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5 Arc–continent collision: the Grampian
phase of the Caledonian Orogeny
5.1 Introduction
Section 4 described how a prolonged period of lithospheric extension led to the
development of a passive margin on the southern flanks of Laurentia. Eventually
(in late Neoproterozoic to early Palaeozoic times), extension led to rupturing of
the crust, and the opening, to the south of Laurentia, of the Iapetus Ocean. The
destruction of the Iapetus Ocean took place later in the early Palaeozoic (Section
1.2) as a result of subduction. The subduction culminated in plate collisions
accompanied by mountain-building events known as the Caledonian Orogeny.
The Caledonian Orogeny comprised three distinct phases: the Grampian phase
(c. 480–465 Ma), an intermediate phase (c. 465–435 Ma) for which there is no
formal name, and the Scandian phase (c. 435–390 Ma). This Section and Sections 6
and 8 deal with the extent, nature and timing of these phases.

N

Figure 5.1 A tectonic model for the
Grampian phase of the Caledonian
Orogeny. (a) A pre-Grampian stage
showing the opening of the Iapetus
Ocean and Dalradian sedimentation on
rifted Laurentian crust. (b) S-directed
subduction formed an island arc
complex on continental crust. (c) Initial
collision led to narrowing of oceanic
tracts, the obduction of ophiolites, and
crustal thickening, deformation and
metamorphism on the Laurentian
margin. (d) Continued collision
resulted in folding and underthrusting
of the Laurentian margin, and a Ndipping subduction zone.
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The Grampian phase of the Caledonian Orogeny resulted from the collision
between the Laurentian margin and an oceanic subduction zone and island arc
complex that had developed in the Iapetus Ocean during early Cambrian to early
Ordovician times (Figure 5.1). The sequence of events depicted in Figure 5.1 is
explained in this Section, with the evidence coming from a variety of sources.
Section 5.2 considers the evidence for the existence of an ocean and the nature and
timing of its closure and destruction during the Grampian phase. This relies on the
study of ophiolite fragments. Section 5.3 examines the deformation suffered by the
Dalradian rocks and relates it to the collision of crustal blocks, and the crust’s
response to crustal shortening. Section 5.4 considers the metamorphism of the
Dalradian rocks that occurred in association with the collision. Finally, Section 5.5
provides a brief summary of these events.

5.2 Ocean closure during the Grampian phase
Figure 5.2 Terrane map of the
northern British Isles showing the
distributions of ophiolite fragments
and rocks of island arc affinity that
were accreted to the Laurentian
margin during the Grampian phase.

5.2.1 Ophiolites and the evidence for obduction: a Grampian
suture zone?
The recognition of ophiolites within an orogenic belt is important because they
represent fragments of oceanic lithosphere caught up between converging plates.
For example, in the Himalaya, ophiolite fragments outcrop in a line marking an
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ancient subduction or suture zone that separates two crustal blocks or continents
with contrasting geological histories. The distribution of the ophiolite fragments
and related rocks of oceanic affinity in northern Britain is illustrated in Figure 5.2.
Most of the smaller fragments lie in a line along or close to the Highland Boundary
Fault – Fair Head–Clew Bay Line (e.g. the Clew Bay Complex, Tyrone inlier and the
Highland Border Complex). This fault is thought to indicate the position of an
ancient suture zone. Two larger bodies, the Shetland ophiolite and the Ballantrae
Complex lie far from this suture zone and their position merits further investigation.
The Shetland ophiolite lies immediately to the east of the Walls Boundary Fault, a
structure interpreted as the northerly extension of the Great Glen Fault (Figure 5.2).
The ophiolite itself comprises basic and ultrabasic igneous rocks and is contained
within two thrust nappes that tectonically overlie metasedimentary rocks attributed
to the Dalradian Supergroup (Figure 5.3).

Unst

granite
upper mélange
upper nappe peridotite

thrust
middle mélange
lower nappe

thrust
lower mélange
Dalradian
fault

5 km

Fetlar

Figure 5.3 Simplified geological
map of Unst and Fetlar. The key shows
the packages of rocks that are
separated by thrusts, with the Shetland
ophiolite comprising the lower and
upper nappes.

50

Mountain Building in Scotland

The lower nappe contains peridotites, pyroxenites and dunites overlain by gabbros
and a sheeted dyke complex. The upper nappe is composed of peridotites. The
occurrence of ophiolitic nappes in thrust contact with Dalradian metasediments
suggests that the oceanic crust had been tectonically emplaced by thrusting onto the
continental crust – a process called obduction. The position of the complex more than
100 km west of the proposed suture (Figure 5.2) would be consistent with significant
tectonic transport from east to west. Radiometric dating of granite intruded during
crystallization of the complex gives an age of c. 492 Ma (Tremadoc) and provides a
date for formation of the oceanic crust at a mid-ocean ridge. The Shetland ophiolite
therefore provides structural evidence for the obduction by thrusting of c. 492 Ma-old
oceanic crust onto the Laurentian margin. The ophiolite is interpreted as an eroded
remnant of a much larger ophiolite-bearing thrust nappe.
The Tyrone inlier (Figure 5.2) comprises gabbros, a sheeted dyke complex and pillow
basalts, and is interpreted as an ophiolite fragment. The complex has been thrust
towards the north-west onto an older sequence of schists and gneisses of unknown
age. A tonalite intruded into the inlier has been dated at c. 471 Ma and contains more
ancient zircons that have possibly been derived from underlying Proterozoic rocks.
The tonalite must therefore have intruded the ophiolite after it was obducted onto
continental crust.
The Ballantrae Complex is located on the southern margin of the Midland Valley
(Figure 5.2). It comprises serpentinized peridotites with minor gabbro and
trondhjemite, overlain by basaltic pillow lavas. The ophiolite has a metamorphic sole
composed of schist that formed during emplacement of the ophiolite. Radiometric
dating of amphiboles from the schists has given an age of c. 478 Ma. This age is
interpreted as dating cooling following obduction. The underlying rocks are not
exposed.
The Highland Border Complex is a series of low-grade metamorphic rocks that occur
in a series of discontinuously exposed fault-bounded slivers along the Highland
Boundary Fault (Figure 5.2). The complex is divided into four distinct assemblages.
The oldest comprises serpentinites, hornblende schists and pillow basalts, which are
interpreted as remnants of an ophiolite, and are unconformably overlain by a second
assemblage containing conglomerates and shallow-water dolomitic limestones.
Faunas indicate an Arenig age for this assemblage. The third assemblage contains an
oceanic sequence of altered pillow lavas (Figure 5.4), tuffs, breccias, black shales,
cherts and sandy turbidites (late Arenig to Llanvirn in age). The fourth and youngest
assemblage (of Caradoc age) comprises limestones and sandstones.

