–30�S. At its southern limit the sheet is
approximately 100 m thick and can be seen to infill a
palaeo-valley within the mesobreccia. The Eastern Mass
comprises three parts: a tabular sheet of approximately
80 m in thickness to the south that forms the hill Cna-
pan Breaca, a pipe-like plug north of Cnapan Breaca up
to 150 m wide, and near the Main Ring Fault several
narrow dykes orientated parallel to the ring-fault (dykes
not shown in Fig. 1).

Stratigraphic correlation and petrologic features
indicate that the three major rhyodacite masses are part
of same rock body (Troll et al. 2000). While the indi-
vidual rhyodacite masses were each mapped as a single
unit, interbedded lithic tuff horizons and rhyodacite-free
breccia layers on Meall Breac and Cnapan Breaca
indicate that the Eastern and the Central Masses include
the products of at least three major eruptions or eruptive
pulses (‘major flow units’, Fig. 1.). The rhyodacite
eruptions were accompanied by caldera collapse, as re-
corded in the interbedded breccia horizons within the
extrusive rhyodacite at, for example grid location [NM
395 975] (Fig. 1.) and in post-depositional downfaulting
of the extrusive rhyodacite at, for example, the southern
end of Meall Breac at [NM 385 983].

In outcrop and in thin section, the rhyodacite is
characterised by eutaxitic textures (fiamme) (Fig. 2)
defining a sub-horizontal, and in places a rheomorphi-
cally folded, foliation. Jointing perpendicular to the
foliation is observed locally. Fiamme are of two types: a
light-grey type that is poor in phenocrysts (<10%) and
a darker grey type that is relatively phenocryst-rich

(>20%). The crystal-poor fiamme are largely confined
to the lower parts of the first major flow unit (Fig. 1).
The eutaxitic texture is abundant in the lower two major
flow units and becomes progressively less prominent
upwards, probably reflecting the decrease in load pres-
sure up-section. There is an increasing abundance of
mafic and mixed inclusions in the upper parts of each
major flow unit (Fig. 1), as well as a general increase in
mafic components up-section through the rhyodacite
flow units.

The steeply dipping feeder dykes to the rhyodacite
sheets occur in all three rhyodacite masses, all in the
northernmost part of the Northern Marginal Zone.
They cut through the intrusive AmMàm Breccia and the
sedimentary Coire Dubh Breccias, showing a variance of
dip directions ranging from �60� to the south to vertical
to �60� to the north. Pronounced foliation within the
dykes, picked out by highly attenuated fiamme, is gen-
erally parallel to the smooth, planar margins. This
fracture geometry picked out by the dykes resembles
that of fault systems ascribed to magmatic over-pressure
in a doming or resurgence stress field (see Troll et al.
2000 and references therein).

Rhyodacite petrography

Stratigraphically below the rhyodacite are thin crystal and
lithic tuffs in the Coire Dubh breccias (Fig. 1). These tuffs
form layers up to 20 cm in thickness, traceable over about
100 m. The lithic tuffs contain various accidental ‘‘pick-
up clasts’’ of lithologies that make up the caldera-infill
breccias and abundant angular to blocky glass shards
of mafic through felsic compositions. The crystal tuffs
contain abundant plagioclase feldspar and subordinate
alkali-feldspar plus quartz and minor clinopyroxene.
Mafic schlieren and basalt fragments are present.

The main rhyodacite lithologies (intrusive and extru-
sive) contain phenocrysts of plagioclase (�10–30 vol%),
quartz (<5 vol%), minor pyroxene (�3 vol%) and
accessory opaque oxides. Biotite and hornblende occur
as alteration products around the pyroxene phenocrysts.
The groundmass varies in character from microcrystal-
line quartz + alkali feldspar + hornblende + iron
oxide, to cryptocrystalline with fine banding and flat-
tened, now devitrified, glass shards.

Quartz phenocrysts are up to 3 mm in size. Many
have a square outline, indicative of ß-quartz cut parallel
or nearly parallel to the c-axis and most display rounded
corners and embayments (Fig. 3a,b). The pyroxene
phenocrysts were described in detail by Emeleus et al.
(1971) who emphasised that complex zoning in many of
the crystals records disequilibrium between crystals and
the melt.

Plagioclase phenocrysts show varying sizes from
<0.02 mm to >4 mm. Crystal size generally increases
towards the top of the extrusive succession. The pla-
gioclase morphologies vary from broken and embayed
to euhedral crystals and many show internal zonation
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(Fig. 3; Table 1). The compositional range is An16–34
and there is oscillatory zoning (Fig. 4). All twelve crys-
tals analysed show one or more sharp increase(s) in
anorthite content followed by a gradual decrease in
successive zones. Up to four zones are present within
individual crystals and the anorthite content of a zone
typically rises sharply outwards by up to DAn ‡
10 mol%, but decreases by just DAn £ 3–4 mol% in
the following zones.

There are no phenocrysts of alkali feldspar in the
rhyodacite, in contrast to the early crystal tuffs. In
addition, the early tuffs contain plagioclases that have a
slightly more evolved compositional range (An15–27).

