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Abstract

Scotland is part of the NE Atlantic passive margin with geological features and land-

scapes that are evidence of a long and complex geological history. A prolonged period

of extension, related to the rifting and breakup of Pangea, began in the Late Carbonif-

erous and continued through the Mesozoic until breakup and the formation of oceanic

crust occurred in the NE Atlantic in the Early Cenozoic. There is evidence that the

Scottish landscape and surrounding basins experienced significant uplift in the Early

Paleogene. However, whether this uplift can be attributed to tectonic processes re-

lated to rifting or to the movement of the hot Iceland mantle plume past the west of

Scotland and Northern Ireland at around 65 Ma, is still unresolved. It also remains

unknown to what degree the Caledonian Highland mountains in northern Scotland,

produced during the Caledonian Orogeny in the Late Devonian, have retained their

original topography since they formed.

To investigate long term rates of landscape evolution temporally and spatially across

Scotland it is essential to constrain the timing and both the rate and amount of de-

nudation during different stages following the Caledonian Orogeny to determine the

more likely cause of uplift and erosion, especially in Late Cretaceous-Early Palaeo-

gene. For that, this study employs apatite fission track and apatite (U-Th-Sm)/He

thermochronology on samples collected from vertical profiles and from a regional NW-

SE transect from the Outer Hebrides in the west towards the central and eastern

Grampian Highland.

In total 51 rock samples were collected. AFT analysis was performed for 50 of them

using EDM and LA-ICP-MS recently installed at the University of Glasgow. For AHe

analysis, 281 grains were analysed in total. During the analysis the single grain ap-

proach was performed, and the new approach of treating broken grains introduced

by Brown et al. (2013) and Beucher et al. (2013) was performed when samples were

modelled using QTQt (5.7.0). In addition, the most recent algorithm of Gautheron

et al. (2009) and Flowers et al. (2009) for radiation damage effect were incorporated

to model AHe data, and Dpar was used to account for impact of chemical composition

on fission track annealing.

Along the study area from west to east AFT ages vary between 297.9±29.4 to 166±16.7

Ma, and the oldest age has been observed in the Central Highland. AHe mean ages are



between 237.1±72.8 and 19.9±4.1 Ma. The oldest AHe mean ages have been recorded

by areas around Cairngorms and Lochnagar, especially top of Lochnagar sample has

provided the oldest AHe mean age across the study area. Generally measured mean

track lengths varies between 11.11µm to 13.04µm along the study area, and the short-

est mean track lengths have been recorded in the area around the Cairngorms. Length

projection process increased mean track lengths and the maximum mean track lengths

reached 14.21µm in the Outer Hebrides, and 13.99µm for the high elevation samples

from the vertical profiles in the Grampian Highlands.

Thermal history modelling, including the individual thermal models and joint thermal

models for vertical profiles, suggest that the Scottish landscape has experienced several

cooling pulses following the Caledonian Orogeny; Mid to Late Devonian (380-360 Ma),

Late Carboniferous-Early Triassic (c.300-250 Ma), Early to Mid Cretaceous (120-100

Ma), and Late-Cretaceous-Early Paleogene pulse (c.80-60 Ma). Based on the predicted

cooling pulses the Scottish landscape has been divided into three separate regions, the

Outer Hebrides, east of the Grampian region, and west of the Grampian region. The

first cooling pulse which is the oldest cooling pulse across the study area has only been

predicted by samples collected around the Cairngorms, and Lochnagar (east of the

Grampian Highlands). It is interpreted as an erosional cooling pulse initiated following

the Caledonian Orogeny and is linked to isostatic uplift after orogenic crustal thicken-

ning and granite intrusion during the Caledonian Orogeny. The Second cooling pulse

seems to be regional as it has been predicted by almost all samples across the study

area. Event though this pulse starts in some samples at the end of Carboniferous,

majority of the samples have suggested Permian into Triassic. This pulse of cooling

is coeval with the erosion and deposition of significant amount of Permo-Trassic sed-

iments in the basins around Scotland (e.g. Minch Basin, Sea of the Hebrides Basin,

Moray Firth Basin).

During Late Permian-Early Triassic to Early Cretaceous Scotland has been through

monotonic cooling and erosion based on the derived thermal models in this study.

During this period uplift should have been less than the earlier pulse but the Scottish

Highland has kept feeding the surrounding basins but at lower rates. The Early to

Mid Cretaceous pulse which has been only observed from the vertical profile samples

in the Grampian Highland region (e.g. Ben Starav, Aonach Mor, and Lochnagar) is

synchronous with continental break up and sea floor spreading in the Central Atlantic

region and associated rift propagation to the NE Atlantic region. Before the last cool-
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ing pulse starts, the east and west coast of the Scottish Highland possibly have been

buried due to marine transgression and deposition of chalk which reached a peak at

around Campanian (c. 80 Ma). Following that, the last cooling pulse starts in Late

Cretaceous-Early Paleogene based on the new derived thermal models. This pulse is

more likely to be linked to the proto Iceland mantle processes (including dynamic up-

lift, thermal perturbation, and magmatic underplating) rather than far field stress from

the continental break up at around 55 Ma, based on the time of cooling and spatial

distribution of denudation associated with this pulse.

However, it is clear that other geological factors like lithology and possibly fault reac-

tivation have controlled the local denudation amount, therefore there is not a smooth

transition in denudation amount from west to east, but still the interior part has been

affected by less uplift and denudation in Late Cretaceous-early Palaeogene compared

with the western regions. The arrival of hot material from the Iceland mantle pulse

might be expected to have changed the thermal temperature regime at least in the

west part of Scotland, but the calculated thermal gradients in this study shows that

the thermal regime has not been perturbed in Late Cretaceous-Early Palaeogene when

the cooling started. This is possibly because the arrival of hot mantle material and

magmatism from the Iceland mantle plume stayed the the lower most part of the crust,

as only when it intrudes at shallow crustal level, can it make a significant perturbation

to the temperature regime in the upper most crust.
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Chapter 1

Introduction

Most of the large scale topography of our planet is due to plate tectonics. Tectoni-

cally active regions are usually characterised by uplift and high topography (e.g. the

Andes, the Himalayas, the African Rift, and the Alps). This is particularly true in

areas where collisional tectonics has been taking place and continental margins have

been compressed together, causing crustal thickening and surface uplift. High topog-

raphy, however, can also be found at divergent margins, which are often charactesized

by high elevation rift shoulders, like in the Red Sea. Whereas the uplift of orogens,

like the Himalayas, is driven by crustal thickening, the mechanisms that cause the

uplift of the rift shoulders may vary and examples include: isostatic rebound due to

lithospheric stretching and thinning (Zuber and Parmentier, 1986; Weissel and Karner,

1989), asthenospheric upwelling (Ziegler and Cloetingh, 2004; Hasterok and Chapman,

2007), which causes topographic doming (White and McKenzie, 1989), magmatic un-

derplating (e.g. Cox, 1980; Gallagher et al., 1994), and flexural isostatic response to

denudation processes (e.g. Brown, 1991; Pazzaglia and Gardner, 1994).

Despite being away from continental margins, plate interiors are also often charac-

terised by the presence of high topography, even if they are tectonically quiescent.

Anomalies in topography in intraplate continents have largely been linked to far-field

compressional stresses (Ziegler et al., 1995; Cloetingh et al., 1999, 2006) and mantle

plumes (van Keken, 1997; Braun et al., 2013). Intraplate horizontal compressional

stress is mainly related to collisional plate interactions; the stress is transmitted from

the plate boundaries to the interior, even up to 1600 km inland (Ziegler et al., 1995),

causing vertical deformation, both in continental and ocean plate interiors (Cloetingh

and Wortel, 1985; Stephenson and Cloetingh, 1991). The intra-plate compressional

stress may be associated with or involve long wavelength folding, lithosphere buckling
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and reactivation of pre-existing tectonic structures (Ziegler et al., 1995; Carlson et al.,

1999), as well as inversion of tensional hanging wall basins (Ziegler et al., 1995). Given

their origin, these intra-plate compressional structures are coeval with major orogenic

events that affect the margin/s (at one or more than one side) of the continent (Ziegler

et al., 1995). For example, the Late Cretaceous Alpine Orogeny is considered to have

caused intra-plate compressional stresses that deformed the European Alpine Foreland

to the North (Ziegler et al., 1995; Woodcock and Strachan, 2009). Evidence for these

far-field forces is the Late Turonian uplift of the Bohemian Massif that possibly oc-

curred along reactivated pre-existing faults (Malkovskỳ, 1987), and the coeval inversion

of the Polish trough (Dadlez et al., 1995). The formation of the Appalachians is con-

sidered to be responsible for the upthrusting of basement blocks in the Hudson Bay

(Canada), some 1,600 km NW of the Appalachian Foreland Sanford (1987); Thorpe

(1988).

Mantle plumes are considered another main cause of epeirogenic (i.e. uplift that does

not involve crustal thickening) uplift in intra-plate settings (van Keken, 1997; Jellinek

et al., 2003; Braun, 2010; Braun et al., 2013). In these cases, dynamic uplift is generated

by upwelling of hot mantle that impinges the lower part of the lithosphere, sometimes

also causing thinning of the lithosphere by thermal erosion (Guillou-Frottier et al.,

2007). In this case, the transient dynamic topography that is generated is destined

to disappear when the thermally driven upwards flow ceases (Jones et al., 2002). If

the mantle plume, however, has resulted in some magmatic underplating, topography

will be permanent (Brodie and White, 1994, 1995; White, 1997). The proto-Iceland

mantle plume that impinged underneath the NW of Scotland in the Early Palaeocene

and produced the North Atlantic Igneous Province was probably accompanied by both

transient and permanent uplift (White and McKenzie, 1989; Brodie and White, 1994;

Doré et al., 1999). As soon as topography is created by any of these large-scale events,

it is modified, degraded and ultimately removed by surface processes (e.g. weathering

and erosion ). In the last 20 years or so, the link between tectonic and surface pro-

cesses has been the focus of much research in Earth sciences and the complex feedback

mechanisms between the two had been thoroughly studied and quantified (Willett,

1999; Roe et al., 2003; West et al., 2013). These works have concluded that tectonic

and surface processes act on the landscape at the same time and that, therefore, if

the timing and the magnitude of denudation are accurately constrained, they provide

unique insights on the tectonic mechanisms that built topography, including their na-
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ture, temporal and spatial scale. Low temperature thermochronology (LTT), namely

AFT (apatite fission track) and AHe (apatite helium) techniques are now widely used

to reconstruct Time-temperature history paths of rocks in the shallow crust (between

3 to 5 km) (Green, 1986; O’Sullivan and Parrish, 1995). By assuming a geothermal

gradient (in the literature, away from tectonic plate boundaries, the average gradient is

about 25–30 ◦C/km Mancktelow and Grasemann, 1997), or when it can be estimated

directly from the thermochronology data (e.g. when a vertical profile sampling ap-

proach is employed, the thermal gradient can be estimated, more detail is in chapter

three), these thermal constraints can be translated into denudational histories (e.g.

Fitzgerald and Gleadow, 1990; Brown et al., 1994b; Raab et al., 2005).

The rocks now exposed in Scotland indicate a complex, long-lived tectonically active

geological history, the last episode of which is the opening of the North Atlantic in Late

Cretaceous to Early Palaeogene; the extent to which the present Scottish topography

reflects these ancient tectonic events has long been the subject of geological investiga-

tion (George, 1966; Hall, 1991; Doré et al., 2002; Hall and Bishop, 2002; Bishop, 2007;

Doré et al., 2008; Persano and Dobson, 2009; Gordon, 2010). In the last three decades,

researchers have widely used the LTT technique to understand the denudational his-

tory and evolution of the Scottish landscape (see figure 1.1 for all the published LTT

data across Scotland). Early studies (e.g. Hurford, 1977; Lewis et al., 1992; Thomson

et al., 1999) used only the apatite fission track method and suggested, particularly

Thomson et al. (1999), monotonic cooling (i.e. low, constant denudation) after late

Palaeozoic to Early Cenozoic. However, Holford et al. (2010), using AFT and vitrinite

reflectance (VR) data from exhumed onshore and offshore sedimentary rocks suggested

that the Scottish Highlands have experienced multiple stages of regional post Caledo-

nian heating-and cooling, including a period of uplift and denudation in the Early

Cenozoic that they mainly linked to the Late Cretaceous Alpine Orogeny. Persano

et al. (2007) used combined AFT and AHe data from two sites in western Scotland

and suggested monotonic cooling from Late Palaeozoic through the entire Mesozoic,

and they linked the Early Cenozoic rapid uplift to the proto-Iceland mantle plume

and/or magmatic underplating. Recently, Fame et al. (2018) used the spatially vari-

able AHe ages to suggest that the post orogenic history across the Scottish Highland

has been spatially heterogeneous.

Despite the continuous attempts to quantify the uplift and denudation of the Scottish

landscape, the post Devonian evolution remains controversial and poorly quantified.
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Figure 1.1: Published low temperature thermochronology data across Scotland. A) shows the published AFT data B) shows the published AHe
data. The EDM data is derived from a combination of STRM30plus and the ETOPO2 global data prepared using GMT.
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Previous studies suggest two distinct Mesozoic histories, either monotonic, slow

cooling, or episodic cooling punctuated by a series of burial and exhumation events.

All studies, however, concur in reporting a period of denudation and uplift during

the Late Cretaceous to Early Cenozoic (broadly between c.80 and 60 Ma); this event

has generally been attributed mainly to two tectonic causes, either the proto-Iceland

mantle plume (e.g. Persano et al., 2007; Cogné et al., 2016), or the transmission of

compressional stresses from the Alpine Orogeny in the southeast and/or from the Mid

Atlantic Ridge to the west (e.g. Holford et al., 2010; Fame et al., 2018).

This study aims to decipher the timing and pattern of post-Palaeozoic cooling and de-

nudation in Scotland, and to use this information to provide insights into the tectonic

events that have driven the formation and evolution of the Scottish topography. To

this end, fifty one outcrop samples were collected, along a northwest to southeast tran-

sect, from the Outer Hebrides to the western Grampian Highlands, passing through

Ben Nevis (the highest peak in the UK) to the central and eastern the Grampian

Highlands. Where apatite-bearing rocks were exposed at different elevations, vertical

profiles were collected; in total this thesis includes 5 profiles, Beinn Mhor from the

Outer Hebrides and the other four (Ben Nevis, Aonach Mor, Ben Starav, and Lochna-

gar) from the Grampian Highlands terrane.

The main objectives of this study are to:

1. accurately constrain the post-Caledonian thermal history of rocks now exposed

at the surface, focusing on the Grampian Highlands to identify periods of uplift

and burial following the Caledonian Orogeny.

2. accurately quantify the timing and rate of any Early Palaeogene cooling, and its

spatial extension from the north west of Scotland towards the interior of the Scot-

tish mainland, and to assess whether this information provides any constraints

on pre-existing relief (especially the idea that low relief surfaces in the Cairngorm

represent remnant surfaces) across the Scottish landscape.

3. use the quantitative time of cooling and spatial pattern of denudation derived

from the thermochronology data to discriminate between possible mechanism for

uplift and denudation in during the Palaeogene.
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4. to meet these objectives, this study produced a new set of AFT and AHe data

across Scotland, on a north-west to south-east transect, from the Outer Hebrides

to the Grampian terrane, combined with vertical profile sampling strategy for

five key vertical profiles across the the study area.

1.1 Study Area

Scotland has a long geological history, punctuated by several, major tectonic events

(Holdsworth et al., 2000; Oliver and Trewin, 2002; Trewin, 2002; Gordon, 2010). This

section discusses the basic geological framework of Scotland; section 1.2 focuses on

the major tectonic events that have shaped the Scottish landscape as we see it today.

Scotland is the assembly of at least five different geological terranes (Figure 1.2). The

most northerly of these is the Hebridean terrane. It was largely unaffected by the

Caledonian Orogenyis (Gordon, 2010). It mainly comprised of the Archaean Lewisian

Complex, the oldest basement rock in the northwest of Scotland (Figure 1.2). Most

of this terrane is not exposed and it forms the basement for younger rocks, such as

the Proterozoic Torridonian sandstones (Trewin, 2002). The Torridonian sandstones

(c. 1200–950 Ma) were mainly derived from erosion of Grenvillian (1200– 1000 Ma

orogenesis) mountain belts. They originated in alluvial-fan, fluvial and lacustrine en-

vironments in rift valleys or sedimentary basins (Kinnaird et al., 2007). East of the

Hebridean Terrane and separated from it by the Moine Thrust is the North Highland

Terrane, which is mainly composed by the Moine Supergroup (Figure 1.2), an up to

10 km thick sequence of metasedimentary rocks that experienced multiple tectonic

events in the Late Paleozoic. Like the Torridonian sequence farther west, these rocks

originated through erosion of a mountainous continental block of Grenvillian age and

accumulated mostly in shallow- marine basins at about 1000–900 Ma. The Great Glen

Fault marks the boundary between the North Highland and the Grampian Highland

Terranes; the latter is dominated by the Dalradian Subergroup, which is considered

the most extensive metamorphic sequence in Scotland, with a stratigraphic age from

Late Precambrian to Early Cambrian (Halliday et al., 1989; Stephenson et al., 2013).

The sediments originated from the Laurentian block and were mainly metamorphosed

during the Caledonian Orogeny (Halliday et al., 1989; Prave et al., 2009; Stephenson

et al., 2013). The Highland Boundary Fault marks the south—east tectonic contact

between the Grampian and the Midland Valley terrane. The southernmost part of
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Scotland is occupied by the Southern Upland terrane (Figure 1.2). This study focuses

on the Outer Hebrides and on the central part of Scotland (the Grampian Highlands),

thus only geology of these two areas are presented in detail in this thesis.

1.1.1 The Outer Hebrides

The Outer Hebrides are at the western edge of the European continent and they are

dominated, both scenically and climatically, by the proximity of the Atlantic Ocean.

The Outer Hebrides, which are also known as The Outer Isles, consist of a chain of is-

lands, from Lewis in the north to the islands of Barra and Berneray to the south. During

the Caledonian Orogeny, the Outer Hebrides were part of the foreland, thus they were

largely unaffected by this tectonic event (Gordon, 2010). These Islands show a wide

variety of lithologies and geological structures, but they are only briefly described here

(Figure 1.3); a more detailed geological description is presented in chapter three. The

entire archipelago is underlain by Archaean Lewisian gneisses (The Lewisian Complex),

the oldest rocks exposed in Britain (Hurford and Green, 1982; Rainbird et al., 2001;

Goodenough and Merritt, 2007). They were originally igneous intrusions, emplaced at

around 3000 Ma; they were then metamorphosed, under increasing temperature and

pressure between 3000 and 2500 Ma (Fettes et al., 1992; Goodenough and Merritt,

2007). The most important structural feature on the Outer Hebrides is The Outer He-

brides Fault Zone (OHFZ) (Figures 1.2 and. 1.3). It can be traced for about 170 km,

along the east coast of the Outer Hebrides (Macinnes et al., 2000), and it dips towards

the east or south east (Imber et al., 2002). Even though this fault formed during the

Laxfordian event, it may have been reactivated several times, over its geological history

(Imber et al., 2001). Based on the seismic data, it intersects the Moho at 25 km depth

(Peddy, 1984).

The events that brought the deposition of a thick sedimentary sequence that was

eventually deformed and metamorphosed during the Caledonian Orogeny are scarcely

recorded on the Outer Hebrides (Watson, 1977). However, the crucial events connected

with rift spreading and the formation of new basins that started by Late Permian and

culminated with the opening of the North Atlantic Ocean at 55-53 Ma (Lundin and

Doré, 2005) have been recorded via some sedimentary rocks. These sediments form the

Stornoway Formation, fluvial deposits made up of conglomerates and sandstone, with

an apparent thickness of c. 4000 m; the thickest and coarsest conglomeratic sequence

across the British Isles (Steel and Wilson, 1975). The Stornoway Formation is located

7



Figure 1.2: Outline map of Scotland showing the main terranes and geological features
of Scotland; the boxes highlighted in blue represent the study areas. OHF: Outer
Hebrides Fault, MTF: Moine Thrust Fault, GGF: Great Glen Fault, HBF: Highland
Boundary Fault, SUF: Southern Upland Fault and IS: Iapetus Suture (sources: Emeleus
and Gyopari, 1992; Trewin, 2002)

on the isle of Lewis and is dated Permian to Triassic (Figure 1.3). Apart from this

formation, the sedimentary rocks along these isles are limited, and the only Cenozoic

record is represented by intruded basic dykes (Figure 1.2). The Lewisian basement

of the Outer Hebrides is today almost devoid of overlying Phanerozoic cover; for this

reason, they are thought to have been above sea-level for most of their Phanerozoic

geological history or, at any rate, receiving only limited thicknesses of sediment.
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1.1.2 The Grampian Highland terrain

The Grampian Highland region lies between the Northern Highland terrane and the

Midland Valley, therefore is also known as the Central Highlands. It is bound by two

major geological faults; the Great Glean Fault to the North and the Highland Boundary

Fault to the South (Figure 1.3). Although this terrane is definitely not all mountain-

ous, it contains the highest mountain in the British Isles (Ben Nevis), with an elevation

of 1344m above OD, and other high summits, reaching about 1230m (Stephenson and

Gould, 1995). This region is characterized by widespread exposures of the Dalradian

metamorphic Subgroup and Caledonian igneous rocks (Trewin, 2002; Stephenson et al.,

2013) (Figure 1.3). The Dalradian metasedimentary rocks largely started to accumulate

in a shallow marine environment by Late Precambrian and continued to be deposited

up to the Early Cambrian (Stephenson and Gould, 1995; Trewin, 2002). They were

mainly metamorphosed during the Caledonian Orogeny, from the Ordovician to Sil-

urian times (Trewin, 2002). From Late Silurian to Early Devonian, the Dalradian rocks

were intruded by a number of igneous rocks (the Caledonian igneous rocks), mainly

tonalite- granodiorite and granite, in composition (Stephenson and Gould, 1995; Miles

et al., 2016) (Figure 1.3). At about the same time, due to instability in the Earth’s

crust, basic volcanic lavas intruded the region; these can now be found in the south

west portion of this terrane (Oliver et al., 2008; Woodcock and Strachan, 2009) (Figure

1.3).

The Caledonian Orogeny was characterised by an active phase of uplift and erosion,

probably including erosion-driven uplift. Tectonic activity caused surface and rock up-

lift (Molnar and England, 1990), increasing the elevation of the landscape and bringing

to the surface the Caledonian plutons (Oliver and Trewin, 2002; Trewin, 2002). The

erosion of the Caledonian Orogeny provided the sediments that now form the Late

Devonian Old Red sandstone, a thick sequence (around 9 km in the south east Kin-

cardineshire, Midland valley, Armstrong and Paterson 1970) dominated by sandstones,

with conglomerates and clastic breccias. The Devonian sediments mainly originated

from the North Highland and Midland Valley to the south (Figure 1.3); sediments from

the Central Highland (Grampian Highland) are only found in some fault-controlled

basins onshore (Stephenson and Gould, 1995). The Grampians probably stayed above

sea level during the rest of the Palaeozoic and erosion continued; there are only small

exposures of Carboniferous sedimentary rocks, mainly in the southwest, along the High-
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Figure 1.3: Simplified geological map of Scotland, showing the main rock types (after
Gordon, 2010 with modification from Trewin, 2002, and Stephenson and Gould, 1995).
Boxes bordered by dash lines represent the study areas. The Devonian sandstones in
the legend include the Old Red Sandstone (ORS). Abbreviations as in Figure 1.2

land Boundary Fault where they lie conformably on the Devonian rocks (Stephenson

and Gould, 1995). During the Late Carboniferous and Early Permian, the Grampian
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Highland rocks were intruded by thick dykes and two dyke swarms, even though the

centre of the swarms was in the Midland Valley. Late Carboniferous-Early Permian

thick dykes of quartz diorite have been identified in the south part of the Grampian

Highland, extending to the Aberdeenshire (Stephenson and Gould, 1995; Hall and

Bishop, 2002) (Figure 1.3).

In the Central Highlands, mainly southwestward, there are also numerous thin dykes

and vents that mainly consist of alkaline lamprophyre. The Scottish Highlands were

above sea-level also in the Permian and Triassic, as sediments of this age reached the

coast of the Moray Firth basin in the east (Hall and Bishop, 2002). Jurassic rocks

mainly have been found in the basins around Scotland (Stoker et al., 2017), and the

exposed Jurassic sediments mainly consist of continental sandstone observed along

the west and east coast border of the Scottish mainland. Cretaceous sequences have

not been recorded in the Grampian Highland, however, they have been identified in

the basins, to the north and east of the region (Stephenson and Gould, 1995; Stoker

et al., 2017). From Early Palaeogene to Neogene the Scottish Highlands must also

have been above sea level, little evidence of deposits remain apart from some deep

weathering profiles and gravels, which may have been originally fluvial deposits, in the

north east of the Grampian Highland and they are interpreted as being Neogene in

age (Stephenson and Gould, 1995). Many, mainly basaltic, dyke swarms associated

with the Early Palaeogene volcanic centres that define the British Palaeogene Volcanic

Provinces, cross-cut the Grampian rocks (Figure 1.2) and (Figure 1.3).

1.2 Main tectonic events in Scotland

Given its long geological history, Scotland has experienced many tectonic events that

led to the assemblage of the five terranes described above (Figure 1.2); here a brief

summary of these main tectonic events is reported.

1.2.1 Proterozoic Supercontinents and their break-up (1000-

550 Ma)

Nearly 1000 Ma ago, the surface of the Earth consisted of one supercontinent, called

Rodinia. Rodina was made of several blocks; Laurentia including northern Scotland at

its centre, East Gondwana at the south margin, Baltica and Siberia to the north and

other smaller continents (Woodcock and Strachan, 2009). At that time at least part of
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the northern Scotland was accumulating sediments derived from the erosion of Grenville

Orogeny (around 1300-1000 Ma); these deposits are now the Torridonian sandstone,

especially the upper part of Torridonian (Sleat and Torrdon Groups), and the original

sedimentary sequence of the Moine group (e.g. Trewin, 2002). The supercontinent

Rodinia started to break up in the Neoproterozoic (at around 750-700 Ma) (Figure 1.4

A), with the opening the proto Pacific Ocean along the East Gondwana and Laurentia

continents. Northern Scotland became part of the East edge of the Laurentia plate,

positioned south of the Equator (Figure 1.4 B). The position at the margin of the

continent, meant that the area that is now Scotland was characterised by the deposition

of shallow to deep marine sediments, which are now found, metamorphosed, in the

Dalradian group, and in the Cambro-Ordovician sedimentary rocks (Trewin, 2002;

Chew and Strachan, 2014).
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Figure 1.4: Palaeocontinental reconstructions and location of Scotland through a large
part of the geological time
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Figure 1.4: Palaeocontinental reconstructions and location of Scotland through a

large part of the geological time. Symbols of rifting zones and ocean openings and

subduction zones have been shown together with Scotland’s location in the legend.

Arrows in Figure 1.3 A, I and J show the direction of plate movements (after Gordon,

2010 modification from Woodcock and Strachan, 2009).

1.2.2 Caledonian and Variscan Orogeny (550-300 Ma)

In Early Cambrian to Early Ordovician, the Iapetus Ocean developed between Lau-

rentia and Gondwana (McKerrow, 1988; Chew, Stillman, Holland and Sanders, 2009)

(Figure 1.4 C). During this period northern Scotland was part of Laurentia, but Eng-

land and Wales were part of a microcontinent to the south, called Avalonia. This

microcontinentwas originally part of Gondwana, but it moved northward, away from

it and closer to Baltica and Laurentia (Verniers et al., 2002) (Figure 1.4 D and E),

and closing the Iapetus Ocean occured. It is this closure that is responsible for the

Caledonian Orogeny, arguably the most important tectonic event, still visible in the

rock record (and the landscape) in Scotland.

The Caledonian Orogeny is a series of events which relate to the closure of the Iape-

tus Ocean and the collision of arc, microcontinental and continental terranes with the

Laurentian margin started in the Late Cambrian and continued until Early to Mid

Devonian (McKerrow et al., 2000; Chew, Stillman, Holland and Sanders, 2009). The

main phases of this Orogeny involved the Grampian, the Scandian, and finally the

Acadian events (Miles et al., 2016).

The Grampian event (475-460 Ma) resulted from the collision of the intra-oceanic is-

land arc, which had formed earlier due to the subduction of the Iapetus oceanic crust,

with Laurentia (Dewey and Shackleton, 1984; McKerrow et al., 2000; Chew, Stillman,

Holland and Sanders, 2009). The Grampian event mainly affected the rocks that were

located on the passive margin of Laurentia, thus northern Scotland, specifically the

Northern Highlands and the Grampian Highlands (Chew, Holland and Sanders, 2009;

Bird et al., 2013). At that time, the Dalradian sedimentary rocks were buried in the

lower crust and metamorphosed due to high temperature and pressure; these metamor-

phosed rocks now cover most of the Highlands, particularly the area south of the Great

Glen Fault. This first phase of collision was associated with igneous intrusion, largely

S-type granites emplaced in the north-western Highland Terrane (Trewin, 2002; Miles

et al., 2016). The Grampian event also involved emplacement of significant volumes of
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mafic magma into the Grampian (Central) Highlands and the Northern Highland dated

c. 475–460 Ma obtained from Lu–Hf and Sm–Nd prograde garnets in metasedimentary

successions and metabasic intrusions within the Northern Highland and Grampian ter-

ranes (Bird et al., 2013).

The later continental-continental collision (Scandian event), between Baltica and Lau-

rentia, occurred at around 430 Ma (Miles et al., 2014). During this event several de-

formational processes occurred in the Northern Highland terrane, including the meta-

morphism of the Moine sedimentary rocks (Chew and Strachan, 2014), but its effect

was limited in the Grampians (Appleby, 2008). This difference suggests that these

two terranes, now in contact along the Great Glen Fault, were separated from each

other by, possibly, several hundred kilometres (Dewey and Strachan, 2003). Strike-slip

movements must have brought the two terranes together (Figure 1.5), probably due

to the ‘docking’ of the major continents; sinistral movements along the Great Glean

Fault between c. 425 and 400 Ma may be evidence of this event (Gordon, 2010; Miles

et al., 2014). The final phase of Caledonian Orogeny is called Acadian and involved the

continent-continent collision between Laurentia, Baltica and Avalonia. Its onset was

about 400 Ma and continued to end of Early Devonian Woodcock and Strachan (2009);

Miles et al. (2016). The associated deformations were mild in Scotland and Britain,

and only locally present (e.g. Bradley, 2000; Murphy and Keppie, 2005). The complete

closure of the Iapetus Ocean brought the three continents together and the separation

between Laurentia (Scotland) and Avalonia (England and Wales) can be seen in the

Iapetus suture zone (Figure 1.4 F). By the end of the Devonian, with the closure of

the Iapetus Ocean, the main skeleton of Scotland, including its main geological compo-

nents, was in place (Figure 1.4 F). The Caledonian Orogeny drove an important phase

of uplift and the building of a mountain belt, called the Caledonies that extended from

Scandinavia, through Greenland and North America. In the present day, the eroded

roots of these mountains are exposed in Scotland, particularly between the Great Glean

Fault and Highland Boundary Fault (Stephenson and Gould, 1995).

The closure of the Iapetus Ocean the continental collision between Laurentia, Aval-

onia and Baltica caused the formation of a new continent, called Laurussia, which

was separated from Gondwana (including South America, India, Australia, Africa and

Antractica) by the Rheic Ocean (Figure 1.4 F). At around 370-390 Ma, this ocean

also closed, resulting in the Variscan Orogeny (Woodcock and Strachan, 2009) and the

formation of Pangea (Figure 1.4 G). The Variscan Orogeny, which continued into the
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Figure 1.5: Schematic reconstruction showing movement of continents during the final
stage of Caledonian Orogeny and the assembly of the major geological terrains along
major strike-slip faults. A and B show the continent reconstruction between 420 and
400 Ma when oceanic areas are narrowing and it results in closure of Iapetus Ocean at
around 400 during Acadian event (from Stephenson and Thomas, 1999)

Permian, until ∼290 Ma, resulted in a mountain belt that run across central Europe,

North America and North Africa (Woodcock and Strachan, 2009). During this period,

northern Britain was in the foreland of the Variscan mountain belt, barely affected by

the tectonic deformation (McCann et al., 2006).

1.2.3 Late Palaeozoic to Late Cretaceous Rifting

Generally, from Late Carboniferous to Late Permian, the Pangaea supercontinent

stayed intact, but areas of lithospheric thinning and incipient rifting started to de-

velop and these would be the lines along which Pangea would eventually break-up

(Woodcock and Strachan, 2009). This incipient rifting, which started as early as Early

Permian and is evidenced by the formation of grabens, is often related to the thermal

relaxation that followed the main phase of compression and the building of the super-

continent (Trewin, 2002).

During the Late Permian to Triassic, major faulting and subsidence drove crustal

stretching and the formation of many intracontinental basins; examples of these in
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Scotland include the Minch and the Sea of Hebrides basins in the northwest (Hitchen

et al., 1995), and the Moray Firth basin to the East (Figure 1.6) (Trewin, 2002). These

basins accommodated the deposition of Permo-Traissic sediments, mainly gravel and

sand, which were sourced from the Scottish Highlands, demonstrating that the lat-

ter were above sea level at that time (Hall, 1991; Hall and Bishop, 2002; McKie and

Williams, 2009). Even though the Late Permian-Early Triassic is marked as the be-

Figure 1.6: Map of the offshore basins mentioned in this study adjacent to the British
and Scotland massifs (adopted after Hall and Bishop, 2002; Trewin, 2002)

ginning of the break-up of Pangaea, the main phase of the break-up started in Early

to Mid Jurassic, with rifts along the Norwegian-Greenland margins , which extended

south to the Rockall-Faroe Basin. In the Late Jurassic (∼165 Ma) the southern Atlantic
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Ocean starting to open, separating South America from Africa (Figure 1.4 H). Towards

the north Atlantic region rift spreading continued; in Early to Late Early Cretaceous

continental rifting developed in three episodes from south to the north (Louden and

Chian, 1999); it starts from the south where a rift separated southern Grand Bank from

Iberia (Gallagher and Brown, 1999), and a rift stretched its axis from south Rockall to

Loften margin in Norway (Meyer et al., 2007), and the same time a rift developed with

Figure 1.7: Schematic shows paleogeographic recon-
structions of NW Europe (from Holford et al. 2009)
with plus and minus signs representing the areas
which undergoing uplift or subsidence/burial during
100-120 Ma.

northwest-southeast axis from

Iberia to Newfoundland margins

to where Larador Sea formed

later. Crustal stretching and ex-

tension along the NE Atlantic

margin in Early Cretaceous (at

around 120 Ma) have been risen

as regional cause of uplift along

the south of Bratian to the

north (Holford et al., 2009) (Fig-

ure 1.7). By Late Cretaceous

(∼ 80 Ma) the North Atlantic

Ocean was in-between Eurasia

and Greenland and, the rift of

the Arctic and Atlantic oceans

were connected (Woodcock and

Strachan, 2009) (Figure 1.4 I).

At about the same time, Africa

and India started to move north,

colliding with Eurasia, involving microplates and eventually producing the Alpine

Orogeny (Figure 1.4 I). Both the Late Cretaceous Alpine collision and the continu-

ous crustal stretching that eventually brought to the opening of the North Atlantic

Ocean at around 53 Ma (commenced between Scandinavia and Greenland) (Figure 1.4

J) (White et al., 1997; Meyer et al., 2007; Saunders et al., 2007) have been associated

to the Late Cretaceous and Early Cenozoic uplift in Scotland (Holford et al., 2009,

2010; Fame et al., 2018).

18



1.2.4 Late Cretaceous and Early Cenozoic

Along the North Atlantic, rifting and crustal stretching had started in the Late Palaeo-

zoic and continued into Cenozoic (Woodcock and Strachan, 2009), but it is at 55 Ma

that the first oceanic crust is produced (White, 1997; Lundin and Doré, 2005; Doré

et al., 2008; Gaina et al., 2017). Scotland and England became part of the NE At-

lantic passive margin, thus they should have experienced significant amount of uplift

and denudation at the time of the formation of the rift shoulder. However, along the

North Atlantic region Early Palaeogene uplift has been widely identified, both off-

shore and onshore (Mackay et al., 2005; Doré et al., 2008; Anell et al., 2009), prior

to the opening of the ocean at 55 Ma. For example, backstripping studies in the

North Sea (Nadin et al., 1995), showed that, following a syn-rift Late Jurassic subsi-

dence, by Early Palaeogene, the sedimentary sequence had experienced exhumation,

but this uplift event had already phased out by Early Eocene. Analyzing borehole

data from Moray Firth Basin shows that the vertical motion which occurred in Early

Cenozoic is not related to rifting but is likely related to initiation of Iceland mantle

plume (Mackay et al., 2005). Early Palaeogene uplift has also been observed within

the biostratigraphic framework in the North Sea (Milton et al., 1990) where layers of

coal and lignite have been recorded within the continental shelf area. Early Palaeogene

uplift has been observed in many other basins along the NE Atlantic margin (Joppen

and White, 1990). This period of uplift and exhumation, which pre-dates the open-

ing of the Atlantic Ocean, has been often attributed to the arrival of the proto-Island

plume, which affected the entire area between Norway, Greenland and north Britain.

Geological evidence for the arrival of the plume are the widespread igneous activity

with a primitive mantle isotopic signature (Stuart et al., 2003) and the change from

brittle to more ductile conditions of rifting along the Norwegian margin in the Vøring

Basin (Ren et al., 2003). Uplift and exhumation slightly pre-dating ocean spreading

has also been suggested onshore in south eastern Greenland (Swift et al., 2008), West

Greenland (Japsen et al., 2005), Scandinavia (Faleide et al., 2002; Nielsen et al., 2002),

and Britain, including Scotland (Green, 1986; White, 1997; Jones et al., 2002; Anell

et al., 2009).

In Early Cenozoic, NW Scotland recorded voluminous magmatic activity known as

the British Palaeogene Igneous province (BPIP), dated, using zircon U/Pb and (U-
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Th)/He ages, between 62.6±0.3 and 55.6±0.2 Ma (Dobson et al., 2010). This activity

is part of an even bigger basaltic province that affected all the North Atlantic and is

called the North Atlantic Igneous Province (NAIP). This igneous activities which have

been linked to initiation of Iceland mantle plume (White et al., 1997; Kent and Fitton,

2000; Ganerød et al., 2010; Spice et al., 2016; Łuszczak et al., 2018) can be traced

from Greenland to Faroes, NW Scotland, to Ireland based on recent geopgisical data

(Al-Kindi et al., 2003) (Figure 1.8). This igneous activity resulted in widespread in-

trusion and extrusive magmatism (Doré et al., 1999), an elevated geothermal gradient

(e.g. Green, 2002; Persano et al., 2007), and thickening of the crust in the Green-

land–Scotland ridge (Stoker et al., 2005a,b,c). Some of the earlier thermochronological

studies (e.g. Clift et al., 1998; Persano et al., 2007; Cogné et al., 2016; Łuszczak et al.,

2018) have linked Early Palaeogene uplift in the north west of Britain and Scotland to

proto Iceland mantle plume, which would have cause mantle upwelling (convective or

dynamic), and possibly magmatic underplating within or at the base of the continental

crust (McKenzie, 1984; White et al., 1997; Lovell, 2010). Although numerous studies

have linked the Early Palaeogene uplift and denudation to the proto-Iceland plume,

other mechanisms have been suggested, in particular the far-field stress effect from the

opening of North Atlantic ridge (e.g. Holford et al., 2010; Fame et al., 2018).

Holford et al. (2010) used AFT data combined with VR to suggest that early Cenozoic

uplift affected a large area, but its onset and magnitude and time were spatially vari-

able, from around 80 to 55 Ma. They interpreted the 60 Ma AFT ages as the result

of the thermal effects of the igneous Palaeogene activity, and the other ages, either

younger or older than 60 Ma as indicating denudation related to intraplate stress and

compression inboard of the Mid-Atlantic Ridge. More recently study of Fame et al.

(2018) correlated the spatial variation of the AHe ages, roughly increasing from west

to east, to the development of the passive margin and to local heterogeneities, such

as localized magmatic heating, far-field intraplate tectonics, and position relative to

reactivated intraplate faults.

Both studies have criticized the earlier detailed study (Persano et al., 2007) for link-

ing uplift in Scotland to the proto-Iceland plume and magmatic underplating. Persano

et al. (2007) for the first time combined low temperature thermochronology techniques,

including AFT and AHe, on two, strategically positioned vertical profiles. Their data

showed a pattern of decreasing denudation from the NW to the interior part of Scot-

land; the main criticism is related to the interpretation of the AHe ages, for which
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Figure 1.8: North Atlantic plate reconstruction to 60 Ma with simplified seafloor. A)
shows schematically plate reconstruction to 60 Ma and the magmatic activity from
the west of Greenland to Scotland and Ireland and the associated dikes trending NW
and SE in the British Volcanic Province ((sources: Lundin and Doré, 2004; Nielsen
et al., 2007). B) Proposed magmatic underplating in the North Atlantic region in
Early Palaeogene by Al-Kindi et al. (2003).

a Durango-like diffusion pattern was assumed, without taking into account radiation

damage that more recent studies have demonstrated been an important control on He

diffusion (e.g. Flowers et al., 2009; Gautheron et al., 2009).

One of the objectives of this study is to constrain the effect that radiation damage and

broken crystals have on the interpretation of the AHe ages by using the algorithms of

Flowers et al. (2009), Gautheron et al. (2009), Farley (2000) and Brown et al. (2013)

to include the effect of broken grains. The data were modelled, using the most recent

version of QTQt, version 5.7.0, (the first ‘QT’ stands for Quantitative Thermochronol-

ogy and the second ‘Qt’ is the name of the software library used to build the graphical

user interface of the software Gallagher 2012). Early studies (e.g. Hurford, 1977; Lewis

et al., 1992; Clift et al., 1998; Thomson et al., 1999; Jolivet, 2007; Holford et al., 2010)

have used only AFT data to constrain landscape evolution in Scotland. Based on their

published thermochronology data, the rocks now at the surface were, by Early Palaeo-
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gene, at temperatures of around 60 oC or, sometime even colder, which is beyond the

sensitivity of this technique (±110 to 60 oC) (Reiners and Brandon, 2006), therefore,

AFT alone cannot provide precise information. The most recent study (Fame et al.,

2018) used only AHe ages. Thermal models built only on AHe data have been always

questioned as the same age can be produced by completely different thermal histories;

this approach is particularly difficult in areas, like Scotland, where rocks now at the

surface have spent a long time in the shallow crust, as elucidated by the elsewhere

available AFT data. AHe ages only can be used in thermal modelling effectively only

if a high number of grains has been analysed; in this case, the dispersion of the AHe

with grain size, radiation damage ad crystal shape may be used to further constrain

the t-T path. However, Fame et al. (2018) analysed generally 5 grains per sample and

the up to 50% age dispersion cannot be exhaustively justified.

For all the reasons cited above, this study uses both techniques AFT and AHe; when

the thermal models derived from both datasets are compared to those constrained only

using AFT data, the weakness of using only one technique becomes apparent. This

study also applies the vertical profile sampling strategy across the Scottish Highland;

the merits of vertical profiles are discussed in details in chapter 3. The possibility, of-

fered by QTQt (Gallagher, 2012) to model samples from a vertical profile all together,

significantly increase the resolution of the derived thermal histories, when compared

to the results obtained from one sample only.

1.3 Geomorphology

Until recently, it was thought that pre-glaciation relief development of the Scottish

Highlands was largely the result of denudation in the late Palaeogene (Hall, 1991). It

was thought that Early Palaeogene uplift and dissection occurred on such scale as to

preclude the survival of any pre-existing relief across the Scottish Highlands (George,

1974; Sissons, 1976).

Hall (1991) stated that the Palaeogene uplift of the landmass of Scotland, which

was accompanied by the volcanic activity along the western seaboard, was greatest

in the west and it involved regional tilting of the landmass to the east (Ringrose and

Migoń, 1997). Denudation was significant in the west during this event, especially in

the areas around the Palaeogene igneous centers. However, other work has argued that
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Palaeogene uplift and denudation was highly localized by differential movement and

is not applicable throughout the rest of the Scottish Highlands. Instead, indicators of

post-Caladonian erosion level (Watson, 1985), and approximate estimates of erosion in

the Palaeogene, show that in several areas the cummulative amount of crustal stripping

is less than 1 km since the Palaeogene, especially, in the east of the Grampian Highland

(e.g. Buchan, apparently remained stable). This evidence, plus the survival of some

pre-Palaeogene relief elements seems to contradict this view and suggests that relief

development extends back to at least 400 Ma.

A key element in the landscape which has survived multiple glacial periods, al-

though they were modified to varying extents these, are low relief erosion surfaces

(Hall, 1991). These erosion surfaces have been recognized in many parts of the land-

scapes of Scotland by some workers, e.g. (Hall, 1991). These surfaces of low relief are

not ubiquitous, however, and large areas consist of ridge and valley terrain in which

the recognition of former erosion surfaces relies rather dubiously on the correlation of

widely-spaced and often restricted flats, together with isolated summits. Early studies

on the Scottish Highlands (e.g. Fleet, 1938; Haynes, 1983) defined erosion surfaces by

interpolating between isolated surface fragments which have the same height and thus

they can be correlated. Apart from the uncertainty involved in correlating isolated

elements of a landscape simply because they are at a similar elevation a major flaw in

this approach is that any differential incision by post planation erosion will cause dif-

feretnial isostatic rebound and will therefore change relative heights of these landscape

remnants.

In Scotland, the most extensive low relief erosion surfaces have been identified in

the east. For instance, two erosion surfaces have been recognized; one occurs between

760 m and 880 m above which monadnocks rise to over 1200 m at Ben MacDui (1265

m), Cairn Toul (1247m) and Cairngorm (1201m). The second, a partial planation fea-

ture has been observed between 250 and 300 m. The upper surface has been referred

to as the Grampian main surface (Bridges et al., 1990). In the west Highland, these

erosion surfaces can also be seen in places, and their relative relief has remained high

throughout the Palaeogene because of differential movements of considerable magni-

tude between the margin and the Minch basin (Hall, 1991).
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An early study on the of Scotland (Godard, 1969) has defined five regional erosion

surfaces based on height, morphology and lithological structural relationship. How-

ever, Hall in 1991 stated that only two of them can be assured because of the number,

proximity and extent of surviving fragments. The rest are doubted because they vary

considerably in elevation. Therefore, Hall in 1991 assumes that there is a potential for

two regional surfaces in the North.

More over, the Early Palaeogene uplift in the west and tilting of the landmass to

the east led to the location of the main pre-glacial watershed in the West Highlands,

with longer easterly directed rivers and short, steep westerly directed ones. In the

Cairngorm, the overall form of the massif and the precursors of the present glens prob-

ably date back to the time when the granite mass was initially unroofed during the

Devonian (Thomas et al., 2004).

Generally, it appears that the Scottish land mass has experienced several episodes

of uplift and erosion, especially a significant one in Early Palaeogene. The latest

glaciation phase in the Quaternary (c, 2.5 Ma) has left a distinctive signature in the

present landforms. However, notwithstanding some problems with the way in which

erosion surfaces have been defined, and therefore whether they ever existed at all, the

legacy of the underlying regional geological structure and pre-glacial landforms are

still likley evident in the landscape of Scotland today. The focus in this thesis is to

attempt to rigorously quantify the timing and spatial pattern of erosion across the

Scottish landscape, and these data will be used to evaluate possible models or modes

of landscape change that are compatible with these data.

1.4 Thesis Outline

Below is a summary of the main contents of the other chapters in this thesis:

Chapter 2 provides a brief introduction to AFT and AHe analyis techniques, and since

the most recent LA-ICP-MS fission track technique has been used, together with EDM,

a technical summary on both methods has been provided.

Chapter 3, after a brief account of the geology, presents the new thermochronomet-

ric data from both study areas (The Outer Hebrides and the Grampian Highlands),

including the vertical profiles (Ben Nevis, Aonach Mor, Ben Starav, Lochnagar, and
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Beinn Mhor). The accuracy and precision of the data is discussed and the key factors

controlling the AFT and AHe age dispersion are evaluated.

Chapter 4 presents the results of inverse thermal history modelling; t-T paths are

presented for individual samples and for the five vertical profiles.

In chapter 5 the thermal histories previously presented are discussed within the

geological framework of both study areas. Thermal histories are then converted to

crustal denudation constraints, which are compared to the already available data sets

to better assess which tectonic events have affected the Scottish landscape particularly

in the Early Cenozoic.

Finally, chapter 6 presents the main conclusions of this work and the questions that

still remain open.
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Chapter 2

Low Temperature Thermochronology

2.1 introduction

Geochronology and thermochronology use the radioactive decay of a parent nuclide

and the accumulation of a corresponding daughter product to date either the crystal-

lization or cooling age of a mineral. The basic principle behind thermochronology is

the decay of different radioactive isotopes and the thermally controlled accumulation

of the decay products (e.g. Braun et al., 2006; Reiners and Brandon, 2006). Radio

isotope production is a function of time and, accordingly, a thermochronometer re-

ports the last point in time when a certain mineral within a rock experienced a certain

temperature; and hence because temperature increases with depth within the crust

thermochronology is suitable for deciphering the timing and rate of crust removal. The

parameter that mainly controls the retention of daughter products within a particular

mineral is temperature; for any given mineral, there will be a temperature below which

the daughter is retained (closed system), whereas at higher temperatures, the daughter

will still be produced, but it will diffuse out of the crystal lattice (open system) (Braun

et al., 2006). Dodson (1973) described the retentivity of individual systems and defined

the temperature below which the daughter isotopes are retained as the ‘closure tem-

perature’; this is mainly a mathematical concept, which can only be accurately applied

to minerals that have cooled rapidly, or at least monotonically, like lava flows. As the

closure temperatures depends on both the radiogenic system and the host mineral, the

thermal history of rocks can be fully investigated, using different radiogenic systems in

different minerals (Figure 2.1). The suitable minerals for geo- and thermochronology

are those which can incorporate radioactive isotopes into their crystal lattice; the most

commonly used are zircon, apatite, titanite, monazite, hornblende, biotite, muscovite

26



and K-feldspar.

In low temperature thermochronology, which provides information on the cooling within

the upper crust of the Earth (typically between 40 and 125◦C) (Rahn et al., 2004; Lisker

et al., 2005), the concept of closure temperature can rarely be accurately applied. In

the shallow crust, usually rocks cool slowly, as they move toward the surface because of

tectonic processes (e.g. faults) and/or denudation. In these cases, the diffusion process

cannot be described by an on-off switch, as in the case of Dodson (1973), but by a tem-

perature range, which encompasses the closure temperature, over which the daughter

isotope is progressively retained, until the mineral lattice becomes a completely close

system. In (U-Th)/He and fission track thermochronology (Figure 2.1), this tempera-

ture range is called the Partial Retention Zone (PRZ) and the Partial Annealing Zone

(PAZ), respectively (e.g. Peyton and Carrapa, 2013).

Figure 2.1: Thermochronometers commonly used in geological investigations and the
estimated closure temperature for each of them taken from (Reiners et al., 2005).
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In this study, low temperature thermochronology (LTT) methods, namely apatite

fission track (AFT) and apatite (U-Th-Sm)/He (thereafter AHe) analysis are used to

constrain thermal histories and investigate the upper crustal tectonic events and surface

processes across the Scottish landscape, from the Outer Hebrides towards the Grampian

Highland terrane. The following sections provide brief descriptions of the techniques,

the main issues affecting data quality and examples of common applications.

2.2 Apatite fission track thermochronology

2.2.1 Introduction

Apatite is a widely employed mineral in thermochronological studies; it can be found in

igneous, metamorphic and clastic sedimentary rocks, and it usually contains, in mea-

surable concentrations, the radioactive elements of uranium and thorium (Donelick

et al., 2005; Chew and Donelick, 2012). Apatite is used as a target mineral in Lu–Hf

geochronology (Barfod et al., 2003), and in U-Pb dating, with a closure temperature of

ca. 450–550◦C (Chamberlain and Bowring, 2001), and in fission track and (U–Th)/He

thermochronometry. Latent fission tracks were actually first observed in muscovite

using a transmission electron microscope; apatite fission track was introduced as a ra-

diometric dating approach by Price and Walker (1963). Since then, many experiments

and detailed studies have developed our understanding of the process of fission track

formation and annealing in different minerals including, zircon, apatite and titanite

(Gallagher et al., 1998; Tagami and O’Sullivan, 2005).

The apatite fission track dating method has been the most used technique for recon-

structing the low-temperature thermal histories of the upper crust. Fundamentally

this dating technique relies on the analyses of the damage trails (or tracks) left by the

spontaneous fission decay of 238U in the lattice of minerals (Price and Walker, 1963;

Fleischer et al., 1975). The most commonly used targets are zircon, apatite and titan-

ite, mainly because these minerals have a concentration of U high enough (typically

>10 ppm) (Chew and Donelick, 2012) to create a meaningful quantity of spontaneous

tracks over geological time.
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2.2.2 Fission track formation

Figure 2.2: Cartoon showing the track
formation process (Fleischer et al.,
1975), (a) Crystal lattice with spon-
taneous fissions of 238U producing two
positively charged particles. (b) De-
fects and vacancies are formed due to
Coulomb repulsion. (c) In the crystal
lattice when the fission particles slow
down and come to rest, the damage
trail is left and is called a fission track)

The theory of track formation, the so-called

‘ion explosion’, was first proposed in the 1960s

(Fleischer et al., 1965a). Based on this the-

ory, tracks are formed as a result of atomic

fission (Figure 2.2). The spontaneous fission

tracks occur in heavy nuclides of several el-

ements, such as, 238U, and 232Th; when fis-

sion tracks are used as radiometric systems,

only 238U is considered because, given its nat-

ural concentration and half-life, is the only iso-

tope that would produce a significant number

of tracks within the mineral lattice (Wagner,

1992). During the spontaneous nuclear fission

process a heavy nucleus breaks down into a

pair of roughly similar size daughter nuclides.

This process is associated with the release of

200 Mev energy, the majority of which is ki-

netic and is transferred to the new nuclides

that travel across the mineral lattice in op-

posite directions, as they are both positively

charged (Figure 2.2 a, Fleischer et al., 1975;

Tagami and O’Sullivan, 2005). During their

movement, the length of which depends on the

host mineral (about 7 µm in apatite), the frag-

ments interact with atoms within the crystal

lattice, causing ionization by stripping away

electrons (Figure 2.2 a). Due to the Coulomb

force repulsion, the newly ionized atoms move

slightly away from each other, causing a dis-

ruption of the crystal lattice (Figure 2.2 b), which remains as a trail damage, called a

fission track (Figure 2.2 c). Fission tracks in 3D have the shape of a spindle (i.e. wider

in the centre than at their tips) because, as the fission-produced fragments interact
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with the atoms of the crystal lattice, they lose energy, until they come to a stop (Fig-

ure 2.2 C). The stability of fission tracks depends on temperature and ‘holding time’,

i.e. for how long a track is kept as a certain temperature. If the temperature is high

enough, atoms may return to their original position and the damage is repaired; this

process is called ‘track annealing’ and it is fundamental in thermochrological studies:

section 2.2.3 briefly explains this process.

2.2.3 Track length stability (annealing) and track length dis-

tribution

Fission tracks initially form with the same length, for example, in apatite the initial

track length is less than 20 µm and 3 to 14 nm wide (Paul and Fitzgerald, 1992);

as they are so small, they can only be observed using a scanning electron miscrosope

(SEM). In low temperature thermochronological studies, it is normal procedure to

‘etch’ a polished section of a crystal, i.e. to attack the mineral with an acidic solution,

to reveal the tracks and make them visible, using a normal petrographic microscope;

tracks are enlarged both in terms of their width and length. Tracks that are formed

in a reactor by inducing fission of 235U atoms have etched track lengths of c. 16.3

± 1 µm in apatite and c. 11.28 µm in zircon (Gleadow et al., 1986). The exact

value of the length depends on the etching conditions, i.e. the concentration of the

acidic solution, the temperature at which etching has been performed and the duration

of etching (i.e. for how long the mineral has been immersed in the acidic solution).

In the early investigation, laboratory experiments demonstrated that, as temperature

increases, tracks are shorten until they, eventually, disappear. This process at the

beginning seemed to hinder the utility of this method, as the fission track age was

strongly dependant on the temperature experienced by the hosting rock, but it became

a great advantage as annealing can be used to reconstruct the thermal history of the

rock, crucially, integrated over the temperature range at which track anneal over the

geological time scale (Fleischer et al., 1964).

Tracks are created by the fission of the 238U atoms at any time and they experience

different grades of annealing, depending on the length of time they spent at different

temperatures, within the PAZ (Figure 2.3). By measuring the length of a significant

number of tracks (usually 100), the rates at which the rock passed through the PAZ

can be reconstructed (e.g. Donelick et al., 2005). If, for example, a rock was rapidly

cooled and spent a short time in the PAZ, all the tracks retained by the mineral will be
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long, as they would have experienced very little annealing; the track length distribution

will be strongly unimodal, with a mean long track length (in apatite, around 14.5 µm)

and a small standard deviation of the mean (Figure 2.3 C). If, however, the rock has

experienced slow cooling, the tracks that formed since the rock entered the PAZ would

have been strongly annealed, whereas the tracks formed later would have experienced

less and less annealing as the rock was being transported toward the surface; tracks

that formed when the rock was already at temperatures cooler than the PAZ would

be long, having experienced no annealing. In this case, the mean track length will be

shorter (12-13 µm) with a wide standard deviation and no defined mode. Track length

distributions, therefore, can be successfully used to provide quantitative information

on the thermal history rocks, integrated over the time spent in the PAZ.

Figure 2.3: The concept of the partial annealing zone Partial (PAZ) formed over the
time period “t”. a) shows the shape of PAZ during relative thermal and tectonic
stability. Asterix represent sample locations which they currently at depth. Following
a period of rock uplift and denudation, high relief topography is generated, the samples
reached to the surface and it also resulted in exhumation in PAZ (b). The exhumed PAZ
may be revealed in the age-elevation profile, particularly, when samples are collected
along the exhumed PAZ (fossil PAZ) with respect to elevation on the surface. c)
Shows track length distribution along the age-elevation profile (coloured in red box on
b). Along the vertical profile the track length distribution below the break (marked
as a purple asterix in b, and c) are mostly new tracks and representing the cooling
event time. They are unimodal because they have experienced the rapid cooling event
that exhumed the PAZ, with a long mean track length and narrow standard deviation.
Samples that, at the time prior to the rapid cooling event were already in the PAZ
have track length distributions that consist of two groups, tracks are formed prior to
the cooling event are coloured in dark yellow, and tracks are formed after cooling are
longer and coloured in light yellow (after Fitzgerald and Malusà, 2019).
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In practice, roughly 100 confined tracks need to be measured in order to obtain a

statistical significant track length distribution. Confined tracks are those located in

the interior of the crystal that do not intersect the polished surface and for which both

their ends can be observed completely after etching (Figure 2.4) (Gleadow et al., 1986;

Tagami and O’Sullivan, 2005). These tracks become etched, and they are connected to

the polished surface of the crystal. They are either intersect a cleavage plane (Track IN

Cleavage, TINCLE), or another track (Track IN Track, TINT) (Bhandari et al., 1971).

For accurate results, tracks also need to be horizontal, i.e. parallel to the surface

because they can be measured accurately. Therefore, tracks which their lengths are

’projected’ on the polished surface are not measured. As confined, horizontal tracks are

not very common, efforts have been made to utilize also tracks that are not horizontal,

by correcting their projected length using the angle between the track and the polished

surface (Gleadow et al., 2019). These researchers have also tried to utilize the length of

‘semi-track’, i.e. tracks that have been cut by the polishing processes; as they are much

more abundant than the confined ones, their maximum value can be used as a statistical

tool to estimate the minimum length and, therefore, the maximum annealing. Given

the un-isotropic nature of track annealing, the length of horizontal, confined tracks

need also to be corrected using the value of the angle between the track and the crystal

c-axis; in this way, the lengths are normalized as if all the measured tracks were parallel

to the c-axis, the direction along which annealing is maximum (Gleadow et al., 1986).

Figure 2.4: A cartoon illustrating track types. Confined tracks which are tracks-in-track
(TINTs) and tracks-in-cleavage (TINCLEs), and semi-tracks with projected length (or
surface racks) (from Hurford, 2019)
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2.3 Fission Track Dating methods

Similar to other radiometric dating system, low temperature thermochronology is based

on the principle of the radioactive decay (equation 2.1) which describes the decay of

unstable radiogenic mother isotope (Np) to measurable daughter products (Nd);

Nd = Nd,0 +NP (eλt − 1) (2.1)

where;

Nd = Current number of daughter nuclides (or radiation damages).

Nd,0 = number of daughter atoms at time zero (often negligible).

Np = Current number of parent nuclide.

λ = Decay constant of the parent isotope.

t = Time since decay started.

In thermochronology, the number of daughter isotope at time zero is considered to be

zero, as the daughter is not retained in the crystal at temperatures hotter than the

closure temperature. In order to obtain the time since the mineral has started to retain

the daughter isotope, equation 2.1 can be rearranged as follow:

t =
1

λ
ln

(
Nd

NP

+ 1

)
(2.2)

where:

t = time since the system passed through the closure temperature

λ = decay constant of the parent isotope

Nd = number of atoms of the daughter isotope

Np = number of atoms of the parent isotope

In fission track dating system, the "daughter” is the fission tracks, so rather than

number of nuclides, the equation utilizes the number of tracks that are counted under

a microscope. The parent isotope 238U decays by spontaneous fission and alpha (α)

mission (Tagami and O’Sullivan, 2005), therefore the total decay constant of 238U (λ)

involves the decay constant of spontaneous fission (λf ) and the decay constant of α

mission (λα) (i.e λ = λf + λα), and the fission track age equation becomes:

t =
1

λ
ln

(
λ

λf
× Ns

238U
+ 1

)
(2.3)
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In this equation, the spontaneous fission decay constant (λf ) is known but is uncertain

(∼ 7.5*10−17 yr−1), the total decay constant (λ) of 238U is well known (1.55125 *10−10

yr−1, note because (λα) is far bigger than the constant of spontaneous fission (λf ),

(λ) is stated equal to (λα). In equation 2.3 the number of spontaneous tracks (Ns)

can be determined by counting tracks intersecting a polished surface of a grain, but

determining the 238U content is more complicated. Currently there are two methods

to measure the 238U concentration in samples; the external detector method (EDM)

and the Laser Ablation Inductively Coupled Mass Spectrometry (LA-ICP-MS). In this

study both have been performed because in the middle of my PhD the University of

Glasgow bought and installed LA-ICP-MS, and I had chance to use both methods.

Both methods are briefly explained below;

2.3.1 Apatite fission track age using EDM

Price and Walker introduced this method in 1963. During most of the 20th century

up to now, this method has been widely used by thermochronologists; it consists of

a package of procedures that has been continuously revised and has now become a

standard approach to FT dating in laboratories across the world (Gleadow et al., 2019).

Principally, the EDM is used in combination with the zeta calibration method (see next

section, 2.3.1.1) to determine FT ages (Hurford and Green, 1983). The EDM estimates

the concentration of 238U in apatite grains by placing a sheet of low uranium bearing

muscovite (the external detector) in close contact with the etched, polished surface of

the apatite mount. The mount-muscovite pair are then sent to irradiation, together

with a ‘dosimeter’, i.e. a synthetic glass of known 238U concentration, paired with

another sheet of mica (see Appendix A for more details). Irradiation induces the 235U

atoms in the apatite and the dosimeter to fission and tracks to be formed in the adjacent

mica sheets. After irradiation, the mica sheets are etched using concentrated HF and

the induced tracks (Ni) are counted on the etched mica sheet, while the spontaneous

tracks (Ns) can be counted on the polished internal apatite surface (Appendix A, figure

A.2). The number of tracks is normalized, via the areal track density, i.e. dividing the

number of counted tracks by the area over which the tracks have been counted. The

ratio between the track density on the mica sheet paired to the dosimeter (ρd) and its
235U concentration, provide a way to estimate the concentration of 235U in the apatite

(equation 2.4). As the 238U/235U ratio is constant in nature an equal to 137.88, the

34



concentration of 238U can also be estimated (Fleischer et al., 1975; Donelick et al.,

2005). To calculate the amount of 235U in a sample for individual grains this equation

is used:

235Uconc =
ρi
ρd

×235 Uglass (2.4)

Where: 235Uconc = uranium 235 concentration of unknown grain, ρi = induced track

density counted on the mica paired to each grain, ρd = induced track density counted

on the mica paired to the dosimeter, 235Uglass = uranium 235 concentration of the

dosimeter glass (in this study the dosimeter IRMM-540, with a concentration of 13.9

ppm of U was used). Since it is possible to determine the 238U concentration in a

sample by applying the natural 238U/235U isotope ratio, and thus the following formula

can be used to calculate the AFT age with the EDM method:

t =
1

λ
ln

(
1 +

λφσgl

λf
× ρs
ρi

)
(2.5)

Most of the symbols in this equation have been defined above and the rest are;

φ = The thermal-neutron fluence (in cm2 s−1).

σ = The thermal- neutron fission cross-section for 235U (580.2 × 10−24cm−2.

g = A geometry factor, equal to 0.5 to take into account that the grain has been polished

and,therefore, statistically, half of the tracks would have originated from atoms of 238U

from the section that has been removed (Gleadow and Lovering, 1977).

I = 235U/238U Isotopic abundance ratio, constant in nature (I = 7.253*10−3).

ρs = The spontaneous track density.

t = The cooling age of the sample.

In early days of using this dating technique, complexities in absolute measurement of

neutron fluence (φ), uncertainty of λf value, and personal bias of the analyst in track

counting have been the most common difficulties hampering the accuracy of fission

track dating system (Hurford and Green, 1982). Therefore, a calibration factor (ζ)

based on some standard samples with known ages was introduced and added to the

AFT age equation (Hurford and Green, 1983).

2.3.1.1 Zeta calibration for EDM method

The zeta calibration factor was introduced by Hurford and Green in (1982, 1983) The

zeta value is calculated using equation 2.6, by using standards, i.e. apatite of known
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age. The zeta value is then used in a modified age equation (equation 2.7) to calculate

the age of unknown samples. In this study, the zeta calibration factor has been obtained

by counting multiple standards, including Durango, 31.4 ± 0.5 Ma, (McDowell et al.,

2005); 8 measurements, Mount Dromedary, 98.7 ± 1.1 Ma, (Green et al., 1985); 8

measurements, and Fish Canyon Tuff, 27.9 ± 0.7 Ma, (Hurford and Hammerschmidt,

1985; Lanphere and Baadsgaard, 2001); 9 measurements), all irradiated together with

the dosimeter IRMM (Figure 2.5. The average Zeta (ζ) value is 311.1±24.3.

ζ =
eλtstd − 1

λ(ρs
ρi

)stdgρd
(2.6)

Where tstd = the age of the standard samples, and (ρs/ρi)std the ratio of spontaneous

to induced track densities in the standard.

t =
1

λ
ln

(
1 + λζgρd ×

ρs
ρi

)
(2.7)

To calculate an apatite fission track ages, at least 20 grains are dated, for each se-

lected sample. This means that an AFT age is actually a combination of ages, which is

commonly presented in three different forms (Galbraith, 2005): the mean, the pooled

or the central age. The mean ageis basically the arithmetic mean of the single grains

ages: it is rarely used because it does not take into account the relative error associated

with each grain age. The pooled age is calculated by summing together all the spon-

taneous and induced tracks, like if the age had been obtained from 1 grain. This age

is meaningful only when the apatite grains can be statistically considered as belong-

ing to the same population; for this reason, the pooled age can only be applied when

the single ages pass the chi square test. This is usually true for basement samples,

although sometimes the different chemical composition of apatites present even in the

same basement rock can be variable enough to cause a dispersion of the FT single grain

ages, in particular is the rock has spent a long time in the PAZ. When the single grain

ages define more than 1 population the central age is used, which is a mean of log

(ρs/ρi) and standard error of single-grain ages, approximated by a normal distribution

(Galbraith and Laslett, 1993).

2.3.2 Apatite fission track age using LA-ICP-MS

In the late 1980s was shown for the first time that a laser ablation (LA) system could

be coupled to an inductively coupled plasma mass spectrometer (ICP-MS) for in situ
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Figure 2.5: The plot shows the zeta calibration factor values for apatite standards,
calculated over the time of this project. The apatite standards measured in this study
are Durango (blue), Fish Canyon Tuff (red), and Mount Dromedary (green). Error
bars on individual zeta value measurements are 1 standard deviation derived from the
individual single grain ages of the sample that was counted. The blue indicates the
mean zeta value with its 1 sigma standard deviation.

chemical analysis (Gray, 1985; Sylvester and Jackson, 2016). The availability of LA-

ICP-MS to researchers significantly increased during the 1990s. By early 2000 LA-

ICP-MS technique started to be used for fission track dating. The first detailed work

to build a protocol that would measure, via LA-ICP-MS, the concentration of 238U

directly on the polished section of the apatite crystal where the fission track had been

counted was published by Hasebe et al. (2004). These researchers in 2004 used absolute

fission track dating approach. However they suggested that zeta-based approach simi-

lar to EDM method is possible. Then Donelick et al. (2005) adopted zeta calibration

factor to AFT age equation using LA-ICP-MS, and the second approach is used in this

study.

About half of the AFT ages presented in this study were determined using the LA-

ICP-MS facility recently installed at the University of Glasgow. When this technique

is used the induced track density is not required because the row values of 238U is ob-

tained directly from the analyzed grains (known ages and unknown ages) together with

abundance of another isotope. Following the protocol of Donelick et al. (2005), 43Ca

has been used, as Ca occurs in stochiometric amounts in apatite. Following the data

reduction processes (see Appendix A for more details), the ratio 238U/43Ca replaces

the induced track density in the AFT age equation.
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The accuracy of the isotopic determinations and the protocol used is quantified by mea-

suring the concentration of 238U in apatite of known age, using the Durango standard

(Vermeesch, 2017) Similarly to the EDM, to avoid the uncertainties in the λ-fission

constant, in analyst bias in counting tracks, a calibration factor (Zeta) is inserted into

the age equation (equation 2.8). Intrinsic to the LA-ICP-MS related zeta value are also

the uncertainties originated from the fact that the U concentration is based on other

isotopic elements abundance (Vermeesch, 2017).

ζ =
(eλtstd − 1)

λ(Ns
pΩ

)stdg
(2.8)

Where Ω is the counted area (in cm2) for measured spontaneous tracks (Ns) on each

grain, P (upper case Greek letter rho) is the 238U/43Ca ratio directly measured by LA-

ICP-MS for the counted area, and the other symbols are like in equation 2.6. Like in

the EDM , the standards used for calculating the zeta value are Durango, Fish Canon,

and Mt. Dromedary. Each LA-ICP-MS session should contain some standards, so that

a ‘session zeta’ can be calculated (Hasebe et al., 2009; Vermeesch, 2017); variations in

these values should indicate a change in ablated volume (for example is the ablation

is longer or the laser more energetic) and/or in plasma conditions and need to be

duly recorded (Vermeesch, 2017). In this study, Durango standard has been used

as the reference material. Each session zeta is based on nearly 20 to 30 Durango

grains (the value of zeta for each session has been presented in Appendix.C). A typical

ICP-MS session contains: around 15-10 grains of Durango at the start of the run,

ten grains of unknowns, a Durango grain, a spot on the standard glass (NIST612),

10 unknown grains and so on; the run always ends with a Durango and a stardard

glass determination. NIST612 is used to monitor shift in the cps (counts per second)

determinations from the ICP-MS. Equation 2.9 can be used to calculate the age of the

unknown grains analysed in one session.

t =
1

λ
ln

(
1 + λζg ×

Ns
Ω

p

)
(2.9)

Today, these two methods are the most common methods used in apatite fission track

thermochronology to get the concentration of parent isotopes in chosen grains for dat-

ing. Although both have been offering significant advantages in thermochronology,

LA-ICP-MS has gained more demand by researchers because it significantly increases

the speed of the analysis process as it eliminates the need for neutron irradiation,
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eliminating also the danger of potentially dealing with radioactive samples (Chew and

Donelick, 2012). Another great advantage of using the LA-ICP-MS technique is that

many other isotopes can be analysed in a single ablation (Chew and Donelick, 2012);

this is particularly important for the apatite fission track technique as the chemical

composition of the apatite, in particular its Cl-, F- and REE concentration have an

effect of the annealing behavior of tracks (Green et al., 1985; Barbarand et al., 2003b).

