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Summary

The Precambrian geology of the western Irish offshore remains poorly constrained.
The Porcupine High, located 200 km west of Ireland, is a key underexplored link between
the circum-lapetus basement geology of north-western Europe and eastern North America.
This thesis presents geochronological data and potassium-feldspar Pb isotope (Pb-in-Kfsp)
data of dredge and core samples from three marine sampling campaigns conducted in
2006, 2011, and 2014.

Most dredge samples are likely near in-situ; outcrop ridges were targeted by side-
scan sonar while the predominance of metamorphic clasts recovered is inconsistent with

ice-rafted debris (IRD) derived from the Irish massif.

All samples were collected north of the inferred trace of the lapetus suture. The
southernmost samples come from a core of foliated gneiss boulders which yield U-Pb
zircon ages of c. 500-478 Ma. A 385 Ma apatite U-Pb age records its post-Caledonian
exhumation; Pb-in-Kfsp isotope data imply a Caledonian affinity. These rocks were
recovered adjacent to a E-W trending magnetic boundary, which I correlate with the Fair
Head — Clew Bay line. These rocks are assigned to the ophiolitic rocks of the Clew Bay

Complex.

Dredge samples, yielding >90% lower greenschist-facies psammite cobbles, were
recovered to the north in a region characterized by a magnetic anomaly low. U-Pb detrital
zircon data imply a Moine or Grampian Group Dalradian affinity, with the youngest
population at c. 950 Ma. U-Pb detrital apatite ages of c. 900 - 1800 Ma are unaffected by
Caledonian orogenesis which is atypical of Tonian successions in the Caledonides.

A granitic orthogneiss, recovered north of the aforementioned dredge samples,
yields a 1314 Ma U-Pb zircon crystallization age. Granulite-facies metamorphism is
interpreted to be of Grenville age and is supported by a 875 Ma apatite U-Pb cooling age.
Zircon Hf isotopic and Pb-Kfsp data suggest an affinity with the Rockall Bank
Palaeoproterozoic, delimiting the offshore extent of the Annagh Gneiss Complex (AGC)
of NW Ireland.

U-Pb detrital zircon ages from two low-grade metasediments imply a
Moine/Grampian Group and an Upper Dalradian affinity respectively; Caledonian apatite

U-Pb ages are prevalent. The high-grade rocks (orthogneisses and amphibolites) can be



divided into three groups: clasts with 2750 Ma U-Pb zircon crystallization ages, 1750 Ma
apatite U-Pb ages and a Lewisian Pb-in-Kfsp signature; clasts with 1830-1940 Ma U-Pb
zircon ages, 1750 Ma apatite U-Pb ages and an Annagh Gneiss Complex Pb-in-Kfsp
affinity, and AGC clasts with 1550-1650 Ma U-Pb zircon ages and U-Pb apatite ages
recording post-Grenville cooling. All three groups were found at one dredge site and a

component of Quaternary glacial transport is invoked for these dredged clasts.
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Chapter 1: Introduction
This study seeks to better constrain the geological evolution of the Porcupine High

(Fig. 1.1), 200 km west of Ireland. Situated in the North Atlantic, it is surrounded to the
southeast by the Porcupine Basin, south by the Goban Spur, to the northwest by the
Rockall High, and to the north by the Rockall Basin (Fig. 1.1). There is currently a void in
the literature pertaining to this region. While conference abstracts and unpublished reports
exist, the data is not readily available to the public. Understanding the geology of near
offshore highs is especially pertinent during the transition to renewable energy, which
includes the installation of offshore wind turbines.

Chapter 2 will present an overview of the methodology employed in this study,
providing in-depth explanations of the theory of the techniques and their practical
application. Chapter 3 describes the U-Pb system, which is the basis of the U-Pb zircon
and apatite geochronological analysis presented in Chapter 4. Chapter 4 is formatted as a
standalone paper (complete with its own reference list) and is intended to be submitted to
Precambrian Research. It begins with a geological history of the North Atlantic, and then
transitions to methodology, which includes LA-ICPMS U-Pb analysis of zircon and apatite
and Pb-in-kfsp isotope analysis and their results, followed by a discussion section.
Samples from multiple expeditions are included in this study and these expeditions are
discussed in detail in section 3 of Chapter 4, along with the start of Chapter 2. While some
data has been presented before in reports and conference abstracts, this is the first time it
has all been compiled for publication and these data are augmented by LA-ICP-MS U-Pb
dating in this study.

The location of the Porcupine High (Fig. 1.1) means that it is a key area to
constrain the offshore geology of Ireland and its continuation across the Atlantic to Eastern
Canada. The geological evolution of the broader North Atlantic, and the Laurentian margin
specifically, is complex and is comprised of a diverse suite of terranes each with unique
geological histories. Archean basement rocks of the Lewisian Complex in NW Scotland,
Greenland and likely underlying the northern Rockall Basin, and the Paleoproterozoic
rocks of the Annagh Gneiss Complex in NW Ireland and the Rhinns Complex off the
northern Irish coast and in SW Scotland, comprise the oldest rock found in the North
Atlantic region, yielding a U-Pb zircon date of 1779 £ 3 Ma (Daly et al., 1991). Remnants
of the ¢. 1300 — 1000 Ma Mesoproterozoic Grenville Orogeny in the Appalachians of
Newfoundland (Cawood and Nemchin, 2001) and the Annagh Gneiss Complex of Ireland

point to a shared history between the two regions. The lapetus Suture, a vestige of the



ancient lapetus Ocean, can be traced from northern Britain through Ireland to the Shannon
Estuary. Different phases of the Caledonian Orogeny on the Laurentian margin have been
documented in the geology of the Irish mainland. The extent of the effects and evolution of
the Caledonian orogen is expanded upon through the analysis of samples recovered from

the research sites on the Porcupine High.
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Figure 1.1. Map of the Precambrian geology of the North Atlantic adjacent to the sampling. In 2006, the R/V Celtic
Explorer collected the MeBo cores. In 2011, dredge samples were collectd by the Celtic Explorer and a further suite of
dredge samples was collected in 2014 by the Celtic Voyager.



Chapter 2: Methodology

The data presented in this thesis incorporates previously unpublished data in
addition to my own results which are summarised in Table 2.1. For the 2011 sample suite
and for the MeBo3 core (that had been presented in reports and conferences), | compiled
the raw data and reprocessed them using lolite and Isoplot, as described in section 2.5.

Thus, all of the U-Pb data figures in Chapter 4 have been processed personally.

Sambles Sample processing Sample post-processing
P Methodology Researcher Methodology Researcher
Sample preparation 5. Dennehy Vizual Age (lolite) 5. Dennehy
U-Pb LA-ICPMS
MeBo2 core S. Dennehy Isoplot S. Dennehy
analyses
CL/SEM imaging S. Dennehy
Sample preparation TCD, UoG Isoplot S. Dennehy
U-Pb LA-ICPMS S. Tyrrell, S.
TCD Pb-in-kfsp analysis yrred,
MeBo 3 core analyses Dennehy
U-Pb LA-ICPMS
TCD Vizual Age (lolite) S. Dennehy
analyses
Sample preparation TCD, UoG
U-Pb LA-ICPMS
TCD, UoG Isoplot S.D h
2011 Dredge analyses e Soplo enneny
samples )
Pb-in-kfsp LA-ICPMS S. Tyrrell, S.
in-KIsp TCD, UoG Pb-in-kfsp analysis yrret,
analyses Dennehy
Sample preparation S. Dennehy Vizual Age (lolite) S. Dennehy
U-Pb LA-ICPMS
S. Dennehy Isoplot S. Dennehy
2014 Dredge analyses
I Pb-in-kfsp LA-ICPMS S. Tyrrell, S.
samples in-KIsp UoG Pb-in-kfsp analysis yrret,
analyses Dennehy
CL/SEM imaging S. Dennehy

Table 2.1. List of sample suites, sample processing methods, and sample post-processing methods. TCD refers to Trinity

College Dublin, and UoG refers to University of Galway.

2.1 Sample collection and processing

2.1.1 Sample cruises
Seabed drilling in 2006 (Fig. 1.1) yielded two cores, termed MeBo2 and MeBo3

(Table 2.2). This drilling campaign was funded by the Petroleum Infrastructure
Programme and the Marine Institute and was carried out by the Center for Marine
Environmental Sciences of the University of Bremen and the Petroleum Affairs Division,
Ireland.

In 2011, metasedimentary dredge samples were obtained by the Celtic Explorer in
a dredging campaign funded by the National Development Plan, Geological Survey

Ireland and the Marine Institute. In 2014, the Celtic VVoyager recovered samples from four



sites are the samples from furthest north in this study (Fig 1.1). more details on the

sampling expeditions are provided in Chapter 4, section 3.1.

2006 Cores
Sample Lithology
7.02 Foliated gneiss
7.13 Amphibolite
7.58 Foliated gneiss
8.08 Foliated gneiss
MeBo3 Orthogneiss

2011 Dredge Samples

Sample Lithology
PH1 Psammite
PH4 Psammite
PH5 Psammite
PH 9 Psammite
PH10 Psammite

PH 11 Psammite
PH12 Psammite
PH 14 Psammite
PH 15 Psammite
2014 Dredge Samples
Sample Lithology
204-1 Mica schist replete
with K-fsp
302-1 Psammite
303-1 Amphibolite
402-1 Banded gneiss

402-2 Lineated granite
Foliated, banded
gneisss
402-4 | Banded pink gneiss
402-8 | Banded grey gneiss
Banded pink-grey

402-3

402-9 )
gneiss
Crystalline
402-11 | metamorphic rock,
likely gneiss
402-13 Llne.ateq
amphibolite

Table 2.2. List of the samples recovered by the 2006, 2011, and 2014 cruises.



2.1.2 Initial preparation
Rock samples were cut into small pieces (typically golf-ball sized, 30 — 50 cm®)

suitable for the jaw crusher. Once crushed, samples were drum sieved using a 300 um
mesh to separate fine material from coarser components. The coarse fraction was set aside
for potential future analysis. To prevent cross-contamination, the jaw crusher was
thoroughly cleaned after every sample. Similarly, the sieve was also cleaned after every
sample using a steel brush, a pin (to remove grains stuck in the steel mesh) and pressurized
air.

Water was added to the < 300 pum fraction in a gold pan, and the water (which is
dirty due to the suspension of clay-sized components) was decanted. This procedure was
repeated until the water was clear. The samples were then placed in the oven for at least 24
hours at 160°C to dry out completely. Once fully dried, the samples were ready for further
processing.

2.1.3 Magnetic Separation
A Frantz magnetic separator was used to magnetically separate non-magnetic

minerals like zircon from their (para)magnetic counterparts. Prior to processing with the
Frantz separator, a strong Nd-alloy hand magnet placed in a plastic bag was used to
remove magnetic minerals. Magnetic and paramagnetic minerals were collected and stored
for potential analysis in the future. Non-magnetic minerals were collected for further

separation using heavy liquids.

2.1.4 Heavy Liquid Separation
Separation by heaving liquids is the last step in the mineral separation process prior

to picking grains for analysis. Methylene iodide with a specific gravity of 3.32 was
employed. Glass sample collection funnels lined with paper filters (similar to coffee filters)
were fitted in a wire ring set above a collection beaker. Above the sample collection
funnel, a separation funnel was affixed, with the stopcock closed.

Once set-up is complete, the heavy liquid was poured into the separation funnel
followed by pouring in of the sample. The sample — heavy liquid mixture was then agitated
/ stirred. After fifteen minutes have elapsed the stopcock was then turned, allowing the
dense grains to pass through and be collected in the paper filter. This process (stirring, a
15-minute pause, collection of dense minerals) was repeated until no more material sank.

The filter paper with the heavy minerals (‘heavies’) was removed and put aside and



replaced with another filter in its stead. This filter collected the remaining sample (the
‘lights”). The filter papers (heavies and lights) were properly labelled and put aside. The
heavy liquid separation apparatus the heavy and lights minerals, and their respective filter
papers were thoroughly cleaned with acetone, and the acetone-methylene iodide waste
collected for recycling. The heavyand light minerals were left to dry under the hood

overnight.

2.2 Sample Imaging
Prior to LA-ICPMS analysis, samples were imaged using cathodoluminescence

(CL) and scattered electron (SE) imaging; CL imaging allows for a detailed examination of
the internal structures of the crystal (Appendix C).

CL emission is caused when the excitation levels of CL are met by the generation
of secondary electrons from a primary electron beam. The primary electron beam, which is
characteristic of energies exceeding 20 keV, transfers much of its energy, which forms the
secondary electrons (Nasdala et al., 2003). After occupying this higher energy state, these
electrons drop once more to a lower energy state, emitting photons in a radiative process.
The energy difference between the two bands, known as the band gap, varies for every
mineral.

CL emission in REE is most often the result of transitions of 4f electrons, and, in
zircon, the emission spectra is characterized by elements Dy%*, Sm®*, Eu?*, and Tb**
(Hanchar and Rudnick, 1995; Yang et al., 1992). Based on the inverse correlation between
CL signal brightness and the concentrations of uranium and hafnium, Poller et al. (2001)
suggests that these two elements, rather than the [REE] or other trace elements, have
greater potential to influence CL signals.

The CL signal can be suppressed or diminished by a variety of factors, including
crystallinity of the sample material. When the crystallinity of a sample decreases, so too
does the CL emission signal (Nasdala et al., 2003). This relationship is observed in
Nasdala et al. (2002), which found that the total CL signal of annealed sample fragments is

characterized by higher intensities than their non-treated, metamict counterparts.



2.3 LA-ICPMS Analysis

2.3.1 Theory

2.3.1.1 Background
The use of laser ablation inductively coupled plasma mass spectrometry (LA-

ICPMS) in geochronology has allowed for the dating of mineral grains exceeding 4 billion
years old. LA-ICPMS analysis, though precise, does not possess the same spatial
resolution as SIMS (secondary ion mass spectrometry) analysis. However, due to its less
expensive cost and shorter analysis times, it is gaining traction in use and in popularity
(Sylvester and Jackson, 2016).

A stream of aerosol is produced when a laser ablates the surface of a sample, and
the stream is then transported by He gas into the ICP. The particles are converted into ions,
which are discriminated using either a magnet or quadrupole filter and then counted using

detector(s).

2.3.1.2 Principles of LA ICP-MS analysis
The first step of the ICP-MS is sample introduction, which, in this case, is

undertaken by laser ablation. A pulsed UV laser ablates the sample, creating an aerosol
which is then transported to the plasma. The ablated material is atomized and ionized in
the plasma and accelerated into the high vacuum part of the ICP mass spectrometer. Either
single collector, multiple collector (both of which are sector field instruments), or
quadruple collectors are used for U-Pb dating studies. Sector field instruments have higher
sensitivity due to the higher extraction voltages employed. However, changing the
magnetic field to analyse different elements is slow due to the settling times involved, and
so single collector instruments are not well suited for rapid and large peak jumps across the
periodic table, while multi-collector instruments are best suited for analysing isotopes
which fall with the mass range of the fanning detector array (typically a relative spread of
20% in atomic mass units). The simultaneous isotopic detection afforded by multi-
collector (MC) ICPMS vyields the best precision in isotopic ratio analysis of single
elements (e.g., Pb, Hf, Sr). A quadrupole detector is a sequential analyser capable of
analysing over 40 elements in one ablation and is an efficient and cost-effective technique
(Sylvester and Jackson, 2016).