Mafic inclusions in the rhyodacite

Mafic inclusions are scarce in the early crystal tuffs but
much more abundant in the rhyodacite ash-flow
deposits. Three main types were identified by Troll et al.
(2000), of which type II and type III are discussed here in
great detail:

Fig. 1 Map of the Northern Marginal Zone (left) and stratigraphic
log section through the intra-caldera succession (right), modified
from Troll et al. (2000). Coordinates refer to British Grid Reference
System (NGRS)
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Type I inclusions are coarse-grained plutonic xeno-
liths of chiefly gabbroic compositions. They are rare and
occur throughout the deposits. These are considered to
be accidental fragments from the walls of the magma
chamber and/or the eruption conduit.

Type II inclusions are dark, aphyric, cryptocrystalline
basalts and andesites. These inclusions occur as blobs,
streaks, schlieren and fragments and are found in dis-
crete horizons, up to 1.5 m thick in the rhyodacite
deposits and are concentrated at the margins of some of
the intrusive feeder plugs and dykes. Emulsion textures,
absence of chilled exteriors, and inferred fluid-fluid
relationships (wavy junctions) have been observed be-
tween type II enclaves and the rhyodacite host, implying
that blobs of mafic magma and the rhyodacite magma
had a sufficiently small temperature difference for chill-
ing not to occur. These inclusions were interpreted as a
liquid magma that co-existed with the rhyodacite host.

On the east side of Meall Breac, at [NM 387 984], a
several metres thick composite sheet that grades along
strike into extrusive rhyodacite, comprises a chilled
mafic margin and a rhyodacite interior with abundant
type II inclusions (Fig. 5a). The chilled margin has the
most primitive rock composition found in the suite of
samples (sample CDCM-1-1 in Table 2) and is virtually
aphyric. The fluid–fluid relationship of the inclusions
against the rhyodacite host offers a possible explanation
for the existence of type II inclusions in the extrusive
rhyodacite ash-flow deposits. Entrainment of one mag-
ma in the other during ascent of the two magmas in the
conduit appears to be very similar to the entrainment
features observed in experimental simulations of the
two-phase conduit flow (e.g. Freundt and Tait 1986).

The plug that forms part of the Eastern Mass of
rhyodacite [NM 393 980] has an irregular contact with
the country rock and consists of a co-mingled rhyodacite
host and up to 50% basic inclusions of type II. The
inclusions range from finely dispersed emulsion textures
to cm-sized blobs (Fig. 5.), and are most abundant in the
marginal zones of the plug. In the absence of an extru-

sive equivalent, the plug is assumed to have been the
pipe feeder of a late rhyodacite eruption that would have
been markedly enriched in mafic inclusions.

Type III inclusions are also basaltic, are always round
and have a microcrystalline texture with plagioclase lath
morphologies characteristic of quenching (cf. Lofgren
1980). The inclusions show a pronounced chilled margin
(Fig. 6a–c). This type is also found throughout the
rhyodacite rather than being confined to certain strati-
graphic horizons. Troll et al. (2000) considered these to
represent chilled magma clots that solidified on contact
with the rhyodacite host magma during chamber
replenishment. The majority of these inclusions are
vesicle-free and only about 10–15% have gas bubbles.

Geochemistry

Major and trace elements

Representative samples of extrusive rhyodacite,
rhyodacite feeder dykes, co-mingled rocks, type II and
type III inclusions, and the chilled mafic margin of the
Meall Breac composite sheet were analysed for major
and trace elements (Table 2).

The major oxide characteristics of the rhyodacite and
the co-existing mafic compositions indicate that two
distinct end-member magmas were involved, each with a
well-defined compositional range (Fig. 7a). The
rhyodacite analyses form a tight compositional cluster,
whereas the mafic compositions range from 50–60
SiO2 wt% and from 5–3 wt% MgO, with type II inclu-
sions showing the highest SiO2 and lowest MgO con-
centrations.

Trace element co-variation diagrams also show that
the mafic compositions plot along a mixing line in ele-
ment vs. element and ratio vs. ratio plots and along a
mixing curve in element ratio vs. element ppm plots
(Fig. 7b). Ratios with Sr and Y show that the correla-
tion is independent of the effects of variable plagioclase
and ferromagnesian mineral abundance in the samples.
The rhyodacite samples too show a spread in all trace
element plots, defining their own mixing lines and
curves.

REE and isotopes

On a chondrite-normalised REE variation diagram, the
patterns for a representative rhyodacite and the most
primitive chilled dyke margin basalt (type III composi-
tion) crosscut each other, with the rhyodacite being en-
riched in LREE and the basalt in HREE (Table 3;
Fig. 8a). This crosscutting relationship indicates that the
two magmas are genetically distinct and unlikely to
originate by some simple parent–daughter relationship
such as fractional crystallisation of the coexisting mafic
magma (cf. Bell 1983). Moreover, the rhyodacite has no
appreciable negative Eu anomaly as would be expected

Fig. 2 Photomicrograph of compacted pumice in rhyodacite. Field
of view ca. 4 mm, PPL. Broken crystal above fiamme is quartz
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in the case of an origin through prolonged fractionation
of plagioclase (cf. Civetta et al. 1998; Freundt and
Schmincke 1995), the most abundant phenocryst of the
rhyodacite. Separated plagioclase from the rhyodacite
shows a marked positive Eu anomaly (Fig. 8b). One
possibility for the lack of a negative Eu anomaly in the
rhyodacite may be the input of an Eu-rich component
(contaminant?) that counteracted Eu removal through
plagioclase fractionation, thus preventing a substantial
negative-Eu anomaly from forming (cf. Troll and
Schmincke 2002).