2.4 Parameters that have a minor control on fission

track annealing

Laboratory experiments have amply demonstrated that the major controls on the an-

nealing process of tracks in mineral (especially apatite) are the temperature and the

holding time (e.g. Gleadow et al., 1983; Hurford and Green, 1983; Green et al., 1989);

however, there are some other parameters that do or may influence the rate at which

annealing occurs. These parameters are the apatite chemical composition (e.g. Green,

1986), the orientation of the tracks within the mineral lattice (e.g. Green et al., 1986)

and the pressure (e.g. Vidal et al., 2003) at which the rock is subject to. Most recent

studies (Green et al., 2013; Schmidt et al., 2014) have stated that pressure effect on rate

of annealing is benign but the descriptions of the influence of the two other parameters

(chemical composition and track length orientation) are is given below.

2.4.1 Chemical composition

Apatite (Ca10(PO4)6(OH,F,Cl)2, can incorporate variable and large amount of halo-

gens such as OH, Cl and F, (particularly, Cl and F) and, indeed, apatite has been

used to constrain the initial Cl and F concentrations of magma (Marks et al., 2012;

Chew and Strachan, 2014). Gleadow and Duddy (1981), and Green et al. (1985) were

possibly the first to notice a variation in annealing rate due to the apatite chemical

composition. They concluded that annealing in F-rich apatite (e.g. Durango standard)

becomes measurable at about 80oC and the tracks are completely annealed attempera-

tures exceeding 110oC, whereas for Cl-rich apatites annealing tracks is distinguishable

at higher temperature, possibly up to around 110 oC and tracks do not fully anneal

until approximately 150 oC (Barbarand et al., 2003b).

This difference in composition in apatite grains which results in different rate of anneal-
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ing may affect on AFT ages and AHe age (Gautheron et al., 2013). It because when

AFT age is calculated, grains with higher F:Cl ration may have lost more tracks than

Cl rich apatite grains, and it may result in younger ages. Therefore, it is always suggest

to measure the concentration of Cl- in apatite, to predict the annealing behavior of the

analyzed apatites, especially since Cl concentration can be measured with other main

isotopes like U, Th using LA-ICP-MS (e.g. Chew et al., 2014). The other most com-

mon way to take the apatite composition into consideration is to measure the D-par,

i.e. the diameter of the track etched pits, parallel to the c-axis of the crystal. D-par

is considered the proxy of apatite composition (Donelick, 1993; Donelick et al., 1999).

Donelick (1993) showed a positive correlation between Cl—concentration and D-par

as the size of etch pits increase with the Cl-content. In this study, although D-par is

used a proxy of apatite chemical compassion during modelling (the detail is chapter

four), both (D-par and Cl content) have been measured for each grain which has been

selected for determining AFT age. In most of the cases there is no correlation between

them (Figure 2.6 A to D). However, a positive correlation could be more apparent if

more data would have been incorporated.

In addition, other common substitutions may take place in apatite chemical compo-

sition and affect annealing process. For instance, Ca++ can be easily substituted by

other cations such as Mn and , possibly, Sr, Ce, and Na (O’Sullivan and Parrish, 1995;

Carlson et al., 1999), which reduce the rate of annealing (Carlson et al., 1999). Recent

studies (e.g. Barbarand et al., 2003a,b; Ketcham et al., 2007a) have also proposed that

other elemental substitutions, such as REE may have impact on track-retention in ap-

atite.

2.4.2 Track length orientation

The effect of track orientation on annealing process was first time observed by (Geguzin

et al., 1968). Later Green (1986) heated Durango apatites at temperatures between

95 and 400 oC for times varying between 20 minutes and 500 days and constrained

the anisotropy of induced tracks in Durango standard. They observed that anisotropy

is strong, in particular when the temperature is high and annealing is fast; when the

mean track length approaches zero, the only tracks left are aligned parallel to the c-axis,

demonstrating that these are more resistant to annealing. Donelick et al. (1999) and

(Ketcham, 2003) extended these study to apatite of different chemical compositions;
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Figure 2.6: Examples of Cl content verses Dpar plots from the current study. Shown
samples are from Lewis and South Uist from the Outer Hebrides. Both Cl and Dpar
values are from single grain ages measured from AFT age

they confirmed the previous observations and showed that, at the same temperature

and holding time, fission track lengths at high angle to crystallographic c-axis undergo

higher reduction compared to those at lower angle to crystallographic c-axis. To take

annealing anisotropy into consideration, it is now normal procedure to measure, along

the length of the horizontal, confined track, its angle with the c-axis of the crystal.

The lengths are then normalized, as if they had been measured all parallel to c-axis

(Donelick et al., 1999) (Figure 2.7). By normalizing the tracks to the crystallographic

c-axis, distributions measured by different analysts are much more reproducible and,

therefore, statistically robust than when they are not normalized (Ketcham et al.,

2007a).

41



Figure 2.7: Examples of Histograms of the track length distribution of four samples
from the current study. Left side is—measured track lengths, right side is projected
track lengths. Track length projection performed using QTQt (version 5.7.0) following
Ketcham et al. (2007a).
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2.5 Apatite (U-Th-Sm)/He thermochronology

238U, 235U, and 232Th through their decay chain toward stable elements 206Pb, 207Pb

and 208Pb produce 8, 7, and 6 α-particles respectively, while 147Sm produces one α

particle as it decays to 143Nd. In this system, therefore there are four parents (238U,
235U, 232Th and 17Sm) and one daughter, the alpha particle, which is one atom of 4He.

This dating technique was proposed in the early twentieth century, but it was soon

abandoned, as it produces unronably young ages, rather than age of rock formation

(Farley et al., 1996). Renewal of interest in the technique was initiated by a group

of researchers (e.g. Zeitler et al., 1987; Wolf et al., 1996) that proposed that apatite

helium ages represent cooling, rather than crystallization ages and that they can be

interpreted by constraining the diffusion behaviour of 4He outside the crystal lattice.

The closure temperature of 4He in apatite has now been defined in the temperature

range between 75 and 35◦C, depending on cooling rate and crystal size (Farley et al.,

1996; Farley, 2002; Shuster et al., 2006). Due to its unique low temperature sensitivity,

this technique is a powerful tool to investigate the processes that occur in the very

shallow crust, between 1.5 and 2.5 km.

2.6 Age calculation

The AHe age equation is the general radioactive decay equation, modified to take the

4 parents into account:

4He = 8 238U eλ238t + 7 235U eλ235t + 6 232Th eλ232t +147 Smeλ147t (2.10)

Where He, U, Th and Sm are the concentrations of helium, uranium, thorium and

samarium respectively , λ is parental decay constants for 238U, 235U , 232Th, and 147Sm

isotope, and for each of them is 1.55 *10−10, 9.85 *10−10, 4.95 *10−11, and 6.54 *10−12

respectively (Dickin, 2018). Since the present day 238U/235U ratio is known (137.88),

the ratio can be added into equation 2.10, and it becomes;

[4He] =

(
8 ∗

137.88

138.88
(eλ238t − 1) +

7

138.88
(eλ235t − 1)

)
[U ] + 6 ∗ (eλ232t − 1)[Th] + 1 ∗ (eλ147t − 1)[Sm] (2.11)

Equitation 2.11 has no analytical solution, but it can be solved iteratively. However,

Meesters and Dunai (2005) introduced an alternative method which is a non-iterative
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method to calculate AHe age (t);

t =
1

λwm
ln

(
1 +

λwm
P

[He]

)
(2.12)

Where P represents the current 4He production rate and the total current produc-

tion of 4He rate becomes;

P =

(
8

137.88

138.88
λ238 +

7

138.88
λ235

)
[U ] + 6λ232[Th] + 1λ147[Sm] (2.13)

and λwm is the weight mean decay constant for all isotopes;

λwm =

(
8137.88

138.88
λ2

238 + 7
138.88

λ2
235

)
[U ] + 6 ∗ λ2

232[Th] + 1 ∗ λ2
147[Sm]

P
(2.14)

In equation 2.12, t is not the crystallization age of the rock, but the time since He has

been retained in the crystal lattice. Like in the AFT case, laboratory experiments have

demonstrated that the concept of closure temperature cannot be accurately applied to

the AHe method, unless the rock has cooled very rapidly, and it is best to consider a

range of temperatures, the partial retention zone (PRZ) over which He is progressively

retained in the crystal. Diffusion experiments have shown that, for holding times >

100,000 years, He is completely lost at temperatures hotter than 80 ◦C and completely

retained below 40 ◦C; the PRZ is therefore between 80 and 40 ◦C (Wolf et al., 1998)

(Figure 2.8). These experiments also demonstrated that the diffusion domain is the

crystal size and that, therefore, He retentivity strongly depends on the volume of the

crystal (e.g. Farley et al., 1996).

One complication intrinsic to this method is the fact that He may leave the crystal

via diffusion or via alpha ejection (see below); whereas diffusion only happens within

or at depths below the PRZ, alpha ejection happens at any temperature as it is a

phenomenon simply linked to the position of the parent isotope within the crystal

lattice. For these reason, a ‘recoil correction’ factor has been introduced; the section

below provides a brief explanation of this factor and its implications, together with

other challenges that the AHe method has been posing to researchers.
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Figure 2.8: Shows the concept of partial annealing zone (PAZ) of AFT system and
partial retention zone (PRZ) of the AHe system (after Fitzgerald and Malusà, 2019).
More detail about this figure has been shown on the same concept in figure 2.3.

2.7 Challenges and Common considerations about (U-

Th)/He dating method:

A common challenge or problem in AHe thermochronological studies is the variation in

apatite single crystal (U–Th)/He ages determined for a sample (e.g. Fitzgerald et al.,

2006; Green and Duddy, 2006). This variation in AHe ages is represented as disper-

sion which presented with AHe age for a sample. Dispersion is defined as the range

(maximum age – minimum age) divided by the mean (Brown et al., 2013). Dispersion

(the intra-sample variation in single crystal ages) can reach to 100% or even more, es-

pecially, in old/slowly cooled samples (e.g. Flowers and Kelley, 2011; Gautheron et al.,

2012), thus, it has been one of the main reason to rise doubt on the validity of the

AHe dating system (e.g. Green and Duddy, 2006). Causes can be divided to two types;

inherent natural dispersion (’good’) which can be quantified, and imposed extraneous

dispersion (’bad’) which can’t be quantified (Brown et al., 2013).
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2.7.1 Dispersion causes-the ‘good ones’

2.7.1.1 Grain size

Previous experiments (e.g. Wolf et al., 1996; Farley, 2000; Cherniak et al., 2009) using

Durango apatite determined that the apatite grain itself is the diffusion domain; It

means that the diffusion of He in apatite grains is varied with grain size. Therefore, the

physical grain size of analyzed apatite grains is considered one of the important factors

controlling AHe ages in AHe themochrnology dating system. It is simply because in

small apatite grains a bigger portion of He could locate on the border compare to a

larger grain and therefore in smaller grains He particles can diffuse out easier as they

are closer to the border and have less distance to travel compare to He particles in

larger grains and it results in younger AHe ages in small grains of apatite compare to

larger grains when only diffusion considered (e.g. Reiners and Farley, 2001).

As the diffusion domain of 4He in apatite is the crystal size, the closure temperature

is also dependent on the radius of the analysed crystal (Farley, 2002). Farley in (2002)

reported that the closure temperature increases by c. 10oC for grain radii increasing

from 50 to 150 µm. Because of this effect, grains of different size from the same sample

yield different AHe ages, with the bigger crystal appearing older than the smaller ones.

In many of the samples in this study there is a clear positive correlation between the

uncorrected AHe age and the grain size (Figure 2.9), There are, however, many other

samples that show a weak or even a negative correlation between AHe age and the

grain size; in Chapter 3 these results are fully discussed. The relationship between He

diffusivity and grain size become particularly evident for apatites that have resided in

the PRZ for a long time; in these cases, single-grain ages from the same sample can be

highly dispersed.

2.7.1.2 Fragment Length

The assumption in thermochronology is that apatites used for (U-Th-Sm)/He deter-

minations are euhedral and the crystals intact, with 2 terminations (2T) (Farley et al.,

1996). Often the picked grains are fragments because apatite breaks along its weak

basal cleavage during the mineral separation process (e.g. Farley et al., 1996; Far-

ley, 2002). Given that the crystal is the diffusion domain, its original dimensions are

extremely important when AHe ages are used to extract the rock thermal history. Nu-

merical modelling shows that, as long as the length of the broken crystal is more than
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Figure 2.9: Examples of AHe age versus grain size from samples in the current study.
The AHe age is raw age (uncorrected) and grain size is represented by equivalent radius,
R* in µm. The error bars represent 10% uncertainties, includes the analytical error
(often 2%-3%) + 6.5 % uncertainty observed in the dispersion of Durango standard
analysis (based on the reproducibility of Durango aliquots at UCL lab in London)

2/3 of the entire grain and the breakage happened during sample preparation (i.e. the

broken surface has not been a surface through which He diffusion has occurred), the

use of the derived AHe age to constrain thermal histories is still robust (Farley et al.,

1996). In terms of alpha ejection correction, Farley et al. (1996) suggested to treat

the picked broken grains (e.g., 1T or zero 0T terminations grains) as whole grains, by

multiplying their measured lengths by 1.5. The adjustment is justified by the fact that

the fragment has a higher S/V ratio than the entire grain and the resulting FT cor-

rection would be overcompensating for the He loss through the broken surface, which,

actually, did not happen. The main issue is that the ratio between the length of the

picked fragment and of the original grain is unknown, in particular for grains with

zero terminations. The smaller the ratio, the bigger the uncertainties and even when

more complex geometries are considered (e.g. Gautheron and Tassan-Got, 2010), the

AHe derived from the broken fragments is younger than the ‘true’ age, as it would be

calculated if the entire grain was being analysed (Brown et al., 2013).

A recent work has attempted to quantify the effect of analyzing fragments on AHe age
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dispersion (Beucher et al., 2013; Brown et al., 2013), particularly, when rock samples

stayed long time in the PRZ because He diffuses out of the grains though both diffusion

and alpha-particles for longer time. He loss occurs from all the surfaces of the apatite,

but it is more pronounced at the terminal pyramids, where the S/V ratio is the highest

; it is for this reason that the concentration of He at the terminations is the lowest

(Figure 2.10A) (Brown et al., 2013). If a fragment with only 1T is analysed, its overall

concentration of He is less than it would be in the whole crystal, resulting in a younger

AHe age (Figure 2.10B). The measured AHe age of a 1T fragment with a length that

more than half of the original grain (2T) would instead be older. For 1T fragments

that have exactly half the length of 2T grains, the obtained AHe ages would be in-

distinguishable. The 0T fragments, instead, would yield an AHe ages that is always

older than their original grain because the pyramids, where He concentration is low,

are lost (Figure 2.10). The predicted AHe ages presented in Figure 2.10B show that,

if many grains, with different number of terminations are analysed from the sample,

they are expected to yield different ages, some younger and some older than the ‘true’

Figure 2.10: Cartoon showing the impact of analyzing of unbroken and broken apatite
grains to different lengths on AHe age. A: predicted distribution of He across an apatite
crystal, for different thermal histories, from slow (purple line), to rapid cooling (red
line); as the grain breaks down during mineral separation, only one part of this diffusion
profile is preserved. B) The Age Dispersion Fragment Distribution (ADFD) plot for
fragments of different lengths, compared to the age of a whole apatite crystal. Green
circles indicate 0T fragments, red circles indicate 1T fragments, and the cross is the
initial 2T crystal the fragments are generated from. Relative age is the AHe age.
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age. This conclusion also implies that the common protocol to provide a mean age for

multi-aliquots, single-grain sample is erroneous, as the mean age does not have a phys-

ical representation. Rather than hindering the application of the method, however,

the variety of AHe ages can be used as an advantage because different fragments held

different parts of the thermal history of the rock, they are of extreme use to further

constrain the t-T paths obtained from just using 2T grains.

To test the conclusions from the numerical model presented by Brown et al. (2013),

uncorrected AHe ages were used; Figure 2.11 reports three examples. Generally, there

is no clear correlation between length of the broken grains in a sample and AHe ages.

However, 1T fragments in figure 2.11B and 2T fragments in 2.11D show positive cor-

relations with fragmental AHe ages. The lack of a relationship between 2T and 1T

ages could be related to the fact the rate of cooling of these samples is not particularly

slow, and the He diffusion partitioning may not be evident (Brown et al., 2013), the

presence of inclusions in the grains and/or the concomitant play of other factors, such

as radiation damage and zonation. Generally, 2T grains are more dispersive and in

sample Mor-5 (Figure 2.11 D) their AHe ages show a negative correlation with length.

A thorough test of the fragmentation theory requires many more grains than those

analysed here, from samples that have cooled very slowly (e.g. 1 oC/Ma).
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Figure 2.11: Examples of AHe age dispersion related to fragmentation. (A) Summary
the schematic graphs in 2.10. B to D shows the relationships of the current samples
between AHe age and fragment lengths, 1T grains are green, 2T grains are black. The
error bars represent 10% uncertainties, includes the analytical error (often 2%-3%) +
6.5 % uncertainty observed in the dispersion of Durango standard analysis (based on
the reproducibility of Durango aliquots at UCL lab in London)
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2.7.1.3 Radiation damage

Naturally crystals have vacancies in their crystal lattice (White et al., 2005; Jay et al.,

2015), but they can also accumulate defects created by nuclear processes (e.g. Naeser,

1967; Weber et al., 1998). These defects are created when the emitted fast particles

collide with atoms of the crystal lattices, as they are repelled by the particles charge

and/or knocked from their original position. In U-Th rich minerals (e.g., apatite and

zircon) defects are created by different nuclear processes, such as the production of

alpha particles (4He atoms) which travel many microns across the crystal, creating va-

cancies, U–Th recoils which create even far more damage than alpha particles because

the atoms are much bigger (Gerin et al., 2017), and fission tracks. Recent research in

LTT has intensively focused on the influence of these radiation damages within U and

Th rich minerals (e.g. apatite - Shuster et al. (2006); Flowers et al. (2009); Gautheron

et al. (2009); monazite - Meldrum et al. (1998); Nasdala et al. (2018); zircon - Guen-

thner et al. 2013).

Different empirical observations have revealed that, like temperature, damages to the

crystal lattice have a dominant role in governing He diffusivity (Shuster et al., 2006;

Flowers et al., 2009; Gautheron et al., 2009; Shuster and Farley, 2009; Willett et al.,

2017). In the absence of radiation damage, He diffuses through the crystal lattice

with activation energy (Ea) based on the fundamental equation proposed by (Farley,

2000). However, radiation damages generate ‘energy traps’, which means that, for He

atoms to the able to escape the mineral lattice, the activation energy needs to increase

(Figure 2.12) and so does the closure temperature (Shuster et al., 2006). As radiation

damages are proportional to the concentration of radioactive isotopes in the mineral

lattice, there should be a positive correlation between AHe age and [eU] (eU= [U] +

0.235[Th] (Shuster et al., 2006; Flowers et al., 2009), in particular if the rock has spent

a long time in the PRZ. In this study, this positive relationship has been reported by

many samples (Figure 2.13, sample BN-06, LN-3, and SUT-21), although several sam-

ples show no correlation (see chapter three for more detail) or even negative correlation

such as CG16-14 (Figure 2.13). The lack of a positive correlation may be due to several

causes; some recent studies have demonstrated that, once the radiation damages are

many, they become interconnected and, rather than being ‘energy traps’, they favour

He diffusivity, lowering, in this case, the activation energy and hence the closure tem-

perature, in a similar process to that occurring in metamict zircons (Gautheron et al.,

2013; Gerin et al., 2017). Brown et al. (2013) showed that the absence of a clear, posi-
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Figure 2.12: schematic model showing how helium diffusion may be influenced by the
isolated sites of radiation damage (after Shuster et al., 2006). (A) An 4He particle is
free (4Hef) to move within an undamaged medium, in this case the activation energy
(Ea) is constant. (B) The medium is damaged by radiation; if the free 4He particle
enters one of this damages, it becomes trapped (4Het) and it requires more energy
(Et) to be able to escape the damage; (C) The more damages are present, the more
probable it is for an 4He particle to end up in a trap and the more energy is required
for He to diffuse out of the crystal. (r/a) is the ratio between the radius of the crystal
(a) and the location of the 4He particle (r); when r=a (r/a = 1), the 4He particle has
reached the edge of the crystal and it will diffuse out.

tive correlation between AHe ages and [eU], or indeed crystal size, (could be linked to

the fact that all these parameters affect the He diffusion at the same time, hampering

the ability to isolate one cause for AHe age dispersion.

To quantify the effect of radiation damage accumulation and annealing on 4He diffusiv-

ity, two radiation damage models have been recently developed; the Radiation Damage

and Accumulation and Annealing Model (RDAAM) (Flowers et al., 2009) and the ra-

diation damage model of Gautheron et al. (2009). Both models show the influence of

damages induced by alpha recoil on He diffusivity in apatite. These two models are

different in the numerical models which have been used to solve He diffusion process.

RADDM uses a 1D-space differential equation but in Gautheron model 3D Monte Carlo

simulation is used. In Flower model, as a proxy for radiation damage accumulation the

effective track density was used, while in Gautheron a quantitative model was devel-

oped which take into account the formation of the defects and their thermal annealing.

Despite some differences, mainly mathematical, both showed that radiation damage,

which was not included by Farley (2000) in thermal history modelling of Durango stan-
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Figure 2.13: Examples of AHe ages verses [eU] from the current study. The AHe age is
raw age (uncorrected) and [eU] is Effective uranium (eU) concentration. AHe ages are
uncorrected single grain ages and the error bars represent 10% uncertainties, includes
the analytical error (often 2%-3%) + 6.5 % uncertainty observed in the dispersion of
Durango standard analysis (based on the reproducibility of Durango aliquots at UCL
lab in London).

dard, has significant impact on He diffusion and closure temperature which can also

result in the higher dispersion in AHe ages, especially, when samples reside in the PAZ

for long time. Both recent models (Flowers et al., 2009; Gautheron et al., 2009) use

[eU] as a proxy for radiation damage with the result that AHe age increases with [eU]

(Figure 2.14 B and C). Both consider radiation damage as dominantly produced by

alpha recoil rather than fission (as, statistically 1,000,000 alpha events occur every 1

fission event) and they assume that the annealing rates of both types damages is the

same.

As shown in figure 2.14 B,C differences between the two models and the Durango

model becomes much more apparent when samples stay for longer in the PRZ because

there is sufficient time for radiation dame to accumulate and hinder the He diffusion.

This results in higher closure temperature and older ages in both models compare to

Durango standard model. In addition, in case of slow cooling, in the Gautheron et al.

(2009) model (Figure 2.14 C) the relationship between AHe age and the number of
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crystallographic defects represented by [eU] is linear as AHe age increase gently with

increasing [eU], while in Flowers et al. (2009) model (Figure 2.14 B), which used em-

pirically derived cubic form algorithm, predicts a non-linear rapid increase of AHe Age

with increasing [eU], and the AHe age becomes lower than standard kinetics for very

low [eU]. Generally, it seems the [eU] value is critical, especially, in Flowers et al. (2009)

as the slop between age and [eU] reaches to maximum when eU value is between 0 to

50 pm and then with time and increasing [eU] it becomes more linear (Figure 2.14 B).

However, when samples cool as fast as 10 oC/Ma there is not observable difference in

AHe ages with increasing [eU] (Figure 2.14 A,B and C).

Figure 2.14: Comparing predicted AHe age with and without taking radiation damage
into account as a function of [eU] in RDAA and modle of Gautheron et al. (2009). A)
Shows three thermal histories that have spent different time in the PRZ with different
cooling rates; 0.1, 1, and 10 oC/Ma. B) Predicted AHe age as a function of [eU] for the
thermal t-T paths given in (A) modelled using RDAAM (solid line) and the standard
Durango diffusion kenitices (dashed line (after Flowers et al., 2009). C) predicted
He age as a function of [eU] compared to the standard Durango diffusion kenitics for
different thermal histories similar to shown in (A) using the radiation damage models
of Gautheron et al. (2009).

Unlike Gautheron et al. (2009) and Flowers et al. (2009), the most recent work

(Willett et al., 2017) proposed that annealing of damages from spontaneous fission

events does not occur necessarily at the same rate with annealing of damage from

alpha particles. Willett et al. (2017) also stated that there are differences between

the annealing kinetics of fission tracks and α-recoil defects as length reduction rate

of fission track is temperature dependent, while it has been suggested that the rate of

damage annealing vary with damage concentration (e.g. in zircon-(Ewing et al., 2003)).

To interpret low temperature U–Th/He thermochronology data, Willett et al. (2017)

presented a new alpha-damage annealing model (ADAM) that is independent of fission

54



Figure 2.15: Comparing predicted AHe
ages in RDAAM (solid line) and ADAM
(dotted line) as a function of [eU] for 20, 40,
60, and 80 0C following 75 Ma of isothermal
holding (from Willett et al., 2017).

track annealing kinetics (Figure 2.15).

They showed that the ADAM and

RDAAM of Flowers et al. (2009) show

a positive, nonlinear correlation between

He age and [eU], this relationship depen-

dences on [eU] and strongly the time they

spend in the PRZ temperature (between

60 and 40 oC) as it becomes more liner

the relationship in temperature around

80 oC (Figure 2.15). When the ADAM

and RDAAM models are compared, the

difference in predicted AHe ages is sig-

nificant for rocks that spend substantial

time in the PRZ and, especially if they

are heated (buried). As it is shown usu-

ally the ADDM-derived ages are older ex-

cept in certain thermal paths near to the bottom boundary of the PRZ when the [eU]

is as high as 100 ppm the RDAAM predicts an older age than the ADAM, and below

this this limit of [eU] the reverse is true (Figure 2.15). The effect of radiation damage

on AHe ages is still poorly constrained and research is ongoing. The current softwares

available to derive thermal histories from the LTT data give the possibility of includ-

ing either Flowers et al. (2009) or Gautheron et al. (2009) model. In this thesis, both

models have been used and the resulting thermal histories compared.

2.7.1.4 Zonation

Although homogeneous distribution of U and Th (the parent nuclides) was assumed

along the apatite crystals (Farley et al., 1996), unhomogeneous distribution of the U

and Th concentration within apatite frequently is encountered in practice (Meesters and

Dunai, 2002a,b). It has been found that non-uniform distribution of parent isotopes

within apatite grains leads to an erroneous AHe age, particularly, when the grains

are corrected for alpha-particle ejection (e.g. Farley et al., 1996). According to the

degree and kind of zonation (either U-Th-core-rich or U-Th-rim rich) (Figure 2.16),

misinterpretation of retained alpha-particles may lead to ages of up to about 25%

older (U-Th-rich core, alpha-ejection over-corrected age) or younger (U-Th-rich rim;
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alpha-ejection under-corrected age) than the expected or “true” AHe age (e.g. Farley,

2002; Meesters and Dunai, 2002). Simply, in U-Th-core-rich grains, there will be less

4He ending up on the outer boundary of the crystal. This results in higher retention

of helium within the crystal, causing older ages. The opposite of this scenario is true

when a crystal has rim-rich zonation which can provide an unexpectedly younger age

(Farley and Clark, 2006; Meesters and Dunai, 2002b). Therefore, implying alpha-

ejection correction on zoned grains in one sample can lead to an erroneous AHe age.

Moreover, existence of different kind of zoning (shown in figure 2.16) in apatite grains

in one sample may result in significant single grain age dispersion (e.g. Fitzgerald et al.,

2006).

In the past the role of U-Th zonation on AHe age was highlighted (e.g. Farley, 2002;

Meesters and Dunai, 2002). However, the recent work by Ault and Flowers (2012)

on the effects of apatite zonation on age dispersion using Cathodoluminescence (CL)

and eU mapping showed that age variations between zoned and un-zoned apatites

are less significant than previously suggested. Their study showed that age deviation

between zoned and un-zoned apatites reached a maximum of 10%, and will reach up

to 13% when a sample stayed long term in the PRZ (up to 150 Myr). Ault and

Flowers (2012) also concluded that since the age deviations generally fall within the

uncertainty range % 10 to %15 for AHe ages, except in unusual circumstances, it

seems unlikely that the unzoned apatite assumption (eU homogeneity assumption) will

lead to misinterpretation for AHe thermochronological studies. However, it has been

common to screen the samples under petrography microscopy for zonation, and also

prior information on zoning can be obtained using fission track analysis for the samples

chosen for AHe analysis.

2.7.1.5 Alpha ejection

The alpha particles produced by the decay of 238U, 235U , 232Th and 147Sm have a kinetic

energy that permits them to travel a certain distance, called the ‘stopping distance’,

within the mineral lattice . If the parent isotope is located in an area of the crystal

that is closer to the edge than the stopping distance, the alpha particle may be ejected

outside the mineral; the closer the parent isotope is to the edge, the more probable

it is for the daughter to be ejected; this effect is augmented if the parent isotopes

are preferentially distributed in the rim of the crystal rather than at its core (Figure

2.17a). The alpha ejection phenomenon results in an heterogenous distribution of He
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Figure 2.16: Schematic diagram shows inhomogeneous intra-crystalline distribution of
parents (zonation) and its effects on the diffusion behavior (after Fitzgerald et al.,
2006).

across a crystal, with the rim always been depleted (Figure 2.17b). The primary factors

that control the stopping distance are: the initial energy of the alpha particle which

depends on the parent isotope, the density of the space through which they travel, the

denser the mineral, the shorter the stopping distance. The stopping distance of alpha

particles produced by 235U and 232Th is 21.8 and 22.25 µm and they are larger than

hose produced by 238U and 147Sm which are 18.81 and 5.93 µm (Farley et al., 1996),

thus the earlier ones can travel farther than those produced by 238U and 147Sm.

A consequence of alpha ejection is ‘implantation’ (Figure 2.17), which happens when

alpha particles produced by decay of radioactive isotopes in an adjacent mineral travel

across the mineral boundary into the crystal that is going to be analysed. This process

and its implications will be discussed further in section 2.6.2.1 as it is considered as a

‘bad one’; this section only deals with ejection and implantation is, for simplicity, at

the moment ignored.

Because of alpha ejection, the analysed concentration of He in the mineral is always

less than what should be if only thermal-driven diffusion had occurred and the AHe

age is always spuriously younger than the ‘true’ AHe age. To compensate for ejec-

tion, a correction factor (FT) was first proposed by Farley et al. (1996), which takes
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Figure 2.17: Schematic diagram showing the influence of long stopping distance of
alpha particles (4He) generated by parent isotopes (U, Th, and Sm). (A) Potential
trajectories of 4He in an apatite crystal when it shares one of its boundary with a
higher bearing U concentration crystal (e.g. zircon) based on Farley (2002). The
bottom panel (B) is a graphic transect across –z-z’ showing 4He redistributed either by
long-stopping distance of the parents in the host or by the implantation of 4He from
the adjacent grain (zircon) (after Chew and Spikings, 2015)

into consideration the value of the stopping distance and the surface/volume ratio of

the crystal (Farley et al., 1996; Farley, 2002). Numerical modelling has shown that,

in terms of diffusion and alpha ejection, an apatite crystal can be approximated to a

sphere with the same surface/volume ratio as the analysed grain, making the recoil

correction easy to compute (equation 2.15).

Ft = 1 − 3S

4R
+

S3

16R3
(2.15)
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Where S = α-stopping distance (for apatite 20 µm), and R is ‘equivalent’ radius, i.e.

the radius of a sphere with a surface/volume ratio equivalent to that of the analysed

apatite. The correction is then used to calculate a ‘corrected age’, as follows:

Corrected age =
measured age

FT
(2.16)

The correction factor, as calculated using equation 2.15 (Farley et al., 1996), assumes

that the parent isotopes are uniformly distributed within the crystal. The observation

of the distribution of fission tracks on polished sections of apatites, however, often show

that the distribution of U is heterogenous. In order to account for U-Th inhomogeneity

a more detailed alpha ejection factor was proposed by Hourigan et al. (2005), both for

zircon and apatite. These correction, however, do not taken into consideration that

the heterogenous distribution of He within the crystal caused by alpha ejection (Figure

2.17B) creates a gradient that impedes the thermal diffusion of He (Meesters and Dunai,

2002b). The effect of alpha ejection on He diffusivity is insignificant when rocks are

cooled instantaneously (e.g. a lava flow), but it increases in the case of slowly cooled

samples that have spent a prolonged time in the partial retention zone; in the latter

case, the FT-correction factor results in an overcorrection of the AHe ages because He

diffusivity at the edges of the crystal would have been less than expected due to its

lower concentration (Meesters and Dunai, 2002b; Gautheron et al., 2012). Gautheron

et al. (2012) proposed, however, that the overcorrection would not be particularly

significant, probably falling within the typical range of the AHe analytical error (±8%),

even for zoned apatite crystals. Recently researchers have developed new mathematical

approaches to constrain the effect of alpha ejection and diffusivity, using more accurate

geometries that taking into account the possible parent distribution heterogeneities

(e.g. Gautheron and Tassan-Got, 2010; Ketcham et al., 2011) . These studies have

demonstrated that using the simple FT equation proposed by Farley et al. (1996) may

result in an error (both as over- or under-estimation) of up to 10% (Ketcham et al.,

2011); for this reason and to favour simplicity, in this study the correction described

by equation 2.15 is used.
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2.7.2 Dispersion causes-the ‘bad ones’

2.7.2.1 Implantation/ Bad Neighbours

Like the ejection of He from the rim of the apatite crystals, implantation from adjacent

U and/or Th rich minerals is a consequence of long stopping distance of alpha particles

(Figure 2.17) (Farley et al., 1996; Spiegel et al., 2009; Gautheron et al., 2012). Implan-

tation is more likely to happen when the apatite crystal is in contact with U and Th

rich minerals such as zircon, titanite or monazite. Because these minerals have much

higher concentrations of U and Th compared to apatite, the concentration of He from

these minerals‘implanted’ into the apatite crystal may be a significant contribution

of the total analysed He (Farley and Stockli, 2002). Implanted He particles become

‘parentless’ in the analysed apatite crystal, because their source is outwith the crystal,

producing an AHe age that is spuriously old. Gautheron et al. (2012) quantified the

effect of alpha implantation on (U-Th)/He ages using numerical models. They pro-

posed that implantation may result in up to 50% of excess 4He from a single external

source. This percentage could even be higher, up to 200-300%, when the apatite crys-

tals are surrounded by multiple ‘bad’ neighbours (three or more grains that bear high

concentration of U and Th).

To prevent measuring ‘implanted’ He particles, several authors have suggested to

abrade the apatite grains before analyses (e.g. Farley, 2002; Spiegel et al., 2009). Abra-

sion of more than one alpha stopping distance (20 µm) of the outer portion of the

crystals not only removes the potential problem of implantation, but also the need to

correct the AHe age for alpha ejection (Blackburn et al., 2007; Spiegel et al., 2009).

Gautheron et al. (2012), however, suggested that abrasion should be done with caution

because the outer portion of the He diffusion profile is remove, losing information about

the thermal history of the crystal at very low temperatures, (<40 oC), potentially bi-

asing the results obtained from the thermal models of the AHe ages.

In this study, a simple precaution has been taken to avoid or at least minimize the

implantation effect by analysing a large number of single grain ages in each sample (c.

8–15 grains); in this case, outliers with a much higher He concentration than the other

grains should be evident. In addition to that, most of the samples selected for AHe

had been examined under a microscope to determine their AFT age; a high rate of

implantation and parent heterogeneities should be evident from the areal distributions

of the fission tracks. Given that no samples presented a highly zoned fission track
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distribution, the effects of implantation and/or parent zoning are expected to be small

and to create, if any, an effect that is well within the analytical uncertainties of the

method.

2.7.2.2 Inclusions

Many apatite grains contain U-Th rich inclusions of zircon and monozite , as well

as fluid inclusions; all these are often cited as a potential source for age dispersion

(Vermeesch et al., 2007; Ganerød et al., 2011; Bergman and Piazolo, 2012). U-Th rich

mineral inclusions, in particular if they are small, produce He that is implanted into the

host grain, and it is degassed during the normal analytical protocol. However, these

inclusions, like zircon or monazite, are not fully dissolved by the standard chemical

dissolution of apatite (5% ultra-pure HNO3), and thus their U and Th concentrations

are not fully measured; the He derived from inclusions is parentless, producing an

erroneous old AHe age (Dobson, 2006). Micro-fluid inclusions may also be important,

as they trap and accumulate 4He, resulting again in old AHe ages (Zeitler et al., 2017).

Due to the tendency of apatite grains to contain both large (up to 25 µm) and small

mineral inclusions (1-5 µm), picking grains is crucial to obtain accurate ages. Crystals

should be screened under optical and petrographic microscope to avoid the presence

of mineral inclusions. Despite careful grain selection is part of the typical protocol for

AHe analyses, Vermeesch et al. (2007) showed that, only in cases of existing particularly

large inclusions (e.g. >10% of the length, width and height of an apatite crystal

which in these cases can be easily observed) and these inclusions need to be extremely

concentrated in U and Th (nearly thousand times of the host apatite grain), they can

contribute to the He concentrations significant enough to yield erroneously old ages.
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Chapter 3

Low temperature thermochronology in

the Scottish Highlands and The Outer

Hebrides

3.1 Introduction

The Caledonian Orogeny marks the starting point for the evolution of the present re-

lief in Scotland because it resulted in the removal of about 25-30 km of cover rocks by

erosion over most of the Scottish Highlands during late Cambrian to end of Silurian

(Watson, 1984; Hall, 1991). Erosion and denudation were continuous during the Car-

boniferous across the Scottish Highlands as palaeogeographical reconstructions show

that the Scottish Highlands formed positive relief and exposed basement area during

that period (Guion et al., 2000). During Mesozoic time a period of moderate uplift

has been suggested over most of the Highlands (Hall and Bishop, 2002; McKie and

Williams, 2009), and by end of Mesozoic indicators of marine transgression have been

recorded in the east and west Scottish Highland border (e.g. Chalk) (Hall, 1991; Cope,

2006). In Early Palaeogene (c.65 Ma) massive magmatic activity along the North At-

lantic occurred which were associated with the motion of the Icelandic plume (Thomson

and Cope, 1995; White et al., 1997). This volcanic activity along the North Atlantic Ig-

neous Province (NAIP) reached the northwest part of Scotland and lavas were erupted

on land (e.g. Skye and Mull). In these areas affected by this magmatic activity nearly

3 to 4 km uplift and denudation has been suggested based on apatite fission track

combined with vitrinite reflectance (e.g. Lewis et al., 1992; Holford et al., 2010). At

about that time, uplift occurred in south eastern Greenland and East Greenland (Clift
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et al., 1998; Anell et al., 2009). However, the amplitude of the uplift in Early Palaeo-

gene towards the Scottish mainland is not clear. In this study to reveal the magnitude

of Early Palaeogene cooling pulse and its extension towards the interior of the Scot-

tish mainland, and to constrain to what degree the present topography of the Scottish

Highlands has retained features of the topography from the Caledonian Orogeny c.

420 Ma ago, low temperature thermochrolonogy (LLT) techniques have been applied.

Rocks have been collected along a NW-SE transect, from the Outer Hebrides towards

the mainland, including the Central Highlands, which are dominated by Caledonian

granitic rocks.

Before presenting the new low temperature thermochronometric data from this study,

a summary of the published LTT work in Scotland is given, highlighting the questions

that are still open. The following sections briefly describe the geology of the two main

study areas and the adopted sampling strategy. Finally, the new low temperature

thermochronometric data from the Outer Hebrides and Grampian Highland areas are

presented.

3.2 Low temperature thermochronology in Scotland

The Scottish Highlands, particularly the north west of Scotland have long been the

subject of geological investigation; the conclusions most relevant to this project are

summarized below.

Hurford (1977) published fission track analysis on apatite, zircon and sphene of Scot-

tish Caledonian granites, including the Newer Granites. The fission track mean age

of zircon and sphene were similar, 389±8 Ma and 387±18 Ma, respectively. The ob-

tained ages were in a good agreement with the mean K-Ar biotite and hornblende age

of 400±10 Ma determined by Brown et al. (1968) for the emplacement of the ‘Newer’

Granites in the Scottish Highlands, thus, they were interpreted as emplacement ages.

However, the apatite fission track mean ages were younger; for example, for Ben Nevis

it was 237 ± 24 Ma and for the Cairngorms 297±21 Ma. These ages were interpreted as

representing cooling since emplacement, at a rate of 0.8 oC/Myr. These early results of

AFT of northern Scottish Highlands were considered less accurate because the fission

track technique was in the early stage of its growth at that time, and parameters like

confined track lengths were not measured.

Thomson et al. (1999) performed AFT analysis on 31 samples, from the northern Scot-
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tish Highlands, Minch Basin, and Skye igneous complex. The AFT data from the

northern Highlands suggested a roughly monotonic thermal history, involving a long

term cooling from paleotemperatures in excess of 110 oC since the late of Palaeozoic

(between 340 – 220 Ma). Post-Mesozoic erosion in the Northern Highlands seems to

have been both spatially and temporally constant, reaching about 1 km in depth. How-

ever, the thermal history models of the rocks in the northwest part of the Northern

Highlands indicate a period of rapid cooling in the Early Palaeogene. This event is

particularly clear in the rocks from the Minch basin and on Skye, which experienced

2.5 km of erosion, even when the thermal effect associated with the Early Cenozoic

igneous complex is taken into account.

Jolivet (2007) produced AFT on samples along the Great Glen fault (Loch Ness, Stron-

tian, and Ballachulish) with the aim of identifying any post- Caledonian movement

along this major fault. The Great Glen fault is a major lithospheric scale strike-slip

fault, which separates the Northern Highlands and the Grampian Highland terrains

(Trewin, 2002). The AFT data revealed some vertical movement along the fault during

late Palaeozoic, and a roughly monotonic, continuous cooling since, implying that the

area has never been subsequently buried by sediments. The total Mesozoic denudation

has been reconstructred to 2 km before the widespread cooling event between 40-25

Ma which caused to about 1.6 to 2 km of erosion.

Persano et al. (2007) in a more detailed study on the basement rocks of Sgorr Dhonuill

(western Scotland) and Clisham (Outer Hebrides) applied a combination of AFT and

AHe data from samples collected along vertical profiles to constrain the timing and

magnitude of denudation during the Early Palaeogene. The AFT and AHe data showed

that the north western of Britain, including both study areas, has experienced the same

style of cooling. In general, the Sgorr Dhonuill and Clisham samples inter into the PAZ

at around Late Carboniferous to Permian and the lower samples of these profiles has

reached into this zone later in Jurassic, particularly the lowest sample of Clisham.

The thermal histories of both areas showed that cooling continued without any burial

and reheating until the Early Cenozoic. Both areas recorded a rapid cooling in Early

Cenozoic, the cause of which has been attributed to the proto-Iceland mantle plume

and magmatic underplating. Persano et al. (2007) also estimated the amount of Early

Cenozoic denudation by deriving the geothermal gradient for each profile via the pre-

dicted t-T paths of each samples, and using the temperature difference between the

bottom and top sample to constrain the geothermal gradient. A geothermal gradient
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of 19±6 oC/km was obtained for the Outer Hebrides and 39±9 oC/km for the west-

ern Scottish mainland, resulting in denudation estimates of 2250±750 m for the Outer

Hebrides and 1330±230 m in the western Scottish mainland. This rapid cooling and

amount of denudation in Early Palaeogene is in a good agreement with offshore de-

positional data, which record rapid and coarse sedimentation of a column about 3 km

thick.

Holford et al. (2010) using AFT and VR data from offshore (e.g. the Hebrides Sea

and West Orkney Basin) and onshore along the north west of Scotland (e.g. the Isle of

Skye, the Isle of Mull, and Movern). suggested a slightly complicated cooling history

for Scottish landscape evolution. They suggested five cooling episodes, in the Early

Mesozoic (245-225 Ma), Early Cretaceous (140-120 Ma), and three episodes in the

Cenozoic, at (65-60 Ma, 45–20 Ma, and 15–10 Ma), which produced a total denudation

of 1–3 km. They proposed that these pulses of Cenozoic cooling resulted from plate

boundary stresses, from the North Atlantic Ocean Ridge system and from Alpine com-

pression, except the 65-60 Ma cooling, which was attributed to magmatic activity.

Cogné et al. (2016) attributed the Early Cenozoic cooling of the Irish Sea region and

part of the British Isles to the plume activity. Even though they mostly focused on the

Irish Sea region, some samples were collected in the south western of Scotland, includ-

ing the Arran Granite. They used the vertical profile sampling approach to combine

the low temperature thermochronology data and further constrain the derived thermal

histories. The AFT and AHe indicate that most of the areas, excluding the Arran

Granite, which was emplaced in the Paleocene, entered the PAZ at the beginning of

Mesozoic era. They attribute that cooling to Variscan event, which was the last sig-

nificant regional high temperature event. Crucially, their data also showed a rapid

exhumation pulse (1–2.5 km) in Early Palaeogene, with the amount of exhumation

decreasing from the north of the Irish Sea towards the south and west. They sug-

gested that this spatial pattern of Early Palaeogene exhumation is in agreement with

the extent of magmatic underplating inferred from geophysical studies (Al-Kindi et al.,

2003; Arrowsmith et al., 2005), and the timing of uplift and exhumation is synchronous

with emplacement of the plume-related British and Irish Paleogene Igneous Province

(BIPIP).

Fame et al. (2018) applied only AHe method combined with vertical profile sampling

approach across the western Scottish Highlands in seven different sites over short dis-

tance ( 20–100 km). Their thermal models suggest different multiple stages of heating
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and cooling after the Caledonian Orogeny across the area similar to Holford et al.

(2010). The main cooling and heating periods are: late Palaeozoic to Early Mesozoic,

Late Jurassic to Early Cretaceous, Late Cretaceous, Palaeogene, and Neogene. In ad-

dition, they conclude that the post-orogenetic history across Scottish Highland may be

spatially heterogeneous. This spatial variability across distance of about 100 km along

the passive margin which Scotland is part of it has been attributed to different causes,

such as movements along the Great Glen Fault, margin tilting during rifting, far-field

effects of Alpine compression, and erosion; the emplacement of the Palaeogene igneous

complex is considered to have had a very localized effect.

Even though a considerable amount of themochronologic data has been published al-

ready across the Scottish landscape, the new low temperature thermochronologic data

set (AFT and AHe) is crucial because; most of the published data have focused on the

NW of Scotland (Figure 3.1), while the new low temperature thermochronologic data

set are from two areas where data were previously sporadic. The areas are the southern

Outer Hebrides and the Central Highland extending to areas near Aberdeen. As well as

that, early studies (e.g. Hurford, 1977; Lewis et al., 1992) published thermochronologic

data without lengths and Dpar. Latter studies (e.g. Clift et al., 1998; Thomson et al.,

1999) measured lengths but they didn’t correct to c-axis. That is one of the reasons

there is a smaller number of outcrop samples with reliable MTL, particularly towards

the mainland (Figure 3.2). Moreover, compared to AFT data which has been published

across the Scottish landscape since 1977 the coverage of apatite (U-Th-Sm)/He data

is significantly less (see figure 1.1 in chapter one). It shows that most of the previ-

ous published works have used only one technique (AFT dating technique) to study

landscape evolution in Scotland. For instance, Hurford, 1977; Lewis et al., 1992; Clift

et al., 1998; Jolivet, 2007; Holford et al., 2010. A most recent work (Fame et al., 2018)

used only AHe to observe the landscape evolution.

This new study uses combined AFT and AHe data set to reconstruct the thermal

history of rock samples across Scotland from north west to the Central part to ob-

serve long term landscape evolution. This study also for the first time applied vertical

profile sampling approach. The five profiles are from the north west and the central

Highland. They provide insights on the geological events that have driven the for-

mation and evolution of the Scottish topography following the Caledonian Orogeny.

Also when samples along a profile are modelled together, they provide thermal his-

tory models with smaller error compared to the results obtained from a single sample.
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Even though vertical profile sampling approach was used by Persano et al., in 2007,

they used forward modelling approach to explain the causes of cooling event in Early

Paleogene along the NW of Scotland and they did not incorporate the most advanced

algorithms of He diffusion (e.g. Flowers et al., 2009; Gautheron et al., 2009) when they

built the thermal history models. For all of these reasons mentioned above, this study

is crucial because the new data may provide a better constraint on landscape evolution

following the Caladonian Orogeny.

In the next sections, following a detailed sampling strategy, a brief geological history,

and the new low temperature thermochronometric data will be presented starting from

the Outer Hebrides samples in the west towards the Grampian Highland region. In

each study area vertical profiles are presented separately.
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Figure 3.1: Published low temperature thermochronology data across Scotland. Right) shows the published onshore AFT data since 1977. Left)
shows variation in published AFT age across the Scottish landscape. The EDM data is derived from a combination of STRM30plus and the
ETOPO2 global data prepared using GMT.
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Figure 3.2: Published low temperature thermochronology data, specifically mean track lengths across Scotland. Right) shows the published mean
track lengths data across Scotland. Left) shows the variation in mean track lengths in published MTL data. The EDM data is derived from a
combination of STRM30plus and the ETOPO2 global data prepared using GMT.
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3.3 Sampling Strategy

Across the study area, from the Outer Hebrides towards the Grampian Highland ter-

rain, 79 samples were collected. However, only 51 contained suitable amount of apatite

grains in number and size for apatite fission track and AHe dating. The samples were

collected from different exposures, some at specific locations, some along ‘vertical pro-

files’ (Figure 3.3). ‘Vertical profiles’ are transects where rocks are collected at different

elevations, but maintaining as much as possible the same coordinates, like if the sam-

ples were from a borehole. This approach permits to model all the LTT data together,

as long as all the rocks have experienced the same thermal history (Gallagher et al.,

2005). Along vertical profiles, LTT ages should increase from bottom to top, as rocks

that are at higher elevations have passed through the closure temperature of a par-

ticular thermochronometer earlier than those at the bottom of the profile. Vertical

profiles are extremely useful, as they provide a series of important information about

the cooling and denudational history of rocks. If uplift has been constant through time,

when LTT ages are plotted against elevation, they should reveal a straight line; its in-

tersection with the zero age point represents the depth below the surface at which the

thermochronometer closure temperature lies, implicitly providing the present geother-

mal gradient (Wagner and Reimer, 1972; Persano et al., 2007). If the uplift rate has

been variable, the line will show a ‘break-in-slope’, the age of which corresponds to the

time when uplift rates changed. Below the break in slope, the form of the age-elevation

relationship will be linear as mentioned above, and the slope of the line directly can

provide the cooling and denudation rates if a sufficient section is removed by denuda-

tion and erosion (Brown et al., 1994b), otherwise (if denudation rate was slow) a new

concave up partial annealing zone profile will be developed. Therefore, in areas where

uplift rates are not high and/or where relief is not very pronounced, like in many post-

or non-orogenic tectonic settings, information retrieved directly from the elevation –

LTT age profiles need to be treated with caution.

Generally, the possibility offered by QTQt of modelling all the thermochronological

data together becomes really beneficial, as only the thermal histories that are common

to all samples are selected, increasing the precision of the results, without the need

to assume a value for the geothermal gradient a priori (Gallagher et al., 2005). This

approach is, however, only possible when the assumption that the relative position of

the samples with each other has not changed, since the last time they all went through
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the PAZ or PRZ (Gallagher et al., 2005).

3.4 Study Areas

The study area extends from the Outer Hebrides in the west part of Scotland toward

the Grampian Highland region in the east and north earth east of Scotland (Figure 3.3).

The landscape is unusually varied from the coastal area to the east part of Scotland,

comprising the lowlands and the highest peak in the British Isles (Ben Nevis). The

study area contains the most mountainous terrane in the UK, the Grampian Highland,

which is bounded by two important geological features, the Great Glen Fault to the

North and the Highland Boundary Fault to the South. Samples were collected in the

Outer Hebrides, along a N-S profile, from Barra in the south, up to the north of Lewis,

and in the mainland, around the Fort William area as part of the Grampian Highland

region towards the east of this region (Figure 3.3).

3.5 Local Geology

Scotland is the assembly of five main different geological terrane; The Hebridean terrane

which involves the Outer Hebrides; the Northern Highland terrane between the Moine

Thrust Zone and the Great Glen Fault; the Grampian Highlands terrane between

the Great Glen Fault and the Highland Boundary Fault; the Midland Valley, and

The Southern Uplands terranes. In chapter one, section 1.1 a brief description of the

geology of all 5 terranes has been provided. This study has focused on the Outer

Hebrides and the Grampian Highland terranes. Therefore, before presenting the new

data, the geology of each area is briefly explained.

3.6 The Outer Hebrides

The Hebridean terrane includes the north-west Caledonian foreland (the chain of is-

lands of the Outer Hebrides) and it extends toward the Caledonian orogenic belt ,

terminating on its eastern side at the Moine Thrust Fault (Gordon, 2010) (Figure 3.1)

The Outer Hebrides contain the oldest rocks in the British Isles, the Archaean

Lewisian gneisses (or Lewisian complex). Originally, the Lewisian complex rocks were

igneous intrusions such as granodiorite, tonalitic and basaltic intrusions emplaced deep
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Figure 3.3: Location map of the study area shows the sample locations and the ma-
jor geological features and terrains of Scotland. Outer Hebrides Fault (OHF), Moine
Thrust Fault (MTF), Great Glen Fault (GGF), Highland Boundary Fault (HBF)
(sources: Emeleus and Gyopari, 1992; Trewin, 2002)

in the Earth’s crust, and were then deformed and metamorphosed during, probably,

many events (Fettes et al., 1992; Goodenough and Merritt, 2007). The main elements of

the Lewisian gneiss complex were formed mainly during two events (Smith and Fettes,

1979): the Scorian event, between 2800 to 2200 Ma, and the younger Laxfordian event

from 2200 to 1600 Ma. The basic Scourie dykes, which were intruded at about 2200 Ma

ago, separate these two events (Smith and Fettes, 1979; MacDonald et al., 2015). The

Laxfordian event culminated with the formation of the Outer Hebrides Thrust Zone

(Smith and Fettes, 1979), which is now exposed, almost continuously, along the eastern

coast of the Outer Hebrides (Figure 3.4). It dips predominantly to the southeast at an

angle of around 20◦-30◦ and is seismically imaged to cut through the entire crust (e.g.

Smythe et al., 1982).

At the present day, practically all the landscape of the Outer Hebrides is comprised of

Lewisian gneiss complex rocks (Figure 3.2) (Moorbath et al., 1975; Imber et al., 2002).

72



The main rock groups of this complex in the Outer Hebrides are:

Grey granitic gneiss is quartzo-feldspathic gneiss; it is the most dominant rock in the

Outer Hebrides (Kinny et al., 2005) (Figure 3.4), originally are inferred to be acidic

igneous rocks (e.g. tonalite and granodiorite) (Fettes et al., 1992). They are dated

3125 ± 14 Ma (Friend and Kinny, 2001) in South Harris, and 2763±1 Ma on South

Uist (Mason et al., 2004). In certain areas within the grey gneiss there are rocks of

a different character which are thought to be mainly of sedimentary origin (Coward

et al., 1969). They occur in different scales; some are well-defined belts extending over

a distance of up to 15 km, some are small discontinuous lenses a few metres in length.

The Eastern Gneiss of South Uist: Is a large body of rock located in the eastern part

of the South Uist (Figure 3.4), in the hanging wall of the Outer Hebrides Fault Zone,

a garnet-rich, basic gneiss (Coward, 1972). Their age is similar to the grey granitic

gneiss previously described (Sm-Nd: 2770±140 Ma and U/Pb: 2900±100 Ma) (e.g.

Whitehouse and Bridgwater, 2001; Love, 2004). They are very resistant to erosion and

form the highest peaks in South Uist, such as Beinn Mhor, which is the only vertical

profile sampled in the Outer Hebrides during this study.

South Harris Complex: part of this rock complex is thought to be sedimentary in origin

(Coward et al., 1969), including the Langabhat and Leverburgh metasedimentary belts

in the south of Harris (Figure 3.4). The Leverburgh belt has a maximum age of 2400

Ma (Cliff and Rex, 1989). Both belts are high grade metamorphic rocks (Mason and

Brewer, 2004). The other part of this complex is the igneous suites, which is composed

by metagabbros, anorthosites, and norites intruded into the metasediment belts. The

igneous bodies are resistant to erosion and form several hills in the South of Harris

(Smith and Fettes, 1979). About 1750 Ma ago, towards the end of Laxfordian times, a

suite of granites and coarse pink pegmatites were intruded (Van Breemen et al., 1971).

Even though they were first emplaced in the South of Harris, they developed broadly

towards north; they now cover a large area of about 420 km2 in south western Lewis

and in some parts of South Harris (Figure 3.4); the granites are responsible for a rel-

ative high elevation landscape on Harris and Lewis, such as the Uig Hills in the west

part of the Isle of Lewis (Smith and Fettes, 1979).

A phase of thrusting took place during the Grenvillian event at about 1100–1000 Ma

(Imber et al., 2002). The thrust effects were more dominant toward the east, culmi-

nating in the Outer Hebrides Thrust Zone which marks the eastern seaboard of the

islands. The thrust has left its effect on the rocks, all along its length. Gneiss rocks
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along the thrust zone were modified, and pseudotachylite thrust vein has been found

on Lewis, Uist (North and South) and Barra (Sherlock et al., 2009). Pseudotachylite

rocks are rarely found along the western seaboard of the Outer Hebrides. In the east

of Uist these rocks have been dated, and it has been confirmed by 40Ar/39Ar for age

around 430±4 Ma (Kelley et al., 1994), even though a most recent study of (Sherlock

Figure 3.4: Simplified geological map of the Outer Hebrides from Digital Geological
Map of Great Bratain (DigimapGB) 1:50 000.

et al., 2009) using 40Ar/39Ar produced older date for pseudotachylite along the OHFZ

and suggested the youngest pseudotachylite has been recorded on Uist and Barra at

around 700 Ma. At a much later time during Caledonian movements (at about 400 Ma

ago), the thrust zone and rocks were highly deformed in mylonitic facies which are now

visible as narrow belts of schist-like rocks (Sibson, 1975; Imber et al., 2001). The my-

lonite rocks, which are subsequence of retrogression in metamorphism, are particularly

abundant along the east coast of North, South Uist, and in south-east Lewis (Imber

et al., 2001) (Figure 3.4). Indicators of post Caladonian in the Outer Hebrides have

been recognized on Barra which are oblique strike slip faults (Macinnes et al., 2000).

The faults have transected the area (Barra) and cut fabrics related to movements on

the OHFZ, therefore they are linked to post Caladonian. In the North of south Uist
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similar structures have been recognized, but further up towards the north they become

less prominent (e.g. Butler et al., 1995).

The only other rocks exposed in the Outer Hebrides are the Triassic Stornoway Beds

in north Lewis (Figure 3.4), which are connected to crucial events of the opening of

the North Atlantic (c. 300-0 Ma). They are a thick sequence of sandstones and con-

glomerates which occur as a down faulted block around Stornoway (Steel and Wilson,

1975). These sedimentary rocks represent a marginal facies of the Late Palaeozoic-

Early Mesozoic beds infilling of the basin of the North Minch (Steel and Wilson, 1975).

The basement rocks are cut by igneous dykes of different ages (Smith and Fettes, 1979);

the oldest are Permo-Carboniferous quartzdolerites of (280 Ma) occurring as east-west

dykes up to 35m wide, exposed in a narrow swarm between north Barra and southern

South Uist; thick Palaeogene basaltic and doleritic dykes are found on Lewis (Emeleus

and Bell, 2005).

The extremely limited presence of Phanerozoic rocks becomes significant when it is

compared to the mainland of Scotland and it has been justified by the fact that, for

most of their geological history, the Outer Hebrides have been a block at or above

sea-level; the sedimentary cover must have been always quite thin, if indeed, it ever

existed.

3.7 The Outer Hebrides results

Overall, 32 samples were processed, but only 21 of them had sufficient apatite grains

to be used in low temperature themochronology. The samples are all onshore, from

the Archaean Lewisian Complex. The sample location (latitude/longitude, elevation,

locality), the obtained ages (the central AFT and mean AHe ages) are presented in

table 3.1. It has been mentioned in chapter two that in this study two methods have

been used to determine an AFT age; EDM and LA-ICP-MS. For the samples collected

along the Outer Hebrides LA-ICP-MS has been used (see table 3.1), and the detailed

procedure of this method to determine AFT age is given in Appendix A. The study

covers the main four islands; Lewis, Harris, Uist (North Uist and South Uist), and

Barra. In the next section the low temperature thermochronometric data are presented.
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3.8 Lewis and Harris

3.8.1 Apatite fission track analysis

Lewis and Harris are often linked together, and they become the third largest island

in the British Isles, thus here the islands of Lewis and Harris results are presented

together. Along these two islands only 8 samples yielded sufficient apatite grains for

LTT analyses (Table 3.2). For each sample a data log showing the analysed grains for

AFT age, radial plots and track length distributions is given in Appendix B.

3.8.1.1 Fission track data

The apatite fission track ages on Lewis are highly variable, from 67.8 ±4 to 245.7±13.7

Ma; on Harris only one sample was analysed, and it yielded an age of 221.7±15.3 Ma.

The measured ages on both islands are significantly younger than the crystallization

age of Archean Lewisian complex basement. When possible, 20 grains
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Table 3.1: Collected sample information across the Outer Hebrides. Sample location, elevation, central apatite fission track (AFT) age ±1 σ,
mean apatite (U-Th-Sm)/He (AHe) ages, and the method used to derive U concentration for the FT analyses.

Sample Lat Long Elevation Locality AFT ages AHe ages EDM LA-ICP-MS
Name (m) (Ma) (Ma)
Lewis and Harris
Lws 38 58.31177 -6.72370 53 Lewis 245.7±13.7 127.2±40.5 x
Lws 35 57.85858 -6.67753 19 Lewis 221.5±17.6 x
Lws-32 58.24063 -7.03405 29 Lewis 233.1±14.2 65.0±40.9 x
Lws 31 58.11553 -6.86750 17 Lewis 169.8±7.9 x
Lws 30-D 58.01118 -6.44357 23 Lewis 67.8 ± 4.0 x
Lws 29 57.93818 -6.89708 113 Lewis 125.7±13.2 x
Lws 28 57.99767 -7.09727 12 Lewis 223.5±20.4 87.5±36.2 x
Har 27 57.84630 -6.82592 135 Harris 221.7±15.3 43.3 ± 13.6 x
Uist (South and North)
Nut 24 57.60900 -7.51890 13 North Uist 194.3±15.5 47.1±25.0 x
NuT 23 57.59693 -7.15592 5 North Uist 208.1±13.7 x
Sut 21 57.43282 -7.22380 17 South Uist 202.4±12.5 48.1±15.5 x
Sut20 57.26525 -7.33065 156 South Uist . . . .. 45.7±39.3 x
Sut 19 57.26258 -7.31870 252 South Uist 208.4±16.7 x
Sut 18 57.26213 -7.30730 416 South Uist 206.4±15.4 x
Sut 17-1 57.26328 -7.30402 512 South Uist 194.0±15.9 19.9±4.1 x
Sut 17-b 57.26328 -7.30402 512 South Uist 178.0±11.8 x
Sut 16 57.25862 -7.29505 591 South Uist 176.1±8.74 x
Sut 15 57.33122 -7.27937 3 South Uist 210.1±11.8 x
Sut 9 57.13865 -7.30358 1 South Uist 208.3±18.8 x
Sut 8 57.10333 -7.33205 11 South Uist 199.2±14.8 49.59±12.4 x
Barra
Bar 5-2 57.00757 -7.40610 15 Barra 229.3±33.7 18.8±6.4 x
Bar 5-1 57.00757 -7.40610 15 Barra 216.2±25.7 x
Bar 1 56.97802 -7.51748 17 Barra 151.2±9.1 39.2±7.7 x

77



Table 3.2: AFT data for Lewis and Harris. The AFT ages were determined using the LA-ICPMS. Symbols: Ns: Number of spontaneous tracks
counted on a polished surface of each apatite grain, Ωi: counted area on the grain, piΩi: sum of 238U/43Ca ratio (pi) times the counted area,
p-value: is the probability of the chi-sq age homogeneity test (Galbraith, 2010). 238U: is uranium 238 content in ppm from LA-ICP-MS directly.
D_par is the arithmetic average and 1σ error is the standard deviation of the valued measured on each grain (between 3 to 5 D_par per grain).
Central AFT age with 1 σ error (estimated standard deviation) calculated using the online software IsoplotR (Vermeesch, 2018), when age in each
sample was calculated in LA-ICPMS method, sessional Zeta (ζ) was used which is 21.1 ± 1 for Lws-38, Lws-35 A+B, Lws-32, Lws-31, Lws-30-D,
Lws-29, Har-27, and is 22.7 ± 1.9 for Lws-28. MTL: mean track length and 1σ error is the standard deviation (m is measured and p is projected).

Sample Name Ns area(Ωi)
∑

piΩi P(X2) Dispersion D_par ±1σ 238U Central Age ±1σ MTL m ±1σ MTL p ±1σ
No. grains [lengths] (cm2) (%) (µm) (µm) (ppm) (Ma) (Ma) (µm) (µm) (µm) (µm)
Lewis and Harris
Lws-38

520 6.09E-04 2.26E-05 0.08 12 2.06 0.21 8.8 245.7 13.7 12.7 1.59 13.9 1.36
16 [63]

Lws-35-A+B
344 2.66E-04 1.68E-05 0.01 21 2.01 0.3 12.6 221.5 17.6 11.75 1.54 13.48 1.28

15 [19]

Lws-32
459 4.83E-04 2.10E-05 0.04 15 2.12 0.17 7.8 233.1 14.2 12.37 1.57 13.64 1.43

16 [83]

Lws-31
1047 4.58E-04 6.49E-05 0.00 15 2.41 0.2 26.7 169.9 8.0 12.72 1.54 14.19 1.07

20 [100]

Lws-30D
422 6.80E-04 6.79E-05 0.07 13 2.23 0.19 19.8 67.8 4.0 13.04 1.25 14.21 1.02

20 [84]

Lws-29
760 7.06E-04 7.48E-05 0.00 43 2.06 0.25 20.3 125.7 13.2 12.66 1.74 14.03 1.29

20 [89]

Lws-28
898 9.27E-04 5.11E-05 0.00 35 2.21 0.16 12.1 223.5 20.4 12.52 1.55 13.78 1.33

18 [114]

Har-27
296 4.82E-04 1.42E-05 0.29 14 1.89 0.22 5.6 221.7 15.3 12.44 1.04 13.10 0.98

18[18]
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were counted for each grain, sometimes fewer, due to the low quality of the apatites

(table 3.2). Samples Lws-30D, Lws-38, and Har-27 passed the P(x2) test (Galbraith,

1981), with values of 0.07, 0.08, and 0.29 respectively.

Sample Lws-28, Lws-29, Lws-31, Lws-32, and Lws-35 failed the P(x2)-test because

P(x2) is < 5% (Table 3.2), which means that the single-grain ages are from more than

one population. However, there is no evidence for two (or more) populations of ages

in the radial plots (see Appendix B). The low P(x2) values in these samples is possibly

due to dispersion in the single grain ages, rather than to the presence of more than

one population (see table 3.2 for amount of dispersion) and (see Appendix B for radial

plots). For example, Lws-28, Lws-29, Lws-31, and Lws-35 have P(x2) values ≤ 0.01

and their age dispersion is between 15 and 43%; Lws-32 which has P(x2) value of 0.04,

just below the threshold for passing the test, has a dispersion of 15%; for the samples

which have passed the P(x2)-test, generally the dispersion value is smaller, up to 15%

(Table 3.2).

That the failure of the P(x2)-test is due to age dispersion rather than the presence of

more than one population is also demonstrated by the presence of outliers, highlighted

by the radial plots. For example, 14 of the 16 grains of Lws-32 have very similar ages

to each other; if the two outliers are excluded, the P(x2) value decreases to nearly 0.8

and dispersion to nearly zero (see Appendix B). In sample 31 is also when two outliers

are removed, dispersion decreases to c. 9% and the sample passes the P(x2)-test. This

approach seems to work for most of other samples that failed the test. However, there

are no analytical reasons for these single grain AFT ages to be discarded and therefore

they are kept and used for the modelling.

When LA-ICP-MS is used to determine AFT ages, the chlorine (Cl) concentration can

also be obtained and used to determine the annealing kinetics (Donelick, 1993; Donelick

et al., 2005). To check for the accuracy of these determinations, the Cl concentration in

Bamble chlorine Durango apatite is measured (e.g. Chew and Strachan, 2014). How-

ever, in this study only Durango fluorapatite standard was used, thus, the value of

Cl concentration which have been presented for each grain in Appendix B is not reli-

able. However, to take the apatite composition into consideration, in this study, D-par

has been also measured and is used as proxy of apatite chemical compassion during

modelling (the detail is chapter four). The D-par mean value for these samples varies

from 1.89 to 2.41 µm (Table 3.2). The highest D-par value was recorded on Lws-31,

2.41 µm, but most of the samples have D-par around 2 µm which is close or slightly
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longer than the mean value measured in Durango apatite standards, 1.76 ± 0.13 µm

(n =100). There is no observable correlation between AFT single-grain ages and D-par

values (see Appendix B).

Horizontal, confined track lengths were measured in all samples and used to recon-

struct the time-temperature histories, with the modelling program QTQt (Gallagher

et al., 2005). The number of measured tracks, mean track length and the standard

deviation for each sample has been presented in Table 3.2. The number of measured

track lengths on Lewis Island varies from 18 to 114, but in most samples between 80

and 100 track lengths were measured (Table 3.2). When track lengths were measured,

the angle of the track length with the c-axis of the crystal was recorded to project the

measured lengths along c-axis (Ketcham et al., 2007a); this correction is used in the

QtQT software to account for annealing anisotropy (see Chapter 2 for more details).

The values of MTL on these two islands vary from 11.75 to 13.04 µm for measured

track lengths, while the MTL value for projected track lengths is between 13.1 and

14.21 µm. The standard deviation of the MTL vary from 1.04 to 1.74 µm for measured

tracks and from 0.98 to 1.43 µm for projected tracks, respectively. Both track length

distribution histograms are shown in Appendix B; they are generally characterized by

narrow tracks lengths distributions, with tall peaks of long track lengths which indi-

cated that these rocks have spent a long time at temperatures cooler than the PAZ

where tracks are not annealed. There is no clear correlation between MTLs and their

standard deviation (Figure 3.5), which may be due to that slight differences in D-par

values in these samples.

