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Preface

There is such a diversity of rocks, minerals, fossils and landforms packed into the
piece of the Earth’s crust we call ‘Britain’ that it is difficult not to be impressed by
the long, complex history of geological change to which they are testimony. But
if we are to improve our understanding of the nature of the geological forces that
have shaped our islands, further unravel their history in ‘deep time’ and learn
more of the history of life on Earth, we must ensure that the most scientifically
important of Britain’s geological localities are conserved for future generations to
study, research and enjoy. Moreover, as an educational field resource and as
training grounds for new generations of geologists on which to hone their skills,
it is essential that such sites continue to remain available for study. The first step
in achieving this goal is to identify the key sites, both at national and local levels.

The GCR, launched in 1977, is a world-first in the systematic selection and
documentation of a country’s best Earth science sites. No other country has
attempted such a comprehensive and systematic review of its Earth science sites
on anything near the same scale. After over two decades of site evaluation and
documentation, we now have an inventory of over 3000 GCR sites, selected for
100 categories covering the entire range of the geological and geomorphological
features of Britain.

This volume, describing the Carboniferous and Permian igneous rocks of Great
Britain, is the 27th to be published in the intended 42-volume GCR series. Not
only does it contain the descriptions of key localities that will be conserved for
their contribution to our understanding of the igneous of rocks of this age, but
also provides an excellent summary of the petrological features and palaeogeo-
graphical significance to be found in them, and it outlines the research that has
been undertaken on them. The book will be invaluable as an essential reference
book to those engaged in the study of these rocks and will provide a stimulus for
further investigation. It will also be helpful to teachers and lecturers and for those
people who, in one way or another, have a vested interest in the GCR sites: own-
ers, occupiers, planners, those concerned with the practicalities of site conserva-
tion and indeed the local people for whom such sites are an environmental asset.
The conservation value of the sites is mostly based on a specialist understanding
of the stratigraphical, palaeontological and sedimentological features present and
is therefore, of a technical nature. The account of each site in this book ends,
however, with a brief summary of the geological interest, framed in less technical
language, in order to help the non-specialist. The first chapter of the volume,
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used in conjunction with the glossary, is also aimed at a less specialized audience.
This volume is not intended to be a field guide to the sites, nor does it cover the
practical problems of their ongoing conservation. Its remit is to put on record the
scientific justification for conserving the sites.

This volume deals with the state of knowledge of the sites available at the time
of writing, in 1998-2001, and must be seen in this context. Geology, like any
other science, is an ever-developing pursuit with new discoveries being made, and
existing models are subject to continual testing and modification as new data
come to light. Increased or hitherto unrecognized significance may be seen in
new sites, and it is possible that further sites worthy of conservation will be
identified in future years.

There is still much more to learn and the sites described in this volume are as
important today as they have ever been in increasing our knowledge and under-
standing of the geological history of Britain. This account clearly demonstrates
the value of these sites for research, and their important place in Britain’s scientific
and natural heritage. This, after all, is the raison d’étre of the GCR Series of
publications.

N.V. Ellis
GCR Publications Manager
May 2002

Xviii























































































General introduction

Figure 1.9 Xenoliths in an Early Permian olivine nephelinite dyke at Gribun, Isle of Mull; dark pyroxenites and
pale-coloured granulite-facies gneisses. Note the folding in the large block of gneiss. The coin is 24 mm in
diameter. (Photo: B.G.J. Upton, from Upton et al., 1998.)

1976), and in Mull (Upton et al., 1998). The
hydrous ultramafic rocks tend to be enriched in
Fe and Ti relative to the anhydrous equivalents
and commonly contain apatite indicating an
enrichment in phosphorous. Garnetiferous
ultramafic rocks, possibly garnet websterites, are
rare; these rocks have granoblastic equilibrium
textures but the pyroxene is commonly altered
and the garnet appears to have formed by
reaction between clinopyroxene and spinel.

