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SUIMMARY

The largely conglomeratic Dunnottar and Crawton Groups which make
up the lower part of a thick Lower ORS succession developed 1n
the NE Midland Valley of Scotland have been re-investigated. Two
contrasting conglomerate lithosomes have been identified. These
can be distinguished not only on the basis of their gross
structure, but also by their mutually exclusive clast assemblages
and contraposed palaeoflows. Conglomerates having an important
recycled component and a predominantly northerly and north-
easterly derivation are dominated by metaquartzite, psammite and
granite detritus. Angular conglomerates of southerly and
easterly provenance are of first cycle derivation and 1include
clasts of lithic arenite, metagreywacke, granite, vesicular
basalt and rare limestone., Aundesitic and dacitic detritus occurs
in conglomerates of both northerly and southerly provenance, and
also makes up discreet volcanogenic units which comprise a third

lithosome type.

The structure of the two conglomerate lithosomes is in both
instances consistent with fluvial deposition. The contrasting
structure and contraposed dispersal of coeval conglomerates are
attributed to deposition on fluvial dominated fans prograding
from opposite margins of a small laterally filled basin. The
Dunnottar and Crawton Groups are consequently interpreted as
having accumulated within a small tectonically active sub=-basin
(the Crawton Basin) stratigraphically beneath the more extensive
Strathmore succession. Some features of the internal £1l11l to
this sub-basin are suggestive of deposition within a strike=-slip
controlled pull—-apart basin. The basin overlies and may
originally have nucleated on a substantial change in crustal
structure, now revealed in the disparate clast assemblages
dispersed from opposite margins of the basin., Large granite
clasts are an important component in conglomerates with opposed
dispersal patterns shed from separate terranes flanking the basin
to the north and south. As the plutons from which the granite
clasts were derived were emplaced into and interacted with the

crust on either margin of the basin, geochemical, chronological

and isotopic typing of the granite detritus allow constraints to



be placed on the nature of the inferred transition in crustal

structure,

Granite clasts occurring in first-cycle conglomerates of
southerly provenance are a unique sample of granites which can no
longer be found in outcrop. The clasts were originally derived
from a source terrane which during the late=Silurian early-
Devonian occupied the east central Midland Valley. Four
distinctive granite clast suites can be identified on the basis
of field appearance and petrography. The subdivision into suites
is substantiated by major and trace element analyses. A wide
separation of coherent geochemical trends produced by clasts from
each of the suites suggest derivation from separate high-level
plutons, Rb-Sr mineral-whole rock isochrons for representative
clasts establish an important sediment contribution from tonalite
and granodiorite plutons with probable Silurian ages (420 + 5 Ma)
and low initial 37Sr/ge’Sr ratios (0.7044-0,7055), The Silurian
ages indicate that granites of calc-alkaline affinity were
emplaced in the Midland Valley at a time when magmatism was

suppressed in the Grampian Highlands, The clasts fill a gap in a
long history of magmatism within the Midland Valley Zone. They
also record an important transition in the style of magmatism
from dominantly plutonic to dominantly effusive. The wide range
in magma chemistry evident between the clast suites at constant
silica is unlike that seen in contemporary late Caledonian
granite magmas. Isotopically the three Silurian clast suites
appear to be closely related with very similar Pb and lld isotope
compositions and only slight variation in Sr. Significantly the
Sr and Nd compositions of the granite clasts are similar to Lower
ORS lava compositions. A model involving variable deep level
fractionation, possibly linked with the oblique-slip tectonic
framework in which the generation and emplacement of the magmas

occurred, may account for the unusual chemistry of the clasts.

Granite clasts in northerly derived polycyclic conglomerates are
chemically and isotopically distinct from those simultaneously

dispersed from the southern margin of the basin, Chemical and

isotopic data define an episodic magmatic history for the terrane

from which the clasts of northerly provenance were derived. A



suite of c. 460 Ma two-mica granite clasts are distinguished from
a late Silurian suite of evolved, fractionated high 1level
granites with intermediate initial 87Sr/Bf’Sr ratios (0.706). The
magmatic history of the adjacent NE Grampian region bears a
striking resemblance to that established for the granite clasts
in the contiguous Crawton Basin. This suggests there is unlikely
to have been large post-Lower ORS strike~slip displacements
between the northern Midland Valley and the Grampian Highlands.
As the Illighland Border Complex and Grampian Highlands have to be
widely separated during the Ordovician, lateral translation and
juxtaposition of the terranes during the Silurian 1is envisaged,

The Crawton Basin may have developed during the final approach of

the two disparate blocks,

Sedimentary and metasedimentary clasts in conglomerates dispersed
from opposite flanks of the basin serve to emphasise the contrast
between the two sediment sources., Psammitic clasts of northerly
and northeasterly provenance show evidence for an ultimate source
in Grampian style metamorphic rocks. The psammitic clasts
texturally, petrographically and geochemically resemble Upper
Dalradian metasediments of the southern Highlands Group. Rb-5Sr
mica-whole rock closure ages from psammitic clasts closely
parallel those in much of the adjacent Dalradian. Should the
clasts have been derived from the Dalradian, the data require
that the clasts were sourced from close to the present day
erosion surface. Sm-Nd data for southerly derived lithic arenite
and metagreywacke clasts denote the former presence of a thick
sediment pile which isotopically appears to be unrelated to
SULPS. High Cr and Ni abundances in many of the metagreywacke
clasts indicate that the sediments originally contained an
important ophiolitic component. The bulk crustal residence age
of the source which contributed to the Midland Valley sequence
was substantially older than that which contributed to SULPS, but
not sufficiently old to indicate an ultimate provenance 1n

metamorphic rocks of the Grampian Highlands.