The basalt is marked by LREE enrichment and dis-
plays a slightly positive Eu anomaly. This is either the
result of (a) some LREE input from the rhyodacites or
(b) interaction with country-rock, or (c) the basalt is
derived from an enriched source.

The two most primitive basalt samples (chilled dyke
margin of type III composition), two representative
rhyodacite samples, and a rhyodacite plagioclase sepa-
rate were also analysed for Sr and Pb isotopes (Table 4)
to constrain the origin and evolution of the two end-
member compositions. The data (corrected to 60 Ma)

Fig. 3 Photomicrographs of
(a, b) embayed quartz crystals
in rhyodacite, Field of view ca.
2 mm, PPL. (c, d) Zoned
plagioclase crystals in
rhyodacite, Field of view ca.
3 mm, CPL. (e) Resorbed
plagioclase crystal in rhyodacite
plug N-Cnapan Breaca (note
embayments cut across internal
zoning), field of view ca. 2 mm,
CPL. (f) Sieve texture
plagioclase associated with
mafic magma inclusions,
rhyodacite plug N-Cnapan
Breaca, Field of view ca. 2 mm,
PPL. (g) Sieve texture zone in
plagioclase with euhedral
overgrowth, rhyodacite plug
N-Cnapan Breaca. Field of
view ca. 1.5 mm, PPL. (h)
Resorbed plagioclase crystal
with internal sieve texture zone,
rhyodacite plug N-Cnapan
Breaca. Field of view ca.
1.5 mm, PPL
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show that the rhyodacite is strongly enriched in radio-
genic Sr and displaced towards the composition of the
local upper continental crust (Lewisian amphibolite) on
a Sr vs. Pb plot and on a Pb vs. Pb plot (Fig. 9a,b). The
rhyodacite appears to contain a substantial crustal
component (see also Geldmacher et al. 2002). These
results are in accord with the Sr isotope data obtained
from the Western granite by Meighan (in Emeleus 1997).
In contrast, the basalt samples of the chilled dyke mar-
gin have isotope ratios that are substantially less radio-
genic and plot well within the mantle array for Tertiary
Hebridean mantle (e.g. Dickin 1981; Ellam and Stuart
2000). The basalt samples are therefore considered to
have experienced limited interaction with crustal com-
ponents during ascent.

Discussion

Field evidence

The intra-caldera ash-flows of the Rum Centre exhibit
all features of classical ignimbrites, including compac-
tion and welding, eutaxitic textures, various deposi-
tional pulses, as well as plugs and steeply dipping
feeder dykes that pass into extrusive deposits. The
feeder dykes are roughly parallel to the Main Ring
Fault and pass into the extrusive sheets in the case of
the Western and the Central rhyodacite masses (cf.
Troll et al. 2000). These outcrop relationships are
considered characteristic of intra-caldera settings (e.g.
Almond 1971; Walker 1984). Almond reported very
similar vertical and steeply dipping feeder dykes to
extrusive ignimbrites from the Sabaloka caldera and
ascribed them to the opening of tensional fractures
above a resurgent dome subsequently dilated by rising
acidic magma. Likewise Walker (1984) ascribed silicic
vent rings within and outside the ring-fault of calderas
as likely to represent ‘cone sheet fractures’ caused by
magmatic over-pressure.

Plagioclase textures and compositional zoning

Plagioclase zoning is often interpreted as recording the
history the host magma has experienced (e.g. Pearce and
Kolisnik 1990; Stamatelopoulou-Seymour et al. 1990;
Tepley et al. 1999). In the rhyodacite, several types of
zoning are present, some with an overall increase in An
from core to rim and some with an overall decrease. All
crystals analysed, however, show one or more sharp
increase(s) in anorthite content followed by a gradual
decrease in successive zones (Fig. 4). Such sharp in-
creases of �10 mol% An that are associated with
internal resorbtion surfaces (Fig. 3), followed by more
or less gradual decreases in An content over successive
zones, are commonly associated with magma mixing
(e.g. Nixon and Pearce 1987; Pearce and Kolisnik 1990;
van Wagoner et al. 1995; Tepley et al. 1999).T
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We interpret these zoning patterns in the rhyodacite
plagioclases as representing a combination of (a) fairly
stable growth of crystals from a progressively evolving
melt, resulting in gradual decreases in An content, and
(b) periodic inputs of heat and changes to more mafic
melt composition resulting in initial resorption (Fig. 3-
e,f ) and then in anorthite-enriched overgrowth (Fig. 3g).
If the most complexly zoned plagioclase crystals are
interpreted this way, then three to four major events of
magma replenishment occurred. The plagioclase zoning
is consistent with the embayed textures in other minerals
in the rhyodacite, including pyroxene (see Emeleus et al.
1971) and quartz (see Fig. 3a,b), pointing to multiple
magma chamber replenishments by more mafic magma
during the lifetime of the rhyodacite magmatic system.

