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ABSTRACT

The stratigraphy, structure and kinematics of the central and southwest Ox Mountains,
a major mid—crustal shear zone, are described. The tectono-stratigraphic sequence has been
established using a combination of structural and stratigraphic techniques and lithostratigraphic
correlation with southern Donegal (the closest area of aut! ochonous Dalradian). These data
suggest that the Tawneyshane Formation is the equivalent of the Port Askaig Tillite and that
the metasediments of the southwest and central Ox Mountains Succession represent part of the
Argyll Group of the Middle Dalradian. The coarser grained rocks of the Cloonygowan Formation
are tentatively correlated with the turbiditic sediments of the Southern Highland Group on the

basis of lithostratigraphic similarity.

Structural analysis indicates that the Ox Mountains Succession has experienced a similar
structural history to the Cloonygowan Formation although at a deeper structural level. Four
distinct kinematic episodes are represented. Initial fold and fabric development (D1-D2, pre 478
Ma) was followed by sinistral transcurrent deformation, synkinematic intrusion of the Ox Moun-
tains Granodiorite (478+12 Ma) and development of a braided system of high strain zones and
tectonic slides (D3, Arenig-Llanvirn). The tectonic contact with the granulite facies metasedi-
ments of the northeast Ox Mountains is identified as a D3 tectonic slide, which dips gently to the
south. This basement—cover interface strongly influences the structural geometry of the central
and southwest Ox Mountains. These data suggest that at middle-lower crustal levels strike
slip fault zones may be expressed as a series of high strain zones that converge both laterally
and vertically. The geometry and kinematic history of the Ox Mountains is consistent with the
interpretation of the inlier as the root of a major mid—crustal transpression zone. Following
the cessation of transcurrent activity uplift began throughout the inlier, which is reflected by
decreasing metamorphic grade and the development of conjugate folds (D4). This was succeeded
by renewed sinistral transcurrent deformation of the Lough Easky and Lough Talt Adamelﬁtes
(401£33 Ma), (D5, Early Devonian).

Evidence is presented that the Ox Mountains form part of the northwestern side wall of
the Highland Boundary Fault Zone. Deeper levels of this structure are exposed in Ireland than
in Scotland. Structural data suggest that in Ireland this structure is expressed as a major mid-
crustal transpression zone that developed in response to large sinistral displacements during
Arenig-Llanvirn times, followed by smaller sinistral displacements during the Early Devonian.
This protracted history of sinistral transcurrent deformation can be related to terrane accretion
events along the Highland Boundary Fault Zone and provides information on its early kinematic

history not available in the remainder of the British Isles.
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CHAPTER 1

INTRODUCTION

The Ox Mountains of Co. Mayo and Co. Sligo, W Ireland (Fig 1.1), are
situated along the Fair Head - Clew Bay Line, the likely continuation of the High-
land Boundary Fault in Ireland, Max and Riddihough (1975). Their topographic
expression is a NE-SW trending ridge extending from Castlebar in the SW, to
Manorhamilton in the NE, which reaches a maximum height of 541m, and domi-
nates the surrounding low lying areas of Carboniferous and Devonian rocks which
form the margins of the inlier. Exposure in Ox Mountains is limited by extensive
peat cover on the upper slopes and is best on the NW and SE flanks and in the
large NW-SE trending valleys which transect the inlier. Geologically the area con-
sists 'of two blocks. The central and southwest Ox Mountains, (Figure 1.1), which
are the sﬁbject of tfle present study, contain a sequence of metasedimentary rocks
both of Dalradian age, and of uncertain age, intruded by three plutons: the Ox
Mountains Granodiorite, Lough Easky and Lough Talt Adamellites. This block
is tectonically separated from the granulite facies rocks of the NE Ox Mountains,

which have not been examined in detail.

1.1 HISTORY OF PREVIOUS RESEARCH

Previous studies in the central and southwest Ox Mountains have concentrated
largely on the question of the age and stratigraphic identity of the metasediments.
Conflicting views are held by two groups of workers as to whether the inlier, (ex-
cept for the two tectonically separated areas of Ardvarney and Cloonygowan,
agreed by both sets of workers to be Upper Dalradian), comprises Dalradian or

mainly Pre-Caledonian rocks. Several attempts have been made to establish a
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stratigraphic succession in both the southwest and central Ox Mountains, which
have resulted in a number of different interpretations and a complex stratigraphic
nomenclature summarised in Figure 2.1. The following account is not an ex-
haustive review of the extensive literature published on the Ox Mountains, but
concentrates on the major contributions made by workers since the area was first

studied in 1872, and states the current position of the main protagonists.

The earliest work was that of Symes (1872), who studied the southwestern part
of the inlier and noted that a major fault, (The Ladies Brae Fault), separated the
rocks of the cenfra.l and southwest Ox Mountains from the restigche higher grade
rocks to the northeast. Giekie (1893) concluded that this junction represented the
unconformable base of the the Dalradian overlying Lewisian, while Kinahan (1878)
and McHenry (1903) both regarded the whole of the Ox Mountains as Cambro-
Silurian. Dalradian affinities for the central and southwest Ox Mountains were
proposed by Currall (1963), Currall and Taylor (1965), and Taylor (1969), who
defined two stratigraphic successions: the northern succession consisting of all of
the rocks northwest of the granodiorite, (Lough Brohly Quartzite and Attymass
Group) and the southern succession south of the granodiorite, (Slieve Gamph
Group and Leckee Quartzite Group) and established a stratigraphic sequence with
the northern succession at the base, which they correlated with the Kilmacrennan

succession of the Argyll Group in NW Donegal, (Harris and Pitcher, 1975).

The high grade rocks of the northeast Ox Mountains were subsequently ex-
amined by Lemon (1971). He considered these to be in tectonic contact with
Dalradian metasediments south of the Ladies Brae. Johnstone (1975) however
considered that the tectonic contact at the Ladies Brae was much less signifi-
cant and correlated the whole Ox Mountains Inlier, excepting the small areas of

unequivocal Upper Dalradian, with Moine.

This conclusion was supported by Phillips, Taylor and Sanders (1975) who

suggested that all the rocks of the central and southwest Ox Mountains excluding



those of the Cloonygowan Formation were Pre-Caledonian Moinian rocks, that
are the products of amphibolite facies retrogression of the high pressure granulites

exposed in the northeast Ox Mountains.

Phillips et al. (1975) considered that the entire igneous complex (Ox Moun-
tains Granodiorite, Lough Talt and Lough Easky Adamellites) was intruded
following the pre-Caledonian D2 deformation event, and cited radiometric age
data for the Ox Mountains Granodiorite which suggested an emplacement age of
486 + 6m.y., (dated by Rb-Sr, using the decay constant 8" Rb = 1.42x10_11yr“1).
They regarded the intense flattening of quartz and micas in the Igneous Complex
as resulting from the third deformation (D3), that was the final expression of

Pre—caledonian deformation and metamorphism.

Phillips et al. stated that this was followed by the D4 and D5 events, which
are correlatives of the earliest deformation observed in the Upper Dalradian rocks
of the Cloonygowan Formation (Dcl, Dc2), and are therefore of Caledonian age.
That is, they regard D4 and D5 as the earliest expression of Caledonian deforma-
tion which postdates the folding and metamorphism of the garnet-kyanite grade
rocks of the Ox Mountains Succession, which they defined as comprising all of
the rocks of the central and southwest Ox Mountains, excluding the Cloonygowan
Formation. This conclusion is not accepted by the present author as the geometry
and orientation of the correlated deformation events are very different. Detailed
structural studies during the current research have shown that the deformation se-
quence in the Cloonygowan Fm. is more complex than was previously recognised,
and that the Cloonygowan Fm. and Ox Mountains Succession share a common

D1-D5 deformation history, (Chapter 4, Fig 4.1).

The Ox Mountains Granodiorite that forms the core of the inlier was dated
at 500 £ 18m.y. (Rb-Sr whole-rock) by Max, Long and Sonet (1976), (486 +
12m.y. when recalculated using the decay constant 8"Rb = 1.42x107!yr~1),

who described its emplacement as syn-late kinematic. Independant dating by



Pankhurst et al. (1976) gave a similar Rb-Sr whole-rock age of 487 + 6 m.y,,
(recalculated at 478 & 12 m.y. using the new decay constant). Both groups of
workers assumed that the Lough Talt and Lough Easky Adamellites were of the
same age, although they did not separately analyse samples from either of these

plutons.

At this time, Long and Max, working in the southwest and central Ox Moun-
tains, while accepting the deformation sequence and correlation between the de-
formation chronologies of the Ox Mountains Succession and the Cloonygowan
Formation proposed by Phillips et al.(1975), suggested that the entire Ox Moun-
tains inlier south of the Ladies Brae might be Dalradian, and that it underwent
Caledonian polyphase deformation and regional metamorphism similar to adja-
cent Dalradian inliers at around 500Ma. They considered that the variety of
lithologies and particularly the presence of marbles and metavolcanic units within
the central and southwest Ox Mountains to be characteristic of rocks of a Dalra-
dian age, and defined a coherent tectono-sedimentary succession. They regarded
the Attymass Group of Taylor (1969) as being equivalent to part of their Cappagh
Formation and cited way up evidence from the Leckee Quartzitic Formation to
support a étratigraphic succession, which included two major metavolcanic units,
the Newantrim Member and the Callow Formation. The Tawneyshane Marble
Member, believed to be exposed in the core of an F2 antiform within the Leckee
Quartzitic F*™“Wwas regarded as lying at the base of the succesion. They then
correlated this succession with the Appin and Argyll Groups of the Dalradian of
Connemara, Harris and Pitcher (1975), Long (1974), Long and Max (1977).

In their discussion of Long and Max (1977), Phillips et al. (1977) rejected
these conclusions and re-iterated their view that the lithological sequence was
similar to Moine rocks, and that all of the amphibolites in the Ox Mountains

were of intrusive origin. They acknowledged however that lenses of marble were



present in the Ox Mountains, which they conceeded were rarely found in the

Moinian rocks with which they correlated the Ox Mountains.

Andrews, Phillips and Molloy (1978), studied part of the central Ox Moun-
tains between Lough Talt and the Ladies Brae and argued that the absence from
the northwest side of the inlier of the coarse garnetiferous pelite that is continu-
ously developed along the contact between the Ummoon Formation and the Leckee
Quartzitic Formation, and the differences between the semi-pelite and psammite
of the Lismoran Formation on the southeast side of the inlier and the pelite and
semi—pelite of the upper part of the Attymass Group was inconsistent with the
Attymass Group being equivalent to the Cappagh Formation of Long and Max
(1977). They therefore concluded that the Attymass Group underlies the Leckee
Quartzic Formation. Andrews et al. (1978) developed the deformation chronology
established during Phillips’ earlier work in 1975. They consideridthat the amphi-
bolites which Long and Max (1977) regard as extrusive, to have been intruded at
a late stage of D2, prior to the mid-amphibolite facies MP2 peak of regional meta-
morphism. They regardfot(:he Ox Mountains Granodiorite, Lough Easky and Lough
Talt Adamellites to be of Caledonian age and emplaced coevally with the D5 and
D6 deformation that took place under greenschist facies conditions. Therefore the
Caledonian-Grampian cycle is younger than the D1-D4 cycle in the Ox Mountains
sequence, that comprises all of the rocks of the Central and southwest Ox Moun-
tains, excluding the Cloonygowan Formation. Andrews et al. (1978), stateithat if
the D1-D4 deformation was ‘early’ Grampian within an unusual, perhaps littoral,
facies of the Dalradian, tectonic uplift and cooling could have taken place before
the rocks were juxtaposed with the Upper Dalradian rocks of the Cloonygowan
Formation and reworked by the full Dalradian cycle in the younger rocks. This
would however be a unique situation within the Dalradian of the British Isles and
would imply that there should be a major unconformity in the Dalradian, cor-
responding to the uplift and cooling stage of the Ox Mountains sequence, which

had not been found. They concludeitha.t the D1-D4 cycle is pre-Caledonian and



therefore favour the first two of the four possible tectono-thermal models which

they present, (Figure 1.2), and are summarized below.

1. Reworking Hypothesis: The Granulite facies rocks of the northeast Ox Moun-
tains have experienced an ‘early’ pre-Grampian orogenic cycle. The D1-D4 defor-
mation in the Ox Mountains sequence is part of a ‘later’ pre-Grampian cycle. The
Grampian tectonothermal cycle is fully represented by the D5 and D6 low green-
schist facies retrogression in the central Ox Mountains sequence and the Dcl-Dc2

deformation in the Cloonygowan Formation.

2. Reworking hypothesis with diachronism: The Ox Mountains sequence of the
northeast and central Ox Mountains are all part of the Moinian succession. They
have experienced a single pre-Grampian orogenic cycle, with only the northeast
Ox Mountains having been subjected to granulite facies conditions. The simpler
structural history and lower grade of the central Ox Mountains is explained by tec-
tonic juxtaposition during a diachronous pre-Grampian orogeny. The Grampian
cycle is confined to shear zones, the Cloonygowan Formation and the I.gneous

Complex.

3. Model of moderate diachronism: The granulite facies deformation of the north-
east Ox Mountains is pre-Grampian. The D1-D4 amphibolite facies deformation
in the central Ox Mountains and the Dc1-Dc2 deformation in the Cloonygowan
Formation are both Grampian. Thus an early Grampian cycle has been reworked
by a late Grampian cycle as a consequence of tectonic juxtaposition in a di-

achronous orogeny.

4. Hypothesis of extreme diachronism: All three tectonothermal cycles are
Grampian. Recycling has been produced by multiple tectonic juxtaposition during

a highly diachronous Grampian orogeny.

The metamorphic studies of Yardley, Long and Max (1979), and Yardley

(1980), demonstrated that the central and southwest Ox Mountains experienced
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a single progressive Barrovian metamorphism from garnet to kyanite zone and
suggested that the tectonic contact between the granulites of the northeast Ox
Mountains and the Barrovian kyanite zone rocks of the central Ox Mountains is
analogous to that in southern Donegal and that the conditions of metamorphism
of the Dalradian staurolite-kyanite schists was the same in S. Donegal (Lough

Derg) and the central Ox Mountains.

Yardley and Long (1981), recognised that the Lough Easky and Lough Talt
adamellites were relatively undeformed compared to the granodiorite, and that the
conspicuous thermal aureole developed around them contrasted with the lack of
an obvious aureole around the granodiorite. Using five independent criteria they
determined that the conditions of metamorphism in the inner aureole of the Lough
Easky Pluton were 595 + 30°, 2.5 & 0.5 kb, which corresponds to an emplacement
depth of approximately 8km and that the Lough Talt Pluton was emplaced at
slightly higher pressures. They also noted that a single sample from the Lough
Easky Adamellite analysed by Pankhurst et al. (1976), fell below the isochron for
the other Ox Mountains granodiorite samples. They therefore suspected that both
adamellites might be of a younger age than the granodiorite. This was confirmed
by the Rb-Sr dating of Long, Max and O’Connor (1984) which showed that they
were significantly younger at 401 + 33Ma. Andrews (1984), studied the Lough
Easky Adamellite and concluded that it was deformed under greenschist facies
conditions and was intruded into a pull-apart caused by a two kilometer offset
perpendicular to strike, in a NNE trending dextral shear zone, which he termed
the Lough Easky Slide. |

Hutton and Dewey (1986) recognised that much of the deformation in the Ox
Mountains was the result of intense sinistral transcurrent motion and suggested
that the broad antiformal cross-section of the Ox Mountains represented a flower

structure that developed in a sinistral transcurrent shear zone operating slightly



later than the intrusion of the granodiorite. They related this deformation to the

docking of allocthonous terranes lying to the south, against the inlier.

The geochemical study of Winchester et al. (1987) is the most recent pub-
lished work on the area. These authors found geochemical differences between
two metabasalt units that occur within the metasedimentary sequence and are
separated by a syn-metamorphic dislocation, (the Glennawoo slide; Taylor 1969).
Winchester et al. demonstrated that the metabasalts south of the slide (the Callow
Member of the Lismoran Formation) have trace element compositions similar to
mid ocean ridge basalts, whereas metabasalts north of the slide, (the Newantrim
Member of the Ummoon Formation) have trace element compositions similar to
continental tholeiites and tholeiites of ocean island basalt association. They did
not regard the great similarity of the lithological characteristics of the two seper-
ated units (the Lismoran and Ummoon Formations) as significant and concluded
that the two groups of metabasalts were e rupted in different crustal settings and
proposed the Glennawoo slide as a major terrane boundary. This conclusion was
discussed in detail by Jones and Leat (1988), who stated that the geochemical
differences between the metabasalts documented by Winchester et al. can be sat-
isfactorily explained by their generation by different degrees of partial melting of
the same aithenospheric mantle. They concluded that since the Glennawoo Slide
separates rocks whose structural and stratigraphic histories are indistinguishable,

there is no basis for regarding the Glennawoo Slide as a major terrane boundary.

Research currently in progress includes an attempt by W.E. Taylor (Luton
Polytechnic) to see if the stratigraphic horizons have a unique geochemical signa-
ture that can be used to identify them. K. McCaffrey (Durham) is studying the
emplacement and deformation of the Ox Mountains Granodiorite, the Lough Talt
and Lough Easky Adamellites, and J. Reavy (Liverpool) is examining the trace
element geochemistry of the igneous lithologies. Detailed stratigraphic studies by

B. Long (Geological Survey of Ireland) are also continuing.



In summary, much of the previous research in the southwest and central Ox
Mountains has been directed towards determining the age and stratigraphic iden-
tity of the metasediments. Currently conflicting views are held by two groups
of workers, (Fig 1.2). One group, principally Phillips and Andrews, consider
that the rocks of the entire inlier, excepting the Cloonygowan Formation are pre-
Caledonian in age, and favour a complex tectono-thermal history involving three
separate phases of sedimentation, metamorphism and deformation. The other
group of workers lead by Long and Max, believe that the rocks of the central
and southwest Ox Mountains are of Dalradian age and that two orogenic episodes
are represented. The first episode which was of pre-Caledonian age deformed and
metamorphosed the NE Ox Mountains, was followed by Caledonian metamor-

phism and deformation which affected the rest of the inlier.

1.2 RESEARCH OBJECTIVES.

The principal objectives of this research were :

1. To establish the age and stratigraphic identity of the Ox Mountains metasedi-
ments.

2. To develop a structural and kinematic model for the area, and specifically test
the hypothesis that these rocks are part of the exhumed mid-crustal side wall to
the Highland Boundary Fault, (Hutton and Dewey, 1986).

3. To develop data and ideas which are relevant to the general problem of pro-
cesses and deformation geometries in mid-crustal strike slip shear zones and their

relationship to granitic magmatism.

Structural, kinematic and stratigraphic data collected during 14 months field-
work conducted during 1986-1988, when the metasediments of the inlier which in

total covers approximately 440 Km2) were mapped on a scale of 1:10,560, have



been used to compile 1:25,000 structural and stratigraphic summary maias. These

field data provide the basis of the structural, kinematic and stratigraphic analysis

that follows.
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CHAPTER 2

STRATIGRAPHY

Previous stratigraphic studies in separate areas of the central and southwest
Ox Mountains have lead to a number of different interpretations of the succes-
sion and a proliferation of names for equivalent stratigraphic units. There is little
agreement in the literature on whether a stratigraphic sequence can be established
in the Ox Mountains, and if so what way up it is (fig 2.1). Two principal strati-
graphic problems must therefore be addressed. The first of these is to determine
if it is possible to establish a tectono—stratigraphic sequence and by determining

its way up, to demonstate the original stratigraphic succession.

In many areas of the Caledonides a stratigraphic sequence can be established
using criteria such as graded and cross-bedding to determine the way up of strata.
In areas that have experienced a polyphase deformation history, it is often nec-
essary to remove the effects of a commonly geometrically complex series of folds,
before establishing the stratigraphic sequence. The concept of facing (Shackleton
1958), which is defined as the resolution of the way up of the beds into the ax-
ial plane of a fold, is a useful means of describing the relation between folding
and the original geometry of bedding and is commonly used in such areas. The
problem is more acute when the sequence is dismembered by structural breaks
such as tectonic slides, or when intense deformation transposes bedding and sed-
imentary structures. Alsop (1987), demonstrated in Central Donegal that the
Central Donegal Slide separates two stratigraphic packages which ubiquitously
young away from the slide zone. This clearly illustrates that it is not possible to

extrapolate the way up of a stratigraphic succession across structural breaks.
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STRATIGRAPHIC NOMENCLATURE IN THE OX MOUNTAINS
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In the Ox Mountains all of these difficulties are present; a polyphase deforma-
tion history combined with intense transcurrent deformation has modified bedding
such that it is often totally transposed into the pervasive D3 tectonic fabric. This
has almost completely eliminated sedimentary structures which have only been
observed in the Leckee Quartzitic Formation and in the low-grade rocks of the
Cloonygowan Formation. Both of these units are separated from the rest of the
inlier byvtectonic breaks. Since it is not possible to extrapolate data across these
contacts, it is necessary to use other criteria to establish a stratigraphic sequence.

Three additional techniques have been used in the present study.

1. The bilateral symmetry of units in the absence of tectonic breaks may be used
to infer the existence of folds. Thus the identification of the Tawneyshane Pelite
Member on either side of the Tawneyshane Marble Member at Lough Anaffrin (M
1678 9621), indicates that the later is exposed in the core of a fold that predates
the D3 deformation, whose associated folds consistently verger to the northwest in
this area. Minor structures associated with D2 have been transposed into S3, and

therefore cannot be used to confirm the existence of this fold.

2. The identification of original stratigraphic transitions between units can be
used to establish stratigraphic continuity between units in a sequence in which

structural breaks are commonly developed.

3. Most importantly, unique stratigraphic marker horizons such as the Port Askaig
Tillite, can be used to correlate with areas such as S. Donegal where the strati-

graphic sequence is more clearly defined.

The second stratigraphic problem is to determine the stratigraphic relation-
ship between the rocks exposed northwest of the Ox Mountains Granodiorite and
those exposed to its southeast. Incomplete exposure has resulted in two views.
One group of workers, principally Long and Max, regard the rocks exposed north-

west of the granodiorite as equivalent to those of the Cappagh formation exposed




on the southeastern side of the inlier. The second group of workers principally
Andrews and Phillips, regard the rocks exposed southeast of the granodiorite as
stratigraphically underlying those on the northwest side of the granodiorite. Nor-
mal techniques of lithostratigraphic correlation combined with structural analysis

have been used to try to solve this problem.

The inlier has been divided into six areas for ease of lithological description
(Figure 2.2). Area 1 comprises the high grade metasediments exposed on the on
the southeast of the inlier. Area 2 is located at Lough Talt, north of the northern
end of the granodiorite, where the geographical separation between the rocks ex-
posed on the northwestern side of the inlier and those on the southeastern margin
is a minimum. This area therefore provides critical evidence for the correlation
between areas 1 and 3, which comprises the metasediments exposed on the north-
western side of the granodiorite between Ilnaglashy and Tawnaneilleen. Area 4
is located west of the Knockaskibole fault, and comprises metasediments that are
correlated with the rocks of area 1, exposed east of the fault. Area 5 is also lo-
cated west of the Knockaskibole fault immediately south of area 4, with which
it is in fault contact. The rocks of area 5 are also in tectonic contact with those
of the Cloonygowan Formation of area 6b to the east. Area 6 comprises the low
grade rocks of the Cloonygowan Formation that are exposed in three localities; at
Cloonygowan (area 6a), southeast of area 1, at Ardvarney (area 6b) west of the

Knockaskibole fault and near Westport (area 6c).

The stratigraphic sequence established in the following sections, has been
developed using a combination of all of the above techniques, and is summarised
in Figure 2.3. This differs significantly from that of previous workers which is
summarised in figure 2.1. The stratigraphic interpretation of the southwest and
central Ox Mountains is illustrated in Figure 2.4 (contained in the map pocket

inside the back cover of this volume).
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2.1 STRATIGRAPHY SE OF THE GRANODIORITE : AREA 1

Area 1 is the largest area of outcrop in the central and southwest Ox Moun-
tains. The metasediments of the area are highly deformed and are dismembered
by tectonic slides. However they provide important data which have been used to
establish a tectono-stratigraphic sequence (Figure 2.3), which is correlated with

area 3, using area 2 as the link between them.

2.1.1 Tawneyshane Formation

Exposure of this formation is confined to an area at Lough Anaffrin (M 1678
9621), where it is in contact with the Leckee Quartzitic Formation on its northwest
and southeast sides. Two possibilities exist to explain this outcrop pattern. The
first, is that the Tawneyshane Fm is exposed in the core of a fold that is of pre-F'3
age, (F'3 folds consistently verge to the northwest in this part of the section). This
is considered by the present author to be more likely than the alternative option
that the Tawneyshane Fm represents a lens within the Leckee Quartzitic Fm, as
this would require the bilateral symmetry of the former unit to be accepted as
coincidence. Unfortunately minor structures related to the D2 deformation have
been totally transposed into the S3 fabric in the area, therefore no structural data

were observed to confirm this model.

2.1.1.1 Tawneyshane Marble member: The Tawneyshane Marble Member
consists of white tremolitic marble interbedded with green serpentinous marble
and white to pale green or grey calc-silicate schist composed of dolomite, calcite
muscovite, biotite, phlogopite, chlorite, diopside, tremolite, actinolite, sphene and
tourmaline. The unit is only exposed in one small (2m x 4m) outcrop on the north
shore of Lough Anaffrin (M 1678 9621), but exploratory drilling and trenching by
the Geological Survey of Ireland (Long et al. 1981), allowed it to be traced for
500m along strike, (fig 2.5). The base of the member is not exposed, therefore

the observed thickness of 80m is a minimum. A narrow transitional boundary in
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which thin pelite interbeds are present can be recognised between this and the

Tawneyshane Pelitic Member.

2.1.1.2 Tawneyshane Pelitic Member: The Tawneyshane Pelitic Member is
poorly exposed on both sides of the Tawneyshane Marble Member. East of Lough
Anaffrin (M 1690 9621), the marble passes into massive poorly banded greenish-
weathering pelite and semi-pelite, composed of muscovite, quartz, plagioclase,
biotite, chlorite and tourmaline (Plate 2.1). The proportion of semi-pelite gradu-
ally increases upwards towards a narrow band which has been found to contain a
number of small (0.5cm) psammitic pebbles. This occurs 20m from the base, (Fig-
ure 2.5). With increasing thickness and proportion of psammitic and quartzitic
bands, the unit passes transitionally into the Leckee Quartzitic Formation to the

southeast.

The northern boundary of the Tawneyshane Pelitic Member is also exposed
on a small hill 50m northwest of Lough Anaffrin, (M 1660 9616), (Figure 2.5),
where thin, (10cm) psammitic bands are interbedded with approximately 15m of

brownish weathering pelite.

A large number of isolated lenses of granitic material similar to those described
by Long and Max (1981) from the east side of Lough Anaffrin, and also composed
of quartz, feldspar, muscovite and tourmaline, have been discovered here in a band
2m wide (Plate 2.2). Cutting equipment was used in the field by the present author
to section bands containing granitic material. In all of the samples examined the

granitic material. was revealed to be boudinaged veins, and not detrital in origin.

As will be further discussed in chapter 3, the lithology of the Tawneyshane
Pelite Member and its stratigraphic position lying above a marble unit and
overlain by a thick homogenous quartzite unit (the Leckee Quartzite Formation)

strongly suggests that it is a correlative of the Port Askaig Tillite.






- 2.1.2 Leckee Quartzitic Formation

The Leckee Quartzitic Formation consists dominantly of white to light-grey
quartzite, and is the most distinctive and readily identifiable unit in the Ox Moun-
tains. The unit is well exposed along the southeast of the granodiorite between (M
1525 9500) and (G 3970 1465), and in a number of rafts within the granodiorite. It
undergoes rapid tectonic thickness variations from approximately 2300m at Lough
Anaffrin (M 1675 9615) to 580m at Lough Talt (G 3970 1465), where it forms the
core of a major F3 fold. It is generally highly deformed; original sedimentary
structures are therefore rare and generally obscure. The only area in which the
way up of the unit can be determined with any confidence is a small area north
of the Tawneyshane Pelite Member at Lough Anaffrin (M 1685 9641), (Figure
2.5), where heavy mineral bands emphasise lithological banding, enabling cross-
laminations to be observed (Plate 2.3-2.4) In this area the sedimentary structures
indicate that the beds are downwards facing in S3, that is they young to the

northwest, and prior to F3 folding the rocks were inverted and dipping southeast.

Long and Max (1977), cite way up evidence within the Leckee Quartzitic
Formation south of the Tawneyshane Pelite Member that indicates that the beds
are upwards facing in S3, that is they young away to the southeast. This implies
that this unit is exposed within the core of an F2 antiform, as F3 minor structures
consistently verge to the northwest in this part of the section. Although the area
was mapped in detail during the present study, the present author was unable
to locate these examples, hence the stratigraphic succession developed in this
chapter, with the Tawneyshane Marble Member at its base, is based on additional
criteria such as the bilateral symmetry of the Tawneyshane Pelite Member and
regional stratigraphic correlation and not on the three examples of sedimentary
way up evidence from northwest of the Tawneyshane Pelite Member, which alone
cannot distinguish between the possibility of the presence of an F2 fold and a

stratigraphic lens.
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As exposure of the Tawneyshane Formation has a very limited lateral extent,
it is extremely difficult to determine the position of the F2 fold axis and hence
the location of the base of the Leckee Quartzitic Formation further to the north-
east and southwest. At Lough Anaffrin, the basal part of the formation consists
dominantly of a flaggy, muscovite rich, white-weathering quartzite, with minor
associated bands of psammite and orthoquartzite which rarely exceed 20cm in
thickness. Rare cross-laminations are seen where heavy mineral bands have em-
phasized lithological banding. The formation was regarded previously as entirely
composed of quartzite, hur several aluminous pelite and semi-pelite bands
have been discovered by the present author close to the stratigraphic base of the
formation at Callow Loughs (G 3052 0392), where large sillimanite porphyroblasts
(maximum length 5cm) are present. These have also been observed at Coolagagh
(G 2980 0470), and are the product of the thermal metamorphism resulting from

the intrusion of the granodiorite.

Quartzitic grits, containing quartz grains up to 6mm in diameter are rare, and
are only observed at (M 1882 9722), (M 1887 9724) and (G 3328 0575), in the
upper part of the formation which is generally purer and more massively bedded
than the base. Calc-silicate schists, white to pale-green in colour, composed of
diopside, actinolite, epidote, biotite and microcline are also concentrated towards
the top of the formation and occur east of Crummus (G 3925 1468) and Kilmore
(G 2803 0131) where they reach a maximum thickness of 10m. Due to poor
exposure it is not possible to trace these calcareous units for any distance along

strike.

For most of its exposed length the southeastern boundary of the Leckee
Quartzitic Formation is marked by the Lough Talt Slide which separates the
upper part of the formation from the Ummoon Formation to the southeast. The

upper boundary of the formation is also exposed at Lough Talt at the northern
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end of the granodiorite, where it lies on the northwest dipping limb of the ma-
jor F3 fold that forms the core of the inlier. In this area the Lough Talt Slide
is absent and the Leckee Quartzitic Formation is separated from the pelites and
semi-pelites to the northwest (discussed in detail in area 3), by a unit comprising
pelite, semi-pelite, feldspathic psammite, and dark weathering quartzite. This
unit which is termed the Leckee Transition Member (section 2.2.1), is not present
on the southeast side of Crummus (G 3947 1475), where the Lough Talt Slide
(section 4.3.5.1) brings quartzites of the Leckee Quartzitic Formation into abrupt
tectonic contact with pelites, semi-pelites and psammites of the Ummoon Forma-
tion. It provides critical evidence for the correlation of the rocks exposed on either

side of the granodiorite, (areas 1 and 3)

2.1.3 Ummoon Formation

The Ummoon Formation is exposed over a greater area than any of the other
stratigraphic units in the Ox Mountains and underlies some 190km2 of the area
between Slievenagark Lough (M 1460 9320) in the southwest to its tectonic contact

with the granulites of the northeast Ox Mountains to the north at the Ladies Brae.

The unit is dominantly semi-pelitic in character with subsidiary psammite
and pelite, and lacks any distinctive features or marker horizons that enable it to
‘be distinguished easily from units in the Ox Mountains such as the Lismoran For-
mation which also dominantly consists of monotonous banded psammites, semi-
pelites and pelites. As a result, some areas have been interpreted as comprising
the Lismoran Formation by some workers, and as representing the Ummoon For-

mation by others.

The Ummoon Formation was originally distinguished from the Lismoran For-
mation by Taylor (1968), who noted that the former unit was more pelitic in

nature. He observed that it was separated from the Lismoran Formation by the
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Glennawoo Slide, except for a'émall area at Toomore (G 2978 0125), where he
recorded a normal stratigraphic boundary between the two formations. Phillips
et al (1975) also described this boundary as gradational and arbitrarily defined
the base of the more psammitic Lismoran Formation as the incoming of psammite
bands > 1m in thickness, which approximately coincided with the location of the
Glennawoo Slide. Andrews et al. (1978), added to this definition the criterion of
garnet size, as they regarded the Lismoran Formation to be characterised by the
presence of garnets < 2mm in diameter and the presence of psammite bands >
1m in thickness. They used this criterion to map out a sinuous boundary between
the two formations in the poorly exposed area around the headwaters of the Mad,

Moy and Owenboy rivers southwest of the Ladies Brae Fault.

The differences between these two formations in the Ox Mountains was con-
sidered to be a relatively minor problem until the work of Winchester et al. (1988),
who studied the geochemistry of the metavolcanic units within each of the for-
mations. On the basis of this study they regarded the rocks on either side of
the Glennawoo Slide as belonging to two different tectono-stratigraphic terranes.
They do not regard the great lithological similarity between both units as signifi-
cant and drew up a further list of four characteristics to distinguish between the

two formations (Figure 2.6).

1. While the basic sedimentological characteristics of bed thickness and grainsize
are accepted as valid criteria on which to differentiate between the two formations,
it should be emphasised that that the definition of the Ummoon Fm as lacking the
psammite bands > 1m thick, that characterise the Lismoran Fm is an arbitrary
one. There is a gradual decrease in the psammite contact of the metasediments of
the Lismoran Fm towards the southeast. This boundary is therefore an arbitrary
marker on a gradual lithostratigraphic trend and does not represent a sudden

change in sedimentary environment.
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FIG 2.6

Table 1. Lithological characteristics which collectively distinguish between the Ummoon and

Lower Lismoran Formations

Ummoon Formation

Lower Lismoran Formation

1. Interbedded pelite, semi-pelite, psammite,
feldspathic semi-pelite, feldspathic psammite,
with rare graphitic schist. pebbly grit and
quartzite. Dominantly banded semipelitic
schist. Beds commonly 5-50 cm thick. No
thick psammitic or feldspathic psammite beds
over I m thick.

2. Presence of aluminous pelites with large
almandines 1-3 cm in diameter, sometimes
with staurolite up to 1 cm long. North-
eastwards from Zion Hill pale blue kyanite
with whitish edges is also present. West of the
Knockaskibbole Fault chloritoid and not
staurolite is present. Plagioclase + quartz +
white mica + biotite + almandine + stauro-
lite £ kyanite is a common assemblage.
Kyanite rarely attains lengths exceeding 3 cm,
commonly being up to 1 cm long. Pale green
micaceous shimmer aggregate commonly has
partly replaced kyanite and staurolite.

3. Metamorphic grade is staurolite/kyanite
(lower) amphibolite facies, except west of the
Knockaskibbole fault. ‘

4. Basic metavolcanic member (Newantrim
Member) near base of formation. close to
tectonic contact (Lough Talt slide) with the
Leckee Quartzitic Formation.

1. Generally more psammitic than the
Ummoon Formation. with thicker psammite
and feldspathic psammite beds than those in
the Ummoon Formation, commonly >1m
thick. Rare pebbly grits and graphitic schists.

2. Garnets are <5 mm, and most commonly
<2 mm in diameter. Staurolite is apparently
absent, except possibly adjacent to the
Glennawoo slide zone where it may be difficult
through lack of outcrop to locate the slide
exactly. Kyanite is apparently absent.

3. Metamorphic grade is believed to be
epidote amphibolite facies (quartz-albite-
epidote—almandine grade).

4. No basic metavolcanic units.

NOTE: Big garnet (+staurolite + kyanite) pelite is generally considered diagnostic of the
Ummoon Formation. but its absence may not be taken to identify Lower Lismoran Formation
since, as even in well exposed areas, undisputed Ummoon Formation may reveal little or no

big garnet pelite.

After Winchester et al. (1988)




2. The occur n;&lce and size of metamorphic index minerals depends on a number
of factors, such as reaction and growth kinetics, the bulk rock geochemistry and
on the P-T path. In the Ox Mountains the changes in the latter do not coincide
with stratigrapic boundaries. This is clearly demonstrated by the difference in the
metamorphic grade of the Ummoon Formation which has been subject to green-
schist facies metamorphism west of the Knockaskibole Fault, but metamorphosed
under amphibolite facies conditions to the east. Therefore this is not considered
by the present author to be a valid criterion on which to distinguish between

formations.

3. The metamorphic grade of the formations is defined by the presence of various
metamorphic index minerals and will therefore be unsuitable for differentiating

between formations, for the reasons discussed in 2. above.

4. The statement of Winchester et al. (1988) that the Lismoran Formation can be
distinguished from the Ummoon Formation as the former lacks a basic metavol-
canic unit is greatly misleading. While it is true that no metavolcanic unit is
present within the Lower Lismoran Formation, the Lismoran Formation is divided
into an upper and lower formation which are separated by the Callow Member, a

major metavolcanic unit.

In summary, the last three points proposed by Winchester et al. (1988) are not
considered to represent valid criteria to distinguish between the two formations.
The present author has therefore retained the arbitrary division between the two
formations originally proposed by Phillips et al. (1975), and considers that the
Ummoon Formation passes into the Lismoran Formation via a sedimentary tran-
sition and notes that this boundary is an arbitrary one separating stratigraphic

units which are very similar.

As the Ummoon Formation on the southeast side of the granodiorite is sep-

arated from the Leckee Quarzitic Formation to the northwest by the Lough Talt
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Slide, way up criteria from within this quartzite unit cannot be used to infer
the way up of the Ummoon Formation. No sedimentary structures have been
observed in the Ummoon Formation by previous workers or during the present
study. The structurally lowest part of the formation exposed in area 1 outcrops
immediately southeast of the Lough Talt Slide at (G 2870 0065), where myloni-
tised quartzites of the Leckee Quartzitic Formation are brought into contact with
the psammites, semi-pelites and pelites of the Ummoon Formation. Pelite and
semi-pelite bands predominate, forming 60-70% of the outcrop, while psammite
and feldspathic psammite bands generally < 1m thick (average 50cm) make up

the remainder of the exposure.

Schistose amphibolite of the Newantrim member (Long 1977) occurs 50-100m
southeast of the Lough Talt Slide. The amphibolite which is exposed intermit-
tently along a strike length of approximately 77km, exhibits considerable thickness
variation, from 45m east of the Knockaskibole fault (M 1470 9307) to 1m at Callow
(G 3135 0225), to approximately 50m at Lough Minnaun (M 5220 2320). Ellip-
tical masses of amphibolitic material up to 25cm in diameter, contained within
a matrix of schistose amphibolite consisting of hornblende, plagioclase and epi-
dote, were recorded by Long and Max (1977) at Slievenagark Lough (M 1470
9307). They interpretated these masses as volcanic bombs. Unfortunately the
amphibolite facies metamorphism has obliterated any original igneous textures,

iothe masses therefore lack chilled margins or internal structures that might be used
to determine if they represent bombs or pillows. However either possibility is in-
consistent with the intrusive origin proposed for the unit by Phillips et al (1975).
The geochemistry of this and other metabasalts in the inlier and the implications

for terrane accretion models are discussed in chapter 6.

Lithologies present southeast of the Newantrim member are generally less
pelitic than those northwest of it. Pebble beds, composed of quartz pebbles up
to 4cm in diameter are developed at the Mad River (G 4800 1953) and at Lough
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Easky, (G 4557 2050) where they are interbanded with thin graphitic pelite and
pelite beds containing large garnet porphyroblasts. The thickness and propor-
tion of psammite and feldspathic psammite bands gradually increases towards the
Glennawoo Slide. On the southeast flank of the inlier this major tectonic discon-
tinuity coincides with the boundary of the Ummoon Formation and the Lismoran
Formation, arbitarily defined by Phillips (1975) as the incoming of psammite and
feldspathic psammite bands more than 1m in width. Detailed mapping conducted
during the present study does not support the conclusion of Andrews et al. (1978),
that the boundary between the Ummoon and Lismoran Formations follows a sin-
uous course in the area south of the contact with the granulite facies rocks of
the northeast Ox Mountains. The Glennawoo Slide which here separates the two
formations, changes its orientation from a northeast to an easterljy trajectory, and
passes out of the inlier beneath the Carboniferous cover sequence north of Clona-
cool and Tubercurry, approximately 1km east of the River Moy (G 5350 2157).
The area at the upper reaches of the Mad, Moy, and Owenboy rivers is therefore

considered to be entirely underlain by rocks of the Ummoon Formation.