2.3.2 Evolution of LA-ICP-MS
The coupling of mass spectrometry with laser ablation did not occur until 1985 and

was demonstrated when Gray (1985) employed LA-ICP-MS for in situ analysis of solid



rock samples and although though there were issues with saturation of the detection
system, reasonable results were yielded (Gray, 1985). However, it was not until ten years
later in 1995 that laser ablation was first applied to a studies of zircon U-Pb geochronology
(Hirata and Nesbitt, 1995). Over the next two decades, it has been applied to U-Pb dating
studies of other minerals including titanite, apatite, and calcite (Woodhead et al., 2016).

While it is used for a myriad of applications, this chapter focuses on applications in
the realm of U-Pb geochronology. One major development has been the transition from
either long wavelength or infrared lasers to ultraviolet light lasers. Gray (1985) employed
the use of a long wavelength laser, which caused fragmentation of the ablation site (Gray,
1985; Sylvester and Jackson, 2016). A UV laser, with a wavelength of 213 nm (or
increasing 193 nm) is most commonly used, though it, like its longer wavelength
predecessor, is not without its shortcomings. The UV laser is less sensitive, since a lesser
volume of material is transported (Nesbitt et al., 1997).

Prior to Eggins et al. (1998), only Ar was used in the sample gas chamber. The use
of both Ar and He gas ensures that ablation aerosols are carried to the ICP and that
ablation yield is sufficient. The presence of He in the sample cell causes a reduction in
condensation build-up and increases the signal intensities of the analyzed material (Fig.
2.1; Eggins et al., 1998). By the end of the 2010s, two-volume chambers were
developed (e.g., Eggins et al., 2005; Woodhead et al., 2007; Sylvester and Jackson, 2016).
These allow for a greater number of samples to be placed in the laser cell while
maintaining aerosol transport efficiency and minimizing washout by employing a ‘cup’

(the effective ablation volume of the system) along with improved control of the sample
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Figure 2.1. Signal intensity remains consistently elevated in the presence of He instead over Ar.
Figure modified from Eggins et al. (1998).

2.4 Correction factors employed in LA-ICP-MS analysis
In LA-ICP-MS analysis, the isotopic ratios yielded by an analysis typically

deviates from the true isotopic value of the sample due a variety of factors including mass
bias and fractionation. This is typically resolved by a sample-bracketing approach, wherein
several unknowns are interspersed between analysis of reference materials whose isotopic

and / or elemental abundances are well known.

2.4.1 Fractionation
Fractionation is the total of static and time-dependent fractionation, changes as the

session progresses resulting from volatile elements being released as condensation builds
up (Chang et al., 2006), or during an ablation (downhole fractionation). Static
fractionation, on the other hand, can be explained by several factors, including non-
stoichiometric processes, differing ionization efficiencies, or space-charge effects (e.g.,
Chang et al., 2006; Tanner et al., 2004).

Reducing the effects of downhole fractionation is one of the biggest challenges in
U-Pb zircon geochronology. Reference materials, such as the reference 91500 zircon,
establish a time-based downhole Pb/U correction factor that is applied to zircon crystals of
unknown zircons and standards alike (Ver Hoeve et al., 2017).

Chemical abrasion of zircon, which includes annealing followed by chemical
abrasion of the unknown and sample materials, reduces the effects of downhole
fractionation and increase the degree of concordance (Crowley et al., 2014). This method
was first developed for use in TIMS analysis (Mattinson, 2005), but is increasingly applied
to SIMS and LA-ICP-MS analysis due to its effective reduction of Pb loss (e.g., Kryza et
al., 2012; Watts et al., 2016; Crowley et al., 2014). The chemical abrasion process anneals
lattice radiation damage in zircon grains between 800 — 1000 °C. Samples are then
exposed to a treatment of partial dissolution at increasing temperatures (Mattinson, 2005).
This process, of annealing unknown samples and reference materials to the same state,
offers a significant minimization of the impact of downhole fraction (Allen and Campbell,
2012).

11



2.4.2 Mass bias
Mass bias refers to the deviation of measured isotopic ratios from their true value;

in other words, it is fractionation caused by a mass spectrometer. Different laws can be
used to describe mass fractionation, but not all adequately illustrate the effects in an ICP-
MS. However, in the interest of diligence, the power and exponential laws will be
discussed here. For a more in-depth review of the various laws regarding mass
fractionation, see Maréchal et al. (1999) and Albaréde et al. (2004).

The power law of mass fractionation, though not as adequate a descriptor as the
exponential law, is useful when examining and constructing the exponential law. It
assumes that logarithmic fractionation g=In (r/R), where R is the true isotopic ratio of two
isotopes of mass M1 and M2 and r is the ratio measured through mass spectrometry, is
expressed as a function of mass difference AM=M>—M; (Maréchal et al., 1999). As
discussed in Maréchal et al. (1999), the power law illustrates that, when adding a second
isotopic ratio, mass fractionation produces a linear array.  The exponential law of mass
fractionation is more applicable to analysis conducted by ICP-MS, and has proven to
provide more consistent results (e.g., Maréchal et al., 1999; Chu et al., 2002). It assumes
that logarithmic fractionation, instead of acting as a function of mass difference, acts as a
function of mass log-difference A(In M)=In(M2/M1) (Maréchal et al., 1999).

Components of the instruments, such as the ion transport system and the nebulizer,
all add to the total mass bias, and their potential contributing factors are discussed in the
following paragraphs. The space-charge effect, which describes an electrostatic shield
resulting from a polarity imbalance, during ion transport likely causes preferential
movement of heavier ions (e.g., Tanner, 1992; Malinovsky et al., 2003; Tanner et al.,
2004); in an ICP-MS, space charge is most likely felt in the ion optics (Tanner et al.,
1994). The magnitude of this effect increases as the critical radius increases, causing
heavier ions to be favoured during sampling (Vanhaecke et al., 1993). The preference of
heavier ions from the space-charge effect, this tendency is thought to be a significant cause
of mass bias (Andren et al., 2004) in an ICP-MS (Heumann et al., 1998; Andrén et al.,
2004).

It is likely that the effects of mass bias derive from the ICP and during ion transport
through the mass spectrometer (Andrén et al., 2004). However, dependence on time is also
a large contributing factor to mass bias; for one sample, the difference in isotope ratio can
be greater than 0.15% (Malinovsky et al., 2003). Another cause of mass bias occurs
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during extraction from the plasma (Andrén et al., 2004) and immediately thereafter in the
interface region.

In some isotopic systems, correcting for mass bias can be achieved using invariant
isotopes. This technique, though not applicable to the Pb system, is used in other isotopic
studies. In the Sr isotope system, the 8Sr/%Sr ratio is used to correct for mass bias of the
87Sr/8Sr ratio and the “°Nd/**4Nd ratio is used to correct for the 1*3Nd/***Nd ratio (Yang,

2009).

2.5 Post-processing stage

2.5.1 VizualAge software
The raw U-Pb isotope data in this study were reduced using the ‘VizualAge’ data

reduction scheme of Petrus and Kamber (2012) within the freeware IOLITE package of
Paton et al. (Paton et al., 2011). User-defined time intervals are established for the baseline
correction procedure to calculate session-wide baseline-corrected values for each isotope.
The time-resolved fractionation response of individual standard analyses is then
characterized using a user-specified down-hole correction model (such as an exponential
curve, a linear fit or a smoothed cubic spline). The data reduction scheme then fits this
appropriate session-wide ‘model” U-Th—Pb fractionation curve to the time-resolved
standard data and the unknowns. Sample-standard bracketing is applied after the correction
of down-hole fractionation to account for long-term drift in isotopic or elemental ratios by

normalizing all ratios to those of the U—Pb reference standards.

2.5.2 Isoplot
Concordia plots using the processed data from lolite were constructed using the

Isoplot 4.15 Excel macro. Uncertainties, either Monte Carlo or first-order, were also
calculated for concordia plots and isochrons. Wetherwill and Tera-Wasseburg concordia
diagrams are used to display the results of U-Pb zircon and apatite analysis respectively.
For the U-Pb zircon analyses, weighted mean 2°°Pb/?38U ages are employed due to
analytical ellipses that are slightly dispersed along concordia, meaning concordia as can
sometimes not be calculated.

For a detailed explanation of the many functions of Isoplot, see the Isoplot User’s
Manual (Ludwig, 2012).
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Chapter 3: The U-Pb System

3.1 Background

3.1.1 Introduction to the U-Pb system
The U-Pb system refers to the radioactive decay of uranium to stable isotopes of

lead. It relies on the o decay of 28U, with a half-life of 4.468 billion years, and 2°U, with a
half-life of 703.8 million years. Equation 3.1 illustrates this relationship, where dN/dt
refers to the decay rate, and A refers to the decay constant. When a mineral that
preferentially incorporates uranium and rejects common leads crystallizes and becomes a

closed system, all lead found in a crystal is the result of subsequent radioactive decay.

6;_1;’ TS (3.1)
Uranium, which possesses two primary oxidation states, occupies different forms
depending on its environment. In reducing conditions, U is found in a tetravalent U(IV)
state while in oxidizing conditions, it is most often found as the hexavalent form in
U02*(e.g., Frondel, 1957; Hiess et al., 2012). This contrast becomes significant when
examining the effect of lattice diffusion of actinides in minerals like zircon, which contain
tetravalent uranium (Cherniak and Watson, 2003). Processes like diffusion are dependent
on the valency of the present elements; thus, a tetravalent uranium will behave differently
than its hexavalent cousin and calculating the activation energies for diffusion of
tetravalent uranium provides insight into the different ways diffusion may occur (Cherniak
et al., 1997; Meis and Gale, 1998; Cherniak and Watson, 2003). In this case, a likely
explanation would be an intrinsic vacancy mechanism (Cherniak and Watson, 2003).
Valency is also significant in terms of understanding the presence of lead in a
crystal. Pb2* while too large to occupy the place of tetravalent uranium (or tetravalent
hafnium, another common substitute for Zr**) is still found in zircon grains (Andersen et
al., 2019). Therefore, a likely explanation for the presence of Pb?* would be incorporation

during alteration processes (Pidgeon et al., 2017).

3.1.2 Concordia diagrams
In order to plot data yielded by U-Pb analysis, a concordia diagram is used, of

which there are different types. A Wetherill concordia diagram (Wetherill, 1956) plots

206pp/238Y against 20’Ph/?*°U, with each point on the resultant curve representing the locus
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of points where both ratios yield the same date (Fig. 3.1a). An analysis is discordant when

the ratios yield different dates. When a sample yields multiple discordant dates, they may

lie on a discordia chord (Fig. 3.1b). Causes of discordance, such as Pb loss, are discussed

in more detail in section 3.2. Another type of concordia diagram is the Tera-Wasserburg

concordia, in which 2°7Pb/2%Pp ratios are plotted against 233U/?%Pb ratios (Fig. 3.2).

206Pb/238U
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Figure 3.1a. Conventional Wetherill Concordia.
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Figure 3.2. Example of a Tera-Wasserburg plot.
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The concordia line of the Tera-Wasserburg plot (Tera and Wasserburg, 1972) is
based on Equation 3.2 which incorporates both time t, the decay constant A, and the
concentrations of 23°U, 2%8U, 20%Pb, and 2°’Pb. In practise, particularly for in situ
microbeam studies, 2°U is calculated directly from the abundance of 238U and the natural
235U/2%8U isotopic abundance (e.g., Stirling et al., 2007; Amelin et al., 2010; Hiess et al.,
2012). While a value of 137.88 (Steiger and Jager, 1977) has commonly been employed in
the literature, recent studies suggest a value of 137.818 more closely represents the average

isotopic composition of 28U2%U in zircon (e.g., Hiess et al., 2012).

207Pb _ (east —1) (32)
206Pb 2380 :
137.818 (—206Pb)

This equation describes the relationship of the 2°’Pb/2%®Pb ratio with time.

3.2 Causes of discordance and complexity in U-Pb geochronology
Pb loss, incorporation of common Pb, metamictization and new growth/dissolution are

sources of complexity in U-Pb geochronology, often resulting in discordant analyses.

3.2.1. Lead loss
One of the most common sources of discordance is Pb loss (Lee et al., 1997). After

a mineral (e.g. zircon) crystallizes, lead loss can occur as a result of metamorphism, both
contact and regional, and through metamictization (e.g., Orejana et al., 2015; Andersen et
al., 2019; see section 3.2.3 for more on metamictization). Lead can also be lost through
interaction of a mineral with an aqueous fluid (Rubatto, 2017), though the most common
culprits are either recrystallization or diffusion in metamict grains (Cherniak and Watson,
2001).

While the U-Pb system in zircon has a closure temperature exceeding 900 °C, Pb is
lost through diffusion at a faster rate than uranium, by several orders of magnitude (Lee et
al., 1997). As a result, in radiation-damaged grains, the ratio of lead to uranium can be
unrepresentative of the original value. Elemental diffusion is aided by mineral surfaces,
which often possess dislocations, cracks, and other disfigurations that will increase the

surface area for transport exchange (Cherniak and Watson, 2003). However, Pb loss may
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also be enhanced by processes that occur at a faster rate than diffusion (Cochrane et al.,
2014).

When a mineral grain experiences lead loss, the age discordance pattern can be
represented by the following: tas < taos < t207< t7ss < tc, Where tc is the age of crystallization
(Andersen, 2002). Numerous studies (e.g. Knudsen et al., 1997) show that detrital zircon
grains that have experienced substantial lead loss may plot within the analytical
uncertainty of concordia, thus appearing concordant but with younger ages.

On a concordia plot, when a grain plots within 10% of the discordance limit of the
curve, the lead loss is said to be concealed; and the age yielded by U-Pb dating may not
reflect the true age of crystallization (Fig. 3.3; Andersen et al., 2019). These zircon grains
may have experienced an ancient Pb loss event, which could occur before or after
deposition in sedimentary samples (Andersen et al., 2019). However, since the lead loss is

within acceptable limits, the points remain included in the final data set.
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Figure 3.3. A concordia curve from Andersen et al. (2019), which features a limit indicating 10% discordance.
In this case, points that fall beyond the 10% limit are excluded, with the assumption that the value of the
analytical error falls below that of the discordance limit.

3.2.2 Common lead
The presence of common lead in grains of zircon, titanite, apatite etc. must be

corrected in order to determine a concordant age, since common lead can artificially raise a
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calculated age. Common lead can be incorporated into a mineral grain through different
factors: within the mineral lattice, as an inclusion or in laboratory settings (i.e. on the
surface of the sample).