Mechanism(s) of magma mixing

The mafic inclusions and the rhyodacite represent two
distinct magmas that co-existed in the same magma
chamber, as evidenced by type II inclusions that lack
quench textures (chilling) and display fluid–fluid rela-
tionships with the host rhyodacite. Another line of evi-
dence is the strongly resorbed plagioclase crystals of the
rhyodacite enclosed in the type II enclaves (Fig. 5),
supporting co-existence of the two magmas in the
chamber for sufficient time to allow crystal transfer be-

tween magmas and the development of thick reaction
rims. The evidence from inclusions in the rhyodacite
plug suggests that thermal equilibrium between batches
of the two magmas was closely approached. However, it
needs to be stressed that the emulsion textures in sam-
ples from the rhyodacite plug and from the early inter-
bedded tuffs, represent the final process of mixing in the
magma chamber as well as physical mixing in the exit
conduits. In the conduit, entrainment of one in the other
was forced upon the two co-existing magmas by erup-
tion and associated caldera collapse. We infer that the
type II inclusion magma must have been adjacent to the
rhyodacite for considerable time prior to the eruption,
allowing for both thermal and chemical interaction
between the end-member magmas.

In marked contrast, type III inclusions were clearly in
thermal dis-equilibrium with the rhyodacite host. From
morphology and texture it appears that the type III
inclusions were virtually solid at the time of eruption,
whereas the rhyodacite host was largely liquid, a crite-
rion used by Sparks and Marshall (1986) to suggest large
initial temperature contrast between the felsic host
magma and the inclusion magma. Therefore type III
inclusions must have formed prior to physical mixing in
the conduit. They are thought to have formed in the
magma chamber. Their round shape and chilled margins
imply that chilling was rapid, and so there was no time
for their deformation in the highly viscous felsic host (cf.
Sparks et al. 1977; Eichelberger 1980). This is also sup-
ported by the absence of vesicles in the majority of the
type III mafic inclusions, suggesting that rapid quench-
ing prevented vesiculation.

Fig. 4 Representative core to rim profiles of plagioclase pheno-
crysts. Distance between measured points is 0.2 mm for all points.
See text for details
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Coombs et al. (2002) recently distinguished two ma-
jor types of crystalline mafic inclusions (termed enclaves
in their paper) in eruptive felsic rocks. Their ‘type 1
enclaves’ closely resemble Rum type III inclusions, and
are proposed to form during mafic replenishment of a
felsic magma chamber. Thereby, the mafic magma
breaks up into discrete lumps or pillows upon entering
the felsic chamber, forming inclusions within the felsic
host, either by convective motion in the host magma or
by forceful injection into it. As the inclusions lose heat to
the felsic host they crystallise inwards, leading to a
gradation from small crystals at the exterior to larger
crystals in the more slowly cooled interior (cf. Bacon
1986). The ‘type 2 enclaves’ of Coombs et al. (2002)
more closely match the Rum type II inclusions. They
envisaged these to arise from a mafic replenishment that
forms a layer of mafic magma at the bottom of a felsic
magma chamber, thereby creating a mafic–felsic inter-
face. Heat transfers upwards across this interface and as
crystallisation proceeds in the cooling mafic layer, vol-
atile exsolution causes density inversion that allows
mafic magma blobs to float into the felsic host. These
‘type 2 enclaves’ are characterised by a random range of

crystal sizes (including the absence of crystals), reflecting
crystallisation in the mafic bottom layer rather than
direct interaction of the enclave with the felsic host.

We propose that the chilled Rum type III inclusions
also resulted when mafic magma fountained into a felsic
magma chamber. During this process, the replenishing
mafic magma was engulfed in felsic magma and chilled
as microgranular inclusions. Fountain replenishments
have been proposed for many outcrops in the BTIP (e.g.
Blake et al. 1965; Walker and Skellhorn 1966) and their
dynamics have been examined in experimental studies
(e.g. Campbell and Turner 1989). However, most of such
a replenishing magma would have eventually collected at
the base of the magma chamber due to density contrast,
forming a bottom layer with a semi-stable mafic–felsic
interface in-between (cf. Sparks et al. 1977; Huppert and
Turner 1981; Blake and Koyaguchi 1991; Wiebe 1996;
Wiebe et al. 2001). This accumulated bottom layer is, in
turn, represented by the apparently thermally equili-
brated type II inclusions. The compositional variation
among the mafic inclusions points to a possible chemical
zonation of the mafic magma, with more silicic (andes-
itic) melt grading downward into basaltic melt.