Pb isotopic data for feldspar separates from granite clasts

dispersed from opposite flanks of the basin show the basin to

overlie a boundary between granites which to the south have more



radiogenic Pb compositions than those to the north, The
northerly derived Ordovician and Silurian granite clasts have Pb
isotopic compositions which are compatible with a source 1in

granites of the NE Grampian region.
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CHAPTER ONE

INTRODUCTION



1.1 STRATIGRAPHIC FRAMEWORK

Late Silurian and Devonian sedimentary basins of terrestrial
aspect occur widely in the North Atlantic region. Many are
associated with unusually high rates of sedimentation and are
bounded by faults on which large vertical displacements have
occurred (Friend 1969, 1981). It is generally accepted that
these basins reflect uplift and sedimentation characteristic of
late or post-orogenic tectonism associated with the ending of the
Caledonian Orogeny. The term 0ld Red Sandstone (ORS) has become
synonymous with the continental sediments and volcanic rocks

filling these basins.

The present study 1s concerned with aspects of the depositional
history and provenance of ORS conglomerates preserved within a
small basin associated with a major crustal fracture zone. In
addition, the basin is flanked by rocks which are known to have
been deformed, metamorphosed and uplifted during the Gramptian
Orogeny. The structural setting of the basin therefore allows
the relationship between sedimentation and late- or post—orogenic

tectonism to be examined in some detail.

The sediments considered form part of the extensive ORS deposits
exposed in the Strathmore region of Central Scotland(Fig.l.1a).
The upper levels of the Strathmore succession can be traced
continuously from Stonehaven on the east coast to the Clyde on
the west coast. In contrast the lower and older part of the
succession is restricted to the north-east where it 1is well
exposed in coastal cliff and foreshore outcrops 1in
Kincardineshire (Fig. 1.2). It is this older and more restricted
ORS sequence in Kincardineshire which has been the subject of the

research reported in the following chapters.

1.1.1 Regional Setting
Sediments and volcanic rocks of ORS age outcrop widely 1in

Scotland (Fig.l.la). These attest to the former presence of a

series of structurally controlled basins of varying style.
Inportant fine grained lacustrine sediments characterise the fill

to much of the Orcadian basin, but non-marine conglomerates and



FIGURE 1.1

(A)Distribution of Lower ORS sedimentary and volcanic rocks in
mainland Scotland in relation to major tectonostratigraphic
zones, Major faults bounding these zones are abbreviated MT -
Moine Thrust; GGF - Great Glen Fault; HBFZ - Highland Boundary
Fault Zone and SUF - Southern Uplands Fault.

(B)Conventional interpretation of the palaeogeography of the
Midland Valley and Grampian Highlands during Lower ORS times.
After Bluck (1978), Morton (1979), Armstrong and Paterson
(1970), and Mykura (1983).
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sandstones dominate elsewhere. With the exception of the Lanark
succession, the ORS unconformably overlies rocks which have been
deformed and metamorphosed. Important unconformities also occur
within the Scottish ORS, and these form the basis of a
subdivision of the sequence into the Lower, Middle and Upper ORS
(Murchison 1859). Whilst all three subdivisions are recognised
in the Orcadian Basin, only the Lower and Upper ORS are present

south of the Highland Boundary Fault where they are separated by

a substantial unconformity.

The Midland Valley of Scotland includes extensive deposits of
Lower ORS sedimentary and volcanic rocks. These occur in two
belts which are outcrop bounded (terminology of Bluck 1978
Fig.7a) by the Southern Uplands and Highland Boundary Faults
(Fig. l.1). The northern belt is the most extensive of these
outcrops and comprises a major syncline (the Strathmore Syncline)
together with a complimentary, although faulted, anticline (the
Sidlaw Anticline). The southern outcrop is smaller and less
continuous, and is disrupted by sub-parallel NE trending faults.
The two outcrop belts have been interpreted as the fill to
separate elongate basins. Bluck (1978, 1983) considered that
volcanic uplands associated with the Ochil-Sidlaw-Heads of Ayr
volcanic axis played an important role in separating the Midland
Valley Lower ORS into two distreté basins, a northerly Strathmore
Basin, and a southerly Lanark Basin (Fig. 1.1b). Armstrong et
al. (1985) however envisage sedimentation by braided streams in a
basin which occupied the full width of the Midland Valley, with

only local segmentation by volcanic uplands during deposition of

the Arbuthnott Group.