For almost all of its outcrop length the Ummoon Formation is separated from
the Lower Lismoran Formation exposed to the southeast by the Glennawoo Slide.
The single exception to this is on the northern slopes of Knockachree (G 5120
2874), where there is a gradational interbanding of garnet-staurolite semi-pelites
and pelites of the Ummoon Formation with the feldspathic psammite, and gar-
netiferous semi-pelite of the Lower Lismoran Formation. In this area although the
rocks are pervasively deformed there is no evidence for the existence of a major
tectonic discontinuity or slide. The presence of this transitional contact between
the Ummoon Formation and the Lismoran Formation is of critical importance, as
it establishes a stratigraphic link between the two formations which Winchester et
al (1988) regard as belonging to different tectono-stratigraphic terranes, separated

by the Glenawoo Slide which they regard as a major terrane boundary.
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Detailed mapping reveals that the pelitic and semi-pelitic rocks exposed on
the northwest side of the inlier (Attymass Group of Taylor (1968)) overlies a unit
containing a wide range of lithologies (the Leckee Transition Member, section
2.3.1), that is in stratigraphic contact with the Leckee Quartzitic Formation to
the SE. The SE margin of the exposure of Leckee Quartzitic Formation, is marked
by a syn-metamorphic discontinuity, the Lough Talt Slide. This structure can be
traced for 55km SW along strike, and cuts out an unknown amount of stratigraphy,
to bring the pelites, semi-pelites and psammites of the Ummoon Formation into
contact with the Leckee Quartzitic Formation. The present writer considers that
this structure has cut out the Leckee Transition Member and an unknown amount
of the base of the Ummoon Formation from the SE flank, thus accounting for the
apparent difference in stratigraphy on either limb of the major upright fold whose

axis is parallel to strike and contained entirely within the Leckee Quartzitic Fm.

On the northwest side of the inlier, at Knockachree (G 5120 2874), pelites,
semi-pelites and psammites of the Ummoon Formation pass upwards via a transi-
tion into a more psammitic unit, consisting of pale plagioclase rich psammite with
minor feldspathic semi-pelite, originally identified as Leckee Quartzitic Formation
by Andrews et al. (1978). The highly feldspathic nature of both the psammitic and
semi-pelitic lithologies, and absence of any pure quartzite bands, are consistent

with the identification of this upper unit as Lower Lismoran Formation.

2.1.4 Lismoran Formation

The Lismoran Formation, is well exposed along the southeast side of the inlier
between Slievenagark Lough (M 1470 9290) and the Mad river (G 4815 1920). In
addition, areas of feldspathic psammite and feldspathic semi-pelite at Glennawoo
(G 4070 1280) and Knockachree (G 5200 2874), mapped by Andrews et al. (1978)
as Leckee Quartzite lacks the pure orthoquartzite that characterise this formation,

and have therefore been re-interpreted as Lismoran Formation. A further area
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of the formation has been identified at Ummoon (G 2900 0005), south of the

Glennawoo slide, that was previously regarded as Ummoon Formation by Taylor

(1968).

Taylor (1968), working in the central Ox Mountains originally divided the
Lismoran formation into an upper and lower unit. It must be stressed that this
division is an arbitrary one based on the existence of the Callow Member within
the formation: it does not coincide with an abrupt change in the lithological char-
acteristics of the upper and lower units which are extremely difficult to separate
on lithological grounds alone. In areas where the Callow Member is not exposed,
it is only possible to distinguish the upper and lower parts of the formation by
examining a large number of outcrops and assessing the relative proportions of
semi-pelite and psammite present, as the upper part of the formation can usually

be distinguished from the lower by its slightly more semi-pelitic character.

The Lismoran Formation shows remarkably little lateral variation in lithology
throughout its exposure length of at least 70km. The unit has experienced perva-
sive deformation throughout all of its outcrop, therefore no sedimentary structures

have been recorded.

2.1.4.1 Lower Lismoran Formation : The structurally lowest part of the Lis-
moran Formation is exposed on the northern slopes of Knockachree (G 5120 2874),
where it is represented by grey-green garnetiferous, banded semi-pelite (20cm-1m
thick), interbanded with bands of psammite and feldspathic psammite (commonly
>1m thick), which make up to 60% of the formation. The lateral extent of ex-
posure in this area is limited by extensive peat cover, therefore information on
the lithostratigraphy of the remainder of the formation must be obtained from
the extensive area of exposure on the southeast side of the granodiorite, southeast
of the Glennawoo Slide. At Callow Lough Upper (G 3170 0300), good exposure

enables an almost continuous section to be examined through the formation from
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its tectonic contact with the Ummoon Formation to the northwest, to the Cal-
low Member to the southeast. Here dark-greenish-grey thick bands of feldspathic
psammites (commonly >1m thick) dominate forming up to 60% of the outcrop,
these are interbanded with garnetiferous feldspathic semi-pelites and pelites, that
are occasionally tourmaline bearing and often contain a small amount of opaques.
The proportion of pelite and semi-pelite gradually increases towards the contact

with the Callow Member .0 the southeast.

2.1.4.2. Callow Member: The Callow Member is exposed along a strike length
of 67km from Shanvolley (G 1650 0101), to Sussuecommon (G 4602 1507), and is a
black schistose amphibolite composed of hornblende, plagioclase, epidote, quartz,
chlorite and sphene. Irregularly shaped calcite veins and pods of yellowish-green
epidote (up to 12cm in diameter) are common and occur in layers parallel to the
intense tectonic fabric developed throughout the unit. Phillips et al. (1975) de-
scribe a 10m wide zone of increased strain along the southeast side of the member
as a D2 tectonic slide (D3, in the present chronology). Detailed mapping has re-
vealed a comparable increase in strain along the northwest contact with the Lower
Lismoran Formation (Fig 2.4). The present writer considers that these local in-
creases in strain result from the rheology contrast between the more competent
amphibolite and the less competent semi-pelite and psammite of the metasedi-
ments. These high strain zones are concordant with lithological banding in the
metasediments and do not appear to have cut out any stratigraphy, they are

therefore not mapped as significant tectonic breaks by the present author.

Andrews et al. (1978), regard the unit as intrusive in origin and cite cross-
cutting relationships with the metasediments of the Lismoran Formation at Sues-
suecommon (G 452 155), in support of this. This conclusion is not accepted by the
present author as no examples of intrusive relationships were observed during the
present detailed study of this area. In addition, the Callow Mem-ber everywhere

appears to be parallel with the lithological banding in the metasediments that
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form its northwest and southeast boundary. The extrusive origin of the Callow
Member  is confirmed by the discovery of a number of large elliptically shaped
clasts of volcanic material at Callow (G 3374 0430) which range in size between 25
and 50cm in diameter, and are randomly distributed in and supported by a ma-
trix of schistose amphibolite. These clasts are randomly distributed in the matrix
and do not occur in parallel trains. In addition their long axes make a moder-
ate angle to the well developed foliation in the matrix. Together these features
effectively eliminate the possibility that they represent boudins of an originally
coherent body. Similar clasts were recorded in the Newantrim Member by Long
and Max (1977), who considered that they were volcanic bombs. The amphibolite
facies metamorphism and deformation has totally obliterated the original igneous
textures, they therefore lack chilled margins or internal structures that might be
used to determine their origin. With the absence of internal textural evidence
it is difficult to determine whether the clasts represent bombs or pillow basalts
that have subsequently been reworked. While their large size and narrow size
distribution suggests that their origin may have been as pillows, they lack the fea-
tures such as concentric cooling joints and an interlocking or keystone geometry
that would make a positive identification possible. The geochemical correlation
of this unit and the Newantrim Member with the other Dalradian metavolcanic
suites in W Ireland, and its implication for terrane accretion models within the

Ox Mountains is discussed in chapter 6.

2.1.4.3 Upper Lismoran Formation: The Upper Lismoran Formation is
extremely difficult to distinguish from the lower part of the formation which is
lithologically very similar. Both parts of the formation consist of greenish-grey
semi-pelite and feldspathic semi-pelite interbanded with thinner bands of psam-
mite and feldpathic psammite. Excellent exposure enables an almost continuous
section to be examined through the unit at Lismoran (G 3250 0250), where a grad-

ual decrease in proportion and thickness of psammite and feldspathic psammite
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bands can be observed towards the southeast. A 40m exposure gap separates the
Cloonygowan Formation from the most northeasterly exposure of the Upper Lis-
moran Formation. The 700m thickness of sediment exposed therefore represents

a minimum thickness estimate.

2.2 THE LINK BETWEEN THE STRATIGRAPHY OF THE NW
AND SE SIDES OF THE GRANODIORITE : AREA 2

The Ox Mountains Granodiorite and rocks of area 2 separate the Leckee
Quartzitic formation of the south east side of the inlier (area 1) from the pelite,
semi-pelite and psammite of area 3, (Attymass Group of Taylor (1968), Ellagh-
more, Killgellia and Carrick O’ Hara and Leckee Quartzitic Formations of Andrews
et al. (1978)). The rocks of area 2 are very distinctive and consist of rapidly alter-
nating bands of calc-silicate s‘chist, pelite, semi-pelite, dark psammite, quartzite
and schistose amphibolite, here termed the Leckee Transition Member. This mem-
ber is exposed at Tawnyany (G 3785 1582) and on Benalta (G 3840 1630). This
area of exposure provides the critical link between the stratigraphy exposed on
either side of the granodiorite (areas 1 and 3), and is the stratigraphic basis for re-
garding the Attymass Group (Taylor,1968) as a direct equivalent of the Ummoon

Formation southeast of the granodiorite.

2.2.1 Leckee Transition Member

Metasediments of the Leckee Transition Member are exposed between (G 3787
1606) and (G 3925 1490) south of the Gap (G 3787 1625) and on Benalta (G 3867
1650) to the north, where they comprise rapidly alternating bands of calc-silicate
schist, pelite, semi-pelite, dark psammite, quartzite and schistose amphibolite.
The contact of the Transition Member with the structurally underlying Leckee
Quartzitic Formation is not exposed; the boundary between the two units is there-

fore defined arbitrarily by the first occurrance of massive pale quartzite, in the
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structurally lowest part of the unit, which occurs on Crummus (G 3922 1480).
The most complete section through the member is exposed on Benalta (G 3867
1650), where pelite, semi-pelite and minor psammite bands pass up into 2 15m
thick band of calc-silicate schist that can be traced for 1500m east along strike in
gently dipping beds. Further bands of calc-silicate (closely associated with and
commonly interbanded with thin bands of amphibolite 1-10cm thick) are present
further up the sequence which is dominated by semi-pelite and dark psammite
bands which are generally < 5m thick, and are dark grey, in contrast to the very

pale psammite of the Leckee Quartzitic Formation.

Thicker amphibolite units are more common towards the structurally highest
parts of the unit, which gradually passes upwards into the more homogeneous
pelites and semi-pelites of the Ummoon Formation (Attymass Group of Taylor

(1968)), exposed to the northwest.

These metasediments have been identified as Attymass Group, Ummoon For-
mation and Leckee Quartzitic Formation by Taylor (1968), and as Attymass Group
and Leckee Quartzitic Formation by Andrews, Phillips and Molloy (1978), both
of whom proposed complex structural models (discussed fully in chapter 4) to
account for the observed stratigraphy. This interpretation implies extreme facies
variation within the Leckee Quartzitic Formation as it requires the highly variable
pelite, semi—pelite, psammite, limestone and amphibolite exposed at Tawneyany
(G 3785 1582), to be stratigraphic equivalents of the homogenous pure white
quartzite of the Leckee Quartzitic formation exposed on Benalta (G 3867 1650).

The interpretation, by the present author, of these metasediments as a tran-
sition member or lateral facies variation within the Leckee Quartzitic Formation
greatly simplifies the stratigraphy and is consistent with the observed structure.
The structural model for this area is discussed fully in chapter 4, where it is shown
that vergence data indicate the presence of a major F3 antiformal hinge located

within the Leckee Quartzitic Formation exposed on Crummus. On the southeast
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side of this structure the Lough Talt Slide brings the Ummoon Formation into
tectonic contact with the Leckee Quartzitic Formation cutting out the Leckee

Transition Member.

2.3 STRATIGRAPHY NORTHWEST OF THE GRANODIORITE, L
CONN - TAWNANEILLEEN : AREA 3

A large area of metasediments is exposed on the northwest side of the inlier
between the eastern shore of Lough Conn (G 2100 0700) and Knockachree (G 5162
2857). For most of its exposed length Carboniferous cover forms the northwest
limit of exposure. However at Lough Brohly (G 3100 1475) rocks of the North
Mayo Inlier (Long and Max 1977) are exposed in close proximity to the rocks of
the Ox Mountains Succesion to the southeast. The boundary between the units is
not exposed. The Granodiorite and areas of blanket peat separate this area from

the rocks of area 1 for the entire length of the inlier.

Long and Max (1977), consider that these rocks are equivalent to the Um-
moon Formation southeast of the granodiorite, whereas Andrews et al. (1978),
consider that they are stratigraphically below the Leckee Quartzitic Formation,
which they believe structurally overlies them. The absence of distinct marker
horizons makes lithostratigraphic correlation between both areas difficult, how-
ever when considered alongside the structural evidence discussed in Chapter 3,
the lithological characteristics of the rocks of area 3 described below is consistent

with their identification as Ummoon Formation.

2.3.1 Leckee Transition Member (Corradrishy Quartzite after Taylor, (1968))

A thinly banded (generally < 1m thick), greenish grey psammite and quartzite
unit, (the Corradrishy Quartzite, Taylor (1968)), is the structurally lowest unit
exposed along the northwest flank of the inlier. The Ox Mountains Granodiorite

forms the south west limit of its exposure at Roosky Lough (G 2900 0992). The
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base of the unit is not exposed, therefore the 80m thickness of metasediment
exposed represents a minimum thickness for the formation. The proportion and
thickness of psammite bands rapidly decreases upwards from 10-30cm, (average
20cm), at north of Corradrishy (G 2789 0906), where they make up to 95% of the
exposure, towards the transitional contact with the structurally overlying dark-
grey pelites and semi-pelites of the Attymass Group north of Corradrishy (G 2789
0906).

This thin unit was assigned formation status by Taylor (1968), who consid-
ered that it represented the base of the Attymass Group. Long and Max (1977)
included these metasediments which they termed the Corradrishy Member, within
the Cappagh Formation (which they regarded as containing all of the Attymass
Group of Taylor), and concluded that their stratigraphic position was uncertain.
The present author considers that this unit is most easily explained either as as
part of the upper part of the highly variable Leckee Transition Member or a lateral

facies transition within the Ummoon Formation, which structually overlies it.

2.3.2 Ummoon Formation (Attymass Group after Taylor, (1968); Ellaghmore,
Kilgellia and Carrick O’ Hara Formations after Andrews et al. (1978)).

A thick sequence of pelites, semi-pelites and psammites is discontinuously ex-
posed along the northwest side of the inlier, along a strike length of 30km from
Dlannaglashy (G 2100 0640) in the southwest, to Tawnaneilleen (G 4130 2174)
in the northeast. The structurally lowest part of the unit is exposed north of
Lough Talt, on the northwest slopes of Benalta (G 3825 1700) and further along
strike to Tawnaneilleen to the northeast, where the rapidly alternating sequence
of feldspathic pelite, semi-pelite, psammite, calc-silicate and amphibolite of the
Leckee Transition Member pass upwards into coarse, pale weathering, muscovite
rich pelites with garnet porphyroblasts (maximum dimension 2cm), and staurolite

(maximum dimension 5mm). There is no indication that this contact is tectonic.
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Minor feldspathic psammite bands are also present however and are normally <
50cm thick and constitute < 20% of the outcrop. Rare calc-silicate lenses, contain-

ing diopside, tremolite, clinozoisite and sphene are also present at Tawnaneilleen

(G 4130 2174).

At (G 3775 1620), south of the Gap, a small (1.5 x 2.5km) granite body forms
the northeast extremity of the Ox Mountains Granodiorite and separates semi-
pelites, pelites and calc-silicates of the Leckee Transition Member from garnet-
feldspar pelites, semi-pelites and psammites of the Ummoon Formation to the
west. The latter lithologies can be traced to Illannaglashy, approximately 20km
to the southeast, and also in rafts within the Granodiorite. The contact with the
structurally underlying Leckee Transition member is therefore not exposed. The
dark, garnetiferous, quartz, biotite, muscovite, chlorite, tourmaline bearing pelites
exposed at the structurally lowest levels close to the Granodiorite, rapidly grade
up into more semi-pelitic and psammitic lithologies with psammite bands (5-50
cm thick) typically forming 30% of the exposure. The most psammitic lithology
present is exposed at Carrowdoogan (G 3130 1200), where psammite bands up to
1m thick make up to 50% of the exposure. Structurally above this the metasedi-
ments become more pelitic and tourmaline rich. The structurally highest parts of
the formation are exposed closest to the boundary with the Carboniferous rocks to
the northwest, where garnetiferous pelites and semi-pelites again dominate the ex-
posure forming approximately 50% of the outcrop. The contact with the overlying

Lismoran Formation is not exposed on the northwestern side of the granodiorite.

2.4 STRATIGRAPHY OF SHANVOLLEY, WEST OF THE KNOCK-
ASKIBOLE FAULT: AREA 4

Area 4, in the southwest Ox Mountains is separated from the rest of the

inlier by the Knockaskibole fault. The metasediments exposed within the area are
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highly deformed and the original stratigraphic contacts between units have been
obliterated and are now expressed as tectonic slides. Way up criteria have not
been observed. The presence of marker horizons; the Leckee Quartzitic Formation,
the Newantrim and Callow Members indicates that the stratigraphy of the area

represents a continuation of that exposed in area 1, east of the Knockaskibole

fault.

2.4.1 The Leckee Quartzitic Formation

The Leckee Quartzitic Formation is the structurally lowest stratigraphic unit
exposed in the area. It shows no significant change in lithology from its type

locality in area 1, and is everywhere a white weathering, homogeneous, quartzite.

2.4.2 The Ummoon Formation

The Lough Talt Slide separates the Leckee Quartzitic Formation from struc-
turally overlying psammites, semi-pelites and pelites of the Ummoon Formation,

in which the Newantrim Member, a thin metavolcanic unit is sporadically exposed.

2.4.3 Lismoran Formation

Psammite, semi-pelite and pelite of the Lower Lismoran Formation is in tec-
tonic contact with the Ummoon Formation. The Callow Member is sporadically
exposed close to the structurally highest part of the formation, which indicates

that only the lower part of the Upper Lismoran is represented.

2.5 IDENTITY OF THE METASEDIMENTS OF TULLYCOMMONS:
AREA 5

The metasediments of area 5 are in fault contact with those of the Ox Moun-

tains Succession of area 4 to the north, and the Cloonygowan Formation of area
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6b to the east. Carboniferous rocks onlap to the south and southwest, while the
contact with the rocks of the North Mayo Inlier that forms the northwest margin

of the area, is not exposed.

Exposure within the area is very poor and restricted to a number of small, iso-
lated outcrops. The metasediments comprise psammites, semi-pelites and pelites
interbedded on a scale of 10cm-1m. Semi-pelite and pelite predominate over
psammite which forms < 40% of the exposure. The absence of lithostratigraphic
marker horizons precludes positive identification of the stratigraphy. It does how-
ever have lithostratigraphic similarities with the banded psammite, semi—pelite
and pelite of the Lismoran Formation, and also exhibits an similar tectonic con-
tact to that between the Cloonygowan Formation and the Lismoran Formation at
Callow. The high proportion of semi—pelite and pelite to psammite observed in
the area suggests correlation with the upper part of the Lismoran Formation. It
is also possible that these metasediments represent a higher stratigraphic level of

the Lismoran Formation than exposed in area 1.

2.6 CLOONYGOWAN and ARDVARNEY : AREAS 6a and 6b (The

Cloonygowan Formation)

The lower greenschist facies metasediments of the Cloonygowan Formation
were originally described by Taylor (1968) at Cloonygowan (G 3300 0200). Long
and Max (1975) described similar lower greenschist facies rocks at Ardvarney, (M
1525 9500) which they named the Ardvarney Formation. These metasediments
clearly represent part of the same stratigraphic unit and are therefore included in
the Cloonygowan Formation, the term Ardvarney Formation being discontinued

by the present writer.

The contact with the Ox Mountains succession is everywhere tectonic the

base of the formation therefore is not observed. The stratigraphic relationship
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of the lower greenschist facies rocks of the Cloonygowan Formation to the higher
grade Ox Mountains Succession is unknown. At Cloonygowan and Ardvarney an
exposure gap of a minimum of 25m separates the two units which are lithologically
distinct. The conclusion of Phillips et al. (1975), that the boundary between the
two units is a ‘gradational and probably interbanded one’ is therefore not accepted.
The top of the formation is not exposed at the present exposure level at Ardvarney
and is concealed by Carboniferous rocks at Cloonygowan. The 750m thickness of
metasediment exposed in the Clydagh River between Conloon (M 9591 1500) and
Ardvarney (M 1525 9500) is therefore a minimum thickness.

Three lithotypes can be distinguished.

1. Light greenish-grey phyllites, composed of muscovite, chlorite, quartz, albite
and pyrite.

2. Greywackes composed of 5-10% pebbles of plagioclase and commonly opalescent

quartz set in a fine-grained matrix of chlorite, quartz, plagioclase and pyrite.

3. Coarse Greywackes, consisting of 25-60% pebbles of maximum diameter 4cm

set in a fine grained matrix of chlorite and quartz.

Beds vary in thickness between 0.2m and 3.0m (average 1m). They are poorly
sorted and consist of a wide variety of grain sizes. The thicker beds have a very
coarse base with pebbles of vein quartz, feldspar and pelite fragments with a
maximum diameter of 4cm. These show an overall grading from base to top, most
clearly seen in the Clydagh River (M 1523 9540). Generally smaller grains of blue
opalescent quartz are common in the medium grained beds. Purplish phyllite beds

reach a maximum thickness of 12m at (M 1523 9530).

The isolated outcrop of amphibolite at (M 1433 9367) that was described
by Long and Max (1977) as part of the Ardvarney Formation is considered to
represent part of the basic lithologies present along the Knockaskibole fault. No

other amphibolite has been recorded from the Cloonygowan Formation.
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The poorly sorted nature of the sediment suggests that deposition was rapid,
and is consistent with a turbiditic origin for the formation. The sedimentological
environment and stratigraphic position of the Clooygowan Formation is discussed

in chapter 3.

2.7 THE OX MOUNTAINS IGNEOUS COMPLEX

The Ox Mountains Igneous Complex comprising the Ox Mountains Granodi-
orite, Lough Talt and Lough Easky adamellites was intruded in two main phases.
Intrusion of the Ox Mountains Granodiorite, which forms the core of the inlier at
478 + 12 Ma., Pankhurst et al. (1976), Max and Long (1977), was followed by
the intrusion of the adamellites, dated by Long, Max and O’Connor (1984) at 401
+ 33 Ma.

2.7.1 Ox Mountains Granodiorite

The Ox Mountains Granodiorite is exposed in the centre of the inlier along a
strike length of 29km, between Crumlin (M 1660 9765) in the southwest and the
Gap (G 3787 1625) in the northeast. It is a maximum of 6km wide and hence is
elongate in shape along a northeast-southwest axis, parallel to the regional strike.
Exposure is good on the high ground northeast of Foxford and excellent along the
clean glaciated surfaces around the shore of Lough Cullin and the south shore of
Lough Conn. However exposure is very poor in the area southeast of Lough Talt,
where large areas of blanket peat are developed on the gentle upper slopes of the

Ox Mountains.

The Ox Mountains Granodiorite comprises four main lithotypes, of which gra-
nodiorite forms the greatest part. The intrusive history of the igneous complex
has been determined (McCaffrey pers comm.) by examining cross-cutting sheet-

ing relationships. This suggests that intrusion of granodiorite and appinite was
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preceeded by the intrusion of granitic material and suceeded by the intrusion of

tonalite.

Granite is concentrated on the northwest side of the intrusion. Large (approx-
imately 1 x 2 km) oblate bodies of granite are exposed at (G 3760 1626) west of
Lough Talt and at (G 2418 0691) southeast of Tawnnaghman where it is gener-
ally white to pale pink in colour and composed of medium grained alkali feldspar,
quartz, biotite and plagioclase. Muscovite is commonly present at its contacts
with other lithologies. A narrow zone consisting of sheets of granite generally <
5m thick that are intruded sub-parallel to the regional S3 fabric in the metasedi-
ments cut across early F'3 folds, but are themselves highly deformed by continued
D3 transcurrent deformation. This indicates that the granite is syn-kinematic

with respect to the regional D3 event.

Granodiorite which is coarse grained and grey to dark grey in appearance and
composed of alkali feldspar megacrysts (up to 3cm in length) in a groundmass of
plagioclase, biotite and quartz forms the largest component of the complex and
accounts for > 95% of its exposed area. The contact with the metasediments
is discontinuously exposed form Illannaglashy (G 2075 0608) in Lough Conn to
Bunnyconnellan East (G 3625 1627) in the northeast where it dips at approxi-
mately 45° northwest. The granodiorite intrudes the large granite sheets along
this northwestern margin and therefore is considered to slightly postdate its in-

trusion.

Along its northeastern boundary, west of Lough Talt, the granodiorite is
brought into contact with metasediments to the northeast by a minor northwest-
southeast trending fault that runs through the Gap. A 400m offset of a thin
amphibolite band demonstrates that the horizontal displacement on this struc-
ture is dextral. Its vertical displacement cannot be measured, however is unlikely

to be large as the metasediments are lithologically very similar on both sides of the
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structure. Further to the southeast the contact with the Lough Talt Adamellite

is concealed beneath extensive peat cover.

The southeast boundary of the granodiorite is a steeply inclined and intensely
deformed sheeted contact zone. Sheets of granodiorite generally < 20m wide,
intrude metasediments of the Leckee Quartzitic Formation and the Ummoon For-
mation for several hundred metres southeast of the continuous body of granodi-
oritic material. This contact zone is discontinuously exposed along the southeast
side of the inlier from Attimachugh (G 3240 0620) to Sallagher (M 1670 9860),
and is best exposed on a small hill west of Callow Loughs (G 3050 0396) and
at (G 0357 0535), along the Foxford;Swinford road. The contact itself has been

mapped where the proportion of metasediments exceeds 50% of the exposure.

The Knockaskibole Fault forms the western boundary of the granodiorite be-
tween Sallagher and Greenans (G 1680 0013), where the fault swings northeast-
wards to link with the North Ox Mountains Fault and associated high strain zones
that are located along the northwestern side of the granodiorite (Figure 2.4). This
isolates an 8km? area of granodiorite in a compressional bend in the shear zone,
and preserves the original shallowly west dipping intrusive contact between the

granodiorite and the Leckee Quartzitic Formation on Farbreiga (G 1692 0298).

Intrusion of tonalite is confined to the north west part of the granodiorite
where it is a strongly foliated dark grey medium grained rock of uniform texture
composed of plagioclase, biotite and quartz. It intrudes granite on a scale of 0.5-
2.0 metres at Pontoon (G 2150 0455), where sinistral syn-magmatic extensional
shears deform both lithotypes. Small elongate bodies of tonalite also intrude
granodiorite southeast of Lough Cullin, therefore the intrusive sequence, granite-

granodiorite-tonalite can be derived, (Mc Caffrey pers comm. 1988).

Occurance of appinitic lithologies which dominantly consist of hornblende

megacrysts within poikilitic amphibole, is confined to the south east of the in-
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lier, which coincides with the area of granodiorite sheeting in the metasediments
and most intense transcurrent deformation. The appinites generally form highly
elongate northeast-southwest trending lenses which are up to 4.5km long and
0.5km wide. The largest of these bodies is exposed at (M 1700 9486), south of
Lough Anaffrin, where it dominantly consists of hornblenqg megacrysts within
poikilitic amphibole. Diorites, quartz-diorites and dioritic hornblende also occur,
and exhibit complex veining relationships with the appinites. Appinitic lithologies
also intrude the granodiorite. At Curranara (G 2830 0308), close to the centre of
the granodiorite pluton, intricate magma mixing relationships between appinites

and granodiorite indicate that they were emplaced contemporaneously.

2.5.2 The Lough Easky and Lough Talt Adamellites

The Lough Easky pluton is small in size (6km x 2.5km), and located west of
Lough Easky ( G 4450 2300), approximately 10km north of the northern limit of
exposure of the Ox Mountains Granodiorite. It is poorly exposed and therefore
its lobate shape has been determined by mapping in the stream sections that cut
through the blanket peat cover concealing most of the pluton in the high ground
east of Lough Easky. The pluton is best exposed on the gently sloping hillside
east of the Lough, where it is a coarse grained adamellite consisting of quartz,
oligoclase, microcline (often megacrystic) and biotite. Neither lateral variations in
igneous lithology -ior xenoliths have been recorded within the pluton. Deformation
within the pluton is strongest at its margins and is best observed at (G 4487 2300),
100m east of the lough, where the greenschist facies sinistral deformation fabrics,
consisting of an alignment of ductilely deformed quartz ribbons and fractured
feldspar megacrysts are overprinted by later more discrete and relatively weak

dextral shears.

The Lough Talt Adamellite is located 4km south of Lough Talt (G 3980 1520)

where it is:‘steep tectonic contact with the Ummoon Formation to the southeast.

38



The northeast contact with the metasediments is exposed at (G 4042 1345), where
it dips gently to the southwest. Original intrusive relationships have been discov-
ered here by the present author suggesting that this boundary may represent the
base of the pluton. The northwest and southwest contacts of the intrusion are
concealed beneath extensive blanket peat; its exact size and shape are therefore
unknown. Exposure of the adamellite is best on the steep north facing cliff at (G
4042 1360) south of Lough Talt. Although similar in composition to the Lough
Easky Adamellite the Lough Talt adamellite contains a large number of micro-
diorite xenoliths which are flattened into the plane of the moderately inclined,
southeast dipping sinistral S-C deformation fabric that is developed throughout
its exposure. This fabric intensifies towards the contact with the Ummoon For-
mation to the southeast, and as with the Lough Easky Adamellite is succeeded by
discrete dextral shears. The emplacement and deformation of all of the Igneous

Complex is discussed in more detail in chapters 4 and 5.

2.8 SERPENTIV,ES

Serpentinite bodies derived from basic and ultrabasic rocks occur commonly
along or south of the Fair Head-Clew Bay Line in Ireland, Max and Riddihough
(1975), Lemon (1966), Phillips et al (1975). They were first described in the Ox
mountains by Currall (1964), who mapped several small (maximum size 10 X
10m), heavily weathered serpentinite bodies along the line of the Knockaskibole
fault between (M 1460 9355) and (M 1345 9182). Max (1988) links these bodies,
which dominantly consist of dolomite and fibrous crysotile with minor antigorite,
sericite and quartz to the serpentinites that occur along the South Clew Bay Im-
bricate Zone (SCBIZ), where serpentinised dunite-harzburgite breccias, schistose
carbonated peridotites and other basic and ultrabasic igneous rocks are in tectonic
contact with the Clew Bay Group and Deer Park Schists. Ryan et al (1983), anal-
ysed sheeted dykes and serpentinites from the SCBIZ, and concluded that they
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have the geochemical characteristics of ophiolitic material. If this conclusion is
valid and the serpentites of the southwest Ox Mountains share a common origin
with those along the south side of Clew Bay, then the Knockaskibole Fault clearly
has a greater significance than has previously been recognised. No occurrence of
the other lithologic elements, deep sea-radiolarian chert and spilitic basalts and
diabases, that characterise ophiolites have been observed in the Ox Mountains
either during the present study or by previous workers. This conclusion cannot
therefore be confirmed. There is no need to regard this fault which anastamoses
with the Clew bay fault Zone as a cryptic suture, as the serpentinite bodies could
easily represent smears of the larger bodies exposed on the south side of Clew bay

which have simply been caught up in the Knockaskibole fault.

2.9 CONCLUSIONS : The Ox Mountains tectono-stratigraphic Se-

quence

Lithostratigraphic data from the Ox Mountains have been used to develop a
tectono-stratigraphic sequence that can be applied throughout the area (Figure
2.3). This sequence is dismembered by tectonic slides, therefore the way up crite-
ria observed in the Leckee Quartzitic Formation and the Cloonygowan Formation
cannot be extrapolated into the rest of the sequence. However, despite the pres-
ence of tectonic slides, the identification of stratigraphic transitions between some

units permits a stratigraphic sequence to be established.

Way up criteria within the Leckee Quartzitic Formation indicates that this
unit is stratigraphically above the Tawneyshane Pelite Member. Identification
of the highly variable Leckee Transition Member, that represents the transition
between the Quartzite and the Ummoon Formation, establishes an important
stratigraphic link between the two formations, which are normally separated by
the Lough Talt Slide. This also establishes that the Ummoon Formation is a

direct lateral equivalent of the pelite, semi-pelite and psammite exposed on the
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northwestern side of the granodiorite (Attymass Group after Taylor, (1968); El-
laghmore, Killgellia and Carrick O’Formations after Andrews et al. (1978)), that

structurally overlies the Leckee Transition Member.

The criteria cited by Winchester et al. (1988), for distinguishing the Ummoon
Formation from the Lismoran Formation are not accepted. The present author has
retained the arbitrary division between the two formations proposed by Phillips
et al. (1975), and considers that the Ummoon Formation passes into the Lismoran
Formation via a sedimentary transition énd notes that this boundary is an arbi-
trary one defined on the thickness of psammite bands, separating units that are
very similar. There is therefore no stratigraphic basis for regarding the Glennawoo

Slide as a major terrane boundary.

The discovery of large elliptically shaped volcanic clasts within the Callow
Member, following the identification of volcanic bombs within the Newantrim

Member (Long and Max, 1977), confirms that both units are of volcanic origin.

The stratigraphic relationship of the greenschist facies rocks of the Cloony-
gowan Formation to the higher grade rocks of the Ox Mountains Succession is
unknown. At Cloonf’gowan and Ardvarney tectonic contacts separate the two
units which are lithologically distinct. The conclusion of Phillips et al. (1975),
that the boundary between them is a gradational and probably interbanded one

is therefore not accepted by the present author.

In the chapter that follows this tectono—stratigraphic sequence is correlated on
a formation to formation basis with the rocks of south Donegal which represent
the closest area of autochthonous Dalradian, and the sedimentary environment

and possible areas of sediment provenance are briefly examined.
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CHAPTER 3

REGIONAL STRATIGRAPHIC CORRELATIONS, SEDIMENTARY
ENVIRONMENT AND PROVENANCE

3.1 REGIONAL STRATIGRAPHIC CORRELATIONS

The correlation of the metasediments of the central and southwest Ox Moun-
tains (the Ox Mountains sequence developed in chapter 2) with the Dalradian
Supergroup originally proposed by Taylor (1969), and developed by Long and
Max (1977), is strongly supported by the present correlation with S Donegal, (Fig
3.1), which is the closest area of undisputed autochthonous Dalradian to the Ox
Mountains (Hutton and Dewey, 1986). This formation by formation correlation
with southern Donegal where the way up and stratigraphy are known suggests
that the tectono-stratigraphic sequence developed in chapter 2 also represents the
stratigraphic succession. This however is not accepted by Phillips et al. (1975,
1977) who regard the rocks of the central, southwest and northeast Ox Mountains
as Pre-Caledonian in age and probably as representing the Moine. The litholog-
ical basis for this model is examined critically in section 3.1.3, and the principal

reasons why it is considered by the present author to be invalid are also discussed.

3.1.1 Correlation of the Ox Mountains Sequence with southern Donegal

and other areas of the Dalradian

In this section a formation by formation correlation with southern Donegal
will be examined in detail. The regional correlation with the rest of the Dalradian

of the British Isles is summarised in Figure 3.2.
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THE PORT ASKAIG TILLITE FORMATION : The Port Askaig Tillite
(Kilburn et al., 1964; Spencer, 1969; Howarth, 1971) is recognised over 700km
of outcrop of the Dalradian of Scotland and Ireland and maintains its overall
characteristics despite changes in the number of tillite beds and thickness of the
formation. The stratigraphy of the boulder bed has therefore been determined
in great detail (Kilburn et al, 1965; Spencer et al., 1971). It is necessary to
examine briefly the sub-division of the unit and its position within the Dalradian

Succession before attempting any correlation, (Figures 3.3, 3.4).

THE ISLAY LIMESTONE SERIES: The boulder bed is everywhere underlain by
the Islay Limestone series. In the Garvellachs, Islay and Fanad the series essen-
tially consists of shallow water limestone and dolomite. An upper white, cream
or pink limestone or dolomite can often be separated from a lower grey limestone,
and thin interbedded grits, sandstone and silt beds are common. In Perthshire,
the Slieve League Peninsula and Connemara, the Islay Limestone Series includes

more pelite and semi-pelite.

THE BOULDER BED: There is a marked overall change in lithology upwards
in the formation. Both mixtites and interbeds are dolomite rich at the base of
the formation and change to quartzo—feldspathic towards the top, whilst bedded
dolomites are only present in the lower half of the formation. The stone content of
the mixtites also changes; the lowest contain only intrabasinal stones, whilst extra-
basinal stones become more abundant upwards. Kilburn et al. (1965) subdivided

the Boulder Bed into four units.

1. The Lower Boulder Bed, characterised by a pale buff dolomitic mixtite con-

taining buff-weathering dolomite clasts (granite clasts are rare < 1%).

2. The Middle Boulder Bed, distinguished from the lower by its more sandy
nature, and total absence of dolomite from its clasts and matrix. It is characterised

by the presence of a dark green / greenish grey semi-pelitic matrix and more
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FIG 3.3

Type Succession of the Port Askaig Tillite (Spencer et al. 1971)'

TABLE 2: The type succession of the Port Askaig Tillire

Lithology
Member names Mixtite Thickness Proportion of
bed Matrix of mixtites  extra-basinal Interbeds
numbers (approximately) stones in
mixtites
Upper
dolomitic
formation
5. Con Tom 47 325m Thin granite >50 <909 Thick, white
46 conglomerates sandstones
45
4. Ruadh-phort 44 200m Dark, silty >95% Few, thin
Beag 43 sandstones sandstones
42
41
40
39
PORT
ASKAIG 3. Creagan Loisgte 37-38 94m Light-grey silty >75 <95% Thick, white
TILLITE 736 sandstones sandstones
33-35
2. An Tamhanachd 327 82m Grey dolomitic >25 <759 Several thin,
32 sandstones dolomitic
724 sandstones
19-22
I. Beannan Buidhe 718 47m Yellow <25% Dolomitic sand-
217 dolomitic stones, dolomite
M6 siltstones conglomerates
Disrupted and dolomites
beds
13
Islay

limestone




FIG 3.4
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abundant granite clasts, in mixtites that are separated by quartz interbeds <

10m thick.

3. Grey Quartzite with the Upper Boulder Beds. The Upper Boulder beds are
composed of pale grey highly feldspathic mixtite with a matrix approaching felds-
pathic quartzite in composition. Clasts have a high proportion of feldspar. The
boundary between units 2 and 3 was defined as the point where an abrupt increase

in the thickness and proportion of quartzite intercalations occurs.

4. Upper Dolomitic Formation. The Upper Dolomitic Formation is a laterally
variable unit that consists of semi-pelite and quartzite at Cleggan (Connemara)

and Fanad (Donegal), but includes calcareous and dolomitic horizons elsewhere.

Spencer et al. (1971) developed this classification further, and divided the
Port Askaig Tillite into 5 members from its type locality at Port Askaig, and the
surrounding areas (Figure 3.3). These workers defined the base of the formation
beneath the lowest mixtite bed and the top above the level of the highest horizon in
which they observed extrabasinal stones. They do not regard the Upper Dolomitic
Formation (Unit 4, Kilburn et al. 1965) as part of the Tillite. Alsop (1987)
records extrabasinal clasts occurring above this stratigraphic level in S. Donegal,
the present author therefore prefers to regard this unit as part of the Tillite. The

terminology of Kilburn et al. (1965) is therefore retained here.

The Tillite is everywhere overlain by the Islay Quartzite and its equivalents
(Figure 3.2), which form one of the most persistent stratigraphic horizons in the
British Isles. At its type locality the Islay Quartzite has been divided into a
coarse and three fine facies. The former comprises cross-bedded sands and some
laminated sand and silt horizons, interpreted as the deposits of shallow marine
tidal dunes and other bedforms. These units range in thickness from a few cm
to several m. The finer facies comprise laterally persistent, parallel and cross—

laminated sand units from mm to a few cm thick.
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The lateral variation in lithotype that occurs within the boulder bed and asso-
ciated horizons in Ireland (Figure 3.4), precludes a member by member correlation
to be made with the type localit:y at Port Askaig in Scotland. However despite lo-
cal variations in lithology of the beds that overly the Tillite horizons, the boulder
bed has three highly distinctive characteristics which enables it to be identified

with confidence even where it has been highly deformed.

The most distinctive feature of the Tillite is the presence of extra-basinal
clasts, principally of granitic composition. While the occurrence of these clasts
positively identifies the Tillite, it must be noted that a large proportion of the
formation lacks extra-basinal clasts (Alsop, pers comm.). The absence of such
clasts from the Tawneyshane Formation of the Ox Mountains does not therefore

preclude correlation of this unit with the Boulder Bed.

While the extra-basinal clasts are the most easily recognised feature of the
Tillite, the matrix of the clasts is highly distinctive. Alsop (1987) records the
extra—basinal clasts as occurring in a matrix of pale—green psammite with semi-
pelite and pelite interbeds. This unit has been examined in southern Donegal
by the present author who notes that it is indistinguishable from the psammite,

semi—pelite and pelite of the Tawneyshane Pelite Member in the Ox Mountains.

The most compelling evidence for the correlation of thé Tawneyshane Pelite
Member in the Ox Mountains and the Port Askaig Tillite is the similarity of
stratigraphic position of the two units. In all occurrances of the Tillite in Ire-
land, it overlies a limestone or dolomitic limestone unit and is itself overlain by a
thick homogenous quartzite unit (Figure 3.4). The Tawneyshane Pelite Member
occupies an identical stratigraphic position in the Ox Mountains, overlying the
dolomitic limestone and calc-silicate schist of the Tawneyshane Marble Member
and overlain by the thick homogeneous quartzite of the Leckee Quartzitic Forma-
tion. The proximity of the Tawneyshane Pelitic Member to the Leckee Quartzitic

Formation suggests a correlation with the upper part of the Tillite.
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If the upper part of the Tillite in Ireland is examined in detail, it is apparent
that it is highly variable and that extra-basinal clasts occur at a variety of strati-
graphic levels. Alsop (1987) demonstrated that in southern Donegal pockets of
tillite occur within the lower 100m of the Gaugin Quartzite, above the uppermost
dolomite / calc-silicate unit (probable Upper Dolomite Formation equivalent).
In Glencolumbkille, extra—basinal clasts occur in the transitional unit below the
Glencolumbkille Dolomite and the Slieve Tooey Quartzite. In a situation that
may be analogous to that in the Ox Mountains, extra—basinal clasts are absent
from this stratigraphic level at Doogart on Achill Island, where the uppermost

clasts occur within the semi—pelite below the Doogart Schist and Limestone.