Fig. 5 a Mafic pillow in
composite rhyodacite feeder
dyke at north end of Meall
Breac. Note hammer for scale.
b Photomicrograph of emulsion
texture formed by interaction of
mafic type II inclusions with
rhyodacite host in the plug
north-west of Cnapan Breaca
(Fig. 1). Field of view ca. 5 mm,
PPL. c Photomicrograph of
plastically deformed type II
inclusion in feeder dyke North
of Meall Breac. Field of view
ca. 5 mm, PPL. d Formerly
glassy basaltic to andesitic
inclusions, with plastically
deformed vesicles and sharp
edges suggesting quenching
during fragmentation by
decompressional degassing
(Cnapan Breaca plug. Field of
view ca. 3 mm, PPL). e, f
Rhyodacite-derived plagioclase
crystals in type II inclusions
(centre) showing resorbed
corners and a broad reaction-
rim against the basalt/andesite
host inclusion. Note other
plagioclase crystal in contact
with both basalt and
rhyodacite. Field of view ca.
5 mm, PPL
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A further process may have produced type III
enclaves at this stage. At the interface between the
rhyodacite host and the mafic magma, vesicles forming
in the latter may have caused blobs of basalt to rise
buoyantly into the felsic host. The blobs vesiculated

further and chilled by undercooling and thermal contact
with the much cooler rhyodacite (cf. Eichelberger 1980).
This process may be recorded in the much less abundant
type III enclaves that are vesiculated (Fig. 6b).

Chemistry of magma mixing

Samples of co-mingled rock from the Cnapan Breaca
plug, i.e. rhyodacite with abundant type II inclusions,
are andesitic in whole rock composition and represent a
physical aggregate of mafic and felsic end-member
components that is close to a 50:50 binary mixture
(Fig. 7). They are taken to represent a bulk mixture of
the mafic and the felsic magma. These co-mingled
andesites consistently plot on a mixing line between the
two end-members in chemical variation diagrams.

Applying simple binary mixing relations to the major
oxide compositions of the mafic samples, the composi-
tions most strongly affected by chemical mixing are type
II mafic inclusions, some of which consist of a mixture of
30% of rhyodacite and 70% basalt (Fig. 10a). The
rhyodacites, in turn, do not exhibit evidence for magma
mixing in their major oxide compositions, but do so in
their trace element concentrations. Assuming the
rhyodacite to have been chemically fairly uniform prior
to the mixing event(s), trace element mixing calculations
show that up to 30% of its lithophile and incompatible
elements (Rb, Zr, Ce) were lost to the basalt (Fig. 10b).
However, this is inconsistent with simple bulk mixing of
major elements and trace elements. For instance,
reduction of 30% of Rb in rhyodacite by binary mixing
with basalt would create a hybrid with a SiO2 content of
65 wt%, assuming a SiO2 concentration of 71 wt% and
of 51 wt% as starting compositions for rhyodacite and
basalt, respectively. In turn, modelling of compatible
elements such as Sr and Y (Fig. 10c) suggests that while
the rhyodacite clearly lost incompatible elements, it
gained compatible elements, e.g. up to 25% of the Sr
and Y in the most affected rhyodacite samples may be
basalt derived (Fig. 7). This trace element exchange in-
ferred from the rhyodacite samples is also reflected in the
trace element concentrations of the hybrid type II
inclusions. Whereas major oxide modelling suggests the
most hybridised mafic inclusions are a mixture of ca. 70
parts basalt to 30 parts rhyodacite, trace element mod-
elling of incompatible elements suggests a mixture of
about 55 parts basalt to 45 parts rhyodacite (Fig. 10b).
Modelling of compatible trace elements such as Sr
(Fig. 10c) shows the hybrid inclusions to be depleted in
Sr relative to their Zr content and the rhyodacites to be
enriched in Sr (relative to their Zr content), a distribu-
tion pattern also observed in other mixed magma
occurrences (e.g. Gamble 1979; Platevoet and Bonin
1991).

This trace element distribution requires the operation
of a chemical exchange process in addition to bulk hy-
bridisation. Since both the rhyodacite and the mafic
inclusions are affected by this additional process, it must

Fig. 6 a Photomicrographs of chilled, vesicle-free, mafic inclusion
in the rhyodacite. Grain-size of the plagioclase laths decreases
towards the crenulate margin, implying quenching of the inclusion.
In addition, the elongate and skeletal plagioclases indicate rapid
crystal growth in the inclusion’s interior, consistent with enhanced
under-cooling of the melt. Field of view ca 6 mm, PPL. b Chilled,
vesicular, mafic inclusion in rhyodacite. Field of view ca. 6 mm,
PPL. c Close up of the marginal zone of a chilled mafic enclave.
Crystal size and abundance increases towards the inclusion interior
(bottom). Field of view ca. 0.5 mm, PPL
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involve large-scale chemical diffusion between adjacent
magma batches of different composition but similar
temperature. Trace element exchange being more effi-
cient in mixing environments than major element ex-
change, has been recorded for several mixed magma
occurrences and net-veined complexes (e.g. O’Hara
1977; Gamble 1979; Cramer and Kwak 1988; Tindle
1991; Wiebe 1996; Poli et al. 1996) and is thought to be a
function of higher diffusivities being associated with
high-field-strength elements (Tindle 1991; Poli et al.
1996). To allow high diffusive fluxes of an element be-
tween contrasting magmas, thermal and density equi-
librium have to be approached, however, before
significant diffusion can occur (Huppert and Sparks
1980; Blake and Koyaguchi 1991; Koyaguchi and Blake
1991). This is probably best achieved through a
semi-stable interface between rhyodacite and basalt in
the magma chamber. There, the chemical exchange of

species by molecular diffusion is overtaken by heat
transfer and thermal equilibrium can be closely ap-
proached, although the major element character of the
magma end-members is largely preserved, as seen in
Rum type II inclusions (cf. Koyaguchi and Blake 1991).