Figure 5.4 Pillow lavas from the
Highland Border Complex near
Stonehaven.
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The history and tectonic significance of the Highland Border Complex is highly
controversial, and two hypotheses have been proposed. The first is that the complex
represents a fragment of an entirely separate ocean basin that lay to the south of
Laurentia. This model is based on the evidence that the fourth assemblage (of
Caradoc age, c. 462–449 Ma) must have been deposited after the c. 480–465 Ma
Grampian phase. The second hypothesis is that the complex represents a series of
slices of the uppermost part of the Dalradian Supergroup and an ophiolite. This
model is based on observations that the low-grade metasedimentary rocks and the
ophiolite all carry similar Grampian-age structures to those in adjacent Dalradian
rocks. More work is required to resolve this issue.

5.2.2 Evidence for an ancient magmatic arc
The Ballantrae Complex is unconformably overlain by Ordovician (Llanvirn to
Caradoc, c. 470–450 Ma) fluvial, deltaic and marine sediments. Lateral facies
changes indicate that deposition was fault-controlled, with successively younger
strata overlapping northwards onto the ophiolite complex (Figure 5.5).
Conglomerates sourced from the north-west were deposited in submarine fans; in
the south-east they are overlain by deep-water mudstones and sandstones. These
grade northwards into shallower-water mudstones, sandstones and limestones.
The provenance (Box 3.1) of clasts within the conglomeratic units is of particular
interest in reconstructing the palaeogeography. The conglomerates were locally
sourced, with clasts of basic and ultrabasic material derived from the Ballantrae
ophiolite, as well as clasts of granitic to intermediate igneous rocks and
occasional low-grade schists. The granites are calc-alkaline in composition,
suggesting derivation from a magmatic arc. Isotopic ages obtained on these
clasts range from c. 560–450 Ma. These data point to the existence of a Cambrian
to early Ordovician magmatic arc that lay somewhere to the north or north-west
of the Southern Uplands Fault.
How do the ages of the igneous clasts in the conglomerate compare with the
depositional age of the conglomerate itself?
These ages overlap, implying that the island arc complex was still forming
by subduction in the Early Ordovician, and at the same time being actively
eroded.
NW
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limestone
sandstone and mudstone
conglomerate
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467 ± 3 to 559 ± 20 Ma
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488 ± 29 Ma

Figure 5.5 Details of the Ordovician sedimentary successions that overlie the Ballantrae Complex. Note the presence of
extensional faults that were active during deposition of the sediments. The diagram also shows the range of radiometric ages
obtained from granitic clasts within the conglomerates.
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A similar picture emerges from north-west Ireland where the rocks of the South
Mayo Trough (Figure 5.2) record the existence of a basin that developed adjacent to
an active island arc complex. The South Mayo Trough comprises a thick succession
of Ordovician (Tremadoc to Llanvirn) calc-alkaline volcanics and volcaniclastic
sediments, turbidites, andesites and rhyolite tuff bands. Conglomeratic units contain
clasts of mafic, intermediate and acid volcanics, quartzites, granites, gneisses,
gabbros and low-grade schists. As with the Ballantrae Complex, the sediments
record a progressive shallowing from deep-water turbidites to fluvial and deltaic
sediments. A significant change in the composition of the detritus, with the incoming
of mafic and ultramafic (ophiolitic) clasts and detrital garnet and staurolite, occurs in
rocks of early Llanvirn age (c. 470–467 Ma). The northerly-derived ophiolitic and
metamorphic detritus can be explained if sedimentation at this time followed
erosion of rocks produced by ophiolite obduction and metamorphism associated
with the Grampian phase (Figure 5.1c).

5.2.3 Evidence for an ancient subduction zone: the Clew Bay
Complex
The Clew Bay Complex exposed in north-west Ireland (Figure 5.2) comprises three
fault-bounded units. The northernmost unit comprises low-grade metasediments
with mafic volcanics that contain blueschists (the product of low-temperature, highpressure metamorphism; see Box 2.1) and is interpreted as an accretionary prism. A
second unit further south contains serpentinized peridotites, amphibolites, gabbros,
a sheeted dyke complex and metapelites, and is interpreted as a deformed ophiolite.
A third unit consists of pillow basalts, shales and grits. The occurrence of blueschistfacies assemblages in metamorphosed volcanic rocks is of particular importance as
they are indicative of metamorphism in a subduction zone.

5.2.4 Summary of Section 5.2
• A chain of ophiolite fragments and related rocks of oceanic affinity identifies a
Grampian suture zone that is located along the line of the present Highland
Boundary Fault – Fair Head–Clew Bay Line. This boundary marks the southern
margin of Laurentia.
• The ophiolite fragments, the remnants of island arc complexes and blueschists
point to the existence of an ancient ocean, within which a southwards-dipping
intra-oceanic subduction zone developed.
• Plate convergence led to closure of an oceanic tract(s) and eventually to the
intra-oceanic subduction zone and magmatic arcs colliding with the Laurentian
margin (Figure 5.1). This collision is referred to as the Grampian phase of the
Caledonian Orogeny.
• The timing of the collision and ophiolite obduction, albeit only based on data
from one of the ophiolites (Ballantrae), is estimated as c. 478 Ma.
• Collision and obduction of ophiolites by thrusting led to crustal thickening,
deformation, metamorphism and magmatism on the Laurentian margin.

5.3 Structural development of the Grampian
Highlands
5.3.1 Introduction
In the previous Section, we saw that the Grampian phase resulted from the
collision between the Laurentian margin and an intra-oceanic subduction zone and
magmatic arc complex. In this Section we will investigate the effects of this
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collision on the rocks of the Laurentian margin, primarily those exposed in the
Grampian Highlands, where the most complete record of the effects of this
collision is preserved. The nature of the deformation that occurred as a result of
the collision is often visually dramatic (Figure 5.6) and reveals much about how
the crust responded to crustal shortening .

Figure 5.6 Folds formed in
sediments of the Dalradian
Supergroup, Grampian Highlands, as
a result of deformation during the
Grampian phase.

5.3.2 Structure of the Grampian Highlands
Although in detail the tectonics of the Grampian Highlands is complex, there is a
large-scale coherence to the pattern of deformation in that the main structures trend
NE–SW across the region and can be traced for hundreds of kilometres along strike.
The geometry of the structures is illustrated on the 3-D block diagram of the
Grampian Highlands from the Great Glen Fault to the Highland Boundary Fault
(Figure. 5.7). This and the following Section describe the geometry of the main
structures and the sequence of deformation events responsible for their formation.
In areas where a sequence of deformational events has taken place it becomes
convenient to label them using a simple code or shorthand, explained in Box 5.1.