Thus in conclusion, the lithostratigraphy of the Tawneyshane Pelitic Mem-
ber, including the absence of granitoid clasts, is within the lithological variation
exhibited by the Port Askaig Tillite elsewhere in Ireland. The similarity of the
lithology of the Tawneyshane Pelitic Member and its position within the strati-
graphic succession is consistent with identification of this unit as the Port Askaig

Tillite.

LECKEE QUARTZITIC FORMATION : In both the Ox Mountains and S.
Donegal, the tillite passes up with increasing proportion and thickness of quartzite
interbeds into a massive, impure quartzite unit, the Leckee Quartzite (Ox Moun-
tains). The post—tectonic thickness of this unit in the Ox Mountains of 2300m
suggests that this was originally a very thick quartzite unit. It is correlated with
the Gaugin Quartzite (S. Donegal) on the basis of similarity in lithostratigraphy.
This is one of the thickest and most persistent stratigraphic units in the British
Isles, and is recognised in Scotland (Islay Quartzite, Islay and Jura; Schichallion
Quartzite, Schichallion), and Ireland (Slieve Tooey Quartzite, Glencolumbkille
and NW Donegal). Correlation of the Leckee Quartzitic {ormation with the two
other major quartzites in the British Dalradian can confidently be excluded as

both of these are lithologically distinct from the Leckee Quartzitic Formation and
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have very different stratigraphic associations. The Killeter Quartzite (southern
Donegal) of the Crinan Subgroup, the stratigraphic equivalent of the Lough Crana
Quartzite (Inishowen and Fanad) lies stratigraphically above dark pelites of the
Termon Pelite (the Stragill and Linsfort Black Schist at Inishowen and Fanad) and
is overlain by the limestone and semi-pelite of the Aghyaran Formation (southern
Donegal) and the Culdaff limestone (Inishowen and Fanad), which is a very differ-
ent association to that observed in the Ox Mountains. The other possible correla-
tion is equally difficult to support. The Ards Quartzite (northwest Donegal), the
stratigraphic equivalent of the Appin Quartzite (Kintyre-Arran-Easdale-Appin)
is underlain by the Ards Black Schists and overlain by the distinctive calcareous
lithologies of the Sessiagh-Clonmass Group and the Falcarragh Pelite, a sequence
which is very different form that observed in the Ox Mountains. Futhermore the

Ar ds Quartzite itself is considerably coarser grained than the Leckee Quartzite

and contains common pebble beds that are absent from the Ox Mountains.

LECKEE TRANSITION MEMBER : A transitional unit, which comprises
a rapidly alternating sequence of calc-silicate schist with associated amphibolite,
pelite, semi-pelite and dark psammite, can be recognised in both the Ox Moun-

tains, (Leckee Transition Member) and S. Donegal (Reelan Formation).

UMMOON FORMATION : In S. Donegal the relatively large area of expo-
sure reveals that large scale facies variations occur above the Gaugin Quartzite,
and its upper transition, the Reelan Formation. No reliable stratigraphic marker
horizons are present in this part of the succession; it is therefore difficult to confi-
dently make a formation by formation correlation with the Ox Mountains. With
increasing pelite the Reelan Formation passes upwards into the Croaghubbrid
pelite comprising dark graphitic pelites, with thin (< 1m) psammite bands and
occasional lenses of dolomitic limestone. With an increasing proportion of psam-
mite bands the Croaghubbrid Pelite passes up via a transition to the more massive

psammites of the Boultypatrick Grit, that contains abundant blue quartz grains
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(maximum diameter 5mm) and localised occurssuces of volcanogenic clasts (Al-
sop, 1987), which is the oldest evidence for volcanic activity in the Dalradian
of northwest Ireland. The occurance of these volcanic clasts close to the Reelan
Formation and underlying Gaugin Quartzite is consistent with the correlation
of the Croaghubbrid Pelite and Boultypatrick Grit with the lower part of the
Ummoon Formation of the Ox Mountains, which contains a thin metavolcanic
unit, the Newantrim Member. Volcanics also occur at a similar stratigraphic level
above the Islay Quartzite at Schichallion, at the top of the Killiecrankie Schist
(Islay Subgroup), and above the Lakes Marble (Easdale Subgroup) in Connemara.

They are absent from this stratigraphic level elsewhere in the British Isles.

In the Ox Mountains,the metasediments of the Ummoon Formation that occur
above the volcanic member are similar to those below it, although the psammite
bands are rather more frequent and slightly thicker. In S. Donegal the Boulty-
patrick Grit is succeeded by the Lough Eske Psammite and its lateral equivalent
the Termon Pelite. Rapid facies variation occurrs at this level in south Donegal
(Pitcher, Shackleton and Wood, 1971). The Lough Eske Psammite is characterised
by thick beds of homogenous feldspathic psammite 1-1.5m thick, which contain
less blue quartz than the Boultypatrick Grit. Limestone and calc-pelite lenses up
to 1m thick and 30m in length are also recorded (Alsop, 1987). The grain size de-
creases towards the top of the formation and towards its lateral facies equivalent,
the Termon Pelite, which is an extremely thick sequence (2km in S. Donegal) of
thinly bedded muscovite rich pelites (some calcareous), psammites, greenbeds and
quartzite. Alsop (1987) discovered greenbeds containing chlorite, epidote, albite,
quartz, calcite and opaques within the formation and noted that the psammitic
component of both the Termon Pelite and the Lough Eske Psammite has a green
colouration thréughout central and southern Donegal. The stratigraphically over-
lying Killeter Quartzite and Aghyaran Formation also show considerable lateral

variation in thickness and lithology. When large scale facies changes such as this
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occur, lithostratigraphic correlation between widely separated areas can be ex-
tremely misleading, as similarity in lithostratigraphy does not necessarily imply

chronostratigraphic equivalence.

LISMORAN FORMATION : In the Ox Mountains, the Ummoon Formation
passes via a sedimentary transition into the Lismoran formation, that comprises an
Upper and a Lower unit of feldspathic psammite, semi-pelite and pelite separated

by a thick (200M maximum), metavolcanic unit - the Callow Member.

Volcanic units which are the only potential marker horizon in this part of
the sequence, occur principally at two stratigraphic levels in the Dalradian of
the British Isles. Extensive basic volcanic units occur in the Southern Highland
Group, and at the top of the Argyll Group (Tayvallich Sub-group) of the Scot-
tish Dalradian and at an equivalent stratigraphic level in Ireland (Shannaghy
Green Beds, south Donegal; Greencastle and Cloghan Green Beds, Inishowen
and Fanad). Less extensive volcanic units occur lower down in the succession
(Farragon Beds, Easdale Sub-group, Blair Atholl; Sron Bheag Schists, Easdale
Sub-group, Schichallion) in Scotland; and above the Lakes Marble (Easdale Sub-
group, Connemara) in Ireland. Alsop (1987) discovered volcanogenic clasts in the
Boultypatrick Grits, and Greenbeds within the psammitic lithologies of the Lough

Eske Psammite and Termon Pelite of central and southern Donegal (Easdale Sub-

group).

Two alternative lithostratigraphic correlatives are therefore possible for the
Lismoran Formation and Callow Member. Occurrences of volcanic units at both
stratigraphic levels in Ireland are within dominantly psammitic units that
bear close lithostratigraphic sirhilarity to the Lismoran Formation of the Ox Moun-
tains. The older occurrance lies within the dominantly feldspathic psammite of
the Lough Eske Psammite / Termon Pelite, while the younger occurrance lies

between the feldspathic grits and psammites of the Mullyfa Grits and the finer
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grained semi-pelite and pelite of the Croaghgarrow Formation. Therefore neither

correlation can be excluded on the basis of lithostratigraphic data.

It follows that if the correlation with the Shanaghy Greenbeds is correct, then
the very thick Lough Eske Psammite / Termon Pelite of southern Donegal must
be represented by a greatly reduced thickness of sediment in the Ox Mountains
(the Ummoon Formation). Futhermore, the absence from the Ox Mountains of
chronostratigraphic equivalents of the Aghyaran and Killeter Quartzite Forma-
tions requires considerable differences in sedimentation between this area and

southern Donegal.

While significant facies variations have been demonstrated to occur in south-
ern Donegal (Pitcher, Shackleton and Wood, 1971), the present author considers
that the extreme facies variation that correlation of the Callow Member and the
Shanaghy Green Beds requires, is unlikely. The simpler correlation with the Green
beds of the Lough Eske Psammite / Termon Pelite which places all of the Ox
Mountains Succession excluding the Cloonygowan Formation in the Argyll Group

is therefore preferred.

3.1.2 Correlation of the Cloonygowan Formation with other areas of

low- grade turbiditic metasediments

Lack of suitable marker horizons makes correlation of the Cloonygowan For-
mation with the other greenschist facies rocks of turbiditic character, that are
exposed in a series of disconnected outcrops on the south side of Clew Bay and
on Clare Island, difficult. This has led to a number of differing interpretations in

the literature.

Phillips (1973) drew attention to the similarity of the Clew Bay Group of Clare
Island and the south side of Clew Bay with the Highland Border Complex (HBC),

that lies immediately to the to the south of the Dalradian rocks in Scotland. He
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did not, however, distinguish between these rocks and the Westport Grit and
Cloonygowan Formations, which were previously regarded as belonging to the
Southern Highland Group (SHG), Currall (1963), Taylor (1968). Long and Max
(1977) correlated the Westport Grit Formation with the Cloongowan Formation
and on the basis of similarity of lithostratigraphy assigned them to the SHG,
which in Scotland is characterized by a thick sequence of mudstones, sandstones
and rare conglomerates of submarine fan or turbidite facies. Max (1988), also
regarded the Cloonygowan Formation to be equivalent to the green greywackes
and turbidites of the Westport Grits but as being distinct from the Clew Bay
Group which he defined as comprising the Ballytoohy Formation of Clare Island,
and the Killdangan Formation of the south side of Clew Bay, and considered to
be part of the HBC.

A detailed study of the rocks of Clew Bay and Clare Island are beyond the
scope of the present work, however a brief reconna.isfance of the Westport Grit For-
mation supports the correlation by Max (1989) of these rocks with the Cloony-
gowan Formation. The metasediments of the Cloonygowan Formation and the
Westport Grits are both characterized by grey—green greywackes and quartzose
turbidite grits, but lack the range of lithologies, particularly the dark mudstones,
sedimentary breccias, and wide range of clasts in conglomerates of the Killadan-
gan Formation. The rocks of the Cloonygowan Formation and Westport Grits

also appear to share a common deformation history (chapter 4).

A fauna has not yet been recovered from the Ox Mountains, it is therefore not
possible to establish their age or stratigraphic identity with confidence. The cor-
relation of the Cloongowan Formation with the turbidites of the SHG is therefore

based on similarity of lithostratigraphy alone.
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3.1.3 Correlation of the Ox Mountains sequence with the Moine,

(Phillips et al. 1975).

Phillips et al. (1975) consider that all the rocks of the Ox Mountains in-
lier, except for the small areas of low grade rocks accepted by all workers to be
Upper Dalradian, are of Moinian age (Johnston‘?(%-f,‘l 1969.). They did not however
attempt to make a lithostratigraphic correlation between the Ox Mountains and
the Moinian of Scotland. This correlation is rejected by the present author on

lithostratigraphic, structural and metamorphic grounds.

The lithostratigraphy of the central and southwest Ox Mountains is very dis-
tinct from that of the Moines, which is characterized by metamorphosed arena-
ceous and argillaceous sedimentary rocks which contain a very minor proportion
of calcareous or dolomitic beds. The main rock types are thick homogeneous
quartzo—feldspathic psammitic - and pelitic schists, with intermediate
semi-pelitic schist. In contrast the metasediments of the central and southwest
Ox Mountains are considerably more variable and include limestone and metavol-
canic units. Acceptance of the whole of the Ox Mountains inlier as Moine therefore
would imply a very different depositional environment from that of the Scottish

Moines.

Phillips et al. (1975) cite structural evidence in support of their claim that
the entire Ox Mountains inlier (except for the Cloonygowan Formation) s Pre-
Caledonian. Their correlation of the first fabric developed in the Cloonygowan
Formation rocks Scl (Sc2, present chronology) with D4 cataclasis in the higher
grade rocks of the Ox Mountains sequence is however rejected on geometrical
grounds. This is discussed fully in section 4.10. The present work has shown that
that the deformation history in the Upper Dalradian rocks of the Cloonygowan
Formation is considerably more complex than was previously recognised, and that
the rocks of the Ox Mountains Succession and the Cloonygowan Formation share

a common D1-D4 polyphase deformation history.
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Phillips et al. (1975) suggest that the rocks of the central and southwest Ox
Mountains are the products of retrogression of the high pressure granulites exposed
in the northeast, or at least were deformed and metamorphosed under granulite
facies conditions during their postulated first deformation event (D1). The meta-
morphic history of the rocks of the central and southwestern Ox Mountains is
discussed in chapter 4, which shows that the present work is in agreement with
the conclusions of Yardley et al. (1979). These workers concluded that the cen-
tral and southwestern Ox Mountains have suffered a single progressive Barrovian
metamorphism from the garnet zone to the Kyanite zone, and did not accept the
evidence for retrogession from the granulite facies cited by Phillips et al. The
correlation of the metasediments of the Ox Mountains Succession with the Moine

is therefore not accepted by the present author.

3.2 SEDIMENTARY ENVIRONMENT AND SEDIMENT PROVE-
NANCE

The intense deformation experienced by the metasediments of the Ox Moun-
tains makes interpretation of the sedimentary environment, reconstruction of the
original basin geometry and establishing the areas of provenance extremely dif-
ficult. Only a very limited amount of empirical data is available from the Ox
Mountains themselves, most information has been gained therefore by extapolat-

ing information obtained from S. Donegal (Alsop, 1987).

The lithological characteristics of the Ox Mountains metasediments are consis-
tent with the shelf environment proposed for the sediments of S. Donegal, whereas
the coarse grained greywackes of the Cloonygowan Formation are characteristic
of a proximal turbidite sequence. Neither palaeocurrent structures nor systematic

variation in lithotype have been observed in either unit, it has therefore not been
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possible to determine the direction of sediment supply. By analogy with S. Done-
gal it appears likely that the metasediments of the Ox Mountains Succession were
supplied from as high grade metamorphic source, which is possibly part of the N
Mayo-NE Ox Mountains-Lough Derg basement block.

The source of the sediments of the Cloonygowan Formation is equally poorly
constrained. Several possible sources have however been suggested for the Cloony-
gowan Formation and its corrolatives, the Westport Grit Formation and, on a
larger scale, the Southern Highland Group (SHG) as a whole. The presence of
granitic pebbles, quartz, microcline and sodic plagioclase led Sutton and Watson
(1955), and Borradaile (1973) to suggest a granitic or gneissic terrane as a source.
This has been thought of as partly charnokitic, because of the universal presence
of blue quartz grains, Wilson (1882), Sutton and Watson (1955). Phillips (1973)
proposed- a southern source for these turbidites, as he considered that the thick
clastic succession could not have been derived from the shelf area to the north
west, on which the Durness Limestone accumulated. If this were the case, post
depositional sinistral movement on the Highland Boundary Fault System would
have removed the source, which would now be situated along strike to the north

east.

Anderton (1985) preferred to regard the sediment supply as coming from the
northwest and stated that due to poor palaeontological dating, it was difficult
to assess the significance of the Durness carbonate blanket as the youngest SHG
turbidites could be entirely older than the oldest part of the Durness Limestone. In
addition, he pointed out that the Nd isotope data of O’ Nions et al. (1983) made
no distinction between the SHG source terrane and the rest of the Dalradain.

These conclusions were also supported by Kneller (1987).

If the sediments have been derived from the northwest, the areas of high grade
granulite facies rocks of north Mayo, the northeast Ox Mountains and Lough

Derg must be considered to be the most probable source. Their derivation from
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the amphibolite facies of the central and southwest Ox Mountains, suggested by
Phillips (1975), is considered to be unlikely, due to the absence of material from

which the blue quartz that is ubiquitous in the SHG could be derived.

3.3 CONCLUSIONS

Identification of the Boulder Bed within the Ox Mountains is of critical im-
portance. In addition to resolving the question of the age of the metasediments
of the central and southwest Ox Mountains, it has a number of other important

implications.

It enables the metasediments to be correlated with the stratigraphic succes-
sions established in Da.lra,djaxifji‘g the rest of the British Isles. In particular, the
close correlation between the Ox Mountains metasediments and those of the Dal-
radian succession in S. Donegal, whose way up and age is known, strongly supports
the stratigraphic succession established in the Ox Mountains where sedimentary
way up evidence is largely absent. In the following chapters, the metasediments
of the Ox Mountains sequence will therefore be referred to as the Ox Mountains

Succession.

The correlation with the upper part of the S Donegal succession, which is
stratigraphically continuous, i.e. not dismembered by major tectonic slides, is
inconsistent with the model of terrane accretion proposed by Winchester, Long
and Max (1988), which necessitates a major terrane boundary to separate the

Ummoon and Lismoran Formations in the Ox Mountains.
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CHAPTER 4

DEFORMATION CHRONOLOGY

Previous structural studies of the central and southwest Ox Mountains have
lead to a number of contrasting interpretations of the structure of parts of the
inlier and a number of widely differing deformation chronologies. Many of these
differences result from the limited amount of data available to previous workers
who, individually, studied only small parts of the inlier, rather than a difference
in observations. No previous attempt has been made to integrate data from the
entire inlier to constrain its structural and kinematic development. Figure 4.1
summarizes the deformation chronologies presented by previous workers and the
deformation chronology that has resulted from the present study of the whole
inlier. This information, which is integrated with metamorphic studies, provides

the data on which the tectono-thermal model of chapter 5 is based.

A detailed study of the deformation of the igneous complex is beyond the
scope of the present project. However in order to understand fully the struc-
tural development of the inlier, it is necessary to appreciate the basic structural
history of the three igneous bodies that intrude the metasediments. The struc-
tural history of the igneous complex is therefore reviewed briefly in section 4.9.
While most of these data result from reconnais?mce studies made by the writer in
1986 and subsequent detailed examination of the contact relationships between
the igneous complex and the country rocks in 1987-1989, the present author’s
understanding of the structure of the interior of the igneous complex has ben-
efitted from discussion with K. McCaffrey. All information derived from these

discussions is acknowledged in the text that follows.
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In this chapter the methodology of structural and metamorphic analysis em-
ployed is justified (section 4.1) and the terminology outlined (section 4.2) prior
to a detailed examination of the structural and metamorphic data from each of
6 areas, (sections 4.3-4.8.), which is summarized in figures4.2-3The structure of
the components of the igneous complex is reviewed in section 4.9 and finally the
evidence for the correlation of the deformation and metamorphic sequences of
the Ox Mountains Succession and the Cloonygowan Formation is presented in

section 4.10.

4.1 METHODOLOGY OF STRUCTURAL ANALYSIS

A deformation chronology which can be recognised and correlated through-
out the area has been established by examining overprinting relationships in the
field, supported by microscopic examination of thin sections. This sequence of
deformation has been dated relative to the emplacement of the Ox Mountains
Granodiorite, Lough Talt and Lough Easky Adamellites and forms the basis for

the structural and kinematic analysis that follows.

The first deformational event (D1) is associated with a specific set of tectonic
structures such as folds (F1) and cleavage (S1). The next phase (D2) produces
F2 and S2 etc. Bedding is not a tectonic structure and is designated Ss, except
where it has been extensively modified by deformation and is termed lithological
banding. The intersection of cleavage associated with a particular deformation
phase (Dn) with bedding (Sn/Ss), or with a preceeding tectonic fabric (Sn/Sn-
1), is parallel to fold axes (Fn) of that age. Both structures are referred to as
B lineations (3). Throughout the area mineral elongation lineations (stretching
lineations), (Xn), associated with a particular event are sub—parallel to the fold
axes (Fn) produced by the same deformation. Therefore they are also plotted

as S lineations. Extensional crenulation cleavages or shear bands related to a
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deformation event (Dn), and produced by intense strain along a pre-existing

foliation, are termed (Cn), (after Cisaillement, or shear) Berthé et al. (1979).

The deformation chronology established in this way has been integrated with
the metamorphic history by thin section studies of the relationships of porphy-
roblasts to their internal (Si) and external (Se) fabrics. Syn-tectonic mineral
growth associated with deformation phase (Dn), is termed (MSn), while mineral

growth that postdates Dn is designated (MPn) etc.

The concept of D numbers provides a useful framework for the systematic
description of structures. In the Ox Mountains the present author has used the
concept to divide the deformation into a series of events that reflect distinct
kinematics. It should however be emphasised that they are arbitrarily defined

markers on a deformation and metamorphic path that that is considered to be

largely progressive.

The term progressive deformation was first proposed by Flinn (1962, pp.
387-388) who suggested that rocks undergoing progressive deformation will pass
through a continuous series of shape changes until deformation ceases. In the Ox

Mountains this term is used by the present author to refer to the D3 deformation

so as to imply-

1. A close relationship between the various D3 structures in terms of orientation,

sense of movement, style and prevailing metamorphic conditions.
2. A relatively constant orientation of the regional stress field.

3. The various structures developing as a relatively continuous sequence of events

within a geologically limited period of time.

In areas of high strain, this progressive deformation has resulted in the pro-

duction of a composite D1-D3 fabric which is defined as a ‘planar surface or
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group of surfaces whose components share similar morpological features and ori-
entations’ (Tobisch and Patterson, 1988). In the Ox Mountains, the composite
D1-D3 fabric has been developed by a combination of the following mechanisms:
rotation of the early D1 and D2 foliations into the new D3 orientation, rotation
of early folds parallel to X3, by transposition of S1 and S2 by S3, recrystallization

and formation of neoblasts parallel to S3.

4.2 MICROSTRUCTURE NOMENCLATURE

Structures associated with the high strain zones and tectonic slides in the Ox
Mountains have consistently been referred to by previous workers as ‘cataclas-
tic’. They interpreted the irregular or seriate boundaries of the coarse, deformed
quartz grains and islands of large grains and porphyroclasts in a matrix of finer
grained m;iteAria.l, as suggesting brittle deformation. Thus it has been inferred
that these structures developed late in the tectonic history of the inlier, at lower
metamorphic grade than the ductile deformation that produced folding and fabric
development. The purpose of this section is not to review the extensive literature
on deformation mechanisms (see Knipe, 1988) but to examine briefly the features
that characterise deformation in shear zones under various deformation mecha-
nisms, and then to examine in more detail the microstructure of the inlier so as
to evaluate the PT conditions and the genetic relationship of these structures to

other fabrics within the inlier.

The term mylonite was first used by Lapworth (1885) to describe the fine
grained rocks in the Moine Thrust Zone in Eriboll. The termq?mpiled grain size
reduction by brittle processes and this has remained the universal view until re-
cently. It has been noted frequently that the milled rock had a recrystallized
texture which was thought to result from post-tectonic grain growth. Exten-

sive grain growth was also invoked to explain the presence of large, apparently
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undeformed, porphyroblasts. More recent microstructural studies of the Moine
Mylonites (Bell and Etheridge, 1973) have indicated that recrystallization was
syntectonic. This has led to a clear division between cataclasites and mylonites
(White, 1976). Grain refinement in cataclasites is accomplished by fracture and
subsequent sliding and rotation, whereas in the case of mylonites, grain refine-
ment is by recrystallization or new mineral growth with subsequent deformation
being by ductile processes. In the case of polymineralic rocks the behaviour of the
matrix alone is considered; hence although feldspar megacrysts in the high strain
zones in the igneous lithologies in the Ox Mountains are commonly fractured,

these rocks still reflect mylonitic deformation.

White (1980) states that the development of mylonitic microstructure with in-
creasing shear strain proceeds with an increase in the proportion of recrystallized
grains relative to porphyroclasts. In a monomineralic mylonite, the porphyro-
clasts that are most unfavourably orientated for slip resist recrystallization and
form globular porphyroclasts which eventually recrystallize, whereas those that
are perfectly orientated tend to form tabular or ribbon grains parallel to the foli-
ation. In polymineralic rocks such as the feldspathic psammites and semi-pelites
of the Ox Mountains, minerals mechanically stronger than the matrix tend to

remain as porphyroclasts, that are often extended and fractured parallel to the

extension direction.

The recrystallization and new mineral growth that produces most mylonites,
occurs preferentially around the edges of the original grains, as these edges have
external boundary conditions imposed upon them. New grains therefore develop
by strain induced boundary migration and sub-grain rotation. The preservation
of small grains in mylonites such as the Callow Shear Zone and the LTS and
GWS west of the Knockaskibole Fault, indicates that little growth has occurred

after recrystallization.




At high strains a lat%rf)enetrative foliation commonly develops at a low angle
( < 35° ) to the mylonitic foliation. The two fabrics intersect with a pronounced
asymmetry and can therefore be used to determine the shear sense. These late
fabrics occur widely in the Ox Mountains, where they are termed shear bands,
and are assigned the nomenclature SCn, where S is the foliation that they deform
and C is the shear band, named after ‘Caisaillment’ or shear. The significance
of these features is that they developed during the same deformation as the my-
lonite but at a later stage. White et al. (1980) state; that it is probable that
the shear bands represent the final phase of ductile deformation in the shear
zone as the temperature drops and uplift commences and they are therefore of-
ten associated with retrogressive metamorphism. This observation is consistent
with data from the Ox Mountains, where shear bands and the associated fabric
which they deform. show a very close spatial correlation with retrograde meta-
morphism, and the growth of chlorite. Garnets are chloritized and are frequently
brokeln and extended parallel to the mylonitic foliation. Quartz has a strong pre-
ferred dimensional orientation while feldspar has remained largely undeformed.
This retrograde metamorphism (Figure 4.4). is distinct from regional retrograde
metamo‘rphism produced during the uplift of an orogenic zone, where rocks re-
main essentially undeformed and lack extensive recfystalljzation and fabric de-
velopment. The presence of water during retrograde metamorphism is considered
by Beach (1980) to play an important part in shear zone initiation. In the Ox

Mountains the shear bands commonly show the following features:
1. Shear bands are commonly inclined at 30-40° to the mylonitic foliation.

2. The apparent sense of displacement on the cleavage consistently indicates a

component of extension along S.

3. The shear bands are discontinuous and tend to curve into and anastamose
with S. The length of the individual shear band is normally considerably greater

than the wavelength of the crenulation.
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FIG 4.4
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4. Where observed the intersection of the shear band with S makes a high angle

(>70°) to the stretching lineation associated with the mylonitic foliation. The

intersection is usually curvilinear.

5. In thin section the shear bands are distinguishable as very narrow (approx-
imately 50u) zones of intense microstructural modification. The grain size of
the quartz is reduced from an average size of (125x250u) to (25x25u). Micas
also show a grain size of (25x2504) compared with (125x325u) outside the zone.
Micas at the margins of the zones are bent into the shear band. There is no
noticable change in bulk compostion within the shear bands. The lack of chem-
ical differentiation is used by Platt and Vissers (1980) to infer that volume was
approximately conserved, and therefore that the displacements are real and that

the C planes have caused a significant extension along the earlier foliation.

The final texture of strained rocks is largely a function of the interplay be-
tween strain rate and recovery. The recovery processes involve the release of strain
energy accumulated in the crystal lattices. This is commonly accomplished by
syn-tectonic recrystallization often with a reduction in grain size or by late post-
tectonic annealing resulting in equi-dimensional grains. Two critical factors in
the preservation of microstructures are the rate of stress drop at the end of the
deformation event and the temperature history that post-dates the deformation.
The rapid removal of the environmental conditions which induce microstructural
changes (ie rapid stress or temperature drops) will also enhance the preservation
of microstructures of high deformation. This is clearly illustrated by the mi-
crostructure of the GWS and LTS. West of the Knockaskibole fault these struc-
tures are characterized by extensive sub-grain growth and ribboning of quartz
grains, while east of the fault the same structures have ex%rienced less rapid
fall in temperature and more recovery has taken place. This gives the erroneous

impression that deformation in the latter area was less intense than in the former.
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4.3 AREA 1: SE SIDE OF THE INLIER

This is the largest area of the inlier and corresponds to the lithostratigraph-
ically defined area 1 (Figure 2.2). The area is of great importance as it exposes
the boundaries between all the stratigraphic units in the Ox Mountains. It in-
cludes-7 of the 8 major tectonic discontinuities in the inlier and contains much
of the critical evidence for establishing a deformation chronology, and timing
of emplacement of the plutons. These data therefore provide the basis for the

comparison of the structural and metamorphic history of the rest of the inlier.

In this section the critical overprinting relations of structures on the southeast
side of the inlier are examined and the geometry of SS, D1 and D2 structures
reviewed for the entire area. The area is then subdivided into three smaller

sub-areas to illustrate the systematic change in geometry of the D3 structures.

Sub-area la extends from the Knockaskible fault in the southwast (section
4.6.5), to the townland of Carrowmore (G 3550 0540) 5km northeast of Callow,
where a large poorly exposed area separates it from the central sub-area, (1b).
The sheeted contact with the granodiorite (Section 4.3.6) forms the northwestern
limit of the ground, while Carboniferous rocks onlap to the southeast. Sub-area
1b extends from Carrowreagh (G 3850 1200) southeast of Glennawoo to the Mad
river (G 4850 1800) in the northeast. In the southwest part of the area the Ox
Mountains Granodiorite forms its northwest margin. Further to the northeast,
area 1b is in contact with area 2 at Lough Talt. Northeast of Lough Talt, a
large area of blanket peat isolates the area from rocks of the northwest side of
the inlier (area 3). Sub-area lc is bounded to the northeast by the tectonic
contact with the northeast Ox Mountains (section 4.3.5.6) and to the northwest
by a large area of blanket peat, which separates it from the northwest side of
the inlier (area 3). Its southern contact is defined by the boundary between the
Ummoon Formation and the Lower Lismoran Formation (The Glennawoo Slide,

section 4.3.5.2). The area is overstepped by Carboniferous to the southeast.
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Exposure in this the largest area of the inlier is best on the large, steep, north-
facing slopes of Glennmore and Knockachree which provide an almost continuous
vertical northwest-southeast section through the northern part of the central Ox
Mountains. Additional exposure is provided by the stream sections that flow east

into the nver Moy.

4.3.1 Ss Lithogical banding

Throughout areas la and 1b lithological banding lies parallel to the penetra-
tive S2 fabric (Plate 4.1) which in areas of high D3 strain has itself been largely
transposed by S3. This results in a simple outcrop pattern in the areas a and b,
where intense transcurrent deformation has produced a steeply inclined S3 fabric
and all of the stratigraphic contacts are now sub-vertical. The S3 foliation and
lithological boundaries have a shallower dip in area 1lc. At Knockachree a gently
dipping stratigraphic contact between the Ummoon Formation and the Lower

Lismora.n Formation shows little evidence of tectonic modification.

4.3.2 D1

In common with many areas that have experienced a protracted history of
pervasive and often intense deformation, structures associated with D1 are ex-
tremely rarely preserved as they have been transpo: .ed by later deformation.
The earliest fabric observed in the field is a quartz, muscovite segregation. This
is preserved in the hinges of F2 folds, which themselves are quite rare and only
clearly identifiable where refolded by F3. The best examples of this relationship
are preserved in the semi-pelite and pelite of the Ummoon Formation at Ummoon
(G 2715 0007) (Plates 4.2-4.3). In thin section this fabric is a very fine grained
(<0.05mm) MS1 fabric consisting of quartz and muscovite which is preserved as
inclusions in MP2 albite porphyroblasts. No lineations have been observed asso-
ciated with the S1 fabric, therefore no vergence information has been obtained.

S1 is parallel to Ss but neither associated intersection or stretching lineations are
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Plate 4.1 Lithological banding in the Lismoran Formation, parallel to the S2
penetrative fabric, folded by upright, northwest verging F3 folds. (Ummoon G
2875 0036).

Plate 4.2 Small scale isoclinal F2 fold folding S1 quartz segregations, refolded by
tight, upright F3 folds. Ummoon Formation, Ummoon (G 2715 0007).






observed and therefore the original orientation and relationship of D1 structures

with respect to lithological banding are unknown.

4.3.3 D2

The second deformation is represented by an intense penetrative fabric con-
sisting of an MS2 segregation of phyllosilicates, predominantly muscovite and
biotite (now largely retrogressed to chlorite) and quartzo-feldspathic layers ap-
proximately 0.5mm thick. It appears therefore that metamorphic grade lay within
the greenschist facies prior to MP2. The MS2 fabric is positively identified in the
hinges of F3 folds. Elsewhere where S3 is intense S2 is transposed and forms a
composite S1-S3 fabric. Development of the S2 fabric was followed by the growth
of porphyroblasts of plagioclase and garnet throughout the area. These commonly
enclose fine-grained, straight inclusion trails of muscovite, quartz and opaques.
Large kyanite porphyroblasts up to 2cm long, containing inclusion trails of quartz
and OA ‘u;:'e developed in pelites of the Ummoon Formation at Zion Hill (G 4240
1740). The external fabric (Se=S3) forms augens around these porphyroblasts
confirming that they are of MP2 age. The peak of regional metamorphism is
therefore constrained to be of MP2 age. Transposition by the later D3 has gener-
ally reduced the angle between S2 and Ss to the point that it cannot be resolved.
Hence no vergence information of S2 to bedding can be obtained. If the effects

of F3 folding are removed it appears that S2 was originally shallowly inclined

throughout the area.

F2 folds are rare, and are generally observed as small scale isoclines (maxi-
mum wavelength 50cm), refolded by co-axial F3 folds with which they form type
3 interference patterns (Plates 4.2-4.3). A large number of larger scale F2 folds
were invoked by Andrews et al. (1978) from the Cabbragh-Ladies Brae area to
account for the stratigraphic relationships that they observed. However they did

not cite any structural evidence in support of this. Mapping by the present author
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Plate 4.3 Small scale isoclinal F2 fold folding S1 quartz segregations, refolded by
tight, upright F3 folds. Ummoon Formation, Ummoon (G 2715 0007).






has not found supporting structural data and has resulted in the re-identification

of stratigraphic units in this area (see chapter 2).

As D2 structures have been transposed it has not been possible to verify the
existence of large scale F2 folds using vergence data. The existence of F2 struc-
tures such as the Lough Anaffrin Antiform (Long and Max, 1977) has therefore

been inferred from stratigraphic evidence alone (outlined in section 2.1.2.).

Apart from the Lough Anaffrin Antiform the general absence of stratigraphic
repetitions or relationships that cannot be explained simply in terms of D3 or
later structures, suggests that other major F2 folds are probably absent. D2
in the inlier appears to have been largely a fabric forming event, and did not
produce a complex series of nappe structures analogous to those observed in the

stratigraphically equivalent area of S. Donegal (Alsop, 1987).

4.3.4 D3

AREA 1a: In this area, D3 is represented by a strong spaced fabric and com-
mon tight-isoclinal folds with wavelengths commonly between lcm and 1m and
corresponding amplitudes of between 3cm and 3m. S3 is a steeply inclined fab-
ric with a mean orientation of 055/855E (Figure 4.5), consisting of a preferred
dimensional and crystallographic orientation of quartz and phyllosilicates. The
fabric is a composite fabric in which components of S2 can be identified in mi-
crolithons between S3 foliation planes. In high strain zones, S2 is almost totally
transposed and makes a small angle to S3, with the vergence of S3 on S2 con-
sistently towards the northwest. S3 is modified by shear-bands which have a

consistently sinistral sense of displacement over the entire area, (Plate 4.4).

Tight-isoclinal F3 folds with sub-vertical axial planes and gently plunging
plw;e

axes have a mean ofientation 28/057, parallel to the very strongly developed

. stretching lineation, defined by a strong dimensional and crystallographic orien-

tation of quartz (Plate 4.5), and verge consistently to the northwest. No vergence
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Plate 4.4 Sinistral shear bands, Lismoran Formation, Callow Post Office (G 3232
0257).

Plate 4.5 Outcrop of Lismoran Formation at Lismoran (G 3232 0257) illustrating
the strongly developed, gently northeast plunging stretching lineation, on sub-
vertical S3 foliation surfaces. (Outcrop is approximately 5m high).
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data have been observed to support the presence of parasitic F3 folds such as the
Kilmore Antiform and Callow Antiform described by Taylor (1968). In F'3 hinges
S3 is a preferred dimensional orientation of the (001) planes of muscovite and bi-
otite which crenulate earlier micas (Plate 4.6). MS3~MP3 muscovite and biotite
have grown over S3 foliation planes, and quartz has been removed by pressure
solution. In the limbs of F3 folds MS3 micas form a composite S1-S3 schistosity.
MP3 garnet growth often forms an outer inclusion free rim to MP2 garnets, while
large euhedral MP3 staurolite randomly overgrows MS3 micas. Chloritoid growth
1s restricted to area 4c where it occurs as randomly orientated porphyroblasts that

overgrow MS3 micas.

A qualitative assessment of the D3 strain is provided by the spacing of S3,
the presence or absence of shear-bands and the degree of tightness of F3 folds.
This indicates that strain is inhomogeneously - distributed along the
southeast side of the inlier (Figure 4.6) and that three high strain zones or tectonic
slides are present. Plates 4.7-4.9 illustrate the progressive tightening of F3 folds
and intensification of S3 approaching the Glennawoo Slide. The detailed structure

of the tectonic slides is discussed in greater detail in section 4.3.5.

AREA 1b : Structures related to D3 in this area show similar geometric and
metamorphic relations to those in area la to the southwest, However, the strike
of the S3 fabric swings through approximately 60° from a mean orientation of
057/83NE at Glennawoo (G 4020 1286) to a mean orientation of 105/52S at
Killcummin (G4900 0000), (Figure 4.5). The present author considers that this
is likely to be related to the effects of the Dalradian metasediments of the Ox
Mountains Succession being driven over a gently south dipping basement-cover
interface. This is reflected by the D3 stretching lineation which most commonly
dips gently to the southwest or west. F3 vergence is more variable than in area 4a,
suggesting the presence of mesoscopic parasitic folds. Southeast verging isoclines

have been identified but no major folds have been observed. Most of the vergence
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Plate 4.6 Photomicrograph of F3 fold hinge, illustrating S2 orientated parallel to
lithological banding, crenulated by the steeply inclined S3 fabric, developed axial
planar to upright F3 folds. Ummoon (G 2715 0007).






Plate 4.7 Northwest verging , upright F3 folds, Lismoran Formation, 200m south-
east of the Glennawoo Slide, (G 2880 0041).

Plate 4.8 Northwest verging , upright F'3 folds, Lismoran Formation, 110m south-
east of the Glennawoo Slide, (G 2875 0048). Note increase in tightness and am-
plitude from Plate 4.7.









data suggest that the area is on the southeast limb of an antiform whose axis lies

to the northwest.

AREA 1c: The northern part of the area was studied by Andrews et al. (1978),
who mapped a sinuous boundary between the Ummoon and Lismoran Forma-
tions, and described a complex structural model involving stratigraphic repeti-
tion by a large number of F2, F3 and F4 folds. Remapping by the present author
(Chapter 2) has eliminated the requirement for many of the structures inferred
by Andrews et al., and found that there is no structural evidence supporting their

model.

The S3 foliation, which is a composite S1-S3 fabric, is recognised throughout
the area. It is defined by a preferred dimensional and crystallographic orientation
of MS3 muscovite, and green or red-brown biotite layers that are separated by
quartzo-feldspathic layers that have subseqently recrystallized and exhibit no
preferred dimensional or crystallographic orientation. In pelites S3 is commonly
overgrown by MP3 staurolite, garnet and plagioclase (Plate 4.10). This indicates
that metamorphism remained in the amphibolite facies field for a considerable

time following the MP2 peak of regional metamorphism.

The S3 fabric describes a gentle antiformal structure plunging gently south-
west, whose axis is located near Glennmore (G 5250 2550). This controls the
outcrop pattern of the area. Neither minor structures or mineral growth fea-
tures are associated with this large structure. The geometry of the D4 structures,
which have variable trends (Figure 4.5), indicates that they have formed as a re-
sult of vertical shortening. These structures are clearly superimposed upon the
large antiformal structure. Therefore they either formed at a late stage in the
development of the antiform or postdate it entirely. The timing of development
of the large scale antiform is therefore closely constrained to be either syn or
post-D3 but pre-D4. The geometry of the structure and these constraints on the

timing of its development are consistent with it having been produced by sinistral
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transpression, which drove the metasediments of the area over the basement-cover

interface that dips to the south or southeast (see chapter 5).

In general, in the area to the northwest of the fold axis the S3 foliation dips
gently (<25°) northwest. The axes of tight F3 folds here plunge gently south-
west and lie parallel to a moderately developed stretching lineation. Vergence
of minor F3 folds is inconsistent throughout this area, suggesting the proximity
to a major northwest closing recumbent F3 fold. At Knockachree (G 5170 2930)
psammite, semi-pelite, pelite and metavolcanics of the Ummoon Formation are
exposed in the steeply inclined cliff section above Lough Achree. These units,
which are repeated by a large number of mesoscopic, gently plunging F3 folds,
lie structurally below outcrops of pale weathering psammite and semi-pelite of
the Lismoran Formation. As discussed earlier there is no indication that the

boundary between them is tectonic.

