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Abstract: As magma is transported and stored within the crust, it archives palaeostress regimes through mineral fabric
development and the alignment of intrapluton structures. Sources of palaeostress include stress intrinsic to magma-chamber
processes and tectonic stress, with the imparting multiple stress regimes forming composite or overprinting strain records. Our
study investigates the strain sensitivity of intrusions to record successive palaeostress regimes during and after crystallization.
Combining field and unmanned aerial vehicle mapping with anisotropy of magnetic susceptibility, we distinguish three phases
of strain in the late Caledonian, Fanad Pluton in NW Ireland. The emplacement of subhorizontal and ring-like magmatic sheets
records initial magma transport via viscous deformation of the host monzodiorite. Tectonic strain expressed as strain
embrittlement of the monzodiorite mush is recorded in subvertical sheets, transitioning to fault and fracture development as the
pluton cooled. Earlier tectonic fracture sets reflect NNE–SSW-orientated maximum shortening, followed by clockwise rotation
to an NE–SW orientation. The recorded progressive rotation of maximum shortening direction is consistent with the
transpressive–transtension transition recorded across the Irish and UK Caledonides. Our study shows that intrusions sited
in deep-seated crustal structures offer important insight into both magma-chamber processes and evolving regional tectonic
stress fields.

Supplementary material: Full anisotropy of magnetic susceptibility, temperature-dependent magnetic susceptibility,
magnetic hysteresis loop, first-order reversal curve and feature orientation data are available at https://doi.org/10.6084/m9.
figshare.c.7981747
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The development of a kinematic model for an orogenic event is
underpinned by the availability and distribution of temporally
constrained strain archives (e.g. Görz and Hielscher 2010; Domeier
and Torsvik 2014). Such models are valuable not only to a given
event but can provide new insight into orogenic processes in
general, thus facilitating re-evaluation of other orogenies (e.g.
Rosenbaum 2014; Searle 2021). In palaeogeographical reconstruc-
tions, understanding the tectonic framework of a given orogeny has,
for example, important connotations in terms of terrane accretion,
assisting in understanding variations in depocentre processes
(Lescoutre and Manatschal 2020; Matenco et al. 2022). Similarly,
strain transitions within orogenic systems have been shown as an
important aspect in the evolution of life and in palaeoclimatic
change, with orogenies involved in nutrient supply through
exposure of fresh continental crust to weathering and in the
alteration of the climate via gas dispersed during synorogenic
magmatism (Spencer et al. 2018; Stern and Gerya 2024). However,
the archives upon which kinematic models are formed are often
temporally and/or spatially limited along an orogenic front, creating
ambiguity in the kinematic evolution from which multiple
competing hypotheses arise (e.g. Shaw et al. 2012; Pastor-Galán
et al. 2015). In this study, we address this problem by studying a
combination of strain records formed during the cooling of an
orogenic pluton and compare their relative timing to the broader
tectonic stress field to provide new insight into the evolving
palaeostress regime.

Previous studies show that modern quantitative rock fabric
analysis can detect subtle strain records in igneous plutons, with

these data often an archive of regional tectonic strain (e.g. McCarthy
et al. 2015b; Sant’Ovaia et al. 2024; Siachoque et al. 2024).
Intrusions archive strain across a range of magmatic to solid
rheological states through mineral fabric development and the
alignment of intrapluton features, allowing multiple records of strain
to be developed (Žák et al. 2008). Post-crystallization, the
development of faults and fractures within an intrusion must
reflect an archive of external tectonic strain that was, for example,
active throughout and immediately after crystallization or during
some later stress regime flux such as unroofing (Pawley and Collins
2002; Žák et al. 2009; Ellis and Blenkinsop 2019). In fluid
magmatic to mushy-magma states, intrusions preserve external
stress through the development of submagmatic mineral fabrics and
the alignment of semi-rigid magmatic features, such as dyke
emplacement via strain embrittlement of the host intrusion
(McCaffrey 1994; McCarthy et al. 2015b). At even lower crystal-
linities, regional tectonic strain archives have been reported through
the development of magmatic state fabrics and the alignment of
intrapluton features such as enclaves to the regional tectonic stress
field (El Desouky et al. 1996; Latimer et al. 2024).

Alongside external tectonic stress, previous studies also demon-
strate that plutons can archive strain derived internally from the
stress intrinsic to magma-chamber processes (Alasino et al. 2019;
Neves et al. 2023; Mattsson et al. 2024). This internal stress
accumulates from processes throughout intrusion construction,
ranging from magma transport within the intrusion, magma
remobilization at magmatic to submagmatic states and during
phases of magma overpressure during emplacement (Stevenson and
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Grove 2018; Ardill et al. 2020; Witcher et al. 2024; Jones et al.
2025; Williams et al. 2025). These processes result in the
development of magmatic state fabrics that are often indicative of
the direction of crustal- or pluton-scale magmatic transport, as well
as intrapluton features such as ring structures and hybridized
magmatic sheets formed from dynamic magma chamber subsidence
and crystal settling (Žák and Klomínský 2007; Magee et al. 2012;
Ardill et al. 2020; Cruz et al. 2022; Koopmans et al. 2022; Köpping
et al. 2023).

As both internal and external stress can be imparted throughout
crystallization, strain features derived from either stress source can
be microstructurally similar, with the imparting of successive or
simultaneous stress regimes preserved as complex, composite
fabrics within an intrusion (Petronis et al. 2012; Mattsson et al.
2024). Successive processes, such as multiple injections of magma
during piecemeal pluton construction, will produce multiple partial
fabrics as latter processes cross-cut earlier strain records, as seen in
the Sawmill Canyon area of the Tuolumne Batholith where the
emplacement of the Cathedral Peak granodiorite truncates earlier
viscous deformation of the Half Dome Granodiorite (Paterson et al.
2008). Simultaneous preservation of stress regimes – for example,
during a tectonomagmatic interaction between the regional stress
field and intruding magma – may produce a fabric that is
intermediate to all active stress regimes and requires detailed
analysis to decipher (Petronis et al. 2012; Latimer et al. 2024).

Where strain arising from tectonic stress can be distinguished
from magma-chamber processes, the utility of modern fabric
analysis and geochronological methods unlock new opportunities to
constrain the kinematic evolution of the orogeny (Neves et al. 2023;
Knight et al. 2024). For example, within the Variscan Orogeny in
the Iberian Massif, the combination of previously published
geochronology with anisotropy of magnetic susceptibility (AMS)
fabric data has identified temporally constrained transitions in
magnetic fabric development, consistent with the evolution of
orogen kinematics (Sant’Ovaia et al. 2024). Similarly, the
integration of AMS, anisotropy of anhysteretic remanence magnet-
ization (AARM) and microstructural analysis with geochronology
data has been shown within Permian and Jurassic plutons in the
southern Colombian Andes to detect a kinematic evolution from
dextral transpression towards pure-shear orthogonal collision
(Siachoque et al. 2024). Across Ireland and the UK, studies have
been carried out on igneous plutons that combine the temporal
constraints of plutons with magnetic fabric and microstructural data
to constrain the kinematic evolution of the Caledonian Orogeny
(McCarthy 2013; Anderson et al. 2018; Knight et al. 2024).
However, while successful at constraining orogen kinematics at the
local scale – for example, in the analysis of the Omey and
Roundstone plutons of the Galway Granite Complex – consensus on
the kinematic development of the broader Caledonian belt is limited
as comparable detailed strain records are not yet available
(McCarthy et al. 2015a, b).