Numerical methods (Andersen, 2002) can take into consideration both the presence
of common lead and lead loss when analysing the concentration of lead of radiogenic
origin in a mineral (i.e., zircon or apatite) against total lead content and the isotopic
composition of common lead, among other variables. These models assume that
discordance is the result of the presence of common lead or lead loss.

Two methods frequently used to correct for common Pb are the 2%Pb- and 2°’Pb-
based methods. The 2%Pb correction method requires the measurement of the 2°°Pb/2%4Ph
ratio. The corresponding amounts of 2°Pb, 2°’Ph, and 2%Pb (based on a measurement of a
co-genetic U-poor phase such as K-feldspar or a terrestrial Pb evolution model such as
Stacey and Kramers, 1975) are then subtracted from the raw data, leading to the
204pp/2%8pp ratio of the Pb-corrected sample to be zero (Andersen et al., 2019).

The 29’Pb correction method relies on the assumption that the observed
composition of lead is a mixture of radiogenic lead and common lead (Ludwig, 2012;
Andersen et al., 2019). It involves projecting on Tera-Wasserburg concordia from the
common Pb constraint (the initial 2°’Pb/?%Pb ratio determined from a co-genetic U-poor
phase such as K-feldspar or a terrestrial Pb evolution model) through the analysis,
resulting in a lower intercept (the 2°’Pb-corrected age) onto concordia. Common Pb
isotopic compositions of minerals such as K-feldspar are often used in provenance studies;
K-feldspar tends to exclude U and Th, so its Pb isotopic composition is a reliable
measurement of the Pb isotopic composition at the time of crystallization (Hemming et al.,
1998; Tyrrell et al., 2006). The Pb-in-Kfsp signatures of detrital K-feldspar can be
matched with distinct basement terranes, allowing for the determination of source material
(Fig. 3.4; e.g., Hemming et al., 1998; Tyrrell; Johnson et al., 2018) .
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Figure 3.4. Plot of the Pb isotopic composition of detrital K-feldspar for an example sample suite. The light
orange and blue ovals represent the Pb-in-kfsp signatures of two isotopically distinct basement terranes. The
black dots represent one hypothetical detrital which broadly correlates with the Pb-in-kfsp signature of the
light orange oval, and the green dots represent another sample which correlates with the Pb-in-kfsp signature
of the light blue oval.

Once a 2%Pb- or 2°’Pb-correction has been chosen, it can be either applied to time-
resolved U-Pb data (Jackson et al., 2004; Petrus and Kamber, 2012) or alternatively,
selective integration of time-resolved signals (e.g. in lolite) can remove portions of the
signal with common lead. Since common lead (and lead loss) most often occurs in regions
like a rim or at fractures, they are more readily recognizable within time-resolved signals
(Jackson et al., 2004).

3.2.3 Metamictization
Metamictization renders a mineral amorphous as its crystal structure is affected by

radiation damage. Metamict minerals can be susceptible to Pb loss, resulting in
discordance in U-Pb dating studies. However, it is important to note that zircon is a very
durable mineral that is resistant to many forms of alteration; for this reason, it is even
suggested that zircon be the main component to host radioactive waste material, both from
nuclear power stations and from weaponry (Trachenko et al., 2002).

As U decays, it emits o radiation, which can cause damage to the crystal structure;
as more time passes, the degree of metamictization increases (Mezger and Krogstad,

1997). In the process of a-decay, an a particle displaces atoms, with the number of
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collisions increasing with the o particle’s trajectory. Depending on the energy of recoil, up
to 2000 atoms can be displaced permanently during an a-decay event (Ewing et al., 2003).
As these atoms are displaced, they cause a cascade of collisions (Ewing et al., 2003). Once
the a-decay event is complete, evidence of the damage can be seen in a low-density core
within a halo of interstitials (e.g., Trachenko et al., 2002). It is suggested that the transition
from a crystalline state to metamict state occurs at an a-decay dosage range of 0.2 x10'° to
0.8 x 10 (Chakoumakos et al., 1987).

Radiation damage caused by a-decay is well-studied, with over 65 years of
experimental data (e.g., Pabst, 1952; Hurley and Fairbairn, 1952; Headley et al., 1981a;
Headley et al., 1981b; Greegor et al., 1990; Malczewski et al., 2018); however, questions
remain regarding the recovery process following radiation damage, and how different
variables, such as ion energy and temperature affect the cascade formation (Ewing et al.,
2003). Further questions involve how rates of diffusion could potentially be intensified
(Lee etal., 1997).

3.2.4 New growth and dissolution
Another reason for discordance is simply new growth, or overgrowths, around

older cores. In zircon, rim overgrowths occur during the later stages of crystallization
during a melting event (Watson, 1996), so these zircons are typically recovered in systems
that are rich in melt or fluid (Rubatto, 2017). Cores are more likely to survive such melting
events when the melt reservoir is smaller (Bea, 1996; Watson, 1996).

Dissolution of zircon (typically in melt) also needs to be considered for magmatic
systems. Whether or not minerals dissolve or survive is dependent on a variety of factors,
including the zirconium saturation and spatial distribution of the melt, the heating rate, and
the individual characteristics of the grain itself. As time passes under a constant
temperature, the dissolution rate tends to operate at an initial high rate, and then becomes
steadier and more constant; however, once the radius of the crystal nears zero, the rate
increases (Watson, 1996; Fig. 3.4).
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Figure 3.4. Modified plot of constant temperature dissolution of zircon from
Watson (1996). The solid curves represent full scale” finite difference

simulations while the dotted curves represent the results of step-wise solving
the equation on the figure.

3.3 Accessory minerals commonly employed in U-Pb geochronology
3.3.1 Zircon

3.3.1.1 Chemical composition and structure
Zircon (ZrSiQOg) is ideally suited for U-Pb geochronology as it incorporates trace

(typically tens to thousands of ppm) uranium and minimal lead at the time of
crystallization and has a closure temperature exceeding 900 °C (Layer et al., 1989;
Cherniak and Watson, 2001). Zircon commonly contains P, Y, Hf and REE in trace
amounts (O’Hara et al., 2001; Hoskin and Schaltegger, 2003). Zircon can exert a
significant control on the concentration of REE in magmas (Thomas et al., 2003), and its
REE systematics can be used as an indicator of the geotectonic environments in which the
crystals formed (Rubatto and Hermann, 2007).

Igneous zircons and metamorphic zircons have different morphologies, as
metamorphism can modify the surface of the zircon as the grain is exposed to changing

temperatures and pressures (e.g., grains can be corroded, leaving a smooth surface; Parrish
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and Noble, 2003). Metamorphic zircon morphologies are also typically rounded or ovoid
(Hoskin and Schaltegger, 2003). While many zircons recovered in low-grade metamorphic
rocks are inherited from a protolith or have thin (micron-scale) rims, those recovered in
high-grade metamorphic rocks may have formed or been altered during prograde and
retrograde metamorphism (Fraser et al., 1997; Hay and Dempster, 2009; Watson 1996;
Schaltegger et al., 1999; Hoskin and Schaltegger, 2003).

3.3.1.2 Zoning
Zircons in igneous rocks typically exhibit oscillatory zoning, which is likely the result

of either the degree of zircon saturation or the presence of trace elements in granitoids
(Hoskin and Schaltegger, 2003). Zoning in zircon is typically imaged using
cathodoluminescence (CL) imaging (Fig. 2.7). Secondary election (SE) and back scattered
electron (BSE) imaging is also used to detail the surface textures of individual zircon

grains (e.g. cracks, inclusions), though internal structures are not rendered visible.

3.3.1.3 Use in detrital U-Pb provenance analysis

Several studies have demonstrated selection bias in detrital zircon U-Pb
geochronological analysis, which is capable of yielding statistically significant differences
in age distributions (e.g., Chew et al., 2020; Drollner et al., 2021; Ibafiez-Mejia et al.,
2018; Hietpas et al., 2011). However, this bias can be minimized by certain practices, such
as transferring an unpicked aliquot of target phases to the mount and then measuring all of
those grains systematically (Chew et al., 2020). It is also important to consider that
sediment transport may cause statistically significant differences in ages of detrital zircons
sourced from the same region. Mineral characteristics such as density and shape influence
hydraulic sorting (Resentini et al., 2013). Appropriate sampling strategies can be adopted,
and the effects of hydraulic sorting can be modelled mathematically.

3.3.2 Apatite
3.3.2.1 Chemical composition and structure
Apatite [Cas(POa4)3(F, OH, CI)] is another mineral commonly used in U-Pb

geochronology. With a closure temperature of 350-550 °C, apatite is an ideal chronometer
for garnering geochronological data in this medium temperature range (Cochrane et al.,
2014; Chew and Spikings, 2015). Its chemical structure allows for the incorporation of a
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wide range of trace elements, including the REE (Rakovan and Reeder, 1996; Rakovan et
al., 1997).

In thin section, apatite has moderately high positive relief and is usually colourless.
Most apatite grains are elongate euhedral to subhedral, though it is not uncommon to find
anhedral grains. Apatite is very commonly found in all grades of metamorphic rock and is

also found in clastic sedimentary rocks and igneous rocks (e.g., Spear and Pyle, 2002).

3.3.2.2 History of use in geochronology
One drawback to the use of apatite in U-Pb dating is the typically low

concentrations of U and Th, coupled with high common Pb to radiogenic Pb ratios (e.g.,
Chew et al., 2011; Chew and Spikings, 2015). As a result, it is important to employ precise
common Pb corrections (section 3.2.2). The effects of Th disequilibrium are an important
constraint in samples with high Th/U ratios. However, in silicate melts, increasing the SiO>
content does not drastically alter the partition coefficients of for either U or Th, thus
removing disequilibrium of 2°Th as a significant influence (Prowatke and Klemme, 2006)
except for very young, Th-rich apatites.

3.3.3 Titanite

3.3.3.1 Chemical composition and structure
Titanite [CaTiSiOs], formerly known as sphene, is common in metamorphic and

felsic rocks, making it useful in U-Pb geochronology studies. Titanite is composed of
chains of Ti octahedrons which are bonded with Si tetrahedrons, sharing the oxygen (Fig.
3.5). In the Ca site, REEs, U, T, Mn, and Pb can be present (e.g., Higgins and Ribbe, 1977;
Frost et al., 2000). High valence ions, including Al, Fe**, and Zr, may be found occupying
the Ti site. In thin section, titanite occurs in varying shades of brown, though it can also be
yellow or lacking colour.

The form of titanite also varies, and can be euhedral to subhedral, in addition to
anhedral. Twinning is most likely on the {100} face, though lamellar twinning on {221}
can be found as a result of deformation. Titanite is commonly found in nepheline syenites
and pegmatites; in the latter, titanite can account for up to 50% of the rock (Wenk and
Bulakh, 2016). It is also prevalent in hydrothermal mineral deposits, rendering titanite an
important mineral in detailing the evolution of such geologic bodies (Li et al., 2010).
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Figure 3.5: Modified depiction of the structure of titanite from Frost et al., 2000. Four sites are capable of hosting
substitutions, which include the octahedral Ti site, the tetrahedral Si site, the 7x Ca site, and the O1 site.

Laboratory studies have placed the closure temperature of Pb diffusion to be ~ 660-
700 °C (e.g., Frost et al., 2000), thus establishing it as an ideal geochronometer in the U-Pb
system. With its high Pb closure temperature, a characteristic not shared among other
mineral phases in hydrothermal ore deposits, titanite provides valuable age constraints on
such mineral systems (e.g., Li et al., 2010).

In calcium-rich metamorphic rocks, titanite is limited by the reaction Qtz + Cc
+Rut = Titanite + CO> (Frost et al., 2000). While this reaction prevents titanite from
forming in environments with high pressures or high molar volumes of Xco, titanite is
capable of forming in marbles in the eclogite-facies due to stabilization by high

concentrations of Al and F (Carswell et al., 1996).

3.3.3.2 U-Pb systematics
Metamorphic or hydrothermal events occurring at temperatures ~660-700 °C can

be recorded in titanite, as it possesses a lower T than both zircon and monazite (Olierook
et al., 2019). However, the incorporation of common Pb during crystallization must be
considered in U-Pb geochronology studies, which is further complicated if crystals record
more than one event (Olierook et al., 2019).

25



3.3.4 Rutile
Rutile (TiO2) often forms in high-pressure metamorphic rocks (Zack et al., 2011).

For this reason, U-Pb dating of rutile provides important age constraints on metamorphic
processes (Franz et al., 2001). Rutile can crystallize across a wide spectrum of pressures
and temperatures, a characteristic it shares with a number of other minerals employed in
U-Pb geochronologic studies, including zircon and apatite (e.g. Watson et al., 2006; Chew
et al., 2020). Also like zircon, rutile is stable during diagenesis (Chew et al., 2020).

U-Pb ages derived from rutile are also useful in constraining the cooling path of a
host rock, since Pb diffusion in rutile occurs rapidly compared to zircon and monazite at
temperatures greater than 500 °C (Cherniak 2000; Zack et al., 2011). Rutile is also
assumed to be unstable during polycyclic tectonothermal events implying that rutile will
not yield evidence of previous metamorphic events (e.g. older cores) (Zack et al., 2011).

The faces of rutile are generally tetragonal-bipyramidal and prismatic, with either a

black or reddish-brown colour.

3.3.5. Orthophosphates
3.3.5.1. Monazite
The orthophosphates monazite [(Ce, La, Nd, Th) PO4] is also a common mineral

employed in U-Pb geochronological studies. The structure of monazite is similar to the
structure of zircon, wherein PO tetrahedra share edges and corners with CeOy (Finch and
Hanchar, 2003). This bonding is lateral through 9-fold coordination with oxygen
molecules (of the REE, Ce is the most commonly found). Monazite is characterized by
tabular and isometric crystals and is often found in granite pegmatites and gneisses.
Concentric chemical zoning is observed in monazite, both simple and complex (Spear and
Pyle, 2002).

In thin section, monazite has high positive relief and is most often a light green or
yellow but can be grey or colourless as well. Though cleavage can be hard to distinguish in
some samples, a single cleavage on {100} is most likely to be clear, and simple twins can
often be found on {100} as well.

With a closure temperature exceeding 1000 °C (Cherniak and Watson, 2001),
monazite is commonly employed in U-Pb dating studies because crystals can preserve the
crystallization ages of prograde and retrograde metamorphism (Hawkins and Bowring,
1997).
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Figure 3.6: Perspective of phases projected downwards [001]. Dashed lines indicate unit cells of monazite and xenotime
respectively. Unfilled circles represent RE atoms while smaller, shaded circles indicate O atoms. Figure modified from Ni et al.
(1995).