At Glennmore to the southeast of the major gentle fold axis the strike rotates
from a north-south orientation immediately north of Glennmore (G 5250 2550)
to a northeast-southwest orientation at Cabbragh. Moving to the southwest of
Cabbragh S3 becomes progressively steeper, reaching an orientation of 115/56S
at (G 5200 2156) (the river Moy), where the contact between the Ummoon and
Lismoran Formation is exposed. Southeast of this contact, which describes an
arcuate trend between the River Moy and Glennawoo the structure and stratig-
raphy clearly represent a continuation of the southeast side of the inlier to the
southwest. Evidence of sinistral shear (shear-bands, rotated porphyroblasts and
mica fish) is common, and F3 folds, whose axes lie parallel to the gently plunging

stretching lineation, consistently verge to the northwest, as with areas 1a and 1b.
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4.3.5 The tectonic slides and high strain zones

4.3.5.1 Lough Talt Slide : The Lough Talt Slide was named by Taylor (1968)
who mapped it from sporadic exposures along the southeast side of the granodi-
orite between Ummoon (G 2800 0077) and Lough Talt (G 3975 1459). Taylor
considered that the structure was contained within the Leckee Quartzitic forma-
tion for almost all of its exposed length, but that in the Ummoon area it cuts out
the basal part of the Ummoon Formation. It is unclear from Figures 1 and 7 of
Taylor (1968) what he regards the geometry of the structure to be at Lough Talt.
The structure of this area is examined in detail in section 4.4. It appears however
that he regards the slide to be folded around the Lough Talt Antiform, which is
the major F3 (present chronology) antiform forming the core of the inlier , and
that the slide here separates the Leckee Quartzitic Formation from the underly-
ing Attymass Pelite Group. Phillips et al. (1975) stated that the slide separated
rocks of different metamorphic grade, since they interpreted the diopside, mi-
crocline mineralogy of the Kilmore Limestone (Leckee Quartzitic Formation) as
high amphibolite or granulite facies, and the Ummoon formation exposed to the
southeast as low amphibolite facies. The conclusion of Long and Max (1977b)
that this statement is invalid as neither diopside or microcline are diagnostic
of the high amphibolite facies, (Turner and Verhoogen, 1960), is supported by
the present work which has shown that no contrast in metamorphic grade can
be demonstrated to occur across the slide. Thus, garnet, staurolite pelites occur
within the Leckee Quartzitic Formation at Callow (G 3058 0393) northwest of
the slide and also in the Ummoon Formation southeast of it near Lough Akista

(G 3055 0299).

The slide is exposed at Ummoon (G 2840 0077) where it is identifiable as a
10m thick zone of intense D3 strain. This is reflected by the tightening of F3 folds
and the development of an intense planar S3 fabric, accompanied by the total

transposition of D2 structures (Plate 4.11). The latter effect makes it impossible
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Plate 4.11 Mylonitic S3 foliation in the Leckee Quartzitic Formation, the Lough
Talt Slide, Ummoon (G 2840 0076).

Plate 4.12 Thin section of sample from outcrop illustrated in plate 4.11, illustrat-

ing the strong preferred dimensional orientation of quartz and subgrain growth.






to determine whether the structure had an earlier, possibly equally important,
D2 tectonic history. At this locality the slide separates the Leckee Quartzitic
Formation from the Ummoon Formation, and no evidence was observed that the
structure cuts across stratigraphy at this locality. In thin section (Plate 4.12),
the Leckee Quartzite shows a very strong preferred crystallographic orientation
of grains which have intense sub-grain growth along their boundaries. The grains
also have a preferred dimensional orientation, parallel to the contact with the
Ummoon Formation, and x:y ratios of approximately 3:1. Minor sub-grain growth
indicates that the fabric here has not totally recrystallized . The pelitic and semi-
pelitic rocks of the Ummoon Formation immediately southeast of the slide are
highly deformed. Shear bands are developed that consistently indicate a sinistral

sense of displacement, along the X3 stretching lineation that here plunges gently

to the southwest.

The structure is also exposed at Callow Bridge (G 3150 0333) where it has a
similar expression. A large exposure gap of approximately 15km then separates
this area from the next exposure at Lough Talt on the south side of Crummus (G
3975 1459), where it again separates the Leckee Quartzitic Formation from the
Ummoon Formation. The amount of horizontal and vertical displacement on the
slide cannot be determined, but . the structure cuts out a minimum of several
hundred metres of the Leckee Transition Member at Lough Talt, which suggests

that the total displacement on the structure is likely to be large.

Blanket peat cover prevents tracing of the structure to the northeast. It is
possible that it either dies out or merges with either the high strain zone that
passes through the Lough Easky Adamellite (the oblique drop zone of chapter 5)

or the northeasterly continuation of the Glennawoo Slide.

4.3.5.2 The Glennawoo Slide: The Glennawoo Slide was named after its
type locality at Glennawoo (G 4020 1286) by Taylor (1969), who recognised that

it was an intensification of the regional D2 fabric (D3 in the present chronology).
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The slide separates the Ummoon and Lismoran Formations. Phillips et al (1975),
however did not regard this boundary as tectonic and described it as a normal
stratigraphic contact. Long and Max (1977), working in the southwest of the
area mapped the slide and they regardedltls D3 in age (present D4) separating

the Lismoran and Ummoon Formations at Shanvolley.

Andrews et al. (1978), traced the trajectory of the Lough Easky Slide which
they considered to be the northeasterly continuation of the Glennawoo Slide, to
the northeast where it was cut by the Lough Easky Adamellite. Andrews et al.
described the slide as post D4 in age (current chronology) and suggested that
the structure was an important late zone of sinistral Grampian reworking that
postdated the intrusion of the granodiorite. These workers described the fabric
of the Lough Easky Adamellite as resulting from approximately 2.5km of dextral
displacement, but did not attempt to explain the inconsistenéy between this and
the sinistral displacement on the Lough Easky Slide. It is now known that these
workefs misinterpreted the shear sense in the pluton by inferring shear sense from

fractures in feldspar megacrysts that are antithetic to the overall shear sense.

Winchester et al. (1987, figure 1) show the slide forming a sinuous bound-
ary between the upper and lower Lismoran Formations mapped by Andrews et
al. (1978). However in reply to Jones and Leat (1988), Winchester et al. ac-
knowledged that two additional possibilities existed for its trajectory northeast
of Lough Talt. The first, that the slide dies out or diverged northwards from its
interformational position to the southwest of the Lough Easky Adamellite, and
lies entirely within the Ummoon Formation, was rejected as it was inconsistent
with their hypothesis that the Glennawoo Slide was a major terrane boundary
that everywhere seperated the Ummoon and Lismoran Formations. They there-
fore preferred the second option that the Glennawoo Slide can be traced out of
the inlier approximately 1.5 km east of the Mad river, beneath the Carboniferous

cover sequence with lack of exposure obscuring its actual course.
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Mapping by the present author confirms that the slide is locally expressed as
a zone of increased D3 strain (above the high background level of deformation
observed on the southeast side of the inlier). In this section the location of the
slide, its structural and metamorphic expression will be examined from the four
areas of best exposure. The significance of the structure for the tectonics of the
inlier and the conclusion of Winchester et al. (1988) that this structure represents

a major terrane boundary will be reviewed critically in chapters 5 and 6.

The type locality of the GWS is located 1500m SW of Glennawoo Bridge (G
4145 1369) where very highly deformed feldspathic psammites and semipelites of
the Lismoran and Ummoon Formations are exposed in a series of small (max-
imum size 8 X 15m) outcrops that are isolated by large areas of no exposure.
In hand specimen (Plate 4.13) the feldspathic psammite and semi-pelite are ex-
premely fine grained and white in colour, due to the koaolinization of the feldspar.
The steeply inclined mylonitic foliation that contains a strong gently plunging
stretching lineation, is folded by conjugate F4 folds. In thin section (Plate 4.14)
layers of quartz ribbons (less than 0.01mm wide), exhibiting axial ratios of >25:1
are separated by thinner layers of phyllosilicate (<0.0lmm wide) composed of

muscovite, chlorite, quartz subgrains and rare feldspar porphyroblasts.

It is unclear where the continuation of the Glennawoo Slide lies to the north-
east of the type locality at Glennawoo, as fabrics of comparable intensity are not
observed elsewhere in the inlier. The first option outlined by Winchester et al.
(1988), that the course of the slide follows the sinuous boundary between the
Ummoon Formation and the Lismoran Formation as mapped by Andrews et al.
(1978) would mean that the slide is highly discordant with the orientation of the
S3 fabric in the area. This is inconsistent with the fact that the slide is of D3 age

(as shown at Glennawoo and elsewhere).

The second option, that the slide continues with a northerly trajectory to-

wards Lough Easky is consistent with the observed structural data. Furthermore
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Plate 4.13 Mylonitic 53 foliation in psammite, deformed by angular F4 folds,
the Glennawoo Slide, Glennawoo (G 4020 1286).

" Plate 4.14 Thin section from the same locality as Plate 4.13 illustrating the
 extreme axial ratios of quartz ribbons, separated by layers of ultra fine- grained

phyllosilicates.






reactivation of a structure with this orientation could account for the sinistral

deformation fabric observed in the Lough Easky Adamellite.

The third option, that the slide follows the orientation of the S3 foliation,
swinging to the east out of the inlier east of the Mad river is the simplest hy-
pothesis. This hypothesis simply requires that the slide remains parallel to S3
throughout its exposed length and therefore also lies parallel to the revised bound-

ary between the Ummoon and Lismoran Formations.

In summary both the second and third options are consistent with the ob-
served structural data, and neither can be discounted. The present author con-
siders that most of the displacement on the slide is likely to be taken up by
deformation parallel to the regional orientation of S3. It is also possible that the
slide may bifurcate and a small component of displacement may be taken up on

a dislocation that passes through the Lough Easky Adamellite.

9km of very poorly (< 1%) exposed ground separates the type locality of
Glennawoo from the well exposed Callow-Ummoon area, where a zone of high
strain is located at a similiar stratigraphic level to that at Glennawoo. In outcrop
the narrow zone of increased strain is marked by intense development of sinistral
shear bands and a decrease in spacing of the S3 foliation, (Plate 4.15). The planar
mylonitic fabric observed at Glennawoo is, however, not present. In thin section
the dislocation is marked by the development of seriate boundaries to quartz
grains and the growth of subgrains along the shearbands (Plate 4.16). Chlorite
is concentrated along the shear planes, reflecting the retrogression of biotite in
the slide zones. There is no evidence of an abrupt change in lithostratigraphy or

metamorphic grade across the slide zone Jones and Leat 1988 .

The boundary between the Ummoon and Lismoran Formations is exposed
at Greenans (G 1705 0117). It is extremely difficult to locate the GWS as high

strain fabrics and intense sinistral shear bands are present throughout the area.
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Plate 4.15 Thin section of psammite of the Ummoon Formation, adjacent to the

Glennawoo Slide illustrating tight F3 folds, Callow Loughs (G 3160 0333).

Plate 4.16 Thin section of same specimen as Plate 4.15 cut parallel to the
stretching lineation to illustrate the development of shear bands that modify the S3
foliation. Sub grains of quartz are extensively developed. Chlorite is concentrated
along the shear planes, reflecting the retrogression of biotite to chlorite in the slide

zones.






Identification of the GWS is therefore made by noting the slight increase in inten-
sity of deformation that coincides with the boundary between the Ummoon and

Lismoran Formations arbitrarily defined by the incoming of bands of psammite

>1m thick.

4.3.5.3 The Callow Shear Zone (CSZ): The 1000m wide zone of intense
deformation comprising high strain fabrics and sinistral shear bands that occurs
along the southeast side of the inlier, is termed the Callow Shear Zone (CSZ)
by the present author. This separates the Upper Lismoran Formation of the Ox
Mountains Succession from the Cloonygowan Formation. Within the zone the ac-
tual contact between these units is everywhere concealed beneath Carboniferous
cover. Phillips et al. (1975) inferred this contact to be a major Dcl (D5 present
chronology) slide zone, characterised by cataclasis and retrograde metamorphism
in the Upper Lismoran Formation. Hutton and Dewey (1986) also recognised
that the boundary between the two units was a steep shear zone, but noted that
the shear zone fabric is an intensification of S3 in both sets of rocks. They stated
that the high grade unit - the Ox Mountains Succession, is brought up against
the low grade Cloonygowan Formation by an intervening D3 sinistral shear zone

with a gently plunging transport lineation.

While the present study of the geometry and correlation of the deformation
chronologies of both units supports the conclusion of Hutton and Dewey, (1986)
that the D3 sinistral shearing affects both sets of rocks, the present work also
suggests that the contact may have had an important earlier tectonic history
(section 4.8). Discussion that follows in this section is limited to the features
of the D3 CSZ structure. The evidence for a pre-D3 history of the tectonic
contact between the Clooygowan Formation and the Ox Mountains Succession is

examined in section 4.8. The detailed correlation of the deformation chronologies

of both units is discussed in section 4.10.
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The CSZ produced similar microstructural and geometrical effects in both
the Cloonygowan Formation and the Ox Mountains Succession. In the former
unit D3 strain increases towards the unexposed contact with the Ox Mountains
Succession to the northwest (see figure 4.6). This is reflected by a tightening of
F3 folds, decrease in the spacing of the pressure solution fabric and, in the final
10m of exposure, the development of sinistral shear bands. In thin section the
S3 foliation is defined by a strong preferred alignment of flattened and ribboned
detrital quartz grains set in a fine-grained muscovite/chlorite matrix. The detrital
grains show a maximum x:y ratio of 10:1, with X orientated parallel to the strong
gently plunging stretching lineation. This intense foliation is cut by sinistral
shear bands defined by chlorite and ultra fine-grained (<0.01mm), dynamically

recrystallized, quartz sub-grains (see section 4.8).

A similar increase in D3 strain is experienced by the Upper Lismoran For-
mation to the northwest. A gradual increase in strain to the southeast over
1000m is reflected by the tightening and eventual transposition of F3 folds, the
decrease in spacing of S3 and intensification in shear band development as the
contact is approached. The microstructural effects (Plate 4.17-4.18) mirror those
in the adjacent Cloonygowan Formation. The intense S3 foliation is defined by
a strong preferred crystallographic and dimensional orientation of quartz grains.
The grains have seriate boundaries and contain subgrains which have developed
in response to dynamic recrystallization. Large pressure shadows infilled with
quartz, muscovite and chlorite occur around undeformed feldspar grains. Biotite
is absent, indicating that the localized retrograde metamorphism associated with
the CSZ occured under chlorite zone conditions. Shear bands occur on a variety
of scales with a spacing that varies from <lcm to 50cm but most commonly
1-2 cm. These cut and anastamose into the pre-existing S3 foliation and consis-
tently indicate sinistral shear. The shear bands are defined by narrow (maximum
1mm, average <0.1mm) zones of very fine grained muscovite/chlorite and quartz

sub-grains < 0.01 mm. The change in metamorphic grade across the structure
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FIG 4.6
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Plate 4.17 Thin section of the Upper Lismoran Formation on the southeast side
of the Callow Shear Zone, adjacent to the Cloonygowan Formation, cut perpen-
dicular to the shallowly plunging stretching lineation, illustrating the intense S3
fabric (G 3250 0231).

Plate 4.18 Thin section of the same specimen as above, cut parallel to the gently
plunging stretching lineation, illustrating the development of sinistral shear bands

that modify the S3 foliation. Sub—grains of quartz are extensively developed.







indicates that there is significant vertical displacement across it. This vertical
displacement must have occurred some time after D3 as the rocks of the Ox
Mountains Succession were still at the amphibolite facies for some time after D3
(MP3 staurolite overgrows S3). It is considered that this vertical displacement oc-
curred along a late steeply inclined fault that is located in the unexposed ground

that separates the Cloonygowan Formation and the Ox Mountains Succession at

Callow (see section 4.8).

4.3.5.4 The North Ox Mountains Slide (NOXS): The nature of the contact
between the granulite facies psammites of the northeast Ox Mountains and the
amphibolite facies metasediments of the central Ox Mountains has been the mat-
ter of debate for some time. The contact was first studied by Lemon (1971). He re-
garded the structure of the rocks of the northeast Ox Mountains as Moinian, and
the more variable lithologies of the central Ox Mountains as Dalradian. Lemon
recorded signs of ‘granulation and mylonitisation’ at the boundary between the

two units, which led him to suggest that the Dalradian was thrust northeastwards

over the Moinian.

Phillips et al. (1975) noted that following metamorphism and deformation
under granulite facies conditions the psammites of the northeast Ox Mountains
were retrogressed to amphibolite facies conditions. They described an intense
northeast-southwest trending flattening fabric (D2) which was associated with
this retrogression and which produced a ‘cataclastic’ texture in some rocks. This
fabric is orientated at right angles to the strike of the unretrogressed granulite
facies rocks. They did not however describe the nature of the contact between
the two areas of differing metamorphic history. Andrews et al. (1978) regarded
the boundary between the central and northeast Ox Mountains as a high angle
brittle fault, (The Ladies Brae Fault) whose displacement is essentially vertical

with a small dextral component.
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Yardley et al. (1979) note that the contact between the granulites of the
northeast Ox Mountains and the Barrovian kyanite zone metamorphism of the
central Ox Mountains is analogous to that in S. Donegal where the Dalradian
is thrust over the Moinian, along the L. Derg Slide. They proposed that within
the northeast Ox Mountains the ‘cataclastic’ deformation at amphibolite facies
overprinted earlier granulite facies metamorphism. The earlier metamorphism
was shown to occur at (800°C, >10kbar), significantly greater than that which
affected the staurolite-kyanite schists of the central Ox Mountains (600 °C, 6-
7kbar), and concluded that there was no metamorphic gradation between them.
They stated that following the granulite facies metamorphism that affected the
northeast Ox Mountains, these rocks were juxtaposed against the Ox Mountains
Succession rocks of the southwest and central Ox Mountains which were at this
stage at amphibolite facies conditions. They regarded the greenschist facies ret-

rogression to postdate this juxtaposition.

Max et al. (1984) emphasised the difference between the basement-Dalradian
contact at Lough Derg, which they regard as a D2 amphibolite facies slide and
that between the northeast and central Ox Mountains Dalradian which they state
is a fault. Sanders et al. (1987), examined the metamorphism of the northeast
Ox Mountains in detail and noted that the high pressure granulite facies gneisses
had undergone extensive Caledonian retrogression at amphibolite facies that in-
creases in intensity towards the contact with the.Dalradjan of the central Ox
Mountains. A similar affect was noted between the basement and the Dalradian
at Lough Derg. High pressure granulite facies mineralogies are spectacularly well
preserved at Slishwood, approximately 25km from the contact with the central
Ox Mountains (Sanders et al., 1987). These authors also considered from probe
work and textural studies of garnets in eclogites immediately north of the contact
with the central Ox Mountains that temperatures here were slightly lower (700°
C) than at Slishwood, (Figure 4.7). This indicates that the metamorphic grade

of the northeast Ox Mountains varies from southwest to northeast (Sanders pers
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comm, 1989). Such a lateral variation in metamorphic grade would be consistent
with the northeast Ox Mountains - Lough Derg Inlier granulites representing a
broad antiformal structure with the highest grades, reflecting the greatest depths,

exposed towards the centre (Figure 4.8).

The geometry and kinematics of the high pressure granulite facies rocks of
the northeast Ox Mountains have not been studied in deta.il. The data presented
below is derived from the brief reconnaissance studies of the present author and
the published account of Lemon (1971) and Sanders (1987). These data indicate
that the contact between the northeast and central Ox Mountains is an amphibo-
lite facies tectonic slide that produces planar high strain fabrics and retrogressive
metamorphism in the psammites of the northeast Ox Mountains adjacent to the
contact, and that the contact has subsequently been modified locally by high
angle brittle faults. In this section the structural data obtained from the area
immediately north and south of the contact between the northeast Ox Mountains
and central Ox Mountains are discussed and the nature of the contact evaluated.
Finally the kinematic data and a model for the structural development of this

contact are introduced, although developed further in chapter 5.

The rocks of the Ox Mountains Succession are in closest proximity to those
of the northeast Ox Mountains in an area known as the Ladies Brae, which
is a wide northwest—southeast trending valley transecting the inlier. In most
of the Ladies Brae area exposure is poor and the Ummoon Formation of the
Ox Mountains Succession is separated from granulite facies psammites of the
northeast Ox Mountains by a large area of blanket peat. There is no topographic
feature that can be used to locate the contact, its position shown in figure 2.4 is

therefore poorly constrained.

Immediately southwest of the contact with the northeast Ox Mountains the
S3 foliation is shallowly inclined to <30°) to the west-southwest. Mesoscopic F'3

folds, with tight-isoclinal geometries, wavelengths generally in the range lcm-1m
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Figure 4.8 Schematic development of the North Ox Mountains Slide.

A. Pre—caledonian metamorphism of the northeast Ox Mountains, under Eclogite-
Granulite facies conditions, reflecting depths of approximately 35 km (Sanders,

1987).

B. Erosion of uplifted high grade material previously deformed and metamor-
phosed during the Pre—caledonian accompanied by deposition of the Dalradian.
The boundary between the Dalradian and the basement may at this stage be

represented either by a faulted contact or an unconformity.

C. Caledonian metamorphism at amphibolite facies conditions. Folding in the
central and southwest Ox Mountains, reactivation of the basement—cover contact.
Retrogressive greenschist facies metamorphism affects the Pre—caledonian rocks,
but diminishes northwards, granulite facies features are therefore preserved at

Slishwood.
D. Uplift and eventual exhumation of the granulite facies rocks at Slishwood.

Note : Support for the lateral variation in grade of the basement rocks of the
northeast Ox Mountains is based on the recognition (Sanders, 1987) that eclogites
immediately north of the north Ox Mountains Slide contain garnets that are
inclusion rich and are distinct from those that occur at Slishwood that reflect

higher temperatures.
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and amplitudes between 3cm and 3m have hinges that are orientated parallel to
a well developed stretching lineation with a mean orientation of 11/239 (Figure

4.5). They exhibit variable vergence.

Detailed thin section examination supports field observations that D3 strain
increases towards the contact with the Ox Mountains psammites (Plate 4.19).
At Carrownaskeagh (G 5385 2450), 1350m from the contact the S3 fabric, which
is defined by layers of muscovite and biotite (now largely retrogressed to chlo-
rite) separated by layers of quartz and feldspar, is overgrown by MP3 staurolite
porphyroblasts up to 14mm long. This indicates that metamorphic conditions
during slide development were at least in the staurolite zone of the amphibolite
facies (Plate 4.10). Moving north towards the contact intensification in the fabric
is reflected by a decrease in the spacing of S3, and the progressive tightening of
F3 folds, until they consistently display an isoclinal geometry. Post tectonic re-
crystallization has resulted in the re—equillibration of quartz crystals, which are
now equidimensional and show no preferred crystallographic orientation. It is
therefore extremely difficult to assess the intensity of D3 prior to recrystalliza-
tion using textural criteria. MP3 chlorite has locally replaced MS3 biotite and

garnet, indicating that retrogression followed the juxtaposition of the two units.

Limited kinematic data are preserved in the rocks immediately south of the
contact. Rare occurrances of shear bands indicate overshear to the south. These
data are considered to reflect the final movement on the structure, which was a

minor extensional component to the south.

In the area immediately north of the contact an intense penetrative fabric is
developed in the psammites of the northeast Ox. The fabric is generally either
sub-horizontal or gently inclined to the southwest and has an associated strongly
developed stretching lineation with a mean orientation (14/230). No folds were

observed associated with this fabric. The orientation of the fabric and stretching
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Plate 4.19 Thin section of the Ummoon Formation (Newantrim Member) 100 m

south of the north Ox Mountains Slide, illustrating high D3 strains.

Plate 4.20 Large scale shear sense indicators developed in the granulite facies
psammites of the northeast Ox Mountains, Scalpnacapple (G 6417 2772), 15km
north of the north Ox Mountains Slide, which indicate north directed overshear.







lineation is indistinguishable from that in the Dalradian of the central Ox Moun-
tains immediately to the south, and consistently indicate that the rocks of the

northeast Ox Mountains lie structurally below those of the central Ox Mountains.

Kinematic data including large scale shear sense indicators are exposed at
Scalpnacapple (G 6417 2772) approximately 15km north of the contact with
the amphibolite facies rocks of the Ox Mountains succession. At this locality
the gently inclined mylonitic fabric, which has a northeast-southwest trending
stretching lineation, is wrapped around pods of amphibolite and psammite. The
internal, pre-mylonite fabric preserved in the pods is orientated at a high angle
to the external fabric and consistently indicates a top to the north sense of shear
(Plate 4.20). These amphibolites locally preserve clinopyroxene, which has now
been largely replaced by amphibole. Sanders (1987) has obtained a step heat age
of 437+2Ma. from analysis of these amphiboles which implies that the age of the

deformation and metamorphism is of Caledonian age.

The granulite facies rocks of the northeast Ox Mountains and the amphibo-
lite facies rocks of the central and southwest Ox Mountains are at their closest
proximity in the stream section at Carrownamaddoo, at the northwestern end
of the Ladies Brae (G 5325 2890). Garnetiferous semi—pelites and psammites of
the Ummoon Formation are exposed underneath the bridge at (G 5235 2850).
These exposures structurally overlie pale weathering granulite facies feldspathic
pasmmites of the northeast Ox Mountains granulites that outcrop immediately

downstream.

The fabric that is developed within these psammites is indistinguishable in
orientation from that of the amphibolite facies metasediments of the Ox Moun-
tains Succession immediately to the south. The intensification of the S3 fabric in
the Ummoon formation northwards towards the contact suggests that the contact

between the two units is a tectonic slide of D3 age. Metamorphic data (Plate
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4.10) suggest that movement occurred under amphibolite facies conditions prior

to the growth of MP3 staurolite porphyroblasts.

Further downstream it becomes difficult to distinguish between lithologies of
the Ox Mountains succession and those of the northeast Ox Mountains granulites.
Rocks consisting of a high proportion of semi-pelite, that resemble those of the
Ummoon Formation are interbanded on a scale of 1-5m with homogeneous felds-
pathic psammites that are unequivocal northeast Ox Mountains granulites. The
boundaries between these layers lie parallel to the strong penetrative S3 foliation
in both sets of rocks. The present author considers that in the immediate vicinity
of the contact, the rocks of the northeast Ox Mountains and the Ox Mountains
succession are tectonically interleaved or imbricated. This is a common feature
of slides, (Hutton, 1979b). Such interbanding of rock units results in extreme
difficulty in locating the precise contact between the two units as it is not simply

one contact, but in fact a number of parallel tectonic contacts.

Moving further downstream from this interbanded zone, gently dipping ho-
mogeneous psammites of the northeast Ox Mountains are continuously exposed

between (G 5315 2954) and the margin of the inlier at (G 5315 2970).

The contact between the granulites of the northeast Ox Mountains and the
amphibolite facies metasediments of the Ox Mountains succession is therefore
considered to be a D3 tectonic slide, referred to here as the North Ox Mountains
Slide. This contact is affected by late stage brittle faulting accompanied by
localized brecciation and cataclasis. The absence of a major topographic feature
and common orientation of fabrics in both units that increase in intensity towards

the contact between them, suggests that late faulting has a relatively minor effect

upon the structure (cf. Max et al., 1984).

It is unclear whether the slide was originally an unconformity or a tectonic

(faulted) contact (Figure 4.8), that has subsequently been reactivated. The
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present situation, where the Ummoon Formation is juxtaposed against the Ox
Mountains granulites, indicates that in the absence of extreme facies variation,
a significant part of the Ummoon Formation and all of the Leckee Quartzitic
Formation have been cut out. Given that the angular discordance between the
lithological banding in the Ox Mountains Succession and the foliation in the slide

zone is regionally small, this suggests that the movement on the slide was large.

4.3.6 Contact with the Ox Mountains Granodiorite: evidence for the

timing of emplacement

The contact between the Ox Mountains Granodiorite (section 2.5.1) and the
metasedimentary envelope is exposed along the southeast side of the inlier be-
tween Sallagher (M 1670 9861) and Attimachugh (G 3240 0620). It is a steeply
_inclined and intensely deformed sheeted contact zone in which sheets of granodi-
orite increase in number and thickness towards the continuous body of granodi-
orite. Critical evidence for the timing of emplacement of the pluton is widespread
but:\sbest exposed at two main localities. Firstly in the Ummoon Formation at
Ummoon (G 2710 0012), sheets of granodiorite cut across tight-isoclinal F3 folds,
indicating that intrusion postdated the development of F3 folds within the in-
lier (Plate 4.21). The steeply inclined SC fabric developed within the sheets has
an orientation that is indistinguishable from that in the metasediments, where
it is axial planar to F3 folds (Plate 4.22). This relationship indicates that the
emplacement occurred synchronously with the fabric development in the country
rocks following initial F3 fold development. Secondly at (G 0427 3057) on the
Foxford-Swinford road, large sillimanite porphyroblasts up to 5cm in length are
developed in sheets of semi-pelite and pelite within the Leckee Quartzitic Forma-
tion only in the immediate vicinity of the granodiorite. These porphyroblasts are
assumed therefore to be due to the thermal metamorphism of the pluton. The
porphyroblasts both overgrow and are locally deformed by the SC fabric in the

country rocks. This suggests that intrusion was syn-kinematic with respect to the
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Plate 4.21 Tight to isoclinal, northwest verging F3 folds developed in the Leckee
Quartzitic formation, cut by sheets of granodiorite, Ummoon (G 2710 0012).

Plate 4.22 Granite vein intruding psammite of the Leckee Quartzitic Formation,
deformed by the subvertical S3 foliation that is co—planar to the S3 foliation that
is developed in the metasediments, Ummoon (G 2710 0014).







deformation of the country rocks and that deformation overlapped cooling of the
pluton and development of the thermal aureole. This conclusion is supported by
evidence from the rest of the pluton and is consistent with the diagnostic criteria

for syn-kinematic plutons proposed by Hutton (1988).

4.3.7 D4

D4 produced a set of angular, open to close folds that frequently show a
conjugate geomet(l‘f;;‘.ic I"FI?l.]!:a)se structures can be identified throughout the inlier
but find their greatest development in area 1c where the amplitude of F4 folds
reaches a maximum of 100m, and commonly exceeds 10m, which is an order of
magnitude greater than observed in the remainder of the inlier. The axial planes
of these structures are always inclined at a high angle to S3. Their orientation
falls into two groups which reflects the commonly conjugate nature of F4 folds. F4
fold axes consistently lie parallel with or at a small angle to the well developed
X3 lineation which represents a strong anisotropy. The orientation of F4 fold
axes therefore shows a similar distribution to F3 folds. Quartz crystals show
undulose extinction and an occasional weak preferred dimensional orientation
parallelto the axial planes of the folds. MS3 muscovite and chlorite are bent by
D4, but show no recrystallization, which indicates that they developed at very low
metamorphic grade. The geometry of D4 structures suggests that they represent

vertical shortening or strike-perpendicular extension. The probable kinematic

significance of these structures is discussed in section 5.4.

4.3.8 Contact relationships with the Lough Easky adamellite : evidence

for the timing of emplacement.

The contact between the Lough Easky Adamellite and the metasediments of
the Ummoon Formation is very poorly exposed. Exposure of Adamellite veins

at Lough Callow (G 4481 2025) that cut across F4 folds (Plate 4.24) indicates



Plate 4.23 F4 folds, with gently inclined axial planes, Ummoon Formation,
Castlerock (G 4407 1510).







Plate 4.24 F4 folds cut by a steeply inclined vein of adamellite, Lough Callow,
near Lough Fasky (G 4487 2025).







that emplacement occurred post-D4. This vein relationship is confirmed by thin
section examination which reveals that large andalusite porphyroblasts associated

with the aureole of this pluton randomly overgrow F4 folds.

4.4 AREA 2 : LOUGH TALT

This area, which is located immediately north of the Ox Mountains Granodi-
orite, is of critical importance as it provides the only link between the structure of
the area northwest of the Ox Mountains Granodiorite and the area to the south-
east, and also exposes the contact between the Lough Talt Adamellite and the
metasediments. Structurally the area is complex. It includes the core of a major
F3 antiform that controls the outcrop pattern in the metasedimentary envelope
to the granodiorite (Figure 4.9). In addition the Lough Talt Slide is present in

the southeast of the area and F2 folds also occur here.

The. importance of the area was recognised by previous researchers in the
central Ox Mountains. Both Taylor (1968) and Andrews et al. (1978) attempted
to draw cross-sections through the inlier here, but experienced great difficulty
in relating the structural geometry that they observed to their interpretation of
the stratigraphy. In this section the problem of the stratigraphic identitiy of the
metasediments is reviewed (see section 2.2 for details) before the structural ge-
ometry of the area is described in detail. A model is then proposed to account for
the relationship between the structural and stratigraphic relationships observed.
Finally the structural models of the previous workers are reviewed critically and

conclusions drawn (Figure 4.10).

In common with the remainder of the inlier the boundaries between strati-
graphic units are orientated parallel to the S3 fabric, .which in the case of the
Lough Talt area fans from an orientation of 226/38 at (G 3790 1600) to 058/90
at (G 3976 1460) (Figure 4.10). The detailed stratigraphic correlation with
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other areas in the Ox Mountains discussed in section 2.2 has resulted in the
re-interpretation of the identity of some of the stratigraphic units. Briefly, while
there is agreement with previous workers that the pelite, semi-pelite and psam-
mite south of Lough Talt and north of the contact with the Lough Talt Adamel-
lite represents the Ummoon Formation, and that the pure, white weathering
homogeneous orthoquartzite exposed immediately northwest of this represents
the Leckee Quartzitic Formation, there is disagreement about the identity of all

of the stratigraphy exposed to the northwest of this.

These metasediments have been identified as Attymass Group, Ummoon For-
mation and Leckee Quartzitic Formation by Taylor (1968), and as Attymass
Group and Leckee Quartzitic Formation by Andrews et al. (1978). The interpre-
tation of the present author of these metasediments as a transition member or
lateral facies variation within the Leckee Quartzitic Formation greatly simplifies

the stratigraphy and is discussed in section 2.2.1.

Correct identification of this material is critical to the construction of a strati-
graphic section through the area. The differing stratigraphic interpretations of
the area led previous workers to propose a number of complex structural models
for the area which are not supported by field structural evidence. The cross-
section presented by Taylor is inconsistent with his map (his Fig 7 pp 577, present
ﬁgﬁre 4.10a). It appears however that he regards the LTS as folded around the
major antiformal axis that is located on Crummus (G 3895 1480). No evidence
has been observed to support this, and the present author agrees with Andrews
et al. that there is no observable incease in strain northeast of Crummus at the

slide location described by Taylor.

Andrews et al. (1978), noted that the vergence of F3 folds changed close to
the summit of Crummus. However F3 folds alone were unable to account for the

stratigraphic configuration that they recorded. They therefore ‘postulated’ the
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existence of a number of F2 isoclinal folds to account for the observed stratigra-

phy, but did not cite any structural evidence in support of this.

The present interpretation, based on 1:10.560 mapping of the area (Figure
4.10¢) is that the variable lithology exposed to the west of the unequivocal Leckee
Quartzitic Formation represents the Leckee Tansition Member, a transitional unit
between the quartzite and the Ummoon Formation. The unit does not appear
on the southeast side of the Leckee Quartzitic Formation as it is cut out by
the Lough Talt Slide. This model satisfactorily accounts for the difference in
lithostratigraphy on either side of the Leckee Quartzitic Formation which itself
lies in the core of a major F3 antiform, and therefore structurally underlies the

exposures on the northwest and southeast sides of it.

4.4.1 D1-D2

D2 is expressed as a composite S1-S2 fabric that is orientated parallel to
lithological banding. S2 is transposed by S3 in most of the area but can be
positively identified in the hinges of F3 folds, where it is a penetrative fabric con-
sisting of quartz, muscovite and biotite overgrown by MP2 garnet and feldspar.
In common with other areas in the inlier F2 folds are extremely rare and isolated
occurrances are only observed in two localities, both within the Leckee Quartzitic
Formation where it has resisted transposition by D3 (Plates 4.25-4.26). At (G
3967 1465) on the north facing slopes of Crummus a series of F2 folds can be
observed refolded by later F3 structures. The F2 axes plunge subvertically, have
axial planes that are orientated northeast-southwest and consistently verge to the
northwest. This orientation is totally inconsistent with the regional geometry of
S2 which, if the effects of F'3 folds are removed, is shallowly inclined elsewhere in
the inlier. In addition the relationships observed at Lough Talt, where F2 and
F3 folds axes make an angle of 90° to each other are inconsistent with data from

the rest of the Inlier where F2 and F3 folds are co-axial and interfere giving type
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Plate 4.25 West-northwest verging F2 fold, horizontal surface, viewed looking
north-northeast, Leckee Quartzitic Formation, Lough Talt (G 3967 1465).







Plate 4.26 North-northwest verging F3 folds (same outcrop as 4.25), vertical

surface, viewed looking south-southwest.







‘three interference patterns. If the effects of F3 folding are removed at Crum-
mus and the F2 folds are simply unfolded about F3, so that S2 has a horizontal
attitude, the resultant D2 geometry is that of a series of recumbent folds with
northwest—southeast trending axes that close towards the northeast. These data
are insufficient to demonstrate a major F2 fold closure in this area. In any case

stratigraphic correlations do not require it.

4.4.2 D3

The third deformation is responsible for the main fabric seen at Lough Talt,
which consists of a preferred dimensional orientation of quartz, muscovite and
biotite. S3 augens MP2 garnet porphyroblasts that contain MS2 inclusions of
muscovite and quartz, and is itself overgrown by MP3 staurolite porphyroblasts
at (G 3783 1491). This indicates that at the time of the formation of this fabric,

metamorphic conditions lay within the amphibolite facies.

The fabric has a mean orientation of 243/73, but forms a cleavage fan with
shallow to moderate northwest dips at Tawnyany in the northwest (G 3830 1570),
gradually steepening to the vertical east of Crummus (G 3930 1494) and changing
to steep southeast dips at Larbaun (G 3980 1430) (Figure 4.11). Although this
fabric is intense, and associated F3 folds are tight, the deformation is less well
developed than on the southeast side of the inlier, and shear bands are rarely
developed. F3 folds which are developed throughout the area have an upright
tight-isoclinal geometry and a mean orientation of 09/246, parallel to the well de-
veloped L3 stretching lineation. Vergence of F3 structures indicates the presence
of a large, kilometric scale upright, tight antiform whose axis is located within
the Leckee Quartzitic Formation on the northeast facing slopes of Crummus (G

3955 1475). This is termed the Lough Talt Antiform.
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Figure 4.11 Stereographic projection of structural data : Area 2 (Lough Talt)

(a) 83 :
(b) B3 :
(c) S4:

(d) g4 :

mean orientation of foliation plane 243/73, (pole, 17/153), n=88
mean orientation of lineation 09/246, n=64
mean orientation of axial plane 150/11 (pole, 79/060), n=27

mean orientation of lineation 13/246, n=19

Note—See Figure 4.5 for key to contour intervals.







4.4.3 D4

Structures related to D4 are common in the Lough Talt area and are best
observed in the pelitic / semi-pelitic lithologies. As elsewhere in the inlier F4
fold axes lie parallel to the L3 stretching lineation, have a mean orientation
of 13/246, and are open structures with an angular and commonly conjugate
geometry. The wavelength of these structures in this area does not exceed 1m,
with a corresponding amplitude of 1m. S4 axial planes are inclined at a high angle
to S3 and fall into northwest and southeast dipping groups. As with other areas
in the inlier the metamorphic grade at the time of the formation of D4 structures
was low, MS3 micas are bent by F4 folds and quartz shows undulose extinction

and a weak preferred dimensional orientation parallel to S4 axial planes.

4.4.4 The metasediment contact with the Lough Talt adamellite: evi-

dence for the timing of emplacement

The Lough Talt Adamellite is intruded into metasediments of the Ummoon
Formation in the southeast of the area. The emplacement mechanism of the
pluton is examined in chapter 5. Evidence for the timing of emplacement of the
pluton is widespread, the adamellite cuts across F4 folds in a number of localites
on the northeast facing craggy slopes south of Lough Talt (G 4050 1305). A
100m wide contact aureole is developed in the pelitic and semi-pelitic litholo-
gies of the Ummoon Formation, with large (maximum 3cm in length) sillimanite
and biotite overgrowing a regional metamorphic assemblage of quartz, feldspar,

biotite, muscovite, chlorite and garnet.
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4.5 AREA 3, NORTHWEST SIDE OF THE INLIER: ATTYMASS-
TAWNANEILLEEN

For the purposes of geometrical analysis of D3 structures area 3 has been di-

vided into northeastern and southwestern sub-areas (areas 3a and 3b respectively,

Figure 4.12).

Metasediments of the Ox Mountains Succession (largely the Ummoon For-
mation) are exposed on the northwest side of the inlier between (G 2715 0990)
and (G 4450 2500) 1km north of Lough Easky. Exposure of the area is variable;
it is locally good at Attymass and at Benalta (G 3866 1652) in the northern
part of the area, but deteriorates towards the southwest in the low ground that
is dominated by Carboniferous rocks and blanket peat. For 96 % of the strike
length Carboniferous rocks form the northwest limit of exposure, however at
Lough Brohly and Ballycong, rocks that probably represent part of the Raheen
Barr Successiono:(ﬂlfor\xllag%an oﬁgﬁl&‘lﬁ separate the Ox Mountains Succession
metasediments from the Carboniferous further to the northwest. South of the
Gap (G 3587 1625) the Ox Mountains Granodiorite (whose contact relationships
were discussed in detail in chapter 2) forms the southeast limit of exposure. At
Lough Talt, north of the Gap, a large area of blanket peat cover separates the

area from the rocks of area 4. The northeast and southwest limits of exposure

are delimited by an area of blanket peat north of Lough Easky and Lough Conn

respectively.

4.5.1 Ss

Lithological banding has been distinguished throughout the area. It is ex-
pressed as a composite Ss/S1/S2 fabric. Lithological banding has been sub-
stantially reorientated by later structures over much of the area but a shallowly
dipping limestone band 10m thick, can be traced for 1.5km on the south facing
slopes of Benalta (G 3866 1652). Throughout the area lithological banding dips
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Figure 4.12 Stereographic projection of structural data : Area 3 (N.W. Side of
the inlier)

Area 3a : Attymass

(a) S3 : mean orientation of foliation plane 232/35, (pole, 55/142), n=283
(b) A3 : mean orientation of lineation 29/283, n=124

(c) S4 : mean orientation of axial plane 352/16 (pole, 74/262); n=112

2d) B4 : mean orientation of lineation 18/260, n=81

Area 3b : Tawnaneilleen

(a) S3 : mean orientation of foliation plane 231/48 (pole, 42/141), n=119
(b) A3 : mean orientation of lineation 04/052, n=99

(c) S4 : mean orientation of axial plane 041/22 (pole, 68/311), n=63.