Box 5.1 Tectonic shorthand
When we begin to analyse the tectonic structures found
in complexly deformed areas, we soon recognize
evidence for a sequence of events. Geologists have
developed a shorthand notation for the description of
these sequences, based on letters to identify the class of
structure and a numerical subscript to indicate its
position in the order of events. The structures that are
usually labelled in this way are folds (F), planar fabrics
(S) and linear fabrics (L). In addition, the events
themselves are often labelled using D for a deformation
event and M for a metamorphic event. So, the first
deformation would be labelled D1. During D1, any folds
that form would be called F1. If these F1 folds show an
axial plane cleavage, this would be termed S1, and so on.
It is important to realize that all three classes of structure
(F, S and L) can form during a single deformation event.
However, there is no certainty that they will form and
even if they did, we may not find evidence for them.

Nonetheless, a place would be reserved for them in any
table relating structures to events. The consequence of this
is that when geologists talk of an S2 fabric they are not
necessarily implying that they have found an earlier fabric
that could be called S1. What is certain is that they have
found some structure, but not necessarily a planar fabric,
which can be seen to pre-date the S2 fabric, and which
therefore establishes the existence of an earlier
deformation event. For example, a geologist may have
seen the S2 fabric cutting across an earlier fold which
would thus have to be designated F1.
However, this rule does not apply to metamorphic events.
Although deformation and metamorphism commonly
occur together, this is not always the case. A metamorphic
event may occur independently of deformation and the
most useful statements are of the form, ‘M1 reached its
peak between D1 and D2’.

Figure 5.7 Block diagram of the major structures in the Grampian Highlands. The area is divided into the Southern Grampians, Western Grampians and Central
Grampians Complexes on the basis of geographical and structural criteria. This diagram is reproduced from one of the standard reference works on Highland geology –
Stephenson, D. and Gould, D. (eds) (1995) The Grampian Highlands, 4th edn, HMSO for the British Geological Survey.
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Key to Figure 5.7
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Appin Syncline

GCA Glen Creran Anticline

BA

Bohespic Antiform

GMS Glen Mark Slide

BAS Ballachulish Slide
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BCH Beinn a Chuallich Folds

HBD Highland Border Downbend
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HBS Highland Border Steep Belt
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Benderloch Slide
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Islay Anticline

BLA Beinn na Lap Antiform
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Kinlochleven Anticline

BLS

LAS Loch Awe Syncline

Ben Lawers Synform

Grampian Slide

BOS Boundary Slide
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CIA

Creag na h’Iolaire Anticline

OSB Ossian–Geal Charn Steep Belt
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Corrieyairick Syncline

SBS
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Drumochter Dome

SMS Sron Mhor Synform

ES

Errochty Synform

TMA Tom Meadhoin Anticline

FWS Fort William Slide

TSB

Loch Skerrols Thrust
Stob Ban Synform

Tummel Steep Belt

Figure 5.7 shows that the Dalradian and older rocks were deformed into a
complex pattern of NE–SW-trending tight to isoclinal folds. The intensity and
complexity of deformation increases from the south-west (block A) towards the
central region (blocks C and D). Because the structure in block A is relatively
simple, this south-western region makes a good introduction to the overall
structure of the Highlands. The lavas and intrusions that post-date deformation
can be ignored for the moment; the structures of interest are characterized by
tectonic contacts and the shapes of folds.
A particularly useful concept that structural geologists apply to understand the
structure in areas of complexly deformed rocks is that of fold facing, explained
in Box 5.2. Block A in Figure 5.7 shows that in the south-west of the Highlands,
the Dalradian rocks have been deformed into a series of folds that form a fan or
fountain-like structure with folds facing to the NW and SE, away from a central
zone of upright structures. In the north-west, the Islay Anticline faces NW,
whereas in the south-east, the Ardrishaig Anticline faces to the SE. In the central
area, the rocks are folded about the Loch Awe Syncline. If we trace these
structures towards the north-east, the open upright folds typical of the southwest, e.g. the Loch Awe Syncline (block A), decrease in wavelength and their
interlimb angles become progressively tighter, forming upright tight to isoclinal
folds. The effect of this increase in the intensity of folding is to produce zones of
steeply-dipping structures called steep belts, e.g. the Ossian–Geal Charn Steep
Belt and the Tummel Steep Belt (OSB and TSB in Figure 5.7, blocks C and D).
Block A shows two other important aspects of the structure:
• In the south-east part of block A, the Ardrishaig Anticline has been
overturned towards the south-east, forming a major tight to isoclinal
recumbent fold known as the Tay Nappe. The rocks on the lower limb of this
fold have been inverted and are therefore upside-down. This nappe is of
regional significance and can be traced towards the north-east across the
entire region (blocks B to E). Towards the Highland Boundary Fault the rocks
of the Tay Nappe have a shallow to sub-horizontal attitude, so this belt of
rocks is known as the Flat Belt. Adjacent to the Highland Boundary Fault the
Flat Belt rocks of the Tay Nappe are downturned about a line of inflection,
called the Highland Border Downbend, into the Highland Border Steep Belt.

55

56

Mountain Building in Scotland

• In the north-west part of block A, the lower limb of the Islay Anticline is
attenuated (smeared out) along a major zone of dislocation – the Loch
Skerrols Thrust. Similarly, a series of thrusts or ductile shear zones are located
along the limbs of the major folds across the region, these zones of intense
deformation are locally referred to as slides (e.g. the Fort William Slide, FWS
and the Boundary Slide, BOS). These structures are thought to be a series of
ductile thrusts that developed at the same time as the large-scale NW-facing
folds. Slides may be associated with attenuated or missing stratigraphy, and
some geologists interpret this as evidence that slides are tectonically
reactivated normal faults or unconformities.