Table 3 REE concentrations (ppm) of rhyodacite, plagioclase and
basalt

Sample No. and type

UDPN 3
Rhyodacite

UDPN 3-plg
Plagioclase

CDCM-1
Basalt

La 47.1 3.59 14.9
Ce 87.3 5.46 33.8
Pr 10.6 0.54 4.96
Nd 42.1 1.82 21.1
Sm 7.52 0.25 5.13
Eu 2.26 1.64 2.01
Gd 7.35 0.22 6.08
Tb 1.01 0.021 0.98
Dy 5.56 0.11 5.64
Ho 1.04 0.016 1.18
Er 2.8 0.042 3.33
Tm 0.42 < 0.005 0.44
Yb 2.68 < 0.01 2.84
Lu 0.38 < 0.005 0.39

Fig. 7 a Major oxide variations between rhyodacite (circles), mafic
inclusions and the chilled margin of a composite dyke (squares),
and bulk rock analysis of co-mingled rocks (triangles). Unlike the
mafic compositions that range from basalt to andesite, rhyodacite
samples have uniform composition. b Linear and curved pattern of
rock compositions in various trace element variation diagrams
show that rhyodacite samples plot along mixing lines and curves
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A violent fountain replenishment, in turn, would favour
hybridisation by e.g. bulk mixing along the fountains
margins, as any kind of interface between the magma
end-members would be highly unstable (cf. Campbell
and Turner 1989; Koyaguchi and Blake 1991), thus
being a less likely scenario for element diffusion between
magma batches.

Three major mixing mechanisms are therefore dis-
tinguished for the Rum rhyodacites: (a) bulk mixing

(hybridisation) by blending of two magmas, through the
entrainment of one magma into another; (b) trace ele-
ment diffusion across compositional interfaces of con-
trasting magma types along semi-stable interface(s) and
(c) dispersion of liquid mafic magma by forced mingling

Fig. 8 a Chondrite-normalised REE plot of the rhyodacite and the
basalt end-members and of b rhyolite and plagioclase separated
from rhyodacite. See text for details

Table 4 Sr amd Pb isotopic ratios of Rum samples

Sample Rock type Location
(NGRS)

87Sr/86Srm Rb
ppm

Sr
ppm

87Sr/86Sr
(60 Ma)

206Pb/204Pb
(60 Ma)

207Pb/204Pb
(60 Ma)

208Pb/204Pb
(60 Ma)

CDCM-1-1 Basalt 387/984 0.703211(9) 35 300 0.702923 18.37 15.41 38.10
CDCM-1-2 Basalt 387/984 0.703236(8) 33 305 0.702969 18.32 15.42 37.96
STLH Rhyodacite 387/981 0.715048(6) 89 237 0.714121 15.74 14.97 37.72
UDPN-3 Rhyodacite 385/986 0.714859(6) 92 169 0.713516 16.10 15.11 38.19
UDPN-plg Plagioclase 358/986 0.714223(9) 1.5 264 0.714209 15.49 14.91 37.69
SR321B Lew. gneiss 336/004 0.718691(7) 15 285 0.718560 13.95 14.56 36.96

Location of sampling site coordinates refer to the British National Grid Reference System (NGRS)
All lie within square NM (except for SR321B in NG). All errors are quoted at the 2 sigma level. Pb data from Geldmacher et al. (2001)

Fig. 9 a
87Sr/86Sr vs. 206Pb/204Pb and b

208Pb/204Pb vs. 206Pb/204Pb
isotope ratio plots show the basalt and rhyodacite samples to be
distinct in their isotope signature. The basalts plot in the sub-
Hebridean mantle array, whereas the rhyodacites are strongly
displaced towards average Lewisian amphibolite (dotted lines).
A = Average Lewisian Amphibolite, G = Average Lewisian
Granulite, T = Torridonian sandstone after Dickin 1981 and
Thompson et al. 1986. Reference fields are compiled from Dickin
1981, Kerr et al. 1995, Geldmacher et al. 1998, 2001 and references
therein)
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upon eruption, coupled with vesiculation and (explosive)
disaggregation of mafic magma batches (Fig. 5).

Origin of the end-member magmas

The basaltic end-member of the rock suite displays ele-
vated values of FeOt, TiO2 and P2O5, an enriched sig-
nature on a chondrite-normalised REE variation
diagram, and it plots in the mantle array in radiogenic
isotope space. Much of this Fe–Ti–P-enriched basalt
that entered the rhyodacite chamber appears to have
been trapped beneath the felsic rhyodacite cap, because
of its density, and interaction with the rhyodacite host
magma followed in a common magma reservoir. The
composition of this basaltic end-member closely resem-
bles, for example the Fe–Ti–P-enriched ‘Plateau Group’
of the Mull Centre. Kerr et al. (1999) have argued that
these plateau lavas originated from small degrees of
melting of a dry garnet lherzolite, while the Central Mull
tholeiites formed by larger degrees of partial melting of a
spinel lherzolite. The Mull Plateau lavas also show a low
degree of interaction with the crust (Thompson et al.
1986), unlike the Central Mull tholeiite magmas that are
markedly contaminated and lack Fe–Ti–P enrichment
(Thompson et al. 1986; Kerr et al. 1999). Given that
Mull Plateau lavas and the early Rum basalts may be of
different age (M. Pringle pers. com. and Troll unpub-
lished data), it appears that early basaltic magmas in the
Tertiary centres originated from low degrees of partial
melting deep below the individual central volcanoes,
rather than by a regionally supplied magma of homo-
geneous composition.