(d) B4 : mean orientation of lineation 08/050, n=21

See Figure 4.5 for key to contour intervals.







gently (<45°) to the northwest (estimate based on the sheet dip of D3 structures).
Way up criteria have not been observed in the area, correct way up is however

inferred from the stratigraphic study of chapter 2.

4.5.2 D1

S1 has only been identified positively at Tawnaneilleen (G 4240 2126), west of
Lough Easky where a bedding parallel fabric is folded around the hinge of an F2
fold that has subsequently been refolded by F3. At this locality S1 is expressed
by a bedding-parallel penetrative alignment of muscovite and quartz. No folds

of F1 age have been identified in the area.

4.5.3 D2

The penetrative S2 foliation can only be distinguished from S3 in the hinges
of F'3 folds, where it is represented by a biotite, muscovite, quartz (MS2) fabric,
that lies parallel to lithological banding. Elsewhere S2 has been totally trans-
posed into, and is therefore indistinguishable from, the intense S3 fabric. Neither
the vergence of S2 on bedding, nor F2 fold vergence has been observed; the pre-D3
geometry can not therefore be determined. The rarity of F2 folds, and absence
of stratigraphic repetitions attributable to this phase, suggests that large scale
D2 structures are either absent from the area or on too large a scale to be distin-
guished within the outcrop area. The fact that the band of limestone exposed on
Benalta (G 3866 1652) can be traced for 1.5km suggests that in this area at least,
the stratigraphy has not been significantly disrupted by D2 structures. Feldspar
porphyroblasts are widely developed throughout the area and are pre-D3. 1t is

however not clear whether they represent MS2 or MP2 crystallization.

4.5.4 D3
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The entire area has experienced intense D3 deformation which is represented
by tight-isoclinal F3 folding and development of an S3 axial planar fabric, that
has almost completely transposed all earlier fabrics and is itself locally modified
by SC3 shear bands. Primary evidence for the age of this fabric is rare (see section
4.6.2); therefore other criteria such as the geometry of structures, relationship to
the regional metamorphism and cross-cutting relationship with the granodiorite
have all been used to determine that the fabric of this area is of regional D3 age.
F3 folds have a lower amplitude : wavelength ratio than those exposed in area 1.
They typically have wavelengths in the range 0.1-1m and amplitudes of between
0.2 and 2m.

Although locally reorientated by later deformation at Attymass (G 3000 1200)
and Benalta (G 3866 1662), S3 has a uniform strike for most of the exposure
length on the NW side of the inlier. The dip of the fabric is more variable,
and the mean orientation therefore changes from moderate dips at Attymass and
Lough Talt (28-35°) (areas 3a, Figure 4.12) before steepening to an average dip
of 68° at Tawnaeilleen (area 3b, Figure 4.12). The latter area is further to the

northwest and therefore structurally higher in the sequence.

F3 folds have a tight-isoclinal geometry, and consistently verge to the south-
east (towards the contact with the granodiorite,) (Plate 4.27). F3 fold axes lie
parallel to the X3 stretching lineations and are plotted as § lineations (Figure
4.12). F3 folds within the area are of constant scale, and have a mean amplitude
of 20cm and mean wavelength of 10cm. There is no evidence of local changes
in the vergence of F3 folds that would indicate the presence of mesoscopic (>
outcrop scale) folds of this age. The consistent southeast vergence of S3 with

respect to SS and S2 indicates that the area lies on the northwest limb of a major

F3 antiformal structure.

X3 stretching lineations plunge gently to the northwest varying from a mean

orientation of 29/283 in area 3a where the effects of later deformation is most

92




Plate 4.27 Southeast verging, close F3 folds, developed in the Ummoon Forma-
tion, Attymass (G 3100 1182).






prominent, to 04/052 in area 3b. Their gentle plunge reflects the transcurrent

nature of the deformation.

4.5.5 The Tawnwneilleen High Strain Zone

In general terms, the intensity of D3 deformation along the northwest side of
the inlier is less than that which affects the southeast side of the inlier. While no
tectonic slides have been identified, at Tawnaneilleen (G 4040 2100), the dip of the
S3 foliation, which is normally inclined gently to the northwest on the northwest
side of the inlier, locally steepens into a number of zones of increased D3 strain
which can be traced for of 4km along strike before exposure is lost (Figure 2.4).
As these areas of steep S3 foliation occur entirely within the Ummoon Formation
it 1s not possible to determine the displacement across the zones. Nevertheless
it is apparent that they represent a significant increase in D3 strain over the
background level. This area of increased D3 strain is therefore referred to as the

Tawnaneilleen High Strain Zone (THSZ).

4.5.6 Contact with the Ox Mountains Granodiorite

The sheeted contact between the metasediments of area 3 and the Ox Moun-
tains Granodiorite is exposed sporadically between the Gap (G 3787 1625) and
Lough Conn (G 2075 0608). Thin sheets of granodiorite orientated parallel to
S3 intrude the metasediments and cut across F3 folds. These sheets increase in
thickness and number towards the pluton the margin of which is arbitrarily de-
fined as where the proportion of granodiorite exceeds 50%. A strong SC fabric is
developed in the granodiorite, which is indistinguishable in geometry and orien-
tation from that developed in the metasediments. Nowhere has the granodiorite
contact been observed to be discordant with this fabric. Critical evidence for the
timing of the emplacement of the Ox Mountains Granodiorite is observed east

of Attymass at (G 3100 1133) where a gently plunging F4 fold, with a shallowly

93




inclined axial plane deforms the contact between a thin (30cm) sheet of granodi-
orite and pelitic metasediments of the Ummoon Formation. This confirms that

intrusion pre-dated D4.

4.5.7 D4

As in other areas F4 fold axes lie parallel with or at a small angle to the
strongly developed X3 stretching lineation. The orientation of F4 therefore varies
systematically with the orientation of X3. In area 3 F4 folds which have an
angular geometry, are mesoscopic in scale with a wavelength of less than 1m
and a corresponding amplitude of less than 1m. Their axial planes fall into
two groups both of which intersect the composite SS/S1/S2/S3 fabric at a high
angle,‘a.nd therefore in this area dip to the northwest and southeast (Figure 4.12)
and commonly interfere, forming conjugate sets. Phyllosilicate minerals are bent
around the hinge of the F4 folds but are not recrystallised. Quartz shows evidence
of high strain, with the development of undulose extinction and occasionally a
weak preferred dimensional orientation, indicating that in common with the rest

of the inlier, D4 structures formed at very low grade.

4.5.8 Contact with the metasediments of the Raheen Barr Sucession

The contact between the poorly exposed marble, quartzite, psammite and
semi-pelite of the Raheen Barr Succession (Long 1977) and the Ox Mountains
is not exposed. No discernable increase in strain has been observed in the Ox
Mountains Succession rocks closest to the contact, and in addition, the tectonic
fabrics within the Raheen Barr Succession are highly discordant with those in
the Ox Mountains Succeséion. The most southeasterly exposure of the Raheen
Barr Succession at (G 3134 1438) is extensively brecciated indicating northeast-
southwest trending faulting. It is likely therefore that the contact between the

two units is presently expressed as a brittle fault.
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An isolated exposure of quartzite at (G 3135 1447) exhibits mylonitic tex-
tures. Unfortunately this isolated outcrop has been brecciated and reorientated
by the later faulting; it is therefore not possible to determine the original ori-
entation of the mylonitic fabric. It is not clear if this fabric results from defor-
mation that brought the Raheen Barr Succession into tectonic contact with the
Ox Mountains Succession or was developed earlier. The trend of the contact
(inferred by the outcrop pattern) is highly discordant with the fabrics developed
in the Ox Mountains Succession. Furthermore no increase in strain has been
observed within the Ox Mountains Succession rocks approaching the contact.
These data strongly suggest that the original contact between the Ox Mountains
Succession and the Raheen Barr Succession is post metamorphic with respect
to the Ox Mountains Succession. This is consistent with the data observed at

Sheeans (area 4, section 4.6).

4.5.9 Late structures

D3 and D4 structures are substantially reorientated by later deformation in
two areas. At Attymass the S3 fabric and contemporaneous fabrics within the
granodiorite, which have a northeast-southwest orientation at (G 3050 1150)
are rotated to the west towards Attymass (G 2950 1150) where they have a
northwest—southeast orientation. A similar effect is observed on Benalta where
the S3 fabric swings from a predominently northeast-southwest attitude at (G
3900 1700) to a northwest—southeast attitude at (G 3750 1650). No minor struc-
tures have been observed associated with these large scale (2km wavelength)
folds, which formed very late in the tectonic history of the inlier. It is unclear
what the cause of this late deformation was. The present author notes however

that the orientation of these structures is inconsistent with Taylor’s correlation

of these structures with regional D4.

95




4.6 AREA 4 : SHANVOLLEY

Metasediments of the Lismoran, Ummoon and Leckee Quartzitic Formations,
deformed and metamorphosed under greenschist facies conditions, occur in a well
exposed area (8km x 3km), west of the Knockaskibole fault, which separates the
metasediments from the Ox Mountains Granodiorite between Sallagher (G 1616
9670) and Greenans (G 1680 0013), (Figure 4.13). Further to the northeast the
fault swings northeast and separates a large (3km x 3km) wedge of granodi-
orite (the structure of which is discussed in section 4.9) from the remainder of
the pluton. Thus between Greenans and Largan the metasediments of area 4
have an original largely unmodified contact with the Ox Mountains Granodi-
orite. Carboniferous rocks onlap to the north of the area, while rocks of the
Raheen Barr Succession (Long and Max, 1977) are in tectonic contact with the
Ox mountains Succession at Sheeans in the west. Devonian strata and the rocks
of Tullycommons (area 5) are in fault contact with the Shanvolley area and form

the southwest and southern boundaries respectively.

4.6.1. Ss.

Lithological banding can be distinguished throughout the area, bt way
up criteria have not been observed. The stratigraphy can be correlated with the
remainder of the inlier and the stratigraphic sequence, with the Leckee Quartzitic
Formation structurally underlying the Ummoon Formation suggests that the
rocks are right way up. Lithological banding and contacts now lie parallel to

S3 and are generally shallowly dipping, (<45°).

4.6.2 D1/D2

Neither quartz segregations, ‘or a tectonic fabric related to D1 have been
observed in the Shanvolley area. Identification of the first fabric seen in the area

as S2, is therefore based on correlation with the regional D2 deformation and
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not on evidence from the Shanvolley area itself. S2 has only been observed in
the hinges of later F3 folds, where it is a penetrative muscovite-chlorite-quartz
fabric, orientated parallel to lithological banding. Due to its transposition into the
intense S3 fabric that is developed throughout the area, neither the vergence of S2
on bedding nor F2 folds have been observed; the pre-D3 geometry can therefore
not be determined. Feldspar porphyroblasts are developed pre-D3, but it is

not clear whether "these represent MS2 or MP2 crystallization.

4.6.3 D3

In common with the Ox Mountains Succession east of the Knockaskible fault
the Shanvolley area has experienced intense deformation during D3, which is
represented by isoclinal F3 folding and an S3 axial planar fabric. This is itself
modified by shearbands (SC3) that are developed throughout the area.

S3 is everywhere a penetrative fabric consisting of an alignment of muscovite,
chlorite and quartz. Quartz grains have a strong preferred dimensional orienta-
tion accompanied by extensive sub-grain growth and grain size reduction, in-
dicative of high strain. F3 folds are most clearly observed west of Largan (G
1650 0235) in the northeast of the area, where their axial planes are steeply
inclined to the south and their axes plunge gently to the east-northeast or west-
southwest (Figure 4.14). The vergence of these structures is consistently to the
north-northwest and towards the Lough Talt Slide: a similar relationship to that

observed in area | (the southeast side of the inlier).

Figure 4.14 illustrates that the orientation of S3 varies throughout the area.
The east-west strike at (G 1600 0300) in the northwest continues to Farbreiga
(G 1692 0296), where it turns sharply to the southeast towards Greenans (G
1680 0013) after which it gradually turns towards the south-southwest. Initial
examination of the map pattern and orientation of the stratigraphic boundaries

in the northern half of the area suggests that this variable orientation of the
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Figure

(a) S3:

(b) B3 :

(c) S4 :
(d) B4:
() S5 :
(f) F5 :

4.14 Stereographic projection of structural data : Area 4 (Shanvolley)

mean orientation of foliation plane 119/23, (pole, 67/029), n=375
mean orientation of lineation 13/208, n=275

mean orientation of foliation plane 225/75 (pole, 15/135), n=92
mean orientation of fold axis 15/226, n=77

mean orientation of axial plane 124/07 (pole, 83/034), n=54

mean orientation of fold axis 01/243, n=>50

Note—See Figure 4.5 for key to contour intervals.






stratigraphic contacts and S3 fabric is due to re-orientation by later folding, as

the axes of F4 folds generally trend to the north-northeast (Figure 4.14).

The L3 stretching lineation does not retain a constant geometrical relation-
ship with, nor does it show a change in orientation with the progressive reorien-
tation of S3, but consistently trends to the north or northeast, with kinematic
indicators that consistently indicate north directed overshear, (Figure 4.13). The
present geometry of D3 cannot therefore simply be explained by re-orientation
resulting from later folding. The data are consistent with dextral movement on
the moderately west dipping Knockaskibole Fault. Matching of stratigraphy sug-
gests that the Shanvolley area was displaced approximately 8km to the northeast
relative to the remainder of the inlier to the east. The data also suggest that
the fault was active late during D3, when it exerted an important influence on
the structure of the area. Thus during the early stages of D3, with the Shanvol-
ley area located south of its present position an early S3 fabric was developed
axial planar to northwest verging F3 folds, similar to those seen in area ! (the
southeast side of the Ox Mountains Granodiorite). This fabric subsequently in-
tensified to produce the tectonic slides and was further modified by shear band
development as the area was translated to the north by dextral movement on the

Knockaskibole fault (section 4.6.5).

Two narrow zones of increased strain named the Lough Talt Slide and Glenna-
woo Slide, after their type localities along the southeast side of the inlier (Taylor,
1969), occur within the Shanvolley area. The structure and kinematics of these
slides is discussed in detail in section 4.3.5 (area 1), which includes the type lo-
calities, where it is shown that in the Shanvolley area the Lough Talt Slide is
marked by a 20m wide zone of intense D3 strain, located at the boundary be-
tween the Leckee Quartzitic Formation and the Ummoon Formation. It is well
exposed in the high ground in the north of the area at Farbreiga where quartzites

of the Leckee Quartzitic Formation show mylonitic textures, totally obliterating
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evidence of earlier deformation. It is therefore not possible to determine whether
the structure has had an earlier tectonic history. The Lough Talt Slide in this
area is everywhere orientated parallel to lithological banding, it is therefore not
possible to determine whether the structure has cut out any stratigraphy. Sim-
ilar relationships pertain for the Glennawoo Slide, seperating the Ummoon and

Lismoran Formations, in this area.

4.6.4 Ox Mountains Succession — Granodiorite contact

The Shanvolley area provides a unique situation in the inlier of a shallowly
dipping contact between the metasediments of the Ox Mountains Succession and
the Ox Mountains Granodiorite. Although the Knockaskibole Fault intervenes
between the metasediments and the Ox Mountains Granodiorite along most of
the eastern boundary of the area at (G 1680 0013) the fault swings northeast
into the granodiorite and leaves the original gently inclined sheeted roof contact
to the pluton isolated to the west. Moderately west dipping Sc fabrics indicate
that the contact experienced dextral deformation during the later stages of D3.
The Knockaskibole fault and associated splays isolate this contact area from
that to the east where northeast-southwest sinistral transcurrent deformation

is prevelant. Models for the tectonic development of this area are discussed in

chapter 5.

4.6.5 The Knockaskibole Fault

The Knockaskibole Fault (Long and Max, 1977) located between Coarsepark
(M1360 9194) and Lough Conn (G 1900 0560), was originally identified by Currall
(1963) who described it as a major thrust. Currall identified two major thrust
planes along which southeast directed thrusting occurred; the Sole Thrust and the
structurally higher Conloon Thrust. He considered that these structures follow

an identical course from Coarsepark to Greenans at which point they diverge.




The Sole Thrust follows a northeast trajectory to the shore of Lough Conn (G
1900 0560), whereas the Conloon Thrust swings to the northwest disappearing
beneath the Carboniferous cover between Lough Conn and Lough Levally. These
two structures therefore isolate a wedge shaped area of granodiorite in which
further thrusts characterized by highly crushed and mylonitic rock have been
identified (Currall, 1963). Long and Max (1977) noted that the Knockaskibole
fault (Sole Thrust of Currall, 1963) had a dextral displacement of approximately
10km and that it was likely to represent a splay of the Clew Bay Fault (see
chapter 6).

The present study indicates that the Knockaskibole fault has experienced a
protracted history of movement. Ductile dextral fabrics with a mean orientation
of 193/58W deform a wedge shaped area of the Ox Mountains Granodiorite be-
tween Greenans and Lough Conn, and overprint . fabrics that are related
to the earlier sinistral shear . that penetratively deformsthe majority of the
inlier. This kinematic history is identical to that experienced by the metasedi-
ments of the Shanvolley area, which also show dextral shear fabrics. This shear
sense is consistent with the fabrics having formed as a response to the dextral
movement that displaced the Lough Talt and Glennawoo Slides approximately
10km northeastwards from their position in area la. Discrete low angle faults
that dip moderately to the northwest, and are characterized by narrow (up to 1m
thick) zones of brecciation and cataclasis, overprint this earlier dextral deforma-
tion and are considered to represent the final stages of movement on the structure.
The southwest end of the Knockaskibole Fault also preserves evidence for the late
brittle history of the structure. At (M 1452 9320) west of Slievenagark Lough, a
narrow exposure gap (minimum 50m) separates the Leckee Quartzitic formation
from the Cloonygowan Formation to the west. Fault related deformation here
is restricted to minor brecciation in both formations. No evidence of an earlier
ductile history is preserved. This suggests that at the present exposure level the

structure is simply expressed as a brittle fault.
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4.6.6 D4

Mesoscopic F4 folds that locally reorientate S3 occur throughout the area
(Figure 4.14). They are open symmetrical folds, that often have a conjugate
geometry but do not have an axial planar cleavage. Stereograms (Figure 4.14)
illustrate that the F4 fold axes display a similar range of orientations to the L3
lineations. This is supported by field observations, where F4 fold axes normally
share a common orientation with the L3 lineation. F4, axial planes intersect S3 at
a high angle ‘(generally >20°), sugyesting  that D4 represents vertical shortening
or strike-perpendicular extension. Examination of thin sections confirms that in
common with other areas in the inlier, D4 occurred at low metamorphic grade:
muscovite and chlorite crystals are bent, while quartz grains are strained and show
undulose extinction and preferred dimensional and crystallographic orientation

parallel to the axial planes of F4 folds.

4.6.7 Later deformation : The contact with the Raheen Barr Succession

At Sheeans, in the northwest of the area the metasediments of Shanvolley
are in thrust contact (The Sheeans Thrust) with the Raheen Barr Succession of
North Mayo. The thrust contact dips gently 5-15° northwest and separates the
rocks of the Ox Mountains Succession from limestones, metadolerites and grits of
the structurally overlying Raheen Barr Succession. The penetrative fabric in the
Raheen Barr Succession is moderately inclined to the west or southwest, and the
associated west northwest—northwest orientated stretching lineation, is orientated
at a high angle to the south dipping fabrics developed in the Ox Mountains
Succession in the footwall. These footwall rocks show a progressive increase in
brittle deformation, fracturing and quartz veining towards the contact, but do
not exhibit any increase in ductile strain. The northwesterly dip of this structure

suggests that it is a relatively late thrust to the southeast. This is consistent with




the northwest—southeast X lineation in the hanging wall representing the original

movement vector.

A number of small scale monoclinal folds with maximum amplitudes of 1m,
whose steeply inclined axial planes are often the site of late faults with small
displacements occur within the Shanvolley area. These structures have a variable
trend (Figure 4.14) and consistently cut across F4 and earlier structures. It is
not clear if these late folds are related to movement of the Sheeans Thrust, late
movement on the Knockaskibole fault, or are due to some other cause, however
their sporadic development and small amplitude (<0.5m) suggests that they do

not represent significant movement.

4.7 AREA 5 : TULLYCOMMONS

These greenschist facies semi-pelites, pelites and psammites of the Ox Moun-
tains Succession occur in a small (6km x 3km), very poorly exposed (<1%) area
at Tullycommons (M 1200 9150) west of Ardvarney (area 6b), (Figure 4.15). The
eastern contact between the rocks of this area and those of the Cloonygowan
Formation to the east is not exposed. Carboniferous rocks onlap to the south,
while a down-faulted block of Devonian strata forms the western boundary of the
area. The contact with the rocks of the Raheen Barr Succession (Long and Max,

1977) outcropping to the west of the area, is not exposed.

Although the Tullycommons area exhibits evidence of a complex polyphase
deformation history, it is characterised by deformation that is considerably less
intense than that experienced by the Shanvolley area immediately to the north
(area 3), and the remainder of the Ox Mountains Succession. The structure of
the area is dominated by a generally moderately inclined penetrative fabric (S2)
which is orientated parallel to lithological banding and ,\lscrenulated and folded

by very rare F3 folds. F3 structures are succeeded by a later series of open
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FIG 4.15

Structural map of Tullycommons:
area 5 & Ardvarney: area 6b
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folds whose axial planes intersect lithological banding at a high angle, and have a
spaced fabric developed parallel to their axial planes. The area lacks the mylonitic
deformation, shear bands, and common F3 folds that characterize the remainder
of rocks of the Ox Mountains Succession (excluding the Cloonygowan Formation

of area 1b), which are dominated by intense transcurrent deformation.

4.7.1 Ss

Lithological banding can' be distinguished widely throughout the area,
but way up criteria have not been observed in this part of the inlier.

4.7.2 D1/D2

Comparison with better exposed parts of the inlier suggests that the pene-
trative fabric observed in the area is a correlative of the main penetrative fabric
recognised throughout the remainder of the inlier (the regional D2 event) which
is usually a composite 52/S1/Ss fabric in which the two tectonic fabrics cannot
usually be distinguished from lithological banding. At Tullycommons, S2 is a
generally north-south trending fabric that is steeply inclined (>45°), either to
the west or east (Figure 4.11), and has a mean orientation 345/59E. In thin sec-
tion, S2 is represented by an alignment of muscovite and chlorite (MS2). Quartz
crystals which separate the bands of phyllosilicates show post-tectonic recrys-
tallization, and are equidimensional with 120° triple points (Plate 4.28). No
intensification of the S2 fabric was observed close to the unexposed contact with

the Cloonygowan Formation of sub-area 6b.

4.7.3 D3

F3 folds are exceptionally rare within the area, and have only been observed
at three localities. At (M 1230 9186) in the south of the area, upright, close F3
structures (Plate 4.29) fold quartz segregations that are parallel to the earlier
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Plate 4.28 Photomicrograph illustrating the S2 fabric defined by a preferred di-
mentsional orientation of quartz, muscovite and chlorite, deformed by D4 crenu-

lations, Lismoran formation, Tullycommons (M 1172 9156).

Plate 4.29 A rare isolated example of upright, close F3 folds with a weak discrete
axial planar fabric, Lismoran Formation, close to the contact with the Cloony-

gowan Formation of area 6b, Tullycommons (M 1230 9186).







S2 penetrative fabric. F3 folds verge towards the southwest, and their axes
plunge gently to the southeast. A weak discretely spaced fabric (S3) developed
parallel to the axial planes of the folds can be distinguished in the fold hinges,
where it intersects S2 at a high angle. In thin section muscovite and chlorite has
crystallized parallel to S3. Similar relationships can be observed at (M 1230 9380)
and (M 12240 9330), but vergence data could not be obtained from these

small outcrops, the geometry of D3 in area 5 is therefore very poorly constrained.

No intensification of the D3 deformation has been recorded close to the un-
exposediovggiﬁthe adjacent rocks of the Cloonygowan formation. Although the S3
fabric is sporadically developed adjacent to the contact (Plate 4.29) it has a highly
variable orientation which is considered to be inconsistent with the presence of a

shear zone or tectonic contact here.

4.7.4 D4

A shallowly inclined (generally <25°) (Figure 4.16) discrete fabric with an
average spacing of 1mm, is widely developed throughout the area, but is most
conspicuous where it affects pelitic lithologies. It is most clearly observed at
(M 1772 9156) where it is paralle] to the gently inclined axial planes of north
north east trending open F4 folds that gently fold bedding and the dominant
S2 fabric. In common with the remainder of the inlier no recrystallization is
associated with this fabric, MS3 muscovite and chlorite crystals are bent, and
quartz shows undulose extinction, indicating that deformation occurred at very

low metamorphic grade.

The area is therefore considered by the present author to have experienced-
a tectonic history that is distinct from the rest of the Ox Mountains, which is
discussed in the following sections. In brief, the present author considers that
the area must have been spatially remote or isolated from the Ox Mountains

shear zone during the later stages of D3, when the rest of the inlier experienced
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Figure 4.16 Stereographic projection of structural data : Area 5 (Tullycommons)

(a) S2:
(b) B2 :
(c) S3:

(d) 83 :

mean orientation of foliation plane 314/44, (pole, 46/224), n=33
mean orientation of lineation 01/155, n=18
mean orientation of foliation plane 337/12 (pole, 78/267), n=15

mean orientation of lineation 01/155, n=18

See Figure 4.5 for key to contour intervals.







intense transcurrent deformation. This implies that the east-west trending fault
(The Lough Ben Fault) that separates Tullycommons from Shanvolley (area 4)
to the north, and the Knockaskibole fault which separates it from the remainder
of the Ox Mountains Succession to the east have significant displacement and
have exerted considerable control on the tectonic development of the inlier. This

is discussed fully in chapter 5.

4.8 AREA 6 : THE CLOONYGOWAN FORMATION

Rocks of the Cloonygowan Formation which were deformed and metamor-

phosed under low-greenschist facies conditions are exposed in three separate ar-

eas:
1. Cloonygowan (sub—area 6a), situated on the southeast side of the inlier.

2. Ardvarney (sub-area 6b), 15km southeast along strike.
3. Westport (sub-area 6¢), 12km southeast of the Ox Mountains inlier.

All the sub-areas have experienced a polyphase deformation history under
greenschist facies conditions (Figure 4.4), but the geometry and relative intensity
of the deformation phases differs between sub-areas 6a and 6¢c, and 6b. This
is considered by the present author to reflect their different position within the
shear-zone. Therefore the deformation chronology and nature of the contacts with
the surrounding areas are separately examined for each of the three sub-areas.
These data are summarized in figure 4.17 and the evidence for the correlation of

the structural history of each of the sub-areas is reviewed.

4.8.1 Cloonygowan (sub—area 6a)

Low grade greywackes of the Cloonygowan Formation are exposed in a small

(5km x 1km) lozenge shaped area at Cloonygowan (G 3300 0230) on the southeast

105



CLOONYGOWAN (area 6a)

ARDVARNEY (area 6b)

WESTPORT (area 6¢)

D1

S1 grain shape alignment tabric

Weak bedding parallel alignment of musc-chi

D2

S2 penetrative fabric inclined at a small
angle to bedding

No shear bands observed

82 penetrative fabric inclined at a smali angle
to bedding.

F2 tolds close-isoclinal, hinges now isolated
by high strains.

S2 intensifies westwards towards the contact
with the Ox.Mts.Succh.

Shear bands develop,indicating SW overshear.

S1 and S$2 not distinguished.

S2 penetrative fabric, inclined at a small angle
to bedding.

S§2 fabric consistently dips NW.

Local younging reversals indicate the presence
of mesoscopic F2 folds.

No shear bands observed.

D3

S3 discretely spaced pressure solution tabric
intersects S2 at a high angle

Sinistral shear bands developed adjacent to
contact with Ox Mts.Succn.

Rare steeply inclined spaced pressure soln, -
fabric crenulates S2,

83 spaced pressure solution fabric
intersects S2 at a high angle. Vergence on S2
consistently NW.

F3 tight-isoclinal folds, max amplitude 1m
consistently verge north.

Sinistral shear bands

D4

F4 open folds, axes plunge NE,
axial planes inclined gently NW or SE,
no axial planar fabric.

Open tolds common,
Axes plunge gently NE-SW, parallel to X2
Shallowly inclined axial planes.

F4 open folds common. Axes plunge gently
NE-SW. Axial planes shallowly inclined at a
high angle to S3.

D5

Kink bands with subvertical axes, offsets
consistently dextral.

Later deformation uncommon, occasional

dextral kinkbands.Entire area reorientated by
later taulting.

L'V Oid



side of the inlier. An exposure gap of 50m separates this area from the Ox

Mountains Succession to the northwest, while Carboniferous rocks onlap to the

southwest and form the southeast margin of the inlier.

4.8.1.1 Ss : Lithological banding, marked by substantial variations in grain
size, can be recognized over most of the Cloonygowan area. Graded bedding is
common (Plate 4.20, and therefore the way up of strata can normally be easily
determined. Lithological banding has been greatly re-orientated by later defor-
mation. In particular, F3 folding has steepened lithological banding so that it
is now generally inclined at > 45 °. Way up criteria observed suggest that the

strata are frequently overturned by earlier mesoscopic F2 folds.

4.8.1.2 D1 : S1is clearly observed at one locality in sub—area 6a of the Cloony-
gowan Formation. At (G 3300 0190) S1 is expressed as a grain shape alignment
fabric which is inclined at a small angle to bedding and downward facing. No
minor folds associated with this fabric have been observed. Similar relationships
are seen in other parts of the area but, generally, D2 and D3 deformation trans-
poses S1. There is therefore insufficient information to deduce the geometry of
D1. The identification of S1 within the Cloonygowan Formation is however of
critica.l importance as it enables a detailed correlation to be made between struc-
tural chronology of the rocks of the Cloonygowan Formation and those of the Ox

Mountains Succession which is discussed in detail in section 4.10.

4.8.1.3 D2 : The regional S2 fabric is developed throughout the Cloonygowan
area where it is expressed as a penetrative fabric inclined at a small angle to
lithological banding. S2 consists of a preferred dimensional and crystallographic
orientation of fine-grained (0.2 x 0.04mm) quartz, muscovite and chlorite. De-
trital quartz and feldspar grains are strongly flattened into the plane of S2 and
the X-direction of the detrital grains lies parallel to the X3 stretching lineation
which is parallel to the intersection of S2 and S3. S2 is axial planar to a number

of rare northeast-southwest trending, recumbent, mesoscopic, tight-isoclinal folds
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that commonly face to the southeast and produce num serous younging reversals,
(Phillips et al. 1975). D2 structures do not show consistent vergence relation-
ships, which suggests that the sub-area occupies a D2 hinge zone. Large scale

F2 folds closures could not be mapped out within the limited area of exposure.

Phillips et. al. (1975) state that this D2 fabric intensifies towards the north-
west and the unexposed contact with the Ox Mountains Succession, which they
regard as a tectonic contact of D2 age. No evidence, such as a decrease in the
spacing of S2 or a decrease in the angle between S2 and Ss, was observed by the
present author to confirm that D2 strain increases towards the contact in either

the (.llowgaom Formation or the Ox Mountains Succession.

4.8.1.4 D3 : S3 can be identified easily throughout sub-area 6a where it is a
steeply inclined pressure-solution cleavage (Plates 4.30-4.31) with a mean ori-
entation of 059/85 SE, (Figure 4.18). The strong X3 stretching lineation lies
sub-parallel to the S2/S3 cleavage intersection and plunges gently to the north-

east, with a mean orientation of 06/061.

The spacing of S3 decreases towards the northwest, reflecting the increase
in D3 strain as the contact with the Ox Mountains Succession is approached
(Figure 4.19). This is supported by measurement of the shortening of post-D2
quartz veins which show an increased shortening from 10% 700m from the contact
to 90% at the exposures closest to the contact, which is itself unexposed. The
increase in D3 strain is also reflected by the development of sinistral shear bands
in the last 50m of exposure (Figure 4.19). The C planes of the shear bands, which
bend but do not recrystallize S3 muscovite and chlorite, make an angle of up to
30° with S3 and have a sub-vertical intersection with S3 which is perpendicular
to the well developed X3 lineation, (Plates 4.32-4.33). Upright, close to tight F3
folds, which refold S2, are widely developed throughout the area. Their amplitude

: wavelength ratio increases towards the northwest. F3 vergence data indicate

107




Plate 4.30 Steeply inclined S3 pressure solution fabric crenulating S2 which

is orientated at a small angle to lithological banding, Cloonygowan Formation,

Cloonygowan (G 3300 0184).

Plate 4.31 Photomicrograph of specimen illustrated in Plate 4.30, showing the

spaced character of S3 and its crenulation of the earlier penetrative S2 foliation.






Figure 4.18 Stereographic projection of structural data : Area la (Cloonygowan)

(a) SS/S1/S2 : mean orientation of foliation plane 254/80, (pole, 10/164), n=20
(b) Kink Bands : orientation of axial plane 164/84 (pole,06/074), n=99

(c) S3 : mean orientation of foliation plane 059/85 (pole, 05/329), n=148

(d) 83 : mean orientation of lineation 09/061, n=73

(e) S4 : mean orientation of foliation plane 024/42, (pole, 48/294), n=22

(f) B4 : mean orientation of lineation 27/060, n=50

See figure 4.5 for contour intervals







FIG 4.19
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Plate 4.32 Sinistral shear bands, viewed looking southeast along a gently inclined

suface, Cloonygowan Formation, Cloonygowan (G 3247 0226).

‘Plate 4.33 Photomicrograph of specimen illustated in Plate 4.32, showing the
well-developed S3 foliation that is modified by shear band development.






that the structure of the area is dominated by a major F3 synform whose axis is

located at (G 3306 0215).

4.8.1.5 D4 : produced a set of open to close folds that frequently show a congu-
gate geometry and are most commonly developed in the pelitic and semi-peltic
lithologies. S4 axial planes fall into two groups, (Figure 4.18, Plate 4.34) which

dip moderately to the northwest and less commonly to the south or southeast.

F4 axes plunge gently to the northeast with a mean orientation of 27/060 (Fig-
ure 4.18), parallel to the well-developed X3 stretching lineation. MS3 muscovite
and chlorite are bent by D4, but show no recrystallization, which is consistent
with their development under very low grade conditions of metamorphism. The

geometry of these structures suggests that they represent vertical shortening, or

strike-perpendicular extension.

4.8.1.6 Later structures : Kink bands whose axes have a mean orientation
of 84/164 (Figure 4.18), intersect S3 at a high angle and are common throughout

the area. 98% have a dextral displacement on S1-S3.

4.8.1.9 The Callow Fault : identified by Taylor (1968), the Callow Fault is
concealed beneath a thick cover of peat, and is nowhere directly observed to fault
rocks of the Cloonygowan Formation or the Ox Mountains Succession. Faulted
Carboniferous rocks exposed immediately to the south of the unexposed boundary
between the two formations however indicate that a fault separates the Cloony-
gowan Formation from the Ox Mountains Sucession to the northwest (Long, pers
comm). Earlier movement on this structure is inferred from metamorphic con-

siderations discussed in section 4.10.

4.8.2 Sub-area 6b : Ardvarney

The greywackes of the Cloonygowan Formation occur in a small (6km x

2km) lozenge shaped area at Ardvarney. Topographic relief is low and exposure
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Plate 4.34 F4 fold, folding S3, Cloonygowan Formation, Cloonygowan (G 3248
0024).






consequently very poor, occuring principally in the Clydagh river (M 1510 9559).
Other areas of outcrop are typically separated by up to 1km of unexposed ground.
The moderately west dipping Knockaskibole fault, described in section 4.4.5,
defines the eastern limit of the area, while the contact with the Ox Mountains
Succession to the west is not exposed. Along its northern margin the area is in

fault contact with area 4, (Shanvolley). Carboniferous rocks onlap to the south,

forming the southern margin of the unit.

4.8.2.1 Ss : Lithological banding is visible over much of the Ardvarney area,
where it generally dips at shallow angles (<30°). The way up of the strata can be
determined where graded bedding is present, particularly in the coarser grained
fractions of the Formation. These data indicate that the rocks are largely right
way up in the Clydagh river section (M 1510 9559), although F2 folds locally
overturn strata (M 1510 9560) (Plate 4.35) Furtﬁer eﬁdence that the strata are
right way up is present at (M 1325 9400), 2km to the southwest, and at (M 1425
9645). Due to poor exposure and intense deformation it has not been possible
to determine the way up in the rest of the area. However the consistently right
way up section through the Clydagh River between (M 1522 9500) and (M 1425
9650), suggests that large scale folds have not affected the area.

4.8.2.2 D1: A weak preferred dimensional orientation of quartz, muscovite and
chlorite, that possibly represent MS1 crystallization, has been identified parallel
to lithological banding in the fine-grained pelitic lithologies. This occurs in an
area of anomalously low strain in the Clydagh River section at (M 1540 9522)
where it is folded by F2 folds (Plate 4.35). No minor folds have been observed

which are associated with this S1 fabric.

4.8.2.3 D2 : D2 is represented by a penetrative fabric, produced by MS2 crys-
tallization of quartz, muscovite and chlorite. That is developed throughout the
area, and lies at a small angle to bedding (Plate 4.36). The geometry of D2 is

most clearly observed in the small area of fine-grained pelitic rocks in the Clydagh

109




Plate 4.35 Close F2 folds, with sub-horizontal axial planes, Cloonygowan For-
mation, Clydagh River, Ardvarney (M 1510 9559).

Plate 4.36 Photomicrograph illustrating the bedding paraliel S2 fabric, Cloony-
gowan formation, Clydagh River, Ardvarney (M 1540 9522).






River (M 1510 9559) described above, that exposes the only examples of F2 folds
recorded at Ardvarney (Plate 4.35). Ss/S1 is deformed by a series of tight - iso-
clinal folds (average amplitude 15cm, wavelength 6cm), with shallowly inclined
axial planes. The Ss/S1 - S2 intersection lineation makes a high angle with the
X2 stretching lineation indicating that the strain is low (elsewhere in the inlier
F2 and F3 fold axes lie parallel to X3). At this locality F2 folds face to the
southeast and verge towards the northwest. However as F2 folds have not been
recorded elsewhere in the area it is not possible to determine the geometry of D2
in more detail. As discussed chapter 2 the stratigraphy of the area is generally
right way up. This strongly suggests that F2 folds only have a minor influence
on the structure of the area, and that larger scale F2 folds are either absent or

are on such a large scale that they cannot be appreciated within the small area

of available outcrop.

In the remainder of the Ardvarney area, which has been subjected to higher
strain, S2 transposes the Ss/S1 fabric, which becomes a composite Ss/S1/S2
foliation into which detrital grains of quartz and feldspar are flattened. This
composite fabric is modified by shear band development accompanied by grain
size reduction and sub-grain growth (Plates 4.37-4.38). The composite fabric is
usually gently inclined and has a mean orientation 250/10NW, (Figure 4.20) the

associated X2 stretching lineation is orientated 02/062.

A D2 strain gradient, increasing towards the west and the unexposed contact
with area 3, can be mapped by recording the X:Y ratios of pebbles within the
coarse grained lithologies that have been flattened into the S2 fabric. X:Y ratios
increase from 2.7 at (G 1505 9586) to 6.2 at (M 1255 9315) as S2 intensifies,
and becomes a mylonitic fabric. Pressure shadows are developed around the
quartz and feldspar clasts, indicating a rheology contrast between matrix and
pebbles. The strong stretching lineation associated with this mylonitic fabric has

a mean orientation of 02/062 (Figure 4.20), while kinematic indicators (mica fish,
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Plate 4.37 Mylonitic S2 fabric modified by extensive shear band development,

Cloonygowan Formation, Ardvarney (M 1510 9561).

Plate 4.38 Photomicrograph of specimen illustrated in Plate 4.37 showing the

grain size reduction and recrystallization associated with shear band development.






Figure 4.20 Stereographic projection of structural data : Area 6b (Ardvarney)

(a) SS/S1/S2 : mean orientation of foliation plane 250/10, (pole, 80/160), n=>53
(b) B2 : mean orientation of lineation 02/062, n=51

(c) S4 : mean orientation of foliation plane 056/62 (pole, 28/326), n=46

(d) B4 : mean orientation of lineation 09/067, n=38

(e) Monoclinal folds : orientation of a.xialplaﬁe 332/82 (pole, 18/242), n=11

See figure 4.5 for key to contour intervals.






rotated porphyroblasts, and shear bands consistently indicate overshear towards

240 azimuth, and the contact with area 5 (Tullycommons), which is discussed

fully in section 4.6. ,

Correlating tectonic fabrics developed in the Ardvarney area with the other
areas of low-grade rocks (central Ox Mountains, area 6a, and Westport, area 6c)
is problematic principally due to poor or non-exposure of the contacts between
Ardvarney and adjacent areas. The correlation which is favoured by the present
author is tabulated in Figure 4.17 and hinges on the correlation of the first pen-
etrative fabric seen at Ardvarney with the regional D1 deformation. It follows
from this correlation that their is no obvious correlative in the Ardvarney area
for the steeply inclined S3 fabric observed at Cloonygowan and Westport, where
it intersects the S2 fabric and lithological banding at a high angle. This implies
that there is a significant difference in tectonic history of the areas, and that
the Ardvarney area has not been subjected to the intense D3 deformation that

characterizes the other two areas. Mechanisms which may account for this are

discussed in chapter 5.

The alternative correlation preferred by Long (pers comm. 1988) of the pen-
etrative fabric observed at Ardvarney with the spaced S3 fabric at central Ox

Mountains is not accepted for the following reasons.

1. The fabric correlated by Long has different relationships to lithological band-
ing. The fabric in sub-area 6b (present D2) is inclined at a small angle to
lithological banding, this suggests a correlation with D2 at sub-area 6a and not
D3, which intersects lithological banding at a high angle.