Figure 3.5: Mean track lengths versus standard deviationor Lewis and Harris samples.
A) Measured mean track lengths versus standard deviation, B) Projected mean track
lengths versus standard deviation. Track length projection performed using QTQt
following Ketcham et al. (2007a)
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3.8.2 Apatite (U-Th-Sm)/He analyses

Apatite (U-Th-Sm)/He (AHe) analyses have been performed on 6 to 10 single-grain

aliquots from 3 samples on Lewis and only one on Harris (Table 3.3). The analytical

procedure for AHe analyses is given in Appendix A.

Single grain analysis which showed analytical inaccuracies were discarded from the cal-

culation of the mean ages, interpretation and modelling and are not presented here. In

addition, in this study only the uncorrected ages which are older than the crystalliza-

tion ages and their corresponding AFT ages after taking into account the uncertainties

have been omitted from interpretation and modelling, although they have been re-

ported, together with all the other AHe ages with comments on discarded grains for

each sample in Appendix B. Ages are corrected after Farley et al. (1996). In table

3.3 uncorrected mean AHe ages have been given, but the mean age is only used for

presentation purpose; the single AHe uncorrected (raw) ages are used for the modelling.

3.8.2.1 Apatite (U-Th-Sm)/He data

Average AHe age from Lewis samples varies from 65.0 ± 40.9 to 127 ± 40.5 Ma, whereas

on Harris is significantly younger, 43.3 ± 13.6 Ma (Table 3.3). AHe mean ages across

the region are younger than their AFT age (Figure 3.6). Dispersion of single-grain ages

varies from 32 to 63% for Lewis and is 31% for Har-27. In order to investigate the causes

of dispersion, AHe ages have been plotted against grain size (R*) and [eU] for each

sample (Figure 3.7). There is no correlation between AHe ages and [eU] in all samples,

except one sample (Har-27) which shows a strong positive correlation between AHe age

and [eU] (Figure 3.7). The cause of lack of correlation in these samples (Lws-38, Lws-

32, and Lws-28) is not clear as several grains in these samples, especially in Lws-32 and

Lws-28, even they have small [eU] they have provided older ages than some grains with

High [eU]. When AHe ages are plotted versus R* (Figure 3.7), except sample Lws-38

which show a clear positive correlation with R*, all other samples show no relationship

between AHe ages and R* (Figure 3.7). Lack of correlation could be because in some

grains which almost have the same grain radios they have given significantly different

ages which means in these grains age are not only controlled by grain size.
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Table 3.3: Single grain apatite (U-Th-Sm)/He data from Lewis and Harris. Symbols: T; terminations, R*; is spherical equivalent radius for a
sphere and is calculated as R*=(3*(RL))/(2*(R+L)), eU; effective Uranium, age; AHe row age, Ft; correction factor after Farley et al., (1996),
assuming homogeneous distribution U and Th. age-c; is Ft-age corrected, Error; is 10 % of AHe ages (analytical error 2 to 3 % of the age + 6.5
% error of the age based on the reproducibility of Durango aliquots at UCL university). Mean-age-c is the arithmetic mean and 1σ error is the
standard deviation of single grain ages.

Sample No length width T R* He U Th Sm Th/U eU age error Ft age-c error Mean-age-c Disp.
Name (µm) (µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) ±1 σ (Ma) (%)

Lewsi and Harris
1 233 166 1T 92 2.6 7.8 0.0 545.0 0.0 7.8 151.8 15.2 0.85 178.2 17.8
2 204 159 0T 86 2.1 8.1 0.9 288.9 0.1 8.3 176.1 17.6 0.84 210.5 21.0
3 109 189 1T 76 0.1 1.3 0.3 223.7 0.2 1.4 68.6 6.9 0.80 85.7 8.6

Lws-38 4 112 153 1T 68 0.9 11.4 0.9 676.7 0.1 11.6 120.6 12.1 0.78 155.2 15.5 127.2 ± 40.5 32
5 117 116 1T 58 0.3 7.4 10.1 663.4 1.4 9.7 82.2 8.2 0.74 111.2 11.1
6 202 151 2T 82 2.6 9.9 0.1 850.5 0.01 9.9 164.2 16.4 0.83 197.2 19.7

1 133 125 1T 64 0.1 3.4 24.7 150.1 7.2 9.2 32.0 3.2 0.75 42.6 4.3
2 146 176 1T 82 0.5 5.1 13.6 95.9 2.6 8.3 64.7 6.5 0.81 80.2 8.0
3 153 146 1T 74 0.2 2.7 13.6 106.9 5.0 5.9 44.6 4.5 0.79 56.5 5.7
4 290 194 1T 109 1.1 3.6 3.2 56.4 0.9 4.3 84.4 8.4 0.87 96.4 9.6

Lws-32 5 128 119 0T 61 0.2 4.2 17.3 95.3 4.1 8.3 52.0 5.2 0.75 69.7 7.0 65.0 ±40.9 63
6 200 143 0T 79 0.03 0.1 8.0 17.1 72.3 2.0 16.1 1.6 0.81 19.9 2.0
7 198 108 1T 64 0.4 5.6 9.8 194.3 1.8 7.9 66.8 6.7 0.80 83.5 8.4
8 189 111 2T 64 1.1 6.3 11.2 129.1 1.8 8.9 159.9 16.0 0.80 201.0 20.1

1 199 124 2T 71 1.9 18.4 6.2 228.7 0.3 19.9 105.3 10.5 0.82 129.1 12.9
2 157 102 2T 58 1.0 26.1 9.4 530.6 0.4 28.3 76.6 7.7 0.77 99.5 9.9

Lws-28 3 146 100 1T 56 0.1 7.7 5.3 123.2 0.7 9.0 35.2 3.5 0.76 46.6 4.7
4 164 108 1T 61 1.3 11.9 4.0 347.4 0.3 12.8 166.9 16.7 0.78 213.5 21.3
5 321 135 2T 84 1.1 3.6 1.4 96.9 0.4 4.0 103.9 10.4 0.87 119.6 12.0
6 217 116 2T 68 3.1 23.6 8.2 286.0 0.3 25.5 120.8 12.1 0.82 147.2 14.7 87.5±36.2 41
7 129 185 1T 81 0.5 9.7 6.8 228.5 0.7 11.3 50.1 5.0 0.81 62.0 6.2
8 156 108 1T 60 1.0 23.0 5.3 357.0 0.2 24.2 82.1 8.2 0.78 105.8 10.6
9 183 117 1T 66 0.5 8.1 3.8 185.6 0.5 9.0 67.2 6.7 0.80 83.9 8.4
10 196 126 1T 71 0.4 5.8 2.9 198.5 0.5 6.5 67.1 6.7 0.81 82.4 8.2

1 239 121 2T 72 0.1 1.1 6.0 223.5 5.5 2.5 24.0 2.4 0.82 29.1 2.9
2 257 143 1T 84 0.2 1.3 4.3 75.5 3.2 2.3 38.9 3.9 0.84 46.2 4.6
3 249 98 1T 61 0.6 4.8 9.9 185.0 2.1 7.1 65.7 6.6 0.82 79.9 8.0
4 222 171 1T 93 0.2 1.6 4.4 71.7 2.8 2.6 37.9 3.8 0.84 45.0 4.5

Har-27 5 124 192 1T 81 0.4 4.6 12.4 271.8 2.7 7.6 62.6 6.3 0.80 77.9 7.8 43.3±13.6 31
6 202 155 1T 84 0.2 2.2 5.3 87.7 2.5 3.4 40.6 4.1 0.83 49.1 4.9
7 174 143 1T 76 0.3 4.8 9.7 165.0 2.0 7.1 46.4 4.6 0.81 57.6 5.8
8 261 127 2T 77 0.1 1.3 3.9 85.1 3.0 2.2 30.4 3.0 0.84 36.3 3.6
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Figure 3.6: Map of the obtained ages (AFT and AHe ages) of the samples from Lewis
and Harris. For the legend to geological map see Figure 3.4.
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Figure 3.7: Plot apatite (U-Th-Sm)/He age (Ma) against [eU] concentration (ppm)
and grain size (R*) in samples from Lewis and Harris. AHe ages are uncorrected single
grain ages and the error bars represent 10% of the age which includes analytical error
(often 2% -3%) + 6.5 % error in age standards (based on the reproducibility of Durango
aliquots at UCL lab in London).
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3.9 North and South Uist

3.9.1 Apatite fission track analysis

Eleven samples were collected in North and South Uist, five of which from a vertical

profile along Beinn Mhor, the highest peak in this region (620 metres a.s.l.). First

the individual samples are presented (Table 3.4) then the samples collected along Bein

Mhor profile. For each sample analysed grains and their radial plots as well as their

histograms of track length distribution are presented in Appendix B.

3.9.1.1 Fission track data

The AFT central ages of the 6 individual samples vary from 194.3±15.5 to 208.3±11.8

Ma (Table 3.4). In general, less than twenty grains have been counted because of

the poor quality of the grains, and the apatites from the Outer Hebrides are highly

fractured and often covered by an iron coat that makes counting tracks very difficult.

Most of the individual samples (Sut-8, Sut-21, Nut-23, and Nut-24) failed the P(x2)

test; Sut-9 and Sut-15 yielded a P(x2) value of 0.16 and 0.51, respectively. Similar to

the Lewis and Harris samples, the low P(x2) values is related to age dispersion, rather

than a mixed age population; dispersion in these samples is high, reaching up to 28%

in those samples which show P(x2) values of zero, and their radial plots do not show

clear signs of mixed populations (see Appendix B).

D-par values were measured for all the grains used to determine a AFT age, the average

of D-par values for single samples are between 1.89 to 2.17 µm, the highest D-par

has been recorded on sample Sut-8, at 2.17 µm (Table 3.4). There is no observable

correlation between AFT single-grain ages and D-par values in single samples (see

Appendix B).

In only four samples, measuring the length of more than 50 confined, horizontal track

lengths was possible (Table 3.4). The MTL values of measured fission track lengths

and their standard deviations in individual samples vary from 12.14 to 12.69 µm, and

1.44 to 2.01 µm, respectively. To account for anisotropy, all confined tracks have been

c-axis projected, according to the projection model of Ketcham et al. (2007a,b) that has

been adopted in QTQT. The projection process increased the lengths and decreased

the standard deviation; the projected lengths vary from 13.55 µm to 14.07 µm and

their standard deviation varies from 1.06 to 1.81 µm.
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Table 3.4: AFT data for North and South Uist. The AFT ages were determined using the LA-ICPMS. Symbols: Ns: Number of spontaneous
tracks counted on a polished surface of each apatite grain, Ωi: counted area on the grain, piΩi: sum of 238U/43Ca ratio (pi) times the counted
area, p-value: is the probability of the chi-sq age homogeneity test (Galbraith, 2010). 238U: is U 238 content in ppm from LA-ICP-MS. D_par is
the arithmetic average and 1σ error is the standard deviation of the valued measured on each grain (between 3 to 5 D_par per grain). Central
AFT age with 1σ error ( estimated standard deviation) calculated using the online software IsoplotR (Vermeesch, 2018), when age in each sample
was calculated in LA-IC-PMS method, sessional Zeta (ζ) was used which is 22.7 ± 1.9 for Nut-24 and Sut-21; 21.1 ± 1.0 for Sut-8, and is 22.5 ±
1.5 for Nut-23, Sut-15, Sut-9. MTL: mean track length and 1σ error is the standard deviation (m is measured and p is projected)

Sample Name Ns area (Ωi)
∑

piΩi P(X2) Dispersion D_par ±1σ 238U Central Age ±1σ MTL m ±1σ MTL p ±1σ
No. grains [lengths] (cm2) (%) (µm) (µm) (ppm) (Ma) (Ma) (µm) (µm) (µm) (µm)
Uist
Nut-24

301 8.23E-04 1.91E-05 0.03 20 1.89 0.27 4.6 194.3 15.5 12.42 1.44 13.74 1.15
16 [80]

Nut-23
520 2.31E-04 2.90E-05 0.00 18 2.09 0.16 25.2 208.1 13.7 12.21 1.77 13.55 1.25

14 [15]

Sut-21
716 4.24E-04 4.16E-05 0.00 20 1.90 0.13 20.9 204.2 12.5 12.69 1.63 14.05 1.28

17 [94]

Sut-15
351 5.25E-04 1.90E-05 0.51 7 1.90 0.18 7.0 210.1 11.8 12.14 2.01 13.68 1.09

19 [14]

Sut-9
173 3.50E-04 9.80E-06 0.16 17 2.14 0.18 5.0 208.3 18.8 12.36 1.99 13.38 1.81

15 [53]

Sut-8
941 6.47E-04 5.39E-05 0.00 28 2.17 0.17 15.3 199.2 14.8 12.59 1.56 14.07 1.06

19[102]
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Histograms of measured and projected track length distributions are presented in

Appendix B. In general, the histograms are narrow and consist of one peak which

indicates that these samples haven’t been reheated. There is a clear negative correlation

between MTLs and their standard deviation, particularly, after they are projected to

c-axis which suggests that these samples have kept the tracks which they were partially

annealed when they passed through the PAZ plus the tall tracks that have been created

at temperature cooler than the PAZ where tracks are not annealed (Figure 3.8).

Figure 3.8: Mean track lengths versus standard deviation for Uist samples. A) Mea-
sured mean track lengths versus standard deviation, B) Projected mean track lengths
versus standard deviation. Track length projection performed using QTQt following
Ketcham et al. (2007a).

3.9.2 Apatite (U-Th-Sm)/He analyses

(U-Th)/He ages were determined on single apatite grains in three individual samples,

two from South Uist (Sut-8 and Sut-21) and one (Nut-24) from North Uist (Table 3.5).

The analytical procedure of AHe analyses is described in Appendix A. Data from all

analysed grains for each sample including comments on discarded grains are presented

in data logs in Appendix B. The AHe ages are corrected using the Ft factor, after

Farley et al. (1996). In Table 3.5 uncorrected mean AHe ages have been given, but it

is only used for presentation purpose, the single AHe raw ages are used for modelling.

3.9.2.1 Apatite (U-Th-Sm)/He data

The individual samples from south Uist yielded uncorrected mean AHe ages of 49.6 ±

12.4 and 48.0 ± 15.5 for sample Sut-8 and Sut-21, respectively, which are significantly

younger than their AFT ages (Table 3.5) (Figure 3.9). The only sample in the North
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Uist yielded uncorrected mean AHe age similar to the South Uist samples, at 47.1 ±

25.0 Ma. Dispersion of single-grains ages varies between 25 to nearly 53 % in these

samples. The AHe ages have been plotted versus [eU] and grain radius (R*); the

results are shown in Figure 3.10. There is no correlation between [eU] and AHe ages in

sample Sut-8, where the grain with the highest [eU] amount has yielded the youngest

age, while Nut-24 and Sut-21 show a strong correlation between [eU] and age (Figure

3.10). The Correlation of uncorrected AHe age with R* in Nut-24 is observable but it

becomes weaker and then disappears in Sut-21 and Sut-8, respectively (Figure 3.10).

Figure 3.9: Map of the obtained ages (AFT and AHe ages) of the samples from North
and South Uist. For the legend to geological map see Figure 3.4
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Table 3.5: Single grain apatite (U-Th-Sm)/He data from North and South Uist. Symbols: T; terminations, R*; is spherical equivalent radius for
a sphere and is calculated as R*=(3*(RL))/(2*(R+L)), eU; effective Uranium, age; AHe row age, Ft; correction factor after Farley et al. (1996),
assuming homogeneous distribution U and Th. age-c; is Ft-age corrected, Error; is 10 % of AHe ages (analytical error 2 to 3 % of the age + 6.5
% error of the age based on the reproducibility of Durango aliquots at UCL university). Mean-age-c is the arithmetic mean and 1σ error is the
standard deviation of single grain ages.

Sample No length width T R* He U Th Sm Th/U eU age error Ft age-c error Mean-age-c Disp.
Name (µm) (µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) ±1 σ (Ma) (%)

South and North Uist
1 230 224 0T 113 0.1 1.2 0.6 61.5 0.5 1.3 34.1 3.4 0.87 39.3 3.9
2 229 102 1T 62 0.02 1.5 0.8 26.5 0.6 1.7 13.9 1.4 0.82 16.9 1.7
3 380 181 2T 110 0.3 1.2 0.4 78.5 0.4 1.3 41.1 4.1 0.89 46.0 4.6

Nut-24 4 267 145 2T 86 0.4 2.2 0.6 74.2 0.3 2.4 76.4 7.6 0.86 89.4 8.9 47.1 ± 25.0 53
5 395 219 2T 129 1.3 2.0 0.4 107.6 0.2 2.1 84.3 8.4 0.90 93.4 9.3
6 219 108 2T 65 0.1 1.61 1.10 13.50 0.7 1.9 32.7 3.3 0.82 40.1 4.0

1 184 73 1T 46 0.3 13.1 1.8 355.1 0.1 13.5 43.9 4.4 0.77 56.9 5.7
2 139 86 1T 49 0.4 23.5 1.8 387.0 0.1 24.0 52.2 5.2 0.74 70.8 7.1
3 203 86 1T 53 0.3 11.9 1.7 268.0 0.1 12.3 39.3 3.9 0.79 49.4 4.9
4 247 86 2T 55 0.4 7.8 0.6 206.8 0.1 8.0 50.6 5.1 0.82 61.5 6.2

Sut-21 5 208 122 2T 71 0.3 5.9 1.0 307.7 0.2 6.1 40.5 4.0 0.82 49.4 4.9 48.0 ± 15.5 32
6 169 91 1T 54 0.2 9.5 1.3 172.5 0.1 9.9 41.5 4.1 0.77 53.7 5.4
7 245 103 2T 64 0.3 10.5 0.9 377.5 0.1 10.7 26.0 2.6 0.83 31.3 3.1
8 192 155 0T 83 2.1 20.8 0.7 363.1 0.0 21.0 85.9 8.6 0.83 103.6 10.4
9 144 94 1T 53 0.4 19.9 1.8 205.9 0.1 20.3 52.8 5.3 0.75 70.2 7.0

1 235 132 2T 77 1.5 16.4 11.4 254.0 0.7 19.0 59.3 5.9 0.84 70.9 7.1
2 210 112 1T 66 0.4 12.0 4.4 273.1 0.4 13.0 35.6 3.6 0.81 43.7 4.4
3 201 114 1T 67 2.2 37.9 54.4 663.3 1.4 50.6 51.4 5.1 0.81 63.8 6.4
4 133 167 1T 77 1.2 27.1 33.4 462.9 1.2 35.0 48.3 4.8 0.80 60.5 6.1

Sut-8 5 199 101 2T 60 0.5 14.6 10.0 424.4 0.7 16.9 35.3 3.5 0.80 44.1 4.4 49.6 ± 12.4 25
6 244 106 2T 65 1.7 14.3 15.8 365.1 1.1 18.1 80.3 8.0 0.83 97.2 9.7
7 260 100 2T 63 1.4 19.9 23.7 432.9 1.2 25.5 43.7 4.4 0.83 52.6 5.3
8 141 131 1T 67 0.3 7.8 6.9 241.1 0.9 9.5 46.5 4.6 0.78 59.7 6.0
9 185 166 1T 86 1.2 20.4 7.7 516.3 0.4 22.2 42.8 4.3 0.83 51.6 5.2
10 228 155 1T 87 2.3 26.9 2.3 537.1 0.1 27.5 52.8 5.3 0.85 62.5 6.2
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Figure 3.10: Plot apatite (U-Th-Sm)/He age (Ma) against [eU] concentration (ppm)
and grain size (R*) in samples from North and South Uist. AHe ages are uncorrected
single grain ages and the error bars represent 10% of the age which includes analytical
error (often 2% -3%) + 6.5 % error in age standards (based on the reproducibility of
Durango aliquots at UCL lab in London)

3.9.3 Apatite fission track analysis of Beinn Mhor profile

Beinn Mhor is the only vertical transect from the Outer Hebrides (Figure 3.9). Bein

Mhor is the highest mountain on South Uist, five samples were collected, from elevations

between 156-519 m. The obtained AFT along this profile is presented in table 3.6.

For each sample single-grain data including radial plots and track length distribution

histograms are given in Appendix B.
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3.9.3.1 Fission track data

Even though 5 sample were collected, given to apatite availability, only four samples

yielded an AFT age. The Beinn Mhor samples yielded central AFT age varying between

176.1 ± 8.7 and 208.4 ± 16.7 Ma. As for the individual samples in this region, there

were not 20 grains available for counting, even when two slides were prepared, as in

the ase of Sut-17 (Table 3.6). Only Sut-17 (both slides) passed the P(x2) test, even if

with low values of 0.07 and 0.21. Generally, the failure in P(x2) test in samples Sut-16,

Sut-18, and Sut-19 is due to the high dispersion of the single grain ages rather than

a mixed age population, as the radial plots clearly show (see Appendix B). Although

Sut-17-1 has passed the P (X2), it shows two populations on its radial plot (Appendix

B); this could be linked to D-par values as the older age population show higher D-par

value than the younger age population.

D-Par values were measured for every counted grain (3 per grain) to take the chemical

composition into consideration. Their D-Par average varies from 2.02 to 2.29 µm, and

the highest sample (Sut-16) yielded the highest values, 2.29 µm. There is no observable

relationship between AFT single-grain ages and D-par values, except in sample Sut-

17-1.

Even though the track density in these samples is quite high, the iron coating of many

grains has hampered the possibility of measuring a good number of tracks. The number

of measured horizontal, confined track lengths varies between 55 and 92 (Table 3.6).

In these samples, to account for anisotropy, every track has been c-axis projected,

according to Ketcham et al. (2007a,b); the c-axis corrected lengths have been used in

QTQt. The measured MTL varies between 11.89 and 12.58 µm and their standard

deviations vary from 1.47 µm to 1.87 µm (Table 3.6).
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Table 3.6: AFT data for Beinn Mhor profile. The AFT ages were determined using the LA-ICPMS. Symbols: Ns: Number of spontaneous tracks
counted on a polished surface of each apatite grain, Ωi: counted area on the grain, piΩi: sum of 238U/43Ca ratio (pi) times the counted area,
p-value: is the probability of the chi-sq age homogeneity test (Galbraith, 2010). 238U: is uranium 238 content in ppm from LA-ICP-MS directly.
D_par is the arithmetic average and 1σ error is the standard deviation of the valued measured on each grain (between 3 to 5 D_par per grain).
Central AFT age with 1 σ error (estimated standard deviation) calculated using the online software IsoplotR (Vermeesch, 2018), when age in
each sample was calculated in LA-ICPMS method, sessional Zeta (ζ) was used which is 21.1 ± 1 for Sut-16 and Sut-17-b; 21.2 ± 2.5 for Sut-19;
22.5±1.5 for Sut-17-1, and for Sut-18 is 22.7 ± 1.9. MTL: mean track length and 1σ error is the standard deviation (m is measured and p is
projected).

Sample Name Ns area (Ωi)
∑

piΩi P(X2) Dispersion D_par ±1σ 238U Central Age ±1σ MTL m ±1σ MTL p ±1σ
No. grains [lengths] (cm2) (%) (µm) (µm) (ppm) (Ma) (Ma) (µm) (µm) (µm) (µm)
Beinn Mhor Profile
Sut-16

1199 3.30E-04 7.34E-05 0.00 17 2.29 0.35 39.9 176.1 8.7 12.58 1.87 14.18 1.13
18 [92]

Sut-17-1
184 8.58E-05 1.01E-05 0.21 9 2.05 0.26 21.9 194.0 15.9 12.43 1.71 14.06 1.037 [83]

Sut-17-B
378 1.48E-04 2.43E-05 0.07 13 2.02 0.17 28.7 178.0 11.8

11 [ ]

Sut-18
406 1.99E-04 2.32E-05 0.00 18 2.28 0.26 22.8 206.4 15.4 12.25 1.47 13.42 1.70

12[55]

Sut-19
439 2.14E-04 2.30E-05 0.00 22 2.22 0.25 20.6 208.4 16.7 11.89 1.73 13.35 1.37

12[65]
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The c-axis projection process increased the MTL to about 14.18 µm for the longest

MTL and it also decreases the standard deviation to 1.03 µm (Table 3.6). Histograms

of track length distribution for measured and projected MTL are presented in Appendix

B. According to their track length distribution it appears that they haven’t experienced

any reheating period after they have reached into the PRZ and presumably they havnt

spent long time in that zone as the histogram peaks are tall with one peak (they are

not bimodal peaks).

3.9.4 Apatite (U-Th-Sm)/He analyses of Beinn Mhor profile

Two samples were selected for AHe analysis based on their locations and apatite quality;

the data come from the lowest (Sut-20) and the second highest sample (Sut-17). The

analysed single grains in each same is shown in table 3.7. The analytical procedure of

AHe analyses is described in Appendix A.

Detailed single grain data including the grains that are discarded from interpretation

and modelling are shown in the Appendix B. AHe ages are corrected using Farley

et al. (1996) equation. Figure 3.9 shows the uncorrected mean AHe ages and their

corresponding AFT central age along the profile. Although the mean age is presented

in table 3.7, the single AHe grain raw ages are used for the modelling.

3.9.4.1 Apatite (U-Th-Sm)/He data

Along the profile the uncorrected AHe ages of single grains vary from 11.0 ± 1.1 Ma

to 121.3 ± 12.1 Ma, and corrected ages from 14.6 ± 1.5 Ma to 154.2 ± 15.4 Ma.

Generally, the ages are unexpectedly young, particularly for the highest sample (Sut-

17). It is possible that these ages are inaccurate and that some He has been lost and/or

parent isotopes implanted. However, the obtained AHe ages have high precision in this

sample. The lowest sample (Sut-20) did not give convenient grains for AFT analysis

but because of its place in the profile, the reminder of the sample (2-3 kg) in the storage

had to be crushed to get some grains for AHe analysis. In sample Sut-20, dispersion

is high. Generally, dispersion of single-grain ages varies from 86 to 21% in Sut-20 and

Sut-17, respectively (Table 3.7). There is no correlation between AHe ages, grain size

and/or e[U] in both samples (Figure 3.11). Very young mean age in Sut-17 and high

dispersion in the lower sample along this profile (Sut-20) may also related to the profile

position to the Outer Hebrides fault Zone (OHFZ) (see figure 3.9).
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Table 3.7: Single grain apatite (U-Th-Sm)/He data from Bein Mhor profile. Symbols: T; terminations, R*; is spherical equivalent radius for a
sphere and is calculated as R*=(3*(RL))/(2*(R+L)), eU; effective Uranium, age; AHe row age, Ft; correction factor after Farley et al. (1996),
assuming homogeneous distribution U and Th. age-c; is Ft-age corrected, Error; is 10 % of AHe ages (analytical error 2 to 3 % of the age + 6.5
% error of the age based on the reproducibility of Durango aliquots at UCL university). Mean-age-c is the arithmetic mean and 1σ error is the
standard deviation of single grain ages.

Sample No length width T R* He U Th Sm Th/U eU age error Ft age-c error Mean-age-c Disp.
Name (µm) (µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) ±1 σ (Ma) (%)

Bein Mhor
1 138 117 1T 62 0.3 30.3 2.8 317.9 0.1 31.0 21.4 2.1 0.77 27.9 2.8
2 197 109 0T 64 0.4 26.6 2.8 208.9 0.1 27.3 20.7 2.1 0.81 25.6 2.6
3 153 86 0T 50 0.2 25.4 4.0 202.4 0.2 26.3 16.1 1.6 0.75 21.5 2.1
4 150 119 1T 64 0.1 10.5 2.0 111.5 0.2 10.9 22.4 2.2 0.78 28.7 2.9
5 100 66 1T 37 0.1 21.6 5.4 258.8 0.2 22.9 20.9 2.1 0.65 32.4 3.2
6 114 73 1T 42 0.1 27.1 5.0 240.0 0.2 28.3 17.9 1.8 0.69 26.1 2.6

Sut-17 7 116 97 1T 51 0.1 27.6 4.4 214.7 0.2 28.7 17.0 1.7 0.72 23.6 2.4 19.9±4.1 21
8 166 69 1T 43 0.2 31.1 3.6 230.2 0.1 32.0 15.1 1.5 0.75 20.1 2.0
9 227 108 0T 65 0.4 17.6 3.5 115.5 0.2 18.4 20.1 2.0 0.82 24.4 2.4
10 141 91 0T 51 0.2 42.2 7.3 263.9 0.2 44.0 13.5 1.4 0.74 18.1 1.8
11 152 105 0T 58 0.5 40.1 8.0 257.5 0.2 42.0 28.3 2.8 0.77 36.8 3.7
12 150 94 0T 54 0.2 19.8 18.9 211.4 1.0 24.2 25.6 2.6 0.75 34.0 3.4

1 234 100 1T 62 0.3 7.1 0.8 38.6 0.1 7.2 49.6 5.0 0.82 60.3 6.0
2 211 160 1T 87 0.04 1.1 0.5 211.5 0.4 1.2 12.7 1.3 0.84 15.1 1.5
3 203 115 1T 67 0.04 2.5 1.0 251.0 0.4 2.8 13.4 1.3 0.81 16.5 1.6
4 162 111 0T 62 0.8 42.3 7.5 476.8 0.2 44.1 32.2 3.2 0.78 41.2 4.1
5 150 99 0T 56 0.01 1.3 1.7 132.8 1.3 1.7 11.0 1.1 0.76 14.6 1.5
6 241 103 1T 64 0.04 1.2 0.6 71.4 0.5 1.3 25.5 2.6 0.83 30.9 3.1

Sut-20 7 138 142 0T 70 1.0 13.1 4.2 163.8 0.3 14.1 121.3 12.1 0.79 154.2 15.4 45.7±39.3 86
8 183 136 IT 74 0.04 1.5 0.6 44.2 0.4 1.6 23.7 2.4 0.81 29.2 2.9
9 175 95 0T 56 0.03 2.1 1.2 87.7 0.6 2.4 19.0 1.9 0.78 24.4 2.4
10 161 111 IT 62 1.5 23.1 3.8 135.7 0.2 24.0 118.6 11.9 0.78 151.6 15.2
11 153 91 IT 53 0.3 7.5 14.8 77.1 2.0 11.0 75.1 7.5 0.75 100.3 10.0

94



Figure 3.11: Plot apatite (U-Th-Sm)/He age (Ma) against [eU] concentration (ppm)
and grain size (R*) in samples from Beinn Mhor profile. AHe ages are uncorrected
single grain ages and the error bars represent 10% of the age which includes analytical
error (often 2% -3%) + 6.5 % error in age standards (based on the reproducibility of
Durango aliquots at UCL lab in London).

3.9.5 Age versus elevation plots

In both samples AHe single-grain ages are significantly younger than their correspond-

ing AFT ages (Figure 3.9). Generally, both AFT age and AHe ages show a negative

correlation with elevation (Figure 3.10A). This unexpected result may be due to sev-

eral reasons; given its proximity to the OHF zone in South Uist, the profile may have

been disturbed by post-cooling tectonic processes, but it could be indicative of tectonic

denudation (Reinhardt et al., 2007) and/or to a post-orogenic increase in relief (Braun

and Robert, 2005). There is a clear positive correlation between the MTL and eleva-

tion along the Beinn Mhor profile (Figure 3.12B). There is no correlation between the

MTLs of this samples and their standard deviation (Figure 3.12C). Based on the basic

principle of vertical profile approach, age should increase with elevation, but here in

this profile this correlation between AFT and AHe ages is opposite and the convenient
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Figure 3.12: Age and MTLs against elevation and projected MTLs versus standard de-
viation from Beinn Mhor profile. A) shows Age-elevation plot of Beinn Mhor samples.
AFT ages are central ages and the error bars are 1σ estimated standard deviations
calculated using the online software IsoplotR (Vermeesch, 2018). AHe ages are uncor-
rected single grain ages and error bars are 10% of AHe uncorrected ages. B) shows
projected MTLs-elevation plot of the same samples. To correct to c-axis orientation
Ketcham et al. (2007a) model have been used, and the error bars on the projected MTLs
are standard deviation on the projected lengths in each sample. C) shows projected
MTLs versus standard deviation along the profile.

reason is hard to be risen, thus the samples of this profile in the next chapter are not

modelled together as a profile.

3.10 Barra

3.10.1 Apatite fission track analysis

Apatite fission track data come from two samples on Barra, Bar-1, and Bar-5 (Table

3.8). For each sample the analysed single-grain data and radial plots as well as their

track length distribution histograms are presented in Appendix B.
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3.10.1.1 Fission track data

Bar-1 yielded an apatite fission track age of 151.2 ± 9.1 Ma; two slides were prepared

for Bar-5, the ages are 216.2 ± 25.7 and 229.3 ± 33.7 Ma (Table 3.8). Bar-1 had

enough clear, prismatic apatites to be able to count tracks on 20 grains, but the age of

Bar-5, despite the two slides, is calculated only based on 14 crystals (Table 3.8). Bar-5

has passed the P(x2) test with a high value of 0.96 in both slides, and dispersion was

less than 1%. However, Bar-1 didn’t pass the (P(X2) test, possibly due to the single

grain age dispersion, rather than the presence of a mixed age population, as the radial

plot shows (see Appendix B).

For every counted grain, three D-par were measured; the average D-par value is 2.21

µm for Bar-1 and is 1.75 µm for Bar-5-1, D-pars were not measured on Bar-5-2 (Table

3.8). Generally, D-par mean value in Bar-1 is slightly bigger than the mean value

measured in Durango apatite standards, 1.76 ± 0.13 µm (n =100), but in Bar-5-1 the

D-par mean lengths is almost the same value which has been measured for the Durango

apatite standards.

One hundred and six confined, horizontal tracks were measured in Bar-1, but only

14 in Bar-5, which has a very low track density (Table 3.8). Track lengths and their

angle with the crystallographic c-axis were measured, to take annealing anisotropy into

account (Ketcham et al., 2007a,b) The measured MTL value is 12.4 µm for Bar-1 and

12.34 µm for Bar-5, while their projected MTL values becomes longer and it is 13.64

µm and 13.56 µm, respectively (Table 3.8). The standard deviation of the MTL values

is between 0.84 to 1.73 µm for measured tracks and it becomes 0.97 to 1.46 µm for

projected tracks for Bar-5 and Bar-1, respectively.
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Table 3.8: AFT data for Barra samples. The AFT ages were determined using the LA-ICPMS. Symbols: Ns: Number of spontaneous tracks
counted on a polished surface of each apatite grain, Ωi: counted area on the grain, piΩi: sum of 238U/43Ca ratio (pi) times the counted area,
p-value: is the probability of the chi-sq age homogeneity test (Galbraith, 2010). 238U: is uranium 238 content in ppm from LA-ICP-MS directly.
D_par is the arithmetic average and 1σ error is the standard deviation of the valued measured on each grain (between 3 to 5 D_par per grain).
Central AFT age with 1σ error ( estimated standard deviation) calculated using the online software IsoplotR (Vermeesch, 2018), when age in
each sample was calculated in LA-ICPMS method, sessional Zeta (ζ) was used which is 22.7 ± 1.9 for Bar-5-1, and Bar-1, and 21.2 ± 2.5 for
Bar-5-2. MTL: mean track length and 1σ error is the standard deviation (m is measured and p is projected).

Sample Name Ns area (Ωi)
∑

piΩi P(X2) Dispersion D_par ±1σ 238U Central Age ±1σ MTL m ±1σ MTL p ±1σ
No. grains [lengths] (cm2) (%) (µm) (µm) (ppm) (Ma) (Ma) (µm) (µm) (µm) (µm)
Barra
Bar-5-1

71 2.99E-04 3.76E-06 0.96 0 1.75 0.19 2.9 216.2 25.7 12.34 0.84 13.56 0.97
11[14]

Bar-5-2
47 1.66E-04 2.17E-06 0.96 0 2.3 229.3 33.7

7[ ]

Bar-1
1071 4.27E-04 8.31E-05 0 23 2.21 0.25 38.7 151.2 9.1 12.4 1.73 13.64 1.46

20[106]
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3.10.2 Apatite (U-Th-Sm)/He analyses

Fifteen single-apatite grains were analysed from these two samples for AHe ages (Table

3.9), the analytical procedure for AHe analyses is given in Appendix A.

Data from all analysed single grains together with comments on discarded grains are

presented in Appendix B. Only aliquots showing analytical inaccuracies, which here

are only two grains in sample Bar-1, were discarded from age calculation and thermal

modelling. AHe ages have been corrected using Ft after Farley et al. (1996). Figure

3.13 shows the location of the analysed samples and the calculated mean AHe ages

together with their AFT ages. Although the mean age is presented in table 3.9 and

figure 3.13, the single AHe grain raw ages are used for the modelling.

3.10.2.1 Apatite (U-Th-Sm)/He data

The uncorrected AHe age in Bar-1 vary from 33.5 ± 3.3 to 56 ± 5.6 Ma and from

12.7 ± 1.3 to 29.5 ± 2.9 Ma in Bar-5 (Table 3.9). The obtained age in Bar-5 is the

youngest mean age in the region and it may be inaccurate as it is very different from

all the other ages. It has been mentioned in the previous section that the quality and

quantity of apatite grains is low in this sample. In both samples (Bar-1 and Bar-5),

Figure 3.13: Map of the obtained ages (AFT and AHe ages) of the samples from Barra.
For the legend to geological map see Figure 3.2.
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uncorrected and corrected AHe mean ages are significantly younger than their AFT

ages. Dispersion is c. 19% and 39% for Bar-5 and Bar-1, respectively. The uncorrected

ages are plotted against grain size (R*) and [eU] in these samples (Figure 3.14) to

understand causes of dispersion within each sample.

There is no or very weak positive correlation between AHe ages and [eU] in sample

Bar-5, but Bar-1 shows clear negative correlation (Figure 3.14), which the reason in

the second sample (Bar-1) is because the grains with low amount of [eU] unexpectedly

show the ages as old as grains with higher amount of [eU]. In both samples, when the

AHe ages are plotted versus R * (grain size), there is no relationship between R* and

ages (Figure 3.14), which it means with grain size there should be other factors (e.g.

inclusion, implantation) have affected the AHe age because sometimes more than one

factor affects the AHe age simultaneously in a grain (Brown et al., 2013).
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Table 3.9: Single grain apatite (U-Th-Sm)/He data from Barra. Symbols: T; terminations, R*; is spherical equivalent radius for a sphere and
is calculated as R*=(3*(RL))/(2*(R+L)), eU; effective Uranium, age; AHe row age, Ft; correction factor after Farley et al. (1996), assuming
homogeneous distribution U and Th. age-c; is Ft-age corrected, Error; is 10 % of AHe ages (analytical error 2 to 3 % of the age + 6.5 % error
of the age based on the reproducibility of Durango aliquots at UCL university). Mean-age-c is the arithmetic mean and 1σ error is the standard
deviation of single grain ages.

Sample No length width T R* He U Th Sm Th/U eU age error Ft age-c error Mean-age-c Disp.
Name (µm) (µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) ±1 σ (Ma) (%)
Barra

1 182 100 2T 59 0.1 2.7 1.2 2.7 0.5 2.9 28.4 2.8 0.79 36.0 3.6
2 201 97 1T 59 0.1 1.5 1.1 1.5 0.7 1.8 19.1 1.9 0.80 23.9 2.4
3 129 93 1T 51 0.05 4.5 2.7 4.5 0.6 5.1 23.8 2.4 0.73 32.6 3.3
4 162 157 1T 79 0.1 1.5 0.9 1.5 0.6 1.7 14.3 1.4 0.81 17.6 1.8
5 137 74 1T 44 0.02 4.7 3.5 4.7 0.8 5.5 12.7 1.3 0.72 17.7 1.8

Bar-5 6 180 91 1T 55 0.04 1.3 1.2 1.3 1.0 1.6 16.9 1.7 0.78 21.7 2.2 18.8 ± 6.4 34
7 180 104 2T 60 0.03 1.3 1.2 1.3 0.9 1.6 12.5 1.3 0.79 15.9 1.6
8 162 91 1T 53 0.03 3.2 1.8 3.2 0.6 3.6 12.5 1.2 0.76 16.3 1.6
9 129 126 1T 63 0.1 8.7 3.5 8.7 0.4 9.5 29.5 3.0 0.77 38.6 3.9

1 229 114 1T 68 1.2 29.8 0.6 308.3 0.0 29.9 37.8 3.8 0.83 45.7 4.6
2 170 168 1T 84 1.8 50.4 4.1 521.6 0.1 51.4 34.9 3.5 0.82 42.3 4.2
3 324 161 2T 97 4.0 40.2 0.6 267.4 0.0 40.3 33.5 3.3 0.88 38.2 3.8

Bar-1 4 129 167 1T 76 0.6 25.2 1.9 244.4 0.1 25.6 34.3 3.4 0.80 42.9 4.3 39.1 ± 7.7 20
5 264 144 2T 85 1.0 10.0 0.4 89.7 0.0 10.1 56.0 5.6 0.85 65.6 6.6
6 226 181 1T 97 1.2 16.4 0.4 254.3 0.0 16.5 38.5 3.9 0.85 45.1 4.5
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Figure 3.14: Plot apatite (U-Th-Sm)/He age (Ma) against [eU] concentration (ppm)
and grain size (R*) in samples from Barra. AHe ages are uncorrected single grain ages
and the error bars represent 10% of the age which includes analytical error (often 2%
-3%) + 6.5 % error in age standards (based on the reproducibility of Durango aliquots
at UCL lab in London).

3.11 Regional Summary

From north to south, along the Outer Hebrides 21 samples were collected, of which

five on a vertical profile, at Beinn Mhor, the highest peak in Uist. AFT age measured

using LA-ICP-MS are varied generally between 170 and 230 Ma. Overall, they are

not significantly variable, however, there is a sample (Lws-29) which its AFT age is

125 Ma, with only one sample (Lws-30-D) which has given AFT age around 68 Ma on

Lewis. Sample Lws-30-D had been collected next to a dyke and it is possible that its

age was reset by the heat.

The vertical profile on Outer Hebrides is only 590 metres high and it shows a negative

correlation between AFT ages and elevation (Figure 3.15B); the cause could be due to

its location to the OHFZ.

Generally, It was difficult to count 100 confined fission track lengths because of the

quality of the grains, but most samples are accompanied by at least 50 tracks. The
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mean does not vary significantly from north to the south and it doesn’t show any

correlation with elevation when all individual samples are plotted together from north

to south (Figure 3.16 A), while along the vertical profile of Beinn Mhor there is a

strong positive correlation between mean track lengths and elevation (Figure 3.16 B).

The track length distributions are generally narrow across the region, with only 1 peak,

suggesting a simple cooling history.

D-pars were measured for every grain, in all samples; they have been used as the

proxy for the chemical composition of apatite grain and used in reconstructing thermal

models. Generally, D-pars in this region are longer than those measured in the samples

collected from the Grampian area, but they are still with the D-par range of the

fluorapatite Durango standards. There is not observable correlation between AFT age

and D-par, apart from 1 sample.

Overall, 110 grain were analysed for AHe dating in 11 samples on the Outer Hebrides.

The analysed grains were 2T, 1T, and 0T grains (broken grains). In general, 8 to 10

grains per sample were analysed. There is no observable correlation between AHe ages

and elevation in single samples and the vertical profile grains show negative correlation

between age and elevation as the higher sample yields younger ages. The AHe ages are

substantially younger than the AFT ages everywhere in the region. The AHe age across

the Outer Hebrides gradually decrease from north to the south, with the youngest AHe

ages recorded by Sut-17, and Bar-5 (Figure 3.3), even though these two samples should

be treated with caution because of their low quality apatite grains.

Figure 3.15: Age versus elevation along the Outer Heberides. A) shows age-elevation
plot of all single samples along the Outer Hebrides. B) shows age-elevation plot of
Beinn Mhor samples. AFT ages are central ages with 1σ error calculated using IsoplotR
(Vermeesch, 2018).

103



Figure 3.16: MTLs versus elevation along the Outer Heberides. A) shows projected
MTLs-elevation plot of all single samples along the Outer Hebrides. B) shows pro-
jected MTLs-elevation plot of Beinn Mhor samples. In both plots the error bars on
the projected MTLs are standard deviation on the projected lengths in each sample.
Projection of the track length is after Ketcham et al. (2007a)
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3.12 The Grampian Highlands Terrane

This terrane is bound by two major geological faults; the Great Glen Fault to the North

and the Highland Boundary Fault to the South. One of the most common rock types

in the Grampian Highlands are the metamorphosed sedimentary rocks of the Dalra-

dian subgroup (see Figure 1.3 in chapter one). These rocks started to deposit from

Late Precambrian to the Early Cambrian (Stephenson and Gould, 1995; Trewin, 2002),

then mainly metamorphosed during the Caledonian Orogeny (Trewin, 2002). As it was

mentioned in chapter one, Scotland has been affected by several orogenic events, the

latest being the Caledonian that had a large impact on Scotland’s geological and geo-

morphological appearance (Watson, 1984). During this orogenic event several igneous

bodies were intruded the upper crust, within the Dalradian Supergroup (Stephenson

and Gould, 1995); now most of them make the highest peaks in the Grampian Highland;

examples are Ben Nevis and the Cairngorms. These large plutons have been divided

into two groups, the ‘Older granite’ and the Newer Granite. Late Caledonian volcanic

rocks have also been preserved; examples are Glen Coe and volcanic complex of Ben

Nevis which are both considered examples of cauldron subsidence (Gordon, 2010). In

this study all the samples are from the ‘New Granites’ s which are more common than

the ‘older’ in the Grampian Highlands.

3.13 The Scottish Caledonian granites in the Grampian

Highlands

Granites that intruded into Dalradian metamorphic Group in the Grampian Highland

of Scotland during the Caledonian Orogeny have been divided into Older and Newer

granites (Figure 3.17) (Read, 1961; Stephenson and Gould, 1995). Both were emplaced

during the Caledonian Orogeny but at different times; the Older granites are typically

S-type and most of them formed during the Grampian event ( c.480-465 Ma) (Pidgeon

et al., 1978; Oliver, 2001). They were generated by melting Dalradian country rocks

following a temperature increase due to the crustal thickening (Stephenson and Gould,

1995).

The ‘Newer granites’ are I- type calc-alkaline granitoids (Conliffe et al., 2010). They

were intruded into the Scottish Highland between c.400 and 430 Ma during the closure

of the Iapetus Ocean (the Scandian event and soft-docking of Eastern Avalonia) and
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Figure 3.17: Distribution of Older and Newer Granites in the Grampian Highland
terrane in Scotland (after Stephenson and Gould, 1995; Appleby, 2008).

the subsequent Acadian event (Dewey and Strachan, 2003; Holdsworth et al., 2015)

(Table 3.10). The ‘Newer granites’ are dominant in the Grampian Highland terrane.

Generally, the implacement of the ‘Newer granites’ were 40-50 Ma after the Grampian

event (Soper et al., 1999; Oliver, 2000). During the Scandian event which is represented

by the collision between Baltica and Laurentia at c. 430–425 Ma some of the earliest

members of the ‘Newer granites’ suite were emplaced but much of the ‘Newer Granite’

suite cannot be associated directly with subduction as it postdates continental collision

by up to 20–25 myr, and has therefore been attributed to asthenospheric and crustal

melting following slab break-off (Atherton and Ghani, 2002; Neilson et al., 2009). The

‘Newer Granites are subdivided into three different suits , based on isotopic data and

whole-rock geochemical studies (Stephens and Halliday, 1984); these suits are: the Ar-

gylle suit in the north west of the Grampian Highlands, the Cairngorms and the South

Grampians suites in the south east (Figure 3.15). In this study, samples were collected

form the Newer Granites of the Argylle and Cairngorm suits, on a roughly west-east

traverse and along four vertical profiles.

Similar to the Outer Hebrides sampling strategy, samples were collected at various
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locations and altitudes to account for local variance in the fission-track data, and to

identify local scale differences in the geological evolution of the region, if any. Table

3.11 shows the sampling location and the obtained ages (the central AFT and mean

AHe ages). In this terrane most of the samples belong to vertical profiles; in the next

sessions, , the location of the profile, a brief geological description, and the detailed

low temperature thermochronometric data and are presented.

Table 3.10: The age of the emplacement of the intrusions which have been samples in
the Grampian Highlands

intrusion Age (Ma) Method Reffrences
Ben Nevis 415 ± 10 ?

Etive (Ben Starav) 408 ± 18 Biotite K-Ar (Brown et al., 1965)

Etive (Ben Cruachan) 399 ± 8 Biotite K-Ar (Brown et al., 1968)
405 zircon U-Pb (Pidgeon et al., 1978)

Lochnagar 415 ± 5 Rb-Sr
(Pidgeon et al., 1978)
(Brown et al., 1968)

?: There is no any geochronological data representing the emplacement age of Ben Nevis complex,

but the general age for emplacement of the (New granite)s as Ben Nevis and Aonach Mor intrusions

are part of it is ranging between c.390 to 440 Ma ((Harrison and Hutchinson, 1987; Holdsworth et al.,

2015)). Therefore, I have used 415±10 Ma as the only constraint, initial time, for Ben Nevis and

Aonach Mor during modeling process.
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Table 3.11: Collected sample information across the Grampian Highland region. Sample location, elevation, central apatite fission track (AFT)
±1 σ, mean apatite (U-Th-Sm)/He (AHe) ages, and the method used to derive U concentration for the FT analyses.

Sample Lat Long Elevation Locality AFT ages AHe ages EDM LA-ICP-MS
Name (m) (Ma) (Ma)
Ben Nevis profile
BN-04 56.79910 -5.03131 860 Ben Nevis 243.5±21.8 x
BN-05 56.80110 -5.03489 717 Ben Nevis 242.4±24.8 x
BN-06 56.80213 -5.03791 597 Ben Nevis 238.4±20.8 71.1±25.7 x
BN-07 56.80105 -5.04406 431 Ben Nevis 209.3±18.9 x
BN-08 56.80114 -5.05344 289 Ben Nevis 213.8±18.5 x
BN-09 56.80150 -5.05852 157 Ben Nevis 193.48±7.9 51.2±13.9 x
Aonach Mor profile
Mor-1 56.81862 -4.96253 1204 Aonach Mor 262.1±19.6 114.3±71.5 x
Mor-2 56.82439 -4.97434 1024 Aonach Mor 269.6±12.1 x
Mor-3 56.82901 -4.98092 792 Aonach Mor 209.6±8.8 103.2 ± 43.8 x
Mor-4 56.83593 -4.98990 587 Aonach Mor 250.5±9.9 x
Mor-5 56.84114 -4.99701 403 Aonach Mor 233.5±12.8 101.6 ± 21.3 x
Ben Starav profile
STV-1 56.53880 -5.04977 1075 Ben Starav 199.5 ± 19.5 107.1 ± 37.7 x
STV-2 56.54340 -5.04811 906 Ben Starav 217.6 ± 23.0 x
STV-3 56.54942 -5.04472 802 Ben Starav 198.9 ± 19.7 x
STV-6 56.55361 -5.04103 504 Ben Starav 169.5 ± 17.0 75.0 ± 33.6 x
STV-8 56.56137 -5.03308 243 Ben Starav 233.5 ± 22.0 50.6 ± 11.2 x
STV-9 56.56628 -5.03079 67 Ben Starav 166.0 ± 16.7 x
Lochnagar profile
LN-1 56.95332 -3.22390 1069 Lochnagar 226.3 ± 27.9 x
LN-2 56.96025 -3.24510 1148 Lochnagar 274.6 ± 26.1 237.1 ± 72.8 x
LN-3 56.93550 -3.20230 689 Lochnagar 234.6 ± 23.4 102.2 ± 37.6 x
LN-4 56.93090 -3.19885 566 Lochnagar 259.0 ± 47.3 x
LN-5 56.95238 -3.13672 409 Lochnagar 255.5 ± 27.0 120.5 ±39.5 x
Individual samples
BC_02 56.41839 -5.16873 421 Ben Cruachan 244.6 ± 22.1 x
BC_03 56.42406 -5.16491 439 Ben Cruachan 224.6 ± 21.3 x
BC_04 56.41487 -5.15534 462 Ben Cruachan 261.3 ± 27.8 23.3±4.1 x
BC_05 56.41728 -5.14982 430 Ben Cruachan 225.9 ± 30.2 x
CG16-3 57.04892 -3.11749 426 Cairngorms 255.9 ± 23.4 143.5±28.4 x
CG16-4 57.06151 -3.08818 417 Cairngorms 297.9 ± 29.4 x
CG16-6 57.10610 -3.51770 262 Cairngorms 272.9 ± 24.9 112.7±25.6 x
CG16-14 57.25148 -3.75318 281 Cairngorms 248.9 ± 24.3 142.5±32.4 x
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3.14 Ben Nevis Igneous Complex

3.14.1 Location

The Ben Nevis Igneous Complex is located in the western end of the Grampian High-

land terrane, in the south side of the Great Glen Fault, immediately east of Fort

William (Figure 3.17). Ben Nevis is the highest mountain in Britain, its elevation is

1,345 metres.

3.14.2 Geology of Ben Nevis

The Ben Nevis complex has a roughly circular outcrop pattern, covers an area of

42 km2 (Figure 3.18) and was intruded into the Precambrian metasediments of the

Dalradian Supergroup (Burt and Brown, 1997) by end of the Caledonian Orogeny

(Figure 3.16). The Complex is comprised of a central core of volcanic rocks resting

unconformably on Dalradian basement and completely enclosed by contemporaneous

and younger granitoid intrusions that range in composition from quartz diorite to

granite (Burt and Brown, 1997).

The country rocks, which includes the Grampian and Appin Groups of the Dalradian

Supergroup, were deformed and metamorphosed during the Grampian event (Soper

et al., 1999; Stephenson et al., 2013). The Grampian group is to the northwest of the

complex and it is composed by medium grade metamorphic rocks; the Appin Group

to the east and it consists, of folded slate, schist, and quartzites (Stephenson et al.,

2013). Both groups have been affected by the thermal aureole, up to 3 km from the

outer margin of the igneous body (Bailey et al., 1960).

Simplistically, the granitoid body can be divided into two groups, the Outer Granite

and the Inner Granite (Figure 3.18); the former is a quartz diorite and constitutes

slightly more than half of the igneous complex by area (Bailey et al., 1960). NE-SW-

trending basic and felsic dikes cut both granites, but they are of limited extent within

the Inner Granite (Bailey et al., 1960) (Figure 3.18). the centre of the Ben Nevis

Igneous Complex is formed by a volcanic pile, which is exposed on the the steep cliffs

on the North Face and the summit area of Ben Nevis (Burt and Brown, 1997). The

volcanic rocks have been dated between 416 ± 5 Ma and 390 ± 5 Ma using whole rock

K-Ar and Rb-Sr methods (Brown, 1972). No dykes were found in the early studies

within the volcanic pile (Bailey et al., 1960). However, recently the same felsic dykes
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cutting the earliest rocks of the outer granites were found also intruding the volcanic

section, indicating that the volcanic pile formed before or during the intrusion of the

earliest granitic magma within the plutonic sequence (Burt, 1994). There are two

exposures of Dalradian basement at the base of the volcanic pile, but they are too

small to be shown in Figure 3.18. (they have been coloured like the volcanic part, they

mainly consist of pelite and semi pelite. One outcrop is the Mhuillian Dalradian which

its width is around 15 m and it is exposed (nearly 150 m) at the contact zone between

the volcanic pile and inner granite. The other, the Coire Ghaimhnean Dalradian has a

very limited exposure and defining its contacts with the surrounding rocks is difficult.

3.14.3 Apatite fission track analysis

Five of the AFT ages from this region were calculated using the EDM method, one

using the U concentrations derived from LA-ICP-MS measurements (Table 3.12). The

analysing procedures of both methods are shown in Appendix A. For each sample

a data log showing the analysed grains for AFT age, radial plots and track length

distributions is presented in Appendix B.

3.14.3.1 Fission track data

Over the 860m elevation range of the Ben Nevis profile, the AFT ages range between

243.5±21.8 Ma and 193.5±7.9 Ma (Table 3.12), increasing with elevation; no ages

are reported from the top of the mountain because the exposed rocks did not yield

apatites. The obtained AFT ages are significantly younger than the emplacement age

of the plutons, which is 415±10 Ma (Table 3.10). All samples, but BN-9, passed

the P(x2) test, which suggests the presence of only one population (see Appendix B),

The P(x2) value of BN-9 is lower than 0.05, suggesting the presence of at least two

populations of ages, which are not, however, visible in the radial plot. It is probable

that the low P(x2) value is related to the dispersion of the single grain ages, which, in

this sample, is relatively high (11.72%), when compared to the others (see Appendix

B).

Minimum three DPar values were measured for the grains used for age determinations;

the values vary from 1.75 ± 0.11 µm to 2.48 ± 0.16 µm (Table 3.12). The longest

D-pars were measured on sample BN-07. However, half of the samples have D-par of

less than 2 µm which is slightly bigger the mean value measured for Durango apatite

standards, 1.76 ± 0.13 µm. There is no observable correlation between AFT single-
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Figure 3.18: Simplified geological map of Ben Nevis from Digital geological map of
Great Britain (DigimapGB) showing obtained AFT ages.

grain ages and D-par values (see Appendix B).

For most of the samples 100 confined track lengths were measured, except BN-04 which

has 78 confined track lengths. The mean track lengths range between 11.70 and 12.45

µm with standard deviations ranging from 1.46 to 1.99 µm (Table 3.12). The c-axis

corrected MTL vary from 13.44 µm to 13.87 µm, with a standard deviation ranging

from 1.06 to 1.24 µm . Appendix B shows the histograms of track length distribution,

in all samples; generally, TLD histograms are broader than those from the Outer

Hebrides but still unimodal, suggesting that these samples spent longer time in the

PAZ, particularly the lower half of the profile where the TLD is much broader than

at the top. There is no correlation between MTLs and standard deviation, both for

measured and projected track lengths (Figure 3.19).
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Table 3.12: AFT data for Ben Nevis profile. The AFT ages were determined using the EDM for all samples except the lowest sample (BN-09).
Symbols: ρd; track density of the dosimeter tracks, ρs; track density of spontaneous tracks, ρi; track density of induced tracks, Nd; counted
number of tracks on the dosimeter, Ns; counted number of spontaneous tracks, Ni; counted number of induced tracks, P-value: is the probability
of chi-sq age homogeneity test (Galbraith, 2010), D_par; is the arithmetic average and 1σ error is the standard deviation of the valued measured
on each grain (between 3 to 5 D_par per grain). Uranium content estimated using EDM apart from the last sample which is from LA-ICP-MS.
Central AFT age with 1σ error (estimated standard deviation) calculated using the online software IsoplotR (Vermeesch, 2018), when age in each
sample was calculated in EDM method, Zeta (ζ) of 311.1 ± 24.3 which calculated using standard glass was used. MTL: mean track length and
1σ error is the standard deviation (m is measured and p is projected). In the last sample from the table (BN-09) the AFT ages were determined
using the LA-ICPMS. when age in this sample was calculated using the online software IsoplotR (Vermeesch, 2018), sessional Zeta (ζ) was used
which is 24.7 ± 1.2. Most of the symbols have been already defined above apart from these two: Ωi; counted area on the grain, piΩi: sum of
238U/43Ca ratio times the counted area).

Sample Name ρd(cm2) ρs(cm2) ρi(cm2) P(X2) D_par ±1σ 238U Central Age ±1σ MTL m ±1σ MTL p ±1σ
No. grains[lengths] Nd Ns Ni % (µm) (µm) (ppm) (Ma) (Ma) (µm) (µm) (µm) (µm)
Ben Nives
BN-04 1.67E+06 3.54E+07 3.74E+07

0.84 1.80 0.18 14.13 243.5 21.8 12.45 1.72 13.87 1.24
22 [78] 9169 1036 1087

BN-05 1.67E+06 2.54E+07 2.76E+07
0.33 1.88 0.13 11.45 242.4 24.8 12.12 1.99 13.72 1.31

20 [100] 9169 551 557

BN-06 1.66E+06 9.49E+07 9.96E+07
0.70 2.21 0.18 41.71 238.4 20.8 12.27 1.72 13.85 1.06

20 [100] 9169 1328 1412

BN-07 1.65E+06 6.44E+07 7.63E+07
0.81 2.48 0.16 31.96 209.3 18.9 11.86 1.89 13.62 1.18

20 [190] 9169 918 1114

BN-08 1.64E+06 5.38E+07 6.39E+07
0.88 1.75 0.11 27.08 213.8 18.5 12.08 1.90 13.69 1.24

20 [145] 9169 1340 1573

Sample Name Ns area (Ωi)
∑

piΩi P(X2) D_par ±1σ 238U Central Age ±1σ MTL m ±1σ MTL p ±1σ
No. grains [lengths] (cm2) (µm) (µm) (ppm) (Ma) (Ma) (µm) (µm) (µm) (µm)
BN-09

1005 4.63E-04 6.42E-05 0.03 2.02 0.17 18.73 193.5 7.9 11.70 1.46 13.44 1.17
22 [101]
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Figure 3.19: Mean Track lengths versus standard deviation for Ben Nevis samples.
A) Measured mean track lengths versus standard deviation, B) Projected mean track
lengths versus standard deviation in the samples from Ben Nevis profile. Track length
projection after (Ketcham et al., 2007a).

3.14.4 Apatite (U-Th-Sm)/He analyses

For each vertical profile the aim was to analyse at least 8 to 10 individual grains for

three samples (top, middle and bottom of the profile) that will then be modelled all

together, using QTQt, to constrain the thermal histories of these rocks, with a precision

of a few degrees. However, because of the relatively low relief (860 metres only equate

to a difference of 22◦C, for a normal geothermal gradient of 26◦C/km) and of the low

quality of the apatite crystals from the rocks at high elevation, only two samples were

analysed for (U-Th-Sm)/He (AHe) determinations, from the bottom (BN-09) and mid

(BN-06) of the profile. The AHe data are reported in Table 3.13. The AHe analytical

procedure is described in Appendix A.

Apatite crystals were carefully checked under a petrographic microscope for inclusions

and the track distribution in the grains polished for AFT determinations assess to

determine a parent isotope zonation. Many of the samples contained numerous grains

with pronounced U zoning, mainly with U-rich rims, but some with U-rich cores which

would strongly affect AHe ages (see Chapter 2). Such crystals have been excluded

often for AHe analysis.

Data from all analysed single grains together with comments on discarded grains are

presented in Appendix B. AHe ages have been corrected using Ft after (Farley et al.,

1996). Figure 3.20 shows the location of the analysed samples and the calculated

uncorrected mean AHe ages together with their AFT ages. Although the mean age is

presented in table 3.13 and figure 3.20, the single AHe grain raw ages are used for the
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modelling.

3.14.4.1 Apatite (U-Th-Sm)/He data

AHe data are presented in table 3.13. All AHe ages are considerably younger than

the corresponding AFT age (Table 3.11) (Figure 3.20). BN-09 at the bottom of profile

yielded a mean AHe age of 51.2 ± 13.9 Ma, whereas BN-06, at 597 m elevation yielded

a mean AHe age 71.1 ± 25.7 Ma (Table 3.11). In sample BN-09, the uncorrected

single-grain ages vary from 28.0 ± 2.8 Ma to 76.6 ± 7.7 Ma and corrected ages vary

from 39.6 ± 4.0 Ma to 98 ± 9.8 Ma. The higher sample, BN-06 shows slightly older

uncorrected and corrected single-grain ages, ranging from 37.1 ± 3.7 to 123.9 ± 12.4

Ma, and 51.0 ± 5.1 to 157.1 ± 15.7 Ma, respectively. The youngest uncorrected single

grain age of 28.0 ± 2.8 Ma is from BN-09, while the oldest of 123.9 ± 12.4 Ma is

obtained from sample BN-06.

Age dispersion increases with elevation, from 27% to 36% (Table 3.13); to ascertain the

causes of such dispersion, the uncorrected AHe ages have been plotted again effective

Uranium [eU] and equivalent radius (R*) (Figure 3.21). BN-06 shows a positive cor-

relation between age and both [eU] and grain size, whereas BN-09 only shows a weak

correlation between AHe ages and R*(Figure 3.21) and, therefore, the reasons for age

dispersion remain elusive. Both samples have similar Th/U ratios, ranging from ∼ 1

to 3.4(Table 3.13).
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Table 3.13: Single grain apatite (U-Th-Sm)/He data from Ben Nevis profile. Symbols: T; terminations, R*; is spherical equivalent radius for a
sphere and is calculated as R*=(3*(RL))/(2*(R+L)), eU; effective Uranium, age; AHe raw age, Ft; correction factor after (Farley et al., 1996),
assuming homogeneous distribution U and Th. age-c; is Ft-age corrected, Error; is 10 % of AHe ages (analytical error 2 to 3 % of the age + 6.5
% error of the age based on the reproducibility of Durango aliquots at UCL university). Mean-age-c is the arithmetic mean and 1σ error is the
standard deviation of single grain ages.

Sample No length width T R* He U Th Sm Th/U eU age error Ft age-c error Mean-age-c Disp.
Name (µm) (µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) ±1 σ (Ma) (%)

Ben Nevis
1 206 95 1T 58 0.4 3.5 6.8 783.2 2.0 5.1 58.3 5.8 0.80 73.2 7.3
2 243 91 1T 57 1.1 6.9 13.0 1068.3 1.9 10.0 74.1 7.4 0.82 90.8 9.1
3 176 91 1T 54 0.5 6.4 11.8 1103.1 1.9 9.1 77.2 7.7 0.77 100.1 10.0
4 147 78 1T 46 0.1 4.5 9.0 922.3 2.0 6.6 37.1 3.7 0.73 51.0 5.1
5 127 66 1T 40 0.1 6.6 14.3 1089.0 2.2 9.9 48.4 4.8 0.68 70.8 7.1

BN-06 6 177 111 1T 63 1.9 14.0 16.0 1407.9 1.1 17.8 123.9 12.4 0.79 157.1 15.7 71.1 ± 25.7 36
7 178 78 2T 48 0.3 4.3 8.2 744.3 1.9 6.3 67.5 6.8 0.76 88.8 8.9
8 145 124 1T 65 1.3 11.2 30.9 1659.7 2.8 18.5 101.1 10.1 0.77 131.4 13.1
9 135 92 1T 52 0.5 11.1 14.7 1202.3 1.3 14.5 82.2 8.2 0.73 112.0 11.2
10 109 74 1T 42 0.1 8.6 13.3 1086.2 1.5 11.7 41.1 4.1 0.67 61.3 6.1

1 138 101 2T 55 0.8 17.9 48.6 334.4 2.7 29.3 72.5 7.3 0.74 98.0 9.8
2 142 102 0T 56 0.5 19.2 53.2 292.1 2.8 31.7 44.3 4.4 0.75 59.4 5.9
3 193 92 2T 56 0.9 17.4 44.5 231.9 2.5 27.9 54.7 5.5 0.78 69.9 7.0
4 149 72 1T 43 0.2 14.1 32.5 137.9 2.3 21.7 37.7 3.8 0.72 52.2 5.2
5 148 69 2T 42 0.3 25.5 70.4 368.7 2.8 42.0 29.3 2.9 0.72 40.8 4.1
6 165 133 0T 71 1.8 38.1 26.9 110.6 0.7 44.4 58.2 5.8 0.80 72.9 7.3
7 202 80 1T 50 0.5 10.3 28.5 178.7 2.8 17.0 46.7 4.7 0.78 59.9 6.0

BN-09 8 206 133 2T 76 1.7 22.9 13.6 99.9 0.6 26.1 66.0 6.6 0.82 80.2 8.0 51.2 ± 13.9 27
9 192 132 2T 74 1.0 12.6 36.2 237.4 2.9 21.1 53.0 5.3 0.81 65.6 6.6
10 187 132 1T 73 0.8 15.1 13.8 117.1 0.9 18.4 52.0 5.2 0.81 64.2 6.4
11 162 50 1T 33 0.2 14.0 47.0 272.7 3.4 25.1 28.0 2.8 0.71 39.6 4.0
12 336 109 1T 70 1.6 7.9 19.5 185.9 2.5 12.5 53.7 5.4 0.86 62.4 6.2
13 215 94 2T 58 2.6 25.3 72.1 712.4 2.8 42.3 76.6 7.7 0.80 95.9 9.6
14 171 91 1T 54 0.3 10.3 23.6 185.1 2.3 15.9 44.3 4.4 0.76 57.9 5.8
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Figure 3.20: Simplified geological map of Ben Nevis from Digital geological map of
Great Britain (DigimapGB) showing obtained AFT central ages and mean AHe ages
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Figure 3.21: Apatite (U-Th-Sm)/He age (Ma) is plotted against grain size (R*) and
[eU] in samples from Ben Nevis vertical profile. AHe ages are uncorrected single grain
ages and the error bars represent 10% of the age which includes analytical error (often
2%-3%) + 6.5 % of age (based on the reproducibility of Durango aliquots at UCL lab
in London). Just to be clear these graphs are from bottom to the top.
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3.14.5 Age versus elevation plots

Figure 3.22: Age and MTLs against elevation
from Ben Nevis profile. A) shows Age-elevation
plot of Ben Nevis. AFT ages are central ages
and the error bars are 1σ estimated standard
deviations calculated using the online software
IsoplotR (Vermeesch, 2018). AHe ages are un-
corrected single grain ages and error bars are
10% of AHe uncorrected ages. B) shows pro-
jected MTLs-elevation plot of the same samples.
To correct to c-axis orientation Ketcham et al.
(2007a) model have been used, and the error
bars on the projected MTLs are standard devi-
ation on the projected lengths in each sample.

AFT, AHe ages and mean track

lengths have a positive correlation

with elevations (Figure 3.22), indicat-

ing that the upper part of this ver-

tical profile has cooled below 60 ◦C

earlier than the lowermost section.

In vertical profile approach when age

is plotted against elevation a break

in slop is expected as mentioned in

section 3.5. Precisely, the break is

created when cooling rate is changed

and the AFT/AHe ages which is

recorded by the samples at that time

represent the time when uplift rates

changed. The age-elevation relation-

ship also produces a form from the

break in slop towards cooler temper-

ature which will be liner and used

to calculate rate of cooling and de-

nudation if denudation amount is suf-

ficient enough, if not then it becomes

(or represents) the fossil PRZ/PAZ

(e.g. Fitzgerald and Gleadow, 1990;

Brown et al., 1994b; Fitzgerald et al.,

2006). Along Ben Nevis vertical pro-

file the AFT ages show a clear posi-

tive correlation with elevation; all the

data fit a straight line, suggesting a constant apparent denudation rate of 7 m/Ma, be-

tween c.200 and 250 Ma (Figure 3.22 A); as the AHe ages are from two samples, their

relationship with elevation is not really informative.

Single grains AHe ages are the same or older at the higher elevation, where dispersion

is also more pronounced (27% to 36% for BN-09 and BN-06, respectively). This may
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indicate that the lowest half of the profile has cooled faster than the upper section, but

with only two samples and no data from the top, any conclusion remains poorly de-

fined. To better constrain the thermal history of Ben Nevis and the surrounding area,

a vertical profile along Aonach Mor has been sampled; the data are reported below.

3.15 Aonach Mor

3.15.1 Location

Aonach Mor is located about 3 km north east of Ben Nevis on the south side of Glen

Spean, near the town of Fort William. This mountain is part of the Outer Granite

layer from Ben Nevis Igneous complex (see figure 3.24), thus for its geology description

see section 3.14.2.

3.15.2 Apatite fission track analysis

All the samples from this transect have been analysed via LA-ICP-MS. The analytical

procedures are described in Appendix A. The central AFT ages, mean track lengths

and D-par values are presented in table 3.14. Detailed single-grain data including all

analysed grains and their radial plots and histograms of track length distribution are

presented in Appendix B.

3.15.2.1 Fission track data

Along this profile five samples were collected from elevations between 403-1204 m. The

apatite fission-track ages range from 209.7 ± 8.8 to 269.6 ± 12.1 Ma (Table 3.14).

Similar to Ben Nevis samples, they are significantly younger than the emplacement

age of the pluton (Table 3.10).