The origin of the rhyodacites is best reflected in their
REE and isotopic composition. The rocks contain a
substantial crustal component, indicating that the mag-
ma must have been emplaced in a shallow crustal storage
reservoir considerably before intrusion of the inclusion-
forming magma to allow for massive assimilation of
Lewisian country-rock. The cross-cutting REE pattern
of rhyodacite and co-existing basalt indicates distinct
petrogenetic histories for the two magmas, as purely
derivative liquids tend to have patterns parallel to their
parental magma on such a plot (Bell 1983). The parental
magma to the rhyodacite is no longer recognisable be-
cause of severe modification through fractionation and
assimilation in the crustal storage reservoir, and through
magma mixing with crustally uncontaminated mantle-
derived basalt. This contrasts with certain other com-
plexes of the British Tertiary Igneous Province in which
the mafic and felsic rocks both show isotopic evidence of
crustal interaction, consistent with continuous differen-
tiation sequences such as ‘assimilation during turbulent
ascent’ (Kerr et al. 1995) and ‘assimilation and fractional
crystallisation’ (Geldmacher et al. 1998). In the Rum
case, however, the data show that the basaltic and other
mafic inclusions are not related to the rhyodacite
through a differentiation series; rather they indicate that
the mafic end-member derived from a distinct source

and that the two magmas probably first met in the
shallow rhyodacite magma chamber. Figure 11 shows a
binary mixing curve (BM) between the local crust

Fig. 10 a MgO vs TiO2 variation shows the sample suite plots
beyond the field of prohibited mixing. The most hybridised mafic
inclusions are a mixture of 70% basalt and 30% rhyodacite. The co-
mingled andesite samples, by contrast, represent a 50:50mixture. The
rhyodacite samples form a tight cluster, apparently unaffected by
mixing. b Zr vs. Rb (ppm), in turn, shows the most hybridised mafic
enclaves represent an almost 50:50 basalt - rhyodacite mixture in
their incompatible trace element concentrations and that the
rhyodacite is a mixture of up to 25% basalt derived trace elements
for the most affected samples. Note the co-mingled andesite samples
are a 50:50 mixture for major and for trace elements. c Zr vs. Sr
variation indicates a relative gain of Sr by the rhyodacite, and a
relative depletion of Sr in the mafic inclusions (see text for details)
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(Lewisian) and the most mafic basalt, with the rhyoda-
cite samples plotting directly on this curve. Also shown
are two AFC model calculations (cf. DePaolo 1981) that
simulate fractional crystallisation of basalt magma and
simultaneous assimilation of Lewisian gneiss. The AFC
curve to the right shows a moderate mass assimilation
rate to fractional crystallisation rate (r=0.5) and the left
curve a relatively high rate of assimilation to crystal
fractionation (r=0.8). Neither of the AFC curves
intersects with the rhyodacite samples, implying that
binary mixing of two or more unrelated magmas was the
pre-dominant process. This view that the two end-
member magmas have distinct histories is consistent
with a recent proposal by Eichelberger et al. (2000),
suggesting that co-eruptive magmas are often not co-
genetic, emphasising the importance of magma mixing
in producing a diversity of magma compositions. An
earlier mafic magma, however, must have been the
driving force for the generation of the rhyodacite mag-
ma (cf. Thompson 1980), possibly represented in some
of the earlier gabbros exposed in the Northern Marginal
Zone (Emeleus 1997). The actual amount of crustal
contribution to the rhyodacites is difficult to assess since
country-rock melting was most likely a selective melting
process as suggested by partial melting textures in
Lewisian samples from Rum (see Emeleus 1997). Tex-
tures in these samples show that hydrous phases were
melted preferentially, implying that contamination
would be strongest for those elements that are concen-
trated in e.g. mica and amphibole. This observation is
consistent with the more radiogenic Sr and Pb ratios in
the rhyodacite’s feldspar relative to the bulk rock,
implying selective contamination with input of highly
radiogenic components first (cf. Duffield and Ruiz 1998).

Quantification, using binary mixing models, is therefore
likely to overestimate the overall crustal input as
radiogenic Sr would be preferentially concentrated in the
hydrous minerals of the Lewisian country-rock. It is,
however, safe to conclude that a substantial proportion
of the rhyodacite magma was of crustal, rather than
purely magmatic origin.