3.3.5.2 Xenotime
Xenotime is commonly found in gneisses and igneous rocks, with HREE cations

often substituting for Y. Studies (e.g., Fletcher et al., 2000; Hetherington et al., 2008) have
proven that, due to its high uranium concentrations (>1000 ppm) and lack of initial lead,
xenotime is well suited to U-Pb geochronological analysis (Rasmussen, 2005). Moreover,
diagenetic xenotime is found to resist chemical ‘re-setting’ up to lower amphibolite facies
in sandstone, and to mid-upper greenschist facies in pelites (Rasmussen, 2005).

Though xenotime is a phosphate, it crystallizes with the same structure as zircon,
with Y occupying the place Zr holds in the ZrOg dodecahedra (Ireland and Williams,
2003). Like monazite, xenotime crystals tend to increase in size with increasing
metamorphic grade (Pyle et al., 2001). The HREE Gd, Dy, Er, and Yb can comprise 15-
25% of the total composition of xenotime (Spear and Pyle, 2002).

In thin section, xenotime, like monazite, has high positive relief. Unlike monazite,
it is most likely yellow or brown, though it can be colourless. On {100}, cleavage tends to
be distinct, and twinning is uncommon. In slates, xenotime is also associated with low-

temperature zircon, as either inclusions or overgrowths (e.g., Hay and Dempster, 2009).

27



Chapter 4: The basement geology of the Porcupine High — a key

transatlantic link between the Caledonides and Appalachians
Shannon Dennehy!, David Chew?, Shane Tyrrell?, and Rémi Rateau®

(1) Department of Geology, Trinity College Dublin, Dublin, Dublin 2, Ireland
(2) Earth and Ocean Sciences (EOS), University of Galway, Galway, H91 TK33,
Ireland

Abstract

The Porcupine High, 200 km W of Ireland, is a key underexplored link between the
circum-lapetus basement geology of NW Europe and Atlantic Canada. We present
geochronological data from basement sampling campaigns (dredging, shallow drill
cores) undertaken in the last two decades. The majority of the dredge samples are
likely near in-situ; outcrop ridges were targeted by side-scan sonar while the
predominance of metamorphic clasts recovered is inconsistent with ice-rafted debris
(IRD) derived from the Irish massif. All samples were collected north of the inferred
trace of the lapetus suture. The southernmost samples come from a core of foliated
gneiss boulders which yield U-Pb zircon ages of c. 500-478 Ma. A 385 Ma apatite U-
Pb age records post-Caledonian exhumation; K-feldspar Pb isotope data (Pb-in-
Kfsp) imply a Caledonian affinity. These rocks are assigned to the ophiolitic rocks of
the Clew Bay Complex and were sampled adjacent to a E-W trending magnetic
boundary across the Porcupine High that we correlate with the Fair Head— Clew
Bay line. To the north dredging recovered >90% lower greenschist-facies psammite
cobbles in a region characterized by a magnetic anomaly low. U-Pb detrital zircon
data imply a Moine or Grampian Group Dalradian affinity with the youngest
population at 950 Ma. U-Pb detrital apatite ages (900—- 1800 Ma) are unaffected by
Caledonian orogenesis which is atypical for Tonian successions in the Caledonides.
Farther north, drilled granitic orthogneiss yields a 1314 Ma U-Pb zircon
crystallization age. Granulite-facies metamorphism (12 kbar, 740°C) is interpreted to
be of Grenville age, supported by a 875 Ma apatite U-Pb cooling age. Zircon Hf
isotopic and Pb-Kfsp data suggest an affinity with the Rockall Bank
Palaeoproterozoic, delimiting the offshore extent of the Annagh Gneiss Complex
(AGC) of NW Ireland. Northernmost dredging recovered >98% metamorphic clasts.
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U-Pb detrital zircon ages from two low-grade metasediments imply a
Moine/Grampian Group and an Upper Dalradian affinity respectively; Caledonian
apatite U-Pb ages are prevalent. The high-grade rocks (orthogneisses and
amphibolites) can be divided into three groups: clasts with 2750 Ma U-Pb zircon
crystallization ages, 1750 Ma apatite U-Pb ages and a Lewisian Pb-in-Kfsp signature;
clasts with 1830-1940 Ma U-Pb zircon ages, 1750 Ma apatite U-Pb ages and an AGC
Pb-in-Kfsp affinity, and AGC clasts with 1550-1650 Ma U-Pb zircon ages and U-Pb
apatite ages recording post-Grenville cooling. All three groups were found at one
dredge site and a component of Quaternary glacial transport is invoked for these

dredged clasts.

1. Introduction

The Porcupine High is a NNE-trending bathymetric high located 200 km west of
the Irish mainland. It is over c. 100 km across at its maximum extent in an ESE-WSW
direction, and its seabed expression is referred to as the Porcupine Bank, which was
discovered in 1862 by the British survey ship HMS Porcupine. The Porcupine High is
adjacent to the Porcupine Basin (or Seabight) to the southeast (Fig.1), reaching south to
the Goban Spur Basin. The Rockall Basin and Rockall High (whose seabed expressions
are referred to as the Rockall Trough and the Rockall Bank respectively) neighbour the
Porcupine region to the north and northwest (Fig. 1). Water depths above the Porcupine
High are between 300 and 400 m, though at its shallowest point on the SW-NE Porcupine
Ridge (Fig. 1), it is only 200 m deep (Thébaudeau et al., 2016). Porcupine High covers an
area of more than 40,700 km?, and is approximately 65,000 km? at 500 m depth
(Thébaudeau et al., 2016); for comparison the areal extent of the Irish mainland is c.
84,400 km?.

Constraining the geologic evolution of the Porcupine High region is key to
reconstructing the basement geology of the Irish offshore and the North Atlantic as it is a
key underexplored link between the circum-lapetus basement geology of NW Europe and
Atlantic Canada. While the surrounding basins have been the site of petroleum exploration
since the 1970s, the geological evolution of Porcupine High remains poorly constrained.
We present geochronological data from sampling campaigns (dredging, shallow drill

cores) in the last two decades, which to date have only been presented in reports or
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conference abstracts (e.g. Daly et al., 2007; Daly et al., 2008; Hollis et al., 2013; Tyrell,
2013; Barry et al., 2017; Chew et al., 2019). The dredge samples are likely near in-situ;
outcrop ridges were targeted by side-scan sonar while the predominance of metamorphic
clasts recovered is inconsistent with IRD derived from the Irish massif or nearby. All

samples were collected north of the inferred trace of the lapetus suture (Fig. 1).
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Figure 1. Map of the sampling sites on the Porcupine High along with the Precambrian geology of adjacent areas. In
2006, the R/V Celtic Explorer collected the MeBo cores. Dredge samples were collected by the Celtic Explorer in 2011
and a further suite of dredge samples were collected in 2014 by the Celtic Voyager.

2. Geological Background

The geological evolution of Laurentia proximal to the lapetus suture is complex,

with multiple geological terranes that have experienced differing geological histories.
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Hence the geological framework of this complex sector of the North Atlantic is reviewed
below for comparison with the tectonothermal histories derived from the samples collected

from the Porcupine High basement (Fig. 2).

2.1 Archean Basement Geology

Rocks of Archean age are not found onshore mainland Ireland, with the nearest
occurrences in Scotland, Greenland, and the Irish offshore basement highs. Several studies
suggest that Archean crust is absent south of the Great Glen Fault (Fig. 1), a NE-SW
trending strike-slip fault that runs through Scotland and into northwestern Ireland (e.g.
Fitches et al., 1990; Daly et al., 1991). However, Hf isotope analysis of zircon rims from
Early Caledonian (Grampian) granitoids cutting the Tyrone Central Inlier (Fig. 2) in NW
Ireland (a presumed upper Dalradian Supergroup correlative) indicates that crystalline

basement of Archean age may be present at depth (Flowerdew et al., 2009).

The largest areal extent of Archean rocks in the North Atlantic region is in
Greenland (Fig. 2). These include the rocks of the North Atlantic Craton (NAC) in
southern West Greenland which extend into the Nain Province in Labrador (Buchan et al.,
2000). The NAC is bounded by the c. 1910 to 1770 Ma Nagssugtogidian orogen to the
north and the 1800-1870 Ma Ketilidian—Makkovik mobile belt to the south (Fig. 2). The
latter can be correlated with the Rhinns Complex in Scotland, which in turn can be linked

to the Trans Scandinavian Igneous Belt in Baltica (Buchan et al., 2000).

2.1.1 The Lewisian Complex

Tonalite gneisses of the Lewisian Complex, which extends to the Outer Hebrides,
is divided into the northern, central, and southern regions, and includes outcrops adjacent
to the Moine thrust zone (e.g., Peach, 1907; Friend and Kinny, 2001) in northwestern
Scotland provide evidence of late Archean to early Proterozoic metamorphism and
magmatism (e.g. based on U-Pb zircon and titanite geochronology, Corfu et al., 1994). The
Lewisian Complex can be divided into three regions, each with unique histories: the
northern region (Rhiconich block), central region (Assynt and Gruinard blocks) and
southern region (Gairloch and Loch Maree) (e.g., Heaman and Tarney, 1989; Crowley et

al., 2014), which are separated from each other by major shear zones.
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Protolith ages of the Lewisian TTG (tonalite-trondhjemite-granodiorite) gneisses
span the Paleo-, Meso- and Neo-Archean (Corfu et al., 1998; Friend and Kinny, 2001,
Goodenough et al., 2013). Protolith ages of ¢. 2860—2840 Ma have since been found across
the mainland outcrop of the Lewisian Gneiss Complex (Crowley et al., 2014) which does
question one of the tenets of the multi-terrane models for the Lewisian Gneiss Complex
(e.g. Friend and Kinny, 2001; Kinny et al., 2005). Late Archean Badcallian (c. 2700-2500
Ma or 2490 - 2480 Ma) granulite-facies metamorphism affected the Gruniard and Assynt
terranes respectively (Cartwright and Barnicoat, 1987) and is associated with partial
melting (e.g., Johnson et al., 2012; Rollinson, 2012). The Inverian (2490 — 2480 Ma) event
followed the Badcallian and is characterized by amphibolite-facies retrogression (Evans,
1965). After these metamorphic events, the intrusion of the Scourie Dyke Swarm began c.
2400 Ma (Davies and Heaman, 2014) in the Assynt region. The Scourie dyke suite is found
in many parts of the Lewisian Complex and was originally considered to represent one
magmatic episode and was thus useful in distinguishing Archean (Badcallian and Inverian)
versus Proterozoic (Laxfordian) events. However U-Pb baddeleyite dates (Heaman and
Tarney, 1989) from the Scourie dyke suite in the Assynt terrane of c. 2418 £ 7 Ma
(bronzite-picrite Beannach dyke) and 1992 + 3 Ma (olivine microgabbro Strathan dyke)
show that the dykes can only be used as broad divisors of Archaean and Proterozoic

events.

Units with a ¢. 1900 Ma (volcano)-sedimentary protolith include the Loch Maree
Group of the mainland and Roineabhal Terrane (Friend and Kinny, 2001) of the Outer
Hebrides and are cut by marginally younger TTG rocks. The Roineabhal rocks in South
Harris also experienced a UHT granulite-facies event at ¢. 1880 Ma (Whitehouse and
Bridgwater 2001). The Laxfordian metamorphic event typically comprises amphibolite-
facies metamorphism with variable reworking localized within shear zones (Cartwright
and Barnicoat, 1987). In the Rhiconich block, Laxfordian metamorphism and deformation
is most easily distinguished in the c. 1855 Ma Rubha Ruadh Granites where ¢. 1740 Ma U-
Pb titanite ages are reported (Corfu et al., 1994). A further reworking episode at c. 1670
Ma is seen on the mainland in the Rhiconich and Assynt blocks based on U-Pb ages from a
later generation of titanite and rutile (Corfu et al. 1994) and in the Gairloch block by U-Pb
titanite dating (Love et al., 2004).
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2.1.2 Stanton Bank and Rockall High

In general terms, the geological evolution of the offshore basement highs in the
Irish and British sectors of the North Atlantic remains poorly constrained. Two of these
banks, the Rockall High and the Stanton Banks (Fig. 1), contain Archean basement. While
the southern Rockall Bank exhibits a late Paleoproterozoic (Ketilidian) affinity (Fig. 2;
Dicken, 1992), Archean (Lewisian-like) Pb isotope contamination of lavas and tuffs from
the George Bligh Bank and Hebrides Shelf indicate that this terrane underlies the northern
Rockall Basin (Fig. 2; Hitchen et al., 1997).

Based on U-Pb zircon protolith ages of ¢. 1790-1830 Ma and Sm-Nd isotopic
analysis on gneisses (Tom ages of ¢. 1900 Ma), it has been suggested that Stanton Banks is
a Paleoproterozoic terrane with an alkali-calcic, intermediate composition of gneisses
comparable to those of the Rhinns Complex and the Annagh Gneiss Complex (Scanlon et
al., 2003). The Paleoproterozoic portion of the Stanton Banks is bounded to the south by
an older (c. 2650 Ma) trachyandesite sampled within the Stanton Banks with Sm-Nd Tpwm
ages of 2800 Ma (Scanlon et al., 2003).

2.2 Paleoproterozoic and Mesoproterozoic

The oldest exposed crystalline basement in northwestern Ireland is
Paleoproterozoic (c. 1750 Ma) in age and crops out in Mayo and offshore northern
Donegal. The Paleoproterozoic Annagh Gneiss Complex structurally underlies the
Dalradian Supergroup of the North Mayo Inlier, while the Rhinns Complex is found on
islands off the coast of Donegal and SW Scotland (Daly, 1996).

2.2.1 The Annagh Gneiss Complex

Within the Annagh Gneiss Complex (AGC), three distinct gneiss units are
recognized: the Mullet, the Cross Point, and the Doolough gneisses. The Mullet gneiss is
comprised of metaluminous I-type quartz monzodiorites, granodiorites and granites with
granodiorite predominating (Flowerdew et al., 2009) and is dated at 1753 £ 3 Ma by U-Pb
zircon TIMS dating (Daly, 1996). The Mullet gneiss contains boudins of coarse
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amphibolite, now generally concordant but originally emplaced as dykes because in low

strain zones they are locally cross-cutting.

The Cross Point gneiss is found on the Mullet peninsula, south of Erris Head, close
to the tectonic contact with the Dalradian Supergroup, and is dated at 1271 £ 6 Ma. It is
comprised of syenite and granite, with banding controlled by both magmatic development
and deformation state (Daly, 1996). The juvenile 1177 + 4 Ma Doolough gneiss
(comprised mainly of sub-alkaline granite and trondhjemite with subordinate amounts of
amphibolite) is cut by the c. 1015 Ma Doolough granite (Daly, 1996; McAteer et al.,
2010).