It is generally agreed that peridotitic xenoliths
originated in the upper mantle and detailed
mineralogical studies of lherzolites from Calton
Hill (Derbyshire), the western Highlands and the
North Berwick Coast (Donaldson, 1978; Praegel,
1981; Hunter et al., 1984) have resulted in
estimates of equilibrium conditions in the range
884-1200°C and 8-23 kbar, corresponding to
depths of c. 30-70 km. The pyroxene-rich ultra-
mafic rocks could be either from the upper
mantle or the lower crust, although geophysical
properties and phase equilibria studies favour
the upper mantle. Elsewhere in the world,
where tectonically emplaced upper-mantle is
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exposed, lherzolites and pyroxenites are inti-
mately associated, and rare composite wehrlite-
lherzolite xenoliths from East Fife and North
Berwick suggest that this is also the case beneath
Scotland. The overall impression gained is of an
extremely heterogeneous upper mantle con-
sisting of deformed magnesian peridotites, cut
by a stockwork of sheets or by larger bodies of
younger pyroxenite (Upton et al., 1983, 1984).
The peridotites are probably residual mantle
material (‘restites’) depleted by episodes of
partial melting during the Proterozoic and
Palaeozoic eras. It is not possible to determine
when the deformation and recrystallization
occurred but Hunter et al. (1984) speculated
that it could have been due to solid flow associ-
ated with the initial stages of lithospheric rifting
in Early Carboniferous times. The pyroxenites
represent high-pressure crystallization products
from basic magmas retained at depth, and their
rare-earth-element patterns in particular suggest
that they may have been related to their host
basalts (Downes et al., 2001). Many could have
been side-wall cumulates in narrow magma



Xenoliths and megacrysts

conduits. It has also been argued that under-
plated pyroxene-rich rocks form a substantial
layer between peridotitic upper-mantle and
feldspathic lower-crust (Menzies and Halliday,
1988; Upton et al., 2001).

The hydrous, mica- and amphibole-bearing
pyroxenites (and rare hydrous peridotites) pro-
bably indicate local metasomatic enrichment of
volatiles, K, Ti and B, probably from a volatile-
rich alkali basalt melt rather than a fluid (Upton
et al., 1998). The local nature of the metasoma-
tism is well demonstrated in the North Berwick
Coast GCR site, where the change from domi-
nantly anhydrous to dominantly hydrous xeno-
lith assemblages occurs over a very short dis-
tance from west to east. However, Chapman
(1976) proposed a cumulitic origin for biotite-
and kaersutite-pyroxenites at Elie Ness (East
Fife Coast GCR site) as a result of high-pressure
fractional crystallization of a primitive alkali
basalt magma, trapped at uppermost-mantle and
lower-crustal levels. In this model, the cumulate
pyroxenites and their associated megacryst
assemblages (see below) were comagmatic with
the host intrusions of basanite and monchiquite,
which represent middle to late stages of evolu-
tion of the same primitive magmas.

Lower crust

Although the crust-mantle boundary (the Moho)
is usually well defined in deep seismic profiles
across northern Britain (e.g. Bamford, 1979), it
is less distinct petrologically. At most of the
xenolith localities, ultramafic clinopyroxenite
and wehrlite cumulates, as described in the
previous section, are associated with mafic
granulite-facies meta-igneous rocks. The
densities of the latter lithologies correlate well
with seismic velocities observed above the Moho
and mineral assemblages are consistent with
equilibration at depths of 18-30 km (Hunter et
al., 1984). Hence they probably constitute the
bulk of the lower crust. However, around the
base of the crust the pyroxenites and mafic rocks
are probably interleaved in a broad zone. They
have similar rare-earth-element abundances and
patterns and, together with their general
similarity in mineralogy, this suggests that they
may be genetically related as parts of cumulate
complexes (Upton et al., 1998, 2001; Downes et
al., 2001).

Xenoliths of mafic lower-crustal materials are
less common than ultramafic rocks from the
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mantle but they are known from many of the
localities in Scotland. Much detailed work has
concentrated upon the Partan Craig Vent in the
North Berwick Coast GCR site, which has
yielded by far the most examples (Upton et al.,
1976; Graham and Upton, 1978), the Fidra Sill,
also near North Berwick (Hunter et al., 1984;
Downes et al., 2001), the Gribun Dyke on Mull
(Upton et al., 1998) and the Tingwall Dyke,
Orkney and Duncansby Ness Neck, Caithness
(Upton et al., 2001). A detailed isotopic and
geochemical study by Halliday et al. (1993)
provided a review of all lower- and middle-
crustal xenoliths in Scotland, and the influence
of the host magma upon the trace-element and
isotopic composition of the xenoliths was
investigated by Lee et al. (1993).