Box 5.2 Unravelling multiple events in deformed rocks: the
concept of fold facing
Study the folds in Figure 5.8a, where a series of beds with their way-up
indicated have been deformed into a simple fold pair. The way-up, or
direction of younging, of the beds has been established from the analysis of
primary sedimentary structures, such as graded bedding. The conventional
symbol used to indicate the direction of younging looks like a capital letter ‘Y’
but oriented such that the single bar points to the younger beds. The fold on
the left closes upwards, so by definition is an antiform. The beds are oldest in
the core of the fold, so it can also be described as an anticline. Similarly, the
fold on the right is a syncline. Using this terminology to describe the folds in
Figure 5.8b we arrive at a confusing terminology in which the fold on the left
can be described as an antiformal syncline, and the fold on the right as a
synformal anticline. A simpler way of describing folds is to use the concept of
anticline
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Figure 5.8 The concept of fold facing illustrated by (a) upward-facing folds,
(b) downward-facing folds, and (c) a fold structure produced by an early folding
episode (with axis labelled F1) that has been folded in a later episode (axes labelled F2).
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fold facing. Facing is described as the direction, traced along the axial plane of
a fold, in which we encounter the younger beds. Using this concept, the folds
in Figure 5.8a and b are simply described as upward- and downward-facing,
respectively.
This concept becomes extremely useful in complexly deformed areas. In
orogenic belts it is not always possible, owing to the scale of structures, to
identify fold closures, hence determining the facing direction becomes more
important. Why? If you were to unravel the folds in Figure 5.8b you would
see that the beds remain upside down. This observation has two important
consequences. Firstly, it must indicate that the beds were subjected to an
earlier folding event, as only deformation can invert strata. Secondly, the
concept of fold facing can be used to identify on which limb of a major fold
you may be located. This concept is illustrated in Figure 5.8c where the axial
plane of an F1 fold can be identified by using the concept of facing on the
lower and upper limbs. The beds on the lower limb have been inverted by F1
prior to the formation of F2 folds. It is this important concept that has
enabled geologists to interpret the complex structure of the Grampian
Highlands in terms of a fairly simple sequence of folding events, some of
which involved the overturning of the Dalradian sedimentary succession.

5.3.3 The deformation sequence
The structure of the Grampian Highlands results from the successive effects of a
series of deformations. At least four major phases of deformation (designated D1
to D4) that are of regional significance are recognized. A simplified sequence
showing the development of these structures is presented in Figure 5.9.
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Figure 5.9 A simplified schematic
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formation during D2, and (c) Steep Belt
formation during D3 and D4.
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The structures and fabrics formed during the earlier deformations (D1 and D2)
pervade the rocks and are preserved throughout the region. Evidence for the
later deformations (D3 and D4), although widespread, is not observed in all
areas.
The earliest structures (and associated fabrics) produced as a result of the initial
crustal shortening are a set of large-scale synclines and anticlines (F1), with
wavelengths of up to tens of kilometres, e.g. the Ardrishaig Anticline, Loch Awe
Syncline and Islay Anticline (Figure 5.7 block A and Figure 5.9a). The original
attitude of these folds has proved difficult to assess as a result of the intensity of
later deformations, but the general consensus is that they formed a set of open
upright folds (Figure 5.9a). The formation of some of these early folds was also
partly controlled by the pre-deformation architecture of the Dalradian rift
basins. The fault-bounded rift margins and intrabasinal highs that formed
during the development of the Dalradian basin (as illustrated in Figure 4.4c)
acted as buttresses or rigid blocks against which the sediments were deformed
into a series of upright tight to isoclinal folds (Figure 5.10).
F1
syncline
Grampian
Group

Appin
Group

SE

slide

NW

‘intrabasinal high’

Figure 5.10 Section across the
Ossian–Geal Charn Steep Belt showing
the formation of early upright folds
adjacent to an intrabasinal high. The
intrabasinal high acted as a rigid block
during compression.
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Continued crustal shortening (D2) led to the formation of ductile fold nappes
(F2). These folds are mainly recumbent to low-angle and tight to isoclinal in
style. A series of ductile thrusts or shear zones is associated with the formation
of these folds (e.g. the Fort William Slide and the Boundary Slide). The shear
zones are primarily located along the attenuated lower limbs of NW-facing folds
(Figure 5.9b). Displacements of up to tens of kilometres towards the north-west
occurred along the thrusts and shear zones. The formation of the Tay Nappe has
presented a particularly interesting problem for structural geologists as it faces
towards the SE, a direction different to that of the other major folds of D2 age. It
is envisaged that the Tay Nappe formed as a result of the progressive SE rotation
of an earlier fold (F1), a rotation that was in part driven by a combination of
continued NW-directed overthrusting and underthrusting at deeper levels in the
crust (Figure 5.9b). The D2 event led to considerable crustal thickening and the
deep burial of rocks.
The early structures were subsequently deformed by later, less intense
deformations (D3 and D4), which produced a set of NE–SW-trending structures,
including open upright folds and structural domes (Figure 5.7 and Figure 5.9c).
Examples of these structures are the Cowal Antiform (block A), and the
Drumochter Dome (block D). The similar orientation of these later structures to
earlier D2 folds suggests that crustal shortening resulted from continued NW–
SE-directed compression. The later phases of folding, F3 and F4, also led to the
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Figure 5.11 (a) Schematic cross-section of the Tummel Steep Belt (for location see Figure 5.7, block C). (b) A restored cross-section
of the Tummel Steep Belt illustrating the structural relationships prior to D3 deformation. Pressure estimates obtained from mineral
assemblages record the depths of burial during the D2 event.

steepening of earlier flat-lying structures (D2) and the formation of a series of
steep belts. D3 was responsible for the formation of the Tummel Steep Belt
(block D) a zone where Flat Belt rocks, comprising D2 isoclinal folds and shear
zones, became steepened in a zone of 10 km of tight upright folding. A
simplified cross-section of these structures is illustrated in Figure 5.11.
Removal of the effects of D3 (Figure 5.11b) shows that the D2 event,
characterized by recumbent folding and thrusting, was associated with burial
and thickening of the crust. The higher pressures recorded at progressively
deeper structural levels must have resulted from greater burial depth.
Late D4 deformation results in broad upright folds and formation of the
Highland Border Downbend. These structures are responsible for the
downturning of the nose of the Tay Nappe along the Highland Border
Downbend into the Highland Border Steep Belt (Figures 5.7 and 5.9c).

5.3.4 Summary of Section 5.3
• Deformation, associated with the Grampian collision between Laurentia and
an island arc complex, resulted in a complicated sequence of folds and
associated structures that can be traced across the Grampian Highlands.

60

Mountain Building in Scotland

• The early deformations, D1 and D2, produced regional scale, recumbent fold
nappes, such as the Tay Nappe, and associated thrusts. The pre-deformation
architecture of the Dalradian basin (e.g. intrabasinal highs) may have in part
controlled the style of deformation. D1 and D2 caused considerable tectonic
burial of the Dalradian sediments.
• Later deformations (D3 and D4) produced upright structures that refolded the
earlier nappes, a process that led to the formation of complex fold patterns
(e.g. structural domes) and a series of zones of steeply inclined rocks called
Steep Belts.