The 1753 + 3 Ma Mullet gneiss protoliths, with a Sm-Nd model age of 1800-2000
Ma, exhibit a juvenile crustal origin similar to the alkaline gneisses of the Rhinns Complex
on the islands of Islay and Inishtrahull (Daly, 1996). The 1271 + 6 Ma Cross Point gneiss,
with an A-type within-plate signature and Sm-Nd model age of 1700-1800 Ma, is likely
the result of melting of crust akin to the Mullet gneiss (Daly, 1996). It is thought that the
1177 + 4 Ma Doolough gneiss was either intruded into the AGC or deformed along with
the AGC during Grenville deformation (Daly, 1996). The Sm-Nd isotopic composition of
the Doolough gneisses suggest a juvenile origin, based on its model age range of 1758 to
1450 Ma (Daly, 1996). The AGC is also the locus of Grenville deformation, which is
apparent in field relationships observed at Annagh Head and Doolough (Daly, 1996).

2.2.2 Rhinns Complex

The Rhinns Complex, poorly represented in Ireland, consists of c. 1800 Ma
Paleoproterozoic juvenile alkaline crust which underwent extensive Paleoproterozoic
metamorphism (Muir et al., 1994; Flowerdew et al., 2009). Like the AGC in Mayo, the
Rhinns Complex is composed of juvenile orthogneisses (Daly, 1996). Syenite and gabbro
dominate the complex, though other intrusions are also noted (Muir et al., 1994).

Large basement inliers of the Rhinns Complex are found on the Scottish islands of
Islay and Colonsay, both located in the Inner Hebrides (Muir et al., 1992; Muir et al.,
1994). A Sm-Nd model age of c. 1900 Ma indicates the Rhinns Complex on Islay shares
similar juvenile mantle extraction ages to the Rhinns Complex on the island of Inishtrahull

off the coast of northern Donegal (Dickin and Bowes, 1991). The rocks on Inishtrahull
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represent the oldest rocks known in Ireland, yielding a U-Pb zircon date of 1779 + 3 Ma
(Daly et al., 1991). Nearly all the exposed rock on Inishtrahull is a coarse-grained syenitic
gneiss, with a composite foliation. Gabbro sheets represent a minor component observed in
the field.

2.3 Grenville Orogeny

During the Mesoproterozoic at ¢. 1300-1000 Ma, the Grenville orogen (sensu
stricto) was a period of convergent orogenesis along the southern and eastern margin of
Laurentia. Remnants of the Grenville orogen (sensu lato) can be found throughout the
world as a result of the subsequent breakup of the Rodinian supercontinent (Fig. 2). In
Ireland and Scotland, the effects of the Grenville Orogeny are especially apparent in the
Annagh Gneiss Complex in the NW Mayo inlier, which pervasively deformed and
metamorphosed the Proterozoic basement rocks (Fig. 2; Daly, 1996). At least three
episodes of Grenville deformation are postulated based on field observations of cross-
cutting pegmatites at Annagh Head and Doolough (Daly, 1996). Grenville orogenesis,
however, is not seen in the Rhinns Complex (Flowerdew et al., 2009).

2.4 Post-Grenvillian sequences and Neoproterozoic deformation

The clastic metasedimentary rocks of the Colonsay Group are exposed on the
islands of Colonsay and Oronsay, and share a sheared, tectonic contact with the Rhinns
Complex (McAteer et al., 2010b). While the sequence experienced deformation during the
Grampian phase of the Caledonian orogeny, the stratigraphic age of the Colonsay Group
remains to be precisely constrained (Fitches and Maltman, 1984; McAteer et al., 2010).
The basal Colonsay Group (Octofad Sandstone Formation) structurally overlies the Rhinns
Complex on Islay and is interpreted to represent a sequence derived from erosion of
Grenville belt and is also correlated with the basal units of the Dalradian Supergroup
(McAteer et al., 2010Db). Late Grenville titanite grains (c. 980-940 Ma) were likely sourced
from the Annagh Gneiss Complex or equivalents, while older zircon grains at c. 1750 Ma
have a likely Rhinns Complex affinity (McAteer et al., 2010b).

The Moine Supergroup of NW Scotland structurally overlies basement inliers

closely resembling the Lewisian Complex (‘Lewisianoid’ basement). It is composed of
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three lithostratigraphical groups (the Morar, the Glenfinnan, and the Loch Eil; Soper et al.,
1998) of metamorphosed psammite and pelite sequences (Friend et al., 2003; Tanner and
Evans, 2003). The Moine Supergroup was deposited in a Neoproterozoic basin from c. 950
Ma to c. 870 Ma, with significant input from erosion of the Grenville belt (Friend et al.,
2003). Lu-Hf LA-ICP-MS analysis of garnet cores and rims in the Morar Group suggests a
phase of prograde garnet growth at c. 950 Ma (Walker et al., 2019).

Post-Grenvillian (Knoydartian) tectonic activity (garnet-grade metamorphism and
the intrusion of pegmatites) in the Moine is dated at c. 800 Ma (Vance et al., 1998; Rogers
et al., 1998) with P-T constraints implying a minor phase of crustal thickening possibly
following a period of extension (Cutts et al., 2009). However, while evidence of Early
Neoproterozoic deformation (e.g., the Valhalla orogeny of Cawood et al., 2010) is found in
the Moine Supergroup of the Scottish Highlands and in the North Atlantic “borderlands’
(Shetland, Northern Norway, East Greenland), there is currently no unequivocal evidence

for Neoproterozoic deformation in Ireland (Daly and Flowerdew, 2005).

The Dalradian Supergroup of Scotland and Ireland is mainly composed of
metamorphosed siliciclastic sediments, limestones and basic volcanics. It structurally
overlies the Annagh Gneiss Complex and contains no evidence of Grenvillian orogenesis;
combined with maximum depositional ages derived from U-Pb detrital zircon data, this
suggests it was deposited during the Neoproterozoic on the margin of Laurentia (Harris et
al., 1994; Cawood et al., 2003). The Dalradian has been subdivided into the Grampian,
Appin, Argyll, and Southern Highland groups. The quartzofeldspathic meta-arkoses of the
Grampian Group represent the earliest observed example of rifting in the sequence (Soper
and England, 1995) and it has a maximum thickness of up to c. 7 km. The overlying Appin
Group has a maximum thickness of up to 4 km and mainly consists of black shales with
quartzite units and is believed to represent a thermal subsidence sequence. The base of the
Argyll Group is marked by the Cryogenian Port Askaig Tillite, while volcanics (such as
the Tayvallich volcanic sequence) become more prominent near the top of the Argyll
Group. The Argyll Group has a maximum thickness of 9 km and is comprised of a diverse
suite of lithologies including polycyclic quartzite, turbidites, limestone and volcanics
deposited during a renewed phase of rifting (Soper and England, 1995). The overlying
Southern Highland Group is comprised of turbiditic grits, sandstones and shales (Soper
and England, 1995).
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2.5 The Caledonian Orogenic cycle

A key feature of the basement geology of this portion of the North Atlantic region
Is the lapetus Suture, which marks the locus of closure of the lapetus Ocean during the
Caledonian Orogeny. The Caledonian Orogeny in the North Atlantic involved the collision
of three plates: Laurentia, Baltica, and Ganderia-Avalonia, with NW Ireland and Scotland
forming part of the Laurentian continent and SE Ireland and England representing part of
the Ganderia-Avalonia continent. Seismic reflection profiles and geological evidence place
the lapetus Suture running along the northern Irish Sea through onshore northern England
and the Southern Uplands of Scotland (Fig. 2; Beamish and Smythe, 1986; Soper et al.,
1992). In the Irish offshore, it is thought to run through the southern portion of the
Porcupine High (e.g., Readman et al., 2005).

The Caledonian orogeny, rather than consisting of a single orogenic pulse, is
instead divided into phases each associated with variable P-T conditions (Oliver et al.,
2008). The peak of the Grampian Orogenic phase occurred c. 475-460 Ma, as Laurentia
collided with an intra-oceanic arc, resulting in medium- to high-grade metamorphism and
deformation of the Laurentian margin (Dewey and Shackleton, 1984). In Ireland and
Britain, the closure of lapetus in the Late Ordovician to the Early Silurian did not lead to
widespread orogenesis; the Acadian Orogeny, the last phase during the early Devonian,
significantly post-dates ocean closure (McKerrow et al., 2000). Sinistral strike-slip
movement (several hundred km) along the Great Glen Fault is also associated with the end

of the Caledonian orogeny (Dewey and Strachan, 2003; Cawood et al., 2012).

2.5.1 The Grampian orogeny

The Grampian Orogeny is a regional (Barrovian) metamorphic event which
affected the Laurentian margin, including the Dalradian Supergroup. Evidence for the
onset of the Grampian Orogeny can be found from c. 510 — 490 Ma ophiolitic rocks in the
Clew Bay Complex of Western Ireland and Highland Border Complex in Scotland (Chew
et al., 2010). By c. 490 Ma, an intra-oceanic arc was well developed and started to collide
and obduct over the Laurentian margin by c. 480 Ma (Chew et al., 2010). U-Pb zircon

ages of anatectic migmatites in the Dalradian Supergroup of NE Scotland yield peak
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metamorphic ages of 472.2 + 5.8 Ma and 471.2 + 5.9 Ma, indicating that the Barrovian
metamorphism characteristic of the Grampian episode occurred within a short window
(Viete et al., 2013). In Connemara in western Ireland, syn-D2 to early D3 basic intrusions
in the Dalradian Supergroup yielded U-Pb zircon ages of 470.1 + 1.4 Ma and 474. 5+ 1 Ma
(Friedrich et al. 1999). Late D3 quartz-diorite gneisses in the migmatite zone in south
Connemara yield U —Pb zircon ages of 463 + 4 Ma (Cliff et al. 1996) and 467 £ 2 Ma
(Friedrich et al. 1999). The post-tectonic Oughterard granite in Connemara has yielded a
462.5 + 1.2 Ma U-Pb xenotime age (Friedrich et al. 1999a). Granitoid magmatism in the
Slishwood Division (Flowerdew et al., 2005) and the Tyrone Central Inlier (Chew et al.,
2008) along orogenic strike to the NE also yield ages consistent with c. 470 Ma

orogenesis.

2.5.2 Caledonian granites

The late Caledonian granite suite is suggested to have resulted from slab break-off
following the closure of the lapetus Ocean (Atherton and Ghani, 2002). This includes a
voluminous suite of c. 430 Ma I-type granites and diorites intruded into the Grampian
terrane (Oliver et al., 2008). These granitoids are predominantly granodioritic with a calc-
alkaline character implying a subduction zone source (Atherton and Ghani, 2002), but with
a significant crustal component based on Nd, Sr and O isotopic evidence (Halliday, 1984).
The very last stages (Acadian) of Caledonian magmatism are associated with the

emplacement of granites into active sinistral fault zones (Oliver et al., 2008).
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Figure 2. Schematic palaeogeographic reconstruction of the North Atlantic region at ca. 900 Ma adapted from McAteer
et al. (2010). Post-900 Ma Laurentian basins (Moine and Dalradian Supergroups) and Caledonian sutures (BVBL-
FHCBL-HBF = Baie Verte Brompton Line — Fair Head Clew Bay Line — Highland Boundary Fault; RIL = Red Indian
Line) are added for clarity; Amazonia is removed.

3. Methods
3.1 Sample collection

This study incorporates samples from three different expeditions to the Porcupine
High region of the western Irish offshore which are presented in chronological order

below.

3.1.1 2006 MeBo seabed drilling
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Two short drill cores (Fig. 3) were acquired from the Porcupine High using the
University of Bremen MeBo seabed drilling rig deployed on R/V Celtic Explorer in July
2006, in a survey funded by the Irish Shelf Petroleum Study Group (ISPSG) of the
Petroleum Affairs Division (PAD) and the Marine Institute. Although other boreholes
were drilled in this expedition, the two cores discussed here are they are interpreted to
represent in-situ bedrock. The first core (borehole 25/27-sbMeBo2, Fig. 3B) was collected
along the southern region of the Porcupine High (hereafter referred to ‘MeBo2’; Fig. 1).
The core is tentatively interpreted as representing a rocky shoreline deposit of uncertain
age. The core recovered rock from 8.58 to 5.66 m depth and comprises a possible in situ
fossiliferous limestone with diverse fauna comprising foraminifera, bivalves, fish teeth,

algae, bryozoans, echinoderms and large boulders of various metamorphic rocks.

The second core (25/7-sb(MeBo)3 (hereafter referred to as ‘MeBo3’; Fig. 1),
recovered 0.85 m of in situ granitic orthogneiss (Fig. 3A). lon microprobe U-Pb zircon
dating indicates a crystallization age of 1314 + 6 Ma, signifying a period of magmatism
not previously recognized in the region (Daly et al., 2008a). Granulite-facies
metamorphism (12 kbar, 740°C) is of likely Grenville age, while zircon Hf isotope and Pb-
in-K feldspar data suggest an affinity with the Paleoproterozoic Rockall High, thus
delimiting the offshore extent of the Annagh Gneiss Complex (AGC) in NW Ireland (Daly
et al., 2008a). Apatite U-Pb data from this short drill core are presented later in this study.
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Figure 3. A) MeBo3 core (0.85 m of granitic orthogneiss). B) MeBo2 core. Red circles indicate samples
taken in this study.

3.1.2 2011 Dredge sampling campaign

The May 2011 (CE11-017) Celtic Explorer metasedimentary dredge samples were
recovered along an E-W transect on Porcupine High (Fig. 1). Over 85% of the samples are
quartzo-feldspathic psammites, described as green-reddish metasandstones (Tyrrell, 2013).
The samples exhibit a weak lower greenschist-facies foliation with recrystallized quartz,
and contain abundant accessory minerals including zircon, titanite, and epidote (Tyrrell,
2013).

3.1.3 2014 Dredge sampling campaign

The October 2014 (CV14-021) Celtic Voyager crystalline basement dredge
samples are the most northern samples recovered from Porcupine High, with over 98%
metamorphic clasts recovered at some localities. Although the majority of analyzed

samples were collected from site 402, two other sites were also sampled. Together, the
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three sites yielded gneisses (main clast type), quartzite, amphibolite, igneous clasts, and, to
a lesser extent, sedimentary rocks (Barry et al., 2017). The dominant mineralogy of the
gneiss samples consists of K-feldspar, biotite, quartz, and epidote but garnet is absent
(Barry et al., 2017).

3.2 Analytical Methods

Zircon and apatite crystals were separated using standard separation and
concentration procedures (jaw crushing, Wilfley table, heavy liquids, and magnetic
separation) at the Department of Geology, Trinity College Dublin (TCD). Zircon and
apatite were picked under a binocular microscope in ethanol, mounted in 2.5cm epoxy
mounts and polished to approximately half thickness prior to analysis.
Cathodoluminescence (CL) images of zircon grains were acquired at the Centre for
Microscopy and Analysis at TCD using a Tescan MIRA3 FEG-SEM with a KE

Developments Centaurus Cathodoluminescence Detector (Appendix C).