This study examines the strain archive in the Fanad Pluton, NW
Ireland, to assess how features intrinsic to magma-chamber
processes are differentially recorded compared to those associated
with regional tectonic strain. Using a combination of unmanned
aerial vehicle (UAV)-based fracture analysis, AMS data and
petrographical observations, we analyse archives formed during
and after crystallization. We compare our results to the available
regional geochronological data to evaluate how the strain archive in
this pluton feeds into the regional kinematic framework of the
Caledonides. We demonstrate that detailed, quantitative strain
analysis yields new insight into the interplay between magmatic and
regional tectonic stress during late Caledonian orogenesis, and
highlight that this approach can provide temporally constrained
strain archives along orogenies in general.

Background geology

The Caledonian Orogeny represents the Ordovician–Silurian
amalgamation of Laurentia, Avalonia and Baltica during the
closure of the Paleozoic Iapetus Ocean (Pickering et al. 1988;
Woodcock 1990; Soper et al. 1992). The Early Ordovician accretion
of a magmatic arc to the Laurentian margin resulted in the Grampian
orogenic event that triggered regional-scale folding and meta-
morphism of the Dalradian Supergroup into which a suite of
gabbros and granitoids intruded from c. 475 to 460 Ma (Friedrich
et al. 1999; Friend et al. 2000; Johnson et al. 2017). This was
followed by the orthogonal collision of Baltica and Laurentia to
form Laurasia, followed by oblique docking of Laurasia with the
northern Avalonian margin from c. 435 to 400 Ma (Woodcock
1990; McKerrow et al. 2000). This late-stage oblique docking at the
end of the orogeny is reported to have initiated extensive
transcurrent deformation (Dewey and Strachan 2003; Soper and
Woodcock 2003; Prave et al. 2024). Several phases of punctuated
magmatism occurred during the Caledonian Orogeny; in NW
Ireland and Scotland, granitoid intrusions are broadly divided into
the ‘Older’ granites (sensu lato) associated with the Grampian event
and the ‘Newer’ granites related to the docking of Baltica and
Avalonia, which appear to ascend along deep-seated structures
formed throughout the orogeny (Jacques and Reavy 1994; Brown
et al. 2008).

Competing kinematic models are reported for the extent and
timing of regional transcurrence associated with the oblique
convergence of Avalonia (Soper et al. 1992; Dewey and Strachan
2003; Soper and Woodcock 2003). It is broadly accepted that final
closure of the Iapetus Ocean initially resulted in a phase of sinistral
transpression that juxtaposed the NW Highlands, Grampian and
Southern Uplands Terranes along NE–SW faults from c. 440 to
420 Ma under a north–south-aligned maximum shortening direc-
tion (Soper et al. 1992; Dewey and Strachan 2003; Soper and
Woodcock 2003). However, during the waning of orogenic
compression, kinematic models differentially proposed a transition
to orthogonal collision with a rotation of maximum shortening to a
NW–SE direction (Soper et al. 1992) or a phase of sinistral
transtension and rotation of maximum shortening to a NE–SW
direction (Dewey and Strachan 2003; Soper and Woodcock 2003).
While the transpression–transtension models are kinematically
consistent, the timing of the kinematic transition is debated to be
earlier than 420 Ma (Soper and Woodcock 2003) or as late as 410–

405 Ma (Dewey and Strachan 2003; McCarthy 2013).
An alternative hypothesis on the tectonic evolution of the

Caledonides favours a single-event model whereby Grampian arc
collision was followed by continued southward Iapetan subduction
and continued near-orthogonal convergence of the orogen from 470
to 420 Ma (Searle 2021). This model requires a continuous NW–SE
maximum shortening direction, removing the requirement for
regional sinistral transpression, with the NE–SW faults that traverse
Ireland and the UK representing structures initiated at the end of the
orogeny. Based on detrital zircon analysis of the metasedimentary
country rock and geochemical analysis of igneous complexes
around the Great Glen Fault, Prave et al. (2024) propose an
intermediate model between a regional oblique convergence model
and the near-orthogonal model of Searle (2021). This model favours
a strike-slip displacement along NE–SW faults during the orogeny,
but with displacement of 200–300 km rather than the 1200 km
reported by Dewey and Strachan (2003). The feasibility of
contrasting models such as these can be tested by providing
additional temporally constrained strain markers along the orogen.
These strain markers allow determination of the direction of
maximum shortening across the orogenic front throughout its
evolution, thus facilitating comparison between competing models.
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The Donegal Igneous Complex

It is broadly accepted that late Caledonian magmatism was caused
by breakoff of the subducted Iapetan slab beneath Laurentia,
triggering asthenosphere upwelling and partial melting of the
overlying crust (e.g. Atherton and Ghani 2002; Oliver et al. 2008;
Neilson et al. 2009; Miles et al. 2016). Across Ireland and the UK,
late Caledonian granitoid plutons are sited along subvertical strike-
slip faults (Fig. 1). The spatial distribution and geometry of the
plutons, as well as the alignment of regional faults and magmatic to
submagmatic state fabrics within these plutons, indicate that magma
ascent was directed along these pre-existing structures (Jacques and
Reavy 1994; Hutton and Alsop 1996; Cooper et al. 2013).

The Donegal Igneous Complex (DIC) in NW Ireland includes the
Donegal Batholith, consisting of six plutons, and two smaller
satellite plutons located outside the batholith (Fig. 1) (Pitcher and
Berger 1972). The main pluton of the batholith stitches the NE–SW
Main Donegal Shear Zone and is centred on the intersection
between this structure and the NNE–SSW Donegal Lineament
(Sanderson et al. 1980; Hutton 1982; Hutton and Alsop 1996). The
Barnesmore Pluton and the Fanad Pluton occur to the south and NE
of the Donegal Batholith, respectively (Fig. 1b). The complex was
intruded between 430 and 400 Ma, the Fanad Pluton was
contemporaneous with the initial plutons of the main batholith,
while the Barnesmore Pluton was intruded as one of the latest
phases of magmatism within the complex (Pitcher and Berger 1972;
Archibald et al. 2021). The ascent of the main batholith is
interpreted to have occurred at the intersection of the NE–SW
sinistral Main Donegal Shear Zone and the NNE–SSW Donegal
Lineament (Hutton and Alsop 1996). The main pluton of the
Donegal Batholith shows a pervasive, subvertical NE–SW foliation
interpreted to reflect the interplay between magma ascent and NE–

SW shearing along the Main Donegal Shear Zone (Hutton 1982).
Fabric studies on other plutons of the Donegal Batholith reveal
broadly concentric foliation patterns that have been differentially
related to laccolith or inflation processes (Molyneux and Hutton
2000; Stevenson et al. 2007, 2008; Stevenson 2009). However,
detailed rock fabric analysis demonstrates the preservation of both
magma transport and tectonic fabrics in the Fanad Pluton,
suggesting that subtle AMS fabrics recorded elsewhere in the DIC
may also be tectonic in origin (Latimer et al. 2024).