5.4 Metamorphism in the Grampian Highlands
5.4.1 Introduction
In the previous Section we saw that the rocks of the Grampian Highlands were
strongly deformed as a result of the collision between Laurentia and an island
arc complex. Crustal shortening led to the formation of large-scale folds and
thrusts (D2), a process that ultimately led to their burial. In this Section we will
attempt to establish the thermal consequences of the burial of rocks by studying
the metamorphism of the rocks now exposed in the Grampian Highlands. In
particular we will focus on the metamorphic record preserved in the
metasediments of the Dalradian Supergroup. The study of these rocks is
especially useful as they have only experienced a single metamorphic episode,
and therefore we do not have the added complication of unravelling the effects
of multiple periods of metamorphism. It is also helpful that both the
stratigraphy (Section 4) and the structure (Section 5.3) are well known. As a
result, the Grampian Highlands is a prime area in which to study the causes of
regional metamorphism.

5.4.2 The metamorphic map of the Dalradian
The conditions attained during Grampian metamorphism are illustrated in
Figure 5.12 – a metamorphic map of the Dalradian Supergroup. Figure 5.12
summarizes the general pattern of metamorphic conditions from the south-west
to the north-east across the Grampian Highlands. The map has been constructed
from a correlation of metamorphic zones, metamorphic facies and P–T estimates
obtained from Dalradian rocks (Boxes 2.1 and 5.3). These estimates record the
temperatures and pressures achieved at or near the metamorphic peak.
The lack of correlation between temperature and pressure (or depth) must
indicate that metamorphism on a regional scale cannot have resulted simply
from burial. During burial you might expect that the rocks that have been
buried to the greatest depths would show the highest temperatures. The
epidote–amphibolite facies rocks in the south-west have been metamorphosed
at c. 450 °C and 700–900 MPa. These are the coldest, yet record some of the
highest pressures. Rocks from the north-east (the Buchan region) record similar
temperatures but at much lower pressures. Obviously other processes or factors
were at work, and must have operated on a much smaller scale than that of the
orogen. We will consider how to explain these variations in Section 5.4.5.
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Figure 5.12 A metamorphic map of the Dalradian Supergroup.

On first inspection, Figure 5.12 shows a relatively systematic pressure variation,
with pressures decreasing from c. 900 MPa in the south-west to 300–400 MPa in
the north-east. What might this pattern reflect? It may simply reflect the depth
of burial of the rocks, or conversely the amount of uplift and erosion
(exhumation) that the more deeply buried rocks have experienced. In this case,
the rocks of the south-west and central areas would have been exhumed by a
greater extent than those of the north-east. However, the temperatures and
pressures associated with the epidote–amphibolite- and lower-amphibolitefacies rocks require a different explanation. The lower-amphibolite-facies rocks
(c. 550–600 °C) show a range of pressures from 500–1000 MPa. Similarly,
epidote–amphibolite-facies rocks (garnet zone) record pressures of 700–900 MPa
in the south-west and pressures of 200–400 MPa in the north-east (Buchan area).
A simple conclusion from these general observations is that temperatures and
pressures of metamorphism across the region are not closely correlated.
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Box 5.3 Determining the conditions of metamorphism
Metamorphic rocks show variations in their mineralogy and
microstructures that are a function of metamorphic grade. Metamorphic
grade is a general term used to describe the intensity of metamorphism.
Low grade refers to rocks that have been metamorphosed under conditions
of low temperatures and pressures, and are often fine grained, e.g. slates.
High-grade rocks have been subjected to higher temperatures and
pressures, and are usually coarser grained, e.g. schists and gneisses.
Several methods have been developed that allow the metamorphic grade
of rocks to be defined more accurately.
The zonal scheme was first established by George Barrow in the southeastern Scottish Highlands in 1893, where he recognized the progressive
change in mineral assemblages in rocks of pelitic composition (mudstones).
The boundaries between the zones are defined by isograds, these are lines or
surfaces joining rocks of equivalent metamorphic grade. An isograd is
defined by the first appearance (not disappearance) of a critical or index
mineral, and the zone is named after that mineral, e.g. the garnet isograd
marks the start of the garnet zone and is defined by the first occurrence of
the mineral garnet. The garnet zone extends to the isograd at which the next
index mineral appears (staurolite in this case). Barrow mapped out the
regular distribution of the index minerals chlorite–biotite–garnet–staurolite–
kyanite–sillimanite and established the sequence of metamorphic zones,
which are now known as the Barrovian zones. These zones have
subsequently been identified in many orogenic belts world-wide. After
Barrow’s work, geologists studying the north-east Highlands recognized a
different sequence of index minerals and zones: biotite–cordierite–
andalusite–sillimanite; these have been called the Buchan zones (Figure 5.13)
after the geographical area in which they were found. These zones record the
changes in pressure and temperature experienced by the rocks.
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What does an isograd represent? An isograd identifies the location where
the products and reactants of a metamorphic reaction are at equilibrium.
The growth of the new mineral, or minerals, that defines the isograd has
occurred in response to the change in temperature and pressure. Minerals
stable at lower grades are no longer stable under the new higher-grade
conditions and as a result break down to form a new mineral, or set of
minerals, that is stable under the new conditions. A series of isograds
therefore represents a set of metamorphic reactions that occur as a result of
increasing pressures and temperatures.
The zonal sequence is useful for describing metamorphism in areas that
are dominated by rocks of a single bulk composition, e.g. pelites. Yet in
many areas, rocks of pelitic composition may be absent and as a
consequence the correlation of grade between areas is difficult. The use of
metamorphic facies (Box 2.1), rather than individual index minerals, is
then a much more reliable approach to evaluating metamorphic grade.
The zonal and facies schemes provide semi-quantitative information on the
metamorphic grade based on the simple description of minerals observed
in rocks in the field and/or in hand specimen. Modern geological tools
(such as the electron microprobe, which provides chemical analyses of
minerals), and apparatus for high-P–T experiments on rocks, together with
the application of equilibrium thermodynamics to metamorphic reactions,
have allowed the positions on a P–T diagram of metamorphic reactions
and the stability fields of key minerals and mineral assemblages to be
refined. These studies allow the construction of a P–T diagram showing a
set of reactions that a rock of a particular bulk composition may experience
during its evolution. Such a diagram is called a P–T or petrogenetic grid. A
simple petrogenetic grid appropriate for the metamorphism of Dalradian
mudstones is illustrated in Figure 5.14.
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Many of the reactions on the grid have steep slopes, meaning that the
stability of the minerals involved is more sensitive to temperature than to
pressure. These reactions are termed geothermometers. Reactions that have
a relatively flat slope on the P–T diagram are more sensitive to changes in
pressure and are termed geobarometers. The use of these methods allows
the geologist to locate the pressure and temperature at which a
metamorphic assemblage crystallized, usually within a few tens of degrees
and a few tens of MPa.