2. The present author does not consider that the penetrative fabric observed
in sub—area 6b (D2 present chronology) is sufficiently intense to have completely
transposed two earlier fabrics as required by the model of Long. This is supported

by thin section examination (Plate 4.36), which shows that the S2 fabric, inclined
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at a small angle to lithological banding is a closely spaced penetrative fabric,

which is highly distinct in character from the spaced nature of S3 elsewhere in

the inlier, -

3. The S3 (present chronology) fabrics observed in sub-areas 6a and 6c are steeply
inclined and have a constant orientation, which is consistent with their having
formed in a shear-zone, whereas the only penetrative fabric observed in sub-area

6b is shallowly inclined and does not exceed a dip of 45°.

4.8.2.4 D3 : The Ardvarney area lacks the intense discretely spaced pressure
solution fabric orientated at a high angle to bedding and S2, that characterises
the rocks of sub-area 6a, where sinistral shear bands occur in the area of most

intense D3 strain towards the contact with the Ox Mountains succession.

Isolated examples of a weak discrete spaced fabric that crenulates S2 and is
axial planar to close, upright folds . are observed at (M 1246 9184)
close to the contact with the Tullycommons area (area 5) to the west. This
fabric is sporadically developed and has a variable orientation. It is therefore not
considered to be sufficiently intense, widely developed or regular in orientation

to represent a tectonic contact of®Da age.

This striking dissimilarity between the expression of D3 within rocks of the
same formation, deformed and metamorphosed at the same metamorphic grade
implies that both areas must have had a different tectonic setting during D3.

The tectonic model considered to explain this difference in structural history is

discussed fully in chapter 5.

The relative absence of D3 deformation means that the Ardvarney area pre-
serves critical evidence on the nature of the D2 tectonic contact that separates
the Ox Mountains Succession from the Cloonygowan Formation. Subsequent
movement on the Knockaskibole Fault system and related structures has rotated

this contact so that it is now inclined oblique to regional strike.
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4.8.2.5 Nature of the contact between the Ox Mountains succession
(Tullycommons, area 5, and the Cloonygowan Formation at Ardvarney
(sub-area 6b). The contact between sub-area 6b and area 5 is not exposed.
The rocks of the Ox Mountains Succession and Cloonygowan formation are in
closest proximity at Tullycommons (M 1246 9184) where an exposure gap of
80m separates the two units. As discussed in section 4.7.3 D2 strain increases
towards this contact, indicating that it was active as a D2 structure. The sporadic
development of a later spaced fabric in the vicinity of the contact (correlated with
the D3 deformation of area 1a) is not considered to be sufficiently intense, widely

developed or regular in orientation to represent a major tectonic contact of D3

age.

The D2 age for the contact here contrasts with the D3 age demonstrated
for the contact between the Cloonygowan formation of sub— area 6a and the Ox
Mountains Succession of area 1. Three explanations may account for this. The
first is that it is possible that the rocks of the Cloonygowan Formation presently
exposed in sub—area 6a represent a significantly higher part of the formation. If
this were the case then the original contact with the rocks of the Ox Mountains
Succession to the northwest would be located below the present exposure level and
any original D2 contact would therefore not be apparent. The second possibility
is that the intense D3 deformation that affects the Cloonygowan Formation of
sub—area 6a masks an earlier D2 tectonic contact. The third possible explanation
is that the rocks of the Cloonygowan Formation of the two sub areas were brought
into contact with the Ox Mountains Succession at different times. This is not
considered to be likely by the present author as it would imply widely differing

tectonic histories for the two sub—areas.

4.8.2.6 D4 : Structures asociated with D4 are weakly developed throughout
the sub—area although?ﬁ"e most common in the pelitic lithologies such as in the
Clydagh River at (M 1510 9559). D4 is expressed by a series of small scale
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open to close angular folds with wavelengths generally less than 20cm whose
moderately inclined axial planes intersect the well-developed S2 fabric parallel
to the X2 stretching lineation. F4 fold axes have a mean orientation 09/067.,
(Figure 4.20). Although occasionally F4 folds form congugate sets, usually only
one set is found with neutral vergence. S4 axial planes are inclined at a high angle
(70-90°) to S2, which appears to control their orientation (Figure 4.20, Plate
4.39). No penetrative fabric associated with F4 folds has been observed in the
Ardvarney area. These structures have clearly formed at a very low metamorphic
grade. Early muscovite and chlorite grains are bent around the hinges of F4 folds
but have not recrystallized. Quartz grains do hoiwever/ show evidence of MS4
syntectonic recrystallization, having a preferred crystallographic and dimensional

orientation parallel to the F4 axial planes.

4.8.2.7 Later deformation : The fractured monoformal folds, and dextral
shear bands that are conspicuously developed in the Cloonygowan Formation at

area 6a, have not been observed in the Ardvarney area.

4.8.3 AREA 6C WESTPORT

In this section the deformation chronology established during a brief recon-
naisance study of the Westport Grit Formation (Max 1989) of sub-area 6¢ will
be examined and compared with that of the Cloonygowan formation of areas 6a

and 6b in Figure 4.17.

4.8.3.1 Ss/D1/D2 : The earliest fabric observed is a spaced fabric that is
attributed to composite S1-S3 and is inclined shallowly to the north and lies
sub-parallel to lithological banding. Pebbles are strongly flattened into the plane
of the penetrative foliation, which is developed throughout the area. In the
areas examined, the strata generally young to the south, but local younging

reversals indicate the presence of folds of F2 or possibly F1 age.
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Plate 4.39 Open F4 folds of S2 foliation, Cloonygowan F ormatioﬁ, Clydagh River,
Ardvarney (M 1510 9559).






4.8.3.2 D3 : D3 is expressed as a more discretely spaced (average 5mm)
pressure solution cleavage that is inclined steeply to the northwest and therefore
intersects S2 at a high angle. This constant northwards vergence suggests that
the area is located on a single limb of an F3 fold (Plate 4.40). Sinistral shear
bands which modifiy the pre—existing S3 fabric are also occasionally observed.

4.8.3.3 D4 : Shallowly plunging, mesoscopic, open F4 folds, clearly refold F3
and associated structures. They have a shallowly inclined axial plane but lack an
associated axial planar cleavage are sporadically developed throughout the area,

(Plate 4.41).

The correlation of the Westport grit Formation with the Cloonygowan Forma-
tion (Chapter 3) is strongly supported by the similarity in deformation sequence
observed in both areas. The D2-D4 deformation phases exhibit a similar geo-

metrical relationship to bedding in both areas and are therefore considered to be

correlatives.

4.9 STRUCTURE OF THE OX MOUNTAINS IGNEOUS COM-
PLEX.

In this section the deformation of the three components of the igneous com-
plex are examined separately. Possible emplacement mechanisms are discussed

in chapter 5.

4.9.1 The Ox Mountains Granodiorite

The Ox Mountains Granodiorite, which is the main component of the ig-
neous complex is pervasively deformed by a strong penetrative fabric that is a
solid-state alignment of plagioclase, biotite and alkali-feldspar (Mc Caffrey, pers
comm). A sinistral S/C fabric is widely developed. This fabric has an identical

orientation to the S3 fabric in the metasediments at the contacts and in rafts
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Plate 4.40 Steeply inclined pressure—solution fabric (correlated with S3 in the
Cloonygowan Formation) deforming an earlier (S2) bedding parallel fabric, West-
port Grit Formation, Westport (M 0200 8450).

Plate 4.41 F4 folds deforming S3, Westport Grit Formation, Westport (M 0205
8453).






contained within the pluton. This fabric therefore progressively changes orienta-
tion from the northwest side of the pluton, where it has a mean orientation of
054/57, to the southeast side of the pluton where it trends northeast- southwest

and has a sub—vertical attitude.

This earlier fabric is succeeded by steeply inclined discrete mylonitic zones
that are concentrated at the contacts between lithological units within the pluton.
These consist of fine-grained zones which cut the main fabric and shear-bands.
Both quartz and feldspar show grain size reduction in these narrow zones which
although narrow and relatively uncommon, represent significant displacement,

(Mc Caffrey, pers comm).

In the Attiappleton area, at the southwest of the pluton, the initial sinistral
fabric is extensively overprinted by moderately inclined, penetrative dextral duc-
tile shear fabrics with a mean orientation 193/58W that result from movement on
the Knockaskibole fault. Later brittle deformation produced a series of shallowly
dipping discrete faults, thrust slices and duplexes (Plate 4.42).

4.9.2 Lough Talt Adamellite

The Lough Talt Adamellite contains two tectonic fabrics that are highly dis-
cordant with the S3 fabric that is developed in the country rocks. The earliest
of these is a sinistral late~to post-crystallization fabric (Hutton, 1988) that has a
mean orientation of 045/50. It consistently dips moderately to the southeast, in
contrast to the steep northwest dips of the S3 foliation in the metasediments im-
mediately southeast of the contact. This indicates that the fabric was produced
by a different deformation. The origin of this fabric is discussed in section 5.5.
The pluton fabric is succeeded by discrete dextral shears and fractures generally

with a spacing of <10cm, that reflect minor late dextral deformation.
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Plate 4.42 Contractional imbricate stack developed in the Ox Mountains Gran-

odiorite at the northwest end of the Knockaskibole fault zone (G 1900 0565).







4.9.3 The Lough Easky Adamellite

The Lough Easky Adamellite is deformed by two tectonic fabrics.that are
correlated with those that deform the LTA. The first fabric is a preferred dimen-
sional orientation of quartz and feldspar. The quartz shows ductile deformation
and augens feldspar megacrysts that have been fractured by brittle deformation
mechanisms. This fabric, which is less strongly developed than in the LTA, is best
observed in the margins of the pluton (G 4480 2280) and consistently indicates
sinistral shear. Offset s of brittle deformation consistently indicate a sinistral
component of shear. Andrews (1984) determined the shear sense by examining
the offsets of fractures within individual feldspar grains. These fractures have
. developed to accommodate the ductile deformation within the matrix, and thus
have dextral offsets which are antithetic to the overall sinistral shear sense. The
orientation of the fabric in the pluton (030/64) is similar to that of the S3 foli-
ation in the country rocks. In common with the LTA, this penetrative fabric is

succeeded by discrete dextral shears. (Mc Caffrey, pers comm, 1988).

4.10 CORRELATION OF THE DEFORMATION CHRONOLOGIES
OF THE OX MOUNTAINS SUCCESSION AND CLOONYGOWAN

FORMATION.

This correlation is of critical importance to an understanding of the tectono—
thermal history of the inlier. The contacts between the two units are not exposed
in either areas 6a, Gb or(.c. The structures must therefore be correlated on the
basis of their geometry and relationship to the regional metamorphism. The
absence of unequivocal cross-cutting relationships between the fabrics in these
units has led to a number of differing interpretations. Taylor (1969), and Long
and Max (1977) regard the Cloonygowan Formation as having been deformed syn-

chronously with the Ox Mountains Succession. Phillips et al (1975) and Andrews
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et al. (1978) state that the first fabric which they recognise in the Cloonjgowan
Formation (Sc1) (Sc2 in the present chronology) can be correlated with D4 cat-
aclasis in the rocks of the Ox Mountains Succession. They therefore regard the
deformation of the Upper Dalradian rocks to be the earliest Caledonian event and

to overprint the earlier deformation within the Ox Mountains Succession which

they consider to be pre-Caledonian.

The present work (summarized in Figure 4.21) demonstrates that the defor-
mation history in the Upper Dalradian rocks of the Cloonygowan Formation is
considerably more complex than was previously recognised, and that both ar-
eas share a common D1-D4 polyphase deformation history. The correlation of
Phillips et al (1975) between Scl (Sc2 present chronology), which is represented
by a shallowly dipping penetrative fabric inclined at a small angle to‘bedd'mg,
and D4 (Sc3 in the present chronology), a sub-vertical S-C fabric, is not accepted
by the present author. The Scl fabric of Phillips et al. (1975), (Sc2, present
chronology) does however have an identical geometry to the S2 fabric in the
higher grade rocks of the Ox Mountains Succession. This deformation is suc-
ceeded by a phase of deformation that produces a steeply inclined fabric in both
sets of rocks (D3, present chronology), and a phase that produces conjugate folds
with gently plunging axes and shallowly inclined axial planes (D4). Therefore
there is no geometrical basis for regarding the deformation in the Cloonygowan
Formation as later than and overprinting the deformation in the higher grade

rocks of the Ox Mountains Succession.

The geometrical similarity between the deformations of both areas strongly
suggests that they have been deformed synchronously by the same orgenic
episode. If however this correlation is accepted the differences in metamorphic

grade experienced by the two areas must be accounted for.

West of the KA'(L)ckaskibole fault the pelites of the Ox Mountains succession

lie in the garnet zone of the greenschist facies and contain the assemblage (gar-
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CLOONYGOWAN FORMATION

OX MOUNTAINS SUCCESSION

D1 S1 weak bedding-parallel alignment of musc-chl S1 penetrative tabric observed in hinges of F2 folds
S2 penetrative fabric inclined at a small angle to bedding 82 strong penetrative fabric now largely transposed into composite
S$1-83 fabric
D2 F2 close to isoclinal folds
F2 rare F2 folds preserved in hinges of F3 structures
D2 displacement on Cloonygowan Fm - Ox Mts. Succn.contact
indicated by D2 shear bands observed in area 6b.
S3 discretely spaced pressure solution fabric subvertical, S3 genefally steeply inclined spaced fabric, intersects $2 at a high
intersects S2 at a high angle F3 upright, isoclinal folds,axes angle
oriented © parallel to X2
D3 tectonic slides developed
SC3 Shear bands developed in area 6a adjacent to contact
with Ox Mts Succn F4 F3 upright, tight to isoclinal folds parallel to gently plunging stretching
lineation SC3 Shear bands extensively developed throughout the
Ox Mts.Sucen.
Open folds, axes parallel to X3. F4 open folds, axes parallel to X3
D4 S4 Gently inclined axial planes, no axial planar tabric.
S4 Axial panes gently inclined,no axial planar tabric
D5 Renewed sinistral transcurrent deformation affects adamellites,

succeeded by minor discrete dextral shears.
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net, biotite, chlorite, chloritoid, chlorite + muscovite, quartz and plagioclase).
Garnet is however absent from the pelites of the Cloonygowan Formation of
area ba, and the assemblage here (quartz, albite, muscovite, chlorite) indicates
that the metamorphism there has not exceeded the chlorite zone of the green-
schist facies. There is therefore a significant difference in metamorphic grade
between these two areas. The contrast between the metamorphic grade of the
Cloongowan Formation of area b and the adjacent Ox Mountains Succession
appears to be greater. The pelitic rocks of the Ummoon Formation of the Ox
Mountains Succession 1000m northwest of the Cloonygowan Formation contain
garnet, staurolite, biotite, muscovite, plagioclase + quartz, indicative of meta-
morphism under staurolite zone conditions of the amphibolite facies, whereas the

rocks of the Cloonygowan Formation have not exceeded the chlorite zone of the

greenschist facies.

This significant contrast in metamorphic grade must be accounted for by
juxtz'xposition following MP3 when the metamorphic grade still lay at the amphi-
bolite grade. In the case of the Cloonygowan Formation of area ha this is likely
to have been accomplished by net. vertical displacement on the Callow Fault
located in the unexposed ground that sepa;a.tes the two ﬁnits. At Ardvarney
(area 6b) in the southwest of the inlier, the smaller relative vertical displacement

required must also have occurred by late or post D3 movement on the unexposed

contact that separates the two units.
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CHAPTER 5

o

TECTONOTHERMAL DEVELOPMENT OF THE INLIER.

The aim of this chapter is to integrate the structural, kinematic and metamor-
phic data of chapter 4 into a model for the development of the inlier. No attempt
is made to illustrate stratigraphic boundaries on figures 5.2-5.8, as this would
considerably complicate the diagrams and conceal important structural relation-
ships. The relationship of the tectono-metamorphic model to regional tectonics
and the implications that it has for terrane accretion models of the Highland
Boundary Fault in W. Ireland is examined in chapter 6. The information that the
model provides on the general problem of processes and deformation geometries

in mid-crustal shear zones is examined in chapter 7.

5.1 D1 : THE FIRST DEFORMATION

The original geometry of S1 is unknown,ioit is therefore not possible to de-
termine the geometry and kinematic significance of D1. The fine grained nature
and composition of the S1 fabric, which is expressed as a rarely preserved inclu-
sion trail of MS1 muscovite and quartz in albite porphyroblasts suggests that the

metamorphic grade lay in the low greenschist facies prior to D2, (Figure 5.9).

The absence of a clea,”rly defined S1 fabric from areas within the Ox Mountains
that have experienced a relatively weak D2 deformation, suggests that S1 was
originally developed at a small angle to lithological banding, as in these areas
S2, which itself is consistently at a small angle to, or sub-parallel with bedding,
is considered to be insufficiently well-developed to have completely transposed
a pre-existing fabric that was originally inclined at a high angle to lithological

banding. No evidence has been observed to suggest that any major structures

120



Reconstruction of D2 geometry

ResEVT

N Mayo Inlier
A ; )
<= e =
N I .
g Eeeaces =L
i i . e S o S e oy
Eee e

: g
S T e e T e e T e e

g Clew Bay %—L%:Smﬁ

A Suffers intense D3 deformation

B experiences minor D3 deformation but
is isolated from most of the effects of
D3 preserving evidence for original D2

T === 10 km = geometry
Clare Island = : PRl ==
e e s me e e C intense D3 obliterates evidence for D2
SE==—m e Westport Grits o SEsmeees =
= We tport Grits==Se=s Seee e ESeceem—s movement
: : S

LATE D3 - POST
INTRUSION

Knockaskibole fault system active

s § KF - Knockaskibole fault
LBF - L Ben Fault
CF - Cloonygowan Fault

D2 GEOMETRY

D2 tectonic contact v vrvy—]
D2 overshear sense <P

s2 _ ——
Trace of KF (not yet active) -~

I'G OId



related to D1, such as the major D1 tectonic slide developed in the Dalradian of
south Donegal (Central Donegal Slide, Alsop 1987), are present in the area.

5.2 D2 : THE SECOND DEFORMATION

Over most of the inlier D3 deformation has transposed S2, thereby obscuring
the original geometry and kinematics of D2. However D2 was clearly an important
phase in the tectonic history of the inlier, since it produced a strong penetrative
fabric and F2 folds. Evidence preserved at Ardvarney demonstrates that the con-
tact between the Cloonygowan Formation and the Ox Mountains Succession was
active at this stage. In this section the geometry and kinematics of D2 structures
are reviewed, and by removing the effects of subsequent deformation an attempt
is made to reconstruct the D2 geometry of the inlier and the original geometry of

the contact between the Cloonygowan Formation and the Ox Mountains (Figure

5.1).

5.2.1 Fabric development and geometry (Figure 5.2)

D2 deformation has n;sulted in a penetrative fabric in all the units of the Ox
Mountains. Where lithological banding is observed this fabric always lies parallel
to it. Unfolding the D3 deformation suggests that S2 was originally shallowly
inclined. The ‘type three’ refolding pattern (Ramsay 1967) formed where F2 and
F3 folds interfere suggests that F2 fold axes originally had a northeast-southwest
orientation. This, combined with the largely linear outcrop pattern suggests that

the strike of S2 was likely to have been northeast-southwest.

While small scale F2 folds are occasionally observed, the absence of more
widespread vergence information including cleavage-bedding relationships means
that the existence of larger scale F2 folds can only be inferred from stratigraphic

data, where the observed stratigraphic configuration cannot simply be accounted
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D2 - PENETRATIVE FABRIC DEVELOPMENT

Cloonygowan Formation thrust into contact with the Ox Mountains Succession
Lough Anaffrin antiform develops

§

Cloonygowan Formation
Ox Mountains Succession
Pre—-Caledonian basement
S2

D2 tectonic contact

D2 overshear sense
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for by D3 or subsequent deformations. The only major D2 structure identified in
this way is the Lough Anaffrin Antiform, (section 4.3.3). The observed stratigra-
phy and the rarity of mesoscopic and microscopic F2 folds is consistent with the

absence of further major F'2 folds.

5.2.2 Tectonic contacts

The intensification of S2 and the progressive development of shear bands to-
wards the contact between the Cloonygowan formation and the Ox Mountains
Succession in the Ardvarney area strongly suggests that this is a tectonic con-
tact of D2 age. Following the juxtaposition of the Cloon%owan Formation rocks
against those of the Ox Mountains Succession (Figure 5.1), the inlier was affected
by D3 transpressive deformation that refolded lithological banding and S2 and
produced a strong generally steeply inclined fabric with a northeast-southwest

strike, at a high angle to S2 in all areas apart from Tullycommons and Ardvarney

(see sections 4.7.3 and 4.8.2).

It is evident that if the displacement on the Knockaskibole fault is restored, the
areas in question lay approximately 10 km to the south of their present location.
This horizontal displacement alone may have removed the areas sufficiently far
from the locus of the main D3 deformation to account for the absence of D3
deformation within them. In addition the area may also have been vertically

separated from the remainder of the Ox Mountains Succession by one of two

mechanisms:

1. A low angle detachment, that presently lies below the current exposure level

may separate the two areas. This would explain the very abrupt difference in the

deformation of the two areas.

2. There may be considerable vertical displacement on the east-west trending late
fault (The Lough Ben Fault) that presently separates the two areas. Stratigraphic
data discussed in section 2.1.4 suggest that the displacment on this fault may be
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large and that the southern block may have been downthrown from a significantly

higher level than the northern one.

Whilst the first of these models would provide a very efficient mechanism for
the partitioning of deformation that is observed, it cannot however be verified as
such a detachment would lie below the present exposure level. While the second

mechanism undoubtably occurs, it is unclear whether it alone could account for

the difference in structural histories of the two areas.

5.2.3 Comparison with the contacts at area la : Evidence for a D2

contact

Structural data indicate that the contact between the Ox Mountains Succes-
sionb and the Cloonygowan formation was active as a gently plunging, steeply
inclined D3 sinistral shear zone. Structural relationships observed at Ardvarney
(Sub-area 6b) suggest that the original contact between these two units may have
also had an important D2 tectonic history. The contact between the two units
is now expressed as a steeply inclined northeast—southwest trending fault (The
Callow fault). The Cloonygowan Formation and the Ox Mountains Succession
must have been juxtaposed following MP3 when the Ox Mountains Succession
rocks were still undergoing amphibolite facies metamorphism, as metamorphic
grade in the Cloonygowan Formation never exceeded the greenschist facies. This
juxtaposition is likely to have been achieved by a combination of late D3 sinistral
movement on the gently northeast plunging shear zone, and most importantly by

net vertical displacement on the Callow fault.

5.2.4 Evidence for D2 displacement on other tectonic contacts

S2 generally lies parallel to lithological banding and therefore to the bound-

aries between lithological units. These boundaries, principally the Leckee
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Quartzitic Formation - Ummoon Formation and, Ummoon Formation - Lower Lis-
moran Formation, are also rheological boundaries and are the sites of D3 tecfonic
slides. The S2 foliation would therefore appear to have a favourable orientation to
act as a plane of movement. Unfortunately, due to the intense D3 deformation, it
is not possible to determine if they have also localized strain during D2. It is likely

that they acted as tectonic boundaries during D2 although no direct evidence is

available for this.

5.2.5 Reconstruction of D2 geometry (Figure 5.1)

The present overshear sense observed at Ardvarney (240°Azimuth) 1s unlikely
to represent the original geometry of the contact. The strata of the Tullycommons
area have clearly been reorientated, so that they now lie perpendicular to regional
strike. Figure 5.1 illustrates the simplest reconstruction, which involves restoring
the movement on the Knockaskibole Fault. This restoration must assume the
geometry of the Knockaskibole fault southeast of Newantrim where it is concealed
beneath Carboniferous cover. The interpretation used in Figure 5.1, that the fault
has a sigmoidal trajéctoi'y and anastamoses into the major fault systeni on the
south side of Clew bay, is consistent with the observed magnetic data (Max et
al., 1983) which show that the area is dominated by linear northeast—southwest
trending magnetic features. Restoration of the movement on the Knockaskibole
fault produces a 35° clockwise rotation of strike of the rocks of the Tullycommons
area, and a corresponding reorientation in the overshear direction of the overlying
Cloonygowan formation. The original geometry of the contact inferred by this

reconstruction is that of a thrust directed towards 275 azimuth.
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5.3 D3 : PROGRESSIVE DEVELOPMENT OF A MID-CRUSTAL
STRIKE-SLIP FAULT SYSTEM

The present geometry of the Ox Mountains results largely from progressive D3
sinistral transpressive deformation. This produced a kilometric scale mid-crustal
strike-slip fault system, whose development is described below. The terminology
used in figures 5.3-5.7 follows the work of Woodcock and Fischer (1986) on strike

slip systems. This terminology is used and developed further by the present

author.

5.3.1 D3 A : Pre-intrusion geometry - shear zone initiation (Figure 5.3)

Evidence that the granodiorite was syn-kinematic with respect to D3 is out-
lined in chapter 4. Tight-isoclinal F3 folds are cut by granodiorite sheets in the
metasedimentary envelope and F3 folds with a more open geometry are preserved
in rafts within the granodiorite where they are also commonly cut by granodiorite
sheets and veins. Often in the latter situation the granite veins are themselves
folded but less tightly than the metasediments which they intrude. Data pre-
served in rafts within the pluton suggest that it was intruded into the core of a
northeast-southwest trending F3 antiform, and the orientiation of F3 folds, paral-
lel to the northeast-southwest trending regional stretching lineation suggests that
this structure developed in response to transcurrent deformation. The metamor-

phic grade at this time still lay at the amphibolite facies following the MP2 peak

of regional metamorphism.

At this stage the Cloonygowan Formation of areas 6a and 6c was undergo-
ing deformation with a similar geometry but at a structurally higher level. The
Cloonygowan formation rocks of area 6b (Ardvarney) were at this stage isolated

from the D3 deformation that affected the remainder of the inlier.
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FIG 5.3




5.3.2 D3 B : Synkinematic intrusion - shear-zone active (Figure 5.4)

Syn-kinematic intrusion of the granodiorite followed the initial folding and
fabric development, described in D3 A. Geobarometric data (Yardley and Long,
1981), indicate that intrusion occurred at a pressure of 6-7kbar which corresponds
to an intrusion depth of approximately 24km. This is consistent with the absence
of a well developed thermal aureole, which suggests that intrusion occurred close
to the amphibolite facies peak of regional metamorphism, and that the metased-

imentary envelope was hot and unresponsive to further heating.

Small-scale examples of intrusive relationships observed on the northwest side
of the pluton at Pontoon suggest that the emplacement of sheets occurred in a
sinistral dilational environment (Mc Caffrey, pers comm). These data may con-
flict with the widespread evidence in the country rocks that the ambient tectonic
environment immediately before and synchronous with the emplacement of the

pluton was predominantly transpressive. A number of possibilities exist that may

account for this:

a) Emplacement could have been achieved in a transpressive regime only if the
magma buoyancy force exceeded the ambient transpressive strain, i.e. emplace-
ment would be forceful. Emplacement by such a mechansim would result in in-
creased ballooning strains in the country rocks, concentrated at the margin of the
main body of the pluton and the margins of the smaller sheets of granodiorite in
the contact zone. No evidence has been seen to support this. While it is possible
that the intense post—intrusion transpressive deformation may have modified such
ballooning strains so that they are no longer apparent, this is considered to be
unlikely as the later deformation is not considered to be sufficiently intense to have

obliterated evidence for ballooning strains everywhere had they been present.

b) It is probable that the shear-zone, while dominantly transpressive in nature is

likely to have developed by the operation of a series of non-parallel high strain
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D3 B — SYNKINEMATIC INTRUSION

Sinistral shear zone

Intrusion of OX Mts Granodiorite into core of tightening F3 antiform

S3 fabric develops in Ox Mts Succn and Coonygowan Fm

S2 transposed

F3 folds parallel to NE-SW stretching lineation
Spacing of lines refiects intensity of S3

Ardvarney area 6b isolated from the effects of D3

MaximumPT conditions within the Ox Mountains
Succession — Amphibolite facies
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zones, active at different rates at different times. This inhomogeneous deformation
will result in the development of strain gradients and hence displacement gradients
within the metasedimentary envelope. This will be reflected by areas of high
transpressive strain separated by areas of low transpressive strain. The pluton
may thus have exploited a zone of diminished transpressional strain or even
dilational strain within an overall transpressive shear zone. If this were the case
then the pluton now precisely occupies the site of the dilation, as there is evidence

for dilational strains in the country rocks.

Emplacement could therefore be achieved by . intruding a coalescing series
of sheets that enclose F3 folds, and create roof septa, pencia.nts and raft trains.
This model is supported by the mapping of McCaffrey who noted that the sep-
arate bodies of differing igneous lithotype, intruded on the northwest side of the
pluton at Attymass (G 3125 1250) were commonly separated by rafts and sheets
of metasediment. Following the initial intrusion the presence of magma within
the shear zone would have further increased the anisotropy and therefore strongly

influenced the subsequent development of the structure.

5.3.3 D3 C : Braided fault system develops in response to continued

sinistral shear (Figure 5.5)

Transpressive deformation that originated earlier in D3, continued syn-
chronously with intrusion and subsequent cooling of the pluton. This deforma-
tion produced a steeply inclined crystal-plastic fabric within the pluton and the
metasedimentary envelope. The deformation locally intensifies to form a series
of high-strain zones which converge both laterally and vertically to give rise to
a braided strikeslip fault system. Development of this structure began when
metamorphic conditions were at the amphibolite facies and continued during the
cooling and retrogression that preceeded D4, (Figure 5.9). The essential com-

ponents of this structure are identified and described below, in terms of such a
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braided fault system. The likely kinematic history of the entire structure is then

discussed. Numbers in the text in brackets refer to figures 5.5-5.8.

(1) N. Ox Mountains Slide (Frontal ramp). This basement-cover interface
is the deepest structural level observed in the inlier. The pre-Caledonian granulite
facies psammites of the northeast Ox Mountains, which dip gently to the south
behaved as a rigid block that controlled the structure of the metasediments of
the Ox Mountains Succession as they are driven over it from the southwest. This
produced a strong northeast—southwest trending stretching lineation that plunges
gently to the southwest, and a bend segment in the Callow Shear Zone (7). The
structure therefore has the geometry of a frontal ramp in a thrust system, as
it is inclined gently southwest and directly confronts the overthrust vector. It
should be emphasised that this is likely to be simply a reflection of the basement

topography and is distinct in origin from the ‘propagated ramps’ of thrust systems.

(2) Tawnaeilleen high strain zone (THSZ)(Straight). Located along the
northwest side of the inlier the TSZ (2), has the geometry of a straight or fault
segment that lies parallel or sub-parallel to the regional slip vector. This zone of
high strain takes up considerable strike slip motion on the northwest side of the
inlier.

(3) Lough Talt Slide (LTS) (Straight). Unlike the TSZ this slide is oblique
to the stratigraphy. It cuts out the Leckee Transition Member southwest of Lough

Talt (see section 4.3.5.1, Figure 4.10) thus bringing the Ummoon Formation into

contact with the Leckee Quartzite in the rest of the inlier to the southwest.

(4) Glennawoo Slide (GWS) (Straight). This lies parallel to the strati-
graphic boundary between the Ummoon and the Lower Lismoran Formations,
and consists of a ‘straight’ section (4a) and a ‘bend’ section (4b). The change in

orientation of the structure from straight to bend, is likely to be in direct response

to the buttressing effect of the frontal ramp (1).
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(5) Oblique Drop Zone (ODZ). This separates the steep zone to the west of
Lough Easky from the shallow zone to the east, and accommodates part of the
relative vertical displacement between two blocks, the eastern of which probably
underwent more rapid uplift as a result of being driven up over the frontal ramp
(1). This greater uplift to the east may be reflected in increased intensity and
scale of D4 vertical shortening structures. The ODZ may represent a splay from
the GWS. The ODZ also appears to be the locus for the emplacement of the later
Lough Easky Adamellite.

(6) Dorsal Culmination. This could have developed in response to driving
the metasediments of the Ox Mountains Succession east of the ODZ (5) over the
frontal ramp (1), either due to; 1. butressing, as resistance to further thrusting
over the basement builds up or 2. the geometry of the basement topography being

curvi linear.

(7) Callow Shear Zone (CSZ). This separates the Upper Lismoran Formation
from the Cloonygowan Formation and is the broadest zone of high strain in the
inlier. With the geometry of a straight segment, movement on this structure,
recorded by the development of sinistral shear bands in both the Cloonygowan
Formation and the Upper Lismoran Formation, as.well as subsequent faulting,
has brought the Cloonygowan Formation into contact with the Ox Mountains

Succession. This contact is therefore one of the most important in the inlier.

5.3.4 D3 D : Lock—up and break-back development (Figure 5.6)

Following the sinistral transcurrent deformation that produced movement on
structures (1-7), the major fault strands now locked up and became inactive. The
westerly dipping Knockaskibole fault (8), comprising a break-back (8a) and a con-
tractional imbricate fan (8b) may then have developed as a response to continued
transcurrent deformation. The fault displaces, and therefore clearly post-dates

movement on the high strain zones (GWS and LTS) developed on the southeast
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side of the inlier. Its timing, and basic southwest inclined geometry and movement
sense are analogous to that of a break-back thrust (Butler, 1987), (a structure that
occurs at a structurally higher level and behind the previously developed struc-
ture, in this case the frontal ramp (1)). At its northern end the fault divides into
a number of closely spaced fault splays, each with dextral displacement, the most
westerly of which isolates the original intrusive roof contact of the granodiorite
(9). The other wedges are of granodiorite which have strong late dextral fabrics
imposed upon earlier sinistral fabrics associated with the main sinistral shearing
that affected the inlier. The geometry of these wedges suggests that they are
contractional imbricates (Butler, 1987) that developed late in the sequence of de-

formation, when the shear-zone locked up and further movement on the basement

cover interface was energetically unfavourable.

5.3.4.1 Kinematic relationships - development of a linked strike-slip
fault system: Figure 5.5 illustrates that the geometry of the inlier is controlled
by a series of strike slip faults that anastamose both laterally and vertically to
form a complex braided fault system. At least in the northeast end of the inlier this
is a response to basement topography. In this section the kinematic relationships
of the various components of the structure are examined, and by viewing the
structure as a simple package of Dalradian stratigraphy that is driven over a gently
south dipping basement—cover interface by sinistral tranpressive deformation, the

likely sequence of movement on each of the fault strands can be discussed.

initia.l folding and fabric development throughout the inlier was followed by
intrusion of the granodiorite and the development of more discrete zones of defor-
mation. These structures numbered (1-7) (figure 5.5) take up the greater part of
the sinistral displacement that occurs during D3. Sinistral transpression dictates
that the straight segments (4 and 7) were activated early, as they are deformed
during the ramp climb over the frontal ramp (1). As deformation continued, the

dorsal culmination (6) developed to accommodate material driven up over the
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south-dipping basement—cover interface and continued sinistral displacement was
taken up on the remaining northeast southwest orientated straight segments (2
and 3). The oblique drob zone decoupled the area south of the frontal ramp,
which was undergoing rapid uplift and retrogression, from the area to the west,
which is dominated by moderately-steeply inclined linear fabrics associated with
the transcurrent deformation (2). Deformation then continued under conditions of
decreasing metamorphic grade. Sinistral displacement occurred on the straights
(2,3,4 and 7). Displacement may have occurred simultaneously on all of these
structures or may have shuffled between them with different structures taking up
the displacement at different times. The amount of displacement represented by
these structures is considerable. However, as the shear-zone lies parallel to the
regional strike it is not possible to use bedding offsets to determine the displace-
ment. Since the southwest extent of the straight segments is concealed beneath
post-metamorphic cover, the total length of the zone is not known, although it

clearly exceeds its exposed strike length of 60 km.

Eventually, late in D3, sinistral displacement ceased on the straight segments,
probably due to lock up or buttressing that occurred following increased resistance
to further displacement on the frontal ramp. At this point the Knockaskibole
fault developed as a break—back cutting up section and above and behind the
frontal ramp to breach (Butler, 1987) the pre-existing straights. Movement on this
structure has produced a pervasive ductile dextral fabric in the granodiorite, that
overprints the earlier sinistral fabric, indicating that deformation occurred under
greenschist facies conditions in contrast to the amphibolite facies deformation
that produced the earlier sinistral fabric in the granodiorite (Mc Caffrey, pers
comm). Wedge shaped segments of the granodiorite are isolated by splays of the
structure giving the geometry of a contractional imbricate fan. Displacement on
this structure is closely constrained by the offset of the straight segments of the

shear-zone (3,4 and 7) which indicate a dextral component of about 10km.
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5.4 D4 : REGIONAL UPLIFT (Figure 5.7)

D4 structures reflect the fundamental change in kinematics that followed D3
and the intrusion of the Ox Mountains Granodiorite, when transcurrent deforma-
tion ceased and uplift began throughout the inlier. D4 is everywhere represented
by folds that have an angular or chevron geometry. The axes of F4 folds lie
parallel to or at a small angle to the well-developed L3 stretching lineation. S4
axial planes are consistently shallowly inclined (generally <30°) and often form
conjugate sets. F4 folds have therefore clearly formed in response to vertical
shortening with an associated strike-perpendicular extension. The absence of a
penetrative axial planar fabric associated with F4 folds which simply bend MS3-
MP3 micas and produce undulose extinction and some recrystallization of quartz
confirms that metamorphic conditions lay in the low greenschist facies during D4
(Figure 5-9). D4 structures are developed throughout the inlier in both the Ox
Mountains Succession and the Cloonygowan Formation. They find their greatest
development southeast of the Lough Easky Adamellite. In this area, which cor-
responds to an area of strong retrograde metamorphism, D4 structures have an
amplitude of up to 100m and commonly exceed 10m, which is an order of magni-
tude greater than that observed elsewhere in the inlier. In this area at least, they

represent a significant amount of shortening, probably up to 40%.

D4 structures could at least in part reflect the vertical shortening that may
have accompanied the uplift that occurred between the intrusion of the Ox Moun-
tains Granodiorite and the intrusion of the LoughTalt and Lough Easky Adamel-
lites. The coincidence of the timing and development of these structures with the
PT history of the inlier suggests a causal relationship between them. The alter-
native possible explanation that they could have been produced due to footwall
loading under a now totally eroded thrust sheet, is considered to be unlikely as

no evidence for such a large thrust sheet has been found. It is also interesting to
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note that identical structures are seen in the Main Donegal shear zone (Hutton,

1977; author’s own observations).

5.5 D5 : RENEWED TRANSCURRENT DEFORMATION; EM-
PLACEMENT AND DEFORMATION OF THE ADAMELLITES (Fig-

ure 5.8)

The LEA is located on a structure that is termed an oblique drop zone (Figure
5.8) that was active during D3, and separates two large blocks that are likely to
have experienced different magnitudes of vertical movement. The elliptical shape
of the adamellite is well constrained, and its elongation parallel to the ODZ is
consistent with the earlier D3 structure having exerted a fundamental control on
its emplacement and subsequent deformation. The penetrative fabric occurring
throughout the pluton has a similar orientation to the D3 fabric that developed

earlier in the metasedimentary envelope and consistently indicates sinistral shear.

The Lough Talt Adamellite (LTA) is located immediately north of the north-
east limit of the Ox Mountains Granodiorite, 750 m northwest of the Glennawoo
Slide. The shape and extent of the pluton is very poorly constrained as only its
northwest and southeast contacts are exposed. The presence of a shallowly south-
west dipping floor confact between the adamellite and the country rocks suggests
that the pluton has been intruded, at least here, upwards from the southwest.
The absence of data on the shape of the pluton and the geometry of its contact
with the Ox Mountains Succession to the southwest precludes any further conclu-
sions to be drawn. A strong sinistral S/C fabric is developed in the pluton. This
fabric shares a common strike with the fabric in the country rocks, but dips to the
northwest rather than to the southeast, and cross-cuts the contact between the
pluton and the country rocks. The development of a sinistral S/C fabric oblique

to the contact with the metasediments in both plutons, suggests that the fabrics
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are of tectonic origin rather than simply due to the emplacement of the pluton.
These data strongly suggest that the inlier was subjected to a final period of sinis-
tral transcurrent shear, shortly following the emplacent of the two plutonic bodies
at approximately 401+33 Ma. The relatively weak nature of the deformation in
the adamellites compared to that in the Ox Mountains metasediments as well
as the discordance of the tectonic fabric with, and the lack of obvious reworking
in, the metasediments is consistent with the hypothesis that the main focus of

transcurrent deformation had shifted, possibly to the southeast (Chapter 6).

The sinistral fabric developed in both plutons is succeeded by discrete dextral

shears and fractures that reflect minor late dextral deformation.

5.6 CONCLUSIONS : The relationship between kinematics, metamor-

phism and chronostratigraphy.

This is reviewed in figure 5.9 which illustrates that the inlier has experienced

a complex structural history. Four main kinematic episodes are represented.

1. Initial fold and fabric development, and activity on the contact between the

Cloonygowan Formation and the Ox Mountains Succession, (D2, Pre-478 Ma).

2. Sinistral transcurrent deformation, development of a braided fault system and
syn-kinematic intrusion of the Ox Mountains granodiorite under amphibolite fa-
cies conditions at 478+12Ma (D3, Arenig-Llanvirn), followed by further sinistral

deformation as the metamorphic grade decreased and the granodiorite cooled.

3. Uplift, reflected by decreasing metamorphic grade (D4).

4. Sinistral transcurrent deformation following intrusion of the Lough Talt

Adamellite and Lough Easky Adamellite under greenschist facies conditions at

401+33Ma (D5, Early Devonian).
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Figure 5.9 Generalized tectonothermal history of the Ox Mountains. Note: the
intrusion of the Lough Easky and Lough Talt adamellites and the Ox Mountains
Granodiorite provide the only chronostratigraphic markers for the deformation.