In most of the samples 20 grains have been counted for AFT age determinations (Table

3.14). In this profile most of the samples (Mor-1, Mor-2, and Mor-5) have P(x2) value

less than 0.05 which means they did not pass the P(x2) test suggesting that the single

grains in these samples are from at least two populations. However, this is not sup-

ported by the radial plots of these samples (Appendix B). Most likely, these samples

failed the P(x2) test because of single age dispersion, which varies from around 13%

to 28% (Table 3.14); Mor-3 and Mor-4, which both passed the P(x2) test, have much

lower dispersions of around 9% and 3% respectively (Table 3.14).
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On the grains used for age determinations, D-par values were measured (3 per grain).

The average for each sample is shown in table 3.14; it varies from 2.23 to 2.66 µm with

standard deviation from 0.16 to 0.36 µm. Generally, the D-pars are slightly longer

than for other samples in the region, but still in the range of the measured mean of

fluoroapatite Durango standard value: 1.76 ± 0.13 µm.

Between 75 and 101 horizontal confined track lengths were measured on these samples

(Table 3.14). The mean track lengths vary from 11.37 µm to 12.22 µm, with stan-

dard deviations ranging from 1.74 µm to 2.04 µm (Table 3.14). The MTL for c-axis

corrected values vary from 13.39 µm to 13.96 µm. The histograms of observed and

projected track length distributions have been presented in Appendix B. The track

lengths distributions are broad, unimodal. There is no correlation between measured

MTLs and their standard deviation, and a weak between projected track lengths and

their standard deviation (Fig. 3.23) which suggests that the rocks in the lower part of

the profile have spent less time in the PAZ than those at higher elevations.
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Table 3.14: AFT data for Aonach More profile. The AFT ages were determined using the LA-ICPMS. Symbols: Ns: Number of spontaneous
tracks counted on a polished surface of each apatite grain, Ωi: counted area on the grain, piΩi: sum of 238U/43Ca ratio (pi) times the counted
area, p-value: is the probability of the chi-sq age homogeneity test (Galbraith, 2010). 238U: is uranium 238 content in ppm from LA-ICP-MS
directly. D_par is the arithmetic average and 1σ error is the standard deviation of the valued measured on each grain (between 3 to 5 D_par per
grain). Central AFT age with 1σ error ( estimated standard deviation) calculated using the online software IsoplotR (Vermeesch, 2018), when
age in each sample was calculated in LA-ICPMS method, sessional Zeta (ζ) was used which is 22.7 ± 1.9 for Mor-1, and 22.5 ± 1.5 for Mor-2,
Mor-3, Mor-4, and Mor-5. MTL: mean track length and 1σ error is the standard deviation (m is measured and p is projected)

Sample Name Ns area (Ωi)
∑

piΩi P(X2) Dispersion D_par ±1σ 238U Central Age ±1σ MTL m ±1σ MTL p ±1σ
No. grains [lengths] (cm2) (%) (µm) (µm) (ppm) (Ma) (Ma) (µm) (µm) (µm) (µm)
Aonach More
Mor-1

969 3.26E-04 4.28E-05 0.00 28 2.66 0.36 25.4 262.1 19.6 12.22 2.04 13.85 1.31
18[100]

Mor-2
904 3.52E-04 3.76E-05 0.01 13 2.45 0.26 21.2 269.6 12.1 12.3 1.98 13.96 1.31

20[101]

Mor-3
757 3.18E-04 4.08E-05 0.11 9 2.66 0.35 27.2 209.7 8.8 12.05 1.74 13.76 1.09

19[94]

Mor-4
677 3.47E-04 3.02E-05 0.29 4 2.23 0.20 17.8 250.6 10.0 11.37 1.87 13.39 1.10

17[75]

Mor-5
1105 4.83E-04 5.38E-05 0.00 21 2.38 0.16 22.0 233.5 12.8 12.18 1.75 13.76 1.10

22[100]
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Figure 3.23: MTLs versus standard deviation plots. A) Measured mean track lengths
versus standard deviation, B) Projected mean track lengths versus standard deviation.
Track length projection performed using QTQt following Ketcham et al. (2007a).

3.15.3 Apatite (U-Th-Sm)/He analyses

Apatite (U-Th-Sm)/He (AHe) analyses have been carried out on single-grain aliquots

from three samples along the profile, the lowest sample (Mor-5), the middle sample

(Mor-3) and the highest sample at the summit (Mor-1) (Table 3.15). The analytical

procedure used for analysing theses samples is described in Appendix A.

Three outliers have been discarded and not included in the thermal modelling. The

reasons for rejecting them are outlined in Appendix B. AHe ages have been corrected

after Farley et al. (1996). In Table 3.15 uncorrected mean AHe ages have been reported

only for presentation purpose and allowing an easy comparison between samples along

the profile, the single AHe raw ages are used for modelling.

3.15.3.1 Apatite (U-Th-Sm)/He data

AHe ages were obtained from three samples along this profile using 5 to 19 single grains

aliquots (Table 3.15). In the lowest ample (Mor-5) the uncorrected single-grain ages

vary from 70.7 ± 7.1 Ma to 158.7 ± 15.9 Ma, while in the middle sample and the

sample in the summit the uncorrected ages vary from 52.0 ± 5.2 to 207.8± 20.8 Ma,

and 57.0 ± 5.7 to 244.7 ± 24.5 Ma, respectively. Generally, dispersion is high along

the profile and it clearly increase towards the summit, from around 21 % to nearly

63%. When the AHe ages are plotted versus grain size (R*) and effective Uranium

[eU], the only statistically significant correlation is between the AHe ages and grain

size for Mor-1, but it is negative, with the youngest AHe ages derived from the biggest
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grains (Figure 3.25).

All of the uncorrected ages along the profile are younger than their central AFT ages,

as one should expect (see table 3.15). However, a grain in the highest samples has been

discarded from presenting and modelling because its uncorrected AHe age is older than

the AFT age (see Appendix B). The discarded grain which has yielded the oldest age

is the one with almost the lowest [eU]; although not a conclusive proof, this strongly

suggests that this crystal contained inclusions that were not detected at the picking

stage.
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Table 3.15: Single grain apatite (U-Th-Sm)/He data from Aonach Mor profile. Symbols: T; terminations, R*; is spherical equivalent radius for
a sphere and is calculated as R*=(3*(RL))/(2*(R+L)), eU; effective Uranium, age; AHe row age, Ft; correction factor after Farley et al. (1996),
assuming homogeneous distribution U and Th. age-c; is Ft-age corrected, Error; is 10 % of AHe ages (analytical error 2 to 3 % of the age + 6.5
% error of the age based on the reproducibility of Durango aliquots at UCL university). Mean-age-c is the arithmetic mean and 1σ error is the
standard deviation of single grain ages.

Sample No length width T R* He U Th Sm Th/U eU age error Ft age-c error Mean-age-c Disp.
Name (µm) (µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) ±1 σ (Ma) (%)

Beinn Mhor
1 180 113 1T 64 2.0 28.0 89.9 687.3 3.2 49.2 60.5 6.1 0.79 77.0 8.0 114.3±71.5 63
2 190 78 2T 48 2.3 11.0 30.8 186.6 2.8 18.2 244.7 24.5 0.77 319.0 32.0

Mor-1 3 241 122 2T 73 0.7 4.9 12.9 116.9 2.6 8.0 71.8 7.2 0.83 87.0 9.0
4 236 143 2T 82 1.5 11.5 27.0 247.1 2.4 17.8 57.0 5.7 0.84 68.0 7.0
5 232 84 1T 53 2.0 10.3 27.4 251.5 2.7 16.8 137.4 13.7 0.80 171.0 17.0

1 111 60 1T 36 1.0 36.4 110.1 1144.0 3.0 62.3 117.1 11.7 0.64 182.6 18.3 103.2±43.8 42
2 129 76 0T 44 0.4 19.2 48.7 851.5 2.5 30.7 56.1 5.6 0.70 80.2 8.0
3 169 81 2T 49 0.7 9.5 26.9 617.0 2.8 15.8 92.7 9.3 0.75 123.3 12.3
4 235 83 2T 53 4.0 12.4 36.6 495.0 2.9 21.0 207.8 20.8 0.80 258.5 25.9

Mor-3 5 181 103 2T 60 1.7 25.9 42.4 657.5 1.6 35.8 75.5 7.5 0.78 96.2 9.6
6 227 113 2T 68 2.5 12.5 36.9 722.7 3.0 21.2 100.9 10.1 0.82 123.6 12.4
7 156 78 2T 47 0.6 13.8 36.4 490.8 2.6 22.3 76.3 7.6 0.74 103.7 10.4
8 146 53 2T 34 0.3 16.8 38.3 569.2 2.3 25.8 52.0 5.2 0.69 75.2 7.5
9 186 81 2T 50 2.1 17.8 43.0 531.7 2.4 27.9 142.1 14.2 0.77 184.9 18.5
10 130 90 1T 50 1.6 28.6 70.4 1177.1 2.5 45.1 112.3 11.2 0.72 155.8 15.6

1 189 54 2T 35 0.3 7.8 20.9 102.2 2.7 12.7 71.2 7.1 0.75 95.5 9.6 101.6±21.3 21
2 162 63 2T 40 0.8 17.7 50.6 184.6 2.9 29.5 90.2 9.0 0.73 124.4 12.4
3 167 67 1T 42 1.2 20.9 46.9 162.3 2.2 31.9 109.7 11.0 0.74 148.8 14.9
4 177 72 2T 45 1.0 17.1 43.3 182.4 2.5 27.3 89.0 8.9 0.75 118.3 11.8

Mor-5 5 152 69 1T 42 1.0 17.5 53.3 223.2 3.0 30.1 110.5 11.0 0.72 153.4 15.3
6 161 74 2T 45 1.4 17.6 36.7 156.8 2.1 26.2 158.7 15.9 0.74 214.7 21.5
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Sample No length width T R* He U Th Sm Th/U eU age error Ft age-c error Mean-age-c Disp.
Name (µm) (µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) ±1 σ (Ma) (%)

7 204 80 2T 50 1.1 11.7 31.4 219.6 2.7 19.1 91.8 9.2 0.78 117.4 11.7
8 202 83 2T 52 0.6 10.1 20.2 155.0 2.0 14.9 70.7 7.1 0.78 90.2 9.0
9 160 113 1T 63 3.1 28.9 77.6 431.7 2.7 47.2 122.6 12.3 0.77 158.5 15.8
10 51 107 1T 39 1.1 79.4 173.3 1800.3 2.2 120.1 87.2 8.7 0.62 141.6 14.2
11 148 98 1T 55 0.3 6.1 10.4 119.5 1.7 8.5 91.5 9.2 0.75 121.8 12.2
12 124 91 1T 50 1.6 33.9 84.2 850.8 2.5 53.7 111.3 11.1 0.71 156.0 15.6

Mor-5 13 131 90 1T 50 1.8 31.5 74.8 762.5 2.4 49.1 124.1 12.4 0.72 171.9 17.2
14 210 53 1T 35 0.2 2.9 5.5 95.6 1.9 4.2 83.4 8.3 0.77 108.7 10.9
15 109 57 1T 34 0.4 17.8 37.7 717.4 2.1 26.7 105.7 10.6 0.63 166.8 16.7
16 106 88 1T 47 0.8 26.0 65.7 507.6 2.5 41.4 104.4 10.4 0.68 152.7 15.3
17 50 86 1T 35 0.4 43.4 96.8 794.0 2.2 66.1 85.3 8.5 0.56 153.1 15.3
18 110 60 1T 35 0.4 14.3 31.0 310.6 2.2 21.6 132.0 13.2 0.64 205.5 20.6
19 81 61 1T 33 0.4 33.2 87.0 717.8 2.6 53.6 90.9 9.1 0.57 158.6 15.9
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Figure 3.24: Simplified geological map of Ben Nevis and Aonach Mor from Digital
geological map of Great Britain (DigimapGB) showing obtained central AFT ages and
mean AHe ages.

When the ages are corrected, there are two grains (1 from Mor-1 and 1 from Mor-

3) which are older than their corresponding AFT ages, in total of 36. Explaining the

reasons for these old ages is difficult because they do not seem related to either large

crystal size or high [eU]; they could be due to some other factors, such as zonation, He

implantation or small inclusions (see Chapter 2). However, it is possible that the AHe

ages have been ‘over-corrected’, an issue that is common in rocks that have spent a

long time in the PRZ and/or for broken grains (Brown et al., 2013), thus in this study

only uncorrected ages which are older than their corresponding AFT ages have been

discarded in presenting and modelling.
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Figure 3.25: Apatite (U-Th-Sm)/He age (Ma) is plotted against grain size (R*) and
[eU] in samples from Anoach Mor vertical profile. AHe ages are uncorrected single
grain ages and the error bars represent 10% of the age which includes analytical error
(often 2%-3%) + 6.5 % error in age standards (based on the reproducibility of Durango
aliquots at UCL lab in London). Just to be clear these graphs are from bottom to the
top
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3.15.4 Age versus elevation plots

Figure 3.26: Age and MTLs against eleva-
tion from Aonach Mor profile. A) shows Age-
elevation plot of Aonach Mor. AFT ages are
central ages and the error bars are 1σ estimated
standard deviations calculated using the online
software IsoplotR (Vermeesch, 2018). AHe ages
are uncorrected single grain ages and error bars
are 10% of AHe uncorrected ages. B) shows pro-
jected MTLs-elevation plot of the same samples.
To correct to c-axis orientation Ketcham et al.
(2007a) model have been used, and the error bars
on the projected MTLs are standard deviation on
the projected lengths in each sample.

Five samples were collected along

the Anoach Mor profile, ranging

from an elevation of 403 m, to 1024

m. The AFT and AHe ages are pre-

sented in figure 3.26. Overall the

AFT, AHe ages and MTL increase

with elevation (Figure 3.26), which

indicates that, similar to the Ben

Nevis profile, the upper part of this

vertical profile has entered the PAZ

and cooled earlier than the lower

half. As one of the most impor-

tant benefits of the vertical sampling

approach is that denudation rates

can be obtained directly from the

age-elevation plots, is the samples

have cooled relatively rapidly. The

best-fit regression line which passes

through AFT data yields an appar-

ent denudation rate of 7.6 m/Ma,

very similar to the value estimated

for Ben Nevis (7 m/Ma).
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3.16 The Etive Granite Complex

3.16.1 Location

The Etive Granite Complex, one of the largest igneous complexes in Britain, is in the

western Grampian Highlands (Figure 3.25). This complex has an elliptical exposure

characterised by a high elevation and a rugged landscape, about 6 km north-east of

Oban.

3.16.2 Geology of Etive Granite Complex

The Etive pluton complex, which is known as Cruachan Complex, consist of two main

members; the Cruachan and Starav granites, and a small granitic intrusion of Meall

Odhar. This complex is one of the most southwesterly of the “Newer Granites” and

is representative of the Argyll suite in the Grampain Highlands. In this region, the

Etive Granite Complex also represents a significant component of the Late Caledonian

Orogeny; it covers approximately 300 km2 and has intruded into Dalradian metasedi-

ments (Figure 3.27).

This complex can be described as a major composite pluton, which comprises four main

intrusive phases ranging in composition from granite to monzodiorite/diorite (Porter

and Selby, 2010). The outermost phase of the pluton is The Quarry Intrusion, which

was emplacedas a small lens of granodiorite to diorite/quartz-diorite (Clayburn et al.,

1983). Moving toward the inner part of the complex is the Cruachan Intrusion, which

is the largest part of the pluton; compositionally is heterogeneous, ranging from granite

through tonalite/granodiorite to monzodiorite. The Meall Odhar is as a pink granite

sheet and dyke intrusion, which cross-cuts all the earlier phases. The centre of the

Etive pluton is composed of the elliptical Starav Intrusion. It comprises two separate

intrusive pulses, the Outer Starav and the Inner Starav. The Outer Starav is the

porphyritic, medium- to coarse-grained facies, and the Inner is the medium-grained

non-porphyritic granite (Jacques and Reavy, 1994).

Based on field relationships and isotopic data, the complex becomes younger towards

the centre, with the order of emplacement being Quarry Intrusion, approximately con-

temporaneously to the Cruachan and Meall Odhar intrusions, and Starav Intrusion

(Bailey et al., 1960). Ben Cruachan and Ben Starav are the two main intrusions of

this complex (Figure 3.27). To cover Etive granite complex, 10 samples were collected
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vertically and horizontally, 6 samples over Ben Starav elevation and 4 samples indi-

vidually from Ben Cruachan. Below only the vertical profile data is presented and the

individual samples are presented in section 3.17 with other individual samples across

the Grampian Highland region.

Figure 3.27: Maps showing the location of the collected samples along from Ben Starav
and Ben Cruachan. A) A simplified map of the Grampian Highland region in Scotland
showing the locations of the Caledonian I- and S-type granites and the Etive Complex
which is sampled in this study vertically (after Appleby, 2008), see figure 3.17 for the
legend. B) Simplified geological map of Ben Starav from Digital geological map of
Great Britain (DigimapGB) showing obtained central AFT ages.

3.16.3 Apatite fission track analysis

Fission track age and track length measurements have been determined on six samples

of Ben Starav (table 3.18). EDM technique has been used to measure AFT age following

the procedure given in Appendix A. For each sample a data log showing all analysed

single grains, radial plots, and track length distribution are presented in Appendix B.

130



3.16.3.1 Fission Track data

Eight samples were collected from Ben Starav, from elevations between 67 m and 1075

m. Only six of them had enough apatite crystals for analyses. 20 single grains were

counted per sample (Table 3.16). AFT central ages vary from 166 ± 16.7 Ma to 233.5

± 22 Ma (Figure 3.27). The measured AFT ages are significantly younger than the

emplacement age of the intrusions (Table 3.10). All samples passed the P(x2) test.

The lowest P(x2) value is from sample STV-3, which is in the middle of the profile,

with a P(x2) value 0.28. Generally, there is a negative correlation between P(x2) and

elevation along the profile. The low values of P(x2) at high elevations are probably

due to the higher dispersion that increases from less than 1% from the lowest sample

(STV-9) to about 10% in the second highest sample (STV-2) (Appendix B).

D-Par values were measured on every counted grain for age and range from 1.76 to 1.90

µm. Generally, the measured mean D-pars in these samples is close to the measured

mean of fluoroapatite Durango standard value: 1.76 ± 0.13 µm.

Between 71 and 106 track lengths were measured in each sample; all the lengths have

been c-axis project to account for annealing anysotropy (Ketcham et al., 2007a,b).

The measured track lengths (MTL) and standard deviation of these samples vary from

11.71 ± 1.84 µm to 12.5 ± 1.8 µm (13.41 to 13.99 when c-axis projected). Measured

and projected histograms of track length distributions are shown in Appendix B.
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Table 3.16: AFT data for Ben Starav vertical profile. The AFT ages were determined using the EDM for all samples. Symbols: ρd; track density of
the dosimeter tracks, ρs; track density of spontaneous tracks, ρi; track density of induced tracks, Nd; counted number of tracks on the dosimeter,
Ns; counted number of spontaneous tracks, Ni; counted number of induced tracks, P-value: is the probability of chi-sq age homogeneity test
(Galbraith, 2010), D_par; is the arithmetic average and 1σ error is the standard deviation of the valued measured on each grain (between 3 to 5
D_par per grain). Uranium content estimated using EDM. Central AFT age with 1σ error (estimated standard deviations) calculated using the
online software IsoplotR (Vermeesch, 2018), when age in each sample was calculated in EDM method, Zeta (ζ) of 311.1 ± 24.3 which calculated
using standard glass was used. MTL: mean track length and 1σ error is the standard deviation (m is measured and p is projected).

Sample Name ρd(cm2) ρs(cm2) ρi(cm2) P(X2) D_par ±1σ 238U Central Age ±1σ MTL m ±1σ MTL p ±1σ
No. grains[lengths] Nd Ns Ni % (µm) (µm) (ppm) (Ma) (Ma) (µm) (µm) (µm) (µm)
Ben Starav
STV-1 1.23E+06 1.86E+07 1.70E+07

0.50 1.81 0.11 9.6 199.5 19.5 11.71 1.84 13.41 1.30
20 [71] 9648 631 596

STV-2 1.23E+06 1.77E+07 1.48E+07
0.54 1.84 0.13 8.4 217.6 23.0 12.50 1.80 13.99 1.24

20 [106] 9648 495 429

STV-3 1.22E+06 1.62E+07 1.55E+07
0.28 1.90 0.12 9.0 198.9 19.7 12.04 2.32 13.77 1.46

20 [90] 9648 591 556

STV-6 1.22E+06 1.49E+07 1.62E+07
0.98 1.79 0.12 9.3 169.5 17.0 11.90 2.24 13.59 1.54

20 [85] 9648 481 533

STV-8 1.22E+06 2.63E+07 2.15E+07
0.79 1.76 0.12 12.0 233.5 22.1 12.09 1.73 13.7 1.06

20 [96] 9648 817 654

STV-9 1.21E+06 1.91E+07 2.11E+07
0.72 1.84 0.10 11.9 166.0 16.7 11.79 1.69 13.48 1.21

20 [100] 9648 485 545
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3.16.4 Apatite (U-Th-Sm)/He analyses

Over the vertical profile of Ben Starav, three samples were chosen for AHe analyses,

based on apatite quality and sample location; in total, 22 single grains aliquots were

analysed (Table 3.17). Apatite (U-Th-Sm)/He analysis was performed as outlined in

Appendix A. The analysed grains were selected from the lowest elevation, the middle

and the top of the mountain (STV-8, STV-6, and STV-1), respectively.

Despite the fact that the grains were carefully scrutinized for the presence of The chosen

grains for AHe analysis were examined after picking under petrographic microscope and

AFT microscope to observe induced tracks distribution on the mica for those samples.

However, there are still few outliers. The outliers (age anomalies) are not included in

modelling and interpretation. All the analysed grains are shown in Appendix B. AHe

ages are corrected after Farley et al. (1996). In Table 3.17 uncorrected mean AHe ages

have been reported only for presentation purpose. The single AHe raw ages are used

for modelling.

3.16.4.1 Apatite (U-Th-Sm)/He data

The uncorrected AHe ages of single grains vary from 38.4 ± 3.8 Ma to 207.6 ± 20.8 Ma,

and corrected ages from 56.7 ± 5.7 Ma to 266.5 ± 26.7 Ma. The uncorrected average

AHe ages increase with elevation, starting from 50.6 ± 11.3 in the lowest sample,

to 107.1 ± 37.8 Ma from the highest sample (Figure 3.28). In these three samples,

dispersion of single-grain uncorrected AHe ages varies from 22 (at the bottom of the

profile) to 45% (in the middle of the profile) (Table 3.17). The single-grain ages were

plotted versus grain and [eU] (Figure 3.29); there is no correlation between AHe ages

and grain size (R*) in any of the sample, but there is with [eU], although it is negative

for STV-8.

Although very informative, these correlations are often difficult to identify because

the diffusion of He in apatite is controlled by a number of factors, all working at the

same time. For example, in samples STV-6 and STV-8 the smallest grains yielded,

counterintuitively, the oldest ages, but these grains have the highest [eU] (Table 3.17).
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Table 3.17: Single grain apatite (U-Th-Sm)/He data from Ben Starav profile. Symbols: T; terminations, R*; is spherical equivalent radius for a
sphere and is calculated as R*=(3*(RL))/(2*(R+L)), eU; effective Uranium, age; AHe row age, Ft; correction factor after Farley et al. (1996),
assuming homogeneous distribution U and Th. age-c; is Ft-age corrected, Error; is 10 % of AHe ages (analytical error 2 to 3 % of the age + 6.5
% error of the age based on the reproducibility of Durango aliquots at UCL university). Mean-age-c is the arithmetic mean and 1σ error is the
standard deviation of single grain ages.

Sample No length width T R* He U Th Sm Th/U eU age error Ft age-c error Mean-age-c Disp.
Name (µm) (µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) ±1 σ (Ma) (%)

Ben Starav
1 341 166 1T 100.0 3.7 5.4 9.0 619.7 1.7 7.5 104.8 10.5 0.88 119.3 11.9
2 142 132 0T 67.5 0.8 7.5 22.3 772.6 3.0 12.7 87.9 8.8 0.77 113.8 11.4
3 235 94 2T 58.6 0.6 4.5 12.8 422.4 2.8 7.5 70.9 7.1 0.81 87.4 8.7
4 161 120 1T 65.4 3.4 13.5 37.8 1306.5 2.8 22.4 207.6 20.8 0.78 266.5 26.7
5 222 106 2T 64.0 1.2 6.9 22.9 556.4 3.3 12.3 93.3 9.3 0.81 115.4 11.5

STV-1 6 232 127 2T 75.0 2.3 7.3 22.2 640.2 3.0 12.6 120.8 12.1 0.83 146.1 14.6 107.1±37.7 35
7 224 116 1T 69.1 2.1 11.3 19.1 1073.6 1.7 15.8 97.6 9.8 0.82 119.1 11.9
8 231 133 1T 77.5 1.5 6.5 11.5 749.9 1.8 9.2 93.1 9.3 0.83 112.0 11.2
9 119 102 0T 53.6 0.5 8.4 26.7 1099.7 3.2 14.7 87.7 8.8 0.72 122.0 12.2

1 154 71 2T 43 0.3 32.2 9.2 2584.0 0.3 34.4 67.4 6.7 0.74 91.5 9.1
2 160 75 1T 46 0.7 12.6 34.9 1423.3 2.8 20.8 59.5 6.0 0.74 80.8 8.1
3 231 82 2T 52 0.1 3.7 9.9 349.3 2.7 6.1 48.2 4.8 0.80 60.1 6.0
4 162 100 2T 57 2.0 6.6 16.2 620.2 2.5 10.4 45.7 4.6 0.76 59.8 6.0 75 ±33.6 45

STV-6 5 157 61 1T 38 0.3 10.4 28.2 1525.3 2.7 17.1 102.9 10.3 0.72 143.6 14.4
6 128 92 1T 54 0.9 23.9 62.0 2568.4 2.6 38.5 144.9 14.5 0.72 201.4 20.1
7 146 106 1T 51 1.0 5.4 14.9 684.3 2.8 8.9 56.4 5.6 0.75 74.7 7.5

1 136 90 0T 51 0.2 6.2 19.1 448.0 3.1 10.7 51.4 5.1 0.73 70.8 7.1
2 162 101 2T 58 0.5 8.4 25.7 480.6 3.0 14.5 60.2 6.0 0.76 78.9 7.9
3 97 85 1T 44 0.2 11.2 39.3 1051.2 3.5 20.4 38.8 3.9 0.66 58.9 5.9

STV-8 4 137 54 2T 34 0.1 7.1 22.2 555.8 3.1 12.3 38.4 3.8 0.68 56.7 5.7 50.6 ±11.2 22
5 156 62 2T 39 0.2 7.1 23.3 472.2 3.3 12.5 45.6 4.6 0.72 63.8 6.4
6 97 53 1T 31 0.1 4.3 19.1 422.3 4.5 8.8 69.5 6.9 0.59 118.4 11.8
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All uncorrected AHe ages are younger than their equivalent AFT ages (Table 3.17).

If not, they overlap when errors are taken into account. Only one single grain in

the highest sample has an AHe corrected age 266.51 Ma, which is older than then

the fission track age. However, in this study only uncorrected grains which are older

than their AFT ages have been discarded from presenting and modelling because it is

possible that this grain has been over-corrected due to issues related to broken grains

(see chapter two for more detail).

Figure 3.28: Maps showing the location of the collected samples from Ben Starav. A)
A simplified map of the Grampian Highland region in Scotland showing the locations of
the Caledonian I- and S-type granites and the Etive Complex which is sampled in this
study vertically (after Appleby, 2008), see figure 3.17 for the legend. B) Simplified ge-
ological map of Ben Starav from Digital geological map of Great Britain (DigimapGB)
showing obtained central AFT ages and mean AHe ages.
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Figure 3.29: Apatite (U-Th-Sm)/He age (Ma) is plotted against grain size (R*) and
[eU] in samples from Ben Starav vertical profile. AHe ages are uncorrected single
grain ages and the error bars represent 10% of the age which includes analytical error
(often 2%-3%) + 6.5 % error in age standards (based on the reproducibility of Durango
aliquots at UCL lab in London). Just to be clear these graphs are from bottom to the
top.
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3.16.5 Age versus elevation plots

There is an overall positive correlation between elevation and both central AFT and

AHe single grain ages (Figure 3.30 A). When their uncertainties are taken into account,

the AFT ages overlap with each other and a denudation rate cannot be estimated;

also the mean track lengths values are indistinguishable along the profile (Figure 3.30

B). There is no relationship between mean track length and their standard deviation

(Figure 3.28 C), which suggest that all the samples along the profile have spent a long

time in the PAZ.

The least dispersed AHe ages are from the bottom of the profile (Figure 3.28 A),

suggesting that the sample has spent in the PRZ less time than the ones at higher

elevations. Based on the amount of dispersion along this profile, the middle and top

parts of the profile have passed through the PRZ slowly and stayed in this zone for

much longer than the lower part of the profile, and the highest sample (STV-1) seems

that had left the PRZ before Palaeogene, as it hasn’t been affected by last tectonic

event in the north west, while the middle sample had stayed until the early Paleogene

and then have left the PRZ fast with the lowest samples (STV-8).
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Figure 3.30: Age and MTLs against elevation and projected MTLs against standard
deviation from Ben Starav. A) shows Age-elevation plot of Ben Starav samples. AFT
ages are central ages and the error bars are 1σ estimated standard deviations calculated
using the online software IsoplotR (Vermeesch, 2018). AHe ages are uncorrected single
grain ages and error bars are 10% of AHe uncorrected ages. B) shows projected MTLs-
elevation plot of the same samples. To correct to c-axis orientation Ketcham et al.
(2007a) model have been used, and the error bars on the projected MTLs are standard
deviation on the projected lengths in each sample. C) shows projected MTLs versus
standard deviation along the profile.
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3.17 The Lochnagar pluton

3.17.1 Location

Lochnagar granite has a ring form similar to the Etive Complex, is exposed over an

area of about 150 km2. It is located in the southeast of the Cairngorm Mountains, in

the north east portion in the Grampian Highland terrane, near Braemar and Ballater

in Aberdeenshire. The Lochnagar pluton forms part of the Grampian Mountains, in

the north of the Highland Boundary Fault.

3.17.2 Geology of Lochnagar

The Caledonian Lochnagar pluton in the NE Highlands of Scotland belongs to the

classic suite of late Caledonian‘I-type’intrusions (Stephenson and Gould, 1995; Trewin,

2002). This complex was emplaced at 430-400 Ma, broadly contemporaneously with the

oblique collision of Laurentia and Baltica, during the Scandian Event, which followed

the Grampian event (c. 470 Ma) (Dewey and Mange, 1999; Dallmeyer et al., 2001).

The Lochnagar pluton, which is representative of the Cairngorm suite, was intruded in

the Appian and Grampian Groups of the Dalradian Supergroup rocks (Pankhurst and

Sutherland, 1982) (Figure 3.29); the thermal aureole overprints the regional metamor-

phic assemblages. To the SE and NE, the pluton intruded into earlier quartz diorites

(e.g. the Cul nan Gad and Allt Darrarrie Quartz Diorites) (Figure 3.31) (Goodman

and Lappin, 1996).

Based on field relationships and petrographic data, the Lochnagar pluton which has

a ring form consists of a central granite, microgranites and several marginal diorites

(SMITH et al., 2002) (Figure 3.31). The central granite comprises three main granitic

layers called ‘L1, L2, and L3’ (Oldershaw, 1975; SMITH et al., 2002) (Figure 3.31),

all characterised by the presence of Kfeldspar, plagioclaces and quartz (Halliday et al.,

1979; SMITH et al., 2002).

L1 is the oldest part of the pluton and it has coarse grained and inequigranular to

porphyritic texture. L2 is mainly pink, medium- to coarse-grained, and inequigranu-

lar. L2 intruded L1 (Figure 3.29). L3 granites are predominantly pink, medium- to

coarse-grained and equigranular granites; they have been found in various locations

within L1 but their relationship with L2 is unclear (SMITH et al., 2002) (Figure 3.31).

The microgranites cut L1, L2, and L3 and are fine-grained granite (Oldershaw, 1975;
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Appleby, 2008) (Figure 3.31). The marginal diorites (e.g. Cul nan Gad diorite) consist

of medium-grained, sometimes foliated, inequigranular quartz diorites, as mentioned

earlier they are older than the granite and interpreted to be separate intrusive bodies

which cut by Lochnagar granite (Goodman and Lappin, 1996).

Figure 3.31: Maps showing the location of Lochnagar profile and the collected samples
along this profile. A) A simplified map of the Grampian Highland region in Scotland
showing the locations of the Caledonian I- and S-type granites and the Lochnagar
Complex which is sampled in this study vertically (after Appleby, 2008), see figure
3.17 for the legend. B) Simplified geological map of Lochnagar from Digital geological
map of Great Britain (DigimapGB) showing with obtained central AFT ages.

3.17.3 Apatite fission track analysis

Fission track ages and track length measurements were determined on five samples

(Table 3.18), following the procedure given in Appendix A. Detailed single-grain data,

including radial plots and MTL histograms for each sample, are presented in Appendix

B.

3.17.3.1 Fission track data

For the fission-track dating of apatites from Lochnagar complex, the central granitic

facies which mainly includes L2 was sampled, from elevations between 409 m and 1148

m (Figure 3.31). The apatite fission-track analyses gave apparent ages ranging from

226.3 ± 27.9 to 274.6 ± 26.1 Ma with P(x2) of 0.53 to 0.86 %. The apparent ages are
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significantly younger than the emplacement age of the plutons, which is 421 ± 4 Ma

(Table 3.10). All samples pass the P(x2) test, with LN-5 and LN-2 showing high P(x2)

of 0.85 and 0.86, respectively.

DPar values were measured for every counted grain (between 3 and 5 per grain) in

order to take the chemical composition of the apatite into consideration during thermal

modelling. Their D-Par average varies from 1.7 to 1.97 µm. Sample LN-5, the bottom

sample from the profile show the highest values, 1.97 ± 0.24 µm. There is no observable

relationship between AFT single-grain ages and D-par values (Appendix.B).

Confined track lengths were measured on four of the samples of Lochnagar vertical

profile. LN-4 yielded only a few apatite grains (only 5 grains were counted to determine

its age) and all have a low U concentration, so no horizontal, confined track lengths

were visible, even when a second mount was prepared. The number of measured track

measured in the 4 samples varies from 19 to 123 (Table 3.18). All measurements have

been c-axis projected to account for annealing anisotropy. The MTLs vary from 11.46

µm to 11.88 µm and 13.24 µm to 13.52 ± µm for measured and c-axis projected tracks,

respectively (Table 3.18 and Appendix B). The track length distributions in these

samples are broader than in the other, more westernly, with MTL standard deviation

varying from 1.49 to 2.02 µm and from 1.13 to 1.46 µm for measured and projected

tracks, respectively. However, they are still unimodal, indicating that the rocks have

experienced only one episode of cooling at least since they entered the PAZ. There is

a strong, negative correlation between measured MTL and their standard deviations,

which, however, disappears when the lengths are c-axis projected (Figure 3.32).

141



Table 3.18: AFT data for Lochnagar vertical profile. The AFT ages were determined using the EDM. Symbols: ρd; track density of the dosimeter
tracks, ρs; track density of spontaneous tracks, ρi; track density of induced tracks, Nd; counted number of tracks on the dosimeter, Ns; counted
number of spontaneous tracks, Ni; counted number of induced tracks, P-value: is the probability of chi-sq age homogeneity test (Galbraith, 2010).
D_par; is the arithmetic average and 1σ error is the standard deviation of valued measured on each grain (between 3 to 5 D_par per grain).
Uranium content estimated using EDM. Central AFT age with 1 σ error (estimated standard deviation) calculated using the online software
IsoplotR (Vermeesch, 2018), when age in each sample was calculated in EDM method, Zeta (ζ) of 311.1 ± 24.3 which calculated using standard
glass was used. MTL: mean track length and 1σ error is the standard deviation (m is measured and p is projected).

Sample Name ρd(cm2) ρs(cm2) ρi(cm2) P(X2) D_par ±1σ 238U Central Age ±1σ MTL m ±1σ MTL p ±1σ
No. grains[lengths] Nd Ns Ni % (µm) (µm) (ppm) (Ma) (Ma) (µm) (µm) (µm) (µm)
Lochnagar
LN-1 1.24E+06 4.55E+06 3.52E+06

0.53 1.74 0.11 3.03 226.3 27.9 11.46 2.02 13.24 1.46
13 [19] 9648 242 203

LN-2 1.24E+06 1.36E+07 9.24E+06
0.86 1.70 0.09 4.93 274.6 26.1 11.88 1.49 13.45 1.26

21 [112] 9648 850 584

LN-3 1.24E+06 1.06E+07 8.58E+06
0.58 1.83 0.09 4.60 234.6 23.4 11.67 1.80 13.5 1.13

21 [123] 9648 599 482

LN-4 1.25E+06 2.72E+06 1.85E+06
0.80 1.74 0.07 4.11 259 47.3

5 9648 87 64

LN-5 1.23E+06 8.86E+06 6.43E+06
0.85 1.97 0.24 4.03 255.5 27 11.76 1.88 13.50 1.15

18 [100] 9648 473 384
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Figure 3.32: Mean track lengths (MTLs) versus standard deviation plots for Lochna-
gar samples. A) Measured mean track lengths versus standard deviation, B) Pro-
jected mean track lengths versus standard deviation. Track length projection following
Ketcham et al. (2007a).

3.17.4 Apatite (U-Th-Sm)/He analyses

Over the Lochnagar vertical profile apatite (U-Th-Sm)/He (AHe) analyses have been

carried out on single-grain aliquots, following the procedure given in Appendix A. Thee

samples have been analysed; the lowest sample (LN-5), a sample in the middle (LN-3),

and the highest sample from the profile, which is LN-2; 8 to 10 grains per sample were

analysed (Table 3.19).

Although the chosen grains for AHe analysis were examined under a petrographic mi-

croscope and induced tracks were observed on the mica print to detect parent zonations,

there are still a few outliers from the obtained AHe ages. The outliers in this study

are the uncorrected single grain ages which are the same or older than the crystalliza-

tion ages, or older than their corresponding AFT ages after the age uncertainties are

taken into account. The outliers have been omitted from interpretation and modelling,

although they have been reported, together with all the other AHe ages in Appendix

B, for completion. AHe age have been corrected after Farley et al. (1996). The mean

uncorrected AHe ages is shown on table 3.19 and figure 3.33 are just for comparison

and are not used in the thermal modelling.

3.17.4.1 Apatite (U-Th-Sm)/He data

Average AHe ages from Lochnagar profile range from 102.2 ± 37.6 to 237.1 ± 72.8

Ma (Table 3.19) and (Figure 3.33). Single-grain uncorrected and Ft-corrected AHe

ages vary along the profile from 44.6 ± 4.5 to 328.7 ± 32.9 Ma and from 57.6 ± 5.8

to 423.4 ± 42.3 Ma, respectively. The uncorrected AHe age from the lowest sample
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(LN-5) varies from 44.6 ± 4.5 to 167.1 ± 16.7 Ma, in the middle sample (LN-3) and

the highest (LN-2) of the profile, the uncorrected age varies from 47.9 to 166.1 Ma and

from 167.0 to 328.7 Ma, respectively. Most of the AHe ages are younger than their

AFT ages (Table 3.19). Dispersion of single-grain ages is similar for the three samples,

at around 30% (Table 3.19).

To investigate the possible causes of dispersion, the single-grain AHe ages are plotted

versus grain size (R*) and [eU] (Figure 3.34). There is a positive correlation between

AHe ages and grain size in two of the samples (LN-3 and LN-5) and, possibly, a weak

correlation between AHe ages and [eU] in LN-1 (Figure 3.34).

In LN-5 and LN-3 (bottom and middle of the profile), the uncorrected single grain AHe

ages are significantly younger than their AFT ages (Table 3.19), whereas in the highest

sample, four of the eight analysed grains have an AHe uncorrected age that is younger

than the AFT ages, in the rest of the grains, the ages overlap, when uncertainties are

considered.

Figure 3.33: Simplified geological map of Lochnagar from Digital geological map of
Great Britain (DigimapGB) showing the obtained central AFT ages.
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Table 3.19: Single grain apatite (U-Th-Sm)/He data from Lochnagar profile. Symbols: T; terminations, R*; is spherical equivalent radius for a
sphere and is calculated as R*=(3*(RL))/(2*(R+L)), eU; effective Uranium, age; AHe row age, Ft; correction factor after Farley et al. (1996),
assuming homogeneous distribution U and Th. age-c; is Ft-age corrected, Error; is 10 % of AHe ages (analytical error 2 to 3 % of the age + 6.5
% error of the age based on the reproducibility of Durango aliquots at UCL university). Mean-age-c is the arithmetic mean and 1σ error is the
standard deviation of single grain ages.

Sample No length width T R* He U Th Sm Th/U eU age error Ft age-c error Mean-age-c Disp.
Name (µm) (µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) ±1 σ (Ma) (%)

Lochnagar profile
1 197 60 2T 39 1.4 4.7 13.2 697.6 2.8 7.8 285.2 28.5 0.76 375.7 37.6
2 211 93 1T 57 1.3 5.2 12.8 542.6 2.5 8.2 167.0 16.7 0.80 209.7 21.0
3 253 124 2T 74 1.8 4.1 10.0 603.0 2.4 6.5 137.2 13.7 0.84 164.2 16.4
4 174 123 2T 68 1.2 2.4 4.5 543.0 1.9 3.4 291.7 29.2 0.79 367.9 36.8

LN-2 5 206 88 2T 54 2.7 5.8 13.8 791.9 2.4 9.0 323.6 32.4 0.79 410.0 41.0 237.1 ±72.8 31.0
6 139 92 2T 52 0.9 8.1 15.9 934.3 2.0 11.8 178.3 17.8 0.74 242.6 24.3
7 197 75 1T 47 2.9 10.6 14.8 636.7 1.4 14.1 328.7 32.9 0.78 423.4 42.3
8 119 108 1T 56 0.9 6.9 16.9 947.9 2.4 10.9 185.1 18.5 0.73 253.8 25.4

1 152 70 1T 43 0.8 11.9 13.2 2790.9 1.11 15.0 103.6 10.4 0.73 142.3 14.2
2 120 81 1T 46 0.4 9.2 23.0 2901.3 2.50 14.6 66.5 6.7 0.70 95.7 9.6
3 86 70 0T 37 0.4 20.2 26.1 3457.5 1.29 26.3 97.9 9.8 0.62 158.7 15.9
4 122 69 2T 40 0.2 11.1 16.6 2318.8 1.51 15.0 47.9 4.8 0.68 70.3 7.0

LN-3 5 81 52 0T 29 0.2 19.2 46.2 3887.2 2.40 30.0 58.4 5.8 0.55 106.8 10.7
6 94 75 1T 40 0.9 23.1 58.3 4200.1 2.52 36.8 124.2 12.4 0.64 194.6 19.5 102.2±37.6 37
7 122 63 2T 37 1.4 29.1 32.9 3350.9 1.13 36.8 166.1 16.6 0.67 246.4 24.6
8 156 59 0T 37 1.8 23.8 34.8 3076.9 1.46 31.9 146.7 14.7 0.72 204.2 20.4
9 73 63 0T 33 0.3 18.9 36.9 2508.6 1.95 27.6 108.9 10.9 0.56 194.6 19.5

1 169 109 2T 62 0.4 9.8 31.5 244.0 3.2 17.2 44.6 4.5 0.78 57.6 5.8
2 135 58 2T 36 0.5 12.5 36.2 121.1 2.9 21.0 113.6 11.4 0.68 166.7 16.7
3 124 54 2T 33 0.2 10.4 39.1 76.5 3.8 19.6 67.3 6.7 0.65 103.0 10.3
4 111 59 1T 35 0.9 23.5 75.5 232.9 3.2 41.3 166.4 16.6 0.64 261.1 26.1

LN-5 5 115 64 2T 38 0.5 15.3 41.0 129.2 2.7 25.0 135.1 13.5 0.66 205.5 20.5 120.5±39.5 33
6 94 52 2T 31 0.2 14.7 41.5 256.9 2.8 24.5 115.8 11.6 0.58 198.6 19.9
7 125 66 2T 39 1.0 23.6 83.5 282.2 3.5 43.3 124.8 12.5 0.68 184.8 18.5
8 123 69 1T 41 0.6 12.5 40.8 167.3 3.3 22.1 149.5 15.0 0.68 220.4 22.0
9 153 89 1T 52 1.7 15.1 52.3 218.3 3.5 27.4 167.1 16.7 0.74 225.1 22.5
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Figure 3.34: Apatite (U-Th-Sm)/He age (Ma) is plotted against grain size (R*) and
[eU] in Lochnagar vertical profile. AHe ages are uncorrected single grain ages and the
error bars represent 10% of the age which includes analytical error (often 2%-3%) +
6.5 % error in age standards (based on the reproducibility of Durango aliquots at UCL
lab in London). Just to be clear these graphs are from bottom to the top.
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3.17.5 Age versus elevation plots

Like in the case of Ben Starav (section 3.16.5), the central AFT ages along the profile

overlap with each other (Figure 3.35A), although the oldest age has been recorded at

the summit of the mountain. When the standard deviation is taken into consideration,

MTLs also overlap with each other (Figure 3.35). When AHe ages are plotted against

elevation (Figure 3.35), the lowest and middle sample show almost the same range in

age, but at the top of the profile some single-grain AHe ages are older. The dispersion

in these samples are similar, varying varies from 32% to 37%.

Figure 3.35: Age and MTLs against elevation from Lochnagar profile. A) shows Age-
elevation plot of Lochnagar samples. AFT ages are central ages and the error bars
are 1σ estimated standard deviations calculated using the online software IsoplotR
(Vermeesch, 2018). AHe ages are uncorrected single grain ages and error bars are 10%
of AHe uncorrected ages. B) shows projected MTLs-elevation plot of the same samples.
To correct to c-axis orientation Ketcham et al. (2007a,b) model have been used, and
the error bars on the projected MTLs are standard deviation on the projected lengths
in each sample
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3.18 Individual samples

Apart from the vertical profile, eight samples were collected across the Grampian High-

lands, from different topographic elevation ranging from c.260 to 450 m. The main aim

of this sampling strategy is to investigate the presence of a Late Cretaceous/Early Pa-

leogene event in eastern Scotland. The individual samples also provide constraints on

how denudation may have varied spatially across the vast area covered by the plutonic

complexes of the Grampians. Eleven single samples were collected, all from the Newer

Granites. However, only 8 of these yielded apatite grains; the data are reported in

table 3.20.

Four of these eight samples come from the Cruachan, which is the largest granitic

body in the western Grampians, at an elevation between 200 and 550 m (Figure 3.27),

the other 4 individual samples were collected around the Cairngorms, toward the east

(Figure 3.17).

3.18.1 Apatite fission track analysis

Fission track age and track length measurements have been determined for the indi-

vidual samples (Table 3.20), following the procedure given in Appendix A. For each

sample detailed single-grain data including the analysed grains for AFT age, radial

plots and track length distribution are presented in Appendix B.

3.18.1.1 Fission track data

Across the region, from west to east, the apatite fission-track ages range between 224.6

± 21.3 and 297.9 ± 29.4 Ma (Table 3.20) and they tend to increase slightly eastward.

The AFT ages of Ben Cruachan are between 224.6 and 261.3 Ma, with three samples

less than 250 Ma old, whereas samples in the Cairngorms yielded AFT ages ranging

from 255.9 Ma to c. 300 Ma; the samples closest to Lochnagar yielded similar ages to

the vertical profile. The oldest age was determined in CG16-4, which is the easternmost

sample (Figure 3.17).

Generally, individual samples of Ben Cruachan yielded many apatite grain, except for

BC-05, which age has been determined based on only 11 grains. The single-grain age

distributions of all samples are characterised by low P(x2)-values (0.15 and 0.28 for

BC-03, and BC-04, respectively), except for BC-05 which has P(x2)-value of 0.90. BC-

02 has failed the test. The low P(x2) values are probably due to dispersion in the single
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grain ages, rather than to the presence of more than one population (Appendix B);

dispersion reaches to 15% in BC-02 while is only 2% in sample BC-05. In contrast,

the individual samples around the Cairngorms passed the P(x2) test, and they are

characterised by high P(x2) values 0.93 and 1, although their single grain ages cover a

broad range, most are between 230 and 290 Ma.

D-Par values were measured for every counted grain (3 per grain) in order to take

the chemical composition of the apatite into consideration for the thermal modelling.

Their D-Par average varies from 1.90 to 2.30 µm, and the standard deviation of 0.15

to 0.22 µm. There is not observable differences between the D-pars from west toward

the east. The shortest D-par was recorded in CG16-14 (1.90 ± 0.16 µm).

Between 45 to 167 horizontal, confined track lengths were measured on each samples

(Table 3.20). All the measured track lengths have been c-axis projected, using the

angle of the track with the c-axis of the crystal to account for anisotropy, according to

the projection model of Ketcham et al. (2007a, b). In the west, measured track lengths

vary from 11.67 to 11.95 µm and from 13.46 to 13.63 µm for c-axis projected. On the

western samples (from Ben Cruachan), the standard deviation of the MTL varies from

1.48 to 1.90 µm for measured tracks and from 1.01 to 1.39 µm for projected tracks,

respectively. In the central part towards the east of the Grampian Highland, standard

deviation is between 1.80 and 2.59 µm for measured confined track lengths, and for

projected track lengths is between 1.14 and 1.73 µm. The TLD is broader in the east

than in the west, all distributons are unimodal. It seems there is a weak correlation

between MTLs and their locations from west to east in the Grampian Highland terrain,

because the shortest MTL value is recorded on sample CG-4 in the east which has the

oldest AFT age, 297.9 Ma, while the longest is in the west, 11.95 µm on two samples

from Ben Cruachan; BC-04 and BC-02.
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Table 3.20: AFT data for individual samples. The AFT ages were determined using the EDM. Symbols: ρd; track density of the dosimeter tracks,
ρs; track density of spontaneous tracks, ρi; track density of induced tracks, Nd; counted number of tracks on the dosimeter, Ns; counted number
of spontaneous tracks, Ni; counted number of induced tracks, P-value: is the probability of chi-sq age homogeneity test (Galbraith, 2010), D_par;
is the arithmetic average and 1σ error is the standard deviation of the valued measured on each grain (between 3 to 5 D_par per grain)., 2005).
Uranium content estimated using EDM. Central AFT age with 1σ error (estimated standard deviation) calculated using the online software
IsoplotR (Vermeesch, 2018), when age in each sample was calculated in EDM method, Zeta (ζ) of 311.1 ± 24.3 which calculated using standard
glass was used. MTL: mean track length and 1σ error is the standard deviation (m is measured and p is projected).

Sample Name ρd(cm2) ρs(cm2) ρi(cm2) P(X2) D_par ±1σ 238U Central Age ±1σ MTL m ±1σ MTL p ±1σ
No. grains[lengths] Nd Ns Ni % (µm) (µm) (ppm) (Ma) (Ma) (µm) (µm) (µm) (µm)
Ben Cruachan
BC-02 1.76E+06 7.17E+07 7.90E+07

0.00 2.13 0.15 29.6 245.0 22.1 11.95 1.90 13.63 1.22
21 [100] 9169 2304 2576

BC-03 1.76E+06 4.10E+07 4.90E+07
0.15 2.27 0.15 19.3 224.6 21.3 11.67 1.61 13.52 1.01

20 [100] 9169 892 1065

BC-04 1.74E+06 2.10E+07 2.15E+07
0.28 2.30 0.22 9.5 261.3 27.8 11.95 1.48 13.46 1.39

18 [67] 9169 500 507

BC-05 1.73E+06 5.54E+06 6.12E+06
0.90 198 0.22 4.7 225.9 30.2 11.87 1.56 13.54 1.03

11 [70] 9169 159 186

Individual samples-East
CG16-3 1.26E+06 4.89E+07 3.67E+07

0.93 2.10 0.16 20.3 255.9 23.4 11.64 2.24 13.60 1.44
20 [80] 9648 1077 807

CG16-4 1.25E+06 3.33E+07 2.14E+07
1.00 1.96 0.19 13.2 297.9 29.4 11.11 2.59 13.12 1.73

18 [55] 9648 714 457

CG16-6 1.25E+06 3.96E+07 2.78E+07
0.97 2.11 0.12 15.4 272.9 24.9 11.74 2.40 13.69 1.31

20 [105] 9648 1114 778

CG16-14 1.25E+06 3.12E+07 2.36E+07
0.99 1.90 0.16 13.2 248.9 24.3 11.84 1.80 13.65 1.14

20 [101] 9648 660 505
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3.18.2 Apatite (U-Th-Sm)/He analyses

Apatite (U-Th-Sm)/He analyses have been carried out on single-grain aliquots from

four samples; given the quality and availability of the apatite crystals, only one sample

(BC-04) is from Ben Cruachan and three samples in the East of the Grampian Highland

(Table 3.21). The AHe analytical procedure has been presented in Appendix A. A

few numbers of single grains have been discarded from modelling and interpretation.

However, all analysed grains including reasons why they have been discarded are given

in Appendix 2. AHe ages have been corrected after Farley et al. (1996). Uncorrected

mean AHe ages, used for graphical presentation purposes only, are shown in table 3.21.

3.18.2.1 Apatite (U-Th-Sm)/He data

Between 6 to 21 single grains were analysed for each individual sample. Average AHe

ages vary significantly from 23.3 ± 4.1 to 142.5 ± 32.4 Ma across the region (Table

3.21). In BC-04, in the west, the uncorrected AHe ages vary from 18.8 to 32.8 Ma

(24.6 to 39.0 Ma when corrected), whereas around the Cairngorms the AHe vary from

82.7 to 269.8 (uncorrected), and from 96.1 ± 9.6 to 350.7 ± 35.1 Ma (corrected) (Table

3.21). All the samples across the Grampians show a similar amount of dispersion of

about 20 %. Theoretically, the AHe age should increase with increasing crystal size and

[eU]. To show these relationships, single grain ages were plotted against grain size (R*)

and [eU] (Figure 3.36). The single grain ages of Ben Cruachan sample (BC-04) shows

no correlation with [eU] (Figure 3.36), but a strong positive relationship with grain

size (Figure 3.36). The lack of correlation between single-grain ages and [eU] is uncler

because suspiciously grains with low amount of [eU], which is 3.8 to 5.2, yielded AHe

ages as high as the grain that have the highest amount of [eU], which is 54.2. (Table

3.21). Apart from CG16-3, which shows a strong correlation between AHe ages and

grain size, the other samples from the Cairngorms do not show any clear correlation.
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Table 3.21: Single grain apatite (U-Th-Sm)/He data from individual samples. Symbols: T; terminations, R*; is spherical equivalent radius for a
sphere and is calculated as R*=(3*(RL))/(2*(R+L)), eU; effective Uranium, age; AHe row age, Ft; correction factor after Farley et al. (1996),
assuming homogeneous distribution U and Th. age-c; is Ft-age corrected, Error; is 10 % of AHe ages (analytical error 2 to 3 % of the age + 6.5
% error of the age based on the reproducibility of Durango aliquots at UCL university). Mean-age-c is the arithmetic mean and 1σ error is the
standard deviation of single grain ages

Sample No length width T R* He U Th Sm Th/U eU age error Ft age-c error Mean-age-c Disp.
Name (µm) (µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) ±1 σ (Ma) (%)

Individual Samples
1 141 115 1T 61 2.7 39.2 98.1 323.7 2.5 62.3 98.7 9.9 0.76 130.2 13
2 177 153 1T 80 4.1 23.1 10.2 253.1 0.4 25.4 168 16.8 0.82 205.1 20.5
3 325 147 2T 90 17.6 28.5 20.8 118.3 0.7 33.4 192.5 19.3 0.87 220.8 22.1
4 224 111 2T 67 2.3 11.6 20.9 116.3 1.8 16.5 141.7 14.2 0.82 173.4 17.3
5 183 95 1T 57 1.5 11.8 23.2 197.9 2 17.3 150 15 0.78 192.6 19.3 143.5±28.4 20

CG16-3 6 192 85 2T 52 1.8 15.8 35 219.4 2.2 24.1 129.5 12.9 0.78 166.6 16.7
7 152 78 2T 47 1.4 20 52.7 426.2 2.6 32.4 129.9 13 0.73 177.5 17.7
8 154 74 1T 45 0.9 17 38.1 277.6 2.2 26 110.8 11.1 0.73 151.8 15.2
9 193 127 1T 72 4.6 23.9 31.7 223.8 1.3 31.3 170.6 17.1 0.81 210.8 21.1

1 245 182 1T 100 0.5 1.4 0.5 63.9 0.4 1.5 128.1 12.8 0.86 149.1 14.9
2 254 142 2T 83 1.5 6 0.8 203.5 0.1 6.2 131 13.1 0.85 154.2 15.4
3 277 153 1T 90 0.5 2.4 1.4 94.6 0.6 2.7 82.7 8.3 0.86 96.1 9.6

CG16-6 4 175 161 1T 83 1 5.8 1.7 161.3 0.3 6.1 151.6 15.2 0.82 184.3 18.4 112.7±25.6 23
5 242 160 2T 90 1.1 5.9 1.9 231.9 0.3 6.4 86.8 8.7 0.85 102 10.2
6 163 92 1T 54 0.8 15 5.6 449.1 0.4 16.3 96.2 9.6 0.77 125.5 12.5

1 129 93 1T 51 0.2 3.7 5.7 370.8 1.5 5.1 124.1 12.4 0.73 170.9 17.1
2 55 91 1T 37 0.7 31.2 75.4 3653 2.4 49 122.6 12.3 0.58 209.5 21
3 107 102 1T 52 0.6 11.1 22.4 1164.2 2 16.3 117.6 11.8 0.71 166.2 16.6

CG16-14 4 70 98 1T 43 1.1 32.6 86.7 4010.2 2.7 52.9 125.1 12.5 0.64 196.7 19.7 142.5±32.4 23
5 190 156 1T 83 1.8 5.7 14.6 695.1 2.5 9.2 137.7 13.8 0.82 167.8 16.8
6 101 158 1T 66 3.6 23.5 64.9 3088.5 2.8 38.7 150.4 15 0.76 197.8 19.8
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Sample No length width T R* He U Th Sm Th/U eU age error Ft age-c error Mean-age-c Disp.
Name (µm) (µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) ±1 σ (Ma) (%)

7 139 143 1T 71 2.1 10.7 30.2 1387.6 2.8 17.8 146.9 14.7 0.78 188.4 18.8
8 184 151 1T 80 1 3.6 10 496.1 2.8 5.9 127.6 12.8 0.81 156.8 15.7
9 111 90 1T 48 0.5 9.2 21.6 1092.3 2.4 14.3 125.7 12.6 0.69 181 18.1
10 105 89 1T 47 0.6 14.2 33.8 1402.5 2.4 22.2 115.7 11.6 0.68 169.2 16.9
11 93 68 1T 37 0.5 18.3 36.4 1559.4 2 26.8 130.4 13 0.62 209.1 20.9
12 124 70 1T 41 0.7 12.2 33.3 1480.9 2.7 20.1 137.5 13.8 0.68 201.4 20.1
13 134 78 1T 45 0.6 8.1 21.3 1101.4 2.6 13.1 133.5 13.4 0.71 188.2 18.8

CG16-14 14 137 83 1T 48 0.6 7.6 20 1036.1 2.6 12.3 132.9 13.3 0.72 184.7 18.5
15 318 134 2T 83 3.5 5.5 12.7 335.5 2.3 8.5 146 14.6 0.86 169.3 16.9
16 201 104 1T 62 2 9.4 24.4 740.4 2.6 15.2 149.1 14.9 0.8 187.3 18.7
17 207 135 1T 76 2.3 7.0 22.0 662 3.1 12.2 146 14.6 0.82 178.7 17.9
18 128 96 1T 53 0.7 11.9 27.9 822.8 2.3 18.5 115.5 11.5 0.73 159.1 15.9
19 187 80 2T 50 2 8.5 17.9 472.4 2.1 12.7 269.8 27 0.77 350.7 35.1
20 293 128 2T 79 3.8 6.4 16.8 459.2 2.6 10.4 156.4 15.6 0.85 183.6 18.4
21 180 87 0T 53 1.2 6.6 19.3 511.3 2.9 11.1 180.9 18.1 0.77 235.8 23.6

1 126 60 1T 36 0.1 14.4 24.7 311.8 1.7 20.2 21.5 2.1 0.67 31.9 3.2
2 142 75 0T 45 0.1 10.6 12.1 463.9 1.1 13.5 23.1 2.3 0.72 32 3.2
3 83 65 0T 35 0.1 42.6 49.4 987.9 1.2 54.2 19.6 2 0.6 32.8 3.3
5 192 68 1T 44 0.04 2.3 6.2 228.7 2.7 3.8 18.8 1.9 0.76 24.6 2.5

BC-04 6 287 94 1T 61 0.2 4 5.1 132.5 1.3 5.2 22.3 2.2 0.84 26.5 2.7 23.3±4.1 17
7 244 137 2T 80 0.7 10.3 13.2 352.5 1.3 13.4 32.8 3.3 0.84 39 3.9
8 135 55 2T 34 0.03 4.6 11.3 132.6 2.4 7.3 23.4 2.3 0.68 34.5 3.5
9 179 68 2T 43 0.1 9.3 17.3 284.3 1.9 13.4 25.2 2.5 0.75 33.5 3.3
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Figure 3.36: Apatite (U-Th-Sm)/He age (Ma) is plotted against grain size (R*) and
[eU] for individual samples. AHe ages are uncorrected single grain ages and the error
bars represent 10% of the age which includes analytical error (often 2%-3%) + 6.5 %
error in age standards (based on the reproducibility of Durango aliquots at UCL lab
in London).
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3.19 Regional Summary

We presented new analyses for 30 samples, along a west-east traverse covering about 300

km from Ben Nevis in the west of the Grampian Highlands to the east near Aberdeen.

Samples are both from vertical profiles and individual locations. The sample elevations

in the vertical profiles cover the highest peaks in Scotland which are Ben Nevis, Anoach

Mor, Ben Starav, and Lochnagar, with the highest sample at 1204 m, and the lowest

sample at 67 m a.s.l. The results are summarized below;

AFT ages across the region are overall similar to each other. The oldest central age,

297.9 ± 29.4 Ma, is in the east (CG16-4); the youngest is from the bottom of Ben

Starav, 166 ± 16.7 Ma. The AFT ages increase with elevation in Ben Nevis and

Aonach Mor vertical profiles (Figure 3.37 A), but this relationship is not clear in Ben

Starav and Lochnagar vertical profiles. However, the oldest single grain comes from the

top of these profiles. The individual samples do not show any observable relationship

between age and elevation (Figure 3.37 B).

In most samples 100 lengths were measured; the MTL vary between 11.11 to 12.45 µm

across the region. The TLDs are generally narrow to moderately broad, they are all

unimodal. The MTL increases with elevation in Ben Nevis and Aonach Mor profiles,

(Figure 3.38 A, B). However, in Ben Starav and Lochnagar profiles, especially, the later

where the number of measured tracks is the lowest, there is no observable relationship

between elevation and MTLs in the individual samples (Figure 3.38 B).

Generally, there is no correlation between central AFT age and MTL (Figure 3.39);

however, in general the samples in the west part of the Grampian Highland which

have been collected mainly from Ben Nevis, Ben Starav, and Aonach Mor profile have

slightly longer MLT than those in the east (Figure 3.38A).
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Figure 3.37: AFT age versus elevation across the Grampian Highland region. A)
Age-elevation plot of AFT ages of all vertical profiles in the Grampian Highland. B)
Age-elevation plot of AFT ages of all single samples in the Grampian Highland. AFT
ages are central ages and the error bars are 1σ estimated standard deviation calculated
using IsoplotR (Vermeesch, 2018)

Figure 3.38: MTLs versus elevation across the Grampian Highland region. A) shows
projected MTLs-elevation plot of all vertical profiles in the Grampian Highland. B)
shows projected MTLs-elevation plot of single samples in the Grampian Highland. To
correct to c-axis orientation Ketcham et al. (2007a) model have been used, and the
error bars on the projected MTLs are standard deviation on the projected lengths in
each sample.

In most of the samples the AHe single grain ages are younger than the correspond-

ing AFT ages, and the samples which have been collected vertically show a positive

correlation against elevation. Age dispersion is usually higher at or near the top of

the profiles, suggesting that the rocks at higher elevation have spent more time in the

PRZ than those at the bottom of the profiles. Of the 171 produced AHe ages, only 11

were discarded, as they are older than the corresponding AFT age or even older than

the crystallization age of the pluton; these AHe data are considered the results of un-

detected inclusions and/or He implantation from U-rich mineral neighbours (Chapter

2). Even when these grains are discarded, age dispersion remains high and it remains
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un-explained as it is often not correlated to grain size and/or [eU], clearly indicating

that dispersion is a still unresolved issue in He thermochronology.

Figure 3.39: Plot of AFT and mean track length (MTL) verses mean track length
standard deviation. The AFT ages are from all vertical profiles in the Grampian
Highland region and they are central AFT ages with 1σ error from the central ages.
MTLs are uncorrected for their c-axis orientation and the error are standard deviation
on the uncorrected lengths in each sample.

In the next chapter these data (AFT and AHe) are modelled to generate thermal

history models for each of these samples and samples are modelled together as profile

if they have been collected as profile such as Ben Nevis, Ben Starav, Aonach Mor, and

Lochnagar
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Chapter 4

Low temperature thermochronology

modeling

4.1 Introduction

The thermal regime of the shallow crust up to 5-6 km depth is influenced by several

phenomena, such as erosion, tectonic and magmatic processes (e.g. Gallagher et al.,

2005); the thermal histories of rock parcels are, therefore, the result of these processes.

In the last 20 years, several modelling techniques and software have been developed

(e.g. AFTSOlve, HeFTy, QTQt, QFrag and HelFRAG); these use the observed ther-

mochronological data (e.g., AFT, AHe) to reconstruct and visualize the time- tem-

perature pathways (thermal histories) of rocks over geological time. In this study a

Bayesian transdimensional approach to data inversion is used (Gallagher, 2012), that

specifically uses a Reversible Jump Markov Chain Monte Carlo (RJ-MCMC) algorithm

to optimise the search for thermal histories that are compatible with the observed AFT

and AHe data.

4.2 Bayesian trans-dimensional inverse approach to

thermal history reconstruction

4.2.1 Theoretical basis of the approach

Trans-dimensional in this context refers to the approach where the dimensionality

of the model being tested is treated as an unknown parameter, i.e. the number of

unknown parameters defining the model is itself an unknown. In this case the number

158



of temperature-time pairs needed to define the thermal history is unknown. This is an

advantage of the trans-dimensional Bayesian approach because the technique does not

require an arbitrary a-priori level of complexity to be built into the model set-up. In the

implementation used here arbitrarily complex models (e.g. those with a large number

of temperature-time pairs) are allowed but these are penalised such that the simpler

models that can fit the observed data are preferred. In this case the complexity inferred

in a thermal history can be considered the minimum required following the rationale

of Albert Einstein that the best model “. . . should be made as simple as possible, but

no simpler”.

The software used in this study is QTQt built in 2012 by Gallagher (Gallagher, 2012),

and it has been continuously updated. The version is used in this study is 5.7.0 which

the most updated version of QTQt made in 2018 (QTQt User Guide v. 5.7.0). QTQt

implements the trans-dimensional Bayesian approach using a reversible jump Markov

Chain Monte Carlo (MCMC) algorithm. In simple terms the idea of sampling a Markov

Chain is that a very large number of possible models are tested in sequence, and the

probability of accepting and storing any given model is based on a measure of how well

that model is able to predict the observed data compared with the previous model.

Each new model to be tested is “proposed” from the previous model by making some

moderate but random changes to the model parameters, and in the case of the trans-

dimensional approach, also to the number of temperature-time pairs in the next model.

The new proposed model is then tested as before and accepted or rejected accordingly.

Because of the way the probability of acceptance is designed, the distribution of all

accepted models, assuming sufficient models have been considered, provides a robust

estimate of the underlying posterior probability distribution of the model parameters

given the observed data. Below a brief introduction on QTQt software which uses the

trans-dimensional Bayesian approach is provided together with the most important

faunctionality of this software.

4.2.2 Introduction to QTQt

‘QT’ stands for Quantitative Thermochronology and ‘Qt’ is the name of the software li-

brary used to build the graphical user interface of the software (Gallagher, 2012). QTQt

is a modelling program which can be used to either infer, given a thermal history, the

resulting thermochronological data (forward modelling), or generate the thermal his-

tories that best fit the given data (inverse modelling) (Gallagher et al., 2005). This
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software is implemented for different kinds of thermochronological data, such as ap-

atite and zircon fission track data, zircon and apatite helium analysis, 40Ar/39Ar and
4He/3He data, vitrinite reflectance values and zircon U/Pb ages. All these data can

be used simultaneously in QTQt to increase the precision and accuracy of the derived

thermal histories. The current version of QTQt allows for multiple sample modelling

(this function is explained in detail below), in this case the assumption is that the sam-

ples have experienced the same form of thermal history, as if they had been collected

along a vertical profile (Gallagher et al., 2005). A future version of this modelling

technique will also include the 3D partition model-vertical profile approach, which was

developed by (Stephenson et al., 2006) (QTQT user Guide v. 5.7.0).

In QTQt, the AFT data may be modelled using different annealing algorithms, from

the Durango apatite-based algorithm of Laslett et al. (1987) to the most recent multi-

kinetic fission track annealing model of Ketcham et al. (2007b). The latter takes into

consideration the apatite composition, directly input as the concentration of F and

Cl or using proxies, such as the Dpar measurements, and the angle of each measured

tracks with the c-axis of the crystal, which have been proven to affect the annealing

behaviour of tracks in apatite (Donelick, 1993; Donelick et al., 2005). The diffusion

of He in apatite can be modelled using the Durango-based algorithm of Farley (2002),

which approximates the grain shape to a sphere with an equivalent radius, or the more

recent numerical models, which account for parent zonation and the effect of radiation

damage on He (e.g. Shuster et al., 2006; Flowers et al., 2009; Gautheron et al., 2009)

or the effects of analysing broken crystals (Beucher et al., 2013; Brown et al., 2013).

The important and widely used functionality of QTQt is the ability to jointly model

samples that are related in some way, such as from a vertical topographic profile. In

this approach, samples need to be collected at different elevations along a vertical

transect, usually in an area of high topographic relief (Fitzgerald et al., 1995; Gleadow

et al., 2000; Gallagher et al., 2005). Basically, along vertical profiles, samples at higher

elevation would have passed through the Partial Annealing Zone earlier than the lower

samples; when the AFT ages are plotted against elevation, the oldest ages are at the

top of the profile and the youngest at the bottom (Figure 2.3 chapter two). Tradition-

ally, vertical profiles have been used to identify the presence of fossil partial annealing

zones, and, in the case of a linear elevation-age trend, the rate of denudation (e.g.

Brown et al., 2002; Raab et al., 2005; Fame et al., 2018). In addition, this sampling

strategy can provide constraints on paleogeothermal gradient if the sample locations
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have stayed constant along a steep profile because the vertical distance between the

collected samples along the steep profile is known and the difference in paleotempera-

ture is estimated and involved by comparing the maximum paleotempreture t-T path

derived from the thermal history model of single samples along the profile (e.g. Brown

et al., 2002; Armstrong, 2005; Gallagher et al., 2005; Raab et al., 2005; Malusà et al.,

2016). More than that, the final models offered by QTQt when all the samples from

a vertical profile are modelled together is more preferable than the derived thermal

histories for each sample independently (Gallagher et al., 2005; Gallagher, 2012) be-

cause the possibility offered by QTQt in model all the samples together is easier to

interpret, and also in general it has smaller uncertainties relative to models of single

samples independently. This sampling strategy has been widely used in this project

and thermochronological data have been produced from four vertical transects across

the study area (location of the vertical profiles and their thermochronological data have

been presented in detail in chapter three).