The Lower ORS rocks exposed in the northern Midland Valley occupy
an area of more than 4000kn? (Fig. 1.2). They are bounded to the
north by either an unconformable junction with the Highland
Border Complex, or structural truncation on one of the many sub-
parallel faults making up the Highland Boundary Fault Zone., To
the south, they are either masked by the unconformable Upper ORS,
or terminated by the Ochil Fault. The outcrop geometry 1is

largely determined by the asymmetrical Strathmore Syncline, one

of the longest continuous structures in the British Isles (Bluck
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1984)., Its north-western limb steepens towards the Highland
Boundary Fault Zone and becomes vertical and locally overturned.
Basal conglomerates and sandstones along this northwestern limb
either rest unconformably on the Highland Border complex, or are
overthrust by Dalradian metamorphic rocks. The southeastern limb
of the Strathmore Syncline dips gently northwards. The syncline

is divided into a number of axial culminations (Armstrong and

Paterson 1970) and these appear to control the outcrop pattern.
Further south, the Sidlaw Anticline, an open symmetrical
structure, exposes a thick calc-alkaline lava pile which

interfingers laterally with the conglomerates and sandstones.

Locally the Lower ORS appears to overstep the Highland Boundary
Fault Zone to rest directly on Dalradian metamorphic rocks.
Enigmatic conglomerates, sandstones and volcanic rocks occurring
immediately north of the Highland Boundary Fault near both
Blairgowrie and Crieff (Fig.l.2) rest with basal unconformity on
the Dalradian, and on radiometric evidence (Thirlwall 1983a) are
part of the Lower ORS succession. George (1960) regarded these
outcrops as a preserved transgression over a fault which did not
define the basin margin. More recently the continuity of these
outcrops with the Strathmore Lower ORS has been questioned (Bluck
1984). Outliers of Lower and Middle ORS occur widely on
Dalradian and Moine rocks in the Grampian Highlands (Fig.l.1),
and it may be that these share a closer affinity with the Lower

ORS rocks in question. This would require structural

juxtaposition of two unrelated Lower ORS successions along the
Highland Border.

The stratigraphic subdivision of the Strathmore Lower ORS in
current usage is based on a scheme originally established by
Campbell (1913) in Kincardineshire., Campbell defined five
lithostratigraphic groups in the Lower ORS of this district, and
showed that these overlie Downtonian rocks which rest with basal
unconformity on the Highland Border Complex. Allan (1928, 1940)
subsequently extended Campbell s nomenclature to Lower ORS
sediments and lavas in the Blairgowrie and Crieff districts of

the Highland Border. More recently, Armstrong and Paterson



(1970) modified and expanded the Kincardineshire stratigraphy to
accommodate all the Strathmore Lower ORS between the east coast
and Loch Lomond. Their stratigraphic framework has been adopted

in many subsequent studies (Morton 1976, Wilson 1980).

Correlation within the Strathmore Lower ORS is necessarily
largely lithostratigraphic. Although the terrestrial sandstones
and conglomerates have locally yielded important vertebrate
fossils, these tend to be stratigraphically restricted.
Consequently there 18 no rigorous palaeontological control on
correlation across the outcrop. The validity of tracing
lithostratigraphic groups for over 180km along strike 1is
therefore open to question. Many of the boundaries are likely to
be diachronous and correlation is further complicated by the poor
exposure, considerable structural complexity, and the likelihood
of complex original stratigraphical and sedimentological
interrelationships. However notwithstanding the uncertainties
implicit in many of the correlations, the lithostratigraphic
approach has highlighted broad regional variation in the

Strathmore succession.

Armstrong and Paterson (1970) recognised six major
lithostratigraphic groups (Fig.l.4). These are, in ascending
sequence, the Stonehaven, Dunnottar, Crawton, Arbuthnott, Garvock
and Strathmore Groups. Of these, only the latter three can be
recognised throughout the Strathmore sequence. The Stonehaven,
Dunnottar and Crawton Groups are restricted to Kincardineshire,
where the succession appears to be anomalously thick. Campbell
originally estimated the sequence to be 6630m thick. Armstrong
and Paterson (1970) considered 9000m to be a more appropriate
estimate, This contrasts with the much thinner Lower ORS
sequences along strike to the west, Fricend et al., (1963)
establish the Lower ORS on Arran to be of the order of 1500m
thick. Bluck (1984) shows that the Lower ORS rests unconformably
on the Highland Border Complex. An unconformity is also seen at
Aberfoyle (Curry et al. 1982, 1984). The significance of this
basal unconformity rests on the fact that thick Lower ORS
sequences can no longer be projected around the Strathmore

syncline to abut against the Highland Boundary Fault at depth,
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FIGURE 1.4 1Informal stratigraphic nomenclature for the Lower ORS
of Kincardineshire (after Armstrong and Paterson

1970). u: unexposed. f: faulted out.




The western extension of the Strathmore succession 1is thercfore

unlikely to be much in excess of 1-2km thick,

The along=~strike variation in thickness has been related to a
westerly overstep of successively younger lithostratigraphic
groups (Fig.l.3). Bryhni (1964) explained the restricted
distribution of the lower lithostratigraphic groups by invoking a
lateral migration of the basin depocentre to the southwest.
Paterson and Harris (1969) re-interpreted a dacitic lava flow
outcropping at Glenbervie close to the top of the Crawton Group
as a remnant of a previously extensive ignimbrite sheet. They
correlate the Glenbervie ignimbrite with the Lintrathen porphyry
at Dunkeld, where ignimbritic rocks unconformably overlie the
Dalradian., Assuming the correlation to be correct, the
Stonehaven, Dunnottar and Crawton Groups are therefore
overstepped towards the southwest (Armstrong and Paterson 1970).
However, as the Dunkeld and Glenbervie ignimbrite localities are
to the north and south of the Highland Boundary Fault Zone
respectively, their correlation across the fault must necessarily

be subject to some uncertainty.