The Fanad Pluton (422–411 Ma) (Archibald et al. 2021) is
partially exposed along the north coast of Donegal, with a dioritic to
granodioritic composition, and is similar to other Caledonian

intrusions derived from a hybridized magma source (Ghani and
Atherton 2006). The pluton is associated with two major structures:
the NE–SW aligned Leannan Fault and the north–south Melmore
Shear Zone (Fig. 1) (White and Hutton 1985; Latimer et al. 2024).
The left-lateral Leannan Fault is interpreted as a splay of the Great
Glen Fault (Alsop 1992; Kirkland et al. 2008) or, more recently, as
the continuation of the Great Glen Fault into Ireland (Prave et al.
2024). Geochronological and cross-cutting relationships report that
sinistral displacement occurred along the Leannan Fault up to
c. 422 Ma before an apparent 10 Myr hiatus in displacement and
subsequent onset of a NW–SE-directed compressional regime
during the transition from sinistral transpression to orthogonal
convergence (Soper et al. 1992; Kirkland et al. 2008). Fabric
analysis in the magma mingling zone adjacent to the dextral
Melmore Shear Zone demonstrates the preservation of distinct
magmatic state fabrics that differentially reflect magma transport
and tectonic overprinting processes (Latimer et al. 2024). However,
the full magmatic to solid-solidus strain archive is understudied, and
thus the position of the intrusion in the broader kinematic regime is
ambiguous.

Here, we assess magmatic and subsolidus strain records to better
constrain the strain history of the Fanad Pluton and to test the utility
of intrusions as regional strain archives. The 422–411 Ma period of
emplacement intersects three potential tectonic stress regimes;
(1) the proposed kinematic transition of Dewey and Strachan (2003)
from sinistral transpression to transtension; (2) sinistral transtension
expected in the model of Soper and Woodcock (2003); or (3) a
reported lack of regional tectonic strain under the model of Searle
(2021), which proposes the end of tectonic stress at 420 Ma. Our
study assesses these competing hypotheses by presenting new
structural data.

Methodology

Field and UAV observations

An 800 m strip of coastal outcrop of the Fanad Pluton, known as
Currin Point, exhibiting a combination of monzodiorite, enclaves,
sheets, faults and fractures was selected for this study to maximize
the opportunity to measure multiple strain records during and after
magma cooling (Fig. 2a). The area was mapped over two field
seasons, describing the relationship between intrapluton features
and collecting structural data from magmatic and subsolidus
structures. Grid mapping at a 1:80 scale was conducted around

Fig. 1. (a) Overview of late Caledonian
intrusions in the north of Ireland and the
UK. (b) Regional map of the Donegal
Igneous Complex.
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magmatic sheets, enclave swarms and faults. While the majority of
the outcrop is a flat-lying wave-washed outcrop, fractures, rock
fabrics and intrusive contacts were measured wherever possible.

UAV image mosaics recorded contact relationships between
intrusive contacts and the orientation of enclaves, dykes and
fractures. UAV images were captured using a Mavic II Pro drone
with a 20 megapixel camera at a fixed height of 50 and 20 m above
the surface with a 70% overlap. Images were combined into an
orthomosaic image using PIX4Dmapper software (PIX4D 2024).
All visible linear features and the long axes of enclaves were
measured from the mosaic in ArcMap (Esri 2020). The orientation
data were analysed in Stereonet 11 software (Allmendinger et al.
2012) on equal-area rose diagrams with measurements binned in
20° increments based on the statistical methods of Sanderson and
Peacock (2020). Trends in orientation were first characterized based
on their formation in a magmatic or subsolidus setting, before
examining orientation trends independent of feature types to
determine shared orientations across the temporal evolution of the
study area.

Rock magnetic fabric analysis

To complement field observations, AMS was used to investigate the
grain-scale strain record and determine if the magnetic fabric was
consistent with intrinsic magma chamber or external tectonic
processes (Sawyer 2000; Žák et al. 2008; De Saint Blanquat et al.
2011; Latimer et al. 2024). Provided that an adequate magnetic
characterization is carried out, AMS is broadly recognized as an
efficient method for measuring the bulk alignment of minerals
within a rock sample based on the 3D variation of magnetic
susceptibility about a cylindrical specimen rotated in an induced
magnetic field (Tarling and Hrouda 1993; Borradaile and Jackson
2010; Mattsson et al. 2021).

Samples were taken from four areas across Currin Point for AMS
measurement and magnetic characterization (Fig. 2). Sample
traverse sites S1, S2 and S3 sampled separate magmatic sheet
features, and site S4 sampled an aplitic dyke. Sampling traverses
were drilled along S1, while sites S2–S4 were block sampled to
investigate any variation in the magnetic fabric proximal to the sheet

intrusions. At S1, four traverses (FS001–FS004) orientated
perpendicular to the strike of a mafic sheet were sampled using a
2.5 cm diameter non-magnetic drill bit and Brunton compass. Each
traverse was between 25 and 60 m in length, and clusters of six cores
were taken at 2–10 m intervals. Within areas showing evidence of
magma mixing or mingling, a continuous line of cores was drilled at
a spacing of 2.5–10 cm to capture intricate coeval magma
interactions. Any enclaves encountered along each traverse of
suitable size for drilling were also sampled parallel to the long axis
of the enclave. A total of 470 cores were drilled across traverses
FS001–FS004. Each core was subsequently cut into 2.5 × 2.2 cm
subsamples using a non-magnetic saw, with an average of two
subsamples per core. Block samples were taken from sites S2
(samples FS005–FS006), S3 (sample FS007) and S4 (sample
FS008) to confirm that the rock magnetic behaviour was consistent
across the study area (Fig. 2). Blocks were orientated in the field
with a compass clinometer, drilled at the M3Ore Laboratory at the
University of St Andrews using a drill press and cut into
subsamples. Between five and 15 rock cores were drilled per
block sample (a total of 32 cores), with a minimum of 13
subsamples generated from each block sample.

AMS was measured on each subsample using an AGICO KLY-
5A Kappabridge. Each subsample was measured in 320 orientations
(field, 400 A m�1; frequency, 1220 Hz) using the 3D rotator
attachment, producing a second-rank tensor with principal direction
of maximum (k1), intermediate (k2) and minimum (k3) magnetic
susceptibility (Khan 1962; Borradaile and Jackson 2010). These
axes define the magnetic fabric within the subsample where k1 is the
magnetic lineation orientation, and the plane of k1 and k2, of which
k3 is the pole, defines the magnetic foliation (Tarling and Hrouda
1993). Mean susceptibility (kmean) gives the mean magnetic
susceptibility of the subsample, corrected degree of anisotropy
(Pj) gives the strength of the magnetic fabric and the corrected shape
factor (T ) describes the shape of the magnetic susceptibility
ellipsoid (Jelinek 1981; Tarling and Hrouda 1993). AMS data were
reduced using the Safyr7 (Chadima 2022) and Anisoft6 software
(Chadima and Hrouda 2023). The arising data represent the bulk
mineral fabric of the subsample, provided that interfering magnetic
mineralogies are not present.