4.3 Inverse modelling results

In this study, to reconstruct the thermal history of samples, an inverse modelling

approach has been performed using AFT and AHe data. For that, AFT data have

been modelled using the most recent multi-kinetic annealing model of Ketcham et al.

(2007a,b). As mentioned above, this kinetic model takes into consideration the angle

of measured track lengths with the c-axis and apatite chemical composition. D-par

has been used as a proxy for chemical composition. AHe data are included in the

models as single grain aliquots, with corresponding values for the concentration of 4He,
238U, 232Th, 147Sm (in ppm). The recoil correction (FT correction after Farley, 1996)

is calculated using a spherical geometry, but note only uncorrected ages have been

used for thermal history modelling. The uncertainty on (U-Th-Sm)/He age was set

to ±10%, which includes analytical errors (often 2% to 3%) plus 6.5% of age (based

on the reproducibility of Durango aliquots at the UCL lab in London where the AHe

analyses were performed. The behaviour of He diffusion in apatite has been described

using the algorithms of Gautheron et al. (2009), and Flowers et al. (2009), which per-

mit the effect of radiation damage to be taken into account. In addition to that, grain

fragments (that is broken grains) are treated explicitly as broken grains based on last
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recent paper of Brown et al. (2013) and Beucher et al. (2013) for all samples which

have AHe data. The observed AHe ages were ‘resampled’ during the optimisation

search; the resampling method increases the uncertainty in the inferred models, and

it is reasonable (Gallagher, 2012) because some parameters are difficult to measure or

calculate (grain dimensions for AHe dating) and other are uncertain (annealing and

diffusion models).

Before each run, the Bayesian approach used in QTQt requires the definition of a prior

probability distribution in the modeling Time-temperature (t-T here and on) space.

The general prior time-temperature box (the starting “box” for the thermal history in

Time-temperature space) for AFT and AFT + AHe data was set by default at tem-

perature of 75 oC ± 75 oC (which covers the temperature sensitivity range of AFT and

AHe analysis techniques), where the time range was based on the oldest observed age

with a range equal to this age (the oldest age ± the oldest age) (Gallagher, 2012). Dur-

ing each run (individual or as a profile), the only time-temperature constraint used for

each sample is an appropriate age of emplacement of the rock (see table 3.10 in chapter

three). There are a few geological features which could have been used as potential

constraints during modelling. For instance, Permo-Trassic sediments in the east part

of the Lewis in the Outer Hebrides, volcanic clasts in the upper part of Ben Nevis, and

paleosurfaces. However, they haven’t been used or added when samples were modeled

(i.e. the models are built unconstrained). It is because the Permo-Trassic sediments

(Stornoway Formation) which are unconformably placed on the Lewisian Complex are

only found in the north east of Lewis. In this study, the closest sample to the east of

Lewis is Lws-30-D (Figure 3.3) which has been reset completely due to its proximity

to Palaeogene dyke and thus it provides AFT age around 68 Ma. The volcanic clast

of Ben Nevis includes the volcanic part and small sedimentary layers near the contact

between the volcanic part and the granite. Actually, the volcanic rock is older than the

granite slightly, and it may have erupted and pyroclasts may have been deposited on

some Dalradian sedimentary rocks. When the volcanic roof collapsed some sedimen-

tary rocks together with the volcanic part fell into the granite (the inner granite of Ben

Nevis Complex). It means the contact between the igneous granitic rock and the sedi-

mentary rocks is not a depositional contact, therefore this feature has not been used as

a constraint during modeling the Ben Nevis samples. Finally, the paleosurfaces which

have been recognized across the Scottish landscape, mainly in the Highlands, are not

robust data (knowledge) to be added as solid constraints during modeling because they
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are only interpretations (assumptions) (see chapter one, section 1.3 for more detail)

In this study for all samples the present-day surface temperature value is assumed to be

5±5oC, it based on the Scotland’s annual mean surface temperature (from Met Office

website/website-2) in the last 100 years (see appendix-F). This temperature is applied

to the highest samples from the profiles. In addition to that, when the multi-sample

approach is used, additional parameters need to be added to the prior. In multi-sample

approach, the present day offset temperature is the difference in temperature between

the top and bottom samples. In this study an initial offset temperature equivalent to

a thermal gradient of 26oC/km was used, which is the present day thermal gradient

for most of Scotland. Because all the profile samples are exposed at the surface today,

a final offset temperature of 5±5oC was imposed to simulate the adiabatic lapse rate

that applies once all the samples reach the surface. This is clearly an approximation,

but given that the samples are all at low temperatures near present day this will have

little effect on the form of the thermal histories. This would imply an average sea level

surface temperature of around 10◦C.

The initial temperature offset may be kept constant through time (i.e. the geother-

mal gradient does not vary), or can be allowed to vary over time, with each time-

temperature point having an independent value for the offset or gradient. Note both

options have been performed in this study; the shown thermal history models here

are when the thermal gradient is varied over time, and see Appendix-E for the offered

thermal history models and related graphs when the thermal gradient stayed constant

over time. In general, both models out puts are similar and provide the same thermal

structural models.

In order to test the effect that radiation damage and crystal fragmentation have on He

diffusion, the thermochronological ages for all individual samples and for the vertical

profiles were modelled in four different ways: i), The AFT-only model (to ascertain

the effect of AHe data on the thermal histories), ii) AFT and AHe data with diffu-

sion kinetics of Durango apatite (Farley, 2000) hereafter referred as (Non-rad-dam),

iii) AFT and AHe data with the radiation damage model of Gautheron et al. (2009)

(G-rad-dam), iv) AFT and AHe data with the radiation damage model of Flowers et al.

(2009) (F-rad-dam). In the following sections, the thermal histories from both study

areas are presented starting from the Outer Hebrides in the west and moving eastwards

towards the Grampian Highland area.
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4.4 The Outer Hebrides thermal modelling results

The Outer Hebrides are a chain of islands in the Caledonian foreland of Britain, they

stretch for 125 miles from the most northerly point which is the Butt of Lewis to the

south (Isle of Barra). The major islands which make up the Outer Hebrides are Lewis

and Harris, North Uist, South Uist, and Barra (Figure 3.2).

Twenty-one samples were analysed from the Outer Hebrides, and the detailed AFT

and AHe data have been presented in chapter 3-section 3.7. The samples are all from

outcropping rocks from the Lewisian gneisses which are some of the oldest rocks in the

United Kingdom and Europe. Along the Outer Hebrides Fault Zone rocks were highly

deformed during Caledonian Orogeny (at about 400 Ma ago), and mylonitic facies rock

was formed along that zone. To account for the well documented major metamorphic

retrogression event at c. 400 Ma and associated mylonite development (forms at c.

350 ◦C) (Imber et al., 2001), when these samples were modeled an initial time and

temperature constraint was set between 450±20 Ma and 600±100 ◦C, respectively.

Generally, across the Outer Hebrides the samples were collected using two different

strategies; single, regionally located samples and multiple samples along a vertical

topographic profile. Therefore, two different modelling strategies have been used; in-

dividual models for single samples and joint inversion of samples comprising vertical

profiles.

From 21 samples AFT analysis was performed on 20 samples and 11 of them yielded

usable AHe data. Inverse thermal modelling has been carried out for all of these sam-

ples and the main parameters used in building the thermal models, particularly for the

vertical profiles have been summarised for each model. and the single samples require

the same information for modelling with less parameters. The results are presented

and discussed form each of the main islands of the Outer Hebrides starting from Lewis

and Harris in the north, then Uist, and finally Barra in the south.

4.4.1 Lewis and Harris

Lewis and Harris which are often linked together is the largest island in Scotland and

the third largest in the British Isles. From south to the north of these islands 8 samples

were analysed. Seven of them are on Lewis and only one of them is on Harris. Generally

AFT data have been obtained for all of them, while AHe data were obtained for four

them, and these data were presented in the previous chapter. Discussion of the main
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features of the thermal history models follows (all models are shown on Figure 4.1).

For sample Lws-38 the expected model in all model types reaches the PRZ between

320 and 300 Ma. Generally, the produced thermal models provide slightly different

t-T paths when AHe data and radiation damage are incorporated, especially in the

second segment of the models (Figure 4.1A). The maximum likelihood model is in a

good agreement with the expected models. Following the initial cooling to temperatures

around 90 oC by c. 290 Ma, the expected models in the case of AFT-Only and Non-dam

models suggest that this rock cools monotonically to the present surface temperature

without showing any pulse of Late Cretaceous and Early Paleogene cooling (Figure

4.1A). While for the G and F-rad-dam models this rock cools slowly (0.26 ◦C/Ma)

between 290 and 110 Ma from temperatures of c. 90 to 40 oC, then a minor reheat is

only observed G-rad-dam by less than 10 oC between 110 and 60 Ma. Subsequently

this rock cools (0.50 ◦C/Ma) between 60 and 80 Ma in both models (G and F-rad

dam) to the present temperature surface. This pulse of cooling is more distinct on the

maximum likelihood model (Figure 4.1A). The data fit is generally very good for the

AFT data, especially the predicted track length distributions (TLD) in all model types

fits the projected track lengths distributions very well. The AHe data is reasonable.

However, the predicted and observed AHe ages do not overlapped in most of the grains

for the G-rad-dam model.

For sample Lws-32, the AFT and AFT + AHe models are similar in the earlier segments

of the models but they become slightly different in the younger segments, particularly

in case of the F-rad-dam-model (Figure 4.1B). When radiation damage is not included

(the AFT-only model), the predicted model enters the PRZ by c. 330 Ma, and it

cools further with same rate (c. 1 ◦C/Ma) to temperatures of c.90 ◦C by 300 Ma.

It subsequently cools slowly and continuously (0.17 ◦C/Ma) until it passes the upper

limit of the PRZ by c. 150 Ma and continues to the end of Paleogene. Then at c. 30

Ma the cooling rate increases significantly to (1.16 ◦C/Ma) which brings the sample to

the surface temperature. When radiation damage is incorporated, the later part of the

G-rad-dam model is very similar to the AFT-only and Non-rad-dam models. But, in

the case of the F-rad-dam model a short period of reheat from c. 110 Ma to c. 70 Ma

is suggested (by less than 10 ◦C), and then the last cooling pulse occurs at around 65

Ma. The maximum likelihood models match the predicted models well apart from the

F-rad-model. The AFT data fit is good, and the AHe data fit is also good apart from

one old AHe grain age which is not fit by any of the model types because its
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-A-

Figure 4.1: Results of thermal history modelling for Lewis and Harris samples. Top
plots: thermal history models for each model type. The solid blue line is the expected
model; the dashed black lines are the 95% credible intervals on the expected model, and
the solid red line is the maximum likelihood model. Although the initial constraints
start from a temperature around 600 ± 100 ◦C for all of the samples, to make the T-t
plots easier to read, the temperature space shown on the graphs is limited to 0–200 ◦C.
The red box represents the prior information on temperature and time (see chapter 4
- section 4.3). The bottom and top of the partial annealing zone (PAZ) is shown by
solid black lines. Central plots: histograms of the projected track length distributions
(TDL); the red curve represents the predicted TLD for the expected model.; the grey
curves are the 95% credible intervals, the observed (O) and predicted (P) AFT age,
MTL and D-Par are shown in the top left corner. Bottom plots: Observed against
predicted single grain AHe ages. Light gray line is the 1 to 1 correlation line, the black
triangles are the observed ages and the horizontal green lines are the 2σ uncertainty on
the observations; horizontal light brown lines (bars) are the range of resampled observed
ages, vertical light brown lines are the range of predicted values for all the acceptable
models. As discussed in section 4.3.1 four models are shown for each sample for which
both AFT and AHe data are available: i) AFT only—model constrained only by AFT
data, ii) Non-rad-dam—no radiation damage model, standard Durango kinetics, iii)
G-rad-dam—radiation damage model of Gautheron et al. (2009), and finally F-rad-
dam—radiation damage model of Flowers et al. (2009).
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Figure 4.1 (continued)
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-D-

-E-

Figure 4.1 (continued)

observed age is significantly older than the predicted age.

Results for sample Lws-28 is similar in all model types with and without including

AHe data and radiation damage models (Figure 4.1C). In general, the initial cooling

between c. 330 – 300 Ma brings the rock to near surface, and cools to temperatures

around 100 – 90 ◦C by c. 250 Ma (Figure 4.1C). Then in all model types including

the AFT-only model this rock cools slowly and constantly from 250 Ma for approx-

imately 200 Myr until Ealey to Mid Paleogene from temperatures around 100 ◦C to

nearly 50 ◦C. The cooling rate is similar in all model types which is about 0.22 ◦C/Ma.

Afterwards, at around 40 Ma the cooling rate accelerates slightly to c. 1.25 ◦C/Ma
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in Non-rad-ram and G-rad-dam models but this accelerate in cooling has taken place

at around 60 Ma in case of F-rad-dam model. The maximum likelihood models do

not show discrepancy from the predicted models. The AFT data fit is very good but

the AHe data fit is poorer because the AHe ages are dispersed and the models do not

predict the older grain ages (those older than c. 100 Ma) very well (Figure 4.1C).

Sample Lws-29, Lws-30-D, Lws-31 and Lws-35 which do not have AHe data are shown

together in figure 4.1D. The thermal history of sample Lws-29 is not complicated. Ac-

cording to the obtained model (the expected model path) this rock is entered the PRZ

at c. 140 Ma and passes through this zone quite rapidly and is cooled to temperatures

around 50 ◦C by nearly 80 Ma at a rate of 1.17 ◦C/Ma. Then the predicted model

has suggested that this rock starts reheating for a short period from c.80 Ma to 55 Ma

but does not return to PAZ. After that, it cools relatively fast (1 ◦C/Ma) at around 55

Ma from temperature nearly 60 oC to the present surface temperature. The maximum

likelihood predicts almost the same pulse, but the cooling and heating pulses are much

stronger on it (figure 4.1D). Generally the data fit including age and TLD are good.

Like sample Lws-29, sample Lws-30-D has only AFT data. This sample was collected

near a dyke, which is possibly a Cenozoic dyke because the AFT age has been reset

and has cooled rapidly through the PAZ as indicated by the long mean track length

(c. 14.2 µm), narrow unimodal track length distribution and its central age is about

67 Ma. Structurally, this sample yields a thermal history relatively similar to sample

Lws-29. The predicted thermal model in this sample reaches the PRZ by nearly 80

Ma and cools constantly and rapidly (1.60 ◦C/Ma) to near surface temperature around

40 ◦C by 30 Ma. The detail in the history at temperatures lower than c. 60 ◦C are

unresolved because they fall within the 95% credible interval and so cannot be thought

of as reliable features given the current data (Figure 4.1D).

Samples Lws-31 and Lws-35 also only have AFT data. Generally, they show relatively

similar thermal histories with some differences in the time of entering the PRZ and

rate of cooling (Figure 4.1D). In these two samples the predicted models enter the PRZ

and cool further to temperature 60 oC by c. 160 Ma in Lws-31, and to c.100 oC by

c. 260 Ma Lws-35. Since then, Lws-35 has been cooled slowly and continuously (0.27
◦C/Ma) until end of Paleogene, and then cooling acceleration has increased slightly

(0.87 ◦C/Ma) at around 40 Ma to the present surface temperature. While Lws-31

stays at a constant temperature (around 60 oC) after the initial cooling for approxi-

mately 60 Ma then a pulse of cooling is suggested at around 100 Ma which takes the
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sample to the surface from temperature around 60◦C (Figure 4.1D). The maximum

likelihood model of Lws-35 suggests a more complicated thermal history with a period

of reheating starting from 300 Ma to 220 Ma. However, it is not well constrained be-

cause this rock had been cooled to near surface temperature before the reheating period

started and the history is poorly constrained by AFT data at these low temperatures.

The maximum likelihood model suggests the same pulse of reheating for sample Lws-31

at the beginning but then it follows the expected model (Figure 4.1D). In both samples

the predicted AFT data matches the observed AFT ages and projected TLDs.

In sample Har-27, there are no observable differences between the AFT-only model and

AFT + AHe models (Figure 4.1E). All models have indicate that this rock reaches the

PAZ at around 300 Ma and cools further constantly (1.5 ◦C/Ma) until it passes the up-

per limit of that zone between 280 and 260 Ma. From 260 to c. 40 Ma in Non-rad-dam

and c. 60 Ma in F-rad-dam (it is approximately 200 Ma) this rock probably has been

slowly reheated by only 5 oC or less and it has returned into the PRZ zone briefly at

different time between 40 and 60 Ma in these two mode types (Figure 4.1E). However,

in case of G-rad-dam the samples stays in the upper limit of PAZ temperature and does

not show any reheat. The maximum likelihood models do not show any reheat in all

model types. Afterwards, this rock is cooled relatively rapidly during the Paleogene,

but at slightly different times according to each model type (i.e. at around 40 Ma in

AFT-only model, Non-rad-dam, and G-rad-dam, and at around 60 Ma in F-rad-dam).

This pulse of cooling brings the sample to the surface from temperature around 60 ◦C

(Figure 4.1E). The cooling rate for this later pulse of cooling is similar for all model

types and the average is around 1.38 ◦C/Ma. In general, the maximum likelihood

model for all model types show the same pattern and are in a good agreement with

expected models. The data fit is also quite good generally.

4.4.2 Uist

Uist comprises two islands; North Uist and South Uist. On South Uist eleven samples

were analysed; six of them collected individually and the rest are collected vertically

from a vertical topographic profile from the highest peak on Uist, Beinn Mhor. On

North Uist, two samples were collected. Even though both samples had low quality

apatite grains, AHe data has been obtained for one of them. The AFT and He data

were presented in chapter 3, Section 3.9. The main features of t-T paths are sum-
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marised and explained below starting with the samples from North Uist followed by

individual single samples on South Uist and then the vertical profile from South Uist.

Model summaries for all the samples from Uist alongside with the data fits are shown

in Figure 4.2.

Results indicate that sample Nut-24 and Nut-23, based on the AFT-only models, these

rocks enter the PRZ by c.250 and cools continuously (1.3 ◦C/Ma) to temperatures of

c. 80 oC by 220Ma (Figure 4.2A and B). Since then the expected model suggests that

these rocks cooled constantly to the end of the Paleogene. However, the maximum like-

lihood model is slightly complicated and it suggests two phases of reheating in sample

Nut-24 since this rock has entered the PRZ (Figure 4.2A). In Nut-24, when AHe data

are included and the radiation damage models are also incorporated, the t-T pattern

path is changed, particularly in G-rad-dam model (Figure 4.2A). The initial AFT +

AHe cooling pulse is similar to the AFT-only model when the rock enters into the PAZ

and cools to temperatures around 80 oC by around 190 Ma, but they have different

path in the younger segment, especially in case of G-rad-dam. In case of F-rad-dam,

the rock cools constantly to temperature around 40 oC by 40 Ma after it enters the

PAZ by 220 Ma based on the predicted model. It is the same in Non-rad-dam with a

brief pulse of reheat at the end of Neogene before the last cool to the surface.

However, in cases of G-rad-dam, this rock cools further but with less speed for nearly

c.100 Myr. Following that, this rock is reheated between c. 70 Ma and c. 20 Ma

with the rates of 0.4 ◦C/Ma, but the rock does not return into the PAZ. Subsequently,

between 30 and 20 Ma this rock is cooled rapidly from temperatures between 60 and

40 oC to the present temperature. The maximum likelihood models do not show sig-

nificant differences from the expected models, and the reheating episodes and the final

pulse of cooling are more obvious on the maximum likelihood models (Figure 4.2A). In

general, the data fit is not good in case on Non and F-rad-dam because the predicted

and observed AHe ages are not overlapped but is reasonably good G-rad-dam. How-

ever, the predicted TLDs have been resolved well.

Sample Sut-21 is from the north of South Uist. In this sample, there is no observable

difference between the AFT-only and AFT + AHe models in the older portion of the

suggested models but they are different for the younger portions of the histories, par-

ticularly after the end of the Cretaceous when radiation damage models are included

for AHe data (Figure 4.2C). All model types suggest that the rock reached the PAZ

between c.240 and c.260 Ma. Subsequently, for AFT-Only model, the rock cools con-

171



tinuously to the present temperature but at a slower rate (0.34 ◦C/Ma) compared to

the initial cooling. When the AHe data are included the early history is unchanged.

However, all the AHe models indicate a two stage history with a phase of accelerated

cooling occurring in the Late Cretaceous-Early Palaeogene (Figure 4.2C). In general,

the maximum likelihood models are similar to the expected models. The AFT and

AHe data are quite well predicted in all model types.

Sample Sut-8 is the most southern sample on South Uist. The AFT-only model struc-

turally is similar to the AFT + AHe models (Figure 4.2D). The AFT model (the

predicted model) suggests that this rock enters the PRZ between 230 and 200 Ma

and cools constantly to temperature c. 50 ◦C by c. 170 Ma. Since then, it has been

probably slightly reheated for nearly 100 Myr but hasn’t returned to the PRZ again.

Then by end of Cretaceous it is cooled slowly (0.8 ◦C/Ma) from temperatures around

50 ◦C to almost the present surface temperature. The reheating from around 170 Ma

is more obvious on the maximum likelihood model but it is brief (Figure 4.2D). When

radiation damage models are added for AHe data, the T-t trends are changed slightly,

particularly in rate of cooling/heating after the sample reaches the PAZ. Following the

first cooling episode between 260 and 200 Ma, in which the rock is cooled to temper-

ature around 50-40 oC in G and N-rad dam models but the sample didn’t leave the

PAZ in F-rad-dam case, the AHe data requires the t-T path to experience a higher

temperature in Late Cretaceous-Early Paleogene, for that reason, all model types sug-

gest that the rock has been probably slowly reheated (0.35 ◦C/Ma) for approximately

100 Ma to temperature around 75 oC by End of Cretaceous (80 -70 Ma). The max-

imum likelihood is in a good agreement with predicted models. By Late Cretaceous

and Early Paleogene a cooling pulse has been suggested on all model types no mater

which radiation damage has been used. The timing of the onset of the last monotonic

cooling (with average cooling rate of 1.17 ◦C/Ma ) is between 80 to 70 Ma from a max-

imum temperature of 70–80 oC to the present temperature (Figure 4.2D). The data

fit is good with small deterioration from predicted length distribution, especially when

both radiation damage models of Gautheron et al. (2009) and Flowers et al. (2009) are

added. The AHe data fit is generally good except in one grain which the observed age

is older than the predicted age.
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Figure 4.2: Results of thermal history modelling for Uist samples. The detail about
the graphs are shown in caption Figure 4.1
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Figure 4.2 (continued)
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Figure 4.2 (continued)

Samples Sut-9 and Sut-15, which have only AFT data, show similar thermal history

paths to each other and mimic the early history seen for the other Uist samples (Figure

4.2E). They differ from the other histories in that the younger phase of accelerated

cooling in the Mid-Palaeogene is not seen (Figure 4.2E). This difference emphasises

the importance of including AHe data, in that it is clear that the AFT data alone do

not record information about the younger cooling phase.Track length distribution in

both samples have been well resolved.

4.4.2.1 Beinn Mhor vertical profile

Beinn Mhor is the highest mountain on South Uist. Five samples were collected and

analysed over an elevation difference of 435m from 156m to 591m. The samples from the

summit to the foot of Beinn Mhor are Sut-16 (591m), Sut-17 (512m), Sut-18 (416m),

Sut-19 (252m), and Sut-20 (156m). The AFT and AHe data for these samples were

discussed in Chapter 3, Section 3.9.3. Beinn Mhor samples were collected as a profile

but they are not modelled together because it is likely that the profile has been dis-

rupted by post cooling tectonic process as the profile is quite close to the OHF zone

(see figure 3.7 in chapter three). Summary of t-T path for individual models along this

profile has been shown below.

The AFT-only models for the Beinn Mhor samples generally show simple thermal his-

tories. Similar to other models for single samples on South Uist they indicate rapid

cooling from high temperatures during the Permo-Triassic reaching the PAZ between
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250 and 200 Ma (Figure 4.3). Following the initial cooling in Permo-Trassic, sample

Sut-16 cools slowly and constantly to the present surface temperature (0.40 oC/Ma)

(Figure 4.3A), and for sample Sut-19 there is a period of stability followed by an accel-

erated phase of cooling to the surface during the Mid-late Palaeogene (Figure 4.3C).

The AFT-only model for sample Sut-17 is very similar to that for Sut-19, although the

histories are significantly different during the younger portions when the AHe data are

included (Figure 4.3B). Sut-18 which is shown with Sut-19 (Figure 4.3 C) also shows

the same pattern of cooling as the other samples. The lowest sample from the traverse

(Sut-20) does not have any AFT data (Figure 4.3D).

Sample Sut-17 is the only sample with both AFT and AHe data. The older portion of

the combined models is similar to the AFT-Only model in this sample and to the other

profile samples and clearly records the Permo-Triassic cooling phase. However, after

AHe data and the radiation damage models are added, the structure of the younger

portion of the models are changed (Figure 4.3B). To fit the young AHe dates (c. 30-40

Ma) and the much older AFT dates (c. 200Ma) for this sample the thermal histories

require a reheating phase of between c. 40 to c. 30 ◦C from 160 Ma to a local maxi-

mum temperature of c. 80◦ during the mid-late Neogene at c. 20 Ma (Figure 4.3B).

The F-rad-dam model did not produce a sensible result and is not considered further

because the predicted and observed AHe data are not fitted and the structure of the

thermal model is history is unrealistic. The reason for this is not known, but may be

related to the range of [eU] values and grain ages resulting in a particularly sensitive

[eU] response for the F-rad-dam model.

Sample Sut-20 only yielded AHe data and so thermal models have been generated us-

ing only the AHe data (Figure 4.3D). The dispersion of single grain AHe dates for this

sample is significant with dates ranging from c. 10 Ma to 120 Ma and consequently

likely represents variation unaccounted for the radiation damage models used. The his-

tories for this sample are therefore difficult to interpret with confidence. However, some

key elements of other histories are present when radiation damage effects are included

in the models, e.g. the Permo-Triassic cooling phase. Also, it appears that the data

indicate residence at elevated temperatures within the PAZ range until it reaches to

the upper limit of PAZ by Late Neogene in G-rad-dam model, but the samples has left

this zone in Late Cretaceous to Early Paleogene in case of F-rad-dam (Figure 4.3D).

This feature is seen in other models from the region and so is likely reflecting reality,

although poorly constrained.
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Figure 4.3: Results of thermal history modelling for Beinn Mhor vertical profile. The
top samples is Sut-16 and the lowest sample is Sut-20 from the profile. The detail
about the graphs are shown in caption Figure 4.1
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Figure 4.3 (continued)

4.4.3 Barra

Barra, which is one of the most southerly islands of the Outer Hebrides, has been di-

vided into two parts by the Outer Hebrides Fault Zone (OHFZ) (Figure 3.1, and 3.11).

On this island two samples were analysed (Bar-1 and Bar-5). The detailed AFT and

AHe data are shown in chapter 3, Section 3.10. Generally, the thermal histories of

Barra samples are similar to each other with some differences in the last 70 Ma.

For sample Bar-1 the structure of AFT-only model is not significantly different from

AFT + AHe models, particularly, in the case of N-rad-dam and G-rad-dam (Figure

4.4A). All models once again record the rapid Permo-Triassic cooling from high tem-

peratures through the PAZ, and all are followed by relatively slower period of cooling
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through the Jurassic to Late Cretaceous-Early Tertiary. Subsequently, all model types

indicate cooling to surface temperatures an accelerated rate from nearly 60 ◦C in Non-

rad-dam, and G-rad-dam but slightly higher in F-rad-dam, which is 80 ◦C In general,

maximum likelihood paths followed the general pattern of the expected models most of

the time with some small differences in timing and cooling rates. apart from F-rad-dam

case, the track length distribution (TLD) has been well resolved, and AHe data are

predicted reasonably well.

The model results for sample Bar-5 are quite similar in general to those obtained for

Bar-1 (and to other samples in the region) and again demonstrate the sensitivity of the

modelling at low temperatures to adding AHe data (Figure 4.4B). The key difference

between Bar-1 and Bar-5 models is that the histories for Bar-5 suggest reheating to

a local maximum temperature of c. 80◦C in the Mid-Neogene (c. 30 Ma). Although

when the credible intervals are inspected it is clear that this reheating is not robustly

constrained by this sample. Note the number of the apatite grains for AFT age and

the number of the track lengths measured for Bar-5 is too small (14) for the model

to have much weight. Generally, the final cooling rates which is occurred at around

30 Ma in all combined models are similar in rate (i.e. 2.5 ◦C/Ma). The maximum

likelihood models do not show any observable differences from the expected thermal

models (Figure 4.4B). The AHe data fit is good except one grains in which its predicted

age is significantly older than the observed age in case of F-rad-dam. Generally, the

AFT data fit is good.
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Figure 4.4: Results of thermal history modelling for Barra samples. The detail about
the graphs are shown in caption Figure 4.1
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4.5 Regional summary

The thermal histories of all samples from the Outer Hebrides have been summarized in

Figure 4.5. This figure has been generated using the expected thermal models obtained

for each sample. In general, currently exposed rocks in the Outer Hebrides area reached

close to the surface (less than 3 km depth) by end of Palaeozoic to early Mesozoic and

consistently indicate rapid cooling from high temperatures (that is greater than 140
◦C) during the Permo-Triassic reaching near surface temperatures (c. 100-30◦C) by

Early Jurassic times (c. 200-150 Ma). Since then most samples analysed indicate these

islands have been cooled slowly and continuously until end of Cretaceous. However, in

three samples in the southern part of the Outer Hebrides (e.g. Bar-5, Sut-17, and Sut-

8) there is some indications that a long reheating episode is required which cover most

of the Mesozoic. The reheating period appears when AHe data is combined with AFT

data. Note, in the previous chapter (chapter three) it has been highlighted that Bar-5

should be treated with caution because of the quality and quantity of apatite grains,

and Sut-17 may have been affected by post-cooling tectonic process, therefore it gives

very young AHe ages which requires the t-T path to experience very high temperature

by 30 Ma. In general, from 21 samples along the Outer Hebrides from Lewis to Barra

only 1 robust thermal model (Sut-8) suggest that period of reheat in Mesozoic.

Subsequently, along the Outer Hebrides, a pulse of accelerated cooling which appears

to have happened at different times between c. 70 and c. 40 Ma is suggested, this

cooling pulse is more apparent in the combined (AFT+AHe) thermal history models

of Gautheron et al. (2009), and Flowers et al. (2009). The combined models also

suggest a brief period of reheat in most of the samples from North to the South of the

Outer Hebrides before the last cooling pulse takes the samples to the present surface

temperature. However, it seems that the reheating period is not well constrained by

all model types and the samples do not return into the PAZ again.

Importantly, intensive sampling strategy along the Outer Hebrides reveals that there

is a pattern in the last cooling pulse (Late Cretaceous-Early Paleogene) from north

to south along the Outer Hebrides where the total amount of last cooling increases

southwards. In the next chapter, based on all model types the cooling/heating pulses

are explained and linked to the geological events in detail, but the last cooling pulse

in Late Cretaceous-Early Paleogene will be explained based on only F-rad dam-model

to constraint the rate and cause of the cooling along the region.
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Figure 4.5: General summery of cooling and heating events along the Outer Hebrides
extracted from the inverse modelling thermal histories starting from north of the region
to the south
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4.6 The Grampian region thermal modelling results

Thirty samples were analysed from the East and West of the Grampian Highlands

(Figure 3.1 in chapter three). AFT analysis was performed on all of them but AHe

analysis on only for 15 of them, and the data were presented and discussed in detail in

Chapter 3.

In this region most of the samples were collected from four vertical topographic profiles

from the four highest mountains in Scotland (i.e. Ben Nevis 1345m, Ben Starav 1078m,

Aonach Mor 1221m, and Lochnagar 1155m), together with eight individual samples

making up a generally west to east transect of the region (Figure 3.1). In general, the

granitic intrusions which have been sampled as priority belong to the ‘Newer Granites’

suite and yield zircon U-Pb ages interpreted to reflect time of emplacement ranging

from c. 390 to 440 Ma (Harrison and Hutchinson, 1987; Oliver et al., 2008; Kocks

et al., 2006; Goodenough et al., 2011; Holdsworth et al., 2015), with crystallization

temperatures varying between 750 to 900 ◦C or more for most of the plutons depending

on the palaeothermometry technique (see table 3.10). Therefore, during each model

run (individual or as a profile), the priori time-temperature constraint was applied

using these constraints as a guide. The main model parameters used in each profile

model are summarised and presented in tabulated form. The thermal history models

are discussed in detail sequentially from west to east, starting with the Ben Nevis

profile.

4.6.1 Ben Nevis

4.6.1.1 Modelling samples individually

Six samples (BN-04, BN-05, BN-06, BN-07, BN-08, and BN-09) were collected from

Ben Nevis over an elevation range of 704 m between 156 m and 680 m. The summit of

Ben Nevis reaches 1355 m, but no useable apatite was obtained from the andesitic lavas

exposed at higher elevations. The AFT ages range between 193.5 ± 7.9 Ma and 243.5

± 21.8 Ma with positive age-elevation gradient. AHe ages were obtained for only two

samples at elevations of 156 m (BN-09) and 597 m (BN-06), and the AHe uncorrected

ages are significantly younger than the AFT ages ranging between c. 28-123 Ma (see

chapter 3, section 3.14 for details).

All AFT-only models from the Ben Nevis vertical profile all yielded similar thermal
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histories (Figure 4.6). Note the samples which have only AFT data have been shown

together in figure 4.6A and C. The AFT-only models show a relatively rapid monotonic

cooling (generally is around 1 ◦C/Ma) from the depth of emplacement to near surface,

reaching the PAZ between c. 320 and 300 Ma. Following this Late Palaeozoic cooling

episode, the expected thermal history models indicate slow cooling from around 250 to

around 50 Ma in most of the samples, followed by a moderately accelerated phase of

cooling to surface temperature. Generally, there are no observable differences between

the maximum likelihood and the expected t-T paths. However, there are some small

differences in the timing and rate of cooling implied, particularly for the Late Creta-

ceous to end of Paleogene.

To examine the constraints that the AHe data place on the later portion of their ther-

mal histories the AHe data has been combined with AFT data for the two samples

(BN-06 and BN-09) where both data sets are available (Figure 4.6B and D). The re-

sults for all the model types run using AHe data, for both samples BN-06 and BN-09,

indicate more distinct and better resolved acceleration of cooling in the latter stages of

the models, i.e. during the Mid-Late Cretaceous through to Late Neogene, depending

on which radiation damage model is used. The fit between the predicted values and

observed values is fairly good for both AFT and AHe data for all model types. On

balance the timing of late cooling is indicated as starting between c. 80-50 Ma by these

models.
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Figure 4.6: Results of thermal history modelling for Ben Nevis profile samples when
they are modelled individually starting from the highest sample (BN-04) to the lowest
samples (BN-09) from the profile. The detail about the graphs are shown in caption
Figure 4.1
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Figure 4.6 (continued)
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4.6.1.2 Joint modelling of Ben Nevis profile samples

All samples from the Ben Nevis profile were modelled together with and without in-

cluding the radiation damage models of Flowers et al. (2009) and Gautheron et al.

(2009) (Figure 4.7). As discussed in Chapter 4, Section 4.2, a key advantage of mod-

elling the profile samples jointly is that it is possible to obtain some constraints on the

palaeogeothermal gradient from the data themselves. For that reason, the joint verti-

cal profile models in the Grampian Highland were run allowing the thermal gradient

(vertical offset temperature parameter) to vary with time, and also using a constant

gradient over time. When offset is allowed to vary over time, the given value which

is added as the initial offset becomes unimportant and the inversion process would

not be able to provide useful information about paleogeothermal gradient (posterior

probability distribution of the estimated palaeogeothermal gradient) as it is given by

the joint profile models using constant gradient (Garry et al., 2005; QTQt user guide

version5.7.0). Note the shown thermal history models here are when the thermal gra-

dient is varied over time and see Appendix-E for the offered thermal history models

and related graphs when the thermal gradient stayed constant over time. In general,

both models out puts are similar and provide the same thermal structural models.

When these data are jointly modelled as a profile, some additional model parameters

are required (see the previous sections). For all vertical profiles the initial temperature

offset between the top and bottom samples was calculated using a geothermal gradient

of 26 oC/km (because under Scotland the present day average geothermal gradient is

26 oC/km) (website-1), and a present day surface temperature of 5 ± 5◦C. The sum-

mary of all model parameters used for this profile are listed in table 4.1, and the model

output is shown in figure 4.7.

In general, as for the individual sample models, the obtained profile models from Ben

Nevis are all similar regardless of which radiation damage model is used (Figure 4.7).

The entire profile (the top to bottom samples) cools relatively fast and entered the

PRZ between 350 to 300 Ma which is slightly earlier than indicated by the individual

models (Figure 4.6). During the initial cooling the top sample cools to temperature

c. 90 ◦C by c. 300 Ma, followed by a period of continued but less rapid cooling for

approximately 100 Myr until the top sample passes the upper boundary of the PRZ

by c. 200 Ma in all model types, while the lower part of the profile stayed in this zone

longer and has left this zone around 50 Ma later according to Non-rad-dam model,

and almost 100 Myr later in case of G- and F-rad-dam models. Generally, the
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Table 4.1: QTQt modelling parameters for Ben Nevis samples modelled in a profile
together

QTQT Set-Up Ben Nevis Profile

Geothermal gradient 26 ± 5 oC/km

Initial temp. offset 18.564 oC/ and allowed to vary through time

Present day surface temp 5 ± 5◦C

Track lengths Projected

AFT Annealing Model Ketcham et al 2007 (2007a; 2007b)

parameters The kinetic parameter for composition D_par (proxy composition)

Etchant 5.5 Molar

Radiation Damage Model Non-rad-dam G-rad-dam F-rad-dam

AHe Resampling option Resample age Resample age Resample age

parameters t-T constraints 807 ± 100◦C at 415 ± 10Ma

Fragment model ON ON ON

No reheat Off Off Off

Model iterations;

Burn in 200,000 200,000 200,000

Post Burn 200,000 200,000 200,000

cooling structure of the profile models are in a good agreement with the individual

models. The data fit between the predicted values and observed values is very good

overall for both AFT and AHe data.

The key result from this joint profile model is that the time of later phase of accelerated

cooling is much better resolved and constrained than for the individual samples, and

begins at slightly different time between 90-60 Ma depends on the radiation damage

model type. This cooling pulse starts from a palaeotemperature of c. 60-70 ◦C for

the lowest sample in the profile to temperature around 40 oC, and then before the

profile samples reach to the surface a period of brief reheat has been suggested by G

and F-rad-dam models. Importantly, all the models indicate that the palaeothermal

gradient has been relatively stable between c. 300 Ma till the present (see section 4.8

for related graphs).

In F-rad-dam case the derived thermal history model seems to have a break before

it start cooling in Late Cretaceous (Figure 4.7). To understand this problem, two

profiles were run; one only for AFT data and the other one only for the samples which

have AHe data (Figure 4.8). A The result shows that when only AFT data is used

in reconstructing thermal history model of this profile, the entire profile has left the

PAZ at around 120 Ma, while when AHe data is used, in particular in case of F-rad-

dam the samples seem to stay in PAZ and it reaches to temperature around c.100 oC

before start cooling to the surface. In G-rad-dam and Non-rad-dam cases there are
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less or no broken models because the they don’t force on the entire profile to return

to much higher temperature degree after the profile has left the PAZ but F-rad-dam

does force on the samples to come down and experience such higher temperature which

it presumably results in the break in the models. It could be the same reason for all

other broken models, if exist.
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Figure 4.7: Results of Joint thermal history modelling of Ben Nevis profile samples.
Three plots have been shown from top to bottom which they are, first: joint thermal
history models for each model type. the expected model of the top and bottom sample
is represented by a thick blue and red lines, respectively, with 95% credible intervals
(cyan and magenta lines). The red box represents general ranges for the prior (see
Chapter 4 - Section 4.3). The bottom and top of the partial annealing zone (PAZ)
is shown by black line. Second plot: shows age (AFT and AHe), MTLs and D-par
against elevation of the profile. Legends of this plot is shown under the plot itself.
Third plot: shows observed versus predicted AFT ages and single grain AHe ages
along the profile. Light gray line is the 1 to 1 correlation line. Circles are AFT ages
which each sample has different colour along the profile, and the dark blue horizontal
error bars are 2σ standard error on the central AFT ages. Vertical light blue lines are
the range of predicted values for all the acceptable models. Triangles are the observed
AHe ages with different colour for each sample, the horizontal green lines (bars) are the
2σ uncertainty on the observations, from here and on for other profiles the horizontal
yellow lines (bars), and horizontal light brown bars on the AHe grain ages are the
range of resampled observed ages. Similar to single samples three models are shown for
each vertical profile i) Non-rad-dam—no radiation damage model, standard Durango
kinetics, ii) G-rad-dam—radiation damage model of Gautheron et al. (2009), and iii)
F-rad-dam—radiation damage model of Flowers et al. (2009).
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Figure 4.8: Results of AFT and AHe thermal history modelling of Ben Nevis profile
samples separately. Annotations are the same as for earlier figures

4.6.2 Aonach-Mor

4.6.2.1 Modelling samples individually

The second profile in the west is Aonach-Mor. 5 samples were collected from top to

bottom they are Mor-1 1204m, Mor-2 1024m, Mor-3 792m, Mor-4 587m, and Mor-5

403m. Aonach-Mor is located c. 3 km north east of Ben Nevis and is part of the same

igneous intrusive complex which is known as Ben Nevis complex (Figure 3.22). This

complex consists of three petrographically different pulses/layers and the Aonach Mor

samples belong to the outer part of the complex, but the Ben Nevis samples were from

the inner part of the complex (see Chapter 3 for geological details). The AFT ages

range between 269.6 ± 21.1 and 209.7 ± 8.8 Ma with a slightly positive age elevation

gradient, and AHe data has been obtained for three samples, and single grain dates

range from c. 244.7 ± 24.4 to 52.0 ± 5.2 Ma. AFT and AHe data have been previously

presented in Chapter 3 - Section 3.15.

The rocks from this transect are expected to display similar thermal histories to Ben

Nevis as they are from the same complex and are located only 3 km to the northeast.

In general, the first part of individual models of Aonach-Mor rocks are similar to

the obtained thermal history of Ben Nevis samples but the latter part of the thermal

history models show slightly different structure, especially in the last 100 Myr when the

radiation damage models are included (for samples including AHe data). All models are

presented on Figure. 4.9. In general, all samples exhibit a relatively fast cooling from

the time of intrusion and entering the PAZ between 350 and 300 Ma. As for Ben Nevis,
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the expected models show that the profile cooled slowly (with average cooling rate of

0.33 ◦C/Ma) to nearly the surface temperature except in Mor-1 (the highest sample)

(Figure 4.9A) in which a phase of increasing rate of cooling is suggested during Mid

Cretaceous to the present surface temperature. The same pattern is observed in Mor-

3 as the model predicts a cooling pulse in Mid-Cretaceous (e.g. F-rad-dam) (Figure

4.9C). The rest of the samples along the profile which includes (Mor-2, Mor-4, and Mor-

5) have almost similar pattern of predicted T-t path with slightly different cooling rates

from c. 280 until the end of Paleogene (Figure 4.9). However, in sample Mor-2 and

Mor-5 the maximum likelihood structure is slightly different from predicted thermal

models (Figure 4.9B and E). Overall, unlike the Ben Nevis samples, the Aonach-Mor

samples do not indicate clear evidence of a significant acceleration in cooling during the

Early Palaeogene. However, as mentioned above the higher samples (Mor-1 and Mor-3)

predict a cooling pulse in Early to Mid Cretaceous (Figure 4.9 A and C). Generally,

the data (AFT and AHe) fit is not as good as Ben Nevis samples, especially towards

the top of the profile as in the highest sample the observed AHe ages are often older

than the predected ages with small deterioration in the predected TLD in this sample

(e.g. G-rad-dam).
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Figure 4.9: Results of thermal history modelling for Aonach Mor profile samples when
they are modelled individually starting from the highest sample (Mor-1) to the lowest
samples (Mor-5) from the profile. The detail about the graphs are shown in caption
Figure 4.1
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Figure 4.9 (continued)
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Figure 4.9 (continued)

4.6.2.2 Joint modelling of Aonach-Mor samples

Modeling parameters used in generating joint thermal history model for this profile

are shown in Table 4.2. Generally, the thermal history of the Aonach-Mor profile is

relatively simple (Figure 4.10). In this profile, similar to Ben Nevis, the first part of the

models indicate relatively rapid cooling from high temperature then for all model types

the entire profile cools slowly and continuously (c. 0.3 ◦C/Ma) to the present surface

temperature. There is no sign of heating/cooling in Cretaceous/Paleogene on these

models. Unlike Ben Nevis profile, the geothermal gradient in this profile is changed,

it starts decreasing continuously at around 200 Ma until the samples reach to the sur-

face (see section 4.7). Generally, the AHe data fit is good apart from the top sample

in which the predicted and observed AHe ages for the older grains do not reproduce

well. This is likely because the large dispersion, and very old grain ages reflect controls

that are not yet understood and not included in the current radiation damage models.

The predected AFT ages along the profile overlap with the observed ages through the

resampled age ranges

The distance between Aonach Mor profile and Ben Nevis profile is around 3 km in the

west part of the Grampian Highland region and both are from the same intrusive com-

plex but from different layers, for geological description and the location of the samples

(see figure 3.22 chapter-three). When these two profiles are combined, they become the
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longest profile in this study which consist of 11 samples. All of them have AFT data

but only 5 of them have AHe data which most of them are from the middle to upper

half of the combined profile. The derived thermal models for the combined profile have

been shown in figure 4.11. Generally, they are similar structurally no matter which

radiation damage is used, and they are also similar to Aonach Mor profile as in case of

F-rad dam and Non-rad-dam there is no pulse at around 100-70 Ma. However, G-rad-

dam model suggests a pulse at around 120-100 Ma which is slightly earlier than the

pulse suggested by Ben Nevis profile when its samples modelled independently (Figure

4.8). In the combined model (Ben Nevis + Aonach Mor) It also appears that there

could be two different pulses; one is before 100 Ma and one is after, but QTQt may

not be able to resolve two different and close pulses in that short period of time.

Table 4.2: QTQt modelling parameters for Aonach-Mor samples modelled in a profile
together

QTQT Set-Up Aonach Mor Profile

Geothermal gradient 26 ± 5 o C/km

Initial temp. offset 20.826oC/ and allowed to vary through time

Present day surface temp 5 ± 5◦C

Track lengths Projected

AFT Annealing Model Ketcham et al 2007 (2007a; 2007b)

parameters The kinetic parameter for composition D_par (proxy composition)

Etchant 5.5 Molar

Radiation Damage Model Non-rad-dam G-rad-dam F-rad-dam

AHe Resampling option Resample age Resample age Resample age

parameters t-T constraints 807 ± 100◦C at 415 ±10 Ma

Fragment model ON ON ON

No reheat Off Off Off

Model iterations;

Burn in 200,000 200,000 200,000

Post Burn 200,000 200,000 200,000
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Figure 4.10: Results of Joint thermal history modelling of Aonach Mor profile samples.
The figure details are shown in caption 4.7
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Figure 4.11: Results of Joint thermal history modelling of Ben Nevis and Aonach Mor
profile samples. The figure details are shown in caption 4.7

4.6.3 Ben Starav

4.6.3.1 Modelling samples individually

This vertical profile in the Grampian Highland area lies to the south the highest peak

(Ben Nevis), and it rises to its full 1078 m height above Loch Etive. Six samples were

collected along this profile. From top to bottom they are STV-1 1075 m, STV-2 906

m, STV-3 802 m, STV-6 504 m, STV-8 243 m, and STV-9 67 m. AFT data for all

the samples were obtained, their ages vary between 166.0 ± 16.7 and 235.5 ± 22.0 Ma,

and AHe data were obtained for three samples along the profile (the second lowest, the
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middle, and the uppermost sample), AFT and AHe data are presented in Chapter 3 -

Section 3.16.

Although all the thermal history models of individual samples for this profile are rela-

tively similar, there are some minor differences in the timing and style of cooling from

the bottom to the summit between Late Cretaceous to Early Paleogene, and it becomes

more observable when AHe data, as well as radiation damage models are included in

modelling these samples. All models are presented on figure 4.12. Overall the pattern

of early cooling is very similar to that seen for ben Nevis and Aonach-Mor with rapid

cooling following emplacement reaching near surface temperatures during the Perm-

Triassic (i.e. 320-250 Ma), possibly slightly earlier than the northern profiles. There

is a clear indication though that following this early cooling that the rate of cooling

slowed significantly until accelerating again during the Mid-Cretaceous to Early Pa-

leogene, again with the general indication that this cooling began between c. 100-80

Ma. The results for sample STV-8 shows this late cooling most clearly (Figure 4.12D).

Generally, the predicted TLDs fit the projected TLDs along the profile well, and the

AHe data has been well resolved too apart from sample STV-8 in case of F-rad-dam.

-A-

Figure 4.12: Results of thermal history modelling for Ben Starav profile samples when
they are modelled individually starting from the highest sample (STV-1) to the lowest
sample from the profile (STV-9). The detail about the graphs are shown in caption
Figure 4.1.
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-B-

-C-

Figure 4.12 (continued)
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-D-

-E-
Figure 4.12 (continued)

4.6.3.2 Joint modelling of Ben Starav profile samples

Model parameters for the Ben Starav joint model are shown in table 4.3. The vertical

profile models suggest that the entire Ben Starav profile enters the PAZ at about

320 Ma, and the uppermost sample cools to c. 80◦C by c. 280 Ma (Figure 4.13).

Afterwards, the model suggests a period of continued but less rapid cooling from nearly

80 to 40◦C between c.380 and c.100 Ma for the top four samples (from sample STV-1 to
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STV-6). Even the lower half of the profile, which includes sample STV-8 and STV-9,

cools almost for the same period, they still stayed within the PAZ, then at around 80 Ma

the entire profile leaves the PAZ and cools directly to the surface temperature in cases

of Non-rad-dam and G-rad-dam. The F-rad-dam model indicates a minor reheated

period between 100 and 85 Ma before the final stage of cooling. The short period of

reheating is followed by a final cooling pulse by end of Cretaceous from temperature

c. 70 ◦C to nearly the present-day temperatures for the lowermost sample. Similar to

Ben Nevis profile, the geothermal gradient has been estimated for this profile by QTQt

when it is treated as unknown (not vary over time), and it stayed constant since the

samples have reached to near the surface at around 300 Ma until end of Paleogene. In

all models the AFT and AHe data fit is quite good, although in this case the data fit

appears to be slightly better for the F-rad-dam model.

Table 4.3: QTQt modelling parameters for Ben Starav samples modelled in a profile
together

QTQT Set-Up Ben Starav Profile

Geothermal gradient 26 ± 5 o C/km

Initial temp. offset 26.208 oC/ and allowed to vary through time

Present day surface temp 5 ± 5◦C

Track lengths Projected

AFT Annealing Model Ketcham et al 2007 (2007a; 2007b)

parameters The kinetic parameter for composition D_par (proxy composition)

Etchant 5.5 Molar

Radiation Damage Model Non-rad-dam G-rad-dam F-rad-dam

AHe Resampling option Resample age Resample age Resample age

parameters t-T constraints 815 ± 100◦C at 408 ± 18Ma

Fragment model ON ON ON

No reheat Off Off Off

Model iterations;

Burn in 200,000 200,000 200,000

Post Burn 200,000 200,000 200,000
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Figure 4.13: Results of Joint thermal history modelling of Ben Starav profile samples.
The figure details are shown in caption 4-7.

4.6.4 Lochnagar

4.6.4.1 Modelling samples individually

Another appropriate vertical profile in the Grampian Highland area is Lochnagar, which

is located about 100 km southwest of Aberdeen (Figure 3.29). This profile comprised

of 5 outcrop samples which are LN-2 1148 m, LN-1 1069 m, LN-3 689 m, LN-4 566

m, and LN-5 409 m from top to bottom. The peak elevation of this profile is 1248

m. Based on the same approach, AFT data for all of the samples and AHe data for

three of them (bottom, middle, and top sample) were obtained. AFT and AHe data
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are presented in chapter 3 - section 3.17. AFT ages range from 274.6 ± 26.1 to 234.6

± 23.4 and the single grain AHe ages, obtained for 3 samples, range from 285.2 ± 28.5

to 48.0 ± 4.9. Generally, the AHe ages are slightly older than other profiles and they

have higher rate of dispersion then Ben Nevis and Ben Starav samples.

Overall, the individual thermal history models for the Lochnagar samples all yield his-

tories that are very similar to each other and structurally their first portions are similar

to the thermal history models of Ben Nevis, Aonach-Mor and Ben Starav samples but

the time and rate of cooling in the second segment is varied. The produced thermal

history models for Lochnagar samples have been presented in Figure 4.14. Generally,

Lochnagar samples are reached into the PAZ earlier compare other samples in the west

Grampian region (e.g. Ben Nevis and Ben Starav profile sample), and then the upper

half which includes LN-2 and LN-1 (Figure 4.14A and B) have been cooled continu-

ously and have not detected Late Cretaceous and Early Paleogene pulse, while in the

lower half of this profile, especially when AHe data is included (e.g. LN-5 and LN-3)

(Figure 4.14C and E) there is some attention (sign) for increasing rate of cooling in

Early Cretaceous. Generally, there are no observable differences between the maxi-

mum likelihood and the expected t-T paths. In most of the samples the AFT and AHe

data fit is good, However, older AHe grain ages in LN-2 have not been well resolved,

and in LN-5 the observed ages are generally older than the predicted ages with some

discrepancies in the predicted MTL distribution for all model types.
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-A-

-B-

Figure 4.14: Results of thermal history modelling for Lochnagar profile samples when
they are modelled individually starting from the highest sample (LN-2) to the lowest
sample from the profile (LN-5). The detail about the graphs (annotations) are shown
in caption Figure 4.1.
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-D-
Figure 4.14 (continued)

206



-E-

Figure 4.14 (continued)

4.6.4.2 Joint modelling of Lochnagar profile samples

The model parameters used are shown in table 4.4. The joint profile models for this

profile suggest that this profile reaches the PAZ at c. 380 Ma, which is significantly

earlier than other profiles, and cools to temperature around 80 ◦C for the top sample

(Figure 4.15). The lower part of the profile enters the PRZ almost by the same time.

Following the major rapid cooling following intrusion which is common to all model

types, the models suggest different histories depending on which radiation damage

model has been incorporated (Figure 4.15). In case of Non-rad-dam and F-rad-dam

the proposed model seem simple; after the entire profile enters the PRZ, it simply,

slowly cools from temperature around 80 ◦C to near the surface temperature without

showing any reheating/cooling period. However, when Gautheron et al. (2009) radia-

tion damage model is included, the history requires a distinct acceleration of cooling

starting during the Cretaceous between c.120-100 Ma. After the profile reaches into

the PAZ, the paleogeothermal gradient decreases slightly over time (see last sections in

this chapter). The data fit for both AFT and AHe data is reasonable, although some of

the older AHe are not matched well, and this is likely for the reasons discussed earlier.
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Table 4.4: QTQt modelling parameters for Lochnagar samples modelled in a profile
together.

QTQT Set-Up Lochnagar Profile

Geothermal gradient 26 ± 5 oC/km

Initial temp. offset 19 oC/ and allowed to vary through time

Present day surface temp 5 ± 5◦C

Track lengths Projected

AFT Annealing Model Ketcham et al 2007 (2007a; 2007b)

parameters The kinetic parameter for composition D_par (proxy composition)

Etchant 5.5 Molar

Radiation Damage Model Non-rad-dam G-rad-dam F-rad-dam

AHe Resampling option Resample age Resample age Resample age

parameters t-T constraints 783 ± 100◦C at 415 ± 5Ma

Fragment model ON ON ON

No reheat Off Off Off

Model iterations;

Burn in 200,000 200,000 200,000

Post Burn 200,000 200,000 200,000
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Figure 4.15: Results of Joint thermal history modelling of Lochnagar profile samples.
Most of the figure details are shown in caption 4.7.

4.6.5 Single samples thermal modelling results

Eight single samples were collected across the Grampian region to cover a wider area

in East and West of the region. The single sample distribution has been shown in

chapter 3, figure 3.1. Similar to other samples, they are from intrusive rocks of the

late Caledonian which are referred to as the “Newer Granites”. AFT data have been

measured for all of them, but only 4 of them yielded AHe data and these data are

presented and discussed in Chapter 3, section 3.18

The thermal history modelling was undertaken using a similar approach and parameters

and constraints as used for the profile samples. Four of the samples are from the mid
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elevations of Ben Cruachan, located in the west of the Grampian Highlands and the

rest are from the central area towards the east of the Grampian Highlands.

4.6.5.1 Ben Cruachan samples

Ben Chruachan is located in the southern part of Loch Etive complex, to the south

of the Ben Starav profile, and is the highest point in Argyll and Bute area. All the

samples, BC-02, BC-03, BC-04 and BC-05, were collected from a similar elevation

(c. 450 m) and are all relatively close to each other (within 0.5 km) (Figure 3.25).

The AFT ages vary between 261.3 ± 27.8 and 224.6 ± 21.3 Ma, and the AHe single

grain ages from sample BC-05 range from 25.2 ± 2.5 to 18.7 ± 1.8 Ma. All models

are presented on figure 4.16. All the model types show similar thermal histories to

each other and to earlier locations for the Grampians region. The characteristic rapid

cooling from emplacement reaching the PAZ during the Permo-Triassic (at c. 300-250

Ma) is clear, as is the decline in cooling rate subsequently. The histories for samples

with only AFT data, BC-02, BC-03 and BC-05 (Figure 4.16A), suggest final cooling

occurred relatively recently in the late Neogene. However, the histories for BC-04, the

only sample with AHe data, indicates that the final cooling to the surface was likely

earlier and occurred during the Mid-Palaeogene (Figure 4.16B). The data AHe fit for

sample BC-04 is good apart from F-rad-dam case in which the predicted ages are much

older than the observed ages. The predicted track length distribution fits the projected

track distribution lengths well.

-A-

Figure 4.16: Results of thermal history modelling for Ben Cruachan samples, A) is
the thermal history model for AFT-only models of BC-02, BC-03 and BC-05; B) is
the combined thermal history (AFT+AHe) for BC-04.The detail about the graphs are
shown in caption Figure 4.1.
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-B-
Figure 4.16 (continued)

4.6.5.2 Other single samples in the East of the Grampian region

Sample CG16-4 only yielded AFT data and the inverse thermal history modelling of

this sample indicates that the pluton cooled rapidly after emplacement to tempera-

tures less than 65◦C by 380 Ma (Figure 4.17A). Since then this rock remained almost

stable at this temperature for approximately 200 Myr before resuming cooling to the

surface in the Early Cretaceous. The maximum likelihood model is in relatively in a

good agreement with the expected thermal history. The histories derived for sample

CG16-6 are very similar in all aspects to those for CG16-04 (Figure 4.17C), although

final cooling seems to be more monotonic, and an acceleration in final cooling to the

surface later in the history is less clear.

Models for sample CG16-3, like for CG16-4 and CG16-6, shows the major fast cool-

ing from emplacement, to temperatures around 80 ◦C by c. 330 Ma (Figure 4.17B).

However, following the initial cooling slightly different models have been suggested

depending on the model types but generally it requires a phase of accelerated cooling

starting during the Mid-Late Palaeogene (i.e. 40-20 Ma) based on the combined ther-

mal history models which are more constrained than AFT-only model.

Model results for sample CG16-14, from the Boat of Garten Granite, are again similar

overall to those for both CG16-03 and CG16-06, and indicates fairly monotonic cooling
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throughout the Mesozoic-present (Figure 4.17D). Apart from one overestimated AHe

grain age the data fit for these models is quite good. The abundant good quality AHe

data combined with AFT data for this sample suggests this is a robust thermal history

for tis sample.

-A-

-B-

Figure 4.17: Results of thermal history modelling for other individual samples in the
East of the Grampian Highland. The samples are; CG16-3, CG16-4, CG16-6, and
CG16-14. The detail about the graphs are shown in caption Figure 4.1.
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-D-

Figure 4.17 (continued)
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4.7 Calculation of Paleogeothermal Gradient

One of the crucial parameters in low temperature thermochronology study for data

interpretation is paleogeothermal gradient (Malusà and Fitzgerald, 2019). The pale-

ogeothermal gradient is often assumed to constrain denudation rate during data in-

terpretation. The Palaeogeothermal gradients are not only important for estimating

burial depths and amounts of denudation, but they can also provide important con-

straints on modes and mechanisms of the related processes (e.g. rifting, plume related

processes). A comparison of the palaeogeothermal gradient with a recent one allows

the cause of high palaeotemperatures, and the cause the subsequent cooling to the

present temperatures, to be determined.

Although the palaeogeothermal gradient varies depending on the situations (Malusà

and Fitzgerald, 2019), the most common paleogeothermal gradients in the literature

for denudation rate calculations in convergent settings are between 15 and 35 ◦C/km

(Spear, 1993; Mancktelow and Grasemann, 1997), all of which can reasonably be ex-

pected to occur in continental orogenic belts (Chapman, 1986).

However, the vertical profile sampling approach which has been used in this study can

provide information on paleogeothermal gradient but only when age-elevation profiles

are perfectly vertical (Gallagher et al., 2005). It means LTT ages (AFT and AHe ages)

should have increased with elevation. Often age-elevation profiles are not perfectly

vertical, this could be due to situations of local faults along or near the profiles. For

instance, Beinn Mohr’s vertical profile in this study. The age-elevation trend in vertical

profiles becomes more apparent when samples are collected along high relief mountains.

This is because when samples from the profile pass through the PAZ and PRZ, the top

samples reach these zones before the bottom part of the profile, therefore the upper

samples should provide older ages than the lower samples. It also results in bigger

offset between the upper and lower samples.

In this study, two methods have been used to provide constraint on the paleogeother-

mal gradient. First, samples which have been collected vertically along each profile are

run together using QTQt with the initial temperature offset between the samples con-

stant(see section 4.6.1.2). In that case, QTQt itself can provide a posterior probability

distribution of estimated paleotemperature (paleogeothermal) gradient (Apendix-E,

and figure 4.18). Based on that, in the Grampian Highland region, the estimated pa-

leotemperature gradient range varies between c.14 and c.23 oC/km which is slightly
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lower than the present geothermal gradient of 26± oC/km. The error on the obtained

paleogeothermal gradients is shown on the histograms of MCMC sampling distribution

for paleogeothermal gradients in figure 4.18. The obtained knowledge about paleo-

geothermal gradients has been shown in the similar way by Gallagher in 2005 (see this

paper (Gallagher et al., 2005).
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Figure 4.18: The histograms are the MCMC sampling distribution for the paleo-
geothermal gradients from the constant offset models (Apendix-E) for all profiles in
the Grampian Highland region. Solid line is paleogeothermal gradient of the expected
thermal models and solid pink lines are ± 1 sigma range.
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Importantly, the paleogradient has stayed almost constant for Ben Nevis and Starav

profiles after the sampled intrusions reached to near the surface (3-5km) in Late Palaeo-

zoic until the present day (Figure 4.18A and B). However, it decreases gradually in

Lochnagar profile and rapidly in Aonach Mor profile (Figure 4.18C and D). Similar

case was noticed for 4 km vertical section, Denali profile (Mount McKinley), in south-

ern Alaska (e.g. Gallagher et al., 2005) when the paleogradient decreases to near the

present surface temperature and it was linked to the model estimation when it inte-

grates information about the position of the samples. For instance, the entire Aonach

Mor profile leaves the temperature sensitive zone (120-60oC) at around 200 Ma and

since then the gradient decrease, and it is clear that the estimate integrates that infor-

mation that the samples are leaving the sensitive zone and reach to the surface which

its equivalent temperature gradient is around 5oC/km.

In the second method, information on the paleogeothermal gradient at the commence-

ment of cooling can be obtained by plotting the maximum paleotemperature of single

samples along a profile against their elevations (e.g. Gleadow et al., 2000; Gallagher

et al., 2005). The gradient of this slope displays the paleogeothermal gradient if ge-

ographical structure of single samples have not been disrupted along the profile. In

this study this approach is used to obtain constraints on the paleogeothermal gradient

during the last cooling pulse in late Cretaceous-Early Paleogene (at around 80 Ma)

across the study area.

Overall, in this study there are five vertical profiles; one from the Outer Hebrides and

the rest are from the Grampian Highland (see figure 3.1). The only vertical profile,

Beinn Mhor, on Outer Hebrides its samples were not modeled together as a profile

because the samples along this profile may have been structurally disrupted.

In the Grampian Highland region, generally, the joint thermal models (Ben Nevis,

Aonach Mor, Ben Starav, and Lochnagar) show that the area have been cooled con-

tinuously and slowly during almost entire Mesozoic, and among these profiles only two

of them (Ben Nevis and Ben Starav) predict an onset of slightly rapid cooling in the

Late Cretaceous at about 80 Ma only when AHe data are combined with AFT data

(Figure 4.7 and 4.11). However, samples along Aonach Mor and Lochnagar profiles

don’t show any clear pulse of cooling or heating by end of Cretaceous even when AHe

data are incorporated (Figure 4.10 and 4.15). Thus, there is also no attempt calculate

geothermal gradient using data from these two profiles.

Samples along Ben Nevis and Ben Starav profile show the late Cretaceous cooling only
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when AHe are included. AFT only models do not have a clear path in late Cretaceous

and Early Paleogene, and they have already left the PAZ and reached to tempera-

ture around 40 to 50 oC. The samples which have AHe data together with AFT data

are only two samples along Ben Nevis profile, but they are three samples along Ben

Starav profile. In these samples the maximum paleotemperatures derived from inverted

thermal modelling built based on AFT + AHe data are plotted against present sam-

ple elevation along the vertical profiles (Figure 4.19). The slope of the fitted linear

relationship between maximum paleotemperatures, and present elevation, provides a

direct estimate of the maximum paleogeothermal gradient (G) at the time maximum

paleotemperatures were reached.

In the Ben Nevis profile only two of the six samples have AHe data. Both show the

Late Cretaceous cooling (Figure 4.6). Drawing regression line based on only two points

and having low relief over this profile (860m, and the temperature offset is 20.82 oC/km

using normal geothermal gradient) may result in less reliable knowledge on paleotem-

peratures (Figure 4.19 a). The obtained temperature gradient over Ben Nevis profile

is around 20 oC/km based on the Ben Nevis low temperature thermochronolgy data

at around the end of Cretaceous (c. 80 Ma). However, the Ben Starav profile possibly

can provide more robust information about Late Cretaceous paleogeothermal gradient

(c.80) because three samples along this profile have AHe data, and two of them (STV-8,

and STV-6) clearly have detected Late Cretaceous pulse (Figure 4.12).In addition, the

offset between the top and the bottom samples are bigger than the Ben Nevis profile.

Note it has been mentioned in section 2.6.3 in this chapter that along Ben Starav the

Late Cretaceous cooling pulse is varied between c.100 to 80 Ma according sample lo-

cation along the elevation of the profile, and the lower have samples seem to have left

PRZ at around 80 Ma.

The variations in maximum paleotempreture by end of Cretaceous (at about 80 Ma)

in each sample of this profile can give direct information about the paleogeothermal

gradient that experienced immediately prior to the last onset of cooling. The obtained

paleogeothermal gradient of Starve profiles by end of Cretaceous is 33.3 oC/Km (Figure

4.19 b) which is also close to the present geothermal gradient of Scotland of 26 oC/km

but quite larger than what was estimated by MCMC on QTQt (4.18). To reflect this

variation in geothermal gradient, in the next chapter the amount of denudation in

Late Cretaceous-Early Paleogene is calculated for a low (15 oC/km), the present day

temperature (26 oC/km), and high gradient (35 oC/km).
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Figure 4.19: Maximum paleotemperatures extracted from inverse thermal models ver-
sus elevation for Ben Nevis and Ben Starav profiles. a) Ben Nevis b) Ben Starav
samples, in both profiles samples which have AFT+AHe data have been used as they
are only samples detect Late Cretaceous cooling pulse. Earror bars are 95% crdability
around the predicted model

4.8 Regional summary

The thermal histories of all samples (vertical profiles and individual samples) from the

Grampian Highland region are summarized in Figure 4.20. In general, the western

samples in this region have cooled and reached the PAZ slightly later (c.300-250 Ma)

compare to the eastern samples (350-300 Ma). After they reached to near the sur-

face in Late Paleozoic, the entire area (West and East of the region) has been cooled

slowly and continuously during most of Mesozoic period according to the joint thermal

models and individual samples. However, in the east, when Lochnagar samples were

modeled using Gautheron et al. (2009) radiation damage model, the model suggests a

long reheating period from Early Jurassic to Mid Cretaceous (c.220 to 120 Ma). Be-

fore Mesozoic lasts, the west of the Grampian Highland region requires a brief reheat

(e.g. Ben Nevis and Ben Starav joint profiles), even though this reheating pulse is not

constrained well because it has not been detected by all model types. This brief pulse

of reheat has not been suggested by any sample in the East of the Grampian region.

Subsequently, in the Late Cretaceous to Early Paleogene (80-60 Ma) the west part of

the region has experienced a pulse of cooling which becomes more apparent in the lower

half samples from the vertical profiles (e.g. Ben Nevis, and Ben Starav). This pulse has

brought the entire profiles to near the present surface temperature from temperature

around 70-60 oC. However, this pulse in Late Cretaceous and Early Paleogene is not

detected by any samples from Aonach Mor profile. Towards the east, the amplitude

of this pulse decreases and this pulse becomes less apparent thus it has not been de-
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tected clearly by any individual samples (CG16-3, CG16-4, CG16-6, and CG16-14) and

neither by samples along the Lochnagar profile even when they are modeled together.

However, these samples in the East, particularly Lochnagar samples from the lower

half, have detected a cooling pulse in Early to Mid Cretaceous but it has not been

well resolved by all model types, and it is the same when they are modeled together.

Along the region there is some sign for the Neogene cooling pulse. However, in most of

the obtained thermal models the area has reached to a temperature zone (nearly 40 to

30 oC) which the cooling/heating pulses should be dealt with carefully because both

methods AFT and AHe technique are blind at and beyond this degree of temperature.

At the end of the chapter the vertical profiles in the Grampian region were used to con-

straint on the paleogeothermal gradient and it seems that the Paleogeothermal gradient

is generally close to the present-day geothermal gradient under Scotland, especially in

Late Cretaceous and Early Paleogene.