The duration of each of the deformation phases is unknown.
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The rocks of the Cloonygowan Formation are considered to have experienced a
similar structural history to those of the Ox Mountains Succession although at a

higher structural level.
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CHAPTER 6

REGIONAL TECTONIC SYNTHESIS AND CORRELATION

In this chapter, the position of the Ox Mountains in relation to the remainder
of the Dalradian of the west of Ireland will be considered. The location, structure
and kinematics of the Highland Boundary Fault Zone (HBFZ) will then be exam-
ined in detail for both the Irish and Scottish sectors. Evidence that this structure
represents a major terrane boundary will be reviewed briefly, and the evidence for
the existence of exotic terranes proposed by Winchester et al. (1988) in the Ox
Mountains will be critically examined. The information that data from the Ox
Mountains provides on the kinematics of the HBFZ and the constraints that this
places on possible terrane accretion modgls for this structure will be discussed.
Finally, moving further up scaie and using a combination of the timing relation-
ships of deformation to dated plutons and dated sedimentary rocks, an attempt
will be made to correlate deformation in the Ox Mountains.sector of the HBFZ

with that observed along the remainder of the zone in Scotland.

6.1 INTRODUCTION TO THE CONCEPT OF TECTONOSTRATI-
GRAPHIC TERRANES

During the 1970s it became recognised that the Western Cordillera of North
America are composed of a collage of fragments or terranes, each with a distinctive
stratigraphy and separated by tectonic contacts (tectonostratigraphic terranes).
Many terranes were identified that did not appear to have any relationship to the
North American Craton,l:‘)gltsilers yielded evidence that they had been transported
considerable distances. These displaced or allochthonous terranes that were proven

to be far travelled became referred to as ezotic (Coney et al. 1980; Dewey, 1982).
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The term terrane was defined formally by Jones et al. (1983) as ‘Fault bounded
units of regional extent, each characterised by a geological history which is distinct
from that of neighbouring terranes’. Terranes were therefore guilty until proven
innocent : ‘once the miogeocline or cratonic margin of an orogen is identified, all
geologic terranes outside it are inherently suspect’ (Williams and Hatcher , 1982).
Recently, both the British and Irish Caledonides have been viewed as a collage of
displaced terranes (Gibbons and Gayer, 1985; Hutton and Dewey, 1986; Hutton,

1987).

To apply this approach successfully it is essential to identify the continental
foreland, miogeoclinal sediments or passive margin rocks. While shelf sediments
of the Durness Group occur in the Northwest Highlands, the deeper water, passive
margin sediments are apparently missing and the Durness sequence is separated
from true oceanic rocks of the same age (Highland Border Complex) by Moine and
Dalradian rocks. The deformation of the Moine and Dalradian s dominated by
strike—perpendicular shortening; it is therefore extremely unlikely that strike-slip
has removed the missing miogeoclinal sediments. Hutton (1987) stated that the
Moine and Dalradian may represent at least the basement to the missing part
of the Caledonian Miogeocline. If that is true; the major fault (The Highland
Boundary Fault) which separates these rocks from Caledonian rocks of undoubted

oceanic affinity is a major terrane boundary.

Hutton (1987) assigned the rocks of the Dalradian Supergroup that lie imme-
diately to the north of the Highland Boundary fault and were subject to across
strike shortening during the Grampian orogeny (500Ma), and uplift between 460
and 440Ma (Dewey and Pankhurst (1970), as the Grampian Terrane.

Highlond gowbg
The rocks that are exposed to the south of the Fault corsist of a pre-Arenig
ophiolite overlain unconformably by a shallow water Arenig Limestone, which is
in turn overlain unconformably by a mid-Ordévician sequence of black shales,

pillow lavas, cherts and agglomerates with clastic wedges that clearly represent
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a deep water sequence (Curry et al. 1982, 1984; Bluck et al. 1984). The recent
work of Harper et al., (1989), and Bluck et al., (1984), has demonstrated that the
rocks of the Highland Border complex, assigned to the Highland Border Terrane
(Hutton 1987), that occur at Stonehaven, Arran and Aberfoyle in Scotland are
correlatives of at least part of the Clew Bay Supergroup in Ireland. Thus the

terrane, which never exceeds 30km in width, extends along discontinuous exposure

for some 700km along strike.

Bluck (1985) demonstrated that the rocks of the Highland Border Complex
are considerably younger than the adjacent Dalradian rocks. These Dalradian
rocks were undergoing rapid cooling and uplift during the Ordovician (Dewey and
Pankhurst, 1970), yet the Highland Border Complex lacks any Dalradian detritus.
The Highland Boundary Fault is therefore regarded as a major terrane boundary
during the Caledonian. Movement along this boundary must have been large and
at least a minimum of the 700km strike length of the Highland Border Complex.

6.2 LOCATION OF THE HBFZ IN IRELAND

At its type localities on the British mainland, the Highland Boundary Fault,
mainly affects Devonian rocks which give information only on its late kinematic
history. The likely continuation of the fault in Ireland is the Fair Head — Clew
Bay Line (FHCBL). Here the fault affects rocks of a wide variety of ages, which
enables the early as well as the late kinematics to be studied. In this section
the location of this structure is examined in detail before later discussing the

kinematics of both the Irish and Scottish sectors.

Since Bailey and Holtedahl (1938) suggested the location of the Highland
Boundary Tault in Ireland, some modifications have been made to follow more
locally satisfactory geological lines, (Dunning et al. 1965; Dunning and Max
1975). Max et al. (1983) described the location of the Fair Head — Clew Bay

138




line (FHCBL) as a primarily magnetic lineament and defined two well defined
magnetic provinces: the northern Cratonic zone, consisting of largely negatively
magnetized rocks with few important magnetic linears or bodies, and the south-
ern segmented zone, consisting of low-moderate frequency, dominantly positively
magnetic basement bodies. Max and Riddihough (1975) correlated this lineament
with the Highland Boundary Fault in Scotland, and described it as separating
a southern block, deformed in Middle to Late Cambrian time, from a northern
block that was deformed in early Ordovician time. The data on which their inter-
pretation is based is shown in Figure 6.1 and the interpretation itself illustrated

in Figure 6.2. From these data a number of features are immediately apparent.

In Ireland the FHCBL is not always coincident with the local geological struc-
ture. Max and Riddihough (1975), state that the faults and serpentinite screens
that occur along the south side of Clew Bay and on Clare Island (Phillips et al.
1969; Cole et al., 1914), previously regarded as the Highland Boundary Fault,
occur entirely within the magnetically high, southern province and cannot be re-
garded as marking the line of the FHCBL. Max and Riddihough (1975) state that
the magnetic signature is generally high across the Ox Mountains (they do not
distinguish between the southwest, central and northeast Ox Mountains) and in
the lower ground east of Clew Bay. They describe the north margin of the south-
ern block as approximating to the 50 ¥ magnetic contour. This extends from the
Achill Beg Fault in Clew Bay, runs along the northwest side of the Ox Mountains
before trending east in the Lough Easky—Glennmore area of the central Ox Moun-
tains, where it cuts across strike, transgressing the structure and stratigraphy of
the Ox Mountains succession before intersecting the North Ox Mountains Slide at

a high angle and running up the northwest side of the northeast Ox Mountains.

Max et al. (1983) recognised that the central and southwest Ox Mountains rep-
resent part of the Dalradian sedimentary succession and suggested that they have
been thrust across the FHCBL in a manner similar to that observed in Tyrone.

Hutlon ( 1387)»
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This model necessitates a southeast translation of at least 10km. Synchronous
with and following the intrusion of the Ox Mountains Granodiorite (syn D3), the
tectonics of the Ox Mountains are dominated by sinistral strike—slip deformation.
If this translation occurred, it must therefore have taken place prior to D3. The
limited geometrical and kinematic data available for deformation which preceeded

the intrusion of the Ox Mountains granodiorite, does not enable this model to be -

either disproved or confirmed (see below).

Figure 6.2 illustrates that the region south of the arbitrarily defined boundary
of the northern magnetic province (the 50 v contour) contains a large number of
anastamosing magnetic linears, some of which are concealed beneath carboniferous
cover. Among the most important of these are the linears corresponding to the
Knockaskibole fault in the southwest Ox Mountains and the magnetic linears that
run along the southeast side of the inlier which extend to the south side of Clew

Bay and is extrapolated to the Leck Fault on Clare Island.

In summary, the direct correlation of the surface trace of the HBFZ in Ireland
with the magnetic linear or FHCBL as mapped by Max and Riddiough (1975)
is inconsistent with the surface geology, as it cuts across both structural and

stratigraphic boundaries in the Ox Mountains Succession. Two alternative models

may account for this:

1. The suggestion that the Dalradian rocks of the central and southwest Ox
Mountains may have been thrust over the trace of the FHCBL (Max and Riddi-
hough, 1975) is not considered to be likely by the present author for two reasons.
Firstly, there is no structural evidence to suggest that such thrusting occurred dur-
ing Lower ORS times as in Tyrone. Secondly, geological evidence indicates that
the intensity of transcurrent deformation increases towards the southeast. This

strongly suggests that the boundary lies to the southeast of the Ox Mountains

and not within it.
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2. The magnetic linear map of Max and Riddihough (1975), (Figure 6.2) reveals
that the FHCBL is not simply a single magnetic linear but is represented by a
complex anastamosing series of magnetic linears refered to here as the HBFZ.
This strongly supports the view of the present author (Chapter 5) that the HBF
is expressed at depth as a braided fault system in which many major faults or
ductile shear zones enclose blocks of less disturbed zones. It is considered that the
linear mapped by Max and Riddihough (1975) is simply one of this large number
of magnetic linears that makes up the ‘Highland Boundary Fault Zone’ and that

1t is entirely contained within the Dalradian sequence of the Grampian Terrane,

(Section 6.3).

6.3 POSITION OF THE OX MOUNTAINS WITHIN THE BRITISH
CALEDONIDES: EVIDENCE FOR TERRANES WITHIN THE OX

MOUNTAINS

The detailed stratigraphic correlation of chapter 3 strongly suggests that the
medium-high grade rocks of the southwest and central Ox Mountains represent
direct correlatives of the middle Dalradian of central and southern Donegal. It
is therefore clear that they are part of the Dalradian miogeocline or Grampian
Terrane. Their location immediately northwest of the Highland Boundary fault
means that the Ox Mountains represent the northwest sidewall to the Highland
Boundary Fault. They therefore record the deformation that occurred along this
structure, which is regarded as the most important terrane boundary in the British
Isles (Section 6.1), and provide critical evidence on the kinematics of movement

on this structure which is not available in Scotland.

It is evident from the provenance studies discussed in section 6.1 that the
rocks of the Highland Border Complex represent an allochthonous terrane that is
presently juxtaposed against the Dalradian, and that the deep water continental
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margin sediments that originally lay to the southeast of the Ox Mountains have
been removed at least 700km along strike. Before examining the kinematics of the
Highland Boundary Fault Zone it is necessary to examine critically the evidence
for the existence of additional terranes and terrane boundaries within the Ox

Mountains that would further complicate the picture.

6.3.1 The Glennawoo Slide

In a recent paper, Winchester et al. (1987) presented geochemical data for
Caledonised metavolcanic rocks from the Western Ox Mountains and the North-
west Mayo Inlier. They found geochemical differences between two metabasalt
units (the Callow Member and the Newantrim Member) that occur within a thick
metasedimentary sequence of semi—pelite and pelite in the Ox Mountains, and are
separated by the Glennawoo Slide, (Section 4.3.5.2). These authors demonstrated
that the metabasalts south of the slide have trace element compositions similar
to mid-ocean ridge basalt (MORB), whereas metabasalts north of the slide have
compositions similar to continental tholeiites of the ocean island basalt (OIB) as-
sociation. They concluded from these data that the two groups of metabasalts
were er apted in different crustal settings and proposed the Glennawoo Slide as a

major terrane boundary which subsequently brought the two units together.

This conclusion was critically examined by Jones and Leat (1988) who argued
that the psammitic nature of the metasedimentary rocks closely associated with
both groups of metabasalts indicates that neither was er apted in a truely oceanic
setting and that both groups of metabasalts cound have been er. apted in the same
continental margin environment. The structural, stratigraphic and metamorphic
evidence which precludes the identification of the Glennawwoo Slide as a major

terrane boundary as defined by Jones et al. (1983) is discussed below.
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Geochemical evidence : A recent trend in basalt geochemistry has been the
increasing awareness that the degree of partial melting of mantle has a major
influence on both major and minor trace element composition of basaltic melts
(Thompson 1987, and references therein). A large degree of partial melting (up
to 25% to satisfy major element requirements) of a?\thenospheric mantle generates
MORB which has low abudances of trace elements that are incompatible (eg.
LREE) relative to trace elements that are weakly incompatable (eg. HREE, Y)
in mantle peridotite. Small degrees partial melting (c. 1%) of the same atheno-
spheric mantle generates melts with high abundances of strongly incompatible
trace elements relative to weakly incompatible trace elements. Such magmas
would be tholeiitic or alkaline OIB or continental basalts (Fitton and Dunlop,
1985). Thus both the MORB-like metabasalts south of the Glennawoo Slide and
the LREE—enriched metabasalts north of the slide could have been derived from
the same asthenospheric source mantle by different degrees of partial melting. In
a rifted continental margin, basaltic volcanism is linked to lithospheric stretching
(8>2; White et al. 1987). When the amount of stretching is large, and the de-
gree of partial melting of the mantle is large, MORB magma.é will be generated
(Thompson,1987). When the amount of stretching is less and the degree of partial
melting is small, LREE—enriched, tholeiitic or transitional to alkalic basalts will

be generated, as erupted in many continental rifts.

The rate of stretching at a newly formed rifted continental margin will be dif-
ferent at different times. It follows that a range of asthenosphere—derived magma
types from MORB to LREE—enriched tholeiite, and even alkaline basalts is ex-
pected on any section of a rifted continental margin. Morton and Taylor (1987)
documented a strong case for MORB-like basalts having bg% erupted onto thin
continental lithosphere on the margin of the North Atlantic. There is therefore
no convincing reason why the metabasalts of both the Callow Formation and the
Newantrim Member could not have been erupted onto the same continental mar-

gin (ie. in the same terrane). It is thus possible to explain the differences between
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the two chemical types of metabasalts by different degrees of melting of astheno-
sphere in an intraplate environment. There is no need to invoke magma

generation in the subcontinental lithospheric mantle in this case (Leat pers comm,

1988).

Stratigraphic, structural and metamorphic evidence : The Ummoon and
Lismoran Formations (sections 2.1.4, 2.1.3) were originally defined by Taylor
(1969) who recognised that they are separated by a zone of intense strain which
he named the Glennawoo Slide (Section 4.3.5.2). These Formations are very sim-
ilar and both consist of psammite, semi—pelite and pelite. The present author
agrees with Phillips et al. (1975) that the original transition between these units
is still identifiable and that the present boundary between them is simply an arbi-
trary one, and does not represent a significant change in sedimentary environment
or sediment supply. This precludes their identification as separate tectonostrati-
graphic terranes and demonstrates that the amount of movement on the Glenna-

woo Slide was unlikely to have been very large.

Detailed structural studies (Chapter 4) indicate that the rocks on both sides
of the GWS have identical deformation histories D1-D4. The D3 deformation is
represented by a steeply inclined penetrative fabric and upright folds whose axes
are parallel to the well developed stretching lineation. These F'3 folds progressively
tighten approaching the Glennawoo Slide, indicating that it represents a local
intensification of D3 strain, the gently plunging stretching lineation suggesti;s a
dominantly strike-slip movement and kinematic indicators consistently indicate
sinistral shear. Although the strains are locally high within this zone the present
author considers them to be insufficient evidence for the minimum of 70km of
strike—slip motion implied by the model of Winchester et al. (1987). Furthermore
the identification of identical deformation histories on both sides of the Glennawoo

Slide is inconsistent with the notion of two adjoining tectonostratigraphic terranes.
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Winchester et al. (1987) contrast the grade of metamorphism on either side
of the Slide as evidence of a terrane boundary. They show that the Newantrim
Member contains the assemblage hornblende-oligoclase, indicative of the mid-
dle amphibolite facies, whereas the Callow Formation contains the assemblage
hornblende—epidote—albite-biotite, indicating the slightly lower grade epidote am-
phibolite facies. Whilst it is true that such a variation could be attributed to
juxtaposed allochthonous terranes, other factors may equally be responsible: for
example, an original slight lateral geothermal gradient across the area, or a small
vertical displacement component in the slide zone. Hence metamorphic arguments

alone are inconclusive with respect to the ‘terrane’ hypothesis of Winchester et

al. (1987).

In summary, the present author considers that the geochemical difference be-
tween the two metabasalt units documented by Winchester et al. can satisfactorily
be explained by their generation by different degrees of partial melting of the same
asthenospheric mantle. Furthermore since the Glennawoo Slide separates rocks
whose structural and stratigraphic histories are indistinguishable, there is neither

a structural \ or stratigraphic basis for regarding the Glennawoo Slide as a major

terrane boundary.

6.3.2 The Callow Shear Zone

The medium to high grade rocks of the Ox Mountains Succession are consid-
ered to be direct correlatives of the Daradian of central and southern Donegal ie.
part of the Dalradian Continental margin sequence. The position of the Cloony-
gowan formation is, however, less clear. Following from the argument presented
by Williams and Hatcher (1982) that ‘once the miogeocline or cratonic margin of

an orogen is identified, all geologic terranes outside of it are inherently suspect’,
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it is therefore necessary to examine the possibility that the Cloonygowan Forma-

tion (that is always in tectonic contact with the Ox Mountains Succession) may

represent an exotic terrane.

While stratigraphic evidence suggests that the rocks of the Cloonygowan.
Formation may be equivalent to the Southern Highland Group, the absence of
chronostratigraphic data means that their precise stratigraphic position is in re-
ality uncertain. The clear difference in stratigraphy and metamorphism from the
high grade rocks of the central and southwest Ox Mountains to the northwest im-
plies that the Cloonygowan Formation represents a separate tectono—stratigraphic
terrane. The similarity in D1-D4 ductile structure can be explained if the terrane
originally lay at a higher structural level in a transcurrent shear zone but was
subsequently brought down into its present position by a late strike~parallel fault
(section 4.8.1.9). The rocks of the tectonically bounded Cloonygowan Formation
therefore represent an allochthonous terrane senso stricto. The common defor-
mation history of this terrane with the Ox Mountains Succession which they are
presently in tectonic contact =~ however, indicates that this terrane originated

in close proximity to the rocks of the Ox Mountains Succession.

6.4 STRATIGRAPHIC RELATIONSHIPS AND KINEMATICS OF
THE CLEW- BAY-0X MOUNTAINS SECTOR OF THE HBFZ

It is clear from both geophysical and geological data that the wide zone of
intense transcurrent deformation that affects the Ox Mountains extends into Clew
Bay and further west for an indeterminate distance. In the synthesis that follows
an attempt will be made to correlate the kinematic history of the Ox Mountains
with that established by other workers in the Clew Bay and South Mayo areas.
This correlation draws extensively on the work of Max (1989) and other workers

who are acknowledged in the following text. The geology of the components
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that make up the west of Ireland will be reviewed briefly (Figure 6.3) then the

kinematic histories of these units and the tectonic contacts which separate them

will be examined (Figure 6.4).

6.4.1 Tectonostratigraphic units adjacent to the HBFZ in the Clew Bay

Ox Mountains Sector

1. Ox Mountains Succession: represents part of the Dalradian Succession and is
correlated with the Dalradian Succession of central and southern Donegal, (Chap-

ter 3). It therefore represents part of the autochthonous continental margin se-

quence.

2. North Mayo Inlier: is considered by Long and Max (1977) to represent part
of the Argyll (Middle) Dalradian Succession and also part of the autochthonous

continental margin sequence.

3. The Deer Park ‘Schists’ (Phillips, 1973; Max and Long, 1977) occur as a
series of fault slices along Clew Bay, and form the main component of the Kill
Inlier on Clare Island. This unit may represent basement (Phillips et al., 1976)
or part of another Lower Palaeozoic Terrane (Max and Long, 1985), and contains
a serpentinite, a basic igneous suite and black shales and cherts. It forms the

southern margin of Clew bay and is considered to have the chemical characteristics

of an ophiolite (Ryan et al. 1983).

4. The Cloonygowan Formation (including the Westport Grit) is exposed in the
east corner of Clew Bay and in the southwest and central Ox Mountains. Long
and Max assign these rocks to the Southern Highland Group on the basis of
lithostratigraphic similarity. A fauna has not yet been recovered from these rocks;
it has therefore not been possible to establish their-age and stratigraphic identity
with confidence. As they are always in tectonic contact with surrounding units

these rocks are assigned the status of a tectono—stratigraphic terrane.
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MAP OF CLEW BAY & THE SW OX MOUNTAINS

Compiled from the present study, Max (1989) & Graham et al.(1983).
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5. The Clew Bay Group (Max, 1989), that comprises marine turbidites, fine
grained basic volcanics, black mudstones and conglomerates, includes the Bal-
lytoohy Formation of Clare Island (Phillips, 1973) and Killadangan Formation
(Graham et al., 1985) of south Clew Bay. It is exposed on Bills rocks south Achill
Beg and the northern part of Clare Island.

Rushton and Phillips (1973) described Protospongia spicules from the Bally-
toohy Formation of Clare Island which they interpeted as upper Lower to Mid-
dle Cambrian in age. Microfossils of similar age were also described from the
Killadangan Formation (Bliss, 1987). Harper et al. (1989) presented a detailed
stratigraphic correlation of the Clew Bay Supergroup with the Highland Border
Complex of Scotland and found microfossils which were consistent with an Or-
dovician (Tremadoc-Llanvirn) age. This date was supported by the close lithos-
tratigraphic similarity with the more reliably dated Highland Border Complex of
Scotland. Hutton (1987) and Max (1989) also consider that these low greenschist
facies metasediments and the structurally underlying relict ocean floor all com-
prise part of the Highland Border Terrane that is exposed sporadically along the
south side of the Highland Boundary Fault.

6. Ordovician (Tremadoc-Upper Llanvirn) rocks lie between Clew Bay and Con-
nemara to the south. In the north part of the area, this thick sequence of tur-
bidites, shales, sandstones and conglomerates with volcanic horizons, ranges in age
from Arenig-Upper Llanvirn, while in the southeast a Tremadoc-Arenig basic-

intermediate volcanic sequence was deposited (Dewey & Shackleton, 1984).

7. Silurian (upper LLandovery-Wenlock) sequences of the Croagh Patrick Suc-
cession (Bickle et al., 1972), the Clare Island-Louisburgh Succession and Killary
sequence occur widely in the Clew Bay Graben. Llandovery-Wenlock rocks de-
posited in the footwall of the Clew Bay Fault rest unconformably upon sheared
serpentinites and the Clew Bay Group and conceal an inferred tectonic contact

with the Ordovician rocks in the northern South Mayo Trough.
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8. Devonian, Lower-Middle ORS rocks were deposited in a sinistral extensional

basin on the east side of Clew Bay (Graham, 1981b, 1983).

9. Undeformed Carboniferous strata unconformably overlie the Devonian and

earlier strata.

6.4.2 Kinematics

The kinematic history of the Clew Bay — Ox mountains sector of the HBFZ

is discussed below and summarized in Figure 6.4.

Ordovician : The earliest deformation within the Highland Boundary
Fault Zone in Ireland is dated by the syn-kinematically deformed Ox Mountains
Granodiorite at 478+12 Ma. This pluton was intruded into a dominantly trans- ‘
pressional environment and was deformed during its intrusion and crystallization.
The major sinistral shear zone into which the Ox Mounta.i%gf‘v.igsaﬁi‘;ti'uded was
at least the width of the outcrop of the Ox Mountains (approximately 10Km)
and extended for an indeterminate distance west into Clew Bay and beyond. The
sinistral transpressive deformation history of the steeply north—dipping Achill Beg
Fault, which brings the Dalradian of the North Mayo Inlier into contact with the
Clew Bay Group (Ryan et al. 1983), is therefore correlated with this early Or-
dovician deformation in the Ox Mountains. It is considered that faults present
on the south side of Clew Bay (principally the Clew Bay Fault, since reactivated
as the Clew Bay Thrust) are likely to have experienced a similar early history of
sinistral movement. The duration of this early period of sinistral deformation is
poorly constrained. It may have ceased as early as Llandeilo times, at which stage
deformation in the South Mayo Trough had stopped and it was undergoing uplift
and folding. If this were the case then the uplift which is widely recognised in
the Dalradian at about this time (Dewey and Pankhurst, 1970: Richardson and
Powell, 1976) and which occurs in the Ox Mountains (D4) may be correlated with

this event. It is however possible that this period of intense sinistral transcurrent
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deformation could have continued for longer. The upper age limit is provided
by the Upper Llandovery-Wenlock strata of the Croagh Patrick Succession which
lie unconformably upon sheared serpentinites and the Clew Bay Group on the
south side of Clew Bay. This age relationship is also supported by the Silurian
Clare Island-Louisburgh Succession which was deposited between the Achill Beg
and the Clew Bay Faults and which are only weakly deformed (Max, 1989) This
indicates that the main components of the Highland Boundary Fault Zone in Ire-
land were assembled pre-Upper Llandovery times and thus overlapped with the
amphibolite facies deformation of the Ox Mountains Granodiorite. The dominant

tectonic pattern therefore existed pre-Upper Llandovery.

Silurian : The early Silurian (Llandovery—-Wenlock) is a period of relative tec-
tonic inactivity. It is dominated by the deposition of the red beds, shallow marine
and turbidite sediments of the Louisburgh Succession, Croagh Patrick Succes-
sion, and Killary Sequence. The Llandovery—Wenlock Croagh Patrick Succession
is deposited in the footwall of the Clew Bay Fault. These rocks record minor
dextral deformation, which may be correlated with similar weak dextral fabrics
recorded on the Achill Beg Fault and in the footwall to the Emlagh Thrust (J.
D. Johnstone, pers comm). On the south side of Clew Bay sinistral deforma-
tion at chlorite grade is widespread in the Silurian rocks (this study and also
see Hutton and Dewey, 1986). According to Johnstone this overprints the earlier
minor dextral deformation. The amount of sinistral displacement is constrained
to be small by metamorphic considerations: greenschist facies rocks are brought
into contact with greenschist facies rocks, the maximum vertical displacement is
therefore approximately 5Km, which, given the moderately plunging stretching
lineation, constrains the maximum horizontal displacement to be approximately
10Km. Minor sinistral deformation is also recorded in the Silurian rocks on Clare
Island. The timing of deformation in these Silurian rocks cannot be earlier than
Wenlock. It therefore overlaps the error bars on the timing of emplacement of

the Lough Easky and Lough Talt Adamellites, which record sinistral deformation
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synchronous with their emplacement and cooling. The end of Silurian deforma-
tion involving major displacements is marked by activity on the Clew Bay Thrust

which displaces the Clew Bay Group south, over the Ordovician and Silurian

(Max, 1989).

Devonian : The earliest deformation recorded in the Silurian strata occurred
post—Wenlock (the age of the youngest deformed rocks) and pre-Siegennian (Gra-
ham and Smith, 1981). This deformation is represented by the Croagh Patrick
Syncline, interpreted by Hutton and Dewey (1986) as a major upright D1 fold,
forming one side of a ductile flower structure produced by a sinistral transpres-
sional shear zone whose axis is located in Clew Bay. These workers interpret the
succeeding D2 deformation, which also produced upright folds with steep cleav-
ages, as resulting from sinistral shear whose locus was along the southern bounding
faults of the South Mayo Trough. The observation that the locus of deformation
moved south with time is consistent with data from the Ox Mountains, which
record only a minor amount of sinistral deformation in the Lough Easky and
Lough Talt Adamellites, and show no reactivation of earlier sinistral structures or
formation of major folds such as the Croagh Patrick Syncline. The most recent
deformation recorded in the region produced small sinistral movements and minor

thr‘usting (Currall, 1963) in late Devonian — Lower Carboniferous times.

6.4.3 Summary (See Figure 6.4)

The main deformation recorded by the rocks in the west of Ireland sector
of the Highland Boundary Fault Zone occurred pre-Silurian. The main fault-
bounded components of the west of Ireland were therefore assembled close to
the present position before the major uplift recorded during the Silurian of the
South Mayo Trough, Ox Mountains and elsewhere. Renewed sinistral deformation

occurred during the Lower Devonian when final adjustments were made to the final

position of the main tectonostratigraphic components. However, judging by the
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state of deformation, displacements were relatively small compared to those in
the Ordovician. The main locus of deformation was situated south of the South
Mayo Trough at this time. Minor dextral deformation is recorded sporadically.
Its development is not considered by the present author to be sufficiently intense
to have major tectonic significance within the study area. It can as easily be

explained by minor readjustment between blocks, within an overall dominantly

sinistral strike slip system.

6.5 THE KINEMATICS OF THE HBFZ IN TYRONE

In Tyrone, the exposed southeast boundary of the Grampian Terrane is a
30° north dipping thrust which has carried Dalradian rocks southeast over the
magnetic lineament that here marks the trace of the HBFZ (Hutton, 1987). In
some areas, Upper Devonian or Lower Carboniferous rocks are cataclastically and
penetratively deformed along the exposed fault by oblique dextral overthrusting.
This, combined with the magnetic data, suggests that the Dalradian and overstep-
ping Devonian has been thrust southeast over the transcurrent fault. Evidence of
earlier Ordovician or end-Silurian transcurrent movements, such as characterizes

the HBFZ further to the southwest, is not observed.

6.6 STRATIGRAPHIC RELATIONS AND KINEMATICS OF THE
SCOTTISH SECTOR OF THE HBFZ

In the following section, the chronology of major structural and metamorphic
events in the Dalradian Supergroup and the relations of the Dalradian and the
Highland Border Complex (Harte et al. 1984) are summarized. This provides the

basis for comparison with the structure and kinematics of the Irish sector of the

Highland Boundary Fault Zone.

152



6.6.1 Chronology of major structural and metamorphic events in the

Dalradian Supergroup

Harte et al?gtc‘))nsider that a common structural sequence can be demonstrated
for the Dalradian rocks of the Southern Highlands, and that four principal struc-
tural phases are represented. They note that the degree and number of phases
increases from south to north, such that adjacent to the Highland Border only D1
structures are seen, and that these increase in intensity and the D2-D4 phases ap-
pear northwards towards the flat belt. Harte and Johnson (1969) have shown that
sillimanite growth and migmatite formation in Angus represent the culmination
of a single progressive metamorphic episode during or after D3. In the flat belt of
Perthshire, the growth of porphyroblasts is pre-to syn-D3 (Dempster, 1983). There
is therefore clear evidence in the Southern Highlands, that peak metamorphic con-
ditions were attained close to D3 age. Retrograde metamorphism is widespread

and apparently associated with the D4 structural event.

The Ben Vuirich granite, which was emplaced between D2 and D3 and there-
fore close to the peak of regional metamorphism has been dated at 514+15Ma
using U-Pb from fractions of unabraided zircons (Pankhurst and Pidgeon,1976).
This is consistent with the Rb-Sr wholerock age of 481+15Ma for the syn-D3
Dunfallandy Hill granite (Pankhurst and Pidgeon,1976), and close to the Rb-Sr

age determination for the Ox Mountains Granodiorite.

A number of post-metamorphic granites have been dated in the northeast
Grampians which give Rb—Sr whalerock ages in the range 470-440Ma (Pankhurst
1970, 1974). This is close to the K-Ar and Rb-Sr ages on hornblende and micas
in Angus and Perthshire of 460—440Ma, that date the rapid uplift and cooling
which affected extensive areas of the flat belt (Dempster 1983, 1984b). In the
Southern Highlands the majority of the granitic intrusions now exposed were

intruded during the final stages of the Caledonian orogenic activity at around

400Ma.
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The recent work of Rogers et al., (1989) who dated the Ben Vuirich Granite
by U-Pb analyses of abraided zircons at 590+2 Ma, has raised doubts about the
absolute age of the British Caledonides. At the pfesent time age determinations
are also being revised for the Ox Mountains Granodiorite and other plutons. Until
these age dates are known and the fundamental problem of the absolute age date
of the Caledonian is resolved it is imprudent to base or indeed reject any structural
correlation between areas on the basis of uncorroborated age dates from individual

plutons, especially when these are derived by different analytical methods.

6.6.2 Evidence for the HBFZ in Scotland representing a major struc-

tural lineament

The parallelism of major D1 fold traces to the HBFZ suggests that this struc-
ture gxerted a control on the nappe style and nappe generation in the southwest
of the zone (Harte et al., 1984). The southern limit of significant D2 deforma-
tion in the steep belt has a striking parallelism with the downbend axis and the
Highland Border. This line appears to be the intersection of a roughly planar
boundary surface to D2 deformation with the present erosion surface. This line
intersects the nappe boundaries and does not correspond to any particular level or
depth. D3 structures are only occasionaly developed adjacent to the HBFZ. The
occurrance of a well defined southern boundary to D3 deformation resembles the
situation seen for D2 and once more suggests that the HBFZ was a major control
on D3 deformation. In the Southern Highlands D4 produced a major monocli-
nal structure, the Highland Border downbend. The scale and continuity of this
structure reflects the importance of the HBFZ during D4. The downbend implies
a downstep of approximately 10km to the souéea.st. It therefore probably results

from the reactivation of a subvertical fault within the basement.
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6.6.3 Age and structural history of the Highland Border rocks

The youngest fossils found in the HBC rocks have a probable maximum age
of Lower Caradoc (Curry et al. 1984), which means that the HBC rocks might
all have been formed just prior to D4 in the Dalradian. Thus the timing of the
Juxtaposition of the Highland Border rocks against the Dalradian is constrained
to be post—Caradoc. The Highland Border rocks must therefore have been in their
present position relative to the Dalradian Supergroup prior to the unconformable

deposition of the Late Silurian, Pridoli sediments.

On its southern side, the HBC is either faulted against the Devonian strata or
unconformabl y overlain by Pridoli sediments. These relationships place upper con-
straints upon the timing of movement on the HBFZ. The contacts with Dalradian
rocks to the north are tectonic, but their exact nature is often debatable; some
contacts may have experienced several fault movements of different ages (Bluck
1984), but others may have been little disturbed since the initial emplacement of

the HBC against the Dalradian Supergroup.

Harte et al. (1984) state that at Crichie Burn, 5km east of Glen Eske, the
Dalradian and HBC metasediments are interleaved over a few cm and share a
common ductile sub-mylonitic fabric. The Dalradian fabric becomes more in-
tense approaching the contact with the development of a partly mylonitic fabric
in the grits. There is however no unequivocal evidence for the age of the contact.
Johnstone and Harris (1967) demonstrated similarities between the minor struc-
tural sequence of the HBC and Dalradian assemblages but could not see definite

evidence for full correlation.

Harte et al. (1984) also note that there is no positive evidence favouring cor-
relation of minor structures in the HBC and the Dalradian in Glen Eske prier to
D4 in the Dalradian, and even at the D4 stage the evidence for correlation across

the HBC units is not strong. Furthermore, a major problem exists in correlating
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early structures because of the absence of typical D1 and D2 structures from the

Dalradian step belt adjacent to the HBFZ.

At Drumtochty the ORS is faulted directly against the Dalradian, obliterating
evidence of earlier motions. At Garron Point, north of Stonehaven, the Lower
ORS is unconformable on the HBC, the latter being in probable thrust contact
with the Dalradian. The Lower ORS sequence is itself faulted. On Kintyre,
and Arran the magnetic anomaly that marks the Highland Boundary fault, lies
considerably north of the southern boundary of the Dalradian and the Lower ORS
of Siegennian age oversteps the HBF, precluding extensive strike—slip movement
later than earliest Devonian. Any major strike—slip motion must have occurred

along lines within the Midland Valley now buried by yE)unger sediments.

6.6.4 Emplacement of the HBC — Kinematics of the HBFZ in Scotland

Vertical displacements: The Dalradian and ORS rocks along the HBFZ com-
monly show steep attitudes which are related to the Highland Border Downbend
and the Strathmore syncline. The magnitude of these displacements appears to
decrease southwestwards, bu . they were clearly important during the forma-

tion of the downbend (460-440 Ma) through to the mid-Devonian.

Strike-slip displacement: If it is accepted that the HBC contains a major
ophiolitic component, then its development must inevitably involve the juxta-
position of continental (Dalradian) and oceanic (HBC) crusts. The HBC ocean
basin must have been remote from the Dalradian supergroup. Juxtaposition could
have been achieved either by convergent (ie either subduction or obduction) or
strike slip tectonics. Unfortunately in the Highland Border of Scotland, the minor
structures that might be used to resolve this problem have not been reported. The
emplacement of the HBC by strike slip movement is however favoured by anal-
ogy with the situation observed in the west of Ireland. Emplacement by strike

slip tectonics easily accounts for the disappearance of the ocean basin in which
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the HBC rocks formed without requiring large amounts of compressive movement
along the length of the Dalradian margin, late in its history and for which there
is no supporting evidence. A relative vertical displacement may have accompa-
nied this strike slip deformation and contributed to the emplacement of steeply

orientated slivers of HBC rocks.

This raises the fundamental question of how the large component of transcur-
rent displacement demonstrated to occur along the Irish sector of the HBFZ is
accommodated in Scotland ? Furthermore the absence of widespread evidence
of intense sinistral strike slip within the Scottish Dalradian rocks adjacent to the
HBC rocks and in the HBC rocks themselves, suggests two main possibilities.
Either the mechanism of terrane accretion was different in the Scottish sector
of the fault zone or subsequent brittle faulting has removed evidence for an early

Lower Ordovician history of sinistral strike slip in the southern part of the Scottish

Dalradian.

6.7 CORRELATION BETWEEN IRELAND AND SCOTLAND; KINE-
MATIC SUMMARY OF THE HBFZ (Figure 6.5)

Early Ordovician — Sinistral : The Ox Mountains and Clew Bay region both
experienced an early period of intense sinistral deformation. The age of deforma-
tion in the Clew Bay region is constrained to be pre-Silurian, as Silurian sedi-
ments lie unconformably upon sheared serpentinites in the Clew Bay zone. The
timing of deformation in the Ox Mountains is constrained by the synkinematic
Ox Mountains Granodiorite, dated at 478 + 12 Ma (although there is a verbal
suggestion from the Geological Survey of Ireland that the pluton may be signif-
icantly younger). There is no small scale evidence for similar deformation along
the Scottish sector of the HBFZ. Palaeontological data from the HBC in Scotland
indicate that the HBC must have been emplaced post—Caradoc times, but before
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the deposition of an unconformable Silurian sequence. The duration of the early
Ordovician period of sinistral deformation in the west of Ireland is unknown and -
may have continued until late Ordovician times. If that were the case then it is

possible that the same event was responsible for the juxtaposition of the HBC

and Dalradian in Scotland.

This initial period of sinistral deformation is succeeded by a protracted pe-
riod of uplift between approximately 460 and 440 Ma, which is widely correlated

throughout the Dalradian. There is also widespread evidence of retrogression at

this time.

Silurian : The Silurian was a period of relative tectonic inactivity. Sinistral
deformation is recorded in the Silurian rocks of the South Mayo Trough where
the Croagh Patrick Syncline developed due to sinistral transpression during post—
Wenlock to Siegennian times. Sinistral deformation of a similar age is also recorded
in by the synkinematic emplacement of the Lough Easky and Lough Talt adamel-
lites in the Ox Mountains, which are dated at 401 + 33 Ma. The Clew Bay thrust
is also reactivated as a sinistral structure at this time. This was the final major
episode of transcurrent deformation recorded along the HBFZ. It is followed by
the development of thrusts with relatively small displacements. In Ireland the
Clew Bay Fault is reactivated as a thrust, along which the Clew Bay Group is
carried over the Ordovician and Silurian of the South Mayo Trough. In Scotland
the HBC was thrust over the Dalradian at a similar time. In Tyrone southeast
directed, oblique overthrusting occurred slightly later, in the Late Devonian and
displaces the southern margin of the Dalradian over the magnetic lineament that

marks the location of the HBFZ.

The deposition of relatively undeformed Devonian sediments unconformably

upon the Silurian places an upper limit on the age of deformation on the HBFZ.
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CHAPTER 7

THE GEOMETRY AND KINEMATICS OF THE HIGHLAND
BOUNDARY FAULT IN W. IRELAND: IMPLICATIONS FOR STRUC-
TURAL GEOMETRIES OF ACCRETIONARY TECTONICS.

Strike-slip faults are the key structures in the tectonic migration of terranes
along plate boundaries. However Studies of the structural geometries and kine-
matics of accretionary tectonics and of terrane boundaries have been very lim-
ited. Howell et al. (1985) discuss the tectonostratigraphic terranes of the Circum-
Pacific region and state that the identification of initial accretionary structures
i1s extremely rare, and conclude that the mechanisms of terrane accretion and
amalgamation remain obscure. Coney (1989) also acknowledges that the struc-
tural analysis of accretionary tectonics is a new field and by necessity must follow
the regional stratigraphic and biostratigraphic studies necessary for terrane anal-
ysis. Most of the published accounts of terrane accretion in the Western North
American Cordillera have lacked regional structural information. The study of the
structure, geometry and kinematics of terrane accretion is therefore in its infancy,

and a number of important problems remain.

1. What structural geometries and kinematics characterize the docking of terranes
in strike—slip environments and, more generally, what is the geometry of strike—slip

structures at deep crustal levels below the brittle-plastic transition ?

2. What is the role of basement in terrane accretion tectonics ? Does decoupling

occur between basement and cover ? If so, at what level or levels ?

3. How are granitic intrusions introduced into shear zones and terrane boundaries

such as the Ox Mountains ? Finally, is there a causal relationship between the
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crustal thickening that accompanies transpressive deformation and the genesis of
granitic melts, or do shear zones simply provide a favourable conduit for the ascent

of granitic melts ?

The regional structural and tectonic review of chapter 6 demonstrates that the
Highland Boundary Fault is a major terrane boundary and that the Ox Moun-
tains is sited on the southeast margin of the Grampian terrane (Hutton, 1987),
and represents the northwest sidewall of the Highland Boundary Fault. In addi-
tion evidence was presented that the intense and protracted history of strike-slip
deformation recorded in the Ox Mountains is attributable to terrane accretion
events along the Highland Boundary Fault. The Ox Mountains provides a unique
view within the British Isles of the docking deformation recorded in the wall of a
major terrane boundary (Chapter 6) and therefore provides new information to

help develop solutions to the problems outlined previously.