A model for the Rum rhyodacite–basalt association

The combined evidence from field observations,
petrography, mineral zoning and geochemistry supports
a model in which pre-eruptive mixing and hybridisation
was permitted by temperature and compositional dif-
ferences of the magmas, but was slow due to their con-
trasted density and viscosity. The basic magma that
entered the chamber by fountaining (type III inclusions)
accumulated largely at the chamber floor where it cooled
and began to de-gas. Soon the upper part of the accu-
mulated mafic magma equilibrated thermally with the
lower temperature rhyodacite magma. During and fol-
lowing this stage there was blending of the two com-
positions plus exchange of specific trace elements
between the two magmas (type II inclusions). Eruption
was probably caused by replenishment with, and deg-
assing of, the basic magma (Troll et al. 2000), as inferred
from vesicular inclusions of both type II and type III. In
this case the time between thermal equilibration and
eruption was relatively short. This is consistent with the
radiogenic isotope data that imply that the least-evolved
type II basalt did not have sufficient residence time in the
rhyodacite reservoir to take up the crustal isotope sig-
nature of the extensively contaminated rhyodacite and/
or of the wall rock.

The evidence supports the following interpretation. A
major pulse of primitive, mantle-derived, high Fe–Ti–P
basalt magma replenished the rhyodacite storage
chamber. Initial chilling of the arriving basalt produced
type III inclusions by (a) break-up of the replenishing
fountain and perhaps (b) buoyant rise of vesiculated
basalt blobs subsequently distributed throughout the
rhyodacite by convection. However, the major part of
the basalt accumulated and/or spread across the cham-
ber floor and formed a semi-stable basalt layer in the
chamber (Fig. 12A). From the linear relationship of
FeOt, MgO and TiO2 a density stratification of the
magmas from basalt at the bottom through hybrid
andesite to rhyodacite is inferred (Fig. 12B). The well-
blended andesitic magma layer probably resulted from
entrainment of rhyodacite in basalt and element diffu-
sion across compositional interfaces of blobs and
inclusions and/or along a more or less stable horizontal
interface between the two magma layers. Further
replenishments could have entered the chamber after
mixing was initiated and disrupted the chamber strati-
fication, enhancing physical mingling and chemical
mixing and causing successive dis-equilibrium reactions
and textures such as complex multiple zoning in the

Fig. 11 87Sr/86Sr vs. 206Pb/204Pb plot with superimposed binary
mixing trajectory between the most mafic basalt sample and
Lewisian country-rock (BM). Also shown are AFC curves with a
moderate mass assimilation rate to fractional crystallisation rate
(r=0.5) and a high mass assimilation rate to fractional crystalli-
sation rate (r=0.8). Rhyodacite data plot on binary mixing
trajectory and do not intersect either of the two AFC curves.
Numbers on AFC curves indicate fraction of melt remaining. See
text for details
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rhyodacite’s phenocrysts. The replenishments and
continuing degassing of the mafic magma are likely to
have caused overpressurisation of the magma chamber
and its contents and triggered the violent ash-flow
eruption (cf. the models of Sparks et al. 1977; Eichel-
berger 1980; Folch and Marti 1998). Dispersion of liquid
mafic magma by forced mingling upon eruption then
followed during transport of magma from the magma
chamber to the surface (cf. Freundt and Tait 1986), as
observed in the composite dykes and plug of the
Northern Marginal Zone. There, further vesiculation on

decompression increased the (explosive) disaggregation
of mafic magma batches.

Conclusion

The rhyodacites of the Northern Marginal Zone repre-
sent intra-caldera ash-flow sheets that are connected to
their feeder dykes. The rhyodacites record evidence of
violent magma mingling in the eruption conduit as well
as pre-eruptive diffusive mixing in the magma chamber.
The magma chamber was partially evacuated while the
process of magma hybridisation was underway and
erupted two distinct end-member magmas (basalt and
rhyodacite), together with various mixed mafic-inter-
mediate compositions. Mixing of magmas was achieved
through (a) hybridisation by blending of two magmas,
(b) trace element diffusion across compositional inter-
faces, and (c) dispersion of liquid mafic magma by
forced mingling upon eruption. The combined evidence
points towards magma mixing in a multiple-replenished
chamber, where degassing of incoming mafic magma
triggered the explosive ash-flow eruptions. The mafic
magma was not related to the rhyodacite. Instead, the

Fig. 12A,B Interpretation of magma chamber evolution and
eruption processes. A Reconstruction of pre-eruptive internal
magma chamber structure, where basaltic magma is injected into
the rhyodacite reservoir. (i) Chilled mafic inclusions (type III) form
by disaggregation of the injected fountain and chilling against the
cooler rhyodacite host. This produces a characteristic increase of
crystal size in the type III inclusions. B The bulk of the mafic
magma forms a denser bottom layer in the chamber separated from
the lighter rhyodacite through a semi-stable interface. (ii) Blending
(bulk-mixing) and element diffusion (indicated by the arrow) act
along this/these interface(s) producing a hybrid but trace element-
enriched andesite magma (type II inclusions). (iii) On eruption the
hybrid andesite and the rhyodacite magmas experience physical
mingling in the conduit, coupled with violent vesiculation and
further disintegration of the mafic magma blobs
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two magmas are derived from distinct sources, being
thus co-eruptive but not co-genetic.
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