Studies by Wilson (1971, 1980), Morton (1976, 1979) and Bluck
(1978) have emphasised the dominant role of fluvial processes in

generating the range of sedimentary rocks seen in the Strathmore
Lower ORS., A feature of the Strathmore ORS is the tendency for
the sediments to coarsen and become increasingly dominated by
conglomerates as they are traced towards the Highland Border.
Friend and MacDonald (1978), Wilson (1971) and Morton (1976)
demonstrate that for the region between Crieff and Kintyre,
directional structures in conglomerates adjacent to the Highland
Border indicate dispersal was to the south east, normal to the
fault zone. These conglomerates interfinger with finer grained
sediments in which cross-stratal dips record palaeoflows towards
the south-west. Palaeocurrents in conglomerates almost
perpendicular to those of intertongueing finer sediments are

commonly recorded in basins which are both longitudinally and
laterally filled (Bluck 1978).
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Armstrong et al, (in Friend and Williams 1978) note an increase
in the abundance and grainsize of conglomerates when the
Arbuthnott and Garvock Groups are traced northeastwards along the
basin axis into Kincardineshire. They argue that the bulk of the
sediment dispersed to the basin during deposition of the
Arbuthnott and Garvock Groups was shed from a basin margin which

lay to the east of the present coastline of Angus and

Kincardineshire.

The concept of deposition within a single laterally and
longitudinally filled basin has however to be substantially
modified in the light of a revision of the palaeocurrent data by
Bluck (1984). Whilst conglomerates in the upper part of the
succession vindicate earlier dispersal studies, those towards the
base of the Strathmore sequence in the Highland Border region
have a dispersal contrary to that previously recorded. Thus
conglomerates outcropping above the basal unconformity on
Highland Border Complex rocks east of Loch Lomond have a
dispersal towards the north-west. These must be accommodated by
an earlier basin, the axial zone of which must have been located
north of the Highland Boundary Fault in the present position of
the Scottish Highlands. A significant change in the geometry of

the Strathmore Basin with time is implied. Indeed it may be
inappropriate to consider the Strathmore succession as the fill
to a single basin as it may be that two or more essentially

separate red-bed basins have been vertically amalgamated.

Lower ORS sediments and volcanic rocks of Kincardineshire outcrop
over an area of in excess of 420km? (Fig.1.5). The outcrop 1is
bounded to the south-west by the River North Esk, to the east by
the North Sea, and to the north-west by the Highland Border. All

six of the lithostratigraphic groups into which the Strathmore
succession has been subdivided are recognised in this the
thickest development of the Lower ORS in Britain. The four lower
groups, the Stonehaven, Dunnottar, Crawton and Arbuthnott Groups
are particularly well exposed in coastal sections which, although
locally inaccessible, extend almost continuously from Stonehaven

to Montrose. The following stratigraphic account is based
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largely on the work of Campbell (1913) and Armstrong and Paterson
(1970). Thickness estimates given in parentheses for each of the

gsroups are those of Armstrong and Paterson (1970),

1.1.4,]1 Stratigraphic Resume

(a) STONEHAVEN GROUP (1550m): This is the oldest subdivision of
the Strathmore Lower ORS and is in many respects atypical of the
overlying succession. It consists dominantly of interbedded
cross-stratified sandstone sheets and red mudstones, together
with an important basal breccia unit. These lithologies occupy a
narrow outcrop belt extending 13km westwards of Stonehaven, on
the steeply dipping and locally overturned northwestern limb of
the Strathmore Syncline. The group is best exposed on the
foreshore north of Stonehaven where Campbell (1913) established
the basal breccias to have an unconformable contact with Cambrian
and Ordovician rocks of the Highland Border Complex. The
breccias have a local provenance in the underlying rock=types.
The interbedded sandstones and mudstones are interrupted by a
thin andesite lava flow close to the base of the sequence
(Hutchison 1928) and by a laterally persistent volcanic
conglomerate at a higher level. Armstrong et al. (in Friend and
Williams 1978) suggest the Stonehaven Group was deposited by a
combination of high and low sinuousity rivers from sources to the
north-west and south-west. The palaeoflows show a high
dispersion but a northerly directed component may have been
important (Bluck 1983, Fig.16, 1984), The absence of marine

fossils and the abundance of dessication cracks are consistent

with f£luvial deposition.

Above the volcanic conglomerate at Cowie on the foreshore just
north of Stonehaven, sandstones and grey shales with Dictyocaris
host an important grey shale horizon known as the Cowie Harbour
Fish Bed, This has yielded Dictyocaris slimoni, the myriapods
Archidesmus and Kampecaris amongst others, Ceratiocaris 8p.,

Hughmilleria norvegica, Pterygotus sp,, the osteostracan

Hemiteleaspis heintzi, the heterostracan Traquairaspis campbelli
and various carbonised plant remains (Westoll 1977). The

occurrence of Ceratiocaris is of interest., Most phyllocarids

have been described from restricted shallow and near~shore marine
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environments (Rolfe and Beckett 1984).