To sum up, the main aim of this chapter was to see how each of this radiation damage

models (Non-rad-dam, G-rad-dam, and F-rad-dam) and crystal fragmentation affect

the thermal history models along the region, especially when AHe data is incorporated

in reconstructing the thermal history of the rock samples individually and when they

are modeled as a profile. Over all, the structure of the derived thermal models are

similar. However, there are some differences between these model types in timing and

rate of cooling/heating which are key evidence to estimate (determine) the cause of last

cooling pulse in the Late Cretaceous-Early Paleogene in the region. Generally, when

all the thermal model types are assessed (Non-rad-dam, G-rad-dam, and F-rad-dam),

there is no a clear message about that cooling pulse (Late Cretaceous-EarlyPaleogene)

across the region. Therefore, in the next chapter, in the opening of the chapter, the

cooling pulses are summarized based on the all model types and they are linked to

geological events in detail, but the most important cooling pulse (the Late Cretaceous-

Early Paleogene) is explained based on only one model type (F-rad-dam) along the

study area and the amount of denudation for this cooling pulse is calculated using the

geothermal gradient of 15, 26 and 35 oC/km.
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Figure 4.20: General summary of cooling and heating events along the Grampian
Highland region extracted from the inverse modelling thermal histories starting from
west to the east
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Chapter 5

Post-Caledonian cooling and

denudation history of the Outer

Hebrides and the Grampian Highlands

region of mainland Scotland

5.1 Introduction

To determine and reveal the cooling history and then accurately translate this to a

history of denudation, a comprehensive set of thermal models were derived for indi-

vidual samples, and where appropriate models were also derived jointly for series of

samples covering a vertical topographic range. These models were presented and dis-

cussed in detail in Chapter 4. It is clear from the analysis in the previous chapter that

the histories for individual samples sometimes differ in detail from those derived when

the sample is included in a vertical profile (e.g. Aonach Mor, and Lochnagar profile

samples when they are modelled independently and together as a profile). These dif-

ferences are to be expected and highlight the limitations and ambiguity inherent in

using AFT and AHe data to constrain thermal histories and highlights the importance

of exploring a wide range of model possibilities to help identify what features of the

histories appear robust and persistent and which are not. For samples where both AFT

and AHe data were modelled some significant differences also arose when alternative

models for accounting for radiation damage and annealing were used, i.e. the RDAAM

model of (Flowers et al., 2009) and the model described by Gautheron et al. (2009).

The reasons for these differences and the behaviour of these two models was discussed
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earlier, but it is important to reemphasise that some of the detailed features in the

thermal history models are very model dependent, and therefore the cooling episodes

and periods of inferred denudation have had to be evaluated with caution.

The approach used here is to evaluate the full range of histories that were determined

for each sample in context of the data (e.g. single grain date [eU] and size relationships

for AHe analyses, quality of grains and number of track lengths for AFT analyses),

relationship to other samples, the model setup and of other geological constraints on

the history where these are available to determine the most consistent and reliable

interpretation of the chronology and magnitude of key cooling or heating episodes.

The derived thermal models for the Outer Hebrides indicate four distinct cooling

episodes including the phase which brings these rocks into the PAZ; i) Late Palaeozoic

to Early Mesozoic (c.300–250 Ma) when the rocks first reach the PAZ from much higher

palaeotemperatures, ii) Late Palaeozoic/Early Mesozoic to Late Mesozoic (c. 250–100

Ma), iii) Late Cretaceous to Palaeogene (c. 80–60 Ma) and, iv) Neogene (20-10 Ma).

In the Grampian Highland region on the mainland a similar pattern of thermal history

structure is indicated but with some differences in the time and rate of cooling, partic-

ularly, towards the younger end of their thermal histories. The major cooling episodes

identified in the Grampian Highland area are; i) Late Palaeozoic to Early Mesozoic

(c. 300–250 Ma) when the rocks initially reach into the PAZ, although when samples

are modelled together in this region (as a profile), they enter the PAZ slightly earlier

(e.g. Lochnagar profile), ii) Late Palaeozoic/Early Mesozoic to Early Cretaceous (c.

250-120 Ma), iii) Early to Mid-Cretaceous (c. 120-100 Ma), iv) Late Cretaceous into

Palaeogene (c. 80-60 Ma), and v) Neogene. However, in both study areas there are

a few samples where their expected models are slightly different and they may not

appear to correlate with the proposed cooling order but when the uncertainties (the

95% credible intervals) of the cooling time are taken into account, often these samples

can overlap with these major proposed cooling episodes across the study area.

It is important to note that since the vertical profile sampling strategy is a key sam-

pling method in this study, and often when the samples of these profiles are modelled

together, they provide longer (earlier) thermal history information (e.g. Lochnagar

profile, Aonach Mor profile) because the top samples of these profiles cooled before

the samples at lower elevations. Because of that, primarily in the Grampian Highland

region, the onset of the first cooling pulse of the vertical profiles may not fall in the

first proposed cooling episode. However, it should be taken into consideration that the

223



first portion of the obtained thermal history models in this study is poorly constrained

because of the big gap between the given geological constraints and the lower limit of

low temperature thermochronometer AFT (110±10 oC). Therefore, towards the begin-

ning of the first cooling episode at the base of PAZ there are often greater uncertainties

(95% credible intervals) around the expected cooling path (presented in blue colour on

the produced thermal models), especially when samples are modelled independently.

In such cases, the expected model alone may not truly represent the cooling path, and

this part of model should be evaluated with caution.

Despite the fact that uncertainty is often high at the beginning when samples first

reach into the PAZ, observing the first portion of the thermal models is still possible

because several of the AFT ages are as old as Mid to Early Palaeozoic, particularly,

in the Grampian region, and generally when samples are modelled together as profiles,

they do contain the earlier thermal information, and the uncertainties are often less

compare to when samples they are modelled independently (Gallagher et al., 2005).

Similar to the order that has been used in the previous chapters, the major cooling

episodes of the Outer Hebrides which is summarized in Figure 5.1 are explained first,

followed by the cooling episodes from the Grampian region. two brief notes; first, be-

cause the last cooling pulse (Neogene) in both regions has been often predicted when

the samples have left the PAZ and PRZ, the reliability of this cooling pulse is discussed

and explained after presenting the main cooling pulses in both study areas. Second, the

geological time scale used in this study is version 5 by the geological socity of America

(Walker et al., 2013).

5.2 Main cooling episodes across the Outer Hebrides

5.2.1 Late Palaeozoic to Early Mesozoic (Late Carboniferous

to Triassic c. 300- 250 Ma)

The samples from Outer Hebrides are from the Lewisian complex, which consists of

Archean gneisses (Crowley et al., 2015). Although the first cooling episode in a few

samples (e.g. Lws-38, Lws-32, Sut-9, and Sut-19) started from late Carboniferous and

continued throughout the Permian (Figure 4.5), the main cooling peak generally is

around Permian into Triassic (c. 260-250 Ma) and is summarised in Figure 5.1. This
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cooling episode which brings these samples into the PAZ has been observed by most

of the samples, particularly, when the uncertainties are taken into account. However,

there are two samples on the Isle of Lewis (Lws-30D and Lws-29) which exhibit much

later cooling at c. 140-100 Ma (Figure 4.5). Sample Lws-29 cannot detect the older

thermal history because its AFT age is 125.7 ± 13.2 Ma, and sample Lws-30D was

collected next to a nearly 2 m wide basaltic dyke (within 2 metres) and it seems that

the AFT age has been completely reset (67.8 ± 4 Ma), possibly due to its proximity

to the dyke which may be part of the widespread Palaeogene dyke swarms of the BIP

(British Igneous province).

The moderate to fast Late Palaeozoic into Early Mesozoic cooling pulse indicates de-

nudation ranging between nearly 1 and 2.5 km across the region, and is likely linked

to rifting in a tensional regime which started following the Variscan Orogeny which led

to formation of the Pangaea supercontinent in the Late Carboniferous. The Variscan

Orogeny was dominated by compressive orogenic uplift up until end of Carboniferous,

but the tectonic motion changed by end of the Palaeozoic into Mesozoic and a ten-

sional regime formed which replaced the compressional regime, and this led to major

faulting and reactivation of basement structures during Permian into Early Triassic

(Stein, 1988; Trewin, 2002). During that period numerous intracratonic basins devel-

oped in the foreland of the Variscan mountain front and they filled with a substantial

thickness of sediments (Anderton, 1979; Trewin, 2002). The main rifts and basins,

which developed during the tensional stress, covered an extensive region starting from

the area between the Norwegian-Greenland Sea, the Rockall-Faeroe area to the west

Shetland region, and some basins around Scotland such as Sea of the Hebrides, the

Minch and the Dongel basins (Hitchen et al., 1995; Trewin, 2002; Stoker et al., 2017).

Offshore, significant thicknesses of Permo-Triassic sediments have been found in these

basins. For example, in the North Minch basin up to 3000 m has been recorded in

the hanging wall of the Minch Basin bounding fault (Figure 5.2) (Fyfe, 1993). These

sediments consist mainly of of fluvial deposits and at least 2500 m are recorded in the

North Lewis Basin. Toward the west of this region, in the Flannan Trough, possibly

around 2000 m of Permo-Triassic is exist (Jones et al., 1986b), and in borehole data

for areas around Flannan Trough, fluviatile sandstone with intraformational mudstone

clasts has been recorded (Stoker, 1993; Stoker et al., 2017).

On shore, this cooling episode along the Outer Hebrides is also coeval with a of 4000

m thick sequence of the Stornoway Formation, dominantly made of thick and coarse-
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grained sequences of alluvial fan deposits such as conglomerate. It is one of the thickest
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Figure 5.1: Sample locations and the main cooling pulses along the Outer Hebrides. A) Outer Hebrides map shows the location of all samples
collected across the region. B) Key (legend) for box C where dark color indicates that the cooling pulse is predicted by all model types (e.g. by
AFT-only model if a sample has only AFT data, or by Non-rad-dam, G-rad-dam, and F-rad-dam when a sample has AFT+AHe data), light grey
boxes indicate that the cooling pulse is predicted only by some model types, and pinkish boxes indicate that the cooling event was not predicted
by any model types. C) Four possible periods of post-Caledonian cooling across the region.
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Figure 5.2: Summary of the onset of regional uplift and denudation during the late
Palaeozoic to Late Mesozoic in the Outer Hebrides and west of the Grampian Highland
(i.e. the northwest of Scotland) extracted from low temperature thermochronological
modelling data including apatite fission-track analysis and apatite helium analysis. The
early cooling pulses in Late Palaeozoic to Early Mesozoic corresponds with the change
in the tectonic motion following the Variscan Orogeny which resulted in deposition of
significant amounts of clastic sediment in the north west basins around Scotland. The
later cooling pulse in Early to Mid Cretaceous in the west of the Grampian Highland
could be linked with extension and rifting developed in Lower Cretaceous towards
the North Atlantic region; For instance, a rift developed from south Rockall to the
Lofoten margin in Norway, and at the same time another rift developed with northwest-
southeast axis from Iberia-Newfoundland which led to the formation of the Laborador
Sea (Meyer et al., 2007). References of the crystallization age of the sampled intrusions
and other geological events (e.g. rifting, breakup, magmatism, orogens, and generalized
stratigraphic data) which also provide constraints on the predicted cooling phases by
the current data are derived from; (1) see table 3.10 in chapter 3; (2, 3, 4) (Meyer
et al., 2007); (5) (Ziegler, 1990); (6) (Woodcock and Strachan, 2009); (7) (Stoker et al.,
2017).
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and coarsest Permo-Triassic conglomerate sequences documented across the Scot-

tish Isles (Steel and Wilson, 1975).

This sort of sediment is eroded and deposited when basins are actively subsiding and the

source of sediments for the basins are maintained (e.g. Bluck, 1969; Wilson, 1971). Steel

and Wilson (1975) proposed that the clast size and lithofacies of the lower part of the

Stornoway Formation suggests that these sediments are derived from a nearby onshore

source area. Apart from the sedimentary evidence (clasts are primarily of Lewisian

material), paleoslope (dominant drainage directions) suggests that the Lewisian base-

ment was exposed at the surface, and suggests the area has been exposed since end of

Palaeozoic to Early Mesozoic (Steel and Wilson, 1975). This phase of cooling on the

Outer Hebrides also is in a good agreement with other published thermochronological

studies on these Islands (Persano et al., 2007; Holford et al., 2010).

5.2.2 Late Palaeozoic/Early Mesozoic to Late Mesozoic (c. 250-

c.100 Ma)

The main cooling period generally is from Permian into Triassic when the samples enter

the PAZ. Since then, the Outer Hebrides from north to south have been cooled mono-

tonically throughout nearly the entire Mesozoic for approximately 150 Myrs according

to the thermal models for this region (Figure 4.1, 4.2, 4.3, and 4.4). This long phase of

cooling is generally continuous and slow compared with the earlier phase and records

from 1.5 up to 1.9 km of denudation. However, there are a few samples, especially in

the southern part of the region (Bar-5, Sut-8, and Sut-17) (Figure 5.1) that are not

compatible with a monotonic cooling during this period as they exhibit reheating after

they pass the PAZ and are reheated to the high temperature limit of PRZ when the

AHe data are incorporated in the model inversion for these samples. In sample Bar-5,

the thermal history model has been built using only 14 grains and 14 MTLs and so the

model is not regarded as robust (Figure 4.4) and so is not interpreted further here. In

sample Sut-17, similar to other samples in the region, when only AFT is used in gener-

ating thermal models, the rock cools monotonically to the present surface temperature

(Figure 4.3), but because AHe ages are quite young (13.5 to 28.3 Ma), they force of the

model to bring the t-T path to reheat to a temperature around 70 oC by 20 Ma (the

mean age of AHe) which it results the bend in the t-T path in the Mesozoic period.

The scenario is similar for for sample Sut-8.

Apart from the samples mentioned above, continuity in cooling from Permo-Triassic
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into Jurassic towards the end of the Mesozoic along this region is clearly observed in

most of the samples, but at a much lower rate compared to the initial cooling pulse

(Figure 4.1-4.4). The continuity of slow cooling of the Outer Hebrides land during

Jurassic can be linked to erosion and denudation which had started in Late Palaeo-

zoic and Early Mesozoic, as denudation of this uplifted terrain continued during the

Early Jurassic. The lower Jurassic sediments largely consist of clastic sediments in the

basins around Scotland, for instance, the North Minch Basin contains Jurassic sedi-

ments up to 2500m (Trewin, 2002; Stoker et al., 2017). Deposition of these sediments

is attributed to a change to a wetter climate (Hudson and Trewin, 2002). At about

the same time, a period of marine transgression (Rhaetian) started and affected nearly

all of present-day Britain. Even though the Scottish mainland and the Outer Hebrides

survived during the transgression period in the Jurassic (Ziegler and PA, 1981; Taylor,

1995), it seems denudation has decreased because it was a period of only moderate

uplift (Hall and Bishop, 2002) compared to the Permian to Triassic time (Hall and

Bishop, 2002). This middle to Late Jurassic transgression period resulted in deposition

of marine sediments in the basins around Scotland including the Inner Hebrides, Sea

of Hebrides–Little Minch, North Minch and North Lewis basins (Stoker, 1993; Stoker

et al., 2017; Ritchie et al., 2011). Together, in these basins a succession of nearly the

entire Jurassic from Lower to Upper have been proven (Figure 5.2) (Fyfe, 1993; Ritchie

et al., 2011; Stoker et al., 2017). These rocks are mainly preserved within the same

system of NE–SW trending basins that were active during the Late Palaeozoic-Early

Mesozoic (Permo-Triassic) (Stoker et al., 2017).

Despite having marine sediments in the western basins around Scotland, the Outer He-

brides survived and stayed positive during entire Jurassic. In addition, lack of Jurassic

outcrops on the Outer Hebrides itself suggest that this region from north to the south

has stayed positive during that period, and monotonic slow cooling has also been sug-

gested by earlier publish thermochronological studies in the northern Outer Hebrides

(e.g. Clift et al., 1998; Persano et al., 2007)

Toward the end of this cooling period, in the Early Cretaceous, cooling and denudation

is slowly continued based on the derived thermal models, but on the Hebridean margin

the Cretaceous rocks are only sparsely preserved, specifically, the Lower Cretaceous is

absent (Stoker et al., 2017) (Figure 5.2). In the Late Cretaceous, the derived thermal

models of some samples across the Outer Hebrides, particularly, the samples where
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their thermal model has been generated based on AFT and AHe data (e.g. Lws-38,

Lws-32, Har-27, Sut-21, and Bar-1) provide evidence that by end of Cretaceous this

region has experienced a short and slow reheating period. Although the reheat is about

only 5 to 10 oC, and is not predicted by all model types (e.g. G-rad-dam, and F-rad-

dam), it seems to be synchronous across the region from the north to south between

100 and 80 Ma by the samples which have predicted this brief pulse of reheating.

A phase of reheating during the same period has been proposed by previously published

thermochronological data in the north of England and Ireland (Holford et al., 2008;

Łuszczak et al., 2018), and it has been interpreted by these studies as widespread burial

by relatively thick chalk sequences in the Late Cretaceous. Based on the paleaeogeo-

graphical reconstruction in Late Cretaceous, relief in most of the Scottish Highlands

was reduced, and it led to transgression and chalk was deposited in the Hebridean

region (Hancock, 1975; Hall, 1991). For instance, on the Inner Hebrides, the Inner

Hebrides Group consists of chalk and limestones (Mortimore et al., 2001; Waters et al.,

2007). Transgression reached its peak level in the Campanian, and only small areas

of the Scottish Highlands remained above sea level (Figure 5.3) (Hancock, 1984; Hall,

1991). In later reconstructions for that period (i.e. Late Cretaceous) Ziegler, (1988)

proposed that transgression during Late Cretaceous had covered the whole of central

Britain.

However, in this study, even though this reheating period has been well resolved by

the new thermochronological dataset along the Outer Hebrides, chalk is only currently

found on the Inner Hebrides (Figure 5.2) and the thickness of chalk could not have

been more than 500 m as the reheating magnitude is not more than 10◦C, and the

reheating pulse in most of these samples did not return these samples into the PAZ.

5.2.3 Late Cretaceous to Palaeogene (c. 80-60 Ma)

Following the brief burial reheat which could have resulted from the chalk sequences

in Late Cretaceous (100-80Ma), model results indicate a significant cooling between 80

and 60 Ma and this cooling pulse becomes more apparent when AHe data is combined

with AFT data (Figure 5.1). However, the timing of this significant cooling pulse varies

(by 20 to 30 Ma) depending on which the radiation damage algorithms have been used

to model the AHe data during modelling. Generally, this cooling pulse is around 35

to 45 Ma when the Gautheron et al. (2009) algorithm is incorporated in generating

the thermal models but is mainly between c. 80 and 60 Ma when theFlowers et al.
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Figure 5.3: Geological reconstruction of onshore and offshore Britain during the Late
Cretaceous; shown extent of land is a probable maximum; modified from Hancock
(1975). Heavy stippled regions are subaerial and light stippled areas are submerged.

(2009) model is used. Even though it was mentioned at the opening of this chapter

that all model types have been evaluated to determine the main cooling pulses in this

study, in this cooling episode the Flowers models (F-rad-dam models) match the main

geological events recorded onshore and offshore along the Hebridean region, thus, the

time and rate of cooling provided by Flowers et al. (2009) thermal models are used to

estimate and understand the cause of uplift/cooling and denudation along the region

during this period (c. 80 to 60 Ma).

When only AFT data is used to constrain the thermal history of Hebridean samples,

the samples show continuous cooling starting from the end of the previous cooling pulse

(Late Palaeozoic to Early Mesozoic) to end of Cenozoic when the sample reaches to near

the surface temperature (e.g. Lws-38, and Sut-21, and Sut-16, Bar-5) (Figure 4.1, 4.2,

4.3 and 4.5). The AFT data alone do not require an increased rate of cooling/heating
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at around Late Cretaceous to Palaeogene for these samples. A slight increase in rate

of cooling initiated in the Late Cretaceous is indicated for four samples (e.g. Lws-31,

Sut-9, Sut-15, Sut-17 AFT-only model) (Figure 4.1, and 4.2). Accelerated cooling for

the second group occurs between 100 to 80 Ma, but they have already left the PAZ

when the rate of cooling increases. There is only one sample (Lws-29) that shows

a very clear cooling pulse at around 60 Ma when its paleotemperature is around 60
◦C, and sample LWS-30D which was collected near the Palaeogene dyke provided an

AFT age of c. 68 Ma, the last sample presumably has been completely reset as mention

earlier (Figure 4.1). In summary, when only AFT-data are used in modelling the Outer

Hebrides samples (there are 20 samples across the region), there is only one sample

(Lws-29) that has clearly detected a cooling pulse during the Late Cretaceous-Early

Palaeogene.

However, when AHe data and the radiation damage model of Flowers et al. (2009) are

incorporated in modelling (11 samples across the region from north to south), from 11

samples 8 of them indicate a major cooling by Late Cretaceous and Early Palaeogene

between 80 and 60 Ma (e.g. Lws-38, Lws-32, Lws-28, Har-27, SuT-21, SuT-20, SuT-8,

and Bar-1) (Figure 5.1). The combined models using AFT and AHe data which do not

show the Palaeogene cooling are NuT-24, Bar-5, and SuT-17. Bar-5 was highlighted

earlier and is not a decent sample for thermochronology study because of very low U

concentration. In sample Nut-24, AHe age dispersion is more than 50% after half of

the grains were discarded (see see table 3.5 in chapter three), it is one of the most

dispersive samples from the region. Therefore, it should not be surprising that it has

yielded a slightly different thermal model. According to measured AFT and AHe data

from the Beinn Mhor profile, which sample Sut-17 is part of, geographical and relative

vertical location of the samples along this profile may have been disrupted due to its

proximity to the major Outer Hebrides Fault zone in South Uist.

Generally, the dominant cooling time during Late Cretaceous to Early Palaeogene in

the current study is broadly compatible with previously published thermochronological

data along the Outer Hebrides. For instance, Persano et al. (2007) based on AFT

and AHe data for a vertical profile on Lewis suggested early Palaeogene cooling, and

nearly 2.2 km of denudation during that period. Cooling in Early Palaeogene has also

been predicted from outcrop and subsurface thermochronological data from northern

England (Green, 2002; Łuszczak et al., 2018), and reaches to south west of Scotland

and Ireland (Cogné et al., 2016).
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There is good evidence that many areas around the North Atlantic underwent uplift

and denudation in the Palaeogene (Japsen and Chalmers, 2000), for instance, West

Greenland (e.g. Mathiesen, 1998), East Greenland (Johnson and Gallagher, 2000),

Mainland Norway (Doré et al., 2002) and extends to many areas in the northwestern

Europe (Japsen and Chalmers, 2000). This pulse of uplift has been also recognized in

basins peripheral to these landmasses (Doré et al., 2002). For example, Stord basin and

Farsund Basin of offshore Norway (Jensen and Schmidt, 1993), Sea of Hebrides Basin

(Holford et al., 2010), the Moray Firth Basin (Mackay et al., 2005), and the North

Sea (Nadin et al., 1995). Generally, Palaeogene uplift and denudation is considered a

circum-North Atlantic phenomenon (Doré et al., 2002). However, the detailed cooling

time, magnitude, and spatial pattern as well as the cause of this cooling pulse is still

controversial. The cause of the cooling has been largely ascribed to two main causes by

numerous published studies; 1) uplift and erosion driven by compressional stress which

may have been transmitted from the opening the North Atlantic region in the NE, and

the Alpine Orogeny from the south east (Doré et al., 2002; Holford et al., 2009, 2010);

2) uplift and erosion driven by the initial effect of a mantle plume (White, 1988; Brodie

and White, 1995; Persano et al., 2007; Steinberger et al., 2019). The time of cooling

and spatial pattern of denudation along the Scottish Highlands and the main cause of

this pulse are discussed in detail in section 5.4.

5.3 Main cooling episodes in the Grampian Highland

region

Overall the thermal history models for the Grampian Highland region samples, which

form a traverse from the north west to south east, indicate a relatively similar history

of cooling to the Outer Hebrides. There are some important differences though in the

time of the onset of cooling, and rate of cooling/denudation from when moving from

west to east and based on the thermal histories the region can be separated into two

parts. The first is the western Grampian Highland region, which in this study has

been observed by sampling Ben Nevis (the highest mountain in Britain), Ben Starav,

and Aonach Mor vertical profiles, as well as individual samples from Ben Cruachan.

The second being the eastern Grampian region which was studied with samples from

areas around Aviemore and a vertical profile from Lochnagar (see chapter 3 figure 3.1

for sample locations). For both regions individual thermal models and vertical profile
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models have been evaluated and the the major cooling episodes have been extracted

and summarized in Figure 5.4.

5.3.1 Late Palaeozoic to Early Mesozoic (Late Carboniferous

to Triassic 300- 250 Ma)

In the western Grampian region, samples consist of the Newer Granite suite which

belong to the latest stage of the Caledonian Orogeny in age (i.e. 400-430 Ma) (Soper

et al., 1999; Oliver, 2000). In the west, most of the samples indicate significant cooling

during this time when they are modelled individually and also when modelled as a

vertical profile (e.g. Ben Starav profile). Some samples, such as those from the highest

elevations on Ben Nevis and Aonach Mor profiles (e.g. BN-05, Mor-1, and Mor-2), as

well as a single sample from Ben Cruachan (BC-04) indicate cooling starting slightly

earlier (i.e. at c. 370 Ma). However, when uncertainties of the cooling time are taken

into account they often overlap with the earlier cooling episode. Generally, in these

higher elevation samples (e.g. BN-05, Mor-1, and Mor-2) it is not expected that they

provide precise constraints on the time of cooling because the AFT age of these sam-

ples is much older than samples in the lower half and they cooled from lower maximum

palaeotemperatures.

Principally, in the vertical profile sampling strategy this phenomenon is expected be-

cause the upper half of the profile must have been passed through the PRZ before

the lower half as long as the geographical structure along the vertical profile has not

been changed by any geological features like faults (Gallagher et al., 2005). The west

Grampian Highland samples generally enter the PAZ between c. 300 and 250 Ma with

the cooling rate generally between c. 1.1 and 1.8 ◦C/Ma which indicates 1.5 to 2 km of

denudation for single samples when they are modelled individually, and vertical profile

models suggest almost the same amount of denudation. Time of this cooling episode

and amount of denudation broadly is similar to the cooling pulse which has resulted

in raising the Outer Hebrides region by end of Palaeozoic and Early Mesozoic. Thus,

this pulse in the western Grampian Highland could be linked to the same cause which

has been highlighted in section 5.2.1 for cooling the Outer Hebrides samples during the

same period.

This cooling pulse and interpreted uplift and erosion in the western part of the Grampian

region in the late Palaeozoic could be linked with possible magmatic underplating

and uplift associated with the numerous, thick east-west trending Late Carboniferous
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quartz-dolerite dyke swarms that occur in several parts of the Grampian Highlands

(Stephenson and Gould, 1995) (Figure 5.2), and the Permian volcanic activity asso-

ciated with camptonite monchiquite dyke swarms of the Western Grampian Highland

and Orkney (Francis and Craig, 1983; Stephenson and Gould, 1995). Even though

the centre of the earlier dyke swarms (Late Carboniferous dyke swarms) was in the

Midland Valley, they are documented in Argyll in the west and extended to Buchan

in the east of the region. However, the total magma volume was not large, thus asso-

ciated uplift generated by injection of theses dykes across the Highland, especially in

the west was probably limited (Watson, 1985; Hall and Bishop, 2002). The possibility

that all the samples were effected by transient thermal overprinting due to proximity to

shallow level dyke intrustion is discounted because none of the samples were collected

within close proximity of dykes. The systematic pattern of age versus elevation from

the vertical profiles is also
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Figure 5.4: Sample locations and the main cooling pulses in the Grampian region. A)
The Grampian Highland map shows the location of the samples collected from the west
to east of the region. The stars are the vertical profiles and the circles are the single
samples. C) Key (legend) for box B where dark color indicates that the cooling pulse
is predicted by all model types (e.g. by AFT-only model if a sample has only AFT
data, or by Non-rad-dam, G-rad-dam, and F-rad-dam when a sample has AFT+AHe
data), light grey boxes indicate that the cooling pulse is predicted only by some model
types, and pinkish boxes indicate that the cooling event was not predicted by any
model types. B; The main possible cooling pulses from east and west of the Grampian
Highland region.

incompatible with thermal overprinting by local contact effects.

Offshore, Permian and Triassic sediments are widely distributed in the basins around

Scotland, for example, the Minch and Hebridean basins which indicate that the Scottish

Highland has been a positive area and source for the basin deposits during that period.

As mentioned above this cooling pulse is contemporaneous with the Late Palaeozoic-

Early Mesozoic cooling pulse of the Outer Hebrides, and it seems both sides (the Outer

Hebrides and west of the Grampian Highland) have fed together the basins around

western Scotland (see section 5.2.1 for more detail). In the west of the Grampian

Highland, onshore Permo-Triassic sedimentary outcrops are limited to a few places
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along the western seaboard of Scotland. For instance, Mull, Skye and Ardnamurchan

(Figure 5.2). In general, it is possible that these sediments were once deposited much

more extensively in current onshore regions and have been eroded from the Scottish

mainland and deposited in the surrounding basins, thus only a few exposures of these

rocks remain in the west borders of the Highland region.

In the eastern Grampian region the samples are also from the Newer Granite suite.

Generally, samples in this area record a slightly older thermal history compared to the

the Outer Hebrides and western region of the Grampian Highlands. For instance, all

of the Lochnagar vertical profile samples indicate they entered the base of the PAZ at

around 380 Ma, and in sample (CG16-4) the first cooling pulse brought this sample

into PAZ by around 370 Ma. Therefore, it is possible to identify two separate cooling

pulses from the eastern Grampian Highland data (Figure 5.4); Mid to Late Devonian

(380-360 Ma), and the common cooling phase which is Late Palaeozoic-Early Mesozoic

(300-250 Ma). The early cooling pulse (Mid-Late Devonian) which includes samples

CG16-4, LN-2, and the Lochnagar vertical profile (when they are modelled together)

(Figure 5.4) has only been recorded in the east of the Grampian region. This moderate

cooling pulse at rates of 1.5 up to 2 ◦C/Ma and denudation amount of c.1 to 1.5 km

around the Lochnagar area, could be correlated with uplift and cooling during the final

stages of the Caledonian Orogeny (the final phase of this major orogeny was around

400 to 390 Ma,Miles et al. (2016).

During the Caladonian Orogeny the continents of Laurentia, Baltica and Avalonia col-

lided due to the closure of the Iapetus Ocean (see chapter 1 for more detail). This was

acckompanied by considerable crustal shortening, deformation, and crustal thickening

(Gordon, 2010). The crust was further thickened because it was heavily intruded by

the abundant late stage Newer Granite bodies. This crustal thickening would have

caused significant topography driven by isostatic uplift of the surface because of in-

creased buoyancy of the lithosphere and so triggered the pulse of cooling/erosion.

Following this early cooling the Lochnagar profile (according to both radiation dam-

age algorithms; G-rad-dam and F-rad-dam) confirms that this area cooled slowly and

monotonically until Early Permian (c. 300- 280 Ma), and then the rate of cooling

increased slightly in the Permian (Figure 4.15). This model is also consistent with the

common cooling pulse detected by most of the single samples in the area.

This slow, monotonic uplift/cooling which is more apparent for the Lochnagar profile

between the initial cooling (Mid-Late Devonian) and the Late Palaeozoic-Early Meso-
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zoic cooling could be correlated to continuous but waning erosional isostatic rebound

of the thickened crust. This monotonic cooling represents the Carboniferous period

and the average erosion rate was about 20 m/Ma for the G-rad-dam models and 40

m/Ma for the F-rad-dam models.

Offshore, this pulse between c.380 and c.280 Ma accords with marginal sediments of

Carboniferous in the outer Moray Firth which are largely sourced from the Highlands

(Figure 5.5) (e.g. Andrews et al., 1990). The second cooling pulse (Late Palaeozoic-

Early Mesozoic) seems to be a regionally common cooling pulse as it has been recorded

by two other areas (the Outer Hebrides and west of the Grampian region). The Late

Palaeozoic-Early Mesozoic cooling pulse in the east part of the Grampian region is

coeval with Permian and Mesozoic sediments in the Moray Firth and North Sea basins

which are likely sourced from erosion of the Highlands (Hall, 1991; Mange-Rajetzky,

1995; McKie and Williams, 2009; McKie, 2017) .
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Figure 5.5: Summary of the onset of regional uplift and denudation following the 400 Ma event (Caledonian Orogeny) to Late Mesozoic in the East of the
Grampian Highland region extracted from low temperature thermochronological modelling data including apatite fission-track analysis and apatite Helium
analysis. The early cooling pulses in Mid Palaeozoic corresponds with the isostatic readjustment of the crust’s layer in this region after being intruded and
thickened during the Caledonian Orogeny (see the context for more detail). The second cooling pulse in Late Palaeozoic to Early Mesozoic seems to be
regional as it has been detected by most of the samples across the study area. For the Late Palaeozoic-Early Mesozoic cooling pulse information and the
final pulse in the Lower to Middle Cretaceous which also is predicted by the west part of the Grampian region see figure 5.2. References of other geological
events (e.g. rifting, breakup, magmatism, orogens, and generalized stratigraphic data) which also provide constraints on the predicted cooling phases by the
current data are derived from: (1,2,3,4,5,6) shown in figure 5.2; (7) (David, 1996); (8) (Ben-Awuah et al., 2014)

240



5.3.2 Late Palaeozoic/Early Mesozoic to Early Cretaceous (250

to 120 Ma)

In the western Grampian region thermal history models indicate that after these sam-

ples reached the PAZ by end of Palaeozoic and Early Mesozoic, they cooled monoton-

ically through the Jurassic until Cretaceous for approximately 120 Myrs. The slow

and continuous cooling in Jurassic is compatible with the fact that there is a signif-

icant volume of Jurassic clastic sedimentary rocks are in the basins around Scotland

(Stoker, 1993; Stoker et al., 2017). Onshore, in the Inner Hebrides, the Jurassic se-

quence reaches up to 1.5 km around Skye and Rassay (Fyfe, 1993) (Figure 5.2). The se-

quence contains Early to Late Jurassic units, and they are separated by unconformable

boundaries. The Early Jurassic consist of shallow marine clastic rocks and limestone of

Lias Group overlayen by the Great Estuarine Group which comprises non-marine rocks

(sandstone) and shallow-water sandstone dated as middle Jurassic in age. Upper Juras-

sic rocks are comprised mainly of mudstone (Trewin, 2002). Generally, the presence of

non-marine sandstone interbedded with shallow marine rocks and limestone indicates

that during the Jurassic period the Scottish west mainland border was likely at low

elevation and of low relief and subject to eustatic transgressive and regressive phases

of deposition (Trewin, 2002). However, erosion from the central mainland has been

simultaneously continuous, providing a steady clastic sediment supply and deposition

of proximal shallow marine and fluvial sandstones depending on sea level. Nonethe-

less, lack of evidence of Jurassic rocks in the mainland (the Grampian Highland), and

considering small outcrops of Mesozoic rocks, especially Jurassic rocks, along the west

coast mainland compared to significant thickness of Jurassic successions offshore (kilo-

metre scale, Stoker et al., 2017) is indication that erosion from the Scottish Highlands

was continuous throughout that period.

In the eastern Grampian region cooling during this period (c.250-120) was continu-

ous according to the thermal models derived for the single samples except in sample

CG16-4 (Figure 5.4). This sample enters the PRZ at around 380 Ma and since then

it has been reheated slowly. However, the amount of reheat is small and it is difficult

to determine constraints of the pulse accurately because it has been reheated partially.

Even though sample CG16-6 also shows a short period of reheat between 350 and 200

Ma, this pulse of reheat hasn’t been well constrained because it is not recorded by all

model types (Figure 5.4). Sample CG16-3 and CG16-14 do not show any reheat and
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they cool monotonically to the end of this period after reaching into the PAZ. In addi-

tion, the continuous cooling in these samples in the central and east of the Grampian

is in a good agreement with previous published data (Thomson et al., 1999; Persano

et al., 2007) which suggests that the Scottish Highlands have experienced continuous

cooling from late Palaeozoic to nearly end of Mesozoic.

Except the lowest sample (LN-5) from the Lochnagar profile, all other samples of this

profile show almost the same t-T path during this cooling episode in which they cool

monotonically after they reach into the PAZ in Late Palaeozoic to the Early Creta-

ceous. Sample LN-5 shows some indication to reheat and returns into the PAZ at

around 200 Ma in both cases (G-rad-dam and F-rad-dam), but it is not predicted by

the Non-rad-dam model (steady cooling) (Figure 4.14). In LN-3, the reheat is also

weakly suggested only by the F-rad-dam model (Figure 4.14) and (Figure 5.4). To

clarify this pulse between 250 and 120 Ma, the Lochnagar samples all are modelled

together, and the reheat pulse is not predicted in either case of Non-rad-dam and F-

rad-dam, and in these two cases the entire profile cools monotonically to the end of

this period (Figure 4.15). However, for the G-rad-dam profile model, there is a period

of reheat starting from temperatures around 30 ◦C to 50 ◦C for the highest sample

between c.200 Ma and c. 120 Ma.

One possibility for the reheat period in the lower samples of Lochnagar, which is em-

phasised only by the G-rad-dam profile model, is that this reheating period is correlated

with burial related to the mechanism causing the Mid-Cimmerian unconformity in the

North Sea (Figure 5.5). During this event, the Central Graben area as part of the North

Sea was uplifted and a dome-shape formed (Ziegler, 1990; Underhill and Partington,

1993). The associated uplift lead to erosion of the late Triassic and Lower Jurassic suc-

cessions in the Middle North Sea area, and it became a regional unconformity defined

as the Mid-Cimmerian Unconformity. In the Mid of Jurassic, the domal structure was

deflated and subsidence occurred which it led to deposition of the Heather Formation

which consist of mainly claystone and sandstone (the sandstone is friable, fine-grained

and quartzose; locally with glauconite and mica) (KNOX et al., 1992). The Cimme-

rian Orogeny was ended by Late Jurassic to Early Cretaceous when Upper Jurassic

was tectonically quiescent due to submarine non deposition, and it was followed by

marine sediment onlap in Early Cretaceous, and the boundary based on seismic data

is known as Late Cimmerian unconformity (or the Base Cretaceous ) (Milton, 1993).

Broadly, the reheat pulse suggested by the G-rad-dam model for the Lochnagar profile
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starting in Early Jurassic can be matched only to that event in that period, and cooling

following burial heating at around 120 Ma is overlapping with the next cooling pulse

(120-100 Ma) which is explained after this pulse.

Nonetheless, during Triassic and Jurassic period, geological evidence supports the con-

tinued erosion of the Scottish Highlands around the Lochnagar and Cairngorm areas

as suggested by the F-rad-dam and Non-rad-dam models for the Lochnagar profile,

and all the combined AFT and AHe individual sample models (CG16-3, CG16-6, and

CG16-14). Fluvial deposition of Early to Middle Jurassic sediments sourced from Scot-

tish Highland (mainly Devonian and Carboniferous) reached the margin of the Moray

Firth (Hall, 1991; Hall and Bishop, 2002), and in the Inner Moray Firth Jurassic sedi-

ments reach to 2.3 km thick. Furthermore, earlier studies also suggest that the Scottish

Highlands stayed positive from most of the Palaeozoic and Mesozoic and during that

time this area has been a source area for sediments of the surrounding basins (Ziegler,

1982; Taylor, 1995; McKie and Williams, 2009).

5.3.3 Early to Mid-Cretaceous (120 to 100 Ma)

An Early to Mid Cretaceous cooling pulse has only been detected by samples in the

Grampian Highland regions (Figure 5.4). In the west, this pulse starts at around 120-

100 Ma and has been detected by upper samples along the Ben Starav and Aonach

Mor profiles (e.g. STV-1, Mor-1, and Mor-3) (Figure 5.4), and indicates denudation up

to 2 to 2.5 km for these sites. Towards the east, this episode is recorded by the lower

samples of the Lochnagar profile (LN-5, and LN-3) (Figure 5.4), and by an individual

sample, CG16-4, at around 140-130 Ma. A discrete cooling pulse at around 120 Ma has

not been detected by some individual samples such as CG16-3, CG16-6, and CG16-14

but they may have been uplifted and cooled, but just less (i.e. below the detection of

thermochronometry) than other samples in the region.

In Early to Mid Cretaceous, oceanic crust reached to south eastern of Britain along

Goban Spur (Holford et al., 2009). de Graciansky et al. (1985) suggested that in Ap-

tian and Early Albian times the continental breakup off Goban Spur in the south east

of Britain may have been coeval with events in Iberia and the Grand Banks in the

Bay of Biscay where the onset of sea- floor started which this led to the separation of

Iberia and North America started at around c. 118 Ma (Sibuet et al., 2004). While

oceanic crust reached to the south eastern Britain and generally Central Atlantic, a

phase of rift episodes developed and progressed towards the North Atlantic at about
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the same time (Meyer et al., 2007); a rift with NW-SE axes progressed from Iberia-

Newfounland margin to the south western of Greenland which led to the initiation

of the Labrador Sea formed in Late Cretaceous. A rift also stretched to the south

eastern of Norway along the north west of Britain from south Rockall. Continental

break up found in the Central Atlantic and continuous rift propagation and extension

to the North Atlantic region have been associated as a regional cause of uplift and

denudation along the Britain in Early to Mid Cretaceous (120-100 Ma) (e.g. Holford

et al., 2009, 2010). Timing of this cooling pulse is strongly correlated with previously

published AFT data along the Irish Sea Basin and western Britain including western

Scotland (Holford et al., 2009, 2010). Holford et al. (2009) based on intense AFT along

the region proposed that this pulse is related to continental break up and sea floor

spreading in the Central Atlantic and synchronous rift propagation toward the north

which may have led to thermal/dynamic rift flank uplift associated with the tend of

extension along the incipient NE Atlantic margin.

Even though around Scotland, especially in the north west of Scotland, it is difficult

to link this pulse to offshore sediments because Cretaceous sediments are largely ab-

sent (Stoker et al., 2017). Onshore in the locations where Cretaceous rocks have been

preserved (e.g. Skye, and Morven) evidence of uplift and deformation in Early-Mid

Cretaceous is observed in their stratigraphic relationship. For instance, at Morven,

Cenomanian (c. 100 Ma) sandstone has been found laying on Lower Jurassic and older

rocks unconformably, indicating intervening uplift and erosion (Fyfe, 1993). In the east,

the Early Cretaceous sediments reach to north of Helmsdale and overlie Jurassic and

Devonian rocks (Chesher and Lawson, 1983). From Ryazanian to Barremian (c.145

to 130 Ma), coarse clastic sediments from the Scottish landmass have been deposited

as shallow-marine sandstones. During that period, sandstones (deep marine) were de-

posited in the Inner and Outer Moray Firth and they reached to the Central North Sea

(Milton-Worssell et al., 2006) (Figure 5.5). These sandstones were derived from the

Scottish Highlands in the west and the Shetland Platform to the NW (Milton-Worssell

et al., 2006). In Lower Cretaceous sediments in the Moray Firth, igneous and metamor-

phic debris was found which were derived from the Scottish Highlands (the Grampian

and Northern Highland) (Hurst, 1984). These are all indicators of uplift and cooling

in the Early Cretaceous. There are also numerous unconformities and stratigraphic

breaks within sediments of Oxfordian-Albian age within the North Sea Basin which

indicates active tectonism during this time (KyrkjebØ et al., 2004).
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In addition, as mentioned above that thermochronological (AFT) and VR data from

several basins along the region have shown evidence for a major Early-Mid Cretaceous

cooling pulse. For example, towards the south, AFT data from samples onshore Ire-

land and AFT data from wells in the Irish Sea basin system suggest widespread early

Cretaceous (c. 120-115 Ma) cooling and exhumation (Holford et al., 2009). In the

West Orkney Basin, AFT data from Permian-Triassic sediments suggests that these

sediments were more deeply buried (c. 3km) before major cooling starts in the Creta-

ceous between 150–80 Ma (Green et al., 1999). Further up in the west of Shetland AFT

and VR data of a well (202/19-1) from Late Permian suggests heating in the Early to

Mid-Cretaceous with subsequent cooling and uplift (Holford et al., 2010). Even though

in this well the cooling time is slightly later but it has been linked to the Early- to Mid

Cretaceous cooling pulse. These observations confirm the regional nature of Early to

Mid-Cretaceous cooling.

Towards the end of Cretaceous there is a clear change in the t-T path (pattern) struc-

ture in the region, especially in the west of the Grampian region. In the west, often

thermal models which have been built using only AFT data cool monotonically to the

end of this episode (e.g. BN-04, Mor-5, STV-6, and LN-1) without any sign of re-

heating. However, when AFT and AHe data are combined, some samples in the west

along the profiles suggest a weak reheating, and it reaches to temperature around 70
◦C between c. 90-80 Ma (e.g. BN-06, and STV-8). Generally, this pulse is predicted

by lower elevation samples (BN-06, and STV-8) but it is not predicted by any sample

from the Aonach Mor profile.

This brief reheat is also predicted when samples from Ben Nevis and Ben Starav are

modelled jointly . For the Ben Nevis profile when its samples are modelled together,

they constrain a brief reheat between c. 100 and c. 80 Ma (Figure 4.7), and the same

in Ben Starav (Figure 4.13) only when Flowers et al. (2009) model is incorporated but

the Aonach Mor profile do not suggest this at all (Figure 4.10). When west Grampian

samples are compared with the eastrn samples, it appears that there is no sign for Late

Cretaceous reheating pulse either by the single sample models or the Lochnagar profile

in the east. This lack of reheating at the end of the Cretaceous in the east but detected

by western key thermal models can be correlated with the paleogeographical structure

proposed by Hancock (1975) (Figure 5.3) for the Scottish landscape in Late Cretaceous.

In this model the Grampian Highland region, apart from some areas around Lochna-

gar and Cairngorm, is mostly submerged due to major transgression which reached a
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maximum level by Campanian (Late Cretaceous). Based on the current data, together

with the eastern part of the Grampian region, the summit of the mountains such as

Ben Nevis and Starav in the west have escaped from the transgression and have not

been buried.

5.3.4 Late Cretaceous to Palaeogene (80-60 Ma)

The Late Cretaceous and Early Cenozoic cooling involves the highest rates of cooling

and erosion, especially in the western part of the Grampian highland region. Similar to

other cooling pulses, when single samples are modelled independently using only AFT

data, this cooling pulse between 80 and 60 Ma is not detected (Figure 5.4). However,

when AFT and AHe data are combined, this cooling pulse is well predicted only by

lower elevation samples for the Ben Nevis and Ben Starav profiles (Figure 5.4) but this

pulse is not suggested by the summit samples.

Generally, this pulse occurs around 70 to 80 Ma in lower elevation samples of Ben

Starav (Figure 4.12), and this pulse is around 80 in both samples of Ben Nevis when

AHe and AFT data are combined. This cooling pulse in lower half of both profiles

occurs at around 60 to 70 Ma for the maximum likelihood models (e.g. BN-06, and

STV-6). This pulse is not predicted by Aonach Mor samples at all, presumably because

the lowest sample in this profile was collected at an elevation more than 400 m, but in

Ben Nevis and Starav profiles the lowest samples were collected at elevations between

c. 100 and 150 m.

Based on the derived thermal history models for individual samples along the Ben

Nevis and Ben Starav profiles, this pulse of cooling is between c. 80 and 60 Ma in the

lower half samples, and it is closer to 60 Ma for the maximum likelihood models (e.g.

BN-06, and STV-6).

When samples are modelled jointly along these profiles, particularly in Ben Nevis and

Starav profiles, following the brief reheat between c. 100 and c. 80 Ma which took

paleotemperatures to around 50 ◦C (for the highest sample) by end of Cretaceous, these

vertical profiles suggest a relatively rapid cooling at around 90 Ma in Ben Starav and

80 Ma in Ben Nevis from temperature 50 ◦C for the highest sample to near the surface

temperature. This pulse again is not predicted in the Aonach Mor profile (Figure 4.10)

(Figure 5.4). Note when all samples are jointly modelled for the Ben Nevis and Ben

Starav profiles, this cooling pulse (80-60 Ma) starts nearly 10 to 15 Ma earlier because
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the profile model appears to prefer a single phase of cooling which is the average of the

two phases suggested by the individual models; the earlier cooling pulse 120-100 Ma

and the younger cooling pulse at 80-60 Ma.

In the western Highland, the single samples collected around Ben Cruachan do not show

any pulse of cooling around Late Cretaceous into Palaeogene except BC-04 (Figure 5.4).

It is likely because most of their thermal models have been generated using only AFT

except BC-04. Even although the thermal model in this sample (BC-04) has been

built based on AFT and AHe data, it suggests cooling slightly later at around 45-60

Ma rather than 80-60 Ma. This is presumably because this sample has the smallest

grain radius on average compared to other samples in the western Grampian Highland,

thus they have yielded the youngest AHe grain ages and are also more sensitive to

temperature than the larger grains in other samples, and hence record later cooling.

In the eastern part of the Grampian Highland region, the individual samples along

with Lochnagar profile show no clear evidence for Late Cretaceous and Early Cenozoic

cooling (i.e. at 80-60 Ma) (Figure 5.4). The mean AFT and AHe ages of individual

samples (e.g. CG16-3, CG16-6, CG16-14, CG16-4 has only AFT data) in the east

are older than other parts of Scotland in this study. For instance, the AHe ages are

between 100 and 140 Ma along the Lochnagar profile and between 100 and 237 Ma in

individual samples. Perhaps because there are no or very few young AHe ages around

60 Ma in these samples in the eastern part, this pulse has not been suggested (Figure

4.17, and Figure 5.4). In addition, neither the Lochnagar individual samples nor when

they are modelled together indicate this cooling pulse between 80 and 60 Ma (Figure

4.14, 4.15, and Figure 5.3).

In summary, the lack of a sign of Late Cretaceous-Early Cenozoic cooling in the eastern

area does not mean that this area has not been eroded at all because it is obvious from

the thermal models that denudation has been continuous over the long term since

late Palaeozoic, and these samples, especially single samples (e.g. CG16-14, CG16-6,

CG16-3) have reached temperatures between nearly 40 to 30 ◦C. This area may have

experienced Late Cretaceous-Early Cenozoic cooling to some extent but not as much

as the western part of the Grampian highland area. Moreover, based on the behaviour

of the F-rad-dam thermal profile model derived for the Lochnagar samples (Figure

4.14) it seems that these samples have not left the PRZ by Early Cenozoic, and they

could have detected the pulse if it was strong enough around that area, but the Late

Cretaceous-Early Cenozoic cooling pulse seems not strong enough in the central and
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eastern part of the Grampian region.

5.3.5 Neogene (23-0 Ma)

Although the Neogene to Quaternary landscape evolution events are commonly ob-

served across the world (e.g. Hay et al., 2002), in Scotland, according to the inversion

thermal models in this study it is difficult to observe any major landscape forming

events during the Neogene. This is because for most of the samples models gener-

ated using AFT only indicate rocks were at paleotemperatures lower than 60 ◦C at

the beginning of the Neogene period. For instance, nearly all samples from the Outer

Hebrides and BN-05, BN-07, BN-08, Mor-4, STV-9 in the Grampian Highland region.

More than that, when AHe data is added only a few samples provide Neogene signa-

tures across the whole region. Neogene cooling detected by the analysed samples for

the Outer Hebrides samples is presented in Figure 5.1 and from west to east along the

Grampian is summarized in Figure 5.4.

Along the Outer Hebrides Neogene cooling is indicated by several samples where mod-

els have been generated using only AFT, but the t-T path in most of them is cooler

than the PAZ, except Har-27 which shows a pulse of cooling at around 25 Ma from

palaeotemperatures around 60 oC to the present temperature (Figure 5.1). This cool-

ing pulse is not detected in most of the samples when AHe data is combined with AFT

(Figure 5.1).

Towards the west of the Grampians, the thermal models constrained using only AFT

data are divided to two patterns of cooling in the Neogene; the first pattern is predicted

by samples BN-04, STV-3, Mor-2, Mor-4, Mor-5, and BC-02. They show monotonic

cooling through the entire Palaeogene and only slight increase (if it is exists) in the

cooling rate by the end of Neogene, and then continued cooling to the present surface

temperature. The second pattern of cooling is shown by BN-05, BN-07, BN-08, STV-9,

BC-03, and BC-05. These samples reach palaeotemperatures around 30 to 40 oC in

the Early Palaeogene, then they reheat briefly at around 30 to 20 Ma to temperatures

around 40 to 50 oC followed by a final pulse of cooling between 20 and 10 Ma which has

taken these samples to the present surface temperature. When AHe data was added

to some of these samples (nine samples in the west Grampian Highland), only a few

of them (BN-09, and Mor-3) continued to indicate Neogene cooling between c. 20 and

10 Ma, and a Neogene pulse is only suggested by the joint profile model of Ben Nevis

which starts at around last 5 Ma (Figure 4.7).
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In the east, when thermal models are generated using only AFT data (e.g. LN-1, LN-4,

and CG16-4) (Figure 4.14 to 4.17), these is no signature of Neogene cooling as these

samples cool monotonically throughout the Palaeogene and Neogene. This pattern

of continuous cooling is not disrupted even when AHe data is added in some single

samples, for example, CG-14, and LN-5. However, in some rock samples (CG16-3,

CG16-6, and LN-3), after they reach temperatures around 40 to 50 oC in the early

Palaeogene, they cool continuously to the end of Neogene and then a final pulse of

cooling occurrs at around 20 Ma. This cooling pulse is not well constrained in the last

three samples because the cooling pattern varies according to the radiation damage

model used (Figure 5.4). There is only one sample (LN-2) that shows a long term

reheat from temperatures of 20 to 50 oC for duration about 100 Myrs and then finally

is rapidly cooled at about 20 Ma to the present temperature. The Lochnagar profile

also suggests the Neogene cooling pulse at around 20 Ma only when the Flowers et al.

(2009) radiation damage algorithm is incorporated (see figure 4.15).

In summary, the common cooling pulse across the whole region from west to east seems

to be around 20 to 10 Ma which is either preceded by a brief reheating pulse between

25 and 20 Ma which takes the paleotemperature down to nearly 50 oC from tempera-

ture around 30 to 40 oC, or the cooling rate has increased slightly at around 20 Ma.

However, the Ben Nevis profile final pulse at c. 5Ma does not fit this regional pattern.

5.3.5.1 Early to Late Neogene 20-10 Ma

Even though it was mentioned above that this cooling pulse is not well recorded by most

the Outer Hebrides samples and some thermal modelling profiles in the Grampian re-

gion such as Aonach-Mor, and Ben Starav, it is suggested by several individual thermal

models along the Grampian Highland region from east to west (Figure 5.4) including

the Lochnagar vertical profile in the east. In these models, the maximum Neogene

palaeotemperatures between c. 20 and 10 Ma are usually about 40 oC, and rarely they

reach to 50 oC (e.g. BN-7, STV-9, AFT-only model). Such paleotemperatures require

nearly 1.0 - 1.5 km of Early to Mid-Neogene denudation. However, the inferred in-

creasing rate of cooling and denudation from Early to Mid-Neogene should be treated

with caution because as mentioned above this pulse is shown mostly by single samples

in which their thermal models have been built using only AFT, and the last portion of

their thermal histories, particularly, after Palaeogene is not well constrained because

the 95% credible intervals around the expected and maximum-liklihood models are
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often wide, and the rock samples have already reached temperature between 0–50 oC.

The AFT technique has limited sensitivity to this temperature range. To increase the

sensitivity to the lower temperatures span, AHe data has been added to many samples

along the region but only a small number of combined models detect the Neogene cool-

ing pulse (e.g. three out of nine samples in the west of the Grampian) (Figure 5.4).

Therefore, the conclusions derived from the upper portions of the thermal histories,

especially, in the last 20 Myrs should be taken with caution.

In this study the predicted cooling pulse in the Neogene between 20 and 10 Ma can be

broadly corelated with the Mid to Late Neogene (15-10 Ma) cooling pulse previously

suggested by AFT onshore and offshore along the north west of Scotland (Holford et al.,

2010). In this study an Mid to Late Cenozoic paleogeothermal gradient of 43 oC/km

was used for areas around west coast of the mainland (e.g. Skye and Mull) decreasing

gradually towards the West Orkeny Basin to 25 oC/km as present day gradient. With

thes gradients Neogene denudation of c. 900 m was proposed to affect the areas around

Sky and reaching <1.9 km in the West Orkney area. Neogene cooling pulse onshore has

been also proposed by the most recent study of Fame et al. (2018) which they sampled 7

sites from the west coast of the mainland towards inland of Scotland. From seven sites

only samples from one site (around Skye) predicted the Neogene pulse and cooling and

enhanced denudation around that area was linked to intraplate compressional stress

from Atlantic margin which has resulted in differential uplift in the region. In addition,

onshore data in Ireland (AFT data) shows a major phase of exhumation-driven cooling

between 25 and 15 Ma (Green et al., 2000).

Offshore, Neogene cooling and denudation is also detected around the southern British

Isles and Irish basins using AFT and sonic velocity data (Holford et al., 2005a, 2009).

For instance, Cardigan Bay and St.Georges Chanael Basin were deeply buried by 1-

1.5 km of overburden that was removed during Neogene (Holford et al., 2005a, 2008)

in response to the cooling/and denudation related to compressional shortening. In

the western North Sea nearly 1 km of Neogene exhumation has also been suggested

(Japsen, 1997).
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5.4 Late Cretaceous-Early Palaeogene uplift and ero-

sion in Scotland

Along the North Atlantic Igneous Province (NAIP) which extends to the Rockall

Trough and includes the British Igneous Palaeogene Province zone Late Cretaceous-

Early Palaeogene uplift and denudation has been confirmed (e.g. Doré et al., 2002;

Saunders et al., 2007). Even though in Scotland the early thermochronological studies

(e.g. Hurford, 1977; Thomson et al., 1999) did not focus directly on the Late Cretaceous-

Early Palaeogene cooling pulse, this cooling period has got more attention in last twenty

years (e.g. Persano et al., 2007; Holford et al., 2010; Cogné et al., 2016; Fame et al.,

2018) and significant uplift and denudation has been proved during this period along

the NW of Scotland. However, as mentioned earlier the cause of the uplift and de-

nudation during that period has long been highly controversial. Based on the broad

timing and spatial pattern of inferred uplift and denudation two main mechanisms have

been proposed; i) the far field compressional stress from the opening of the Atlantic

Ocean in the north west at around 55-53 Ma and the Alpine Orogeny in the south east

or both (see section 1.2 in Chapter 1) (e.g. Jolivet, 2007; Holford et al., 2010; Fame

et al., 2018), ii) regeonal uplift generating with the intiation of Icelenad mantle plume

processes (e.g. Clift et al., 1998; Persano et al., 2007; Cogné et al., 2016).

Before discussing how the new data from this study fits with previous work and what

it implies for Late Cretaceous-Early Palaeogene uplift and erosion across Scotland, a

brief definition of these two hypotheses is useful and follows below.

5.4.1 Far field stress hypothesis

Far field stress refers to intra plate horizontal stress (force), arising primarily as the re-

sult of forces created at plate boundaries (e.g. continental collision, Mid-ocean ridges,

and subducting slabs (Zoback, 1992; Ziegler et al., 1995). For instance, in continental

collision settings, when plates are moving against each other it results in stress (force)

transferred to the plate interior which may lead to some important intra-plate com-

pressional deformation such as, crustal buckling, folding, reactivation of pre-existing

geological features like faults as well as basin inversions (Ziegler et al., 1995; Cloetingh

et al., 2006, 2013). Across the world there are many examples that have been recorded

in the literature that show that far-field compressional stress has resulted in deforma-
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tion and uplift thousands of kilometers (c.1500 km) from boundary margin settings.

For example, in the North America craton, the USA Mid continental rift which is lo-

cated in the foreland of the Granville orogen developed during the Middle Proterozoic

and was inverted later in the end of Proterozoic during the Grenvillian Orogeny (Can-

non, 1992). Another example is the cooling and uplift of large areas of up to several

hundred kilometres inboard of the opposing continental margins of south eastern Brazil

and southern Africa, which along this region cooling and uplift occurred at around the

Early to Mid-Cretaceous and it is diachronous with continental breakup propagation

towards the north (Gallagher and Brown, 1999; Brown et al., 2014; Wildman et al.,

2016).

Also, in Britain and Scotland, uplift and denudation in the Late Cretaceous-Early

Palaeogene has been linked to two far field compressional stresses; the Alpine Orogeny

in the south east, and the opening North Atlantic Ocean in the north west (Green,

2002; Holford et al., 2005b; Jolivet, 2007; Holford et al., 2010; Fame et al., 2018). In

the south east, the Alpine Orogeny which essentially represents the collision between

Africa and Eurasia took place in four phases but the last three of them were more

active tectonically (Doré et al., 2008); the first phase of this Orogeny commenced in

Late Turonian–Early Sanonian (90-83 Ma) known as (‘the sub-Hercynian’), then in the

Mid-Palaeocene (60-50 Ma) (‘Laramide’), and the final phase which is the Main Alpine

covers a long range from Eocene to Oligocene (‘Pyrenean’) and Miocene to Pliocene

(‘Late Alpine’) (Figure 5.6) (Doré et al., 2008).

The effect of the earliest phase of Alpine Orogeny (the sub-Hercynian phase) has been

only recorded in the in Sole Pit High in the Southern North Sea Basin (basin inversion)

between 84 to 90 Ma (Van Hoorn, 1987; Ziegler, 1990). The second phase (‘Laramide’)

started in Maastrichtian but stopped for a while and then the convergence renewed at

around Mid-Palaeocene (c.55 Ma) (Ziegler, 1990; Rosenbaum et al., 2002; Doré et al.,

2008), and then the major inversion in the British basins occurred in the Oligocene

(Ziegler, 1988, 1990) which is more compatible with the last phases of this orogeny.

Towards the North west of Scotland, along the North Atlantic, the time of plate sepa-

ration and onset of sea floor spreading in the North Atlantic is around 53-55 Ma (Early

Eocene) (Doré et al., 1999, 2008; Saunders et al., 2007; White, 1997) which led to form-

ing oceanic crust up to 30 km thick across the entire North Atlantic basin (Spice et al.,

2016). Examples of compression and deformation have been found on passive conti-

nental margins within the Faeroe basin are mainly developed in Eocene to Oligocene
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which post-dates the onset of seafloor spreading (Ziegler et al., 1995). At around the

break-up time and later different domal (in size and age) structures have been formed

(Figure 5.6). The domes are generally elongate anticlines and it is assumed to have a

compressional element (e.g. Vagnes et al., 1998). Some of these domal structures are

small and formed in late Palaeogene (e.g. Omen Lange Dome, Modgunn Arch and Isak

Dome at Voring-More Basin), but some are large, and they are like ridges and may

have been formed in late Cretaceous to Palaeogene (Doré et al., 2008). The bigger

features are called ‘tectonomagmatic’, because they are broad domal uplifts appear to

be associated with intrusion or the emplacement of remobilized crust or magmatically

underplated material at depth (Doré et al., 2008). Examples include the Gjallar Ridge

(Doré et al., 1999), and Munkegrunnur and Ymir ridges in the UK sector and Faroes

sector to the south (Boldreel and Andersen, 1998; Johnson et al., 2005).

Published thermochronological studies in Scotland have linked the Early Palaeogene

uplift and denudation mainly to the far-field stresses, and localized Early Cenozoic

uplift to the region of the Palaeogene Igneous Complex centres mainly based on the

Cenozoic paleotemperatures along the Scottish Highlands (e.g. Holford et al., 2010;

Fame et al., 2018). Holford et al. (2010) proposed that in Scotland only areas around
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Figure 5.6: Summary of the onset of regional uplift and denudation during Late Cretaceous to Early Palaeogene from the west to the east of
Scotland (the Outer Hebrides, and the west to east of the Grampian Highland) extracted from low temperature thermochronological modelling
data including apatite fission-track analysis and apatite Helium analysis. This episode corresponds with the initiation of the Iceland mantle plume
at around 62 Ma which was accompanied by widespread volcanic activity along the North Atlantic region which reached the north west of Scotland
and Ireland. References of other geological events (e.g. rifting, breakup, magmatism, Ridges, orogens, domes, and generalized stratigraphic data)
which also provide constraints on the predicted cooling phases by the current data are derived from: (1,2,3) from figure 5.2; (4) Doré et al. (2008)
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the volcanic centres (e.g. Skye, and Mull) required a cooling pulse during Early

Palaeogene, while areas around the Outer Hebrides in Scotland and West Orkney had

already reached temperature around 60 OC by Early Palaeogene and samples did not

need any accelerated cooling during that time (Figure 7 in Holford et al., 2010).

They also suggested several distinct phases of cooling that are closely spaced in temper-

ature and time. Four distinct phases were suggested in the Cretaceous and Palaeogene;

Early Cretaceous (140-130 Ma), and three pulses in the Cenozoic (65-60 Ma; 40-25 Ma;

and 15-10 Ma) and mainly they were linked to transmission of stress from the Alpine

Orogeny in the southeast and the Mid Atlantic Ridge to the west.

The most recent study (Fame et al., 2018) focused on the NW of Scotland starting

from the west coast mainland towards the interior and collected samples from seven

sites all within nearly 20 to 100 km of each other (Figure 1.1). Similar to the previ-

ous study of Holford et al. (2010), they proposed four pulses of heating and cooling

following the Caledonian Orogeny, but they also suggested that post orogenic heating

and cooling (burial/exhumation) is spatially heterogenous and the heterogeneity was

linked to igneous Palaeogene complexes locally, reactivation of intra plate faults, and

differential erosion. It allowed them to suggest that the Scottish Highlands were part

of the passive margin affected by different tectonic process, mainly they linked these to

intraplate fault reactivations and formation of the North Atlantic margin, and localized

magmatic heating.

5.4.2 Mantle plume hypothesis

Crustal and lithospheric thickness variations due to horizontal tectonic movements have

generated most of the Earth’s present-day surface topography (Braun, 2010). Topog-

raphy is also formed in isostatic response to thermal perturbations of the lithosphere

when abnormally hot mantle is emplaced beneath the lithosphere (i.e. mantle plume)

(Cloetingh et al., 2013; Braun et al., 2013; Choudhuri and Nemčok, 2017; Singh et al.,

2018). Topographic uplifts related to mantle plume processes are generally thought

to be long-wavelength, and they are either transient or permanent. The transient to-

pography uplift is generated by both dynamic support of the upwelling material and

thermal expansion; when it ceases its activity, the area underneath which the plume

was impinging starts to subside (White and McKenzie, 1989; Saunders et al., 2007).

It is characterized by a small amplitude (c.1000 m) and a long wavelength that is pro-
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portional to the scale and depth of the mantle flow. Permanent uplift is generated via

the emplacement of low-density magmas beneath (underplating) or within the crust

(intrusions) (White and McKenzie, 1989; Saunders et al., 2007).

The link between proto-Iceland mantle plume processes (including dynamic support up-

lift, thermal expansion and magmatic underplating) and Early Palaeogene uplift and

denudation has been suggested by several studies (White and McKenzie, 1989; White

et al., 1997; Jones and White, 2003; Tiley et al., 2004; Persano et al., 2007; Braun,

2010; Davis et al., 2012; Spice et al., 2016; Łuszczak et al., 2018). The proto-Iceland

mantle plume processes also separately have been linked to uplift and subsidence on-

shore and offshore around Scotland and Britain. For instance; Hall and White (1994)

analysed basement subsidence in the North Sea useing backstripping and they pro-

posed that the North Sea has experienced transient uplift caused by the proto-Iceland

mantle plume. Nadin et al. (1995) also investigated departures from McKenzie-type

post-rift subsidence during Cretaceous to Palaeogene in the northern North Sea Basin,

useing forward and reverse 2D flexural modelling of syn-rift and post-rift stratigraphy.

The analysis shows uplift in the Palaeocene and followed by a rapid decrease in uplift

in the Early Eocene (transient uplift). They linked this to development of a mantle

plume in early Palaeocene between 65 and 55Ma.

Earlier thermochrolonogy studies of Persano et al. (2007) used the vertical profile ap-

proach and showed that that NW of Scotland has experienced significant cooling at

around 65 ± 5 Ma and estimated geothermal gradients of 39 ± 9 ◦C/km in Early

Palaeogene at Sgorr Dhonuill (near Ballachulish). Based on low-temperature ther-

mochronology data, Persano et al. (2007), Cogné et al. (2016), and Łuszczak et al.

(2018) correlated inferred Early Cenozoic uplift and denudation in NW of Scotland,

Ireland and northern Britain to proto-Iceland plume processes including magmatic un-

derplating.

The main arguments which support regional uplift linked with proto-Iceland mantle

plume driven process are the timing of the event (uplift) which is around 65 ± 5 Ma,

and the spatial pattern of cooling and denudation across the north west of Scotland and

Britain (e.g. Clift et al., 1998; Persano et al., 2007; Cogné et al., 2016; Łuszczak et al.,

2018). In contrast, because far field compressional stresses related to both the Alpine

Orogeny in the south east and opening North Atlantic in the north west has occurred

in different phases, and they also result in reactivation previous geological features like

faults and basin inversions, cooling and denudation related to this mechanism may not

256



have an obvious smooth spatial pattern relative to the regional process of a mantle

plume.

5.5 Spatial cooling distribution in Late Cretaceous-

Early Palaeogene

Timing and duration of Late Cretaceous-Early Palaeogene cooling was discussed for

each study area earlier in section 5.2.3 and 5.3.4. Here the onset of the cooling time

is focused on to provide constraints on the causes of uplift and denudation during this

period.

Across the study area from north west of Scotland (the Outer Hebrides) towards the

Central mainland (Grampian Highland region), it appears when only AFT-data is used

the thermal history models are limited because as it has been shown across Scotland

the samples have already reached temperatures less than 60 oC by Late Cretaceous to

Early Palaeogene (Figure 5.7 A). However, combined thermal models (AFT + AHe

data) have constrained this event well (Figure 5.7 B) as the samples stay within and

experience the sensitivity of the PAZ and PRZ.

Along the Outer Hebrides region, apart from three samples (Nut-24, Bar-5, and Sut-

17) which was explained earlier in section 5.2.3, in most of the samples cooling starts

at around 65 ± 5 Ma (Figure 5.8 A and B). Towards the mainland, in the west of

the Grampian Highland region, this pulse has been also recorded but nearly 10 Myr

earlier (at around 70 to 80 Ma) (Figure 5.8 A). As it is shown most of the samples were

collected from vertical profiles in the west, and the summit samples do not suggest

any cooling pulse at around 80-60 Ma but this pulse is apparent by most of the lower

samples (Figure 5.8). For example, in the second lowest sample from Ben Starav (STV-

8) cooling starts at around 80 Ma and cooling starts at around 70 Ma in the middle

sample in the same profile. For samples along the Ben Nevis profile the cooling pulse

is between 80 and 70 Ma, and the maximum likelihood model suggests Cenozoic onset

of cooling at around 60 Ma in sample BN-06 (Figure 5.8 B the red dash line). This

pulse is also well resolved when the single samples are modelled together as a profile

(e.g. Ben Nevis and Ben Starav) in the west of the Grampian, except for the Aonach

Mor profile. However, when samples are modelled together, this pulse starts slightly

earlier, especially in Ben Starav it reaches to nearly 90 Ma.As discussed above it
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Figure 5.7: Palaeotemperatures across the study area when cooling starts during Late Cretaceous-Early Palaeogene. A) When only AFT data is
used in generating the thermal inversion models, B) When AFT+AHe data are compiled in thermal history modelling. The Stars are the vertical
profiles and the circle inside the stars represent the paleotemperature of the lowest sample along the profile
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Figure 5.8: Summary of the palaeotemperatures across the study area and the combined
thermal models. A) Extracted summary of the palaeotemperatures across the study area
from the combined models (AFT+AHe) starting from Outer Hebrides to the east of the
Grampian region before they start cooling in Late Cretaceous-Early Palaeogene B) Summary
of the combined individual and joint thermal history models. (x) in A means the pulse is not
predicted. In B sample name and its thermal model have the same color, and the dashed lines
are the maximum likelihood, and the feint lines are the 95% credible intervals.
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appears that information provided by single thermal models for individual samples

from the profiles is also important. Towards the east of the Grampian region there is

no clear evidence of Late Cretaceous-Early Palaeogene cooling pulse (Figure 5.8 A and

B).