3.2.1 U-Pb LA-ICPMS analyses

All U-Pb data were acquired using a Photon Machines Analyte Exite 193 nm ArF
Excimer laser-ablation system with a Helex 2-volume ablation cell coupled to either a
Thermo Scientific iCAP Q or an Agilent 7900 at TCD. 0.65 I/min He carrier gas was split
between the large outer sample chamber and the small inner volume (the ‘cup’) where
ablation occurs. A small volume of N2 (6 — 10 ml/min) to enhance signal sensitivity and
reduce oxide formation and 0.6 - 0.7 I/min Ar nebulizer gas was then introduced to the
sample-gas mixture via an in-house smoothing device. 2%2Hg, 204206:207.208ppy 23T gng
238U were acquired for all U-Pb analyses. °!Zr and “3Ca were employed as the internal
standards for zircon and apatite respectively. Zircon analyses employed either a 25 or 30
um laser spot, a 5 - 10 Hz laser repetition rate and a fluence of ¢ 2.5 — 3.5 J/cm?. Apatite
analyses were acquired using either a 30, 47 or 60um laser spot, a 5 Hz laser repetition rate
and a fluence of 2.5 — 3.5 JJcm?. All analytical parameters (e.g. gas flows, laser spot size,

repetition rate and fluence) were kept constant for a given analytical session.

The raw isotope data were reduced using the “Vizual Age” data reduction scheme

of Petrus & Kamber (2012) within the freeware IOLITE package of Paton et al. (2011).
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User-defined time intervals were established for the baseline correction procedure to
calculate session-wide baseline-corrected values for each isotope. The time-resolved
fractionation response of individual standard analyses was then characterised using a user-
specified down-hole correction model (such as an exponential curve, a linear fit or a
smoothed cubic spline). The data reduction scheme fits this appropriate session-wide
“model” U-Th-Pb fractionation curve to the time-resolved standard data and the
unknowns. Sample-standard bracketing is applied after the correction of down-hole
fractionation to account for long-term drift in isotopic or elemental ratios by normalizing
all ratios to those of the U-Pb reference standards. Common Pb in the apatite standards
was corrected using the 2°’Pb-based correction method using a modified version of the
VizualAge DRS that accounts for the presence of variable common Pb in the primary
standard materials (Chew et al. 2014). Concordia plots were constructed using the Excel
macro Isoplot 4.15 (Ludwig, 2003).

Secondary standards were applied to both U-Pb apatite and zircon runs.
Madagascar apatite (Thomson et al., 2012) was used as the primary reference standard for
U-Pb apatite analysis. For U-Pb apatite, the Durango apatite reference material
(32.716 £ 0.072 Ma; Paul et al., 2021) yields a Tera-Wasserburg U-Pb lower intercept age
of 32.13 + 0.44 Ma with a MSWD of 1.6 (n = 78) when anchored at a common Pb ratio of
0.838. McClure Mountain (523.98 £ 0.12 Ma; Schoene and Bowring, 2006) yields a Tera-
Wasserburg U-Pb lower intercept age of 521.6 + 1.7 Ma with a MSWD of 2.7 (n =149)

when anchored at a common Pb value of 0.88198.

91500 zircon (1065 Ma; Wiedenbeck et al, 1995; Wiedenbeck et al., 2004) was
used as the primary reference standard for U-Pb zircon analysis and Plesovice (337.13 +
0.37 Ma; Slama et al., 2008), Temora 2 (416.75 £ 0.24 Ma; Black et al., 2003), and WRS-
1348 (526.26 + 0.70 Ma; Pointon et al., 2012) were employed as secondary standards.
Weighted mean 2%Pb/?8U ages (n = 104) of the standard Plesovice yield an age of 338.54
+0.77 and MSWD of 1.19. Weighted mean 2°°Pb/?*8U ages (n = 69) of the standard
Temora yield an age of 416.9 + 1.4 and MSWD of 1.06. Weighted mean 2°Pb/?%U ages (n
= 41) of the standard WRS-1348 yield an age of 526.7 £ 3.1 and MSWD of 2.3.

3.2.2 Pb in K-feldspar LA-MC-ICP-MS analyses
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Pb isotopic analyses were carried at the National Centre for Isotope Geochemistry,
UCD School of Earth Sciences, University College Dublin, Ireland. Prior to analysis, K-
feldspar grains and crystals were imaged using backscatter scanning electron microscopy
(BSEM) in order to identify any intra-grain variations such that these can be avoided or
characterised during subsequent ablation. Target K-feldspar grains were analyzed using the
New Wave 193 nm Excimer laser coupled with a Thermo Scientific Neptune multiple
collector inductively coupled plasma mass spectrometer, and followed closely the
procedures of Tyrrell et al. (2012).

Ablations were performed with the laser at a spot size of 75 um, a 20 Hz pulse rate
and laser energy were adjusted to produce a fluence of between 5 and 6 J/cm?. This
resulted in 2°*Pb signal intensity of ~0.02 V on the NIST 612 (Pb 38.57ug/g, T1 15.7 ug/g)
standard. Selected raster lines were ablated at rates between 1 and 2 p/ms, such that track
lengths were typically ~200 pm. 250 ratios were collected with a 0.262 second integration
time. Standard-sample bracketing was used to monitor Tl based fractionation, with NIST
612 used as the standard. The analytical sequence comprised the standard followed by
three unknowns, followed by the standard. NIST 612 and Shap Granite K-feldspar
(Souders and Sylvester 2010; Tyrrell et al., 2012; Barham et al., 2021) were run as
unknowns as part of the sequence (comprising ~1 in 6 unknowns) in order to verify the
data reduction procedure. Data reduction was carried out offline using Microsoft Excel
software. Isobaric interference corrections on 2%*Pb were made using a 2°2Hg/?**Hg ratio of
4.35 based on the natural occurrence of these Hg isotopes (Rosman and Taylor, 1998).
External mass bias fractionation corrections were carried out based on 2T1/2°°T] (true
value =0.418922; Baker et al 2004) measured in each standard in the sequence and
assuming a linear stepped fractionation between each standard. The fractionation
correction for each unknown was calculated using exponential fractionation laws. Known
unknowns (i.e. NIST 612 and Shap Granite K feldspar) yielded analysis consistent with
published ICP-MS and TIMS values (Tyrrell et al., 2006; Souders and Sylvester 2010).

4. Results
All geochronology data are summarized in Table 1.

4.1 2006 MeBo seabed drilling
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The MeBo3 orthogneiss core (termed here the North Porcupine High orthogneiss or
NPHO) yields a U-Pb zircon crystallization age of 1314 + 6 Ma (Daly et al., 2008a) and a
U-Pb apatite age of 875 + 8 Ma (Fig. 4) with a 2°’Pb/?%Pb initial ratio derived from the

unanchored Tera-Wasserburg Concordia intercept of 0.880 + 0.025.
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Figure 4. U-Pb apatite concordia plot from the MeBo3 sample (displayed to the right), with a Tera-
Wasserburg Concordia intercept of 0.880 + 0.025.

Clasts in the MeBo2 core include amphibolite, metagabbro and foliated gneiss. U-
Pb zircon dating of four clasts from MeBo2 yield dates that span from c. 480 to 500 Ma.
All samples yield analytical ellipses that are slightly dispersed along concordia, and so
weighted mean 2°6Pb/?%8U ages are employed. Clast 7.02 (foliated gneiss, Fig. 5A) yields a
weighted mean 2°6Pb/2*8U magmatic crystallization protolith age of 482.3 + 2.6 (Fig. 5B).
Clast 7.13 (amphibolite, Fig. 5C) yields a weighted mean 2%°Pb/?®U crystallization age of
484.9 + 2.3 Ma (Fig. 5D). Clast 7.58 (foliated gneiss, Fig. 5E-F) yields a population of
inherited grains from c. 1640 Ma to 1750 Ma (Fig. 5E), and a weighted mean 2°Pb/?%U
age of 478.3 £ 3.1 Ma interpreted as the age of magmatic crystallization (Fig. 5G). Clast
sample 8.08 (foliated gneiss, Fig. 5H-I) also yields inherited zircons spanning from c.
1300-1750 Ma (Fig. 51) in age, and a weighted mean 2°Pb/?%8U age of 500.8 + 3.6 Ma
interpreted as the age of crystallization (Fig. 5J). Apatite U-Pb dating of the same clast
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yields an intercept of 384.6 + 7 Ma (Fig. 5K) with a 2°’Pb/?%Pb initial ratio derived from

the unanchored Tera-Wasserburg Concordia intercept of 0.847 + 0.021.
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Figure 5. Concordia diagrams and weighted mean 2%6Ph/?38U ages of clasts from the MeBo2 core. A) Concordia and B)
weighted mean 2%Ph/238U age of clast 7.02 (foliated gneiss); C) Concordia and D) weighted mean 2°Ph/?38U ages of
clast 7.13 (amphibolite); E) Concordia (all crystals), F) Concordia (crystals constraining the igneous crystallization
age) and G) weighted mean 2%6Phb/2%8U age of clast 7.58 (foliated gneiss); H) Concordia (all crystals), I) Concordia
(crystals constraining the igneous crystallization age) and J) weighted mean 2%Ph/?38U age of clast 8.08 (foliated
gneiss); K) U-Pb apatite Tera-Wasserburg concordia plot of clast 8.08 (foliated gneiss).

4.2 2011 Dredge samples

Samples collected during the 2011 expedition are classified as quartzo-feldspathic
psammites and termed the Porcupine High Metasedimentary Sequence (PHMS). For
comparison to potential sources, Pb isotopic analysis was undertaken on detrital psammite
dredge samples PH4, PH5, PH12, and PH14. Detrital K-feldspars exhibit a Pb isotope
composition with a closer affinity to the Annagh Gneiss Complex, with some

correspondence to the Rockall Bank (Fig. 6).
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Figure 6. Plot of the Pb isotopic composition of detrital K-feldspar of the PHMS. Data are compared with the Pb
isotopic composition of gneisses of the Rockall Bank and pegmatites of the AGC.

All PH samples (PH-1, 4, 5, 9, 10, 11, 12, 15) yield similar U-Pb detrital zircon
spectra, and so the data (n = 540) are plotted on a composite probability density diagram
which spans an age range of 950-2700 Ma (Fig. 7a). There are significant peaks at c. 950 —
1200 Ma, 1500 and 1750 Ma and a very small cluster of grains between c. 2500-2800 Ma.

The U-Pb zircon ages of these peaks are discussed in section 5.2.1. A composite

47



probability density diagram of U-Pb apatite ages (n = 110) of samples 1, 4, 5, 10, and 12
yields a main peak of 800-1000 Ma with a subsidiary peak at 1300-1800 Ma and a solitary
grain at 2700 Ma (Fig. 7b).
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Figure 7. U-Pb age probability density diagrams of (A) zircon from all PHMS dredge samples and (B) apatite (samples PH
1,4,5,10, 12) collected during the 2011 sampling expedition. The coloured bands represent the Phanerozoic (blue),
Neoproterozoic (green), Mesoproterozoic (yellow), Palaeoproterozoic (orange) and Archean (red).

4.3 2014 Dredge samples

Dredge samples from the 2014 sampling expedition can be divided into four
groups (i-iv) based on their U-Pb zircon and apatite crystallization ages and Pb isotope-in-
K-feldspar terrane affinity (hereafter referred to as ‘Pb-in-Kfsp’; Fig. 8). Many of the
Neoarchean and Paleoproterozoic U-Pb zircon age data are affected by minor reverse
discordance, which is attributed to minor metamictization and greater downhole U-Pb
fractionation compared to the U-Pb zircon age reference materials. Hence weighted mean
207pp/2%pp ages (which are unaffected by variable downhole fraction behaviour) are

presented for all zircons with + 5% discordance (2°°Pb/?%U vs 27Pb/?3U).

(i) Samples 402-1, 402-2, 402-8, and 402-11 yield U-Pb zircon dates of c. 2750
Ma and U-Pb apatite ages of c. 1750 Ma (Fig. 9). Sample 402-1 (banded gneiss) yields a
highly dispersed U-Pb zircon upper intercept age of 2831 + 21 Ma (Fig. 9A),a weighted
mean 2°’Pb/?%®Pb age of 2838 + 19 Ma (Fig. 9B), and a U-Pb apatite Tera-Wasserburg
lower intercept age of 1762 + 24 (Fig. 9C). Sample 402-2 (lineated granite) yields a U-Pb
zircon upper intercept age of 2789 + 11 Ma (Fig. 9D) and a weighted mean 2°"Pb/?%Pb age
of 2809.5 + 7.2 Ma (Fig. 9E). Sample 402-8 (banded grey gneiss) yields a U-Pb zircon
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upper intercept age of 2945.1 + 22 Ma (Fig. 9F), a weighted mean 2°’Pb/?°®Pb age of 2879
+ 17 Ma (Fig. 9G) and a U-Pb apatite Tera-Wasserburg lower intercept age of 1819 + 58
Ma (Fig. 9H). Sample 402-11 (gneiss) yields a U-Pb zircon upper intercept age of 2804.2
+ 6.7 Ma (Fig. 91), a weighted mean 2°’Pb/?%Pb age of 2801.4 + 3.8 Ma (Fig. 9J) and a U-
Pb apatite Tera-Wasserburg lower intercept age of 1772 + 45 Ma (Fig. 9K).
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Figure 8. Plot of the Pb isotope-in-K-feldspar for the 2014 dredge samples and a comparison with data from related
terranes.
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Figure 9. 2014 dredge samples with a Lewisian Pb-in-Kfsp affinity and yielding U-Pb zircon dates of c. 2750 Ma
and U-Pb apatite ages of c. 1750 Ma. A) 402-1 (banded gneiss) with U-Pb zircon age, B) weighted mean
207pp/206pp age and C) U-Ph apatite age; D) 402-2 (lineated granite) with U-Pb zircon age and E) weighted
mean 2°7Pb/2%Ph age; F) 402-8 (banded gneiss) with U-Pb zircon age, G) weighted mean 2°’Ph/?%Ph age and
H) U-Pb apatite age; 1) 402-11 (gneiss) with U-Pb zircon age, J) weighted mean 2°’Pb/?%Ph age and K) U-Pb
apatite age.

i) Samples 303-1 and 402-3 possess an AGC Pb-in-Kfsp affinity and yield U-Pb
zircon ages of c. 1940-1890 Ma and U-Pb apatite ages of ¢. 1750 Ma (Fig. 10). Sample
303-1 (amphibolite) yields a U-Pb zircon upper intercept age of age of 1831.5 £ 6.0 (Fig.
10A), a weighted mean 2°’Pb/?%Pp age of 1831.6 + 5.5 Ma (Fig. 10B) and a U-Pb apatite
Tera-Wasserburg lower intercept age of 1759 + 20 Ma (Fig. 10C). Sample 402-3 (foliated,
banded gneiss) yields a U-Pb zircon upper intercept age of age of 1939 + 12 Ma (Fig.
10D), a weighted mean 2°’Pb/2%Ppb age of 1938 + 10 Ma (Fig. 10E) and a U-Pb apatite
Tera-Wasserburg lower intercept age of age of 1681 + 21 (Fig. 10F).
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Figure 10. 2014 dredge samples with an AGC Pb-in-Kfsp affinity and yielding U-Pb zircon ages of c.
1940-1890 Ma and U-Pb apatite ages of c. 1750 Ma A) 303-1 (amphibolite) with U-Pb zircon intercept

age with B) weighted mean 27Ph/?%Ph age and C) U-Pb apatite age; D) 402-3 (foliated, banded gneiss)
with U-Pb zircon intercept age, E) weighted mean 27Pb/2%Ph age and F) U-Pb apatite age.