Figure 5.14 A simplified petrogenetic
grid appropriate for the
metamorphism of Dalradian pelites.
The reaction boundaries mark the
incoming of the various minerals
(indicated) and their stability fields. In
the Dalradian, the compositions of the
pelites are such that the
aluminosilicates only appear to the
right of the purple line. To the left of
this line, other minerals use up all the
available aluminium in the rock.
Abbreviations: Bt biotite; Grt garnet;
Cld chloritoid; St staurolite; Ky
kyanite; Sil sillimanite; And
andalusite; Crd cordierite; MM
muscovite melting. A = the triple point
where andalusite, kyanite and
sillimanite can all coexist.
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5.4.3 The relative timing of porphyroblast growth and
deformation
We saw in Section 5.3 that deformation of the Dalradian Supergroup involved at
least four major phases (D1–D4). Once the sequence of folding and fabric
development has been established in an area, a more detailed study of the
relationship between deformation and metamorphism can be attempted. As an
example, the sequence of major compressional deformation events that formed
the Tay Nappe and Tummel Steep Belt has been established, and is illustrated in
Figures 5.9 and 5.11. We can now bring in the results of textural studies of the
fabrics and porphyroblasts in pelitic schists from that part of the Highlands
(specifically the area near Schiehallion, Figure 5.7, block C). Some of the critical
evidence is illustrated in Figure 5.15, and the methods outlined in Box 5.4 lead
to the following constraints on the metamorphism and structural evolution of
the Highlands during the Grampian phase.
Grt

Figure 5.15 The generalized sequence
of porphyroblast growth in relation to
fabric development from the area
around Schiehallion, in the Grampian
Highlands. (a) Garnet (Grt) initially
overgrows S0 and S1. (b) Garnet
continues to grow during the early
stages of S2, as indicated by the
preservation of microfolds developed
during D2 as inclusion trails in the
garnet. (c) The S2 fabric wraps the
garnet, and both staurolite (St) and
kyanite (Ky) overprint S2. Note that
remnants of S1 are only preserved in
areas of low strain or as inclusion trails
in garnet.
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In Figure 5.15, garnet has overprinted both the primary sedimentary layering
designated, by convention, S0 and an early metamorphic fabric S1, therefore
garnet must have started growing after formation of S1. Elsewhere in the rock
garnet is observed overprinting small-scale folds (microfolds) that were formed
during a second deformation episode (D2) (Figure 5.15b). As the intensity of D2
increased, a further fabric, S2, developed axial planar to the microfolds (Figure
5.15b) and eventually wrapped the early garnets (Figure 5.15c). These
observations would indicate that garnet continued to grow during the early
stages of D2. The analysis of inclusion trails in porphyroblasts of both staurolite
and kyanite suggest that they grew after the S2 fabric had wrapped the garnets,
hence they grew after D2 (Figure 5.15c).
The sequence of porphyroblast mineral growth (the Barrovian index minerals
garnet → staurolite → kyanite) suggests that temperatures and pressures
increased during and after D2, believed to have been the main nappe-forming
event in the Grampian Highlands. This result is confirmed by the estimates of
pressures obtained from three structural levels in the D2 nappe pile in the
vicinity of the D3 Tummel Steep Belt (Figure 5.11). Detailed studies carried out
across the orogen as a whole have established that, in general, peak
metamorphic mineral growth occurred after D2, the nappe-forming event, and
in some areas continued during upright folding D3.
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Box 5.4 Textural dating
Metamorphic mineral growth can occur before,
during or after a deformation event. To date the
timing or sequence of mineral growth in relation to a
deformation event, geologists use the textural
relationships between the minerals that grew during
metamorphism and the microfabrics that developed
during deformation to deduce a sequence of events.
The most useful minerals to use are porphyroblasts –
minerals that have grown much larger than the
surrounding finer-grained matrix.
Deformed rocks often exhibit a preferred orientation of
certain minerals, usually the platy minerals such as
micas, which form linear fabrics (lineations) and
planar fabrics (foliations). As these fabrics form as a
result of deformation, the minerals that are aligned
must have grown during the deformation event, and
such minerals are therefore termed syn-kinematic.

Aligned platy minerals, such as micas in schist, and
elongate minerals, such as amphiboles in
metamorphosed basalt, are examples of syn-kinematic
growth. On the other hand, equidimensional
porphyroblasts (e.g. garnet) that grew during
deformation often show evidence of having been
rotated. These syn-kinematic porphyroblasts are often
identified by the study of the orientation of small
crystals included within the porphyroblast as it grew;
these are called inclusion trails. The inclusion trail in
the mineral will be continuous with the matrix
foliation, but shows progressive deflection into the
core of the porphyroblast (Figure 5.16a). The
synchronous deformation and crystal growth that
leads to S-shaped, spiral or snowball inclusion trails
often occurs in shear zones and is sketched in Figure
5.17; Figure 5.18 shows an example.

Se

Figure 5.16 Criteria used to
establish the relative timing of
porphyroblast growth and
deformation rely on the
relationship between the internal
fabric (Si), represented by
inclusion trails in a porphyroblast,
to the external fabric (Se).
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(b)

Se
Si

Si

Si

Se

strain
shadow

(a) syn-kinematic

(c)

(c) post-kinematic

(b) pre-kinematic
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Figure 5.17 Stages in the growth of a syn-kinematic garnet porphyroblast during progressive sinistral shear deformation.

When porphyroblast growth pre-dates deformation
the porphyroblasts will be parallel to, and often
wrapped by the fabric; such crystals are termed prekinematic. In this case the inclusion trail will be
oblique to the foliation and often truncated by it

(Figure 5.16b). These porphyroblasts often show the
effect of tectonic strains induced by later deformation
by the development of features such as fracturing,
kink banding or microfolding, boudinage, undulose
extinction and strain shadows (Figures 5.19 and 5.20).
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Figure 5.18 Photomicrograph of an
S-shaped inclusion trail in a garnet
porphyroblast.

c

b

e

d

a

Figure 5.19 Microtextural features
indicative of pre-kinematic growth of
porphyroblasts: (a) fractures; (b) kink
bands; (c) boudinage (pull-apart
structures); (d) undulose or strained
extinction; (e) strain shadows.

Figure 5.20 Field photograph of prekinematic garnet porphyroblasts with
strain shadows.
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Figure 5.21 Photomicrograph of postkinematic chloritoid crystals from northeast Greenland.

Porphyroblasts that grow after a deformation event
are usually identified by their random orientation
and the fact that they overgrow the earlier-formed
fabric of the rock; such porphyroblasts are termed
post-kinematic. In thin section, any pre-existing
fabrics will simply be overprinted and inclusion
trails will retain the same form as the fabric in the
matrix (Figures 5.16c and 5.21).
In orogenic belts, metamorphic minerals may grow
during several phases of deformation. Unravelling
the timing of porphyroblast growth relative to a
series of deformation-induced fabrics is the key to

understanding the connection between
metamorphism and deformation. For example,
porphyroblasts may overgrow an early fabric and
preserve its form as an inclusion trail; the
porphyroblast may then become wrapped by a later
fabric that formed after the porphyroblast stopped
growing. By linking such microstructures and fabrics
to events that are of regional significance (e.g. fold
phases), the causes of metamorphism may be put
into a tectonic context. In addition, radiometric
dating of metamorphic mineral growth can help
establish a chronological framework for orogenesis.