Fig. 2. (a) UAV imagery of the Currin
Point area (shown in Fig. 1). (b) Map of
magmatic sheet S1 showing the location of
sample traverses FS001–FS004. (c) Map
of magmatic sheet S2 showing the location
of block samples FS005 and FS006. (d)
Map of ring structure S3 showing the
location of block sample FS007. (e) Map
of aplite S4 showing the location of block
sample FS008.
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Magnetic mineralogy characterization methods

Several experiments were conducted to characterize the magnetic
mineralogy within the sampled lithologies to determine the
mineralogical controls on their measured AMS signal. The magnetic
susceptibility of common ferromagnetic and ferrimagnetic minerals
(e.g. magnetite and hematite) is orders of magnitude higher than
diamagnetic (e.g. quartz and feldspar) and paramagnetic (e.g. biotite
and hornblende) minerals (Tarling and Hrouda 1993; Dunlop and
Özdemir 1997). AMS measurements are therefore more likely to be
dominated by ferromagnetic minerals where they make up more than
0.01% of the rock mode. The grain-scale AMS of ferromagnetic
minerals is dependent on the crystallographic axis orientation and the
domain state (Tarling and Hrouda 1993). Multi-domain grains have a
‘normal’ response (i.e. the AMS long axis is parallel to the
crystallographic long axis), whilst single domain grains have an
‘inverse’ AMS (i.e. the AMS short axis is parallel to the
crystallographic long axis) (Potter and Stephenson 1988). If more
than one ferromagnetic mineral is present, or if more than one
petrofabric is present, constructive or destructive interference may
result in an ‘intermediate’ fabric (Ferré 2002). Establishing both
domain state and mineralogy of the studied subsamples is therefore
crucial to establish the relationship between AMS data and the
physical alignment of minerals in a rock sample (i.e. the petrofabric).

Temperature-dependent magnetic susceptibility (T–�) was mea-
sured to identify the magnetic mineralogy and to determine the role
of ferromagnetic and paramagnetic minerals on the bulk magnetic
susceptibility of each lithology (Tarling and Hrouda 1993; Dunlop
and Özdemir 1997). The ferromagnetic mineralogy of each
lithology was further characterized through the measurement of
magnetic hysteresis loops and first-order reversal curves (FORCs) to
determine the magnetic domain state of particles in the rock and
whether multiple ferromagnetic particle populations, and therefore
potentially different magnetic subfabrics, are present (Ferré 2002).

A comprehensive description of sample preparation, subsamples
measured and the applied parameters for each experiment are given
in the Supplementary material.

Results

Results from field observations and UAV data are separated into
magmatic and subsolidus features based on the rheological state of
the host monzodiorite during their formation. Full datasets for
measured orientations from UAV images and field measurements
are given in the Supplementary material.

Magmatic features

Fabric of the host monzodiorite

The Fanad Pluton is predominantly a quartz monzodiorite (referred
sensu lato below as the ‘host monzodiorite’) consisting of
plagioclase feldspar, alkali feldspar, amphibole, biotite and quartz
in hand specimen (see Latimer et al. 2024 for a detailed
petrographical description) (Fig. 3d). Crystals are euhedral to
subhedral, with no evidence of plastic deformation, grain fracturing
or melt infill (Fig. 3d). Unlike other areas of the Fanad Pluton
described in Latimer et al. (2024), no visible alignment of minerals
is observed across the majority of the study area (Fig. 3d). Two
exceptions are observed; (1) proximal to magmatic sheets and
enclave swarms; a contact-parallel foliation is observed in the host
monzodiorite; and (2) strong, solid-state S–C fabrics, defined by
thin C-bands of fine-grained altered minerals and S-bands of
deformed feldspar, quartz ribbons and smeared biotite, are observed
within a NE–SW sinistral fault that cross-cuts the host monzodiorite
(Fig. 3e).

Magmatic sheets and ring structures

The most striking magmatic intrapluton feature is a series of banded
magmatic sheets that are divided into two subsets distinguished by
their inclination: (1) gently inclined sheets (20°–40°) and (2) steeply
dipping sheets (70°–90°). Both sheet types are typically 10–100 m
long, 2–10 m wide, with a heterogeneous grain size between bands
(0.5–5 mm) and a broadly granitic composition, with varying
amounts of feldspar, quartz, amphibole and biotite. Compositional
banding within these sheets is parallel to the sheet contact; darker
bands are richer in amphibole and biotite, and lighter bands contain
more feldspar. The thickness and number of bands vary between
magmatic sheets (Fig. 3f ). Complex mingling and mixing textures
are observed within magmatic sheets and between the host
monzodiorite. Mingling textures are commonly seen around
mafic-rich globules within sheets, with the surrounding magma
wrapping around these globules rather than interacting with them
(Fig. 3a, b). Some gently inclined magmatic sheets show
submagmatic fracturing, producing sub-angular to angular edges,
with subsequent infilling from the host magma, referred to as
granitic veining (Fig. 3c). Magma mixing is seen in the lighter
regions within sheets, which form transient schlieren-like layers that
are parallel to the strike of the sheet (Fig. 3a). The sheets also feature
gradational boundaries with the surrounding host monzodiorite

Fig. 3. (a) Example of the mixing and
mingling textures within the magmatic
sheets. (b) Close-up of a mafic-rich
globule within a magmatic sheet with
hybridized melt wrapping around it. (c)
Zone of granitic veining, with the host
monzodiorite infilling around the fractured
magmatic sheet. (d) Host monzodiorite
showing euhedral to subhedral crystals and
an apparent lack of mineral alignment. (e)
Host monzodiorite showing alignment
within a sinistral fault. (f ) Vertical section
of a gently inclined magmatic sheet.
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rather than a sharp contact, suggesting that the magmas were coeval
and underwent a degree of hybridization.

Both steep and gently inclined sheets show a consistent dip and
dip direction along their length. Twenty-one gently inclined sheets
were recorded and delineate a north–south trend, with most
features striking 340–020 (Fig. 4). In contrast, the 28 steep sheets
observed delineate a single major NNE–SSW (340–360) strike
trend, with minor trends either side of this (Fig. 4). Locally, both
gently inclined and steep magmatic sheets show deviations from
their length-averaged orientation, such as branching into second-
order sheets (Fig. 3). Where such deviations occur, the internal
pattern within both types of magmatic sheets curve to follow the
deviations. The gently inclined magmatic sheet sampled as site S1
features two folds in its trend that follow a NE–SW axial plane;
mineral bands follow the curvature of these folds whilst mafic
globules in these regions feature internal centimetre-scale layers
oblique to folding (Fig. 5). These layers within the globules are
rich in white feldspar and trend NNW–SSE, in line with the
straight sections of the magmatic sheet. Only one sheet appears to
have its termination point exposed, showing a gradual decrease in
width and transitioning into a dense swarm of enclaves. The
remaining sheets are offset by later faults before they terminate or
are not exposed.

Alongside the linear magmatic sheets, two ring-like sheets are
also exposed (referred to as ring structures). While one ring is shown
in full form, the other has been cross-cut by later faults (this is
sampled magmatic sheet S3) (Fig. 2d). These ring structures show
the same compositional and textural properties as the linear sheets,
but form closed loops in map view that dip outwards at moderate to
subvertical angles (40°–80°). Magmatic sheet S2 also features a
region of subhorizontal dips, reflecting a large lobe-like body of the
more mafic-rich magma seen within the sheet (Fig. 2d).