Campbell (1913) and Armstrong and Paterson (1970) differ in their
definition of the top of the Stonehaven Group. Campbell (1913)

excluded from his Stonehaven Beds several hundred metres of
sandstones and pebbly sandstones which stratigraphically

intervene between the Cowie sequence and the first of the coarse

boulder conglomerates. These he assigned to the Dunnottar Group.
Armstrong and Paterson (1970) subdivided the Stonehaven Group
into two formations, a lower Cowie Formation and an upper Carron
Formation. The latter includes all sandstones up to the
appearance of coarse conglomerates at Downie Point. Armstrong
and Paterson (1970) justify this subdivision on the grounds that
the incoming of the coarse conglomerates marks the most
significant event in the history of sedimentation, and that the
redefined base to the Dunnottar Group 18 more readily mapped.
Whilst the latter 1is not disputed, the Carron Formation
sandstones resemble sandstones 1intercalated with the
conglomerates at higher stratigraphic levels. They share the
same south—-west early dispersal as the conglomerates into which
they conformably pass. They also contain many scattered pebbles
of metaquartzite. If the criteria for defining the boundary
between the Stonehaven and Dunnottar Groups is a significant
change in the nature of sediment deposition, Campbell’s original
definition is more logical in that it distinguishes sediments of

very different character.

(b) DUNNOTTAR GROUP (1660m): Conglomerates and subordinate
sandstones of the Dunnottar Group outcrop in continuous foreshore
and cliff exposures for 2km south of Stonehaven, and for 13km
west-south-westwards along the poorly exposed steeply dipping
north-west limb of the Strathmore Syncline (Fig.l.5). The
Dunnottar Group is almost totally devoid of fossils with the
exception of a record of Parka sp, from sandstones 1in
Strathlethan Bay (Campbell 1913), and a single acanthodian spine
(Westoll 1951). The top of the Dunnottar Group is taken as the
uppermost of several olivine basalt lava flows which make up the
Tremuda Bay Volcanic Formation (Armstrong and Paterson 1970).

These have been correlated with a single flow of similar




composition outcropping at Todhead (Campbell 1913, Armstrong and
Paterson 1970).

(c) CRAWTON GROUP (>670m): The Crawton Group comprises a varied
assemblage of conglomerates and sandstones which are thought to
intervene between the Tremuda Volcanic Formation and a group of
distinctive macroporphyritic lava flows collectively termed the
Crawton Volcanic Formation (Armstrong and Paterson 1970). These
olivine basalt and basic andesite lava flows form one of the few
persistent marker horizons allowing correlation of sequences on
both north-western and south-eastern limbs of the Strathmore
Syncline. The distinctive Crawton-type lavas can be traced for
12km through heavily~-faulted ground from south of Gourdon to
Upper Criggie (Grid Ref. NO 833830). The Crawton Group is poorly
exposed on the north-west limb of the Strathmore Syncline but
includes an ignimbrite of dacitic composition at Glenbervie
according to Paterson and Harris (1969). Exposures of the
Crawton Group beneath the Crawton Lavas at Crawton Bay, and in
cliff sections northwards to Thornyhive Bay are partly
inaccessible and only expose the upper part of the group. A

fuller sequence is exposed in coastal exposures between

Whistleberry and Gourdon,

(d) ARBUTHNOTT GROUP (2100m): The Arbuthnott Group in
Kincardineshire can be subdivided into two formations. The Lower
Johnshaven Formation 1s largely conglomeratic and directly
overlies the Crawton Volcanic Formation, It 1is well exposed in
coastal sections between Gourdon and Johnshaven, and between
Crawton and Whistleberry. It includes important northerly
derived metaquartzite-bearing conglomerates, some of which are
exceedingly coarse, together with volcaniclastic sandstones and
thin lava flows. Sediments of the Johnshaven Formation are
overlain by, and are partly equivalent to a sequence of olivine
basalt and basic andesite lavas, collectively termed the Montrose
Volcanic Formation. The top of the Arbuthnott CGroup is taken at
the top of the highest lava-member., The lava sequence thins
northwards and is the feather edge of a substantial lava pile to
the south-south-west, Armstrong and Paterson (1970) correlate

the Kincardineshire Arbuthnott Group sequence with lava dominated




sequences elsewhere. In the Ochil Hills the Arbuthnott Group
consists almost entirely of extrusive rocks and associated
volcanic sediments. The coarse conglomerates making up the
Johnshaven Formation are replaced south-westwards in Angus by
cross-stratified and thin-bedded sandstones of the Dundee

Formation.

(e) GARVOCK GROUP (1525m): The term Garvock Group was used by
Campbell (1913) to distinguish a dominantly conglomeratic
sequence intervening between the lavas which define the top of
the Arbuthnott Group, and the distinctive calcareous mudstones of
the Strathmore Group. Armstrong and Paterson (1970) have since
extended the outcrop of the group to include all strata at a
similar level throughout the Strathmore region. In
Kincardineshire, the sandstones which characterise the outcrop of
the group elsewhere are largely replaced by conglomerales . Flows
of basalt and andesite lava occur at several positions in the
sequence, including in the Bervie Water (NO 777747) and on the
Hill of Garvock (NO 740710)., Close to the top of the group there
is a thin but persistent zone of concretionary carbonate, locally

termed the "Pittendriech Limestone’ . This can be traced

extensively and forms a useful marker horizon.