In general, in the west cooling is around 70-80 Ma in single samples from lower ele-

vations of Ben Nevis and Ben Starav, it reaches to nearly 60 Ma when maximum the

likelihood path is inspected, thus it seems the Outer Hebrides and the west Grampian

samples have experienced the same event at during Late Cretaceous-Early Palaeogene.

Generally, regarding the cooling time, the onset of cooling/uplift in the new data is not

coincident with the onset of sea floor spreading along the North Atlantic which took

place during Early Eocene (55-53 Ma) because in the new data cooling starts generally

at around 65 ± 5 Ma along the Outer Hebrides in this study. Although in the west of

the Grampian Highland region the onset of cooling is slightly earlier (c.70-80 Ma) in

the lower elevation samples, when the maximum likelihood path is taken into account

the pulse reaches to 65 ± 5 Ma, and this pulse disappears towards the east. Based

on the cooling age time, it seems that this cooling pulse is not directly in response

to far-field compressional stress from the south east (Alpine Orogeny). Offshore, the

early phase of Alpine Orogeny (Sub Hercynian) was not as intense as the last phases of

this tectonic orogeny and associated deformation reached no further than the southern

North Sea. In addition, examples of the inversion structures have been observed in

the Central North Sea, but they correspond with the second phase of Alpine Orogeny

deformation (Laramide phase) (Ziegler et al., 1995). However, onshore example of

these effects around the study area is provided by the behaviour of the Great Glen

Fault which was inferred to have been reactivated between 40-25 Ma with 1.6 to 2km

of associated erosion (Jolivet, 2007).

Overall, along the Outer Hebrides, the time of uplift in Late Cretaceous-Early

Palaeogene (c. 80-60 Ma) indicated by the data and models in this study seems to

better fit with proto-Iceland mantle driven processes (including dynamic supported

uplift, isostatic response to thinning of the lithosphere or magmatic underplating)

which started by Early Palaeogene (Figure 5.8). The mantle plume impact seems to

have reached to the west of the Grampian Highland region, especially detected by the

lower elevation samples that were critically at high enough palaeotemperatures to have

recorded the erosionally driven cooling following plume uplift. Towards the east of the
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Grampian, there is no clear trace of Late Cretaceous and Early Palaeogene cooling

pulse either for single samples (CG16-3, CG16-6, and CG16-14) or for the Lochnagar

profile model.

5.6 Spatial distribution of Late Cretaceous-Early Palaeo-

gene denudation.

Following the timing of the onset of cooling, this section concentrates on the amount of

denudation based on maximum temperature at the time when cooling starts across the

region in Late Cretaceous-Early Palaeogene to observe if there is any special pattern

to provide information on the cause of uplift. Note for the samples that have been

collected from vertical profiles, information is extracted from the produced combined

thermal models of the lowest samples to build denudation maps across the region.

Obvious cooling of Early Palaeogene in this study which can be due to thermal relax-

ation linked to the emplacement of hot igneous bodies is noticed only in one sample on

Lewis (Lws-30D). This sample was adjacent to a dyke (presumably was a Palaeogene

dyke) and the age has been reset completely (AFT age is c.68 Ma). In the first chapter

it was discussed in detail that during Early Palaeogene period voluminous magmatism

affected all of the north western British Isles including Scotland, and dykes dated Early

Palaeogene have been recognized on the Outer Hebrides (Emeleus and Bell, 2005)).

For the rest of the samples across the study area from Outer Hebrides towards the

mainland (Grampian Highland region), when only AFT is used in generating the ther-

mal history models, they show almost monotonic cooling during Late Cretaceous and

Early Palaeogene. However, along the Outer Hebrides, cooling stars at around 65 ± 5

Ma, when the combined AFT and AHe thermal models are considered. These rocks,

which are now on the surface, were at temperatures of nearly 40 to 85 oC prior to

the Late Cretaceous-Early Palaeogene cooling pulse. Interestingly, along the Outer

Hebrides islands, the maximum paleotemperature increases from north to the south

(Figure 5.7 B and Figure 5.8 A). Towards the mainland, in the west of the Grampian

Highland region, maximum palaeotemperatures in the lowest samples is similar to the

Outer Hebrides samples’ maximum paleotemperature which varies between 35 and 75
oC at Late Cretaceous-Early Palaeogene when cooling starts, and it decreases clearly

to less than 40 oC towards the east of the Grampian region (Figure 5.8 A).

Based on the maximum paleotemperature, denudation is calculated across the re-
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gion. To translate the cooling during Late Cretaceous-Early Palaeogene to denuda-

tion, knowledge of the geothermal gradient is required. In this study, the present-day

geothermal gradient (26 oC/km) is used, but the obtained amount of denudation maybe

underestimated if geothermal gradients were higher in the Late Cretaceous to Early

Palaeogene (e.g. Green, 2002; Persano et al., 2007). Therefore, in addition to the aver-

age present-day geothermal gradient, the denudation amount during Late-Cretaceous-

Early Palaeogene has been calculated and presented on Figure 5.9 using a geothermal

gradient of 35oC/km which is common for active rift zones and geothermal gradient of

15oC/km which is typical for old cratons (the Outer Hebrides are Archaean).

The calculated denudation amount has been presented in Figure 5.10. It seems that

there is a clear variation in magnitude of denudation along the Outer Hebrides itself

which increases towards the south. Since the southern part is a highly faulted area

and the Outer Hebrides fault zone exposes well in the south compare to the north (Isle

of Lewis), It is likely that the increased denudation has been controlled by additional

localised uplift along faults in the south. These faults may have been reactivated at

around 65 ± 5 Ma and rocks along these faults may have been crushed and becoming

less resistant to erosion relative to the rocks in the north. Moreover, the higher amount

of denudation in the south
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Figure 5.9: Interpolation maps based on denudation estimates during Late Cretaceous-Early Palaeogene when cooling starts in the region. Amount
of denudation across the region was extracted from thermal history models. Estimates were made using a geothermal gradient of A) 15 oC/km,
B) 26 oC/km, and C) 35 oC/km
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Figure 5.10: Denudation amount along the Outer Heberides based on the combined
(AFT+AHe) thermal models. Top panel shows denudation amount along the region
using geothermal gradient of 26 oC/km, the bottom is simplified structural map of the
Outer Hebrides showing the main structural elements. Abbreviations are: SHSZ =
South Harris Shear Zone, NUSZ = North Uist Shear Zone, OHFZ = Outer Hebrides
Fault Zone, PSZ = Pabbay Shear Zone. Structural information are from Stein (1988),
and (Fettes et al., 1992) in (Osinski et al., 2001)

.

is also compatible with lack of any trace of Permo-Triassic rocks in the south but

they have been preserved in the north of the Outer Hebrides. Generally, on the Outer

Hebrides, denudation varies from nearly 1.5 to 3.0 km, and along the Outer Hebrides

the higher amount of denudation is in the south (Figure 5.10). The obtained amount

of denudation along the Outer Hebrides (from c.1.5 to 3 km) is hard to be correlated

to deposited sediments in the surrounding basins at around 65 ± 5 Ma because of

lack of Palaeogene sediments in the immediate surrounding basins in the north west of

Scotland. Similar Cenozoic cooling age and magnitudes of denudation were suggested

from an earlier thermochronology study (Persano et al., 2007) using the vertical profile
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strategy along the highest peak on Lewis (Clisham). Based on their study, during

Early Cenozoic denudation had reached to 2.2 ± 0.7 km using the calculated geother-

mal gradient 19 oC/km for early Palaeogene.

Compared to the sample density along the Outer Hebrides, in the west Grampian High-

land region it is difficult to observe and build the denudation map in Late Cretaceous-

Early Palaeogene because mostly samples in this region were collected from vertical

profiles from the the highest peaks in the region (e.g. Ben Nevis, Ben Starav, Aonach

Mor). In the west of the Grampian Highland region, denudation amount in Late

Cretaceous-Early Palaeogene varies from 1.3 to 2.8 km for the lowest samples (BN-09,

STV-8, and Mor-5) using the present geothermal gradient (26 oC/km). Even though

samples from the same level in elevation along the profiles were selected to calculate

and observed amount of denudation, these samples provide different amount of denuda-

tion. It means no matter what the cause of uplift is at around Late Cretaceous-Early

Palaeogene, other processes such as lithology and or differential uplift has influenced

the denudation process.

For instance, along the Ben Nevis profile from lower to middle of the profile which

reaches elevations of nearly 600 m, they recorded denudation amounts between 1.5 to 2

km but the same elevation samples from the Aonach Mor profile which is only 3km from

Ben Nevis to the east has not detected any change in cooling rate in Late Cretaceous

into Palaeogene, and it cools monotonically with denudation amount around 1.3 km.

It is likely that Ben Nevis mountain was eroded more than the Aonach Mor mountain

and that’s why the samples from the elevation up to 400 to 600 m have recorded the

Late Cretaceous-Early Palaeogene pulse but Aonach Mor has been eroded less, thus

has kept its relief during that period.

Towards the east of the Grampian region which includes the Lochnagar profile and

four individual samples (CG16-3, CG16-4, CG16-6, and CG16-14), the palaeotempre-

ture does not require a strong cooling pulse during Late Cretaceous-Early Palaeogene.

Generally, the single samples of Lochnagar predict slightly different t-T paths in Late

Cretaceous-Early Palaeogene but they are often out of the PAZ by that time (at around

50 to 30 oC). When they are jointly modlled in a profile, they cool monotonically to

near the present surface temperature (Figure 4.17). It seems the individual samples

(CG16-3, CG16-6, and CG16-14) have experienced a similar thermal history as the

samples of Lochnagar profile because they have reached temperatures between <30

to 40 oC in Late Cretaceous-Early Palaeogene. The amount of Late Cretaceous-Early
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Figure 5.11: Maximum Cenozoic denudation for Ben Nevis and Aonach Mor (showed
as thick black vertical lines from bottom to the top of each profile). It was calculated
based on the maximum Cenozoic temperature of predicted models in the combined
(AFT+AHe) thermal history models. a geothermal gradient of 26◦C/ km and surface
temperature of 5◦C. The dot line is the Cenozoic relief reconstructions restored above
modern topography based on maximum denudation amount along each profile

Cenozoic denudation in the east may be is less constrained because here samples have

already reached below 60◦C. However, they are still in the PRZ (the limit of the tem-

perature sensitivities of the AHe system). Generally, in the east of the Grampian

Highland region, only one sample provides denudation more than 1.5 km the rest are

between 1.5 and 0.9 km based on maximum paleotemperature in Late Cretaceous-Early

Palaeogene.

Overall, it appears that based on the amount of denudation across the study area it

is hard to discriminate emphatically between far field compressional stress and mantle

plume contribution because other factors like reactivation faults and lithology have

mainly controlled uplift and denudation in the Late Cretaceous-Early Palaeogene.

However, as it seems that the regional pattern of decreasing denudation from west

to east would be consistent with the general behaviour of a passive margin, possibly

influenced by regional dynamic and/or underplating effects of a related mantle plume

superimposed on this, with the Scottish landscape being part the North East Atlantic

passive margin.
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5.7 Relationship between rifting, plume arrival, and

denudation in Scotland.

The Icelandic mantle plume is today located beneath the island of Iceland to the north-

west of Scotland and has been clearly evidenced by mantle seismic tomographic studies

(Wolfe et al., 1997; Foulger et al., 2001; Jenkins et al., 2018) and a strong, long wave-

length Free Air gravity anomaly centred in the North Atlantic beneath Iceland. Its

position relative to Scotland at around 65 Ma though is not well constrained. For ex-

ample, Lawver and Muller (1994) positioned the proto-Iceland plume beneath western

Greenland at around 65 M, which was about 2000 km from Scotland. Later studies

have (e.g. Torsvik et al., 2015) relocated the head of plume to eastern Greenland. Ac-

cording to these later studies, the head of the Icelandic mantle plume was only 1000

km from Scotland in the Early Cenozoic (at around 65 Ma). More recent studies (e.g.

Barnett-Moore et al., 2017; Steinberger et al., 2019) have also confirms that the pulse

was in the east at around Early Palaeogene (Figure 5.12 A). Steinberger et al. (2019)

also proposed that an east–west corridor of thinned lithosphere across central Green-

land could have been formed as Greenland moved westward over the Icelandic plume

between 90 and 60 Myr ago based on geodynamic modelling and new high resolution

seismic tomographic images. During that time, plume material may have accumulated

in this corridor along east and west of Greenland, and when hotter plume material

comes close to the surface by 62 Ma because of thinning lithosphere as is inferred from

the model results (Figure 5.12 A). This could have led to simultaneous emplacement of

igneous intrusions or underplating at 62 Ma along the western and eastern margins of

Greenland. The thinned lithosphere is also observed between Greenland and Europe

at around 62 Ma (Figure 5.12 A) and they were likely closer to each other before break

up, therefore the material from the plume could have been channelled and resulted in

volcanic activities along the Rockall Trough (Archer et al., 2005) to the British Tertiary

Igneous Province (White and McKenzie, 1989) at 62 Ma, and further south to North-

ern Ireland into the Irish Sea region. Abundant Palaeogene dykes trending NW-SE

were associated with the volcanic activity at around 62 Ma, and they are found in the

NW of Scotland and also extended to Ireland (Figure 1.2).

Voluminous extrusive volcanism is also common across all these areas and formed the

North Atlantic Igneous Province and Britain Palaeogene Igneous Province (BPIP).

High 3He/4He ratios measured in basalts in all these regions from Baffin Island in the
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west of Greenland to Skye Lava Field basalts and all other regions along the BIPP

have been interpreted as indicative of a mantle plume origin or contribution (Graham

et al., 1998; Stuart et al., 2003). These observations indicate that volcanism is not

solely related to rifting processes along the NE Atlantic rift zone (Clift et al., 1998).

The existence of the Iceland mantle plume has been supported by numerous recent

geophysical studies (e.g. Al-Kindi et al., 2003; Arrowsmith et al., 2005; Wawerzinek

et al., 2008; Steinberger et al., 2019).
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Figure 5.12: Simplified plate reconstruction and mantle plume location at around
60 Ma and its effect on north western Britain and Ireland today based on advanced
geophysical modelling data. A) Lithosphere thickness at 60 Ma in the North Atlantic
region, the yellow star shows the plume location (Doubrovine et al., 2012). The White
lines indicate plate boundaries, for the continental lithosphere thickness and Oceanic
regions which are based on Arctic tomography model and seafloor ages, respectively
see Steinberger et al. (2019). B) Simplified plate reconstruction of the region showing
proto-Iceland mantle hot material spread beneath Greenland from west to east and
extends to north west of Britain and Ireland (after Al-Kindi et al., 2003). C) Left: P-
wave velocity model at depth of 100 km, based on the teleseismic study of Arrowsmith
et al. (2005); the white features on the map represent the location of magmatic centres
and of the more important dike swarms, connected with the NAIP. Right: Map of long
wavelength, free-air gravity anomalies. The purple dots are the locations of earthquakes
that took place between 1991 to 2001, after Arrowsmith et al. (2005).
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Al-Kindi et al. (2003) based on forward and inverse modelling of seismic data linked

with gravity observation along the north west of Britain and Ireland outlined magmatic

underplating trapped within the lithosphere in that region (Figure 5.12 B). They also

proposed that the upwelling mantle diffuses sheet-like which comprises hot vertical or

subvertical convective sheets in the upper asthenosphere, and these impinge upon the

base of the lithosphere and could have caused Early Palaeogene uplift along northwest

Britain. A more recent geophysical study (Rickers et al., 2013) based on high resolution

P-wave and S-wave-velocity data for North Atlantic region towards Britain and Ireland

has also confirmed the presence a low velocity layer beneath north west Britain. The

low velocity (seismic velocity anomaly) (Figure 5.12 C) beneath that region has been

linked to contribution of hot mantle beneath the lithosphere around Britain and the

Irish Sea (Al-Kindi et al., 2003; Rickers et al., 2013). This low velocity anomaly is

correlated with positive Free air gravity anomalies across the region (Arrowsmith et al.,

2005) (Figure 5.12 C), as it appears that the higher gravity and lower mantle velocity

anomalies are both located along the western margin of Britain and Scotland.

There is clearly strong evidence in support the Icelandic mantle plume and thus of

hotter, buoyant mantle being located beneath the western margin of present day Britain

and Scotland. It is suggested here that the timing and the large-scale spatial pattern of

key periods of Mesozoic-Recent uplift and erosion documented in this thesis are linked,

at least at a primary level, to the plume impacting the lithosphere. Considering the

timing of these erosional episodes it is proposed that the initial onset of plume driven

uplift occurred earlier than has been previously suggested, i.e. during the Mid-Late

Cretaceous (c.100-80 Ma), and that it reached a peak just prior to the main phase of

volcanism, i.e. at c. 65±5 Myr. The high rates of erosion documented for this period

are therefore likely driven by regional plume driven uplift and augmented by the coeval

advanced rift stage tectonism and final break-up along the proto North Atlantic. The

presence of this buoyant material has been cited as the cause of several periods of

uplift and subsidence, especially over the last 25 Myr along the Iceland-Faroe-Scotland

margin (Jones et al., 2002). However, enhanced uplift and denudation by following the

Early Palaeogene seems to have been minimal across the Scottish landscape, at least

in terms of the resolving power of low-temperature thermochronology.
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5.8 Dynamic and permanent uplift and their effect on

crustal heatflow and geothermal gradients

The interaction of heat from the emplacement of low density (hot) material at the base

of the lithosphere can impact the Earth’s surface in two ways; i) it can cause transient

uplift linked to the dynamic upwards flow of the hot material and the uplift is followed

by subsidence once flow ceases and the heat source disappears, ii) permanent uplift

may be generated if the related magmatism produces intrusion and/or underplating

of the crust or erosion of the lower lithosphere. The second type could also result in

transient subsidence to some extend due to partial melting of the material above the

hot sheets when they are injected into the lithosphere (Maclennan and Lovell, 2002).

Thus it is difficult to resolve between isostatically driven uplift due to mechanisms such

as magmatic underplating (adding low density material) or mechanical erosion of the

lithosphere (removal of higher density material) and transient (dynamically-supported)

uplift, and it is also likely that more than one mechanism is involved when a mantle

plume exists.

It was mentioned earlier that in different places offshore along the North East At-

lantic transient uplift has been recorded in the Early Cenozoic (e.g. North Sea and

Moray Firth, and Faero-Shetland-Rockall region). However, the record from onshore

in Scotland supports a model where the uplift pattern was caused by mechanisms that

produced permanent uplift. This is because there are few, if any, indicators of post

uplift subsidence following the main Palaeogene phase of uplift and erosion.

In addition, along the North Atlantic region, geophysical models predict the presence

of underplated material beneath most of Britain and Scotland (Figure 5.13) (Al-Kindi

et al., 2003; Tiley et al., 2004; Rickers et al., 2013). Based on the magmatic under-

plating contour map produced from receiver-function modelling by Tomlinson et al.

(2006) and seismic data models of earlier study of Al-Kindi et al. (2003), the thick-

ness of underplating decreases from northwest of Scotland towards the east with some

discrepancies in the estimation of the thickness (Figure 5.13). This pattern matches

the pattern of decreasing denudation from west to east documented in this study, even

though denudation has locally been controlled by lithology and previous structures

like fault reactivation. Moreover, Tiley et al. (2004) studied the pattern of magmatic

underplating in detail and related denudation across the British Isles. They estimated

significantly lower amounts of denudation (no more than 1 km along the Outer He-
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brides) compared to the current study which indicates erosion of c. 2-3 km). However,

the pattern of denudation they predicted which shows higher denudation along the

Outer Hebrides decreasing towards the east of the Grampian Highlands is in good

agreement with this study.

Figure 5.13: Map of thickness of magmatic underplating beneath the British Isles
based on the receiver function modelling by Tomlinson et al. (2006) (triangles) and the
wide-angle seismic model of Al-Kindi et al. (2003) (squares)

The estimated geothermal gradient for the shallow crust (upper few kilometres)

which has been calculated in two different ways in this study (see section 4.7, chap-

ter4) is between c.15 and 33 oC/km, and the present geothermal gradient of 26 oC/km

is in this range. Based on that, the shallow thermal gradient appears not to have been

elevated during that period. However, this is not inconsistent with a plume or mag-

matic underplating uplift mechanism because the lithosphere acts to damp the heatflow

anomaly at the base of the lithosphere, or lower crust for magmatic underplating.
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In a study of the competing thermal effects of magmatic intrusion and underplating and

erosion Brown et al. (1994b) showed that magmatic underplating material would need

to be either very thick or be injected at shallow crustal levels to make any significant

perturbation of the crustal thermal condition in the uppermost crust. Other investiga-

tions of the paleogeothermal gradient during the Early Palaeogene in the north west of

Scotland, for instance, Holford et al. (2010) used AFT and VR for two wells along the

north west of Scotland (West of Orkney Basin and Sea of Hebridean Basin). Their data

and models suggests that Palaeocene paleogeothermal gradients were not influenced by

thermal effects associated with igneous activity, apart from areas which are close to

the volcanic centers such as Skye and Mull. However, Persano et al. (2007) calculated

high geothermal gradients up to 39 oC/km in the Early Palaeogene in areas far from

the volcanic centres (west of the Grampian Highland) using forward modelling of AFT

AHe data. This study supports the earlier work of Holford et al. (2010) that suggests

that the geothermal gradient has been rather stable in Early Palaeogene. Nonethe-

less, the influence of locally increased thermal gradients cannot be excluded, especially

since in several samples cooling has started slightly earlier, but it is not thought to be

the primary cause of high palaeotemperatures and the dominant mechanism of cooling

from these is therefore uplift and enhanced denudation driven cooling.

5.9 Concluding Summary

During the Caledonian Orogeny, the crust across Scotland, especially the Grampian

Highland region, was heavily intruded by granitic and basaltic magmas. The normal

consequence of crustal thickening is uplift and erosion, thus soon after emplacement

the intrusions in the Grampian region reached the surface by Early Devonian. Later,

the Variscan Orogeny started in the Late Devonian to Late Carboniferous, and during

this orogeny a series of mountain belts were generated across central Europe, North

America and North Africa. At that time, Britain was in the foreland of this orogenic

event thus only the southern part of Britain and Ireland were affected by this tec-

tonic deformation. Following the termination of the compressive phase of this orogeny

in Late Carboniferous it was replaced by an extensional relaxation phase which re-

sulted in reactivation of previous basins and formation of several new basins around

the western Scotland. The change in the tectonic regime was also accompanied by fault

reactivation which together with basin subsidence affected the Scottish basement struc-
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ture. During that period which represents Late Palaeozoic-Early Mesozoic (c.260-250

Ma), rocks in the Highland experienced a phase of uplift and erosion, and generated

a substantial amount of Late Palaeozoic-Early Mesozoic sediments now preserved in

the basins around Scotland in the east and west. At this time the Outer Hebrides

had emerged and became one of the main sediment sources for the basins around the

region. In Early Jurassic when a regional period of transgression started and Jurassic

sediments covered southern Britain, most of Scotland remained above sea level and

continued feeding the basins and Jurassic clastic sediments are found in most of the

basins in the east and west. The magnitude of Mid to Late Jurassic uplift was lower

than the earlier phase and thus denudation was less, in general basins were quieter and

it led to deposition of clay in the surrounding basins and marine sediments reached to

the west coast, but the mainland escaped and was not submerged.

In Early to Mid Cretaceous the entire Scottish landscape from west to east has ex-

perienced a period of uplift and denudation which is synchronous with continental

break up and seafloor spreading in the central North Atlantic towards the northern

Atlantic region at around 118 Ma. This events resulted in separation of Iberia and

North America and rift propagation to the North Atlantic region. In Late Cretaceous,

sea levels rose, and resulted in chalk deposition in the east and west of the Scottish

mainland. Based on the derived thermal models and lithological evidence, chalk de-

position reached onshore to areas around Mull and Skye in the west part of Scotland,

and sea level samples in the west of Scotland have detected this as a period of burial.

Following the chalk period in Scotland which reached its maximum in Campanian (at

around 80 Ma), accelerated cooling of crustal rocks started at around Maastrichtian

time (c. 65 Ma). The cooling in Late Cretaceous and Early Palaeogene is observed

along the north west of Scotland but did not extend to the Scottish mainland in the

centre and east, and was driven by a peak in the plume driven uplift and magmatic

underplating and likely enhanced by significant drop in base level towards the west

caused by extension, rifting and break-up leading to the formation of the South At-

lantic (Figure 5.15). The data and models form the Outer Hebrides corroborate well

the fact that cooling started at around 70 to 65 Ma when a magmatic channel from

the NW reached the west of Scotland at around 62 Ma, and a sample on the Outer

Hebrides has recorded the date of this event due to its location to one of the dykes

associated with this magmatic event and provided AFT ages around 65 Ma.

The magmatic activity at that time enhanced uplift and denudation largely due to
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Figure 5.14: Late Cretaceous–Early Cenozoic paleogeographic reconstruction of the
North Atlantic region showing the position of Greenland, the United kingdom (U.K.),
and Norway and other adjacent areas (adopted from Larsen et al., 1999; Stoker, 2016).
It also shows oceanic development along the region towards the North Atlantic. The
abbreviations are; AM, Ammassalik Basin; HT, Hatton Basin; SR, South Rockall
Basin; ER, Erris Basin; HE, Hebridean region;FS, Faroe–Shetland Basin; MØ, Møre
Basin; NEG, NE Greenland; NR, North Rockall Basin; VK, Viking Graben.The sketch
also involves the proposed hot magmatic underplating which during that period spread
beneath the region (from Al-Kindi et al., 2003).

magmatic underplating injecting the lower part of the crust. Even though uplift in

Late Cretaceous-Early Palaeogene has been linked mainly to buoyancy and dynamic

flow from hot mantle plume material and related magmatic underplating in the NW

of Scotland, the geothermal gradient from the upper crust seems to be stable (c.15-
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33 oC/km) at the time when cooling has started. This is because the plume thermal

anomaly and heat from underplating was dissipated through the lithosphere and crust

and were not big enough to cause a significant increase in the shallow thermal gradient.

The current data shows that apart from the magmatic activity which started at around

62 Ma and enhanced uplift in the west of Scotland, it is clear that uplift and denuda-

tion has been also been locally controlled by discrete faults along the Outer Hebrides

as the amount of denudation increases towards the south of the region which is a highly

faulted area compared to the north. Moreover, it is possible lithology has partly con-

trolled the denudation in the west of the Grampian region as less resistant basaltic

rocks at the summit of Ben Nevis were eroded more rapidly than the granitic rocks of

Aonach Mor, and thus rocks with younger cooling ages are found at low and middle

elevations on the Ben Nevis profile but are not seen in Aonach Mor profile.

Generally, denudation began at 65 ± 5 Ma along the Outer Hebrides and between 1.5

to 3 km of crust was removed. The timing and amounts are almost the same or slightly

lower in the west of the Grampian region where it varies between 1.3 to 2.8 km but it

decreases around 0.9 to 1.5 km in the east of the Grampian region. It seems that there

is a gradient where denudation decreases from the north west towards the mainland.

It seems that the current Scottish landscape is a consequence of several tectonic pro-

cesses acting together because along the Outer Hebrides region the thickness of the

removed rocks at around Late Cretaceous-Early Palaeogene is higher than the current

elevation which means that uplift and denudation occurred at around that time to

bring up the current rocks to the surface (Figure 5.16). However, towards the main-

land in the west, the landscape has preserved remnants of earlier tectonic processes.

For example, the lower portion of the Ben Nevis lower and Ben Starav profiles seem to

record the Late Cretaceous-Early Palaeogene events, but the summit portion records

the older Mid-Early Cretaceous event. Aonach Mor, a profile just 3 km from Ben

Nevis, is different and the older ages of Aonach Mor indicates that there is a strong

local gradient in depth of denudation across the Ben Nevis massif. At this stage it

is not possible to be emphatic about the exact cause of this but it is likely related

to a combination of the morphology of the early palaeotopography of the Ben Nevis

volcano, lithological differences and possibly also faulting. More detailed sampling will

and analysis will be needed to fully explain these differences.

Towards the central part of the Scottish Highlands in areas around Cairngorm and

276



Lochnagar the Late Cretaceous-Early Palaeogene pulse related to Icelandic mantle

plume processes is not strongly recorded. The main Mesozoic event recorded here is in

the Early-Mid Cretaceous and can be observed in the lower elevation samples in the

east. This pulse has also been observed in the summit samples from the west (Ben

Starav and Aonach Mor) but disappears along the Outer Heberides where the Late

Cretaceous-Palaeogene event has removed any record of the earlier episodes.

Moreover, in the east, the AHe ages obtained from the top of Lochnagar show that

it has kept the first order topography following cooling in the Carboniferous as they

haven’t faced any significant period of cooling and heating since they reached to the

surface at that time. There is some evidence for minor phases of Neogene denudation

from the region, but evidence for this is not as reliable as other earlier periods because

the rocks often have left the sensitive zone of PAZ and sometimes PRZ too. This in-

dicates that the extent of any denudation during the Neogene must be limited to less

than 1-2km maximum, and also be locally focused, possibly related to much younger

linear glacial erosion (e.g. the evidence for c. 5Ma cooling at Ben Nevis).

Figure 5.15: Schematic diagram of Scottish landscape showing landscape cooling time
and denudation amount relative to the current landscape. The colored panels involve
areas which based on the current low temperature thermochronology data have prob-
ably experienced the same cooling phase. The main cooling phases are; the red panel
represents cooling time at around 60-65 Ma linked to Iceland mantle process mainly
under plating process. The later cooling pulse of 120-100 Ma is linked to thermal rift
flank uplift associated with extension along the incipient NE Atlantic margin. The
cooling pulse at around 260 Ma is linked to fault reactivation and basin extension
around Scotland. The oldest cooling phase has been occurred fallowing the Caledo-
nian Orogeney when the crust was intruded heavily by granitic intrusion and caused
isostatic uplift and denudation. The dash lines which show the maximum denudation
for each cooling pulse have the same color to the cooling pulse panel. The error bars
are the same for simplicity of the sketch. The error bars have been added only to show
that denudation is varied (e.i. has maximum and minimum). The lower half of the
Aonach Mor profile does not show sign of cooling at around 65 Ma, thus a question
mark has been added next to it.
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Chapter 6

Conclusions and further work

6.1 Conclusions

The main purposes of this thesis are to investigate the post-Caledonian thermal his-

tory of rocks exposed at the surface across the Scottish landscape to specifically identify

and quantify periods of uplift and burial. As well as that, this study focuses especially

on the Late Cretaceous-Early Palaeogene cooling pulse to observe its spatial extent

and impact on the Scottish landscape, and to identify the cause of the event. For

this purpose, fifty-one samples were collected along a northwest to southeast transect

starting from the Outer Hebrides and extending towards the western Grampian High-

land margin passing through the highest peaks in Scotland (e.g. Ben Nevis, Aonach

Mor) and into the central and eastern part of the Grampian Highland region in areas

around Cairngorm, Aviemore and Lochnagar. The sampling startegy employed was to

target series of samples from vertical profiles where these were feasible, such as from

Beinn Mhor on South Uist in the Outer Hebrides, and four profiles from the Grampian

Highland region; Ben Nevis, Aonach Mor, Ben Starav, and Lochnagar. These vertical

profiles were augmented by individual outcrop samples distributed between the profile

locations.

thermochronometry techniques were employed. AFT was performed on all the samples

and AHe data were obtained from half of them (26 samples). The measured AFT

and AHe data were modelled using the QTQt software (version 5.7.2, Gallager, 2012)

to reconstruct the thermal history for the Scottish landscape. The advantage of con-

straining thermal history models using combined AFT and AHe data compared to

only AFT data was examined and discussed in detail in chapter four, and the con-

straints on the the cooling pulses in chapter five, especially in constraining the Late
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Cretaceous-Early Palaeogene cooling pulse. The main cooling pulses that the Scottish

Landscape has experienced following the Caledonian orogeny based on the new LTT

data are summarised below;

6.1.1 Mid Palaeozoic (Mid to Late Devonian) pulse

This is the oldest pulse across the study area. It has been only predicted by the eastern

samples from the Grampian Highland region. For instance, CG16-4, and particularly

the Lochnagar profile samples when they are jointly modelled. Following that, based

on the Lochnagar profile the main Scottish highland has been cooled monotonically

during the Carboniferous until Late Palaeozoic to Early Mesozoic when the Scottish

landscape experienced substantial renewed uplift.

6.1.2 Late Palaeozoic-Early Mesozoic pulse

This pulse seems to be a regional pulse because based on the new data the entire Scot-

tish landscape has experienced a substantial uplift and denudation at tis time, as it has

been detected by all individual samples and vertical profiles. This pulse is attributed

to a change in tectonic motion following the Variscan Orogeny which resulted in the

formation of Pangaea in the Late Carboniferous. In Permian to Triassic times Pangaea

started to break-up, when the dominantly compressional regime associated with this

event changed to a tensional tectonic regime and which led to lithospheric thinning and

rifting. It was also accompanied by fault reactivation and basin development around

Scotland, especially in the north west and resulted in widespread deposition of kilome-

tre scale thicknesses of Permo-Triassic sediments in these basins around Scotland.

In the Jurassic cooling of the crust continued in Scotland, the Outer Hebrides and the

Scottish mainland was the source of sediments for basins around Scotland, even though

in Early Jurassic times marine transgression had already started in Britain and most

of southern Britain was submerged. In early Jurassic cooling continued but rates of

uplift and erosion reduced towards the middle and late Jurassic. Thus possibly marine

transgression led to deposition of marine sediments along the western margin of the

Scottish mainland but simultaneously nonmarine has been deposited within the border

regions with England. This interbedded relationship between marine and non-marine

deposits indicates that the western margin may have had low relief during the Juras-

sic, and this may have resulted in marine deposition in some locations in the west, but

279



the Scottish Highland has stayed positive and erosion continued slowly until the entire

region experienced a new orogenic cooling pulse in the Cretaceous.

6.1.3 Early to Mid Cretaceous pulse

The Scottish Landscape seems to have experienced a new cooling pulse extending pos-

sibly from west to east, with diminishing intensity/magnitude towards the southeast.

Even though this pulse has not been predicted by the majority of the samples, it has

been suggested by the upper most samples from Ben Starav and Aonach Mor in the

west of the Grampian region, and the lower most samples from Lochnagar in the east.

This pulse is synchronous with onset of continental break-up and sea floor spreading

between Iberia and Newfoundland in the Central North Atlantic and rift propagation

and continuous extension along the NE Atlantic. This pulse is also compatable with

recently published AFT data (Holford et al., 2009, 2010) which was interpreted as re-

flecting erosional cooling driven by rift flank uplift caused by lateral heating associated

with extension along the incipient NE Atlantic region.

Following this cooling pulse, the west coast of the Scottish landscape was probably

briefly reheated in Late Cretaceous (Campanian) due to raising sea level and deposi-

tion of chalk. This pulse of reheating has not been predicted by the eastern samples

or the high elevation samples of the mountains in the west (e.g. Ben Nevis, Aonach

Mor, and Ben Starav). This is interpreted here to indicate that chalk deposition did

not cover the entire relief in the west, and the central parts towards the east of the

Highlands could have also escaped significant burial from chalk deposition.

In general, the Scottish Highlands and the Outer Hebrides have stayed positive from

Late Palaeozoic to the end of the Mesozoic. In Late Cretaceous (Campanian), the west

part of the Scottish mainland probably has been briefly and partially buried due to

marine transgression and deposition of chalk before the significant uplift starts in Late

Cretaceous-Early Paleogene.

6.1.4 Late Cretaceous-Early Palaeogene pulse

Following the brief pulse of reheating which reached its maximum in the Campanian

(84-72 Ma), at around 70 Ma (early Maastrichtian) a significant cooling and uplift is

suggested by most of the derived thermal models in the north west of Scotland. This

is coeval with the earliest pulse of widespread magmatic activity at around 62 Ma,
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channelled from the east of Greenland to the Rockall plateau, reaching north west of

Scotland and northern Britain. The magmatic activity during that period has been

linked to the initial pulses of the Iceland plume when it was located in the eastern

part of Greenland. Even though the Late Cretaceous-Early Palaeogene cooling pulse

in the north west of Scotland is compatible with the time of the second phase of Alpine

Orogeny, the so called ‘Laramide’ episode, deformation evidence associated with this

tectonic orogeny has been observed only in the southern North Sea which is located

in the eastern part of the study area. In this study this cooling pulse has only been

detected in the northwestern part of Scotland. Therefore, it seems that this pulse is

not linked to propagation of far field stress from the Alpine Orogeny in the southeast,

but it is rather linked to the arrival of mantle plume material below the lower crust,

channelled along the NAIP and reaching northwestern of Scotland at around 62 Ma.

Extensive hot mantle material currently focused beneath the Icelandic plume has been

predicted by several tomographic geophysical models, and seismically fast lower crustal

material combined with evaluation of regional gravity anomalies indicates magmatic

underplating may be extensive across parts of northwestern Scotland. The hypothesis

of linking the uplift which enhanced denudation documented across western Scotland

in the Late Cretaceous-Early Palaeogene to proto-Icelandic mantle plume processes,

including associated magmatic underplating and transient uplift, is reasonable. More-

over, geochemical studies based on (3He/4He) ratios support the proposal that currently

exposed volcanic rocks in northwestern Scotland originated from mantle plume mate-

rial or at least have a mantle plume contribution. It also corroborates the proposal that

onset of magmatic activity in the Early Palaeogene was not only related to extension

and opening of the North Atlantic which nearly occurred 8 to 10 Ma later, but rather

that the extension and break-up was triggered, or augmented at least, by plume related

uplift.

An indicator the mantle plume’s contribution to building topography, especially the

Icelandic mantle plume’s impact on the Scottish landscape, could be a change in the

temperature regime in the crust due to the associated heat from the rising plume mate-

rial to that region. To check for that, there is offshore evidence on elevated geothermal

gradients in the Early Palaeogene, only in the vicinity of igneous centres in the west-

ern mainland based on AFT and VR data from a well in the Sea of Hebrides basin,

approximately 50 km south west of Skye (Holford et al., 2010). And onshore, in the

west of the Grampian region, Persano et al. (2007) used forward modelling for AHe
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data and proposed a moderately elevated thermal gradient up to 39±9 oC/km in early

Palaeogene linked to magmatic underplating associated with the proto-Icelandic plume

and 19±6 oC/km on the Isle of Lewis (near Clisham). However, as most of the sam-

ples in this study have been collected from vertical profiles it has been possible to

obtain quantitative estimates of the palaeogeothermal gradient in Palaeogene before

the region starts cooling. The sample sequence along the only profile on the Outer

Hebrides (Bein Mhor) seems to have been structurally disrupted, because there is a

negative correlation between age (AFT and AHe) and elevation of the samples. This

could be due to its location close to the OHFZ, thus this profile cannot be used to gain

any useful information on temperature gradients in Early Palaeogene. However, in the

Grampian Highland region, the vertical profiles, especially the profiles located in the

western region indicate a stable and similar geothermal gradient to the present geother-

mal gradient (c. 26 oC/km) in Late Cretaceous and Early Palaeogene with estimates

varying between c.15 and 33 oC/km. This indicates that the associated heat from the

plume material and any near surface magmatic activity and possibly magmatic under-

plating did not have a significant influence on shallow crustal temperatures.

Even though the uplift associated with the proto-Icelandic mantle plume enhanced

denudation in Late Cretaceous-Early Palaeogene, this study also shows that there are

other factors such as fault reactivation and lithology that have locally controlled de-

nudation processes in places across the Scottish landscape. For instance, denudation

along the Outer Hebrides has an interesting pattern which increases in magnitude to-

wards the south (Uist and Barra) which is highly faulted compared with the north

(Isle of Lewis). Moreover, in the west of the Grampian Highland region, Ben Nevis

and Aonach Mor profiles are from the same complex and separated onlu by 3km but

they have experienced different thermal histories, especially towards the end of the

Mesozoic and Early Cenozoic presumably because lithology has partly controlled ero-

sion and denudation processes along these two vertical profiles. The amount of erosion

was higher from Ben Nevis possibly because it consists of less resistant rocks than

Aonach Mor, therefor, rocks along Ben Nevis could have been eroded faster and in

response rock uplift has been higher and rocks have moved more rapidly through the

PRZ before reaching the surface.

In general, based on the new LTT data the current Scottish landscape has experi-

enced several pulses of cooling following the Caladonian Orogeny; Mid to Late Devo-
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nian, Late Palaeozoic-Early Mesozoic, Early to Mid Cretaceous, and Late Cretaceous-

Early Palaeogene pulse. In addition, there is a less reliable pulse in Neogene at around

20 Ma. The Late Paleozoic-Early Mesozoic pulse seems to be a regional pulse because

it has been detected by most of the samples across the study area. This study shows

that following the Late Palaeozoic-Early Mesozoic pulse, the Scottish landscape has

been cooled monotonically and stayed positive until Early Cretaceous (at around 120

Ma). Even though some samples in the Central Highland show a pulse of reheating

between 200 and 120 Ma, for instance Lochnagar profile, most of the samples and the

geological setting corroborate (support) monotonic cooling in the Central Highland be-

cause of the lack of Triassic and Jurassic sediments in the Central Highland and across

the Outer Hebrides. This out come from the current data also proves that the Scot-

tish Highland has been always a positive land (above sea level) and has been a source

for basins around Scotland from Late Mesozoic to Early Cretaceous. Moreover, this

study based on the time of cooling and pattern of denudation from north west towards

the Scottish mainland shows that the Late Cretaceous-Early Palaeogene cooling uplift

and denudation seems to be a better fit with proto-Iceland mantle plume processes,

mainly magmatic underplating. The effect of this significant cooling pulse in Late

Cretaceous-Early Palaeogene decreases towards the Scottish mainland and disappears

in the Central mainland around Cairngorms and Lochnagar areas.

To sum up, long term study reveals that the cooling time is varied across the Scottish

Highland. It seems that the first order topography of the Outer Hebrides was shaped in

the Early Palaeogene due to it being affected intensively by the proto-Icelandic mantle

processes which resulted in significant uplift and denudation across this region. It (the

plume impact) extends to the west of the Grampian Highland region and enhanced

uplift and denudation, especially in the lower half of mountains (e.g. Ben Nevis and

Ben Starav). Thus, the lower valleys in the west are probably of Early Palaeogene age,

even though Aonach Mor does not show the Palaeogene pulse. In this study it also

appears that there is a strong local gradient in depth of denudation across the Ben

Nevis Complex. It is because Aonach Mor profile samples which are only 3 km from

Ben Nevis samples show much older AHe ages and thus do not show any pulse in Late

Cretaceous-Early Palaeogene pulse. Therefore, apart from the mantle plume processes,

other factors like morphology of Ben Nevis volcano and lithological differences in erod-

ability have influenced uplift and denudation during that period.
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In the west of the Grampian Highland region the higher elevations of these vertical

profiles primarily record the Early to Mid Cretaceous event based on the derived ther-

mal models. These upper sections in the west can be correlated with lower elevation

sections of Lochnagar in age, as both have recorded the Early-Mid Cretaceous cooling

pulse (120-100 Ma). Both regions (i.e. east and west of the Grampian Highland region)

probably have been at the same level in elevation and affected by the same tectonic

mechanism in the Early to Mid Cretaceous before the western part was affected by the

proto-Icelandic mantle plume in the Late Cretaceous-Early Palaeogene. Based on the

derived thermal history models, the upper half of Lochnagar seems to have kept the

remnants of the first order topography of Mid to Late Palaeozoic (following the Cal-

adonian Orogeny), as they do not record any major cooling or indicate major tectonic

mechanisms since they passed through the PAZ and their AHe and AFT ages are very

similar.

6.2 Suggestions for further work

The importance of AHe data, especially when it is combined with AFT data is ap-

parent in this study. When AFT and AHe data are combined as joint constraints on

thermal history models, the younger sections of the derived thermal history models,

where rocks are close to the surface, are better resolved using the combined data. In

Scotland, a considerable amount of LTT data exists, but till now most of them are only

AFT data and largely focused on the north west of Scotland. Prior to this study there

were significantly fewer AHe data available across all of Scotland. Even though this

study has combined data (AFT and AHe) along a transect from west to east starting

from the Outer Hebrides towards the Central Highland, more AHe data are necessary

to be combined with AFT data in Northern Scottish Highland and Inner Hebridean

region to better constrain the thermal history structure of the exposed rocks across the

Scottish Highland.

This study also reaffirms that sampling strategy is important in LTT investigations.

When samples are collected individually, they provide information on just one part

of the entire thermal history and may result in different interpretations depending on

the elevation at which the rock sample has come from. For instance, the lower half of

of Ben Starav and upper half of Ben Starav have provided different thermal histories
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for individual samples, especially when AHe is combined with AFT data, even though

they are from the same profile. Therefore, it is important to collect samples vertically

spaced where ever possible, particularly when a regional investigation is carried out.

Before this study, there was only one onshore combined AFT and AHe data set using

vertical the profile strategy which was performed by Persano et al. (2007) at two sites

in the north west of Scotland; one on Lewis (Clisham profile) in the Outer Hebrides

and one in the west of the Grampian Highland region (Ballachulish profile). However,

they applied forward modelling for AHe ages for both profiles and didn’t incorporate

the effect of the most modern radiation damage algorithms of Flowers et al. (2009)

and Gautheron et al. (2009) for AHe data. At about the same time Jovilet (2007) ap-

plied only the AFT technique and vertical profile strategy along two mountains close

to the Great Glen fault to investigate the possibility of reactivation of the fault. Later,

Holford et al. (2010) used AFT and VR from two wells in the Outer Hebridean Basin

and West of Orkney to separate heating from burial and the thermal effect associated

with Palaeogene magmatic activity in the region. A more recent study (Fame et al.,

2018) analysed samples along several profiles (4) in the west of Scotland extending

towards the mainland but performed only AHe analysis. Generating thermal history

models only based on AHe data has always been considered less capable than combined

thermal models of AFT and AHe. It seems that the current study is the only study

that has used AFT combined with AHe along 4 profiles using the inverse modelling

approach.

Moreover, more AFT and AHe data are necessary between the central part of the

Grampian Highlands which do not show any sign of Late Cretaceous-Early Palaeogene

cooling and west of the Grampian Highland which has been affected by proto-Iceland

mantle plume processes, especially the lower elevation samples in the western profiles

to identify the transition zone between east and west. In this case sample elevation is

crucial as it appears in this study that most of the low elevation samples have suggested

this cooling pulse. This would enable the extension of this cooling phase precisely to-

wards the east of the mainland. This should be also applied to the northern Highlands

and southern Highlands to identify the extension of Late Cretaceous-Early Palaeogene

pulse towards the east of the Scottish landscape.

More efforts should be put into focusing on field-based studies to improve our knowl-

edge of syn-and-post Caledonian history in both areas (the Outer Hebrides and the

Grampian Highlands). It may be especially important to better understand the dis-
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tinct pattern of denudation which increases towards the south of Outer Hebrides in

Late Cretaceous to Early Palaeogene. As well as that, in the west of the Grampian

Highland part it would be helpful to investigate the cause of gradient in denudation in

the short distance (3 km) between Ben Ben Nevis and Aonach Mor.

6.3 Method aspects

In this thesis AFT data were obtained for 51 samples and AHe for 26 of them. When

AHe data is added, often the radiation damage algorithms of Farley (1996), Flowers

et al. (2009) and Gautheron et al. (2009) are incorporated in when constraining the

thermal history models. Even though the model outputs are structurally similar, there

are some differences in t-T path pattern (expected and maximum likelihood models),

rate of cooling and timing of cooling between these model types. In this project timing

of cooling has been a key criterion used to identify the cause of uplift and denudation,

especially at around Palaeogene time. Even though when thermal models were built

using the same parameters for both model types (i.e. Flowers and Gautheron), there

are sometimes still some differences in timing of cooling by upto c. 20 Ma in this study.

Often the cooling pulse in F-rad-dam models starts earlier by nearly 20 Ma before the

pulse starts in the G-rad-dam model. However, this is not systematic because in some

samples both model types provide cooling at almost the same time. Therefore, more

study may be necessary to understand the cause of the difference between these two

model types to be able to provide consistent thermal histories. Currently the different

model options might result in different regional interpretations based on which of the

radiation damage model is incorporated.

Moreover, in this study broken grains were formally treated as broken grains for mod-

elling purposes, and not as whole grains, which would be incorrect. Based on the

derived thermal history models, the Flowers radiation damage algorithm seems to be

more sensitive to broken grains than the Gautheron radiation damage algorithm be-

cause many F-rad-dam models yielded geologically unreasonable results running QTQt

(e.g. Figure 4.3, and 4.9), especially when the number analysed fragments (0T, and

1T) in a sample is larger then the number of whole grains (2T). It was shown earlier

in chapter two that both radiation damage algorithms deal with damage accumulation

and 4He retention based on eU content in each grain, and also it was highlighted that

the Flowers et al. (2009) RDAAM algorithm tends to be more sensitive to eU content,
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especially for grains with lower eU (in the range c. 0-20 ppm) , and this reflects the

cubic form of the algorithm with respect to eU and damage. This study has revealed

that the algorithm yields unrealistic thermal histories and that these the t-T paths

is likely not only related to eU content and the sensitivity of the model but but it

could also be linked to the number of broken grains in each sample too. The added

dispersion arising because of the broken crystals, coupled with eU effects, means the

current model is simply not capable of explaining the range of measured ages. This

could be another aspect to to look at to improve the impact of broken grains which

result in high dispersion in AHe ages, and why the Flowers RDAAM algorithm finds

it difficult to deal with this kind of history and subsequently breaks.
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Appendix A

Analytical procedures

A.1 Apatite fission track (AFT) methodology

A.1.1 Mineral separation

Rock samples collected in the field, underwent a multi-stage process (Figure A.1) of

crushing and mineral separation at the University of Glasgow to extract and isolate

apatite grains. Generally, each rock sample is about 4 to 5 kg, half of it is kept, and

the half which is to be processed is split to hand-size chunks using a sledge hammer.

The hand-size rock pieces are put into a Jaw crusher multiple times, with a progres-

sively smaller gap between the jaws, to break them to smaller sizes (Figure A.1a). After

each round the collected material from the crusher is sieved to separate the material

that is > 500 µm from material < 500 µm. The > 500 µm are put in the crusher again

to disaggregate to smaller sizes. After passing the material through the jaw crusher

two to three times any material still greater than 500 µm was put through a disk mill

(Figure A.1b) which crushes the material to < 500 µm.

All material < 500 µm is passed over a gemini shaking table (Figure A.1c), which

separates denser minerals from lighter minerals The separated fractions are then dried

in a low-temperature oven. The fractions containing light minerals and fine-grained

dust and clay particles are not processed further. The heavier fractions, which will

contain dense minerals such as apatite and zircon, are taken for magnetic and heavy

liquid mineral separation.

The crushed material is first passed through a Vertical Frantz magnet (Figure A.1d) to

separate the most strongly magnetic material (e.g. hornblende, pyroxene, and biotite)

from less strongly magnetic materials. Because apatite is non- magnetic , it is not at-
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Figure A.1: Flow chart showing generalised sequence of steps and conditions for the
separation of minerals suitable for FT analysis (after Kohn et al., 2019). See text for
further details. The abriviations are; Bt = Biotite, Feld = Feldspar, Hbl = Hornblende,
Epi= Epidote, Mag = Magnetite, Pyx = Pyroxene, Qtz = Quartz.

tracted to the vertical magnet and can be collected easily, while the stronger magnetic

materials are stick to the magnets. To extract most of the magnetic materials from

the sample, the processes is repeated at least two to three times. Then non-magnetic

fraction is then used for heavy liquid separation (Figure A.1e).

The sample is added to a separation funnel containing Lithium Heteropolytungstate
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solution (LST), which is a non-toxic heavy liquid with density of 2.80 to 2.85 g/cm3.

The liquid can be used to separate apatite ( 3.2 g/cm3) and other minerals that have

a density higher than that of the LST because these minerals will sink. Minerals with

a density less than LST will float. The sunken material is carefully extracted from the

separation funnel, washed carefully in a filter paper using de-ionized water and then

dried before horizontal magnetic separation.

The horizontal Frantz magnetic separator (Figure A.1f) enables minerals that are

weakly magnetic to be extracted by changing both the current of the magnet and

the angle of tilt of the magnet. A slope of 20 oC was used and kept constant during

the separation. The current of the magnet was initially set to 0.5 A and the material

is passed through. The non-magnetic fraction is then passed through the magnet three

to four times with the current being increased each time up to 1.5 A. This step should

have concentrated apatite sufficiently into the final ‘non-magnetic’ fraction such that

they can be seen clearly under optical microscopes. However in this study because

samples were commonly rich in zircon they were passed through a second heavy liquid

called diiodomethane (DIM) with a density of 3.3 g/cm3 (Figure A.1g). In DIM, ap-

atite grains float but zircon ( 4.6-4.7 g/cm3) will sink due to their difference in density

compare to the heavy liquid. The sink and float fractions are removed from the sep-

aration funnel, washed thoroughly using acetone, and allowed to dry. If apatite was

present in the rock, it should now be concentrated and easily identified in the DIM

float fraction and they are ready to be mounted or picked for analysis.

A.1.2 Mounting

To prepare samples for the EDM method, the separated apatite grains are sprinkled

over a 16mm x 16mm glass slide then epoxy resin is poured over them and allowed to

cure. (Figure A.2a). For LA-ICP-MS grain mounts are created by pouring the apatite

mineral separate into a 2.5 cm-diameter plastic ring evenly and then adding epoxy resin

(Figure A.2b). The ring is covered carefully by typhon and a free size piece of glass to

provide a flat and smooth to the mount, as well as to eliminate contamination. This

size of mount can be accommodated by the microscope stage and laser cell. The resin

was left for two days tocure. Note, in both methods (EDM and ICP-MS) the poured

grains (apatite grains) represent the whole sample because they were not picked earlier

for mounting.
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A.1.3 Grinding and polishing

Generally this step is the same in both methods (EDM and ICP-MS). After two days

the mount cures and becomes solid and then the grinding process can be started (Figure

A1.2c). Before starting the process, the plastic ring around the grain mounts for ICP-

MS should be cut off carefully using pliers. The grain mounts were ground with silicon

carbide (SiC) MicroCutTM Buehler sandpaper starting with a coarse grit size P-1200

until the internal surface of the grains are exposed. At the early stage this size of the

grinding paper produces sever scratching on the exposed grain surfaces. To remove

scratches, finer grinding papers, P-2500, and then P-4000 are used. To remove the

final micro scratches remaining on the mounts and to create a smooth polished finish,

aluminium oxide micro-polish solutions (1 and 0.3 µm) are used.

A.1.4 Etching

To be able to observe the spontaneous tracks under an optical microscope the grain

mounts were etched. In this process the mounts were submerged for 20 seconds in a

chemical etchant (5.5 molar HNO3) at constant temperature about 20 oC. After etching

the samples were directly submerged into a beaker of water to stop the etching process.

Samples are checked under the fission-track microscope to verify the samples haven’t

been under- or over-etched.

A.1.5 Determining 238U concentration using External Detector

Method (EDM)

A.1.5.1 Irradiation

Once samples etched, a similar sized mica sheet (external detector sheet) characterized

by low U was attached to the polished slide surface of each mount and secured in place

with plastic film. All samples were packed together in a irradiation tube in a specific

order (Figure A.2 bottom left): standard glasses (IRMM-540 with 13.9 ppm U) were

placed at the top, middle, and bottom of the package, a durango age standard was

placed beneath each IRMM in the sample stack, followed by ‘unknown’ samples. The

tube was sent to the Oregon state university research centre-U.S.A where the whole

block of the samples exposed to low energy neutron flux to induce fission of 235U.

Induced fission tracks are formed in the apatite and are picked up by the external
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detector sheets. After irradiation, the sample stack is unpacked. Prior to unwrapping

each individual grain mount-mica packages a pin is used to pierce a hole in the grain

mount and mica. These pinholes are used to help reference counted grains and their

induced tracks in the grain mount and mica, respectively. and the external detectors

are etched in concentrated HF for two minutes to reveal the induced tracks. The grain

Figure A.2: Methods for preparing and collecting data from mineral separates for FT
analysis using the External Detector Method (EDM) and LA-ICP-MS protocols (after
Kohn et al., 2019)

mount and its accompanying detector sheet were mounted onto a single standard slide

such that the detector mica sheets represent a mirror image of the grain mount (Figure

A.2 bottom left).

As explained in chapter 2 section 2.3.4, induced tracks are counted on the etched

mica sheet, while the spontaneous tracks are counted on the polished internal apatite

surface. The number of tracks is normalized, via the areal track density, i.e. dividing

the number of counted tracks is divided to the area which has been used to count the

tracks. The ratio between the track density on the mica sheet (ρi) and the dosimeter
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(ρd) together with known U concentration in the dosimeter can be used to estimate the

concentration of 235U in the apatite. Since the 238U/235U ratio is constant in nature an

equal to 137.88, the concentration of 238U can also be estimated (Fleischer et al., 1975;

Donelick et al., 2005). See chapter two section 2.3.1 for all equations.

A.1.6 Determining 238U concentration using Laser Ablation In-

ductively Couple Plasma Mass Spectrometer (LA-ICP-

MS)

. Irradiation is eliminated in this method as 238U concentration is directly determined

from LA-ICP-MS rather than using 235U as a proxy (known as indirect method) (Figure

A1.2 bottom right). Since the irradiation was not required, the tracks were counted

after etching step.

A.1.6.1 Counting

In this method counting can be done before analysing processes start (see figure A.2

left). However, before starting to count spontaneous fission tracks, each mount had to

be temporarily matched to a standard microscope glass slide with double sided tape,

then, three Cu SEM grid, each with a small A in the centre, were glued to the polished

surface of each mount for referencing and navigating between grains. The SEM grid

reference points are also used to relocate and navigate to the measured grains during

analysis in LA-ICP-MS. Once the reference points are defined using FT Stage 4.04,

the samples (mounts) can be coordinated. The selection criteria for selecting grains for

counting and selecting the countable area was: i) the selected grains are only grains

parallel to c-axis: ii) the countable area on the grain was free of inclusions, zoning,

cracks and fractures; iii) the countable area was bigger (up to two times bigger) than

the laser spot size, which was 20 µm in case more analysis are needed, especially in

occasions were zonation is present it is suggested to do two (or more) ablation spots.

Spontaneous tracks are generally counted on 20 to 25 grains per sample in order to

obtain a ‘pooled’ or ‘central’ fission track age for the sample (see chapter two for more

detail about these ages). Due to poor quality of apatite grains less than 20 grains were

frequently counted, particularly for the samples collected across the Outer Hebrides

(see table 3.2 and 3.4).

For each counted grain the size of the etch pits made where the track intersects the
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polished surface were measured. The etch pit size, known as Dpar, are measured as a

proxy for the compositionally controlled annealing differences in apatite. Three to five

Dpars were measured per grain. In this study only horizontal and confined track lengths

have been measure. After referencing the counted grains and measuring the confined

track lengths and Dpar, the data is exported as a csv file. Referencing information

is also exported so that the grains can be relocated under the microscope and in the

LA-ICP-MS.

A.1.6.2 sample analysis process

To determine the U content of the counted apatite grains LA-ICP-MS was used. The

analysis was carried out at the University of Glasgow. Information about the laser

and mass spectrometer together with the protocol that has been established at the

University of Glasgow LA-ICP-MS lab for this study has been summarised in table

A.1.

Set up of each session using LA-ICP-MS starts with loading the coordination of the

measured interested area on each sample and loading the samples themselves. Before

loading the samples into the sample holder in the laser, the sample holder is scanned

using Epson flatbed scanner. The image file and the coordination of the samples

are imported into Geostar software which is the software controls operating the laser.

Then the sample holder is calibrated against the acquired image from the scanner using

the same software which in this way allows navigation to the exact area that has been

counted on each apatite grain using the imported coordinates. Once the measured area

on each grain is defined, the acquisition parameters are set and these parameters have

been shown in table A.1. Before the run starts the sampling sequence for each session is

set, for most of the sessions the sampling sequence was 10 NIST612, 5-10 Durango, and

then 10 unknown grains, after the unknown grains one NIST612 and one Durango. This

sequence is repeated along the session. The entire run sequence ends with two NIST

and two Durango. In order to optimise the 238U and 43Ca signal intensities, instrument

tuning is performed on NIST612 before analysing samples started. NIST16 was used

to calibrate the instrument. NIST612 is a homogeneous standard glass contains several

trace elements at concertation of about 38 ppm is used to monitor change in 238U/43Ca

ratio during each session. I used single spot ablation per counted area for all samples.

When the analysis is finished at the end of the given time, the raw data is collected

and is processed using Iolite.

295



Table A.1: LA-ICP-MS protocol established at the Glasgow University Lab for apatite
fission track analysis

ICP-MS operating conditions

Instrument Thermo Scientific iCAPRQ
Carrier gas Argon (Ar), and Heluim (He)

Auxiliary gas flow Nitrogen pure
Plasma gas flow rate 14 L/min

Nebulizer rate (aerosol) 0.8-1 l/min

Data acquisition parameters

Background scanning 15 s
Ablation Time 20 s
Wash-out Time 15 s
Isotops measured 43Ca, 35Cl, 232Th, 235U, and 238U

Sequence of each run see the context

Laser ablation system

Ablation cell RESOlution by Australian Scientific Instrument
Repetition rate 5 HZ

Laser control mode Fluence
On-sample Fluence 4.5 J.cm-2

Spot size 20 µm

A.1.6.3 Data Reduction (DRS)

Once all the samples were analysed, the raw data is collected from the LA-ICP-MS. The

data includes the laser log file, which contains the ablation time sequence created by

laser ablation system, and the signal intensity file, which contains the raw isotope data

along the session time produced by the mass spectrometry. To process the collected

data, Iolite version 3.4 was used. Iolite is a free software program created by Paton

et al. (2011), this software mainly deals with time-series analysis but its application

has been expanded and now is widely used in data processing, data visualization and

curve fitting. It is considered one of the best software packages to deconvolute the data

acquired from LA-ICP-MS because this technique typically produces large volumes of

data for each session.

To reduce and process the data, the data files exported from the LA-ICP-MS were

imported into Iolite. After the reference materials (e.g. NIST and Durango) and the

unknown samples were defined, the parameters for the data reduction scheme (DRS)

setting were specified (figure A.3).

For apatite fission track dating, 43Ca is used as the index channel to normalize the 238U

concentration because it has been assumed its amount is fixed along apatite crystals.

When the data is crunched and exported, a 238U/43Ca ratio is obtained for each sample,

which replaces the induced track term in the standard AFT age equation (equation

2.9 in chapter 2) to calculate the unknown sample ages. To calculate ages, an LA-

ICP-MS Zeta factor is required, and it has been mentioned in chapter two section
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2.3.2 that in this study for each session an independent zeta has been calculated using

equation 2.8 in chapter two. Even though it took so much time but to avoid change in

plasma tuning condition between each session which was observed as the zeta values

are slightly varied between each session. To calculate Zeta in each session nearly 20

to 30 Durango standards have been analyzed. See Appendix B for the obtained Zeta

values and samples in each session.

Figure A.3: Iolite window showing DRS setting
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A.2 Apatite (U-Th-Sm)/He methodology

A.2.1 Sample preparation

For each sample, roughly 300 to 400 grains of apatite were picked using a Zeiss Stemi

2000-c binocular microscope. The grains were then assessed and for their suitability

for (U-Th-Sm)/He analysis using a petrographic microscope (Leitz Wetzlar 780306

petrographic microscope). The criteria for a ‘suitable’ apatite grain was: i) free of

inclusions and fractures (where possible), ii) good euhedral crystal shapes, iii) a range

of crystal sizes, and iv) a mixture of 0T, 1T and 2T grain types.

For each of the grains chosen for analysis, the length and width were measured using

ImageJ software. After that, each grain was put into a platinum tube and crimped

at either end to create an enclosed capsule for the grains. These platinum tubes were

cleaned in dichloromethane (DCM) for 10 minutes and then washed with deionised

water to remove any contamination.

A.2.2 Helium extraction

U-Th-Sm/He analysis was performed at University College London. The platinum

tubes, each containing a single crystal of apatite were loaded into 2 mm deep holes

within a 6 cm diameter Cu planchet. The planchet was placed in a tightly sealed

stainless-steel chamber that was pumped down for at least 24 hours using a combination

of turbo molecular and ion pumps to generate an ultra-high vacuum with a pressure

of <10-8 and remove any background H, and He and other volatiles (e.g. CH4) from

the side walls of the chamber and connected tubes.

He was extracted from the apatite by heating the platinum tube with a diode laser

system for 2 minutes. Prior to heating any grains, a line blank is carried out to ensure

there is no leak in the system based on the background level of 4He in the line. The

tubes are heated to a temperature assessed by the colour of the capsules during heating.

At UCL lab achieving a yellow to brown colour is suitable and sufficient to enable total

diffusive loss of He from the grain, and this level of heat does not melt the grains in

the tubes and does not volatise the U, Th and Sm. Following the initial heating, the

extracted gas is left in the line for 5 minutes to accumulate. Then the line was opened

to the quadrupole mass spectrometer for 2 minutes and during that period 3He, 4He

and CH4 were measured. Sometimes the Pt capsules are not heated properly. In such
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cases to ensure that all 4He had been degassed from the samples, the samples are

reheated. The reheat values should be close to the line blank value. If not, then it is

repeated until it reaches to line blank level of 4He.

A line blank before starting and a line blank at the end of the day is run to check

the stability of the measurements to monitor if contamination was accumulating in the

line. After the capsules were all heated, the pan which the capsules are loaded into

are unloaded and the grains are placed into new plastic vials ready for U, Th and Sm

analysis.

A.2.3 U, Th and Sm analysis

Following extraction process, the grains were placed into the new plastic vials and a

set amount of spike was added (0.06g). The spike is a calibrated solution of known

abundance (concentrations) of 235U, 230Th and 149Sm, which allow to determine the

relative abundances of 238U, 232Th and 147Sm in each apatite crystal to be calculated.

Then 2ml of HNO3 was added into the vials to dissolve the apatite grains. To complete

dissolution of apatite crystals, the crystals were left at room temperature for at least

24 hours. To check that the capsule tubes don not provide any U, Th or Sm, one or

two capsule tubes are analysed with the samples using the same amount of spike and

HNO3 which added for each sample. In addition, based on the number of the grains

(capsule tubes) vails of U500 is added for the session and they are distributed between

the samples to monitor the sensitivity of the ICPMS detection.

A.2.4 Apatite (U-Th-Sm)/He age calculation

Once the concentration of 4He, 147Sm, 232Th and 238U were determined, the equation

2.12 in chapter 2 introduced by Meesters and Dunai (2005) is used to calculate AHe

single grain age in this study.
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Appendix B

Data logs

In this appendix data log which include all AFT and AHe datasets of each analysed

sample is provided. The presented data starts from the Outer Hebrides samples to-

wards the Grampian Highlands. Each data log is divided into three sections;

1- Sample details section includes sample area, name, elevation, lithology, and grain

quality (from 1-4, 1 is the most convenient).

2- Apatite fission track data section includes the method which has been used to deter-

mine 238U concentration, zeta value, a table of single grains apatite fission track data,

radial plots of single grain ages with central age, and P(value) as well as amount of

dispersion on it. In addition, histograms of measured and projected fission track length

distributions.