Enclaves

Alongside the sheets, the Currin Point area is rich in fine-grained
dioritic enclaves. Enclaves vary from a few centimetres to 3 m in
their long axis and range from near spherical to strongly elongate,
occurring as both swarms and isolated enclaves. Contacts with the
host monzodiorite are mainly sharp, varying from subrounded to
lobate in nature, with some enclaves featuring more gradational
contacts (Fig. 6a, b). Within the sheets, globules that appear to be
entrapped enclaves are shown to be ‘stringing off’, with once
elliptical enclaves showing wispy tails that gradually integrate into
the surrounding sheet magma. UAV images return 1014 enclave
long-axis orientation measurements, from which two main strike
trends are observed, (1) 300–340 and (2) 000–040, with several
other minor trends seen (Fig. 4). These trends reflect the occurrence
and alignment of enclaves around magmatic sheets, with enclaves
being parallel or slightly oblique to the trend of proximal magmatic
sheets, becoming random in orientation when isolated from other
magmatic features.

Aplites

A number of aplites and rare pegmatites are intruded along fracture
and fault planes (Fig. 6c, d). The aplites are 0.2–1.2 m in width, and
are dominated by fine-grained pink feldspar and millimetre-sized
biotite crystals, with chilled to gradational contacts (Fig. 6c, d).
Pegmatites are coarse grained (1–3 cm), 2–5 cm wide, and consist
of quartz, plagioclase feldspar and alkali feldspar. From the 144
aplites measured, two dominant orientations are delineated: NW–

SE (320–340) and NE–SW (040–060).

Fig. 4. (a) Overview of magmatic and subsolidus features mapped from
UAV imagery in the Currin Point area. (b) Close-up map of the southern
section of the study area. (c) Rose diagrams for the orientation trends of
each feature (bin size of 20°).

Fig. 5. Inset shows magmatic sheet S1 and the two folds along its strike.
The main image highlights a mafic-rich globule with white, feldspar-rich
layers oblique to this folding but aligned to the bulk NW–SE trend of
the sheet.
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Subsolidus features

Cross-cutting the Currin Point area is a series of subvertical faults
and tensile fractures. While the flat, coastal outcrop of Currin Point
makes determining the presence of dip-slip faults difficult, sinistral
and dextral strike slipping is recorded in the area. Faults range in
width from single centimetre-scale fracture planes to metre-scale
regions of dense fractures, which show displacement on either side.
Fractures are often seen as distinct planes with no offset across them,
as well as hairline fractures. Extensive epidote–chlorite–sericite
alteration occurs along fault and fracture planes, cross-cutting all
other petrographical features in the study area (Fig. 3a, e). A total of
503 faults and fractures were observed within the UAV imagery,

recording a major NE–SW strike trend of 040–060, with trends also
seen from NNE–SSW (000–040) to NW–SE (300–340) (Fig. 4).

Orientation trends common to magmatic and subsolidus

features

Combining the orientation of magmatic and subsolidus intrapluton
features, seven common trends are observed (T1–T7) (Fig. 7). An
oldest (T1) to youngest (T7) relative timing between the trends is
established based on the rheological state aligned and cross-cutting
features. Gently inclined magmatic sheets are not included in any of
the seven trends as their moderate dip is disparate to the subvertical
nature of the steep magmatic sheets and subsolidus features. The
enclaves are also excluded as the lack of adequate exposure limits
the measurement of their 3D orientation.

The earliest three trends (T1–T3) appear to form in close
succession based on the features that follow each trend and their
cross-cutting relationships. Therefore, while they can be differ-
entiated from the subsequent four orientation trends, field observa-
tions alone cannot temporally distinguish T1–T3 from each other.
T1 is the most prominent of the three, striking NE–SW (020–060);
the major sinistral faults that cross-cut the southern and northern
extents of Currin Point best exemplify this trend. T2 runs NW–SE
(300–340), followed by steep magmatic sheets and dextral
subsolidus faults that terminate against T1 faults. T3 is orientated
north–south (340–020), and is defined by steep magmatic sheets
and solid-state tensile fractures. A temporal distinction is made
between T4 and T7. T4 is defined by a series of sinistral faults
trending NE–SW (040–060), which cross-cut earlier magmatic and
subsolidus features (Fig. 7). T5 is followed by metre-scale zones of
NNE–SSW (320–360) fractures with dextral offset on either side;
while T6 is characterized by a large WNW–ESE (260–280)-
trending sinistral fault (Fig. 7). The final trend, T7, is recorded by
NE–SW (020–060)-orientated tensile fractures that cross-cut all
other features and represent the most abundant subsolidus feature in
the area. Aplites and alteration from fluids occur along all seven
trends, the relative ages of these features are unclear, but we note
that T1–T3 aplites are generally wider, and fluid alteration is most
extensive along the major T1 faults (Fig. 7).

Fig. 6. (a) Enclaves within a swarm showing sharp, lobate contacts.
(b) Isolated enclaves showing sharp to gradational, subrounded contacts.
(c) Aplite S4 showing a subvertical contact with the host monzodiorite.
(d) Close-up of the internal texture showing millimetre-scale biotite.

Fig. 7. (a) Map of seven orientation trends
(T1–T7) across Currin Point. (b)–(e)
Display examples of temporal relationships
between orientation trends: (b) trends T1–

T3 (the black crescent is magmatic sheet
S3); (c) trend T4; (d) trends T5 and T6;
and (e) trend T7. (f ) Rose diagrams for the
orientation trends of each trend (bin size of
20°).
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Rock magnetic fabric and characterization

A summary of rock magnetic results is provided here; full datasets
and calculated parameters are given in the Supplementary material.

Magnetic mineralogy

From magnetic characterization experiments, representative
samples from the magmatic sheets and host monzodiorite
consistently return a Curie temperature (TC) between 550 and
570°C, highlighting a control on bulk susceptibility by a
ferromagnetic component within each lithology. Hysteresis loops
reach magnetic saturation at 200–300 mT with a coercivity of
1–4 mT, together with FORCs that consistently show peaks at the
origin of the interaction field (Bu) and coercivity (Bc) axes,
concluding that this ferromagnetic component is multi-domain
magnetite and is the dominant magnetic mineral. We observe no
evidence of single-domain particles within any of our samples,
indicating that the magnetic fabric is aligned with the long-axis
orientation of ferromagnetic particles and is representative of the
particle shape fabric (Potter and Stephenson 1988). This also
precludes the observed magnetic fabric from AMS correlating to an
intermediate fabric from composite magnetic mineralogy sources
(Ferré 2002). The identification of a common magnetic mineralogy
to all samples also ensures that the magnetic fabric from AMS is
comparable across all lithologies.

Anisotropy of magnetic susceptibility

Mean susceptibility (kmean) values vary from 0.530 × 10�3 to 5.49 ×
10�3 across traverses FS001–FS004 (967 subsamples) and block
samples FS005–FS008 (74 subsamples). The average kmean value
for FS001–FS004 is 1.67 × 10�3, while the average for FS005–

FS008 is 0.989 × 10�3. The corrected degree of anisotropy (Pj) from
FS001–FS008 ranges from 2.2 to 14.6%, with an average of 6.6%
and one standard deviation (1 SD) range of 4.8–8.4%. The shape
factor (T ) varies from �0.663 to 0.961 (mean value 0.279), and the
majority of cores show positive T values. Their AMS ellipsoids are,
therefore, oblate to triaxial (�0.200 � T � 0.200) in nature. The
moderately (�0.200 � T � �0.400) to strongly prolate (�0.400 �

T � �0.800) samples are associated with enclaves rather than the
host monzodiorite or magmatic sheets.