iii) Samples 402-4 (banded pink gneiss) and 402-9 (banded pink-grey gneiss) yield
U-Pb zircon ages of c. 1650-1550 Ma and U-Pb apatite ages recording post-Grenville
cooling (Fig. 11). Sample 402-4 (banded pink gneiss) yields a U-Pb zircon upper intercept
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age of 1635 + 11 Ma (Fig. 11A), a weighted mean 2°’Pb/?%Pb age of 1621.8 + 9.0 (Fig.
11B) and a U-Pb apatite Tera-Wasserburg lower intercept age of 967 + 10 Ma (Fig. 11C).
Sample 402-9 (banded pink-grey gneiss) yields a U-Pb zircon upper intercept age of 1550
+ 14 Ma (Fig. 11D), a weighted mean 2°’Pb/?%Pb age of 1512.1 + 8.8 Ma (Fig. 11E) and a
U-Pb apatite Tera-Wasserburg lower intercept age of 974 + 11 Ma (Fig. 11F).
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Figure 11. 2014 dredge samples with an AGC Pb-in-Kfsp affinity and yieldg U-Pb zircon ages of ¢. 1650-1550 Ma and U-
Pb apatite ages and U-Pb apatite ages recording post-Grenville cooling. A) 402-4 (banded pink gneiss) with U-Pb zircon
age, B) weighted mean 2°7Ph/?%Ph age and C) U-Pb apatite age; D) 402-9 (banded pink-grey gneiss) with U-Pb zircon
age, E) weighted mean 2°7Ph/2%Ph age and F) U-Pb apatite age.

iv) Two samples do not conveniently fit into any of the above three groupings.
Sample 402-13 (lineated amphibolite) yields a weighted mean 2°’Pb/?%Pb age of 2015.3 +
8.7 Ma (Fig. 12B) and a U-Pb apatite Tera-Wasserburg lower intercept age of 1120 + 100
(Fig. 12C). Sample 204-1 is a mica schist which yields U-Pb detrital zircon ages ranging
from c. 950-2800 Ma, with peaks clustering at c. 1000 Ma and c. 1400-1700 Ma (Fig.
12D). Sample 302-1 is a psammite which yields U-Pb detrital zircon ages ranging from c.
450-3000 Ma, with major peaks clustering between c¢. 800-1800 Ma and between c. 2600-
3100 Ma (Fig. 12E).
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Figure 12. Concordia plots of 402-13 (lineated amphibolite) with A) U-Pb zircon age, B) weighted mean
207pp/206ph age and C) U-Pb apatite age. U-Pb zircon age probability density diagrams of D) sample 204-1
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Table 1: Characteristics of samples collected in the 2006, 2011, and 2014 Porcupine High expeditions.

) . U-Pb zircon age | U-Pb apatite Pb-in-Kfsp Conference
Suite Sample Lithology .
(Ma) age (Ma) Affinity Abstract/Report
2006 25/27-
sb(MeBo) 7.02 Foliated gneiss 482.3+2.6 Ma
Cores
7.13 Amphibolite 484.9+2.3 Ma
7.58 Foliated gneiss 478.3+3.1 Ma
8.08 Foliated gneiss 500.8+3.6 Ma 384.6+7 Ma
Daly et al., 2008;
MeBo2 Orthogneiss 13146 Ma | 874.9+8Ma aly etal, 2508,
Chew et al.,, 2019
2011 Dredge | o) Psammite ¢. 800-1800 Ma |, 900-1800 Ma Tyrrell, 2013
Samples
PH4 Psammite c. 800-1800 Ma |c. 900-1800 Ma AGC Tyrrell, 2013
PH5 Psammite c. 800-1800 Ma |c. 900-1800 Ma AGC Tyrrell, 2013
¢.1000-1800
PH9 Psammite Ma, ¢.2500- Tyrrell, 2013
2600 Ma
PH10 Psammite c. 800-1800 Ma | c.900-1800 Ma Tyrrell, 2013
. 900-1900, c.
PH 11 Psammite ¢ " & Tyrrell, 2013
2650
PH12 Psammite c. 800-1800 Ma |c. 900-1800 Ma AGC Tyrrell, 2013
PH 14 Psammite AGC Tyrrell, 2013
PH 15 Psammite c. 900-1900 Tyrrell, 2013

i) Kfsp Affinity with Lewisian and U-Pb zircon ages of c. 27

50 Ma and U-Pb

apatite ages of c. 1750 Ma

2014 Dredge

402-1 Banded gneiss 2831+21 Ma 1762+24 Ma Lewisian Barry et al,, 2017
Samples
402-2 Lineated granite 278911 Ma Barry et al., 2017
402-8 | Banded grey gneiss | 2945.1422 Ma | 1819158 Ma Lewisian Barry et al,, 2017
Crystalline
402-11 | metamorphic rock, | 2804.246.7 Ma | 177245 Ma Lewisian [Barry etal., 2017
likely gneiss

i) Kfsp Affinity with AGC and U-Pb zircon ages of c. 1940-1890 Ma and U-Pb apatite ages of c. 1750 Ma

2014 Dredge
Samples

303-1

Amphibolite

1831.5£6.0 Ma

1759420 Ma

Barry et al., 2017

402-3

Foliated, banded
gneisss

1939 £12 Ma

1681+£27 Ma

AGC

Barry et al,, 2017

iii) Kfsp affinity with AGC and U-Pb zircon ages of c. 1650-1550 Ma and post-Grenville U-Pb apatite ages

2014 Dredge _ _ Barry etal,
Samples 402-4 | Banded pink gneiss | 163511 Ma 967 + 10 Ma AGC 2017; Chew et
P al., 2019
Banded pink Barry etal.,
402-9 | CANCECPINCEIEY | yosgiiama | 974+11 Ma AGC 2017; Chew et
gnelss al., 2019
iv) Other samples
2014 Dred Mica schist replet
reCBe | 5041 ca SCNISLIEPIEte | 9502800 Ma | 1922¢57 Ma Barry etal., 2017
Samples with K-fsp
302-1 Psammite 450-3000 Ma
Lineated
402-13 ineatec 2025.1%7.1 Ma | 11204100 Ma Barry et al., 2017
amphibolite

Table 1. Summary of key features (lithology, Pb-in-fsp affinity and U-Pb zircon and apatite age
systematics) of samples from the 2006, 2011 and 2014 Porcupine High sampling campaigns.




5. Discussion
5.1 25/27-sb(MeBo) Cores

The U-Pb zircon dates of samples from the MeBo2 core indicate crystallization at
c. 500-478 Ma (Fig. 5, Table 1). Inherited zircons in sample 7.58 (foliated gneiss) also
yield dates of c. 1700 - 1800 Ma. The crystallization ages of c. 500-478 Ma likely correlate
with the c. 510-490 Ma ophiolitic rocks in the Clew Bay Complex (Chew et al., 2010, see
section 2.5.2) in Western Ireland. In western Ireland, these supra-subduction ophiolite
rocks are separated by the Fair Head — Clew Bay line (the Irish continuation of the
Highland Boundary Fault) from Laurentian margin rocks (the Dalradian Supergroup) to
the north (Chew et al., 2010). This occurrence is consistent with deformed Laurentian
margin cover sequences (e.g. the Dalradian Supergroup) that can be found to the north of
the MeBo2 drill site. The U-Pb apatite age of 384.6 + 7 Ma from sample 8.08 (U-Pb
zircon crystallization age of 500.8 + 3.6 Ma) at the MeBo2 drill site is considerably
younger than the U-Pb apatite ages of all other samples in this study, and likely reflects
prolonged residence (c. 100 Ma) above the apatite U-Pb closure temperature (c. 400 — 550
°C) until the termination of the Caledonian orogeny at c. 390 Ma. Although the MeBo2
clasts in this putative rocky shoreline deposit are not in situ, their similar U-Pb zircon ages

(c. 500-478 Ma) strongly support a proximal source.

The second of the MeBo cores, Borehole 25/7-sbh(MeB0)3, is comprised of 0.85 m
of a weakly foliated orthogneiss, known as the North Porcupine High Orthogneiss (NPHO)
(Daly et al., 2008). This orthogneiss yields a U-Pb zircon age of 1314 + 6 Ma, an age of
magmatism not previously recognized in the region, and was followed by granulite-facies
metamorphism (12 kbar, 740°C) of likely Grenville age (Daly et al., 2008a; section 3.1.1).
The U-Pb apatite age of 874.9 + 8 Ma reported in this study from the MeBo3 core (Fig. 4,

Table 1) likely reflects post-metamorphic cooling following the Grenville orogeny.

5.2 Dredge samples
5.2.1 2011 Suite

The lower greenschist-facies psammite cobbles of the PHMS sampled during the
2011 dredging expedition yield detrital U-Pb zircon ages consistent with derivation from
the Laurentian margin (cf Cawood and Nemchin, 2001). In particular, the U-Pb detrital
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zircon spectra on the composite probability density diagram in (Figure 7a), with peaks at c.
950 — 1200 Ma, 1500 and 1750 Ma and a very minor peak at c. 2500-2800 Ma, strongly
resemble those of the Grampian Group (basal Dalradian Supergroup) or the Moine
Supergroup (cf Cawood et al., 2003). The U-Pb apatite ages of samples PH 1, PH, 4, PH
5, PH 10, and PH 12 yield a main peak from 800-1000 Ma with a subsidiary peak at 1300-
1800 Ma.In comparison, the U-Pb zircon spectra exhibit an approximately equal
abundance of Grenvillian vs Paleoproterozoic detritus. It is probable that regional
Grenvillian metamorphism in the source terrane(s) of the PHMS recrystallized or reset
primary Archean or Paleoproterozoic apatite. In contrast, detrital apatite ages in the
PHMS were not age reset during the Caledonian orogeny, which is consistent with the
lower greenschist-facies metamorphic assemblages seen in the PHMS samples. Pb isotope
analysis of detrital K-feldspars from the psammite cobbles (section 4.2) indicates that the
source of the cobbles shares an affinity with the Annagh Gneiss Complex (AGC; section
2.2.1 and 2.3).

5.2.2. 2014 Suite

The samples from the 2014 suite are derived from multiple sources in the North
Atlantic region, including samples from a single site (e.g. site 402). The samples are
considered in three groups developed in section 4.3 and listed in Table 1 (Pb-in-Kfsp
affinity, and zircon and apatite U-Pb ages).

The first group (Fig. 9; group (i) in Table 1), consists of samples 402-1 (banded
gneiss), 402-2 (lineated granite), 402-8 (K-feldspar banded gneiss), and 402-11 (gneiss),
and exhibits a Lewisian Pb-in-Kfsp affinity, U-Pb zircon ages of ¢. 2750 Ma and U-Pb
apatite ages of c. 1750 Ma. The Lewisian Pb isotopic affinity and the U-Pb zircon
crystallization ages of ¢. 2750 Ma strongly indicate the Lewisian Complex is a likely
source; the U-Pb apatite ages of c. 1750 Ma in these samples likely reflect derivation from

Lewisian rocks that had undergone Laxfordian metamorphism.

The second group of clasts (Fig. 10; group (ii) in Table 1), comprises samples 303-
1 (amphibolite) and 402-3 (foliated, banded gneiss). They yield U-Pb zircon (c. 1940-1890
Ma) and apatite (c. 1750 Ma) ages that correlate with a Paleoproterozoic source. Although
these samples exhibit a Pb-in-Kfsp affinity with the AGC, the lack of any major

Grenvillian tectonothermal pulse as evidenced by the Late Paleoproterozoic U-Pb apatite
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ages is incompatible with sourcing from the present-day AGC outcrop which has

experienced ubiquitous Grenvillian metamorphism.

The third group, consisting of samples 402-4 (pink banded gneiss) and 402-9
(banded gneiss) (Fig. 11; group (iii) in Table 1) yields U-Pb zircon ages of c. 1650-1550
Ma with U-Pb apatite dates of c. 970 Ma suggestive of post-Grenvillian cooling, and a Pb-
in-Kfsp affinity with the AGC, although the pre-Caledonian U-Pb apatite ages rule out
derivation from the present-day outcrop of the AGC which yields Grampian U-Pb ages
(Henrichs et al., 2018).

The remaining samples (group (iv) in Table 1) are discussed in turn. Sample 402-
13 (lineated amphibolite) (Fig. 12A-C) yields a U-Pb zircon age (2015.3 + 8.7 Ma). A U-
Pb zircon age of c. 2015 Ma is pene-contemporaneous with the emplacement of the c.
2030-2050 Ma Kangamiut dykes in western Greenland and equivalent dykes in the eastern
Nain Province in Canada (e.g. Buchan and Ernst, 2004; Mayborn and Lesher, 2006;
Nilsson et al., 2013), and with the 1992 + 3 Ma Strathan dyke in the Lewisian Complex
(Heaman and Tarney, 1989; section 2.1.1).

Detrital sample 204-1 (mica schist) (Fig. 12D), which was sampled northeast of the
402 site, exhibits a range of ages (c. 950-2800 Ma) comparable to the Grampian Group of
the Dalradian Supergroup or the Moine Supergroup, and also to the PHMS samples. The
U-Pb detrital zircon spectrum of sample 302-1 (psammite) on the probability density
diagram presented in Fig. 12E resembles that of the Upper Dalradian (Cawood et al.,
2007), but also contain a Caledonian age peak of c. 415-460 Ma. This unit likely
represents a metasedimentary sequence derived from a composite terrane of Upper
Dalradian metasedimentary rocks (or equivalents) intruded by Caledonian granites. The
age of metamorphism in sample 302-1 is constrained by the presence of the youngest
detrital zircon (415 = 7 Ma). The majority of dredge samples in the 2014 suite was
collected at site 402. The large variation in lithology, U-Pb zircon and apatite ages and Pb-
in-feldspar isotope systematics exhibited by these samples suggests their present-day
juxtaposition is due to Quaternary glacial transport. This is supported by the large distance
(c. 500 km in the present-day) between the Porcupine High and the nearest sources of
rocks (Lewisian Complex, northern Rockall High) with Archean U-Pb zircon

crystallization ages (Fig.14a).
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5.3 Correlation with Magnetic Data

The Grampian Terrane of Ireland and Scotland is broadly associated with a
magnetic anomaly low (Riddihough and Max, 1976). In Co. Mayo, Ireland, a sharp
boundary between a low magnetic anomaly in the north and a high magnetic anomaly in
the south, which follows the inferred location of the Fair Head — Clew Bay Line (FHCBL)
and separates weakly magnetic Neoproterozoic metasediments north of the Laurentian
margin (the Dalradian Supergroup) from highly magnetic volcanic arc and accretionary

sediments of the Northwestern Terrane to the south (Fig. 13).