The mafic lower-crustal xenoliths are mostly
metagabbroic or metadioritic and are composed
essentially of pyroxene (clino- *+ ortho-) and
plagioclase (labradorite to oligoclase), with com-
mon magnetite. Biotite, amphibole and apatite
are present in some. The more plagioclase-rich
varieties grade into meta-anorthosite, and with
the development of quartz, the compositions
become meta-quartz-dioritic and metatonalitic.
Garnet-pyroxene-plagioclase assemblages, com-
mon in many other continental lower-crustal
xenolith suites, are rare. Relict igneous textures
are preserved but textures are more commonly
granoblastic, with some gneissose mineral layer-
ing (Figure 1.9), and there are indications of
partial melting. These mineralogical and tex-
tural features signify granulite-facies metamor-
phism and the lithologies have been referred to
collectively as ‘basic granulites’ in many publica-
tions.

The detailed studies of lower-crustal mafic
xenoliths by Hunter ef al. (1984) and Upton et
al. (1998) have both suggested that their
parental magmas were of alkali basalt composi-
tion, and Halliday et al. (1993) calculated that
the average composition of all of the lower crust
beneath Scotland is alkalic. The compositions of
the principal minerals and regional whole-rock
trace-element variations suggest that the xeno-
liths represent high-pressure cumulates formed
by crystal fractionation (Halliday et al., 1993).
These may have originated from the differentia-
tion of basic magmas that were trapped at the
crust-mantle boundary as part of a process
known as ‘underplating’. Here they probably
formed layered mafic igneous complexes
that were subjected to varying degrees of
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recrystallization, partial melting and possible
local metasomatism as they became incor-
porated into the lower crust (Hunter et al.,
1984). The rarity of garnetiferous lithologies in
the xenolith suites implies that these must
represent only a minor component of the deep
crust and/or upper mantle and hence that the
crust was not much more than 30 km thick in
Late Palaeozoic times (Halliday et al., 1993).

Although the mafic gneisses resemble and
have similar seismic properties to those of the
Lewisian Gneiss Complex of the north-west
Highlands, there are significant differences in
whole-rock geochemistry (Hunter et al., 1984;
Halliday et al., 1993) and, from various lines of
evidence, it seems unlikely that the Lewisian
crust extends for more than 20-30 km east of
the Moine Thrust (e.g. Smythe, 1987). In fact, U-
Pb dating of zircons in an anorthositic xenolith
from the Gribun Dyke, Isle of Mull, has indicated
a crystallization age of 1850 * 50 Ma, which is
considerably younger than the Lewisian and
more like the Rhinns Complex on the Isle of
Islay (Upton et al., 1998). Less precise estimates
of radiometric age, described by Halliday et al.
(1993), indicate that many of the igneous pro-
toliths of the mafic gneiss xenoliths were formed
and metamorphosed during magmatic under-
plating in Late Proterozoic and Palaeozoic times.
However, the stable isotope and trace-element
data also show that a significant component of
the Palaeozoic deep crust beneath Scotland is
derived from recycling of Archaean and Palaeo-
proterozoic lithosphere through sedimentary
processes, arc volcanism and subduction, the
latter as recent as during the later stages of the
Caledonian Orogeny.

Middle crust

Xenoliths of granulite-facies quartzo-feldspathic
gneiss have densities compatible with mid-
crustal layers that have been identified on seis-
mic profiles across northern Britain (e.g. Bam-
ford, 1979). They are much less common than
the lower-crustal mafic rocks, probably because
the more felsic compositions are more easily
melted and hence less likely to survive in high-
temperature basaltic host magmas. They have
been described principally from Partan Craig by
Graham and Upton (1978) and from eight other
Midland Valley occurrences by Halliday et al.
(1993). Typical mineral assemblages involve
quartz, plagioclase, biotite and alkali feldspar,
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but rutile, sillimanite, kyanite, graphite, magne-
tite, zircon and monazite also occur. Biotite is
the only hydrous phase and that is scarce. Some
xenoliths contain large porphyroblasts (up to
8 mm) of garnet (almandine-pyrope) with
chloritic rims, and mineral layering of garnet-
rich and garnet-poor layers is common on a
centimetre to decimetre scale. Textures range
from equigranular to gneissose and some are
blastomylonitic. Whereas most of the quartzo-
feldspathic xenoliths are considered to have had
a metasedimentary origin, foliated quartz-
plagioclase (trondhjemitic) xenoliths may be
from meta-igneous segregations. Although
these lithologies probably dominate mid-crustal
levels, they may well be interleaved in sub-
ordinate proportions in the lower crust (Upton
et al., 1984).