Across the traverses FS001–FS004 of magmatic sheet S1, several
trends are seen in the AMS fabrics (Fig. 8). With samples showing
oblate T values, maximum (k1) and intermediate (k2) susceptibility
axes are seen forming a girdle plane that minimum (k3) axes form a
cluster perpendicular to. Therefore, magnetic lineations, defined by
k1, show very little consistency along each traverse, while magnetic
foliations defined by the plane to k3 form an NNW–NNE-striking
trend that follows the measured orientation of the sheet (Fig. 8). This
foliation shows a consistent subhorizontal to shallow dip (0–32°)
sub-parallel with the field-measured 24°–38° dip of the sheet
contact, with only 18 of 470 measured samples showing steeper dips
to a maximum of 55° (Fig. 8). This NNW–NNE-striking foliation is
seen within the magmatic sheet and the surrounding host
monzodiorite across FS001–FS004, up to 40 m away from the
magmatic sheet. When viewed as individual traverses, the strike of
the magnetic foliation changes in agreement with local hetero-
geneities (Fig. 8). This includes internal magnetic foliations of
enclaves inside and outside of the sheet being inconsistent to their
surrounding host lithology, as well as fluctuations in strike where
intermediate magma is seen wrapping around mingled mafic-rich
regions (Fig. 8). Samples from traverses FS003 and FS004 near one
of the two major folds in sheet S1 preserve a magnetic fabric that
follows the trend of the feldspar-rich layers rather than the limb of
the fold (Fig. 8).

From magmatic sheet S2, block sample FS005 delineates a
magnetic lineation with the k2 and k3 axes forming a girdle and k1

forming a point cluster (Fig. 9). Plunging 22° towards 216, the
magnetic lineation is sub-parallel (within 10°) to nearby field
measurements of the sheet contact. In sample FS006, a triaxial AMS
ellipsoid is formed with a magnetic foliation (dipping 36° towards
082) and lineation (plunging 4° towards 166) preserved (Fig. 9).
This magnetic lineation trends parallel to the plane of nearby
field measurement for sheet S2, as seen in sample FS005. The
subhorizontal magnetic foliation features a strike parallel (within 6°)
to field measurements, with a dip consistent with along-strike field
measurements (within 4° and the ±5° error of drill-core sampling)
(Fig. 9).

Sample FS007, taken from magmatic ring structure S3, shows a
magnetic foliation (dipping 28° towards 128) and lineation (9° plunge
towards 111) (Fig. 9). The subhorizontal magnetic lineation and
moderately NW-dipping magnetic foliation are consistent with the
measured sheet contacts, with the foliation striking parallel to field
measurements and the lineation trending within 25°. The magnetic
foliation from the aplite S4, as measured from block sample FS008, is
consistent with in trend with the dyke contacts (31° towards 240),
being 20° oblique and slightly shallower in dip (Fig. 9). The magnetic
lineation is oblique to the dyke strike, plunging 24° towards 200,
raking 54° along the plane of the magnetic foliation.

Overall, the magnetic fabrics across the sampling locations are
sub-parallel in orientation with field observations and measured
sheet contacts. Magnetic lineations are predominantly subhorizontal
and occur along the plane of sheet contacts, except for the aplite S4
which is slightly oblique to the trend of the dyke. Magnetic
foliations dip slightly shallower or equal to the dip of field
measurements in most samples, with the sampling of FS001–FS004

Fig. 8. (a) Map of magmatic sheet S1 showing the locations of two close-
up maps. (b) Subsection of sample traverse FS001 showing the magnetic
fabric measured from the anisotropy of magnetic susceptibility (AMS). (c)
Subsection of sample traverse FS002 and FS003 showing the magnetic
fabric measured from AMS and the fabric from field measurements. (d)
Stereonets of AMS data across sample traverses FS001–FS004. (e) Polar
plot of the corrected degree of anisotropy (Pj) against the shape factor (T )
across sample traverses FS001–FS004.
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showing the magnetic fabrics following local heterogeneities when
examined in detail.

Discussion

Across the Currin Point area, lithological, rock fabric and fracture
observations highlight a range of rheological conditions where
strain has been archived. We investigate the record of strain across
magmatic to subsolidus features, correlating them to intrinsic stress
from magma-chamber processes and external stress from tectonic
deformation. For magmatic features, we distinguish the strain of
magma-chamber processes from tectonic stress based on observed
fabric characteristics of each strain source from previous studies
(e.g. Stevenson et al. 2007; Magee et al. 2012; McCarthy et al.
2015a; Burton-Johnson et al. 2019; Mattsson et al. 2024; Alasino
et al. 2025). We exclude the aplites from this analysis, as their
highly silicic nature and close association with faults and fractures
suggest that they are a residual melt from final crystallization of the
pluton and cannot be directly linked to other processes at Currin
Point. Subsolidus features are then compared with magmatic
features derived from tectonic stress to contextualize the orientation
and kinematics of strain from the interpreted contemporaneous
palaeostress during and immediately after emplacement of the
Fanad Pluton (McCaffrey 1994; Kirkland et al. 2008; Kocks et al.
2014). This careful consideration of potential sources of strain
ensures the strain preserved in subsolidus features is reflective of
regional tectonic stress active throughout the Caledonian Orogeny
(Žák et al. 2009). Once all sources of strain are identified throughout
crystallization of the Fanad Pluton, we then contextualize our
proposed kinematic evolution to the reported evolution of other
Caledonian intrusions.

Archived magma-chamber processes

Fabric of the host monzodiorite

The majority of the area features a host monzodiorite consisting of
unaligned, euhedral to subhedral crystals, with a magmatic state

crystal alignment that is only observed proximal (<1 m) to
intrapluton features (Fig. 3). AMS data show a subhorizontal
NNW–NNE-striking magnetic foliation within the monzodiorite,
consistent with the trend of the gently inclined magmatic sheets and
field measurements across Currin Point (Figs 4 and 8). The
correlation between outcrop-scale and grain-scale measurements,
rather than the misalignment recorded in other areas of the Fanad
Pluton (Latimer et al. 2024), suggests that the fabric is a record of
strain intrinsic to magma-chamber processes rather than external
tectonic stress (e.g. Benn 2009; Paterson et al. 2019)

Gently inclined magmatic sheets and ring structures

The magmatic sheets and ring structures reflect magma injected into
the Fanad Pluton that has undergone mingling and hybridizing with
the host monzodiorite. Internally, the sheets and ring structures are
heterogeneous, with schlieren-like layering following subtle contact
geometry and orientation variations in the sheet–ring contacts,
suggesting that they represent magma flow structures within the
sheet. AMS data collected from three separate magmatic sheets
(S1–S3) show a direct correlation between magnetic fabrics and
the complex banding and mingling textures of the sheets. Two
groups of magmatic sheets are identified based on their variation in
dip, without compositional change, suggesting a change in the
active stress regime during the pluton construction. Granitic veining
within the gently inclined sheets, indicating brittle fracturing and
subsequent host monzodiorite infill, is absent within the steep
magmatic sheets (Fig. 3c). This indicates that the gently inclined
sheets are an earlier injection of magma, recording an earlier stress
regime within the pluton, with the steep sheets reflecting a
subsequent change in the active stress field.