(£) STRATHMORE GROUP (2000m): The Strathmore Group includes the
youngest of the Lower ORS sediments preserved in the Strathmore
region. These occupy the axial zone of the Strathmore Syncline.
The Strathmore Group consists predominantly of grey and purplish
grey sandstones with conglomerates, but is characterised by the
development in its lower half of bright or dull red, mottled
calcareous mudstones, These are laterally very extensive and can
be traced throughout much of the Strathmore Lower ORS. The base
of the Strathmore Group is defined as the incoming of these
distinctive mudstones. The mudstones, termed the Edzell
Mudstones in Kincardineshire, reach their thickest development
(1200m) on the south-east limb of the Strathmore Syncline,
thinning to 200m on the north-west limb. They are partly
replaced north-westwards by conglomerates of the Gannochy
Formation which locally dominate the succession in the vicinity

of the Highland Border. Conglomerates of the Gannochy Formation




interfinger both laterally along strike, and normal to the strike

around the syncline, with the Edzell mudstones or the overlying

Edzell sandstones.

l1.1,4.2 Structure

The most prominant structural features in the Kincardineshire
region are the Highland Boundary Fault Zone and the subparallel
Strathmore Syncline., Armstrong and Paterson (1970) show an
important variation in plunge along the Strathmore Syncline with
segmentation of the syncline into a series of culminations and
depressions. Exposure of the complete Kincardineshire succession
requires an important culmination zone south of Stonehaven.
Preservation of the Strathmore Group in western Kincardineshire
reflects a depression of the synclinal axis between the
culmination at Stonehaven and a further culmination close to

Kirriemuir.

Folding associated with the development of the Strathmore
Syncline is generally assumed to have been a consequence of mid-
Devonian deformation (Armstrong and Paterson 1970). The extent
to which the syncline was produced during this time is however
uncertain (Bluck 1984). The Upper ORS is not sufficiently widely
developed to constrain the geometry of pre-unconformity folding.
Ramsay (1964) established the geometry and orientation of
fractures traversing clasts in conglomerates adjacent to the
Highland Boundary Fault Zone. These were interpreted to be the
result of brittle deformation caused by sub-horizontal
compression normal to the trend of the fault. This was related
to south-easterly directed overthrusting, The close parallelism
of the Strathmore Syncline and the Highland Boundary Fault argues
for a close association between the two structures, As the clast
fractures were superimposed on conglomerates which were already
steeply dipping, the Strathmore Syncline would appear to have
largely predated the brittle deformation., Upper ORS
conglomerates in an analogous position adjacent to the Highland
Boundary Fault Zone have not suffered the same degree of brittle
fracturing, This is consistent with the Strathmore Syncline

being an essentially mid-Devonian structure.
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The Lower ORS outcrop is traversed by many faults, Their
relative chronology is in many cases unclear on account of the
poor 1inland exposure and the difficulty inherent in
lithostratigraphic correlation. Large NW-SE cross faults which
terminate against the Highland Boundary Fault Zone appear to be
particularly common (Armstrong and Paterson 1970, Armstrong et
al, 1985). These may have moved concomitantly with
overthrusting. One of these faults may account for the abrupt
westward termination of the Stonehaven, Dunnottar and Crawton
Groups. Campbell (1913) originally explained the termination as
a westward plunging anticline. Another NNW trending fault
exposed at Whistleberry accounts for the juxtaposition of the
Crawton and Arbuthnott Groups. Major faults parallel to the
Highland Boundary Fault Zone but within the Lower ORS outcrop
also appear to have been important. Apparent extreme thinning of
the Arbuthnott and Garvock Groups on the north-west limb of the
Strathmore Syncline south-west of Stonehaven (Fig.l.5) has been
explained by the existence of a steep easterly-trending

overthrust which branches from the Highland Boundary Fault

(Armstrong and Paterson 1970).
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1.2 AGE OF THE STRATHMORE LOWER OLD RED SANDSTONE

The absolute and relative age of the Strathmore Lower ORS 1s
important if the succession is to be set in the wider context of
Late Caledonian evolution. Much of the recent interest in the
chronology of the Strathmore ORS has centred on the calc-alkaline
lavas intercalated with the sediments. These chemically and
isotopically resemble magmas produced 8 destructive
continental margins (Thirlwall 1981, 1982, 1983). As such, they
may constrain the termination of subduction prior to continental

collision,

1,2.1 Palaeontological Constraints

Fossils only occur sporadically throughout the Strathmore
sequence. Sandstones within the succession have yielded a sparse
but important assemblage of fish and plants, notably in the Cowie
Harbour Fish-Bed of the Stonehaven Group, and the Arbuthnott and
Garvock Groups, particularly in Angus. The fish have been
described by Agassiz (1835), Miller (1841), Mitchell (1860,1861),
Powrie (1864), Traquair (1902) and Westoll (1945, 1951). Westoll
attributed the Cowie Harbour Fish-Bed to the Downtonian on the
basis that its fauna of fish and arthropods was considered to be

intermediate between those 1n the Downton Castle Sandstone and
the Psammosteus Limestone of the Welsh Borderlands. Lamont
(1952) however contended that the fish-bed may be considerably

older than Downtonian. Fish faunas higher in the succession in
the Arbuthnott Group were described as being of Dittonian aspect,

or even post-Dittonian (Westoll 1951).