The felsic (and mafic) gneisses are presumed
to be representative of a high-grade basement,
extending beneath the Midland Valley and the
north-western part of the Southern Uplands.
Whereas the top of this crystalline basement may
be at a depth of no more than 7 km beneath the
Midland Valley (Bamford, 1979), lithologies of
this general type may characterize much of the
middle crust down to depths of 18-20 km,
where they grade down into rocks for which
meta-igneous origins are more probable.
Mineral compositions suggest that the pressure
and temperature of metamorphism exceeded
11 kbar and 850°C in places (Graham and
Upton, 1978). Although they have geochemical
similarities to quartzo-feldspathic gneisses of the
Archaean Lewisian Gneiss Complex (Graham
and Upton, 1978), isotopic studies of xenoliths
from Partan Craig have cast doubt upon such an
old age (van Breemen and Hawkesworth, 1980;
Halliday et al., 1984). Combined U-Pb zircon
and Sm-Nd whole-rock data from these studies
suggest that the sedimentary protoliths of the
granulite-facies gneisses were derived from crust
of varying age, some older than 2200 Ma, but
some no older than 1000 Ma. Both the
sedimentation and the metamorphism of these
rocks must therefore have occurred after
c. 1000 Ma (Late Proterozoic). Similar isotopic
characteristics of the gneisses to sedimentary
rocks of the Southern Uplands have led Halliday
et al. (1993) to suggest that they may have
originated from Caledonian events, involving
high-grade metamorphism of Lower Palaeozoic
metasedimentary rocks that were underthrust
beneath the Midland Valley.
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Upper Crust

Xenoliths of upper-crustal origin are mainly of
local derivation, either from earlier eruptive
phases or from the immediately adjacent
country rocks, and hence are specific to each
individual vent or intrusion. Lithologies are
many and varied and many examples are
described in the GCR site reports. Some xeno-
liths of undeformed layered gabbroic rocks,
diorites and syenites have been recorded and
these are most likely to be the result of fraction-
ation of the host magmas in middle- to upper-
crustal magma chambers. Some necks also
contain xenoliths of unfoliated granitic rocks
that have been attributed to plutons of probable
Caledonian origin (Upton et al., 1983).

Megacrysts

In addition to xenoliths, many of the
Carboniferous and Permian intrusions also
contain single crystals or crystal aggregates of a
wide range of minerals of igneous origin. Many
are clearly out of equilibrium with the host mag-
mas that carried them to current erosion levels
and can be termed xenocrysts, but others are
remarkably idiomorphic, suggesting that they
grew as phenocrysts within the magma. Because
of their commonly large size (up to 10 cm) rela-
tive to the grain size of the host rock, they have
usually been referred to in the literature as
‘megacrysts’, a purely descriptive term that
covers any mode of origin. The crystals include
alkali feldspar (oligoclase, anorthoclase, sani-
dine), clinopyroxene (diopside, augite, ferro-
salite), orthopyroxene, amphibole (kaersutite),
mica (phlogopite, biotite), garnet (pyrope),
magnetite, ilmenite, zircon, apatite and Nb-rich
phases.