Previous studies in other igneous complexes have related
shallow-dipping, schlieren-like features to a range of magmatic
processes from dynamic shear flow to static thermal/compositional
gradient control and viscous deformation of the surrounding host
magma (Ardill et al. 2020; Mattsson et al. 2024; Alasino et al.
2025). The visible mixing–mingling textures and corresponding
AMS fabric (Figs 8 and 9), alongside evidence of deformation

Fig. 9. (a) Map of magmatic sheet S2
showing field-measured fabric data and the
magnetic fabric of block samples FS005
and FS006 measured from the anisotropy
of magnetic susceptibility (AMS). (b) Map
of magmatic sheet S3 showing field-
measured fabric data and the magnetic
fabric of block sample FS007 measured
from AMS. (c) Map of magmatic sheet S4
showing field-measured fabric data and the
magnetic fabric of block sample FS008
measured from AMS. (d) Polar plot of the
corrected degree of anisotropy (Pj) against
the shape factor (T ) for block samples
FS005–FS008. (e) Stereonets of AMS data
for block samples FS005–FS008.
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along the length of the magmatic sheet S1, provide evidence that
these gently inclined magmatic sheets formed in a dynamic setting
as a function of magma flow rather than a static process within the
magma chamber (Ardill et al. 2020). Similarly, ring-like structures
have been correlated to intrapluton plume features, recording
magma flow due to Rayleigh–Taylor instabilities (Paterson et al.
2019). The two distinct folds along the strike of sheet S1 (Fig. 5) are
similar to the deformation in shallow-dipping, schlieren-like sheets
reported by Paterson et al. (2008) that may record magma emplaced
during viscous Mode 1 opening fracturing of a magmatic mush. The
AMS fabric around the hinges of these folds aligns with feldspar-
rich layers within the deforming mafic bands (Fig. 5), suggesting
that the deformation occurred penecontemporaneous to magma
injection. This viscous deformation, combined with the textural and
AMS data are evidence of magma flow, highlighting a record of
strain from multiple magma-chamber processes within the gently
inclined magmatic sheets and ring structures across the study area.

Enclaves

Enclaves are compositionally similar to the magmatic sheets across
Currin Point, representing magma globules transported through the
host monzodiorite (Paterson et al. 2004; Žák et al. 2007; Latimer
et al. 2024). AMS data from sampled enclaves closely reflect their
morphology, indicating that the record of strain preserved from the
enclave long axis and internal AMS fabric was imparted while in a
magmatic to submagmatic state and does not reflect a tectonic
overprint (Latimer et al. 2024). The long axis of enclaves located in
close proximity to gently inclined magmatic sheets is sub-parallel to
their trend, suggesting that they have been influenced by the same
magma-chamber processes (Paterson et al. 2004; Žák et al. 2010).
This alignment may have occurred after the enclaves had near-fully
crystallized, but the continuous wrapping of AMS fabrics within the
surrounding host monzodiorite and magmatic sheets indicates that
the alignment must have occurred as they were actively crystallizing
and reflects the shortening direction at that time (Paterson et al.
2004). Some enclaves distal from the magmatic sheets are randomly
orientated and distributed or form small swarms, and, therefore,
have a localized long-axis alignment. This lack of alignment
indicates that these enclaves were crystallized to the point of
rheological lock-up of the magma, no longer acting as active strain
markers (Scaillet et al. 2000; Paterson et al. 2004; Latimer et al.
2024). These enclaves, therefore, formed earlier relative to those
aligned parallel to the gently inclined magmatic sheets, with strain
likely to have been transmitted through force chain development in
the crystallizing mush rather than enclave rotation to stress (Carrara
et al. 2024).

Construction of the Fanad Pluton

Combining the records of magma-chamber processes, we are able to
gain insight into the mechanisms active during the construction of
the Fanad Pluton. The consistent relationship between AMS fabrics
and demonstrably intrapluton magma transport features, such as
shallowly dipping magma sheets, enclaves and ring structures,
describes the progressive growth of a dynamic magma chamber
(Figs 5, 8 and 9). Importantly, the recorded geometry and orientation
of these features closely reflect those expected in magma chambers
and are difficult to reconcile with the regional tectonic stress field
(Fig. 4) (Paterson et al. 2019). The correlation between outcrop-scale
and grain-scale measurements is in contrast to other parts of the
pluton that record a strong magmatic state tectonic fabric (Latimer
et al. 2024), validating that our AMS data do not measure a tectonic
overprint of a previous strain record (e.g. Petronis et al. 2012;
Di Chiara et al. 2020; Latimer et al. 2024). Our results closely reflect
those of similar field studies where vertical magma transport during

pluton construction is followed by lateral transport of magma due to
the partitioning of internal strain within a mush-state host intrusion
(Jacques and Reavy 1994; Mattsson et al. 2024). We similarly
interpret our collective dataset as a late-stage magma transport
record, detecting strain intrinsic to magma-chamber processes.

Archived regional tectonic strain

Steep magmatic sheets

A comparison of sheet orientations with fracture data at Currin Point
shows that the earliest fracture sets, T1–T3, are parallel to the
subvertical magma sheets (Fig. 7). Several studies (e.g. McCaffrey
1994; Pawley and Collins 2002; Neves et al. 2023) have highlighted
that tectonic strain embrittlement of crystal-rich magmas results in
similar subvertical magma sheets and fractures. In this so-called
mushy magma, the host intrusion comprises a crystal framework
with interstitial magma, forming a strength contrast (Hibbard and
Watters 1985). Under tectonic stress, the structurally weak, magma-
rich zones concentrate stress, causing fracturing of the mush along
strain partition zones, which fills with magma from the surrounding
magmatic system. The direct correlation of steep sheet orientations
with that of the earliest preserved subsolidus features indicates that
they are a record of the same tectonic strain, initiating during the last
stages of pluton crystallization.

Enclaves

As observed for gently inclined sheets, AMS fabrics and the long
axes of enclaves recorded proximal to steep magmatic sheets align
sub-parallel to those sheets (Fig. 4). The co-alignment of steep
sheets and enclaves suggests that these enclaves were rotating under
the tectonic stress forming the steep magmatic sheets, in the same
manner as the enclaves proximal to the gently inclined sheets were
forming from internal magmatic stress.

Subsolidus strain records

Two regional-scale deformation zones, the Leannan Fault and the
Melmore Shear Zone (Fig. 1), were active during the emplacement
of the Fanad Pluton (White and Hutton 1985; Latimer et al. 2024).
Previous studies have shown that Riedel shear systems developed in
response to movement along the major NE–SW-trending shear
zones (Alsop 1992; Kirkland et al. 2008) and along similar regional
faults within the Caledonian Orogeny (Kocks et al. 2014). We
compared Riedel shear fractures expected for both faults (Riedel
1929; Kirkland et al. 2008; Ren et al. 2021) with the two sets of
fractures recognized at Currin Point, T1–T3 and T4–T7, placing our
results in the context of the expected regional tectonic stress field
(Fig. 10).