7.1 THE STRUCTURE AND GEOMETRY OF TRANSCURRENT
FAULT ZONES

It is necessary to understand the geometry of major transcurrent fault zones
before examining in detail the role of basement in terrane accretion tectonics
and the possible mechanisms of granitoid intrusion into strike-slip fault systems.
There is an extensive literature on the geometry of strike—slip fault systems at or
above the brittle-plastic transition. Much of this stems from the structural and
seismic work carried out in relation to the hydrocarbon prospectivity of the upper
levels of strike—slip systems. In this section this literature will be briefly reviewed,
as it provides a useful basis for comparison for the study of the geometry of deeper

level structures such as the Ox Mountains, which are less well documented.
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7.1.1 High Level geometry; above the brittle-ductile transition.

Detailed mapping of strike—slip fault systems (Grose, 1959; Bridewell, 1975;
Moore, 1979) shows that the upper levels of strike—slip faults are typically belts
of braided, near vertical shears which bound elongate blocks. When strike—slip is
convergent, blocks are squeezed upwards along these shears to make an upstand-
ing source area for sediments. Where it is divergent crustal blocks may sag or
tilt between bounding faults. Convergent strike-slip or transpression (Harland,
1971; Sanderson and Marchini, 1984) provides a component of horizontal shorten-
ing across the strike—slip fault zone which is necessarily accompanied by uplift of
rocks in the fault zone. This is clearly demonstrated in laboratory models, where
an elongate, fault bounded welt forms the zone of principal displacement because
of the accommodation of the component of shortening strain by uplift (Lowell,
1972; Wilcox et al., 1973; Bartlett et al., 1981). The welt is bounded by sinuous
faults which in cross—section are nearly vertical at depth and flatten upwards, car-
rying parts of the welt up?iquche adjacent stable blocks. This upwards branching
arrangement is mentioned by Willis (1938), Kingma (1958), Clayton (1966) and
Sylvester (1988) and was mapped by Wallace (1949), Sylvester and Smith (1976),
Burke (1979), Davies and Duebendofer (1982) and produced experimentally by
Bartlett et al. (1981) and Naylor et al. (1986). Wilcox et al. (1973) termed this
upward branching arrangement of faults a ‘flower structure’. This upward flat-
tening of strike-slip faults in zones of transpression has also been documented
along the Alpine Fault in New Zealand (Wellman, 1955), along the Banning and
San Jacinto faults of Southern California (Allen, 1957; Sharp, 1967) and in West
Spitzbergen (Lowell, 1972; Kellogg, 1975; Craddock et al., 1985). Seismic profiles
have been obtained over flower structures (Harding and Lowell, 1979; Bally, 1983;
Harding, 1985).
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7.1.2 Lower level geometry: the existence of a low angle detachment.

One of the principal problems is to understand what the geometry of strike—
slip faults is at depths below that at which they appear to have a subvertical
profile. Do they simply continue downwards through the lithosphere, maintaining
their geometry observed at the surface ? Do they flatten off into a shallowly

inclined detachment ? Or do they combine both geometries ?

The presence and structure of deeper shear boundaries and detachments is
difficult to ellucidate because the seismogenic zone is confined to the upper conti-
nental crust in areas of active strike—slip faulting (Chen and Molnar, 1983; Sibson,
1983; Jackson, 1987). Therefore seismicity cannot give direct information on the
location and nature of aseismic shear-zones and detachments that may exist in
the lower crust and mantle. In this section the distribution of earthquake focal
depths studied by Chen and Molnar, 1983 and the rheology profile through the
lower crust , experimentally determined by Meissner and Wever, 1986 are reviewed
as they provide important information on the likely location of detachment levels
within the crust. Observational data on the geometry of normal, reverse and strike -
slip faults is also reviewed as this provides a basis for comparison with exposed

deep level strike-slip structures such as the Ox Mountains.

Chen and Molnar (1983) investigated the distribution of focal depths for earth-
quakes and found that the temperature of the source region was the most impor-
tant factor in determining whether deformation occurs seismically or not. From
estimates of the temperatures of the deepest events they concluded that for the
crust the upper limit for brittle deformation is about 250-450°C and for the man-
tle this temperature is about 600-800°C. They inferred that both the upper crust
and mantle seismic regions correspond to zones of relatively high strength, that
are separated by a zone of lower strength in the lower crust, where ductile de-
formation predominates. Chen and Molnar concluded that this interpretation is

in agreement with extrapolated values of experimentally determined brittle and
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ductile strengths of geological materials , (controlled by the flow laws of crustal
and mantle materials) and suggested that a low strength zone in the lower crust
might allow detachment of crystalline nappes from underlying mantle and lower
crustal lithosphere (Figure 7.1a). They also pointed out that due to the uncer-
tainty in the parameters used in the flow laws, the relative lack of knowledge of
the mineralogy of the lower crust and possible roles played by water and other
fluids, it is possible that the minimum strength occurs well above the Moho in the

ductile crust.

Meissner and Wever (1986) compared the distribution of intracontinental seis-
micity in the upper crust with theoretically determined strength—depth curves
(Figure 7.1b). Tﬁey concluded that the similarity between the seismicity—-depth
curves and the strength—depth or viscosity—depth curves are a strong indication
that the lower crust is a zone of high ductility sandwiched between brittle lay-
ers. Thus the rheology depth profiles which they drew for different areas have
a dog-tooth profile. An important feature of these profiles is the abrupt change
in strength that occurs as major boundaries are crossed. These abrupt rheology
contrasts, not only at the brittle-ductile transition but also within the lower crust

and at the Moho provide ideal sites for the localization of major decollements.

In the following section the geophysical and field evidence for the existence of

these detachments predicted by Meissner and Wever will be examined.

It is widely recognised that thrust faults involving crystalline basement com-
monly flatten with depth into decollement zones developed under greenschist or
greater grades of metamorphism. In the middle or lower continental crust this
forms partly or wholly crystalline thrust flakes which are characteristically around
10-15km in thickness (Oxburgh, 1972; Armstrong and Dick, 1974; Bally, 1981).
Similar mid—crustal décollement regimes have also been recognised in association

with extensive cover sequences strongly disrupted by listric-normal faulting

(Wemlaw and Buucchfiel ) l%?,) .
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Figure 7.1

A. Schematic diagram of the variation of the mechanical strength of the crust and
uppermost mantle with respect to depth. The upper part of the curve represents
brittle failure and is based upon the linear relationship between the shear stress
and normal stress or friction. The strength of the lower crust and upper mantle
" is controlled by the flow laws of crustal and mantle materials respectively, (After

Chen and Molnar, 1983).

B. Simplfied velocity—depth column (for Variscan areas), and the strength—depth
curve for the same crustal model. Vp, seismic velocity of compressional waves;
Lamination represents the zone of strongly increased density of seismic reflectors

(After Meissner and Wever, 1986).
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Seismic evidence for thrust decollement at the base of the seismogenic zone
comes from earthquake sequences in the vicinity of the 1971 M6.4 San Fernando
earthquake in the Transverse Ranges of California, and from aftershocks of the
1978 M7.4 Taban earthquake in Iran. In both cases the main thrust ruptures
dipped through the seismogenic zone at moderate angles of 50-55°, but focal
mechanisms obtained from some of the deepest events were consistent with sub-

horizontal shear surfaces (Hadley and Kanamori, 1978; Berberian, 1982).

Jackson (1987), states from work in the Aegean that ‘not one single example
of seismic activity has been recorded on a sub-horizontal fault’ and concludes that
faults with dips of <30° do not move seismically. However he acknowledges that it
is possible that the steep upper crustal seismogenic faults flatten abruptly below
the hypocentre into the lower crust where motion is aseismic, and states that the

possibility of substantial aseismic motion on large extensional faults with dips of

<30° cannot be excluded.

Jackson states that it is even less certain what happens in the lower crust.
Several deep seismic reflection profiles have suggested the presence of discontinu-
ities in the lower crust below the seismogenic zone (Brewer and Smythe, 1984).
This is supported by recent work on actively extending areas such as the Gulf of
Corinth (Jackson et al.,, 1982}, where the asymmetry of vertical motions indicates
that the fault that defines the southern margin of the Gulf projects beneath the
northern bounding fault with a dip of approximately 10°. Jackson concludes that
there is evidence from both vertical movements at the surface and seismic wave-
forms for very low angle faulting in the uppermost lower crust, beneath the depth

at which earthquakes nucleate.

Thus there is evidence from thrust and extensional environments in support
of 'a décollement horizon at the ductile-brittle transition as predicted from the

data of Meissner and Wever. The situation for transcurrent fault zones is rather
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more complex. A series of possibilities (reviewed by Sibson, 1983) exist (Figure

7.2).

1. Deformation is concentrated in sub—vertical mylonite belts that continue down-
wards into quasi-plastic shear zones of constant width. Cogne et al. (1974), Juguso
(1980), Gapais and Le Corre (1980) describe this relation from the Hercynian
North and South Armorican Shear Zone which disrupts a crystalline basement
complex, and provides a good example of a quasi—plastic, dominantly dextral
strike—slip system formed in the middle crust under high greenschist-amphibolite
facies conditions. In scale and complexity the whole transcurrent system of shear

zones mimics the higher crustal level strike slip faulting patterns in S. California

and New Zealand.

2. The Shear—zone widens with depth in the crust: Bak et al. (1975), and Sorenson
(1983) described subvertical transcurrent gneissose shear-zones within crystalline
basement in Greenland and demonstrated that the Nordre Stromfjord Shear-belt
has a wedge shaped profile, decreasing dip and widening downwards with a wedge

angle close to 40°.

3. An abrupt transition occurs between the steeply inclined upper element of
the shear-zone and a sub-horizontal decoupling shear—zone: data predominantly
from Western America infers the presence of a decollement surface or series of
decollement surfaces. Palacomagnetic analyses led Freund (1974) and Luyendyke
et al. (1980, 1985) to suspect that parts of the American Pacific coast had rotated
about a vertical axis in simple shear, and suggest that the rotated blocks must in
fact be flakes (Oxburgh, 1972) or crustal panels (Dickinson, 1983). These detach
on a shallow sub-horizontal shear surface at or near the base of the seismogenic

zone thus giving a mechanism for regional rotation and translation of crustal slabs

and flakes.
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FIG 7.2
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Evidence that a mechanical discontinuity or detachment must underly the
Transverse Ranges comes from the analysis of P-wave delays from earthquakes in
southern Ca.lifornia( Hadley and Kanamari, 1977; Nicholson et al. 1986) This is
supported by deep reflection seismic profiling in the Mojave Desert and Transverse
Ranges, which shows a series of nearly flat reflections in the upper crust (Cheadle
et al., 1986). Additional P-wave analyses revealed that the distribution of rela-
tively fast and slow crust is moderately well outlined by the position of the major
faults in the upper crust, but not in the lower crust, suggesting that the major
strike—slip faults in the Transverée Ranges do not extend below the seismogenic

zone (Hearn and Clayton, 1986a, 1986b).

These studies have revived the notion of flake tectonics (Oxburgh 1972, 1974)
with flake-like slabs up to 15km thick detached from the lower crust to offset
strike—slip faults at depth (Hearn and Clayton, 1986a, 1986b; Dewey et al. 1986;
Lemiszki and Brown, 1988).

Recent interpretation of seismic reflection studies of the intermediate and deep
crust implies the presence of detachments perhaps at several levels in the crust,
and that some strike—slip faults are cut at depth by those detachments. This work
and the additional studies of Yeats, (1981), Terres and Sylvester (1981), Webb
and Kanamori (1985), Nicholson et al. (1986) and Namson and Davis (1988) have
raised many fundamental questions about the previously widely held assumption
that all strike—slip faults are vertical to great depths. It is clear that in order to
determine how general and widespread the development of these detachments is
at lower levels additional observations, data and modelling is required. Although
it is at an early stage at present this work does however provide a useful ba-

sis for comparison with exposed deep level strike-slip structures such as the Ox

Mountains.
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7.1.3 Data from the Ox Mountains

Data from the Ox Mountains (Chapters 4 and 5) suggests that at middle
to lower crustal levels major transcurrent shear—zones may be expressed as an
anastamosing series of high strain zones, that separate areas of lower tectonic
strain. The geometry of these high strain zones indicates that the shear-zone
broadens with depth. This geometry and in particular that of the flat-lying
basement—cover interface exposed in the northeast of the area is consistent with
this representing a shallowly inclined decollement surface. Elsewhere in the Ox
Mountains the position is less clear. The absence of geophysical data means that
the depth to basement and the geometry of the basement—cover interface is very
poorly constrained in the remainder of the inlier to the southwest. An assessment
of the likely geometry of the basement—cover interface and the probability of
decoupling occuring between the basement and cover in the remainder of the
inlier can, therefore, only be made by examining the geometry of the deformation

within the cover sequence.

The geometry of the anastamosing series of high strain zones that make up the
inlief\‘?; é.)i—sissltgent with the shear-zone diverging at depth, which suggests that the
structures may shallow out into a basement décollement and have the geometry
of a ‘root’ structure, (Figure 7.3). This contact represents a significant rheology
contrast between the largely anhydrous granulite facies psammites of the northeast
Ox Mountains and the overlying metasediments of the Ox Mountains Succession
which contain up to 50% phyllosilicate. Analogy with the data of Meissner and
Wever (1986), (Figure 7.1b) suggests that this contact may represent a major

decollement horizon produced by a rheology change such as X of Figure 7.1b

This does not however preclude a strand or strands of the system extending

deeper in the crust to form a conduit along which magma can be easily introduced

into the system.
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Figure 7.3 A highly schematic block diagram illustrating the deep and shallow

level geometry of a major transpressional fault system such as the Ox Mountains.
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All of these data and information gained from other areas has been integrated
to produce the highly schematic model (Figure 7.3) for the geometry of transpres-

sive strike-slip systems at high and low levels in the crust. This model predicts

that low angle detachments exist at a number of levels,

1. At high levels, above the exposure level of the Ox Mountains, where they will

be concentrated at the base of the seismogenic crust and,

2. At lower levels, in the case of the Ox Mountains at the level of the basement-

cover interface, which is a significant rheological boundary.

3. In addition, the possibility of further detachments at even deeper levels, as

suggested by Chen and Molnar (1983), cannot be excluded.

The resultant geometry of the transpressive strike—slip system is therefore one
in which a series of high strain zones anastamose both horizontally and vertically
producing a series of lozenge shaped areas bounded by areas of high strain. The
existence of a strongly developed and steeply inclined fabric and therefore a strong
planar anisotropy may facilitate introduction of magma into the strike slip system

and strongly influence the emplacement geometry.

7.2 THE ROLE OF BASEMENT IN TERRANE ACCRETION TEC-
TONICS IN TRANSPRESSIVE STRIKE-SLIP ENVIRONMENTS

One of the problems that must be addressed in any terrane accretion model
is to understand the role of basement in accretion mechanisms. Are terranes
essentially thin—skinned sheets that are detached from their underlying basement
? Is basement accreted along with the higher level cover 7 Finally, does the
involvement of basement change depending on the regional tectonic environment

?
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Terrane accretion, as the term is applied along the west coast of America,
assumes that, to some degree, oceanic lithosphere, which originally lay between a
terrane and a continent, has been disposed of in some way, usually by subduction.
Coney and Jones, @985) and Coney (1989) recognised that the distal terranes or
oceanic terranes of North America are frequently found as thin thrust sheets sitting
upon more inboard terranes and / or the miogeocline itself, and that the regional
structural vergence is towards the craton. Coney states that the majority of these
terranes seem to be composed of only supercrustal sedimentary cover and / or
volcanic veneer, and that evidence for the presence of deeper crustal material is
generally lacking, particularly in the more oceanic terranes and therefore concludes
that the terranes represent thin slices or flakes, somehow detached from their
original lower crustal and lithospheric basement. This leads to the problem of

how this basement and lithospheric material were disposed of during the accretion

process.

Price (1986) studied the Canadian Cordillera, where he concluded that the
miogeoclinal (or ancient continental margin) and parts of the platform cover and
foreland basin deposits have become detached from their basement and displaced
over the flank of the craton. This material is therefore bounded above and be-
low by shear zones or thrust faults. Price regards the mechanism responsible for
this process as analogous to that which produces delamination in experimentally
deformed anisotropic rocks which have been subjected to compression supplied
sub—parallel to the layering and draws analogy between this process and the flake
tectonics described by Oxburgh (1972, 1974) (Figure 7.4A) and Armstrong and
Dick (1974). This model was developed to account for the removal of basement
and lithosphere in enviroments dominated by orthogonal or near orthogonal con-
vergence, and may not be directly applicable to environments such as the British
Isles in which terrane accretion is likely to be dominated by strike—slip tectonics.
In the discussion that follows three additional models of basement involvement in

terrane accretion tectonics in a strike-slip environment are examined critically.
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Figure 7.4 Alternative models for terrane accretion.

A. The flake tectonics model (Oxburgh, 1972). Gross geological relationships
in the eastern Alps. A pre-Mesozoic basement complex A has been overridden
by an allochthonous thrust mass of pre-Upper Palaeozoic metamorphic rocks C
which is less than half the thickness of normal continental crust. This precludes
the possibility that C can be a full plate in the usual sense of the word. It is
therefore considered to be a thin upper crustal flake that has been detached from
the southern plate. M, Moho; Black shadding, subducted oceanic crust; B, Perifer
Schieferhulle; C, Altristallin Decke.

B. Terrane accretion where basement and cover remain attached during the ac-
cretion process, results in thickening of the basement and Lower crust and corre-

sponding uplift at higher levels in the structure.

C. Terrane accretion where basement is detached from its original cover seqence
may permit thin skinned terrane accretion. In this model the upper limit on
the amount of accretion that can occur will be reached when accumulation of

basement blocks A’ and B’ ‘choke’ the system.
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1. If cover (A’) and basement (A) (Figure 7.4B) remain attached during accre-
tion and subsequent deformation of an allochthonous terrane in a transpressive
environment, the docking deformation will be accommodated by thickening of the
basement and lower crust and corresponding uplift at high levels of the structure.
In this model basement and cover will be deformed together and basement will

be accreted together with the overlying cover sequence.

2. Where cover is detached from its basement sequence along a shallowly inclined
decollement thin—skinned terrane accretion can occur and allochthonous terranes
composed entirely of cover metasediments and igneous rocks may be accreted onto
the continental margin without their basement. In this model an upper limit on
the amount of accretion that can take place will be reached when accumulation

of basement blocks (A and B in figure 7.4 C), outboard of the continental margin

‘choke’ the system.
/

3. The final model (Figure 7.5) involves a combination of the development of a
basement décollement and a braided strike—slip fault system. This results in the
concept of basement ‘stripping’ where elongate slivers of basement material are
removed by strike—slip motion along the axis of a braided strike—slip fault system.
The geometry of the Ox Moutains shear zone illustrates that at deep levels in
the crust transpressive deformation may occur by activity on an complex braided
system of strike—slip faults that anastamose both laterally and vertfa.lly. This
observed geometry is consistent with that outlined (Figure 7.5), and provides a
viable mechanism for the shuffling and rotation of terranes, which cannot ade-
quately be achieved by either of the first two models. The effect of this stripping
of cover from its underlying basement will be to generate a series of cover ter-

ranes and also a series of basement terranes that are now remote from their cover

sequences.
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Figure 7.5 Basement stripping and the generation af basement and cover ter-

ranes.
A. Accretion of terrane A against the continental margin by sinistral strike slip.

B. Accretion of additional terrane B, continuing strike slip deformation results in

detachment of cover of terranes A and B producing basement terranes A’ and B’.

C. Accretion of terrane C. A, A’ and B, B’ continue to be affected by sinistral
strike slip.

D. Further activity on the sinistral strike slip system detaches terrane C and part
of basement terrane B’ (thus generating basement terrane B”) and transports them
along the continental margin. This results in shuffleing of terranes A, B and C

and in the isolation of basement terrane B’ from its cover B.
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7.3 COMMENTS ON THE GENESIS AND EMPLACEMENT OF
GRANITIC INTRUSIONS IN MAJOR MID-LOWER CRUSTAL

SHEAR ZONES

The association of granitic rocks with shear zones has been widely recognised
(Pitcher and Bussell, 1977; Brun and Pons, 1981; Hutton, 1988). Much of the

current research has sought to address two main problems.

1. Why does this association exist ? Is there a causal link between transcurrent
deformation and granite genesis ? Or do shear zones simply provide a favourable

conduit for the ascent of available magma ?

2. What emplacement mechanisms characterise the intrusion of granitic rocks in

transpressional environments ?

The purpose of the discussion that follows, is not to review the extensive
literature on granite genesis and emplacement (see Castro, 1987; Pitcher, 1987,
Hutton, 1988 and references therein), but to comment on some observations made

during the present study of the Ox Mountains that may be revelant to these

problems.

7.3.1 The genesis of late—post tectonic granites: the Houseman, McKen-

zie and Molnar model.

When crust thickens during crustal shortening, the underlying mantle litho-
sphere must shorten and thicken also, causing cold dense material to submerge
into the surrounding a/sj;henosphere. Houseman et al.(1981) showed, for a range
of physical parameters{\%ge thickened boundary layer that forms the transition
from the strong lithosphere to the convecting é:henosphere may become unstable
and sink into the zf,_thenosphere and be replaced by hotter z{thenospheric material
which then transfers heat to the crust and mantle above. These workers modelled

this process using typical values for the physical parameters in the earth, and
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concluded that the boundary layer is removed over a period that is shorter than
the duration of deformation in some collision zones (30-50m.y.). They suspected
that in some cases the entire mantle lithosphere may detach from the lower crust

during shortening, exposing the crust to athenospheric temperatures.

The thickening process will stretch the isotherm vertically in both the crust
and uppermost mantle, reducing the geothermal gradient (Figure 7.6). If heat
is applied to the base of the lithosphere at the same rate as before the short-
ening, then the geotherm should return to its original form. If however the
re—establishment of the geotherm is fast in relation to the rate of erosion of
the mountains formed by isostatically controlled uplift, then because the crust
is anomalously thick, the lower crust and the top of the mantle will be atypically

hot. Houseman et al. state that this may have two consequences:

1. The lower crust may melt and undergo very high temperature metamorphism,
resulting in the production of regional metamorphism and the generation of late—

to post-tectonic granites, after the major deformation has stopped.

2. Because olivine is stronger than most prevalent minerals in the crust, regions
with relatively high temperatures at the Moho will be deprived by detachment of a
layer of cold strong mantle. Thus if the geotherm is large ie. a region of shortening
returns to normal before erosion eliminates the excess crustal thickness, the area

is likely to remain weak and susceptable to further deformation.

7.3.2 The association of granites with shear zones

The widely observed association of granites with shear zones may reflect two
features of shear zones. Shear zones may simply provide a favourable conduit
for the ascent of magma or the genesis of granitic melts may be causally re-

lated to shear zone development. It is difficult to differentiate between these two
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Figure 7.6

A. Simple cross section and geotherms to show typical scales in crustal thickening.
In cross section the entire lithosphere is thickened by a factor of 2, and the original

geotherm is stretched vertically by this amount. (After Houseman et al., 1981)

B. Effects of a major transpressional shear zone superimposed upon A, resulting

in locally increased crustal thickening.
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possibilities as both share the same result. In the following section the possible

contribution of both of these factors will be examined briefly.

1. The geometry of granitoid intrusions in shear zones such as the Main Donegal
Shear Zone and the Ox Mountains Shear Zone clearly illustrate that the pre—
existing shear zone strongly influenced the geometry of the intrusion. The study
of the geometry of the Ox Mountains Shear Zone (Chapters 4 & 5) demonstrates
that, at mid—crustal levels, shear zones may be expressed as a number of high
strain zones which anastamose both laterally and vertically. Thus shear zones
represent a clearly defined planar anistropy within the crust which may provide a
favourable conduit for the ascent of magma. Water exerts a fundamental control
on the melt viscosity of granitic systems (Shaw, 1977; 1980). The presence of
water within shear zones may therefore trigger the ascent of magmas to higher

levels by reducing the effective melt viscosity.

2. Shear zones such as the Ox Mountains Shear Zone and the Main Donegal Shear
Zone repre sent localized zones of transpression. The high transpressive strains
associated with the Ox Mountains Shear Zone and the thrusting of metasediments
of the southwest and central Ox Mountains over the granulite facies basement of
the northeast Ox Mountains indicate that crustal thickening accompanied tran-
scurrent deformation. It is however clear that the scale of crustal thickening
produced by individual zones of transpression such as the Ox Mountains alone is
small compared to that which produces large-scale granite genesis (cf Houseman
et al. 1981). Figure 7.6 illustrates a typical cross-section showing typical scales of
crustal thickening envisaged by these workers. They regard the entire lithosphere
to be thickened by a factor of two and the zone of increased crustal thickening to
extend for400km. Therefore, within a broad zone of crustal thickening the pres-
ence of relatively discrete zones of locally increased thickening due to transpression
may promote the produdion of granitic mélts by causing a critical stability limit

to be exceeded. Thus shear zones can act as sites for the initiation of melting. It
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is considered to be unlikely that individual structures such as the Ox Mountains
Shear Zone alone could produce sufficient crustal thickening to suggest a causal
link with granite genesis. This mechanism may however be feasible as part of the

general crustal thickening associated with the Caledonian Orogeny.

7.3.3 Emplacement of granitic intrusions in middle-lower crustal level

transcurrent shear—zones

One of the central problems concerning the emplacement of granitic bodies
is the so—alled space problem. Granitic emplacement in shear—zones has been
the subject of much recent research, a considerable proportion of which has been

specifically directed towards the space problem.

Hutton (1982) demonstrated that the Main Donegal Granite was emplaced
at an early stage in the development of the shear zone, in an extensional cav-
ity produced as the shear—zone split axially, and the north wall moved away.
Thus emplacement took place in a transtensional enviroment, and was largely
passive with the magma buoyancy force playing only a minor role in generating
space. Guinberteau et al., (1987), described the syn—kinematic emplacement of
the Mortagne Pluton into a pull-apart void, produced by an east-west orientated
jog in the northwest—southeast trending shear—zone. Castro (1986), demonstrated
that the Hercynian plutons in the Centra Extramadura batholith were emplaced
in lensoid extension cracks orientated at 45° to the shearing direction. Natal'in et
al. (1986), also described plutons in the Soviet Far East which occur as echelons,
oblique and related to movement in the southern Yakutsh dextral fault system.
Davis (1982), has described emplacement mechanisms for Pan African plutons re-
lated to the Nadj shear-zone of Saudi Arabia where passively emplaced cauldrons

occur in the walls of the shear-zone and balloons and diapirs occur within the

shear-zone itself.
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Shaw (1980) examined the close relation between plutonism and intraconti-
nental shear—zones. He emphasised the importance of dyke propagation in magma
transport, and stated that extensional fractures that can act as ascent conduits
for magma may be developed at depths of greater than 40km. He considered that
continental crustal rocks can experience brittle behaviour when an interstitial fluid
phase (which may be a high viscosity silicate melt) reduces the effective stress and
that fracturing at deep levels due to regional stresses is the most effective mech-
anism for magma transport in ancient orogens. If at the same time anisotropy
exists in the stress field induced by the regional deformation, extensional fractures
can be produced readily. In this situation pure extensional fractures develop per-
pendicular to the minor effective stress and can propagate upwards into the crust

and downwards into the mantle.

Hutton (1988), synthesised all of these data and concluded that because of
anisotropies and viscosity contrasts within the continental crust, and the exis-
tence of pre—existing structures, shear systems in convergent, transcurrent and
extensional systems will operate on a linked system of failure planes. Within this
system, gaps and areas of dilation will open transiently or permanently at both
upper and lower crustal levels. Thus in the operation of regional tectonics there

need be no space problem.

While data from the above examples support this statement, the situation in
the Ox Mountains is different, and suggests that permitted emplacement in purely
extensional or dilational regimes may not be able to explain the emplacement of
granitic magma in all shear-zones. The problem here is analogous to that of un-
derstanding the mechanism of granite emplacement within thrust systems, where

again the tectonic environment is regionally strongly compressive in character

The present study of the geometry and kinematics of the metasedimentary
envelope to the Ox Mountains Granodiorite and the contact between the metased-

iments and the pluton indicates that the ambient tectonic environment before the
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intrusion, and during and after the cooling of the intrusion was strongly trans-
pressional in nature. In addition to this the sheets of different igneous lithology

that occur within the pluton are orientated parallel to its margins.

Section 5.3.1 illustrates the pre-intrusion geometry of the metasedimentary
envelope. This is dominated by by a steep tectonic fabric that is axial planar to
upright F3 folds whose axes lie parallel to the regional stretching lineation and
suggest tra.rf/pressive deformation. The boundaries between lithological units are
orientated éa.ra.llel to this foliation. These data are consistent with the emplace-
ment being controlled by these strongly developed planar anisotropies orientated

parallel to the shear-zone boundary.

The absence of any evidence for ballooning strains within the Ox Mountains
indicates that emplacement was not achieved forcefully. The present study of
the geometry of the Ox Mountains (Chapters 4 & 5) suggests that one of two
possibilities may account for emplacement within a regional tectonic environment
which was predominantly transpressive in nature. While it is possible that the
tectonic environment switched from transpressive pre—intrusion to transtensional
or dilational shortly before and during intrusion, and then switched back to trans-
pressional again, no evidence has been observed in the metasediments of the area
to support this model. It is possible however that the granodiorite itself now
occupies the site of this dilation and that all of the evidence for dilation within
the metasediments has been destroyed. It has been demonstrated earlier that the
structure of the Ox Mountains is dominated by a series of high strain zones which
anastamose both laterally and vertically. Differential movement on these zones,
with one moving at a different rate to others will produce displacement and hence
strain gradients within the inlier. It is therefore possible that even at mid—crustal
depths, areas of relatively low transpressive strain or even local areas of dilational
strain may exist. The present author considers that the granodiorite is likely

to have been emplaced by intrusion of a series of sheets into these areas within a
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shear zone which was predominantly transpressive in character. The emplacement
mechanism suggested by these data in the Ox Mountains may have relevance to
the emplacement of granites within thrust systems where again the overall tectonic
environment is strongly compressive but where displacent gradients and therefore

areas of locally dilational strain are likely to occur.

7.4 CONCLUSIONS

1. The geometry of shear zones at deep levels is poorly understood. Data from
the Ox Mountains suggest that at middle-lower crustal levels they may be ex-
pressed as an anastamosing series of high strain zones that separate areas of lower
tectonic strain. The geometry of these high strain zones indicates that the shear
zone broadens with depth. This geometry and the presence of a shallowly inclined
basement—cover interface in the north of the area is consistent with this represent-
ing a shallowly inclined décollement surface. These data do not preclude a strand
or strands of the braided fault system extending deeper into the crust or even

mantle to form a conduit along which magma may be introduced into the system.

2. The presence of a décollement at the basement—cover interface within a strike—
slip fault system introduces the concept of basement stripping, which is a viable
mechanism for the shuffling and rotation of terranes and the removal of slivers of

basement material along the axis of the fault system.

3. It is considered unlikely that individual shear zones such as the Ox Mountains
Shear Zone could produce crustal thickening on a sufficiently large scale to suggest
a causal link with granite genesis. Structures such as the Ox Mountains Shear Zone
will however contribute to the overall crustal thickening present within convergent

zones and may therefore act as favourable sites for the initiation of melting.
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4. The close spatial relationship observed between granitic intrusions and shear

zones is therefore considered to be due largely to shear zones acting as favourable

conduits for the ascent of magma.

5. Data from the Ox Mountains suggest that granite emplacement may be
achieved by magma exploiting localized areas of low transpressive or even di-
lational strain produced by displacement gradients within a tectonic environment
which is overall transpressive in character. A similar emplacement mechanism

may account for the emplacement of granitic intrusions into thrust systems.
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CHAPTER 8

CONCLUSIONS

8.1 CHAPTER 2. The Ox Mountains tectono—stratigraphic sequence

Lithostratigraphic and structural data from the Ox Mountains have been used
to develop a tectono-stratigraphic sequence. Way—up criteria observed in the Lec-
kee Quartzitic Formation and the Cloonygowan Formation cannot be extrapolated
into the rest of the sequence due to the presence of tectonic slides. Identification
of the Port Askaig Tillite within the Ox Mountains Succession is of critical im-
portance as it provides a unique lithostratigraphic marker horizon, confirms that
the metasediments of the central and southwest Ox Mountains are of Dalradian
age, and enables correlation to be made with other areas of Dalradian rocks in

which the stratigraphic succession is more clearly defined.

Way~-up criteria within the Leckee Quartzitic Formation indicates that this
unit lies stratigraphically above the Port Askaig Tillite. Identification of the Lec-
kee Transition Member, which represents the transition between the Quartzite
and the Ummoon Formation, establishes an important stratigraphic link Between
these two formations, which are normally separated by the Lough Talt Slide. This
also establishes that the Ummoon Formation is a direct lateral equivalent of the
pelite, semi-pelite and psammite exposed on the northwestern side of the gran-
odiorite (Attymass Group after Taylor, (1968); Ellaghmore, Killgellia and Carrick
O’ Hara Formations after Andrews et al. (1978)), which structurally overlies the

Leckee Transition Member.

The criteria cited by Winchester et al. (1988), to distinguish the Ummoon

Formation from the Lismoran Formation are not accepted. The present author has
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retained the arbitrary division between the two formations proposed by Phillips
et al. (1975), and considers that the Ummoon Formation passes into the Lismoran
Formation via a sedimentary transition. There is therefore no stratigraphic basis

for regarding the Glennawoo Slide as a major terrane boundary.

The discovery of large elliptically shaped volcanic clasts within the Callow
Member, following the identification of volcanic bombs within the Newantrim

Member (Long and Max, 1977), confirms that both units are of volcanic origin.

The stratigraphic relationship of the greenschist facies rocks of the Cloony-
gowan formation to the higher grade rocks of the Ox Mountains Succession is
unknown. At Cloongowan and Ardvarney an exposure gap of a minimum of 25m
separates the two units which are lithologically distinct. The conclusion of Phillips
et al. (1975), that the boundary between them is a gradational and probably in-

terbanded one is therefore not accepted by the present author.

The difference in the lithostratigraphic and metamorphic history of the
Cloonygowan Formation and the Ox Mountains Succession is consistent with the
Cloonygowan Formation representing a separate allochthonous terrane. Structural
data however indicates that both units have experienced an identical deformation
history, which suggests they were in close proximity during their deformation.
This can be explained if the Cloonygowan Formation was deformed at a higher
level in the strike slip system and was then lowered into its present position along

a late fault, following the peak of regional metamorphism.

8.2 CHAPTER 3. Correlation with the Dalradian Succession of south-

ern Donegal; the Ox Mountains stratigraphic succession.

The close correlation between the Ox Mountains metasediments and those
of the Dalradian succession in S. Donegal, whose way—up and age are known,

strongly suggests that the tectono—stratigraphic sequence established in the Ox
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Mountains represents the stratigraphic succession. The metasediments of the Ox

Mountains sequence are therefore referred to as the Ox Mountains Succession.

The correlation with the upper part of the southern Donegal Succession, which
is stratigraphically continuous, ie not dismembered by major tectonic slides, is
inconsistent with the model of terrane accretion proposed by Winchester, Long
and Max (1988), which necessitates a major terrane boundary to separate the

Ummoon and Lismoran formations in the Ox Mountains.

8.3 CHAPTER 4. Deformation chronology

The rocks of the Ox Mountains Succession are considered to have experienced
a similar structural history to those of the Cloonygowan Formation although at a

deeper structural level.

S1 is rarely preserved and has been positively identified only in the hinges
of F2 folds, which are themselves uncommon. No evidence has been observed to

suggest that any major structures related to D1 are present.

D2 was an important period in the structural history of the inlier. A flat
lying penetrative fabric (S2) was developed and occasional F2 folds formed. The
peak of regional metamorphism at the kyanite zone of the amphibolite facies was
attained following D2 (MP2). Transposition by D3 structures conceals much of

the original geometry of D2.

The present geometry of the metasediments of the central and southwest Ox
Mountains largely results from the progressive sinistral transcurrent deformation.
D3 produced a moderate to steeply inclined northeast-southwest trending fabric
(S3), axial planar to gently plunging F3 mesoscopic folds which verge towards a
major F3 antiform that forms the core of the inlier. The Ox Mountains Granodi-

orite was synkinematically intruded into the core of this structure, close to the
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amphibolite facies peak of regional metamorphism. Continuing transcurrent de-
formation affected the inlier and produced sinistral shear fabrics both within the
pluton and in the metasedimentary envelope where the S3 fabric locally intensi-
fies towards tectonic slides of D3 age. The gently south—dipping contact between
the Dalradian metasediments of the central and southwest Ox Mountains and the
granulite facies psammites of the northeast Ox Mountains has also been identified
as a tectonic slide of D3 age. The geometry of the Ox Mountains is therefore
dominated by a series of D3 high strain zones which converge both laterally and
vertically. As the metamorphic grade decreased the major slides locked up. The

Knockaskibole fault then became active as a break—back structure.

Transcurrent deformation ceased following D3 and uplift began throughout
the inlier. The geometry and timing of the development of D4 structures suggests
that they could, at least in part, represent this fundamental change in kinematics.

Metamorphic grade at this stage did not exceed the greenschist facies.

Renewed sinistral deformation (D5) occurred synchronously with or slightly
later than the emplacement of the Lough Easky and Lough Talt Adamellites.

8.4 CHAPTER 5. A tectono—thermal model for the Ox Mountains

The structural and kinematic dnalysis of chapter 4 illustrates that the inlier
has experienced a complex structural history. Four main kinematic episodes are

represented.

1. Initial fold and fabric development, and activity on the contact between the

Cloonygowan Formation and the Ox Mountains Succession, (D1-D2, Pre-478 Ma).

2. Sinistral transcurrent deformation, development of a braided fault system and

syn-kinematic intrusion of the Ox Mountains granodiorite under amphibolite fa-
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cies conditions at 478+12Ma (D3, Arenig-Llanvirn), followed by further sinistral

deformation as the metamorphic grade decreased and the granodiorite cooled.
3. Uplift, reflected by decreasing metamorphic grade (D4).

4. Sinistral transcurrent deformation following intrusion of the Lough Talt
Adamellite and Lough Easky Adamellite under greenschist facies conditions at

401+33Ma (D5, Early Devonian).

8.5 CHAPTER 6. Regional tectonic synthesis and correlation

The protracted history of sinistral deformation recorded by the Ox Mountains
can be related to terrane accretion events along the Highland Boundary fault Zone.
This provides information on the early kinematic history of this structure that is

not available in the remainder of the British Isles.

During the early Ordovician the Ox Mountains and the Clew Bay region
both experienced intense sinistral deformation. The timing of deformation in
the former area is constrained by the synkinematic Ox Mountains Granodiorite,
dated at 478112 Ma. In the latter area the age of deformation is constrained to
be pre-Silurian, as Silurian sediments lie unconformably upon sinistrally-sheared

serpentinites.

This initial period of sinistral deformation is succeeded by a period of uplift,
whose timing is constrained to be between the synkinematic emplacement of the
Ox Mountains Granodiorite and the emplacement of the adamellites at a higher
crustal level. This uplift in the Clew Bay - Ox Mountains region is correlated

with the widely recognised uplift that occurred throughout the Dalradian between

460 and 440 Ma.

The Silurian was a period of relative tectonic inactivity. Sinistral deformation

is recorded in the Silurian rocks of the South Mayo Trough, where the Croagh

183



Patrick syncline developed due to sinistral transpression during post—Wenlock to
Siegennian times. The Clew Bay Thrust was reactivated as a sinistral structure at
this time. Sinistral deformation is also recorded by the deformation of adamellites
in the Ox Mountains dated at 401+12 Ma. This second trancurrent event is
comparatively minor relative to the early Ordovician period of intense sinistral
strike—slip deformation. Data from the remainder of the British Isles suggest
that the majority of the strike slip deformation associated with terrane accretion
occurred at about 400 Ma (Hutton, 1987). The absence of evidence for intense
strike slip deformation within the Ox Mountains at this time is consistent with the
hypothesis that the main locus of strike slip deformation had shifted elsewhere,

possibly to the southeast.

The deposition of relative&undeformed Devonian sediments unconformably
upon the Silurian places an upper limit on the age of deformation in this sector

of the Highland Boundary Fault Zone.

8.6 CHAPTER 7.The geometry and kinematics of the Highland Bound-

ary Fault in western Ireland: implications for the structural geometries

of accretionary tectonics

The geometry of shear—zones at deep levels is poorly understood. Data from
the Ox Mountains suggests that at middle-lower crustal levels they may be ex-
pressed as an anastamosing series of high strain zones that separate areas of lower
tectonic strain. The geometry of these high strain zones indicates that the shear
zone broadens with depth. This geometry and the presence of a shallowly in-
clined basement—cover interface in the north of the area is consistent with this
representing a shallowly inclined decollement surface. Thesedata do not pre-

clude a strand or strands of the braided fault system extending deeper into the
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crust or even mantle to form a conduit along which magma may be introduced

into the system.

The presence of a décollement at the basement—cover interface within a strike—
slip fault system introduces the concept of basement stripping, which is a viable
mechanism for the shuffling and rotation of terranes and the removal of slivers of

basement material along the axis of the fault system.

It is considered unlikely that individual shear zones such as the Ox Mountains
Shear Zone could produce crustal thickening on a sufficiently large scale to suggest
a causal link with granite genesis. Structures such as the Ox Mountains Shear Zone
will however contribute to the overall crustal thickening present within convergent

zones and may therefore act as favourable sites for the initiatation of melting.

The close spatial relationship observed between granitic intrusions and shear
zones is therefore largely considered to be due to shear zones acting as favourable

conduits for the ascent of magma.

Data from the Ox Mountains suggests that granite emplacement may be
achieved by magma exploiting localized areas of low transpressive or even di-
lational strain produced by displacement gradients within a tectonic environment
which is overall transpressive in character. A similar emplacement mechanism

may account for the emplacement of granitic intrusions into thrust systems.
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