Macroscopic plant fossils from the Strathmore Lower ORS have been
described by Fleming (1831), Lyell (1855), Jack and Etheridge
(1877), Dawson (1890), Kidston (1893), Reid and Maclair (1896),
Reid et al, (1897), Hickling and Don (1915), Kidston and Lang
(1924), Lang (1927, 1932) and Henderson (1932). Miospore
assemblages from the upper part of the succession were reported
by Richardson (1967). Assemblages from the Arbuthnott Group
indicated an Upper Dittonian (Lower Siegenian) age whilst those
from the Strathmore Group were considered to be Emsian. The

a :
latter effectively rule out the possibility that the Midland
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Valley includes Middle ORS sediments comparable to those in

basins north of the Highland Boundary Fault Zone (Waterston
1965).

A more recent palynological study (Richardson et al., 1984)
confirms a Lower Devonian (Lower Gedinnian) age for the
Arbuthnott Group. Samples from throughout ¢ 1800m of the
Arbuthnott Group sequence exposed in Angus and Fife yield
miospore assemblages belonging to the lower and middle subzones
of the micrornatus-newportensis Zone. These correspond to a
Lower Gedinnian age. The Lower but not lowermost Devonian age
for the Arbuthnott Group implies that the thick calc~alkaline
lava pile which interfingers with the Strathmore succession at
this level is also Devonian in age and not Silurian as
anticipated by Thirlwall (1981),

It 15 however possible that the Silurian-Devonian transition does
take place within the lower part of the Strathmore succession,
beneath the Arbuthnott Group. The base of the micrornatus-
newportensis Zone is located just above the Psammosteus limestone
in stratigraphically equivalent rocks in the Welsh Borderlands.
Lowvermost Devonian strata therefore intervene between the base of
the micrornatus-newportensis Zone and the Silurian-Devonian
boundary. These amount to ¢, 40m in thickness in parts of the
Welsh Borderlands (Richardson et al, 1984) but are likely to be
substantially thicker in the rapidly deposited Strathmore
sequence, There is no critical palaeontological evidence for the
age of the sediments making up the underlying Dunnottar and
Crawton Groups and this therefore does not rule out the

possibility that they may in part be Silurian in age (Fig. 1.6)

l1.2.2 Geochronolopical Constraints

Evans et al, (1971) determined K-Ar whole rock ages for four lava
flows from the North Fife Hille. The mean of three of the
determinations produced an age of 400 + 5 Ma (recalculated using
decay constants of Steiger and Jager 1977). The fourth sample
was considered not to have retained its radiogenic argon.

Thirlwall (1981, 1983a) suggested these were likely to be minimum
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ages as K can be mobile even in lavas which are petrographically
freshs, Thirlwall (1983) reports Rb~Sr mineral-whole rock age

determinations for two samples from the Arbuthnott Group in Fife.

Biotite and plagioclase separates from both a rhyolite boulder
and an olivine-diorite intrusion are not isotopically
equilibrated with their respective whole rocks. Biotite and
plagioclase are completely fresh in the rhyolite boulder, but the
groundmass is oxidised suggesting deuteric alteration. An age of

407 + 6 Ma calculated from the biotite-plagioclase mineral pair

~is deemed to be the most reliable. The possibility that the

biotite may have undergone loss of 87Sr to the groundmass 1s
taken to indicate that the age may represent a minimum., The
plagioclase separate from the olivine diorite is slightly
sericitised and its biotite-whole rock age at 407 + 6 Ma 1is

accepted as the best age for the intrusion,

Thirlwall (1983a) also presents whole rock and biotite Rb-Sr data
for the Lintrathen porphyry. A two point isochron gives an age
of 411 + 6 Ma. The Lintrathen porphyry is considered by
Armstrong and Paterson (1970) to belong to the uppermost Crawton
Group. This age, and those for the Arbuthnott Group rocks,
suggest the bulk of the Midland Valley Lower ORS volcanism 1is
older than 405 Ma.

The absolute age of the Siluro-Devonian boundary is poorly

constrained. Dates bracketing the boundary include the post=-
Wenlock, pre-Siegenian Gocup granite of New South Wales which has
a K=Ar age of 409 + 3 Ma (Richards et al, 1977), and fission
track ages of 407 + 8 (lo)Ma from bentonites in the Bringewood

Formation of the Gorstian Stage in the Welsh Borderlands (Ross et

al, 1978). Estimates for the base of the Devonian range from 400

Ma (0din 1982) to 408 Ma (Harland et al, 1982) to 412 Ma
(McKerrow et al. 1984)., Only the latter two estimates satisfy

the combined miospore and radiometric evidence from the

Arbuthnott Group. Richardson et al, (1984) argue that because

there is at least part of one spore zone within the Devonian

below the micrornatus-newportensis Zone in both Podolia and the

Anglo~Welsh Borderland, and on the basis that the average

duration for a major inter-regional spore zone is estimated to be
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3-4 million years, a conservative estimate for the base of the
Devonian is 410 + 6 Ma. The radiometric ages are therefore
commensurate with a Lower and lowermost Devonian age for the bulk

of the Strathmore Lower ORS, with the Siluro-Devonian boundary

located low in the succession.
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1.3 THE PRESENT STUDY

The deposition and provenance of the largely conglomeratic

Dunnottar and Crawton Groups outcropping in coastal exposures in
Kincardineshire are considered in the following chapters. The
project as originally conceived had a wider stratigraphical brief
in that it was intended to use the unusually thick sequence of
Lower ORS sediments in Kincardineshire to profile progressive
source unroofing, Initial work on the basal part of the sequence
however revealed considerable potential at this level for
constraining lateral as opposed to vertical compositional
variation in the source regions which contributed sediment to the
basin. This subsequently became the main theme of the research
which involved sedimentological observations, particularly those
pertinent to unambiguously determining palaeo-dispersal, in
combination with detailed geochemical and isotopic studies on
conglomerate clast populations. The research was guided by the

following objectives:

l. To determine the depositional mechanism of the varied
conglomerates which dominate the Dunnottar and Crawton Groups.