Trends T1–T3 follow NE–SW, NW–SE and north–south aligned
orientations, respectively (Fig. 7), matching with R-shear, R�-shear
and T-fracturing of a sinistral Riedel shear system that translates to a
045–225-orientated maximum shortening direction (Fig. 10). In
contrast, T4–T7, which cross-cut T1–T3, and are orientated NE–

SW, NNE–SSW, WNW–ESE and NE–SW, respectively (Fig. 7),
which is consistent with R�-shear, P-shear, X-shear and T-fracturing
of a dextral Riedel system corresponding to a 005–185-orientated
maximum shortening direction (Fig. 10). The lack of R-shear
development relative to P-shear and X-shear within the later fracture
sets suggests an increase in dilation during deformation (Moore and
Byerlee 1992) (Fig. 10). This demonstrates an evolution of local
strain, rotating from NNE–SSW- to NE–SW-orientated maximum
shortening, with the inversion of the shearing direction between the
formation of fracture sets T1–T3 and T4–T7.

The faults and fractures of T1–T3 correlate with the expected
Riedel system for deformation along the Leannan Fault, while the
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faults and fractures of T4–T7 correlate with the Riedel system for
deformation along the Melmore Shear Zone (Fig. 10). We note only
faults and fractures consistent with the deformation related to the
Leannan Fault or Melmore Shear Zone, with no subhorizontal
fractures present to indicate processes such as late-stage pluton
uplift (Žák et al. 2009; Ellis and Blenkinsop 2019). Therefore, we
establish that two contrasting Riedel shear systems were active at
Currin Point, associated with deformation along nearby regional
faults, and record rotation of the regional tectonic stress field.

Kinematic evolution of the Fanad Pluton

Combining the strain records from magmatic and solid-solidus
features, we detected three distinct phases of strain at Currin Point:
(1) internal magmatic strain; (2) the onset of regional tectonic strain;
and (3) regional tectonic strain rotation. From these three phases,
alongside the available geochronological data for the Fanad Pluton,
we propose a kinematic evolution for the Fanad Pluton in the
context of the broader tectonic stress field (Fig. 10). While these
geochronological data provide temporal constraints to the observed
changes in strain, the interpreted timings and their relation to strain
evolution across the Fanad Pluton are restricted by the lack of dating
specific to the features measured within this study.

Phase 1: internal magmatic strain

Gently inclined magma sheets, enclaves and ring structures provide
insights into a dynamic magma-chamber environment, where
successive internal strain events such as dynamic shear flow and
Rayleigh–Taylor instabilities interacted. Evidence of penecontem-
poraneous deformation of magmatic sheets (Fig. 5) suggests that the
intrusion of successive magma sheets and ring structures was
facilitated by viscous deformation. AMS fabrics closely mapping to
internal mixing and mingling textures confirm no subsequent
tectonic overprinting and the absence of tectonic strain immediately
after the emplacement of the Fanad Pluton. Previous work by
Kirkland et al. (2008) similarly records an apparent hiatus in
deformation along the Leannan Fault from 422 to 412 Ma based on
analysis of country rock deformation. Our data are also compatible
to static biotite crystallization at 417 Ma within the country rock of
Malin Head, correlated to static metamorphism during the
emplacement of the DIC in the absence of deformation (Condon
et al. 2006). With the earliest dates from Archibald et al. (2021) for
the Fanad Pluton at 422–418 Ma, our initial archive of internal

magmatic strain further supports the presence of such a hiatus in
external tectonic stress around that time.

Phase 2: onset of regional tectonic strain

As the Fanad Pluton continued to cool, reaching a mush state in the
Currin Point area, the intrusion of subvertical magma sheets records
the first evidence for regional tectonic strain (Fig. 10). These sheets
represent magma transport along tectonically controlled dilational
zones, as tectonic stress causes shear thickening and embrittlement
of the mushy magma. The steep magma-sheet orientations match
those of Riedel shearing from displacement along the nearby
Leannan Fault, constraining maximum shortening to an NNE–SSW
orientation (Fig. 10). As the Fanad Pluton fully crystallized at Currin
Point, the ongoing tectonic strain continued to be recorded as
subsolidus Riedel shears in the same orientation as the steep
magmatic sheets (Fig. 10). This preservation of tectonic strain from
a submagmatic to subsolidus state constrains the commencement of
tectonism, with the dating of enclave material near Currin Point by
Archibald et al. (2021) to 416 Ma providing the latest date for
tectonic strain onset.

Phase 3: regional tectonic strain rotation

The final phase of strain recorded in Currin Point preserves the
clockwise rotation of the maximum shortening direction to NE–SW,
activating the nearby Melmore Shear Zone and forming a series of
Riedel shears associated with the structure (Fig. 10). While
preserved in a subsolidus state at Currin Point, this second phase
of tectonic strain is recorded in the magma mixing zone adjacent to
the Melmore Shear Zone as a mushy magma overprint (Latimer
et al. 2024). This demonstrates that tectonic stress rotated while the
host monzodiorite was actively crystallizing around the Melmore
Shear Zone, with no evidence of subsequent shear zone reactivation
proximal to the structure (Latimer et al. 2024). Geochronology from
the nearby host intrusion returns an age of c. 411 Ma by Archibald
et al. (2021) that constrains the latest date for tectonic stress rotation.
A similar rotation of strain axes is proposed at 412 Ma by Kirkland
et al. (2008), who highlight the formation of faults incongruent with
deformation along the Leannan Fault. However, they suggest a
counterclockwise rotation of the maximum shortening direction to
NW–SE, with post-412 Ma structures trending 005 and 040 but
with an opposing shear sense to similarly orientated structures at
Currin Point (Kirkland et al. 2008). The inconsistency in shear
sense recorded within the Fanad Pluton and in the surrounding host
rocks suggests that the structures within the country rock may
represent deformation that occurred prior to the emplacement of the
intrusion. Alternatively, the variation may reflect a localized
variation in shortening direction due to irregularities along the
deformation front during sinistral transpression and transtension
(Harland 1971; Sanderson and Marchini 1984).

Comparison to other late Caledonian igneous complexes

Our analysis of the Fanad Pluton deciphers a complex record of
strain, sensitive to progressive internal magmatic stress, the onset of
regional tectonic stress and its subsequent variation throughout
cooling of the pluton. Here, we reflect on the significance of these
findings in the context of similar data from other intrusions across
the Irish and UK Caledonides (Fig. 11).

Within the DIC, while magma ascent is reported to have a clear
tectonic control (Hutton and Alsop 1996), fabric studies report only
the main pluton to measure tectonic strain, with the remaining
plutons preserving strain intrinsic to pluton construction (Hutton
1982; Molyneux and Hutton 2000; Stevenson et al. 2007, 2008;
Stevenson 2009). The record of strain within the Fanad Pluton is

Fig. 10. (a) Expected Riedel shear system orientations for the Leannan
Fault and the Melmore Shear Zone with the measured orientation for
trends T1–T7 overlain. (b) Schematic of the kinematic evolution across
the Currin Point area from magmatic and subsolidus features.
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