5.4.4 The absolute timing of metamorphic mineral growth
Radiometric dating of garnet-bearing rocks has provided some important
constraints on the timing of metamorphic mineral growth in the Grampian
Highlands. As well as it being possible to date the age at which metamorphic
garnet grew, it is also possible (using geothermometers; see Box 5.3) to estimate
the temperature at which garnet grew. Recently, researchers have started to
combine these two techniques to deduce the temperature–time history of
Dalradian metasediments during the Grampian phase. They have found that in
the garnet zone, the metamorphic peak was reached during D3 with garnet
crystallizing at 500–550 °C; these garnets give an age of 467.6 ± 2.5 Ma. In the
sillimanite zone, two episodes of garnet growth are recognized by textural
studies. The earlier episode occurred during D2 at 500–550 °C; these garnets give
an age of 472.9 ± 2.9 Ma. At a later time, during D3, garnets grew alongside
sillimanite under higher-grade conditions, estimated as 550–660 °C, and these
have an age of 464.8 ± 2.7 Ma. The sillimanite zone therefore shows evidence of
having evolved through increasing metamorphic grade over time until reaching
a peak at c. 465 Ma. Given the uncertainty in the radiometric ages, the ages of
peak conditions in the garnet (467.6 ± 2.5 Ma) and sillimanite (464.8 ± 2.7 Ma)
zones are essentially indistinguishable. The metamorphic peak in the
intervening zones (staurolite and kyanite) must also have been attained at
around the same time, at c. 465–468 Ma.
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5.4.5 The causes of Grampian metamorphism
Metamorphic rocks record pressures and temperatures attained during
perturbations to the crust’s thermal structure caused by orogenesis and
igneous intrusions. By comparing observations made on metamorphic rocks
from orogenic belts with models that predict how P and T change with time
during crustal thickening and exhumation, geologists can learn about largescale orogenic processes. Such models are outlined in Box 5.5, where it is
shown that the normal consequence of crustal thickening by overthrusting is
that rocks tectonically buried to progressively greater depths take
systematically longer to reach their metamorphic peak. In the Dalradian,
however, we have just seen that the metamorphic peak in the different
metamorphic zones (i.e. at different crustal levels) was reached nearly
simultaneously. This is contrary to the expectation from models of
metamorphism resulting from crustal thickening and erosion-controlled
exhumation alone. An additional heat source is required during the Grampian
phase.
The most obvious source of heat would be that provided by the addition of
magma into the crust. If a magmatic heat source was responsible for the
necessary additional heat, then several important criteria must be fulfilled.
Firstly, there should be a spatial link between magmatism and the highestgrade metamorphic rocks, and the metamorphic grade should increase
towards the intrusive bodies. Secondly, the magmas would have to have been
emplaced at or near the metamorphic peak. Thirdly, significant volumes of
magma would be required in order to generate a large enough thermal
response.
On studying the distribution of igneous bodies in Figure 5.12, it is evident that
a suite of Ordovician granites and gabbros is located in the north-east of the
region (Buchan); these could be of the right age. The larger Silurian granites
can be discounted as they are far too young, having been emplaced some
considerable time after the metamorphic peak. Note too that the gabbros are
spatially linked to the region of high temperatures, as indicated by the
distribution of the facies and the location of the sillimanite isograd. But do they
fulfil the other criteria?
Studies on the emplacement history of the Ordovician granitic bodies indicate
that they were emplaced synchronously with D3. Radiometric dating on these
bodies gives an age of c. 470–467 Ma. One of these bodies, the Aberdeen granite
(c. 470 Ma), was emplaced into rocks that were still undergoing hightemperature regional metamorphism and partial melting (c. 500–550 MPa and
700 °C). The structural and absolute age of the granite bodies is synchronous
with the ages obtained for the metamorphic peak. Could these intrusions have
provided the additional heat source? Given that only three small plutons have
been identified at the present exposure level it seems unlikely that they could
have been the cause of the regional metamorphism. It is more likely that these
granites were an end product (rather than the cause) of high-grade
metamorphism during which temperatures were high enough to partially melt
the metasediments. Indeed, the high initial 87Sr/86Sr ratios (0.7112 and 0.7117)
of the granites indicate that they were a product of the melting of Dalradian
metasediments.
The Ordovician granites are spatially associated with a suite of gabbroic rocks
collectively known as the Newer Gabbros (e.g. the Morven–Cabrach and the
Insch gabbros). The gabbros were intruded post-D2 and syn-D3 and produced,
in places, a sillimanite overprint on the regional metamorphic zones. Their
intrusion ages are c. 470 Ma. P–T estimates obtained from rocks
metamorphosed in the aureoles of several of these bodies consistently give
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values of c. 750–850 °C and 400–500 MPa, pressures that equate to depths of
between 15–18 km. The gabbros are of greater areal extent than the granites, and
an estimate of c. 5.5 km thickness for the Insch gabbro would suggest that they
are of considerable mass. The geochemistry and the isotopic composition of the
gabbros have provided constraints on their source. In particular the low initial
87Sr/86Sr ratio (c. 0.706) obtained on the Newer Gabbros is compatible with an
origin by mantle melting in a calc-alkaline arc.
The emplacement of a series of such gabbroic bodies into the crust would have
several important consequences. Firstly, the gabbros would provide a significant
heat source at mid-crustal levels and enhance the heat flow in the upper crust, as
gabbroic magma has a much higher temperature (c. 1100 °C) than granitic
magma (c. 700 °C). The near-simultaneous emplacement of these gabbros (over a
time span of c. 7 million years) would produce a short-lived thermal spike.
Although precise ages are rather limited, such a spike could explain the peak of
metamorphism at the same time in several of the metamorphic zones. The
additional heat supplied by the gabbros may also have led to partial melting of
the metasediments and culminated in the generation and emplacement of the
Ordovician granites. The high heat flow generated would also promote high
geothermal gradients typical of Buchan-type metamorphism. Secondly, the
addition of several c. 5.5 km thick bodies would cause significant crustal
thickening. In an area where the rocks below the gabbros are seen, there is
evidence for the transformation of andalusite to kyanite – a transformation that
requires an increase in pressure (Figure 5.14), so this observation gives support
to the idea that gabbro intrusion caused major perturbations in pressure and
temperature.