The predominance of conglomerates is unusual in that there 1is no

diminution in either their abundance or grainsize as the sequence

is traced up to 15km normal to the conventional Highland Border

source.,

2. To determine the dispersal of the coarse conglomerates and to

relate this to the revised north-westerly dispersal of basal

conglomerates in the western Strathmore Lower ORS,

3. To account for the anomalous thickness of the Kincardineshire
Lower ORS when compared with sequences along strike to the south-

west,

4. To establish the petrological, geochemical and isotopic
character, and the original emplacement ages, of the various
granite clasts which occur with unusual abundance 1in

conglomerates of the Dunnottar and Crawton Groups,
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5 To geochemically and isotopically type metamorphic detritus
occurring in the conglomerates. The determination of uplift and
cooling ages in metamorphic clasts enables the early uplift
history of the source to be established, allowing the viability

of potential source terranes to be assessed,

6. To apply the dispersal and clast provenance data to the wider
Late Silurian - Early Devonian evolution of the Midland Valley
and adjacent regions. The data have implications for both the
relative position of the Midland Valley and the now adjacent
Grampian Highlands, and for the sub-Upper Palaeozoic basement to
the Midland Valley.
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CHAPTER TWO

SEDIMENTOLOGY OF THE DUKRROTTAR
AND CRAWTON GROUPS
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2.1 LITHOFACIES

Most sediments and sedimentary rocks show some form of basic

structural organisation (Ore 1964, Campbell 1967, Bluck 1980).
This is produced by the systematic assembly of depositional
lithofacies to generate composite facies associations, It is the
wider association and sequential development of these basic
depositional lithofacies, rather than the lithofacies themselves,

which are generally indicative of the depositional environment in

which the sediments formed.

Figure 2.1 illustrates the basic ordering and structural
hierarchy established in the largely conglomeratic sediments of
the Dunnottar and Crawton Groups. Coarse-grained conglomerates
comprise greater than 802 of the succession, despitc the
fact that the sections examined extend more than 15km from the
Highland Boundary Fault., In addition, there is no obvious

diminution in grain size as the succession is traced away from

the Highland Boundary Fault,

Five basic lithofacies types are recognised. These combine to
form a series of recurring depositional units which stack both
laterally and vertically to generate composite sequences of a
higher order. 1In addition there is an important interaction at
various levels in the structural hierarchy between conglomerates

and minor sandstones of non-volcanic provenance, and volcanogenic

sediment independently dispersed to the basin,

A. MASSIVE OR FLAT STRATIFIED IMBRICATE CONGLOMERATES

Massive or flat stratified boulder or cobble conglomerates are
the dominant lithofacies in sediments of the Dunnottar and
Crawton Groups., They make up an estimated 452 of the total
sequence. The conglomerates are generally clast supported,

although matrix supported units do occur.

Imbrication is often spectacularly developed (Plates 2.1, 2.2,
2.3, 2.4), with strong unimodal a~b plane orientations, a—axcs
transverse to flow, and b-axes dipping upstream (as deduced from

co~flow cross—stratification). The imbrication fabric 1is
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generally at a high angle to bedding with average a=b plane dips
(tilt corrected) of between 30 and 45° These are higher than
recorded in recent glaciofluvial gravels (Rust 1975) and fluvial

gravels (Cailleux 1945), but comparable to values recorded by

Laming (1966) in breccias of alluvial origin. Much of the
imbrication is of contact type, though isolate imbrication is

also seen.

Many of the imbricate conglomerates are exceedingly coarsc-
grained, with clasts >]1.0m in diameter not uncommonly
encountereds, Maximum clast size values (mean of the ten largest
clasts in an area of 2m2) are frequently in excess of 40cm.,
Sorting 1is generally poor but a wide range of textures is

presents Two distinct textural variants can be distinguished.

In the first instance, widespread bimodal textures are seen in
conglomerates which are characterised by the ubiquitous presence
of metaquartzite as an important clast component. The coarse
sandstone or pebbly sandstone matrix is strongly segregated from

the cobble or boulder mode which makes up the framework, with

granule and pebble modes often suppresseds Open frameworks are
rare in these metaquartzite bearing bimodal conglomerates. In
total contrast, a range of metagreywacke bearing conglomerates in
which quartzite is totally absent are very poorly sorted and

frequently have open frameworks. Imbrication is less well
developed in this latter variant, largely consequent on the
absence of QI3 enrichment., Bimodal imbricate conglomerates are

often strongly enriched in discoidal clasts.

Lithofacies A conglomerates occur as both extensive imbricate
sheets either lateral to, or overlying texturally more mature,
finer grained conglomerates of Lithofacies B or C type, or as a
component in co<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>