Some of the mafic megacrysts can be matched
in composition with the component minerals of
the ultramafic and mafic xenoliths and hence
result from simple disaggregation (e.g.
Alexander et al., 1986). However, others have to
be attributed to earlier (higher pressure) or later
(lower pressure) stages of magmatic evolution
than those represented by the xenoliths. At the
Elie Ness Neck, Chapman (1976) showed from
experimental studies that megacrysts of sub-
calcic augite and pyrope garnet (the ‘Elie
rubies’; see East Fife Coast GCR site report)
could have coprecipitated at a depth of over
70 km from primitive alkali basalt magmas,
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formed by partial melting of garnet lherzolite at
still greater depths (over 100 km). Donaldson
(1984) accepted the high-pressure origin of
these phases, with some qualification, though he
cast doubt on their coprecipitation. Chapman
(1976) interpreted other megacryst phases as
having formed from the same magma or from
related more evolved magmas; kaersutite at low
crustal levels and anorthoclase from small
bodies of evolved alkaline magma trapped in the
upper crust. A trace-element and stable isotope
study by Long et al. (1994) confirmed the asso-
ciation of most megacryst suites with the host
alkaline magmas and the Midland Valley vol-
canicity. Density calculations have shown that
the evolved magmas must have been of trachy-
andesite composition in order for the anortho-
site crystals to remain suspended and grow to
large sizes, prior to being picked up and trans-
ported by later surges of more basic magma that
also carried the higher pressure phases
(Chapman and Powell, 1976). A geochrono-
logical study of megacrysts from East Fife necks
by Macintyre et al. (1981) supported this model
by showing that the cumulus minerals (biotite,
amphibole and pyroxene) plus zircon were
formed at c¢. 315 Ma, contemporaneous with the
local Namurian volcanism, but that the anor-
thoclase did not complete crystallization until
295 Ma, just before the eruption of the host
basanite magmas at 290 Ma during the
Stephanian Epoch.

There is increasing evidence that many of the
megacrysts could not have been derived from
the fractionation of basanitic, foiditic or lampro-
phyric magmas related to their host rocks. Much
of this evidence comes from alkali feldspar
megacrysts and feldspathic xenoliths, which are
common in several of the East Fife Coast necks,
at Fidra off the North Berwick Coast and at
several other localities (Aspen et al., 1990).
A few composite xenoliths show that the
feldspathic rocks may occur as pegmatitic veins
traversing hydrous pyroxenites. The mineral
phases are out of compositional and isotopic
equilibrium with their host rocks, are not asso-
ciated with any obvious more primitive parental
lithologies, and Aspen et al. (1990) considered
that they had crystallized from geochemically
extreme low-temperature trachytic melts pres-
ent in the upper mantle and/or deep crust at the
time of the Carboniferous—Permian magmatism.
They suggested that the melts may have
originated through very small-scale partial
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melting of lithospheric mantle under the
influence of volatile fluxes.

Of particular interest are anorthoclase-rich
syenitic xenoliths (anorthoclasites) that also
contain corundum and Nb-, Zr-, U-, Th- and rare-
earth-element-rich minerals (Upton et al.,
1999). The very high content of incompatible
trace elements and the presence of calcite vein-
lets in these xenoliths suggest the possible
involvement of asthenosphere-derived alkali-
rich carbonatitic melts that permeated and inter-
acted with the uppermost mantle to produce
carbonated trachytic melts (as suggested by
Long et al. (1994) for megacrysts in a Palaeo-
gene dyke cutting the Lewisian craton). In the
most extreme compositions, the presence of
corundum reflects a highly aluminous melt that
would have been almost impossible to achieve
by fractional crystallization and hence some
mechanism of alkali loss has to be suspected.

Upton et al. (1999) proposed that the alkalis
could have been removed in a carbonatitic
fraction that separated from the trachytic melt to
leave an aluminous residuum.

With the exception of the far north-west,
which was subjected to magma generation and
ascent during Palaecogene time, the nature of
the deep lithosphere of Great Britain has
probably changed little since it was sampled
by the Late Palaeozoic magmas. Hence the
information gained from the xenoliths and
megacrysts, and summarized in Figure 1.10, is
as relevant to the present-day deep structure of
Britain as it is to their time of emplacement.
The extensive literature summarized above
demonstrates the importance that has been
attached to this subject already, and the xeno-
lithic vents and intrusions of the GCR sites will
no doubt continue to supply material for further
studies.
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Figure 1.10 Generalized section through the upper continental lithosphere beneath the Midland Valley of
Scotland. The left-hand column shows mean seismic velocities after Bamford (1979) and principal mineral
assemblages (in brackets). (gt = garnet; ksp = potassium feldspar; mt = magnetite; ol = olivine; pl = plagio-
clase; px = pyroxene; qz = quartz; sill = sillimanite; sp = spinel.) After Upton et al. (1984).
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