Box 5.5 Geotherms, P–T–t paths and orogeny
Our understanding of the thermal history of mountain belts has been
greatly enhanced by the application of models that predict the effects of
orogeny on the thermal structure of the lithosphere.
The variation of temperature with depth in the lithosphere is called the
geotherm. In continental crust, it is mainly controlled by heat flowing
upwards from the mantle into the lower crust and by heat produced by
radioactive decay of K, Th and U isotopes in the upper crust. The heat is
principally transferred by conduction. In regions of long-term tectonic
stability, the geotherm remains constant over time and is therefore called a
steady-state geotherm.
The steady-state geotherm will only change as a result of a change in the
thickness of the crust caused by orogeny, or by the intrusion of magma.
Changing the geothermal gradient by conduction is a slow process as rocks
are good insulators (they have low values of thermal conductivity) and are
slow to conduct heat. As a result, there is a time lag between a disturbance
or perturbation of the crust and the establishment of a new steady-state
geotherm. This slow change is called thermal relaxation. Any geotherm
that exists during this period is called a transient geotherm. For a transient
geotherm to relax to a steady-state geotherm can take tens of millions of
years. As tectonic events such as thrusting and thickening take less time,
the geotherm may not reach a steady state until some considerable time
after the perturbation event. As a result the thermal state of the lithosphere
will be continually changing during orogeny.
Let us take a simple example where the crust is thickened by the
overthrusting of another 30 km thick crustal block and then thinned back
to its normal thickness by erosion of the surface (Figure 5.22).
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rocks A–D exposed at the surface have
recorded their maximum temperatures
at different times, so a metamorphic
geotherm cannot represent a
geothermal gradient that existed at one
time in the evolution of the orogen.
The times in brackets on the erosion
surface indicate the time after burial at
which each sample reached its
metamorphic peak.
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Consider the evolution of rock A. The development of P–T conditions
through which rock A has passed at 20, 33, 40, 60, 80 and 100 million years
(My) after its rapid burial is shown. At the time immediately after
overthrusting, the rock will be at its maximum burial depth or pressure. At
20 My after burial the rock lies on a transient geotherm. The transient
geotherm will be low (i.e. relatively low temperature for a given depth,
relative to a steady-state geotherm) as a result of the slow rate of thermal
relaxation. In time the rock will heat up. The mechanical response of the
crust to this period of overthickening will be a period of isostatic uplift.
Rocks at the surface will undergo erosion, and all the rocks in the pile will
rise to higher structural levels and lower pressures. Rock A will continue to
heat up as long as heat production in the crust is greater than the heat loss
by conduction to the overlying (and surrounding) rocks. For rock A,
pressure gradually decreases but temperature continues to rise, reaching a
maximum after 33 My. At this point, heat production balances heat loss by
conduction. Thereafter, loss of heat by conduction outweighs the heat
production, and rock A begins to cool. At shallower levels in the crust even
greater heat is lost by conduction to the surface. After 80 My the rock
merges with the steady-state geotherm and finally reaches the surface after
115 My. As a result, rock A describes a P–T–t (pressure–temperature–time)
loop or path characteristic of its position in the rock pile. The evolution of
three other rocks that started at different depths in the pile is also shown in
Figure 5.22.
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Although this is a simple example, several important points emerge.
• The metamorphic geotherm (the red line joining the maximum
temperatures reached by rocks A, B, C and D in Figure 5.22) is not a true
geotherm because it does not record the conditions that occurred in the
crust at any one time in the past.
• Rocks buried to greater depth take longer to reach their maximum
temperatures and they reach the surface later.
• The P–T–t paths followed by rocks that have evolved as a result of crustal
thickening show temperatures increasing then decreasing with falling
pressure.
• Each rock in the pile preserves its own P–T–t path, and the rocks that
reached the higher grades may not always pass through the same P–T
points as those of lower grades.
Consequently, the study of the thermal evolution of a metamorphic belt
relies on the detailed study of the P–T–t paths recorded by the assemblages
in individual samples, and not from integrating the results from a set of
samples.

5.4.6 A synthesis of Grampian metamorphism
Variations in the pattern of metamorphism across the Grampian Highlands
indicate that metamorphism cannot be ascribed to any one simple event.
Although broadly compatible with models of a single cycle of crustal
thickening, heating and erosion, variations on a scale much smaller than the
orogen as a whole indicate that additional processes were involved. In the
south-west, an area we have commented on briefly, the low temperatures
characteristic of this region are thought to have resulted from the
metamorphism of crust of low thermal conductivity. In the central region,
typical Barrovian-type (medium-pressure) metamorphism requires an
additional heat supply. In the north-east, in the Buchan-type area (high
temperature, medium and low pressure), high-geothermal gradients are
attributed to deep-seated intrusions. In addition, the transformation of
andalusite (low P) to kyanite (high P) is incompatible with the shape of typical
P–T–t paths predicted by models of simple orogenic crustal thickening (Figure
5.22) and may therefore have resulted from a different thickening process (such
as gabbro intrusion) that operated on a local scale.

5.4.7 Summary of Section 5.4
• The distribution of temperature and pressure across the Dalradian outcrop
indicates that crustal thickening alone could not have been entirely
responsible for the metamorphism; metamorphism was not simply a
consequence of tectonic burial.
• The relative timing of porphyroblast growth indicates that the metamorphic
peak occurred after D2 (the nappe-forming event) and continued during D3,
an observation that is consistent across the region.
• Geochronology indicates that the peak of metamorphism occurred at c. 470–
465 Ma.
• The metamorphic peak was coeval with the emplacement of a suite of granitic
and gabbroic magmas. The gabbroic magmas may have provided an
additional heat source for metamorphism, in addition to that generated in
response to crustal thickening.
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5.5 Summary of Section 5
• The Grampian phase of the Caledonian Orogeny resulted from the collision
of an intra-oceanic subduction zone and island arc complex with Laurentia
(Figure 5.1). The collision led to the obduction of ophiolites and to
deformation, metamorphism and magmatism on the Laurentian margin.
• During collision, crustal shortening was accommodated by the formation of
regional-scale recumbent fold nappes, thrusts and later upright folds – a
process that led to the burial of rocks and to regional metamorphism.
• Studies of the metamorphic rocks now exposed in the Grampian Highlands
reveal that crustal thickening alone was not the entire cause of the regional
metamorphism. A combination of studies involving theoretical thermal
modelling, precise radiometric dating (on both metamorphic minerals and
intrusive magmatic rocks) and the distribution of pressure and temperature
in the Dalradian rocks points to metamorphism being enhanced by the
intrusion of large volumes of gabbroic magma into the crust.