A similar sharp E-W trending magnetic boundary occurs on the Porcupine High
south of the summit (Fig. 13). The highly magnetic basement south of the lineament has a
magnetic expression indistinguishable from the basement south of the FHCBL and likely
represents similar peri-Laurentia arc-related metamorphosed volcanic and sedimentary
rocks (Fig. 13). The poorly magnetic basement north of the lineament has previously been
interpreted as Paleozoic (meta)sedimentary rocks characterised by low magnetisation but
higher densities than Cenozoic or Mesozoic sedimentary rocks (Young and Bailey, 1974;
Riddihough and Max, 1976; Kimbell et al., 2010).

The dredged PHMS psammites at localities PH10 and PH14 are found within or very
close to this low magnetic anomaly. Samples PH1, 4 and 5 are located above a positive
magnetic anomaly interpreted as an igneous centre (Tate and Dobson, 1988). The presence
of these psammites suggests that the igneous centre is still buried. The NPHO drilled by
25/7-sh(MeBo0)3 is also located within the magnetic low, which suggests that it is small as
older basement would probably result in a regional magnetic high (Fig 14b). These
characteristics are similar to the Annagh Gneiss Complex in NW Co. Mayo, which has an
aerial extent of ¢. 60 km? but is not associated with a magnetic high (Fig. 13).

Based on the newly acquired ages, the magnetic anomaly pattern is interpreted to
represent the footprint of a Neoproterozoic Dalradian basin with one (or more) inlier(s) of
Paleoproterozoic gneiss (Fig. 14b) and a buried Paleogene igneous centre (Fig. 13). The
sharp magnetic boundary on Porcupine High is interpreted to represent a terrane boundary
and Caledonian lineament, the along-strike continuation of the FHCBL (Fig. 13, Fig. 14b).
Although Kimbell et al. (2010) suggested that this magnetic boundary could be the
offshore continuation of the Skerd Rocks-Southern Upland Fault, it is possible that these

faults have merged to the east of the Porcupine High (Fig. 13, Fig. 14b).
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6. Conclusions

Geochronological data from three offshores sampling expeditions yield valuable
new constraints on the basement geology of the Porcupine High north of the lapetus Suture
(Fig. 14). The southernmost samples (the MeBo2 core) yield U-Pb zircon ages of c. 500-
478 Ma and are correlated with the ophiolitic rocks of the Clew Bay Complex. A 385 Ma
apatite U-Pb age records post-Caledonian exhumation; Pb-in-Kfsp data imply a
Caledonian affinity. These rocks were sampled adjacent to an E-W trending magnetic
boundary extending across the Porcupine High that we interpret as the along-strike
continuation of the Fair Head - Clew Bay line (Fig. 14b). To the north on a magnetic
anomaly low, dredged lower greenschist-facies psammite cobbles likely represent clasts of
local Grampian Group Dalradian, termed the Porcupine High Metasedimentary Sequence
(PHMS). Based on the detrital apatite U-Pb age dataset (no ages younger than 800 Ma),
the PHMS lacks a strong Caledonian thermal overprint, as does the c. 875 Ma U-Pb apatite
age from the North Porcupine High Orthogneiss (NPHQ) in the MeBo3 core to the north
(Fig. 14b). This orthogneiss yields a U-Pb zircon age of 1314 + 6 Ma indicative of a period
of magmatism not previously known in this sector of the North Atlantic, and which was
followed by granulite-facies metamorphism of presumed Grenville age (Daly et al.,
2008a).

The dredged metamorphic basement clasts from the 2014 sampling campaign are
divided into three groups. The first group yields c. 2750 Ma U-Pb zircon ages and a Pb-in-
Kfsp affinity consistent with the Lewisian, and apatite U-Pb ages of 1750 Ma suggestive of
Laxfordian metamorphism. The second group of clasts yields 1830-1940 Ma U-Pb zircon
ages, 1750 Ma apatite U-Pb ages and an AGC Pb-in-Kfsp affinity. A third group of clasts
with 1550-1650 Ma U-Pb zircon ages that are typical of the AGC and has U-Pb apatite
ages that record post-Grenville cooling. All three groups were found at one dredge site and

a component of Quaternary glacial transport is invoked for these dredged clasts.
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Chapter 5: Conclusions
The primary objective of this study was to constrain the geologic evolution of the

Porcupine High which is key to reconstructing the basement geology of the western Irish
offshore and the North Atlantic. Despite serving as the site of extensive petroleum
exploration since the 1970s, the geologic evolution of Porcupine High has remained
largely unknown and poorly constrained. The results in this study provide clarity into the
history of a region linking the circum-lapetus basement geology of NW Europe and
Atlantic Canada, and illustrate the complex and varied geology of the terranes of Laurentia

affinity proximal to the lapetus suture.

5.1 Analytical results
This thesis is the result of several years of sample collection and analysis. |

incorporated previously unpublished data in addition to my own results, which focused on
the MeBo2 core and the 2014 dredge samples. The main findings are summarized here but
are also discussed in section 5 of Chapter 4 and in section 5.2.

Samples from borehole 25/27-sbMeBo2, which was recovered adjacent to a E-W
trending magnetic boundary we correlated with the Fair Head — Clew Bay line, yield U-Pb
zircon ages of c. 500 — 478 Ma, with a 385 Ma U-Pb apatite age indicating post-
Caledonian exhumation. These rocks are assigned to the ophiolitic rocks in the Clay Bay
Complex.

Borehole 25/27-sbMebo3, a granitic orthogneiss, yields a previously published
1314 Ma U-Pb zircon crystallization age with Grenville granulite-facies metamorphism,
supported by a 875 Ma apatite U-Pb cooling age.

In a region with a magnetic anomaly low, situated between the two MeBo drill

sites, dredging recovered over 90% lower greenschist-facies psammite cobbles. Detrital U-
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Pb zircon dating of the youngest population at c. 950 Ma implies an affinity with the
Moine Supergroup or Grampian Group Dalradian.

The northernmost site recovered dredge samples with over 98% metamorphic
clasts. U-Pb detrital zircon ages of two low-grade metasedimentary rocks indicate a
Moine/Grampian Group and an Upper Dalradian affinity respectively. Caledonian apatite
U-Pb ages are also represented.

The high-grade orthogneisses and amphibolites are divided into three groups:
Clasts with 2750 Ma U-Pb zircon crystallization ages, 1750 Ma apatite U-Pb ages, and a
Lewisian Pb-in-Kfsp signature, Clasts with 1830-1940 Ma U-Pb zircon ages, 1750 Ma
apatite U-Pb ages, and an AGC Pb-in-Kfsp affinity, and AGC Clasts with 1550-1650 Ma
U-Pb zircon ages and U-Pb apatite ages recording post-Grenville cooling. These different
high-grade rock types were recovered at one dredge site and their deposition is likely the
result Quaternary glacial transport, particularly when considering distance to the closest

basement outcrops yielding c. 2750 Ma U-Pb zircon crystallization ages.

5.2 Discussion of analytical results

5.2.1 25/27-sb(MeBo) Cores
The samples of the MeBo2 core yield U-Pb zircon ages that are very similar,

falling between c. 500-478 Ma, indicating a likely proximal source for the MeBo2 drill site
deposit. These crystallization ages correlate with the c. 510-490 Ma ophiolitic rocks of the
Clew Bay Complex in Western Ireland (Chew et al., 2010). Based on the separation of the
ophiolite rocks from the Dalradian Supergroup by the Fair Head — Clew Bay line,
Laurentian margin cover sequences like the Dalradian Supergroup should be found north
of the MeBo2 drill site. A U-Pb apatite age of 384.6 £ 7 Ma likely represents prolonged (c.
100 Myr) residence above the apatite U-Pb closure temperature until the cessation of the
Caledonian orogeny at ¢. 390 Ma.

U-Pb zircon dating of the North Porcupine High Orthogneiss (NPHO) in the
MeBo3 core provides evidence of magmatism at 1314 + 6 Ma followed by Grenville
granulite-facies metamorphism. U-Pb apatite dating at 874.9 £ 8 Ma likely represents post-
Grenville cooling. A previously unknown phase of anorogenic magmatism associated with

rifting may have thus have occurred. was of inherited zircons in the NPHO.
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5.2.2 2011 Suite Dredge Samples
The Porcupine High Metasedimentary Sequence is represented by the quartzo-

feldspathic psammites recovered during the 2011 dredging expedition. U-Pb zircon ages
are consistent with derivation from the Laurentian margin, with a U-Pb detrital zircon
spectra resembling that of the Grampian Group or the Moine Supergroup.

Although Grenvillian metamorphism in the source terranes of the PHMS may have
recrystallized or reset Archean or Paleoproterozoic apatite, there is no evidence of U-Pb
resetting during low-grade Caledonian metamorphism. The dominance (> 90%) of
metamorphic clasts with Grampian Group or Moine Supergroup affinity strongly implies
the clasts are locally derived from nearby Neoproterozoic metasedimentary basement,

which in turn was likely sourced from the Annagh Gneiss Complex or correlatives.

5.2.3 2014 Suite Dredge Samples
Dredge samples from this suite point to several potential sources in the North

Atlantic. The three groups of the high-grade orthogneisses and amphibolites have a long
and varied history. The first group, indicative of the Lewisian Complex based on the Pb-
in-Kfsp affinity and U-Pb zircon ages of c. 2750 Ma and with U-Pb apatite ages of c¢. 1750,
are suggestive of Laxfordian metamorphism.

The second group yields U-Pb zircon ages that correlate with a Paleoproterozoic
source. Though the samples in this group share a Pb-in-Kfsp affinity with the AGC, their
1750 Ma apatite U-Pb ages are incompatible with the high-grade Grenvillian
metamorphism seen in the mainland exposures of the AGC.

The third group, with a Pb-in-Kfsp affinity of the AGC and U-Pb zircon ages of c.
1650-1550 Ma, also yields U-Pb apatite ages of ¢. 970 Ma, suggestive of post-Grenville
cooling. Similarly, the AGC is ruled out as a source due to the lack of Caledonian
overprinting of the apatite U-Pb systematics.

Some samples do not fit the characteristics of the aforementioned groups, and do
not share similarities with each other. Sample 402-13 (lineated amphibolite) yields a U-Pb
zircon age of ¢. 2015. 3 + 8.7 Ma, which is pene-contemporaneous with the emplacement
of the Kangamiut dykes in western Greenland and equivalent dykes in the eastern Nain
Province in Canada (e.g., Ernst and Buchan, 2004; Mayborn and Lesher, 2006; Nilsson et
al., 2013), as well as the Strathan dyke in the Lewisian Complex (Heaman and Tarney,
1989). One dyke from the NAC southern east Greenland also yields a similar U-Pb zircon
age of 2015 * 15 Ma (Nutman et al., 2008). The emplacement of the Kangamiut dykes at
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c. 2030-2050 Ma was part of a series of major events in the Paleoproterozoic of West
Greenland and was followed by the Nagssugtogidian orogeny that initiated at ¢. 1820 Ma.
Geochemical (Ba/La and Nb/La ratio comparisons) analyses indicate that the dykes are
related to passive rifting, (e.g., Mayborn and Lesher, 2006).

Two samples, 204-1 (mica schist) and 302-1 (psammite) are detrital samples from
metasedimentary rocks. 204-1 (mica schist) is comparable to the Grampian Group of the
Dalradian Supergroup or the Moine Supergroup, and the samples of the PHMS described
in this study. The U-Pb detrital zircon spectra of 302-1 (psammite) is similar to the detrital
zircon spectra of the Upper Dalradian but also contains a Caledonian age peak at c. 460-
415 Ma that is likely derived from Caledonian granitoids. Hence the source may be a low-
grade equivalent of the Old Red Sandstone, which is associated with the erosion from the
Caledonides, including Dalradian rocks and Caledonian granites.

Ice-rafted debris by Quaternary glacial systems is a proposed method of transport
for 2014 suite of dredge samples. Reconstructions have shown that the British-Irish Ice
Sheet (BIIS) covered ~840,000 km? at its maximum extent at c. 27 ka (Clark et al., 2012).
The glacial deposits of the Donegal Bay Moraine (Cofaigh et al., 2012; Cofaigh et al.,
2019), located at the mouth of Donegal Bay , and the Connemara Fan (McCarron et al.,
2018), a shelf of ~ 9000 km?, which extends from the Irish mainland westward towards the

Porcupine High, may be the sediment source.

5.3 Future directions
Although this study brings forth new insights into the geologic evolution of the

Porcupine High, further research is needed to shed clearer light on the basement geology
of the region, and the extent of Caledonian metamorphism and deformation. The
geochronological data paired with the magnetic data presented in section 5.3 of Chapter 4
and the accompanying map (Fig. 14b) provide a framework in which to plan supplemental
and complementary research.

The Porcupine and Slyne basins have been the site of exploration wells in search of
hydrocarbons (e.g. Moore and Shannon, 1995; Stoker et al., 2017; O’Sullivan and Childs,
2021). Additional geochronological studies of these sites, particularly if the wells reached
basement, would shed light on the extent of the Caledonian orogeny. More focused study
into the area north of the E-W trending magnetic boundary adjacent to the MeBo2 drill site
we correlated with the Fair Head — Clew Bay Fault line should reveal Laurentian margin

cover sequences, as discussed in section 5.1 of Chapter 4.
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Additional data from the 2014 dredge sites would be useful in determining the
source and evolution of Quaternary glacial transport in the region, particularly if
potentially source diagnostic clasts (e.g. the 2015 Ma lineated amphibolite which has few
potential source areas) can be found.

Further studies narrowing first-order constraints on the location of the lapetus
suture in the western Irish offshore would also supplement the findings of this study.
Although the data presented here positions the lapetus suture south of the 2011 dredging
site, a more exact location is needed to construct a thorough understanding of the
geological history of Ireland and its western offshore. This will also ensure that future
planning for Irish offshore infrastructure, such as for renewable energy or carbon capture

and storage, is approached with a robust geologic foundation.
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Appendix

Appendix A: U-Pb apatite and U-Pb zircon data used to construct concordia plots.
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Appendix B: Individual U-Pb zircon age probability density diagrams of data used to

contrsuct Figure 7 in Chapter 4.
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Appendix C: Color CL images of the 2011 dredge samples. A and B) Representative
zircons of sample 302-1 (psammite) with a U-Pb zircon age spectra of 450 — 3200 Ma, C)
Representative zircons of sample 303-1 (amphibolite) with a U-Pb zircon age of 1831.5 +
6 Ma, D) Representative zircons of sample 402-4 (banded pink gneiss) with a U-Pb zircon
age of 1635 £ 11 Ma, E and F) Representative zircons of sample 402-11 (gneiss) with a U-
Pb zircon age of 2804.2 + 6.7 Ma.
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