3- (U-Th-Sm)/He data section includes a table of all analysed single grain data for

samples which have AHe data. Grains that are shown in italics have been discarded

from the modelling and interpretation, and comments about excluding these grains

(reasons) have been shown directly under each AHe data table. However, for excluded

AFT single grain ages a separate table has been given at the end of this data log.
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Sample Details

Region: Outer Heberides Unit:Lewis Lithology:Lewisian

Sample Name: Lws-38 Elevation:53m Apatite quality: 3

Apatite Fission Track Data

Method:LA-ICP-MS Zeta:21.1±1.0

Table B.1: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 6 2.6E-05 0.007 0.000 1.8E-07 0.014 0.002 1.20 0.06 1.95 351.4 144.6
2 21 8.5E-05 0.011 0.000 9.0E-07 0.013 0.002 1.92 0.05 2.44 241.8 53.1
3 53 3.0E-05 0.064 0.002 1.9E-06 0.039 0.005 11.73 0.40 2.26 286.3 40.5
4 17 4.4E-05 0.010 0.000 4.5E-07 0.031 0.003 1.85 0.04 1.61 386.2 94.1
5 12 9.5E-06 0.053 0.012 5.1E-07 0.032 0.003 9.70 2.10 2.34 245.8 90.2
6 58 3.2E-05 0.080 0.002 2.5E-06 0.033 0.003 14.55 0.38 2.03 237.2 31.8
7 50 3.7E-05 0.074 0.001 2.7E-06 0.033 0.002 13.51 0.22 1.88 189.5 27.0
8 20 3.8E-05 0.018 0.000 6.7E-07 0.035 0.002 3.22 0.06 1.90 307.3 69.0
9 30 5.3E-05 0.024 0.001 1.3E-06 0.030 0.002 4.48 0.10 2.01 239.7 44.1
10 63 3.2E-05 0.085 0.002 2.7E-06 0.033 0.003 15.61 0.27 2.02 241.5 30.7
11 41 3.7E-05 0.064 0.001 2.4E-06 0.021 0.002 11.72 0.20 2.07 180.6 28.4
12 47 8.5E-05 0.019 0.000 1.6E-06 0.029 0.002 3.53 0.07 1.86 298.4 43.9
13 42 2.6E-05 0.061 0.001 1.6E-06 0.026 0.002 11.29 0.18 2.03 267.8 41.5
14 16 4.4E-05 0.012 0.000 5.5E-07 0.030 0.002 2.29 0.05 2.13 299.4 75.1
15 16 1.7E-05 0.036 0.001 6.2E-07 0.029 0.002 6.72 0.14 2.42 268.6 67.4
16 28 1.3E-05 0.152 0.003 1.9E-06 0.033 0.003 28.20 0.46 2.03 150.9 28.6

Figure B.1: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Apatite (U-Th-Sm)/He Data

Table B.2: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three

No L W T He U Th Sm Th/U Eu age Error Ft Age Error Disp
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) (%)

1 266 144 2T 1.8 5.8 -0.1 221.2 0.0 5.8 149.8 15.0 0.86 175.1 17.5
2 233 166 1T 2.6 7.8 0.0 545.0 0.0 7.8 151.8 15.2 0.85 178.2 17.8
3 133 98 1T 1.1 13.7 -1.4 365.6 -0.1 13.4 224.4 22.4 0.75 300.7 30.1
4 204 159 0T 2.1 8.1 0.9 288.9 0.1 8.3 176.1 17.6 0.84 210.5 21.0
5 109 189 1T 0.1 1.3 0.3 223.7 0.2 1.4 68.6 6.9 0.80 85.7 8.6 32
6 126 100 1T 0.2 5.1 -1.1 300.2 -0.2 4.9 90.2 9.0 0.74 121.6 12.2
7 112 153 1T 0.9 11.4 0.9 676.7 0.1 11.6 120.6 12.1 0.78 155.2 15.5
8 143 128 1T 0.5 6.4 -0.7 445.4 -0.1 6.3 112.9 11.3 0.78 144.2 14.4
9 117 116 1T 0.3 7.4 10.1 663.4 1.4 9.7 82.2 8.2 0.74 111.2 11.1
10 202 151 2T 2.6 9.9 0.1 850.5 0.0 9.9 164.2 16.4 0.83 197.2 19.7

Grains 1, 3, 6 and 8 are discarded from modelling because Th concentration in these grains are

abnormally low (minus) which it results in minus ration of Th/U.
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Sample Details

Region: Outer Heberides Unit:Lewis Lithology:Lewisian

Sample Name: Lws-35A+B Elevation:19m Apatite quality: 4

Apatite Fission Track Data

Method:LA-ICP-MS Zeta:21.1±1.0

Table B.3: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 7 2.54E-05 0.014 0.000 3.6E-07 0.012 0.002 2.54 0.06 1.82 201.3 76.2
2 9 9.53E-06 0.034 0.001 3.3E-07 0.015 0.002 6.13 0.11 1.92 283.6 94.7
3 24 9.53E-06 0.078 0.001 7.5E-07 0.024 0.002 13.98 0.24 2.30 331 67.8
4 4 1.69E-05 0.014 0.000 2.4E-07 0.016 0.002 2.51 0.05 2.52 175.1 87.6
5 37 1.69E-05 0.138 0.002 2.3E-06 0.031 0.003 24.77 0.38 1.99 164.4 27.1
6 21 1.59E-05 0.080 0.001 1.3E-06 0.013 0.002 14.35 0.25 1.78 172 37.7
7 29 1.27E-05 0.145 0.004 1.8E-06 0.032 0.003 26.08 0.66 2.11 163.6 30.7
8 11 2.65E-05 0.012 0.000 3.1E-07 0.024 0.002 2.12 0.05 2.51 361.4 109.3
9 56 2.65E-05 0.101 0.002 2.7E-06 0.011 0.002 18.18 0.28 1.61 217.4 29.2
10 25 8.47E-06 0.134 0.004 1.1E-06 0.014 0.002 24.22 0.69 2.36 228 46.1
11 31 2.12E-05 0.045 0.001 9.6E-07 0.022 0.002 8.19 0.14 1.52 332.8 60.1
12 11 2.54E-05 0.042 0.001 1.1E-06 0.016 0.002 7.43 0.14 1.67 108.4 32.8
13 27 1.27E-05 0.084 0.002 1.1E-06 0.024 0.002 14.99 0.28 2.12 261.1 50.5
14 30 1.69E-05 0.066 0.001 1.1E-06 0.027 0.003 11.74 0.22 1.87 277.8 51.0
15 22 2.12E-05 0.063 0.001 1.3E-06 0.022 0.003 11.24 0.20 2.11 171.6 36.7

Figure B.2: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Sample Details

Region: Outer Heberides Unit:Lewis Lithology:Lewisian

Sample Name: Lws-32 Elevation:29m Apatite quality: 3

Apatite Fission Track Data

Method:LA-ICP-MS Zeta:21.1±1.0

Table B.4: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 31 3.8E-05 0.028 0.001 1.1E-06 0.014 0.003 5.09 0.10 1.80 294.9 53.3
2 19 2.5E-05 0.035 0.002 8.9E-07 0.020 0.003 6.25 0.29 2.06 221.5 51.8
3 46 3.8E-05 0.063 0.001 2.4E-06 0.017 0.003 11.16 0.19 2.26 200.5 29.8
4 28 3.8E-05 0.030 0.001 1.2E-06 0.013 0.002 5.41 0.10 2.25 250.7 47.6
5 10 1.9E-05 0.029 0.001 5.6E-07 0.015 0.002 5.24 0.17 2.36 185.6 59
6 31 2.6E-05 0.044 0.001 1.2E-06 0.017 0.003 7.77 0.15 2.23 277.4 50.1
7 32 2.5E-05 0.060 0.001 1.5E-06 0.020 0.003 10.74 0.18 2.23 216.6 38.5
8 20 2.5E-05 0.028 0.001 7.1E-07 0.015 0.002 5.00 0.17 2.18 289.3 65.4
9 33 3.7E-05 0.064 0.001 2.4E-06 0.015 0.002 11.41 0.22 2.38 144.9 25.4
10 23 2.5E-05 0.057 0.001 1.5E-06 0.017 0.002 10.19 0.18 2.15 164.8 34.5
11 21 2.5E-05 0.040 0.001 1.0E-06 0.018 0.003 7.04 0.14 2.07 216.7 47.5
12 35 2.5E-05 0.058 0.001 1.5E-06 0.017 0.003 10.26 0.18 2.01 247 42
13 41 3.2E-05 0.062 0.001 2.0E-06 0.012 0.002 10.94 0.19 2.12 217.6 34.2
14 33 5.1E-05 0.026 0.001 1.3E-06 0.015 0.003 4.68 0.09 2.00 255.1 44.7
15 23 3.0E-05 0.036 0.001 1.1E-06 0.014 0.002 6.37 0.12 1.76 224.8 47.1
16 33 2.1E-05 0.040 0.001 8.5E-07 0.015 0.002 7.11 0.19 2.02 398.3 70.2

Figure B.3: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Figure B.4: radial plot of single grain apatite fission track data drawn using IsoplotR
(Vermeesch, 2018).

Apatite (U-Th-Sm)/He Data

Table B.5: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three

No L W T He U Th Sm Th/U Eu age Error Ft Age Error Disp
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) (%)

1 133 125 1T 0.1 3.4 24.7 150.1 7.2 9.2 32.0 3.2 0.75 42.6 4.3
2 146 176 1T 0.5 5.1 13.6 95.9 2.6 8.3 64.7 6.5 0.81 80.2 8.0
3 153 146 1T 0.2 2.7 13.6 106.9 5.0 5.9 44.6 4.5 0.79 56.5 5.7
4 290 194 1T 1.1 3.6 3.2 56.4 0.9 4.3 84.4 8.4 0.87 96.4 9.6 63
5 128 119 0T 0.2 4.2 17.3 95.3 4.1 8.3 52.0 5.2 0.75 69.7 7.0
6 200 143 0T 0.0 0.1 8.0 17.1 72.3 2.0 16.1 1.6 0.81 19.9 2.0
7 198 108 1T 0.4 5.6 9.8 194.3 1.8 7.9 66.8 6.7 0.80 83.5 8.4
8 189 111 2T 1.1 6.3 11.2 129.1 1.8 8.9 159.9 16.0 0.80 201.0 20.1
9 151 129 1T 1.0 5.98 12.69 101.95 2.12 8.97 190.42 19.04 0.78 244.13 24.41

Grains 9 is discarded from discussion and modelling because it is older than other 1T grains in

this sample, and actually I purposely picked (for checking) because it had a very cloudy interior under

microscopy.
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Sample Details

Region: Outer Heberides Unit:Lewis Lithology:Lewisian

Sample Name: Lws-31 Elevation:17m Apatite quality: 2

Apatite Fission Track Data

Method:LA-ICP-MS Zeta:21.1±1.0

Table B.6: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 81 2.12E-05 0.243 0.004 5.1E-06 0.043 0.003 44.18 0.76 2.80 163.9 18.4
2 25 1.59E-05 0.131 0.003 2.1E-06 0.030 0.003 23.78 0.46 2.51 125.6 25.2
3 44 3.18E-05 0.076 0.002 2.4E-06 0.032 0.003 13.81 0.27 2.57 189.4 28.8
4 39 2.65E-05 0.068 0.001 1.8E-06 0.033 0.003 12.28 0.26 2.48 225.5 36.4
5 34 3.18E-05 0.081 0.002 2.6E-06 0.030 0.003 14.69 0.38 2.49 137.7 23.9
6 69 2.65E-05 0.113 0.002 3.0E-06 0.029 0.003 20.53 0.33 2.73 238 28.9
7 109 2.65E-05 0.236 0.004 6.2E-06 0.035 0.003 42.66 0.72 2.29 181.6 17.7
8 46 1.59E-05 0.211 0.003 3.3E-06 0.046 0.003 38.06 0.62 2.32 143.5 21.3
9 64 2.65E-05 0.105 0.002 2.8E-06 0.038 0.003 19.05 0.32 2.70 237.5 30
10 25 9.53E-06 0.138 0.003 1.3E-06 0.031 0.003 24.89 0.47 2.07 197.7 39.7
11 32 2.12E-05 0.081 0.001 1.7E-06 0.035 0.003 14.60 0.24 2.44 194 34.4
12 34 2.65E-05 0.099 0.002 2.6E-06 0.036 0.003 17.90 0.30 2.44 135.1 23.3
13 66 2.65E-05 0.169 0.003 4.5E-06 0.030 0.003 30.43 0.50 2.53 154 19.1
14 93 2.12E-05 0.272 0.006 5.8E-06 0.030 0.003 48.9 1.10 2.42 168.3 17.9
15 39 2.65E-05 0.119 0.002 3.2E-06 0.030 0.002 21.41 0.41 2.17 129.3 20.9
16 53 2.12E-05 0.175 0.003 3.7E-06 0.030 0.003 31.49 0.47 2.26 149 20.6
17 97 2.54E-05 0.243 0.004 6.2E-06 0.030 0.003 43.73 0.74 2.24 163.4 16.8
18 16 2.54E-05 0.027 0.001 6.8E-07 0.023 0.003 4.81 0.09 2.42 243.2 61
19 48 1.59E-05 0.1635 0.0027 2.6E-06 0.030 0.003 29.32 0.48 1.98 192.1 27.9
20 33 1.59E-05 0.2099 0.0057 3.3E-06 0.034 0.003 37.6 1.00 2.41 103.6 18.2

Figure B.5: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Sample Details

Region: Outer Heberides Unit:Lewis Lithology:Lewisian

Sample Name: Lws-30D Elevation:23m Apatite quality: 2

Apatite Fission Track Data

Method:LA-ICP-MS Zeta:21.1±1.0

Table B.7: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 7 1.69E-05 0.045 0.001 7.6E-07 0.015 0.003 8.30 0.14 2.43 95.9 36.3
2 21 2.12E-05 0.175 0.003 3.7E-06 0.017 0.003 32.24 0.51 2.42 59.4 13.0
3 25 4.45E-05 0.085 0.006 3.8E-06 0.016 0.002 15.60 1.00 2.12 69.3 14.6
4 13 1.27E-05 0.270 0.004 3.4E-06 0.019 0.002 49.53 0.80 2.30 39.9 11.1
5 27 2.12E-05 0.170 0.003 3.6E-06 0.017 0.003 31.29 0.52 2.67 78.5 15.2
6 28 5.93E-05 0.091 0.002 5.4E-06 0.016 0.002 16.64 0.27 2.06 54.7 10.4
7 13 1.69E-05 0.063 0.001 1.1E-06 0.019 0.002 11.54 0.20 2.17 127.6 35.5
8 18 2.12E-05 0.119 0.002 2.5E-06 0.019 0.003 21.86 0.38 2.21 74.8 17.7
9 39 4.45E-05 0.104 0.002 4.6E-06 0.017 0.003 19.07 0.32 2.12 88.3 14.2
10 26 3.71E-05 0.096 0.002 3.6E-06 0.016 0.002 17.56 0.35 2.49 76.8 15.1
11 12 2.65E-05 0.046 0.001 1.2E-06 0.016 0.002 8.48 0.15 1.86 102.5 29.6
12 41 8.47E-05 0.092 0.002 7.8E-06 0.016 0.003 16.88 0.29 2.11 55.1 8.7
13 38 2.65E-05 0.255 0.004 6.7E-06 0.017 0.002 46.59 0.74 2.06 59.2 9.7
14 17 2.97E-05 0.067 0.002 2.0E-06 0.030 0.003 12.19 0.37 2.17 90.0 22.0
15 11 1.69E-05 0.070 0.001 1.2E-06 0.016 0.003 12.73 0.24 1.94 97.5 29.5
16 18 2.97E-05 0.098 0.002 2.9E-06 0.017 0.003 17.83 0.30 2.09 65.3 15.4
17 17 3.71E-05 0.072 0.001 2.7E-06 0.019 0.002 13.15 0.23 2.24 66.8 16.2
18 23 4.45E-05 0.104 0.002 4.6E-06 0.013 0.002 18.92 0.30 2.42 52.3 10.9
19 9 2.54E-05 0.063 0.001 1.6E-06 0.020 0.003 11.47 0.22 2.35 59.1 19.7
20 19 6.35E-05 0.075 0.001 4.8E-06 0.017 0.003 13.71 0.21 2.31 41.8 9.6

Figure B.6: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Sample Details

Region: Outer Heberides Unit:Lewis Lithology:Lewisian

Sample Name: Lws-29 Elevation:113m Apatite quality: 2

Apatite Fission Track Data

Method:LA-ICP-MS Zeta:21.1±1.0

Table B.8: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 44 2.65E-05 0.281 0.004 7.4E-06 0.037 0.003 51.22 0.74 2.18 62.1 9.4
2 25 2.12E-05 0.091 0.002 1.9E-06 0.020 0.002 16.66 0.32 2.18 135.0 27.1
3 32 1.69E-05 0.142 0.002 2.4E-06 0.028 0.003 26.01 0.43 2.04 138.4 24.6
4 34 3.18E-05 0.096 0.002 3.0E-06 0.022 0.002 17.50 0.32 2.39 117.1 20.2
5 32 3.18E-05 0.054 0.001 1.7E-06 0.023 0.003 9.85 0.18 2.10 194.8 34.6
6 17 1.69E-05 0.108 0.002 1.8E-06 0.022 0.003 19.71 0.37 2.24 97.7 23.8
7 34 2.12E-05 0.102 0.002 2.2E-06 0.025 0.002 18.62 0.32 1.92 164.7 28.4
8 55 2.65E-05 0.055 0.001 1.5E-06 0.030 0.003 10.10 0.18 2.51 386.3 52.6
9 11 4.45E-05 0.023 0.000 1.0E-06 0.028 0.003 4.32 0.09 1.94 110.1 33.3
10 28 4.45E-05 0.036 0.001 1.6E-06 0.031 0.003 6.67 0.12 1.70 180.5 34.3
11 34 4.77E-05 0.043 0.002 2.1E-06 0.028 0.003 7.96 0.28 1.64 171.5 30.0
12 10 3.18E-05 0.034 0.001 1.1E-06 0.031 0.003 6.21 0.12 1.77 97.6 30.9
13 79 5.30E-05 0.237 0.004 1.3E-05 0.050 0.003 43.60 0.71 1.97 66.0 7.5
14 86 6.35E-05 0.196 0.003 1.2E-05 0.026 0.003 35.98 0.57 2.32 72.6 7.9
15 30 4.77E-05 0.035 0.001 1.7E-06 0.025 0.002 6.44 0.17 1.67 187.0 34.5
16 17 4.45E-05 0.059 0.001 2.6E-06 0.038 0.003 10.91 0.18 2.01 67.7 16.5
17 26 2.65E-05 0.049 0.001 1.3E-06 0.029 0.002 8.94 0.16 2.49 209.8 41.3
18 26 5.72E-05 0.040 0.001 2.3E-06 0.025 0.003 7.34 0.13 1.97 119.1 23.5
19 70 2.65E-05 0.3052 0.0053 8.1E-06 0.03 0.0027 56.15 0.98 2.11 90.7 11.0
20 70 2.65E-05 0.2289 0.007 6.1E-06 0.0272 0.0025 42.10 1.30 2.09 120.7 14.9

Figure B.7: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.

308



Sample Details

Region: Outer Heberides Unit:Lewis Lithology:Lewisian

Sample Name: Lws-28 Elevation:12m Apatite quality: 2

Apatite Fission Track Data

Method:LA-ICP-MS Zeta:22.7±1.9

Table B.9: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 46 2.1E-05 0.126 0.003 2.7E-06 0.080 0.010 23.69 0.60 2.39 192.7 28.8
2 40 1.6E-05 0.157 0.010 2.5E-06 0.082 0.010 29.50 1.80 2.11 179.5 30.6
3 71 7.4E-05 0.039 0.001 2.9E-06 0.097 0.010 7.28 0.25 2.09 272.8 33.1
4 60 5.9E-05 0.038 0.001 2.2E-06 0.098 0.010 7.05 0.12 2.43 295.3 38.9
5 91 7.6E-05 0.042 0.001 3.2E-06 0.068 0.010 7.93 0.13 2.35 314.7 33.8
6 19 5.1E-05 0.024 0.000 1.2E-06 0.092 0.010 4.44 0.09 1.92 174.4 40.0
7 42 4.4E-05 0.079 0.001 3.5E-06 0.077 0.010 14.89 0.27 2.15 134.2 20.8
8 31 2.1E-05 0.055 0.006 1.2E-06 0.095 0.010 10.30 1.20 2.38 295.1 62.0
9 81 1.1E-04 0.029 0.001 3.1E-06 0.108 0.011 5.49 0.11 2.42 292.6 34.0
10 52 3.7E-05 0.094 0.002 3.5E-06 0.093 0.010 17.57 0.29 2.39 167.2 23.5
11 51 5.9E-05 0.029 0.001 1.7E-06 0.091 0.010 5.42 0.10 2.02 328.0 47.3
12 25 4.8E-05 0.019 0.000 9.2E-07 0.073 0.009 3.63 0.07 2.11 306.0 61.2
13 101 5.3E-05 0.253 0.004 1.3E-05 0.073 0.010 47.37 0.72 2.32 85.0 8.6
14 16 3.0E-05 0.038 0.001 1.1E-06 0.090 0.010 7.10 0.13 2.01 159.2 40.0
15 38 2.1E-05 0.053 0.001 1.1E-06 0.083 0.009 10.00 0.20 2.12 373.2 60.9
16 74 9.5E-05 0.044 0.001 4.2E-06 0.097 0.011 8.19 0.15 2.32 197.2 23.4
17 31 6.4E-05 0.021 0.000 1.4E-06 0.105 0.011 4.02 0.09 2.17 258.4 46.4
18 29 5.1E-05 0.025 0.000 1.3E-06 0.074 0.011 4.74 0.09 2.13 253.9 47.2

Figure B.8: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Apatite (U-Th-Sm)/He Data

Table B.10: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three

No L W T He U Th Sm Th/U Eu age Error Ft Age Error Disp
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) (%)

1 199 124 2T 1.9 18.4 6.2 228.7 0.3 19.9 105.3 10.5 0.82 129.1 12.9
2 157 102 2T 1.0 26.1 9.4 530.6 0.4 28.3 76.6 7.7 0.77 99.5 9.9
3 146 100 1T 0.1 7.7 5.3 123.2 0.7 9.0 35.2 3.5 0.76 46.6 4.7
4 164 108 1T 1.3 11.9 4.0 347.4 0.3 12.8 166.9 16.7 0.78 213.5 21.3
5 321 135 2T 1.1 3.6 1.4 96.9 0.4 4.0 103.9 10.4 0.87 119.6 12.0 41
6 217 116 2T 3.1 23.6 8.2 286.0 0.3 25.5 120.8 12.1 0.82 147.2 14.7
7 129 185 1T 0.5 9.7 6.8 228.5 0.7 11.3 50.1 5.0 0.81 62.0 6.2
8 156 108 1T 1.0 23.0 5.3 357.0 0.2 24.2 82.1 8.2 0.78 105.8 10.6
9 183 117 1T 0.5 8.1 3.8 185.6 0.5 9.0 67.2 6.7 0.80 83.9 8.4
10 196 126 1T 0.4 5.8 2.9 198.5 0.5 6.5 67.1 6.7 0.81 82.4 8.2
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Sample Details

Region: Outer Heberides Unit:Harris Lithology:Lewisian

Sample Name: Har-27 Elevation:135m Apatite quality: 3

Apatite Fission Track Data

Method:LA-ICP-MS Zeta:21.1±1.0

Table B.11: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 6 2.12E-05 0.012 0.000 2.5E-07 0.017 0.002 2.09 0.06 1.89 251.1 102.7
2 8 1.69E-05 0.025 0.000 4.2E-07 0.018 0.002 4.44 0.08 1.80 198.2 70.2
3 17 1.91E-05 0.069 0.001 1.3E-06 0.018 0.003 12.41 0.21 1.42 134.5 32.7
4 6 1.59E-05 0.027 0.001 4.3E-07 0.016 0.002 4.86 0.10 1.88 145.4 59.4
5 12 1.91E-05 0.023 0.001 4.4E-07 0.020 0.002 4.17 0.12 2.00 279.8 81.2
6 31 2.54E-05 0.050 0.002 1.3E-06 0.021 0.002 9.07 0.33 1.78 250.4 45.8
7 13 2.12E-05 0.020 0.000 4.2E-07 0.019 0.002 3.56 0.07 1.83 319 88.7
8 37 5.08E-05 0.038 0.001 2.0E-06 0.020 0.002 6.93 0.12 1.91 196.6 32.5
9 24 6.35E-05 0.024 0.001 1.5E-06 0.016 0.002 4.38 0.10 2.02 161.9 33.3
10 9 2.65E-05 0.017 0.000 4.5E-07 0.017 0.002 3.04 0.07 2.28 209.1 69.9
11 26 2.65E-05 0.052 0.001 1.4E-06 0.019 0.002 9.30 0.18 1.60 198 39
12 5 9.53E-06 0.023 0.000 2.2E-07 0.014 0.002 4.15 0.07 1.87 236.4 105.8
13 18 2.12E-05 0.038 0.001 8.1E-07 0.018 0.002 6.90 0.13 1.62 230.9 54.6
14 5 2.65E-05 0.010 0.000 2.7E-07 0.013 0.002 1.86 0.05 2.23 191.3 85.7
15 17 2.54E-05 0.023 0.001 5.9E-07 0.018 0.002 4.20 0.26 1.79 298.4 74.6
16 12 4.45E-05 0.015 0.000 6.9E-07 0.015 0.002 2.81 0.06 2.16 181.3 52.5
17 39 1.69E-05 0.071 0.002 1.2E-06 0.017 0.002 12.98 0.32 1.93 331.4 53.7
18 11 3.18E-05 0.017 0.000 5.3E-07 0.015 0.003 3.01 0.07 2.11 217.1 65.7

Figure B.9: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Apatite (U-Th-Sm)/He Data

Table B.12: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three

No L W T He U Th Sm Th/U Eu age Error Ft Age Error Disp
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) (%)

1 216 259 1T 0.0 1.2 3.2 69.4 2.8 1.9 3.1 0.3 0.87 3.6 0.4
2 239 121 2T 0.1 1.1 6.0 223.5 5.5 2.5 24.0 2.4 0.82 29.1 2.9
3 257 143 1T 0.2 1.3 4.3 75.5 3.2 2.3 38.9 3.9 0.84 46.2 4.6
4 249 98 1T 0.6 4.8 9.9 185.0 2.1 7.1 65.7 6.6 0.82 79.9 8.0
5 222 171 1T 0.2 1.6 4.4 71.7 2.8 2.6 37.9 3.8 0.84 45.0 4.5 31
6 124 192 1T 0.4 4.6 12.4 271.8 2.7 7.6 62.6 6.3 0.80 77.9 7.8
7 202 155 1T 0.2 2.2 5.3 87.7 2.5 3.4 40.6 4.1 0.83 49.1 4.9
8 174 143 1T 0.3 4.8 9.7 165.0 2.0 7.1 46.4 4.6 0.81 57.6 5.8
9 261 127 2T 0.1 1.3 3.9 85.1 3.0 2.2 30.4 3.0 0.84 36.3 3.6

Grains 1 was discarded from discussion and modelling because this grain provides extremely

younger ages compare to other grains in the sample. It could be due to incomplete degassing process

of this grain as its He amount is low compare to other grains of the same sample.
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Sample Details

Region: Outer Heberides Unit:Uist Lithology:Lewisian

Sample Name: Nut-24 Elevation:13m Apatite quality: 4

Apatite Fission Track Data

Method:LA-ICP-MS Zeta:22.7±1.9

Table B.13: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 7 1.9E-05 0.023 0.001 4.4E-07 0.063 0.010 4.34 0.10 2.10 176.8 67.0
2 66 6.7E-05 0.092 0.002 6.2E-06 0.053 0.009 17.31 0.31 2.08 120.4 15.0
3 22 2.6E-05 0.037 0.001 9.9E-07 0.054 0.010 6.98 0.12 1.92 247.8 53.0
4 31 1.1E-04 0.015 0.000 1.6E-06 0.060 0.009 2.76 0.06 2.20 221.9 40.1
5 5 1.7E-05 0.020 0.000 3.3E-07 0.067 0.010 3.69 0.08 1.46 168.2 75.3
6 23 1.1E-04 0.015 0.000 1.6E-06 0.050 0.009 2.90 0.06 2.28 157.0 32.9
7 9 2.1E-05 0.029 0.001 6.1E-07 0.056 0.011 5.37 0.10 1.94 166.3 55.5
8 11 3.2E-05 0.018 0.000 5.8E-07 0.066 0.011 3.44 0.07 1.64 209.9 63.5
9 15 3.2E-05 0.014 0.000 4.6E-07 0.048 0.009 2.69 0.06 1.62 361.5 93.6
10 15 3.7E-05 0.031 0.001 1.1E-06 0.048 0.009 5.72 0.11 1.71 148.7 38.5
11 10 2.1E-05 0.021 0.000 4.4E-07 0.055 0.010 3.86 0.08 1.74 254.8 80.7
12 18 5.1E-05 0.016 0.000 8.1E-07 0.051 0.010 2.98 0.06 1.63 248.1 58.7
13 30 1.1E-04 0.018 0.000 1.9E-06 0.059 0.011 3.30 0.07 1.84 180.0 33.1
14 12 3.8E-05 0.019 0.000 7.2E-07 0.058 0.009 3.53 0.08 1.64 187.4 54.2
15 16 1.1E-04 0.007 0.000 7.3E-07 0.052 0.010 1.29 0.04 2.45 243.6 61.3
16 11 3.8E-05 0.018 0.000 6.8E-07 0.051 0.009 3.32 0.07 1.95 182.5 55.2

Figure B.10: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Apatite (U-Th-Sm)/He Data

Table B.14: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three

No L W T He U Th Sm Th/U Eu age Error Ft Age Error Disp
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) (%)

1 230 224 0T 0.1 1.2 0.6 61.5 0.5 1.3 34.1 3.4 0.87 39.3 3.9
2 229 102 1T 0.0 1.5 0.8 26.5 0.6 1.7 13.9 1.4 0.82 16.9 1.7
3 184 269 0T 0.0 0.5 0.3 32.6 0.6 0.5 8.0 0.8 0.87 9.2 0.9
4 380 181 2T 0.3 1.2 0.4 78.5 0.4 1.3 41.1 4.1 0.89 46.0 4.6
5 267 145 2T 0.4 2.2 0.6 74.2 0.3 2.4 76.4 7.6 0.86 89.4 8.9
6 219 192 1T 3.8 5.0 3.2 94.9 0.6 5.7 341.8 34.2 0.85 400.5 40.1
7 395 219 2T 1.3 2.0 0.4 107.6 0.2 2.1 84.3 8.4 0.90 93.4 9.3 53
8 219 108 2T 0.1 1.6 1.1 13.5 0.7 1.9 32.7 3.3 0.82 40.1 4.0
9 186 133 1T 1.2 4.2 1.9 199.8 0.4 4.6 247.3 24.7 0.81 304.5 30.4
10 213 116 2T 0.8 2.4 2.6 26.6 1.1 3.0 297.7 29.8 0.81 365.4 36.5

Grains 3, 6, 9, and 10 were discarded. Grain 6, 9 and 10 was discarded from modelling because

their raw age is older than their AFT age even when errors are included which it is possibly due

to inclusion problem in these grains as their [eU] are almost two times bigger than other grains in

this sample. Grain 3 was discarded from modelling and discussion due to the opposite reason. Note,

generally, across the study area only two grains are younger than 10 Ma, both have been discarded.
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Sample Details

Region: Outer Heberides Unit:Uist Lithology:Lewisian

Sample Name: Nut-23 Elevation:5m Apatite quality: 4

Apatite Fission Track Data

Method:LA-ICP-MS Zeta:22.5±1.5

Table B.15: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 39 2.1E-05 0.073 0.001 1.5E-06 0.205 0.012 13.18 0.23 2.11 278.0 44.8
2 39 1.1E-05 0.276 0.005 2.9E-06 0.123 0.011 49.82 0.96 2.23 148.4 23.9
3 29 9.5E-06 0.187 0.006 1.8E-06 0.117 0.011 33.70 1.10 1.91 180.8 34.1
4 81 2.5E-05 0.217 0.003 5.5E-06 0.149 0.010 39.12 0.61 2.07 163.3 18.3
5 41 2.1E-05 0.134 0.002 2.8E-06 0.129 0.009 24.13 0.40 2.02 160.6 25.2
6 41 3.8E-05 0.066 0.001 2.5E-06 0.109 0.009 11.88 0.22 2.37 181.1 28.5
7 43 1.3E-05 0.114 0.002 1.4E-06 0.125 0.009 20.48 0.38 2.31 326.6 50.2
8 33 9.5E-06 0.177 0.003 1.7E-06 0.112 0.009 31.94 0.51 1.97 215.9 37.7
9 32 1.7E-05 0.081 0.001 1.4E-06 0.110 0.009 14.57 0.26 2.36 258.1 45.8
10 30 1.7E-05 0.073 0.002 1.2E-06 0.158 0.009 13.16 0.26 1.89 267.6 49.2
11 24 9.5E-06 0.116 0.002 1.1E-06 0.148 0.009 20.92 0.35 2.00 239.1 49.0
12 44 9.5E-06 0.283 0.013 2.7E-06 0.402 0.040 50.90 2.30 1.94 181.0 28.5
13 22 1.7E-05 0.077 0.001 1.3E-06 0.161 0.010 13.87 0.25 1.98 187.0 40.0
14 22 1.3E-05 0.082 0.001 1.0E-06 0.122 0.008 14.74 0.24 2.03 233.1 49.8

Figure B.11: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Sample Details

Region: Outer Heberides Unit:Uist Lithology:Lewisian

Sample Name: Sut-21 Elevation:17m Apatite quality: 2

Apatite Fission Track Data

Method:LA-ICP-MS Zeta:22.7±1.9

Table B.16: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 46 1.3E-05 0.213 0.004 2.71E-06 0.049 0.009 39.98 0.65 1.86 189.8 28.2
2 69 3.8E-05 0.116 0.002 4.42E-06 0.056 0.010 21.69 0.38 1.77 175.0 21.3
3 40 2.5E-05 0.117 0.002 2.96E-06 0.063 0.010 21.83 0.41 1.99 151.5 24.1
4 34 1.3E-05 0.108 0.002 1.38E-06 0.053 0.010 20.3 0.43 1.78 274.4 47.4
5 20 1.9E-05 0.053 0.001 1.01E-06 0.045 0.009 9.92 0.18 2.00 221.1 49.6
6 40 1.3E-05 0.138 0.002 1.76E-06 0.056 0.012 25.88 0.42 1.97 253.6 40.3
7 61 2.6E-05 0.162 0.003 4.28E-06 0.053 0.009 30.29 0.5 1.83 159.8 20.6
8 40 1.3E-05 0.261 0.005 3.32E-06 0.045 0.010 48.94 0.86 2.04 135.4 21.5
9 27 2.1E-05 0.038 0.001 8.06E-07 0.051 0.011 7.13 0.13 1.75 369.6 71.5
10 17 3.4E-05 0.020 0.001 6.80E-07 0.054 0.010 3.76 0.11 1.68 277.7 67.9
11 36 1.6E-05 0.172 0.003 2.73E-06 0.045 0.009 32.17 0.55 1.70 148.2 24.8
12 48 2.6E-05 0.109 0.002 2.87E-06 0.033 0.009 20.34 0.35 1.91 186.9 27.2
13 75 3.8E-05 0.103 0.002 3.93E-06 0.036 0.009 19.31 0.31 1.96 213.2 24.8
14 21 1.6E-05 0.043 0.001 6.88E-07 0.051 0.010 8.12 0.15 1.92 337.4 73.9
15 25 2.6E-05 0.062 0.001 1.63E-06 0.044 0.010 11.55 0.21 2.13 171.4 34.4
16 59 5.9E-05 0.053 0.001 3.17E-06 0.058 0.009 10.01 0.18 1.90 208.1 27.3
17 58 2.6E-05 0.124 0.002 3.28E-06 0.039 0.009 23.22 0.38 1.88 197.6 26.1

Figure B.12: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.

316



Apatite (U-Th-Sm)/He Data

Table B.17: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three

No L W T He U Th Sm Th/U Eu age Error Ft Age Error Disp
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) (%)

1 184 73 1T 0.3 13.1 1.8 355.1 0.1 13.5 43.9 4.4 0.77 56.9 5.7
2 139 86 1T 0.4 23.5 1.8 387.0 0.1 24.0 52.2 5.2 0.74 70.8 7.1
3 203 86 1T 0.3 11.9 1.7 268.0 0.1 12.3 39.3 3.9 0.79 49.4 4.9
4 247 86 2T 0.4 7.8 0.6 206.8 0.1 8.0 50.6 5.1 0.82 61.5 6.2
5 208 122 2T 0.3 5.9 1.0 307.7 0.2 6.1 40.5 4.0 0.82 49.4 4.9 32
6 169 91 1T 0.2 9.5 1.3 172.5 0.1 9.9 41.5 4.1 0.77 53.7 5.4
7 245 103 2T 0.3 10.5 0.9 377.5 0.1 10.7 26.0 2.6 0.83 31.3 3.1
8 192 155 0T 2.1 20.8 0.7 363.1 0.0 21.0 85.9 8.6 0.83 103.6 10.4
9 144 94 1T 0.4 19.9 1.8 205.9 0.1 20.3 52.8 5.3 0.75 70.2 7.0
10 252 150 1T 2.9 4.2 0.4 24.1 0.1 4.3 388.3 38.8 0.85 455.7 45.6

Grains 10 was discarded because its AHe age much older than other grains in the sample and it is

also older than its AFT age which it may be due to existing bad neighbours and implantation process

as its 4He is higher than all other grains in this sample.
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Sample Details

Region: Outer Heberides Unit:Uist Lithology:Lewisian

Sample Name: Sut-20 Elevation:156m Apatite quality: 4

Apatite Fission Track Data

Method:LA-ICP-MS Zeta:

Apatite (U-Th-Sm)/He Data

Table B.18: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three

No L W T He U Th Sm Th/U Eu age Error Ft Age Error Disp
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) (%)

1 234 100 1T 0.35 7.1 0.8 38.6 0.1 7.2 49.6 5.0 0.82 60.3 6.0
2 211 160 1T 0.04 1.1 0.5 211.5 0.4 1.2 12.7 1.3 0.84 15.1 1.5
3 203 115 1T 0.04 2.5 1.0 251.0 0.4 2.8 13.4 1.3 0.81 16.5 1.6
4 162 111 0T 0.76 42.3 7.5 476.8 0.2 44.1 32.2 3.2 0.78 41.2 4.1
5 150 99 0T 0.01 1.3 1.7 132.8 1.3 1.7 11.0 1.1 0.76 14.6 1.5
6 173 131 0T 0.00 0.5 1.3 3.4 2.5 0.8 -0.3 0.0 0.80 -0.4 0.0
7 241 103 1T 0.04 1.2 0.6 71.4 0.5 1.3 25.5 2.6 0.83 30.9 3.1 86.00
8 138 142 0T 1.00 13.1 4.2 163.8 0.3 14.1 121.3 12.1 0.79 154.2 15.4
9 144 100 0T 0.01 1.4 1.7 224.8 1.3 1.8 7.0 0.7 0.75 9.4 0.9
10 183 136 IT 0.04 1.5 0.6 44.2 0.4 1.6 23.7 2.4 0.81 29.2 2.9
11 175 95 0T 0.03 2.1 1.2 87.7 0.6 2.4 19.0 1.9 0.78 24.4 2.4
12 161 111 IT 1.49 23.1 3.8 135.7 0.2 24.0 118.6 11.9 0.78 151.6 15.2
13 153 91 IT 0.31 7.5 14.8 77.1 2.0 11.0 75.1 7.5 0.75 100.3 10.0

Grains 6 and 9 were excluded. In grain 6, He content is zero and it has resulted in having minus

AHe age in the grain. Grain 6 has age lower than 10 Ma.
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Sample Details

Region: Outer Heberides Unit:Uist Lithology:Lewisian

Sample Name: Sut-19 Elevation:252m Apatite quality: 4

Apatite Fission Track Data

Method:LA-ICP-MS Zeta:21.2±2.5

Table B.19: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 37 1.6E-05 0.125 0.004 2.0E-06 0.115 0.012 24.36 0.72 2.26 194.8 32.5
2 30 1.3E-05 0.149 0.004 1.9E-06 0.097 0.013 29.09 0.77 2.22 165.7 30.6
3 34 1.7E-05 0.087 0.002 1.5E-06 0.053 0.010 17.00 0.44 2.19 239.7 41.6
4 25 1.6E-05 0.098 0.003 1.6E-06 0.052 0.009 19.04 0.50 2.37 168.7 34.0
5 39 1.7E-05 0.071 0.003 1.2E-06 0.041 0.010 13.88 0.57 2.48 333.8 55.2
6 30 1.3E-05 0.072 0.002 9.1E-07 0.048 0.008 13.94 0.42 2.03 340.8 63.1
7 29 1.7E-05 0.081 0.003 1.4E-06 0.091 0.014 15.71 0.50 2.34 220.9 41.6
8 71 2.1E-05 0.159 0.004 3.4E-06 0.043 0.008 30.97 0.76 2.19 219.7 26.6
9 28 2.1E-05 0.075 0.003 1.6E-06 0.149 0.016 14.64 0.53 1.91 183.9 35.4
10 34 1.6E-05 0.123 0.003 2.0E-06 0.035 0.009 23.95 0.65 2.60 181.8 31.6
11 51 2.6E-05 0.161 0.007 4.3E-06 0.025 0.006 31.30 1.40 1.67 125.7 18.5
12 31 2.1E-05 0.068 0.002 1.4E-06 0.033 0.008 13.16 0.40 2.43 225.5 41.1

Figure B.13: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Sample Details

Region: Outer Heberides Unit:Uist Lithology:Lewisian

Sample Name: Sut-18 Elevation:416m Apatite quality: 4

Apatite Fission Track Data

Method:LA-ICP-MS Zeta:22.7±1.9

Table B.20: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 37 9.5E-06 0.292 0.026 2.8E-06 0.105 0.017 54.80 4.90 2.17 149.1 27.9
2 45 2.1E-05 0.087 0.002 1.8E-06 0.162 0.010 16.28 0.40 2.36 271.7 41.0
3 41 2.1E-05 0.144 0.004 3.1E-06 0.110 0.011 27.03 0.70 2.42 150.6 23.8
4 32 1.7E-05 0.099 0.002 1.7E-06 0.076 0.010 18.59 0.40 2.71 212.5 37.8
5 44 1.6E-05 0.130 0.003 2.1E-06 0.109 0.010 24.40 0.49 2.13 237.0 36.0
6 10 1.3E-05 0.023 0.001 3.0E-07 0.108 0.010 4.40 0.10 2.14 369.7 117.2
7 24 2.1E-05 0.055 0.002 1.2E-06 0.091 0.010 10.27 0.37 1.91 230.5 47.8
8 26 1.3E-05 0.076 0.001 9.6E-07 0.092 0.010 14.22 0.27 2.33 298.9 58.9
9 26 1.7E-05 0.073 0.001 1.2E-06 0.083 0.010 13.75 0.26 2.33 233.0 45.9
10 30 1.7E-05 0.101 0.004 1.7E-06 0.133 0.011 18.84 0.78 1.77 196.9 36.9
11 60 2.1E-05 0.184 0.003 3.9E-06 0.096 0.009 34.51 0.56 2.58 172.3 22.4
12 31 1.3E-05 0.197 0.003 2.5E-06 0.075 0.009 36.95 0.59 2.48 138.9 25.0

Figure B.14: (a) Radial plot of single grain fission track data, prepared using IsoplotR
(Vermeesch, 2018). (b) Histograms of both measured track length distribution, and
projected track length projection after Ketcham et al. (2007)
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Sample Details

Region: Outer Heberides Unit:Uist Lithology:Lewisian

Sample Name: Sut-17-1 Elevation:512m Apatite quality: 4

Apatite Fission Track Data

Method:LA-ICP-MS Zeta:21.1±1.0

Table B.21: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 25 9.5E-06 0.173 0.003 1.6E-06 0.138 0.004 32.23 0.53 1.99 158.0 31.7
2 38 1.3E-05 0.127 0.002 1.6E-06 0.112 0.004 23.60 0.40 2.16 243.8 39.8
3 22 1.3E-05 0.104 0.002 1.3E-06 0.117 0.003 19.33 0.31 1.89 173.0 37.0
4 28 1.6E-05 0.120 0.002 1.9E-06 0.127 0.004 22.28 0.41 2.00 152.7 29.0
5 26 1.3E-05 0.091 0.002 1.2E-06 0.125 0.004 16.88 0.29 2.17 231.8 45.6
6 21 9.5E-06 0.087 0.001 8.3E-07 0.120 0.004 16.13 0.26 2.36 260.5 57.0
7 24 1.3E-05 0.123 0.002 1.6E-06 0.124 0.004 22.56 0.36 1.99 160.4 32.9

Figure B.15: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Sample Details

Region: Outer Heberides Unit:Uist Lithology:Lewisian

Sample Name: Sut-17-b Elevation:512m Apatite quality: 4

Apatite Fission Track Data

Method:LA-ICP-MS Zeta:22.5±1.5

Table B.22: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 34 1.3E-05 0.145 0.003 1.8E-06 0.146 0.005 25.58 0.45 2.25 204.4 35.2
2 64 1.7E-05 0.249 0.004 4.2E-06 0.126 0.004 43.87 0.68 1.87 168.6 21.2
3 37 1.3E-05 0.267 0.004 3.4E-06 0.117 0.004 47.09 0.72 1.97 121.5 20.1
4 38 1.3E-05 0.273 0.005 3.5E-06 0.117 0.004 48.13 0.85 1.82 122.0 19.9
5 30 1.3E-05 0.132 0.003 1.7E-06 0.177 0.008 23.28 0.51 1.98 197.8 36.4
6 22 9.5E-06 0.118 0.002 1.1E-06 0.139 0.005 20.74 0.37 2.23 216.7 46.4
7 24 1.3E-05 0.104 0.002 1.3E-06 0.127 0.004 18.29 0.37 2.11 201.1 41.2
8 31 1.6E-05 0.123 0.002 2.0E-06 0.114 0.004 21.71 0.41 1.79 175.5 31.7
9 34 1.3E-05 0.117 0.002 1.5E-06 0.119 0.004 20.6 0.36 2.32 251.8 43.4
10 34 1.7E-05 0.122 0.002 2.1E-06 0.128 0.004 21.49 0.35 1.95 182.0 31.3
11 30 1.3E-05 0.140 0.003 1.8E-06 0.116 0.004 24.52 0.46 1.99 187.5 34.4

Figure B.16: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Apatite (U-Th-Sm)/He Data

Table B.23: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three

No L W T He U Th Sm Th/U Eu age Error Ft Age Error Disp
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) (%)

1 138 117 1T 0.3 30.3 2.8 317.9 0.1 31.0 21.4 2.1 0.77 27.9 2.8
2 197 109 0T 0.4 26.6 2.8 208.9 0.1 27.3 20.7 2.1 0.81 25.6 2.6
3 153 86 0T 0.2 25.4 4.0 202.4 0.2 26.3 16.1 1.6 0.75 21.5 2.1
4 150 119 1T 0.1 10.5 2.0 111.5 0.2 10.9 22.4 2.2 0.78 28.7 2.9
5 100 66 1T 0.1 21.6 5.4 258.8 0.2 22.9 20.9 2.1 0.65 32.4 3.2
6 114 73 1T 0.1 27.1 5.0 240.0 0.2 28.3 17.9 1.8 0.69 26.1 2.6 21
7 116 97 1T 0.1 27.6 4.4 214.7 0.2 28.7 17.0 1.7 0.72 23.6 2.4
8 166 69 1T 0.2 31.1 3.6 230.2 0.1 32.0 15.1 1.5 0.75 20.1 2.0
9 227 108 0T 0.4 17.6 3.5 115.5 0.2 18.4 20.1 2.0 0.82 24.4 2.4
10 141 91 0T 0.2 42.2 7.3 263.9 0.2 44.0 13.5 1.4 0.74 18.1 1.8
11 152 105 0T 0.5 40.1 8.0 257.5 0.2 42.0 28.3 2.8 0.77 36.8 3.7
12 150 94 0T 0.2 19.8 18.9 211.4 1.0 24.2 25.6 2.6 0.75 34.0 3.4
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Sample Details

Region: Outer Heberides Unit:Uist Lithology:Lewisian

Sample Name: Sut-16 Elevation:591m Apatite quality: 4

Apatite Fission Track Data

Method:LA-ICP-MS Zeta:21.1±1.0

Table B.24: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 45 1.7E-05 0.141 0.002 2.4E-06 0.018 0.002 26.39 0.46 1.79 195.1 29.3
2 36 1.3E-05 0.218 0.005 2.8E-06 0.024 0.002 40.58 0.86 2.36 135.9 22.8
3 34 9.5E-06 0.164 0.004 1.6E-06 0.019 0.002 30.56 0.80 1.94 225.5 39.1
4 99 2.6E-05 0.279 0.006 7.4E-06 0.025 0.002 51.90 1.20 1.91 140.0 14.4
5 50 1.9E-05 0.135 0.002 2.6E-06 0.020 0.002 25.14 0.45 2.27 201.5 28.7
6 52 2.1E-05 0.163 0.008 3.5E-06 0.022 0.002 30.30 1.40 2.26 156.9 22.9
7 74 2.1E-05 0.266 0.006 5.6E-06 0.021 0.002 49.30 1.10 2.42 137.0 16.2
8 63 2.1E-05 0.204 0.003 4.3E-06 0.021 0.002 37.78 0.62 2.71 152.1 19.3
9 81 1.3E-05 0.322 0.009 4.1E-06 0.018 0.002 59.60 1.70 2.63 205.7 23.6
10 71 1.6E-05 0.255 0.009 4.0E-06 0.019 0.002 47.10 1.60 2.24 182.6 22.5
11 77 2.1E-05 0.196 0.004 4.2E-06 0.018 0.002 36.23 0.66 2.11 192.7 22.2
12 23 9.5E-06 0.138 0.003 1.3E-06 0.024 0.002 25.57 0.58 1.55 181.4 38.0
13 63 1.7E-05 0.148 0.003 2.5E-06 0.019 0.002 27.37 0.46 2.33 259.2 32.9
14 112 2.6E-05 0.318 0.006 8.4E-06 0.023 0.002 58.60 1.10 2.77 139.0 13.4
15 67 1.6E-05 0.204 0.004 3.2E-06 0.018 0.002 37.65 0.74 2.58 214.2 26.5
16 84 1.6E-05 0.244 0.006 3.9E-06 0.021 0.002 44.80 1.10 2.48 225.0 25.2
17 79 2.1E-05 0.214 0.008 4.5E-06 0.019 0.002 39.20 1.40 2.83 181.7 21.4
18 89 2.6E-05 0.271 0.005 7.2E-06 0.019 0.002 49.70 0.83 1.98 129.6 13.9

Figure B.17: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Sample Details

Region: Outer Heberides Unit:Uist Lithology:Lewisian

Sample Name: Sut-15 Elevation:3m Apatite quality:4

Apatite Fission Track Data

Method:LA-ICP-MS Zeta:22.5±1.5

Table B.25: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 44 5.3E-05 0.049 0.001 2.6E-06 0.054 0.006 8.80 0.15 1.77 187.7 28.5
2 30 3.8E-05 0.026 0.001 1.0E-06 0.061 0.005 4.74 0.13 2.12 326.6 60.3
3 24 2.6E-05 0.038 0.001 1.0E-06 0.057 0.007 6.88 0.12 1.67 260.3 53.3
4 12 1.6E-05 0.033 0.001 5.3E-07 0.051 0.006 5.95 0.13 2.12 251.0 72.7
5 15 2.6E-05 0.026 0.001 6.9E-07 0.056 0.006 4.68 0.09 1.91 239.2 61.9
6 14 5.3E-05 0.010 0.000 5.1E-07 0.044 0.006 1.71 0.05 1.89 303.5 81.7
7 10 1.7E-05 0.032 0.001 5.3E-07 0.043 0.006 5.63 0.11 1.77 207.4 65.7
8 23 1.6E-05 0.084 0.002 1.3E-06 0.037 0.005 15.03 0.27 1.84 190.8 39.9
9 7 2.5E-05 0.014 0.000 3.4E-07 0.030 0.005 2.42 0.06 2.13 224.8 85.1
10 7 1.3E-05 0.036 0.001 4.6E-07 0.035 0.005 6.39 0.19 1.70 170.8 64.8
11 21 2.6E-05 0.044 0.001 1.2E-06 0.038 0.005 7.81 0.15 1.95 200.7 44
12 22 2.6E-05 0.046 0.001 1.2E-06 0.039 0.004 8.13 0.15 1.86 202.0 43.2
13 15 2.6E-05 0.030 0.001 8.1E-07 0.035 0.004 5.43 0.11 1.95 205.9 53.3
14 31 2.1E-05 0.088 0.002 1.9E-06 0.033 0.004 15.65 0.29 1.90 184.8 33.4
15 24 2.5E-05 0.046 0.001 1.2E-06 0.039 0.005 8.17 0.18 1.79 227.6 46.7
16 20 2.5E-05 0.068 0.001 1.7E-06 0.035 0.005 12.18 0.23 2.22 128.1 28.8
17 7 3.7E-05 0.009 0.000 3.5E-07 0.030 0.003 1.68 0.04 1.74 221.0 83.7
18 11 1.6E-05 0.045 0.001 7.1E-07 0.030 0.004 7.92 0.15 1.63 172.3 52.1
19 14 3.7E-05 0.025 0.001 9.4E-07 0.028 0.003 4.49 0.10 2.21 165.9 44.5

Figure B.18: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Sample Details

Region: Outer Heberides Unit:Uist Lithology:Lewisian

Sample Name: Sut-9 Elevation:1m Apatite quality: 3

Apatite Fission Track Data

Method:LA-ICP-MS Zeta:22.5±1.5

Table B.26: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 8 2.6E-05 0.014 0.000 3.8E-07 0.027 0.003 2.53 0.06 2.38 231.5 82.0
2 17 2.1E-05 0.034 0.001 7.2E-07 0.022 0.002 5.97 0.24 2.43 259.5 63.7
3 23 1.7E-05 0.070 0.001 1.2E-06 0.063 0.003 12.23 0.22 2.06 214.8 45.0
4 7 2.1E-05 0.014 0.000 2.9E-07 0.026 0.002 2.41 0.07 1.97 264.3 100.2
5 9 1.6E-05 0.020 0.000 3.1E-07 0.020 0.003 3.42 0.08 2.29 318.0 106.3
6 12 3.2E-05 0.017 0.000 5.4E-07 0.025 0.002 2.96 0.06 2.30 246.1 71.2
7 22 2.1E-05 0.052 0.001 1.1E-06 0.021 0.003 9.11 0.17 2.10 220.4 47.2
8 5 9.5E-06 0.022 0.001 2.1E-07 0.045 0.003 3.83 0.09 1.82 263.5 118.0
9 5 2.5E-05 0.017 0.000 4.4E-07 0.032 0.003 3.01 0.07 2.34 127.0 56.9
10 13 4.2E-05 0.038 0.001 1.6E-06 0.074 0.003 6.55 0.13 2.18 91.2 25.3
11 14 1.6E-05 0.035 0.001 5.6E-07 0.022 0.003 6.12 0.13 2.10 276.0 74.0
12 5 3.0E-05 0.009 0.000 2.7E-07 0.044 0.003 1.58 0.04 1.92 205.6 92.1
13 12 2.1E-05 0.023 0.001 4.9E-07 0.029 0.003 4.05 0.09 1.88 268.1 77.6
14 17 3.4E-05 0.040 0.001 1.4E-06 0.021 0.003 6.97 0.14 2.21 139.3 33.9
15 4 1.7E-05 0.020 0.000 3.4E-07 0.027 0.003 3.52 0.08 2.15 129.9 65.0

Figure B.19: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Sample Details

Region: Outer Heberides Unit:Uist Lithology:Lewisian

Sample Name: Sut-8 Elevation:11m Apatite quality: 2

Apatite Fission Track Data

Method:LA-ICP-MS Zeta:21.1±1.0

Table B.27: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 41 2.6E-05 0.099 0.002 2.6E-06 0.034 0.003 18.31 0.34 2.28 163.7 25.7
2 46 2.6E-05 0.077 0.001 2.0E-06 0.036 0.003 14.25 0.25 2.30 234.9 34.9
3 58 5.3E-05 0.061 0.001 3.2E-06 0.028 0.003 11.36 0.2 2.11 186.7 24.7
4 30 2.6E-05 0.056 0.001 1.5E-06 0.027 0.002 10.44 0.26 2.06 210 38.7
5 47 2.6E-05 0.114 0.002 3.0E-06 0.027 0.002 21.25 0.34 2.26 162.3 23.8
6 104 5.3E-05 0.096 0.002 5.1E-06 0.026 0.002 17.86 0.31 2.26 212.9 21.2
7 56 2.6E-05 0.095 0.002 2.5E-06 0.020 0.002 17.68 0.32 2.07 231.4 31.2
8 103 5.3E-05 0.148 0.010 7.8E-06 0.031 0.003 27.7 1.9 2.08 137.2 16.4
9 41 4.2E-05 0.054 0.001 2.3E-06 0.025 0.002 10.07 0.18 1.90 186.9 29.4
10 23 3.8E-05 0.023 0.000 8.8E-07 0.026 0.002 4.295 0.093 2.21 271.5 56.9
11 27 2.1E-05 0.049 0.001 1.0E-06 0.020 0.002 9.17 0.21 1.86 268.7 52.1
12 33 3.7E-05 0.024 0.001 9.0E-07 0.025 0.002 4.53 0.13 1.93 377.2 66.5
13 25 2.1E-05 0.031 0.001 6.6E-07 0.027 0.002 5.86 0.15 2.39 386.2 77.9
14 50 3.2E-05 0.178 0.003 5.7E-06 0.046 0.003 33.4 0.54 2.09 92.4 13.2
15 51 3.2E-05 0.105 0.003 3.3E-06 0.030 0.003 19.66 0.51 2.42 159.1 22.7
16 54 3.2E-05 0.090 0.002 2.9E-06 0.029 0.003 16.85 0.32 2.00 196 26.9
17 61 3.2E-05 0.104 0.002 3.3E-06 0.023 0.002 19.47 0.3 2.38 191.7 24.7
18 45 4.2E-05 0.078 0.001 3.3E-06 0.022 0.002 14.52 0.24 2.21 142.6 21.4
19 46 2.6E-05 0.0721 0.0013 1.9E-06 0.023 0.002 13.47 0.24 2.39 249.3 37

Figure B.20: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Apatite (U-Th-Sm)/He Data

Table B.28: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three

No L W T He U Th Sm Th/U Eu age Error Ft Age Error Disp
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) (%)

1 235 132 2T 1.504 16.4 11.4 254.0 0.7 19.0 59.3 5.9 0.84 70.9 7.1
2 210 112 1T 0.432 12.0 4.4 273.1 0.4 13.0 35.6 3.6 0.81 43.7 4.4
3 201 114 1T 2.192 37.9 54.4 663.3 1.4 50.6 51.4 5.1 0.81 63.8 6.4
4 133 167 1T 1.228 27.1 33.4 462.9 1.2 35.0 48.3 4.8 0.80 60.5 6.1
5 199 101 2T 0.457 14.6 10.0 424.4 0.7 16.9 35.3 3.5 0.80 44.1 4.4 25
6 244 106 2T 1.734 14.3 15.8 365.1 1.1 18.1 80.3 8.0 0.83 97.2 9.7
7 260 100 2T 1.423 19.9 23.7 432.9 1.2 25.5 43.7 4.4 0.83 52.6 5.3
8 141 131 1T 0.252 7.8 6.9 241.1 0.9 9.5 46.5 4.6 0.78 59.7 6.0
9 185 166 1T 1.161 20.4 7.7 516.3 0.4 22.2 42.8 4.3 0.83 51.6 5.2
10 228 155 1T 2.261 26.9 2.3 537.1 0.1 27.5 52.8 5.3 0.85 62.5 6.2
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Sample Details

Region: Outer Heberides Unit:Barra Lithology:Lewisian

Sample Name: Bar-5-1 Elevation:15m Apatite quality: 4

Apatite Fission Track Data

Method:LA-ICP-MS Zeta:22.7±1.9

Table B.29: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 4 2.6E-05 0.010 0.000 2.6E-07 0.196 0.017 1.85 0.07 1.77 171.9 86.2
2 7 1.9E-05 0.023 0.000 4.3E-07 0.120 0.011 4.27 0.08 1.51 180.4 68.3
3 4 2.6E-05 0.005 0.000 1.3E-07 0.124 0.010 0.94 0.03 1.77 332.8 166.7
4 7 2.6E-05 0.016 0.000 4.3E-07 0.103 0.010 3.02 0.07 1.66 183.6 69.5
5 6 1.3E-05 0.037 0.001 4.7E-07 0.098 0.010 6.90 0.12 1.44 143.9 58.8
6 6 9.5E-06 0.021 0.000 2.0E-07 0.132 0.011 3.97 0.09 1.81 328.9 134.5
7 8 3.4E-05 0.010 0.000 3.5E-07 0.198 0.013 1.94 0.06 1.63 254.3 90.2
8 9 4.2E-05 0.010 0.000 4.4E-07 0.092 0.010 1.75 0.04 1.78 229.3 76.7
9 7 3.2E-05 0.010 0.000 3.3E-07 0.102 0.010 2.04 0.06 1.72 237.6 90.1
10 7 3.8E-05 0.010 0.000 3.9E-07 0.087 0.011 2.21 0.05 2.03 198.6 75.3
11 6 3.2E-05 0.010 0.000 3.3E-07 0.101 0.010 3.27 0.08 2.11 204.2 83.6

Figure B.21: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Sample Details

Region: Outer Heberides Unit:Uist Lithology:Lewisian

Sample Name: Bar-5-2 Elevation:15m Apatite quality: 4

Apatite Fission Track Data

Method:LA-ICP-MS Zeta:21.2±2.5

Table B.30: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 6 2.1E-05 0.018 0.001 3.7E-07 0.034 0.008 3.44 0.14 167.7 68.8
2 4 2.6E-05 0.006 0.001 1.5E-07 0.034 0.008 1.10 0.12 278.3 142.3
3 8 3.2E-05 0.013 0.001 4.2E-07 0.033 0.007 2.56 0.11 199.4 71.1
4 5 1.7E-05 0.012 0.001 2.1E-07 0.034 0.006 2.36 0.11 252.6 113.5
5 8 1.7E-05 0.020 0.001 3.4E-07 0.031 0.006 3.90 0.16 244.9 87.2
6 10 2.1E-05 0.017 0.001 3.7E-07 0.058 0.009 3.36 0.15 283.4 90.6
7 6 3.2E-05 0.010 0.001 3.2E-07 0.050 0.007 1.93 0.10 198.5 81.7
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Apatite (U-Th-Sm)/He Data

Table B.31: Add caption

No L W T He U Th Sm Th/U Eu age Error Ft Age Error Disp
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) (%)

1 127 97 0T 0.01 2.6 3.0 2.6 1.1 3.3 3.1 0.3 0.73 4.3 0.4
2 182 100 2T 0.13 2.7 1.2 2.7 0.5 2.9 28.4 2.8 0.79 36.0 3.6
3 201 97 1T 0.07 1.5 1.1 1.5 0.7 1.8 19.1 1.9 0.80 23.9 2.4
4 129 93 1T 0.05 4.5 2.7 4.5 0.6 5.1 23.8 2.4 0.73 32.6 3.3
5 162 157 1T 0.07 1.5 0.9 1.5 0.6 1.7 14.3 1.4 0.81 17.6 1.8
6 137 74 1T 0.02 4.7 3.5 4.7 0.8 5.5 12.7 1.3 0.72 17.7 1.8 34
7 180 91 1T 0.04 1.3 1.2 1.3 1.0 1.6 16.9 1.7 0.78 21.7 2.2
8 180 104 2T 0.03 1.3 1.2 1.3 0.9 1.6 12.5 1.3 0.79 15.9 1.6
9 162 91 1T 0.03 3.2 1.8 3.2 0.6 3.6 12.5 1.2 0.76 16.3 1.6
10 129 126 1T 0.12 8.7 3.5 8.7 0.4 9.5 29.5 3.0 0.77 38.6 3.9

Grain 1 was excluded from modelling because its age is extremely young and its He content is

lower than other grains in this sample possibly is due to degassing process.
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Sample Details

Region: Outer Heberides Unit:Uist Lithology:Lewisian

Sample Name: Bar-1 Elevation:17m Apatite quality: 1

Apatite Fission Track Data

Method:LA-ICP-MS Zeta:22.7±1.9

Table B.32: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 51 1.3E-05 0.452 0.009 5.7E-06 0.066 0.010 84.70 1.60 2.33 100.0 14.1
2 128 2.1E-05 0.527 0.008 1.1E-05 0.094 0.009 98.80 1.60 2.61 128.7 11.6
3 53 1.3E-05 0.188 0.010 2.4E-06 0.076 0.022 35.20 1.80 2.72 246.8 36.1
4 59 2.1E-05 0.219 0.004 4.6E-06 0.078 0.010 41.04 0.78 2.17 142.8 18.8
5 74 2.1E-05 0.267 0.004 5.7E-06 0.065 0.010 50.01 0.79 2.53 146.9 17.2
6 40 2.1E-05 0.122 0.002 2.6E-06 0.056 0.010 22.90 0.37 2.30 173.0 27.5
7 44 3.7E-05 0.068 0.001 2.5E-06 0.063 0.010 12.65 0.25 2.59 196.6 29.9
8 56 2.1E-05 0.219 0.004 4.6E-06 0.075 0.009 41.06 0.70 1.86 135.5 18.3
9 52 2.6E-05 0.146 0.002 3.9E-06 0.063 0.010 27.32 0.45 2.10 151.1 21.1
10 51 1.3E-05 0.271 0.005 3.4E-06 0.064 0.009 50.74 0.88 2.11 166.0 23.4
11 49 2.1E-05 0.253 0.004 5.3E-06 0.061 0.010 47.31 0.81 2.38 103.1 14.8
12 41 2.6E-05 0.097 0.002 2.6E-06 0.075 0.010 18.14 0.31 2.12 179.0 28.1
13 44 1.7E-05 0.244 0.005 4.1E-06 0.061 0.010 45.69 0.84 2.27 119.8 18.2
14 56 2.1E-05 0.295 0.005 6.3E-06 0.082 0.011 55.35 0.94 1.80 100.8 13.6
15 31 1.7E-05 0.093 0.002 1.6E-06 0.078 0.010 17.35 0.35 2.04 220.4 39.8
16 30 1.7E-05 0.164 0.003 2.8E-06 0.080 0.011 30.79 0.52 2.09 121.1 22.2
17 53 3.2E-05 0.113 0.002 3.6E-06 0.052 0.009 21.08 0.34 2.22 166.1 23
18 55 2.5E-05 0.156 0.003 4.0E-06 0.065 0.010 29.17 0.50 2.25 155.9 21.2
19 45 2.5E-05 0.148 0.003 3.8E-06 0.083 0.009 27.68 0.49 1.90 134.6 20.2
20 59 1.7E-05 0.148 0.003 2.5E-06 0.066 0.010 17.58 0.31 1.88 262.1 34.4

Figure B.22: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Apatite (U-Th-Sm)/He Data

Table B.33: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three

No L W T He U Th Sm Th/U Eu age Error Ft Age Error Disp
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) (%)

1 229 114 1T 1.2 29.8 0.6 308.3 0.02 29.9 37.8 3.8 0.83 45.7 4.6
2 170 168 1T 1.8 50.4 4.1 521.6 0.08 51.4 34.9 3.5 0.82 42.3 4.2
3 324 161 2T 4.0 40.2 0.6 267.4 0.02 40.3 33.5 3.3 0.88 38.2 3.8
4 129 167 1T 0.6 25.2 1.9 244.4 0.08 25.6 34.3 3.4 0.80 42.9 4.3 20
5 264 144 2T 1.0 10.0 0.4 89.7 0.04 10.1 56.0 5.6 0.85 65.6 6.6
6 226 181 1T 1.2 16.4 0.4 254.3 0.03 16.5 38.5 3.9 0.85 45.1 4.5
7 160 109 1T 0.435 0.0 0.0 0.9 -0.30 0.0 9789.5 979.0 0.85 12503.2 1250.3

Grains 7 is discarded from discussion and modelling because it is extremly old it possibly becuase

this grain is not apatite and had been picked wrongly. It could be zircon and had not been disolved

when the standard disolution was added for ICP-MS, and it resuled in very low U and Th content

compare to its He content.

333



Sample Details

Region: Grampian Highland Area:Ben Nevis Lithology:Granite

Sample Name: BN-04 Elevation:860m Apatite quality:1

Apatite Fission Track Data

Method:EDM Zeta:311.1±24.3

Table B.34: Single grain apatite fission track data using EDM. All symbols have been
described in chapter three apart from SE which is standard error calculated using
IsoplotR.

No Ns Ni Area ρs ρi ρs/ρi U Dpar Age 1SE
(cm2) (cm2) (cm2) (ppm) (µm) (Ma) (Ma)

1 26 34 2.5E-05 1.0E+06 1.3E+06 0.76 11.11 2.10 196.1 51.1
2 37 35 2.5E-05 1.5E+06 1.4E+06 1.06 11.43 2.07 269.6 63.6
3 51 44 1.7E-05 3.0E+06 2.6E+06 1.16 21.56 1.63 295.0 60.7
4 41 57 3.0E-05 1.4E+06 1.9E+06 0.72 15.96 1.79 184.6 37.8
5 99 101 4.2E-05 2.3E+06 2.4E+06 0.98 19.79 1.73 250.3 35.4
6 26 33 1.9E-05 1.4E+06 1.7E+06 0.79 14.37 1.80 202.0 53.0
7 39 42 1.9E-05 2.0E+06 2.2E+06 0.93 18.29 1.75 237.4 52.8
8 25 19 2.1E-05 1.2E+06 9.0E+05 1.32 7.45 2.01 334.0 102.0
9 74 71 4.2E-05 1.7E+06 1.7E+06 1.04 13.91 1.83 265.8 44.2
10 39 42 3.8E-05 1.0E+06 1.1E+06 0.93 9.15 1.71 237.4 52.8
11 48 59 2.6E-05 1.8E+06 2.2E+06 0.81 18.50 1.70 208.4 40.5
12 49 61 2.6E-05 1.9E+06 2.3E+06 0.80 19.13 1.60 205.8 39.5
13 58 56 4.8E-05 1.2E+06 1.2E+06 1.04 9.76 2.02 264.2 49.5
14 61 74 2.9E-05 2.1E+06 2.6E+06 0.82 21.48 1.52 211.2 36.5
15 44 49 3.7E-05 1.2E+06 1.3E+06 0.90 10.97 1.73 229.7 47.7
16 38 33 3.7E-05 1.0E+06 8.9E+05 1.15 7.39 1.69 293.1 69.7
17 29 37 1.9E-05 1.5E+06 1.9E+06 0.78 16.11 1.66 200.9 49.8
18 45 56 2.5E-05 1.8E+06 2.2E+06 0.80 18.29 1.69 205.9 41.2
19 49 51 3.0E-05 1.7E+06 1.7E+06 0.96 14.28 1.80 245.5 49.1
20 33 34 4.2E-05 7.8E+05 8.0E+05 0.97 6.66 1.88 247.9 60.6
21 44 33 2.1E-05 2.1E+06 1.6E+06 1.33 12.93 2.20 338.2 77.9
22 81 66 4.4E-05 1.8E+06 1.5E+06 1.23 12.32 1.61 311.9 51.7

Figure B.23: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Sample Details

Region: Grampian Highland Area:Ben Nevis Lithology:Granite

Sample Name: BN-05 Elevation:717m Apatite quality: 1

Apatite Fission Track Data

Method:EDM Zeta:311.1±24.3

Table B.35: Single grain apatite fission track data using EDM. All symbols have been
described in chapter three apart from SE which is standard error calculated using
IsoplotR.

No Ns Ni Area ρs ρi ρs/ρi U Dpar Age 1SE
(cm2) (cm2) (cm2) (ppm) (µm) (Ma) (Ma)

1 38 34 2.5E-05 1.5E+06 1.3E+06 1.12 11.11 1.88 284.7 67.2
2 21 39 1.6E-05 1.3E+06 2.5E+06 0.54 20.38 1.87 138.7 37.5
3 22 27 2.9E-05 7.7E+05 9.4E+05 0.81 7.84 1.75 208.8 60.0
4 31 35 1.9E-05 1.6E+06 1.8E+06 0.89 15.24 1.90 226.6 55.9
5 29 26 3.0E-05 9.8E+05 8.8E+05 1.12 7.28 2.15 284.1 76.7
6 15 13 9.5E-06 1.6E+06 1.4E+06 1.15 11.32 1.67 294.0 111.0
7 29 32 3.2E-05 9.1E+05 1.0E+06 0.91 8.36 2.04 231.8 59.4
8 35 38 2.5E-05 1.4E+06 1.5E+06 0.92 12.41 1.92 235.5 55.2
9 16 20 1.6E-05 1.0E+06 1.3E+06 0.80 10.45 1.90 205.0 68.8
10 44 41 3.7E-05 1.2E+06 1.1E+06 1.07 9.18 2.09 273.6 59.4
11 23 24 2.2E-05 1.0E+06 1.1E+06 0.96 8.96 1.65 244.8 71.4
12 17 21 1.9E-05 8.9E+05 1.1E+06 0.81 9.15 1.86 207.4 67.7
13 10 13 1.1E-05 9.4E+05 1.2E+06 0.77 10.19 2.01 197.3 83.0
14 13 17 1.3E-05 1.0E+06 1.3E+06 0.76 11.11 1.81 196.1 72.3
15 37 30 2.2E-05 1.7E+06 1.3E+06 1.23 11.20 1.87 313.4 77.0
16 19 24 1.3E-05 1.5E+06 1.9E+06 0.79 15.68 1.74 202.9 62.3
17 31 34 2.5E-05 1.2E+06 1.3E+06 0.91 11.11 1.88 233.2 57.9
18 24 41 2.9E-05 8.4E+05 1.4E+06 0.59 11.90 1.92 150.7 38.7
19 42 37 1.6E-05 2.6E+06 2.3E+06 1.14 19.34 1.77 289.0 65.2
20 55 31 3.8E-05 1.4E+06 8.1E+05 1.77 6.75 1.91 446.0 100.0

Figure B.24: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Sample Details

Region: Grampian Highland Area:Ben Nevis Lithology:Granite

Sample Name: BN-06 Elevation:597m Apatite quality: 1

Apatite Fission Track Data

Method:EDM Zeta:311.1±24.3

Table B.36: Single grain apatite fission track data using EDM. All symbols have been
described in chapter three apart from SE which is standard error calculated using
IsoplotR

No Ns Ni Area ρs ρi ρs/ρi U Dpar Age 1SE
(cm2) (cm2) (cm2) (ppm) (µm) (Ma) (Ma)

1 74 68 9.5E-06 7.8E+06 7.1E+06 1.09 59.74 2.04 275.0 51.0
2 36 37 9.5E-06 3.8E+06 3.9E+06 0.97 32.50 1.95 246.4 60.8
3 71 69 1.3E-05 5.6E+06 5.4E+06 1.03 45.46 2.38 260.3 48.5
4 73 81 1.3E-05 5.7E+06 6.4E+06 0.90 53.37 1.97 228.6 41.0
5 59 61 1.3E-05 4.6E+06 4.8E+06 0.97 40.19 2.27 245.0 48.7
6 74 69 1.3E-05 5.8E+06 5.4E+06 1.07 45.46 2.38 271.1 50.1
7 74 67 1.5E-05 5.0E+06 4.5E+06 1.10 37.84 2.09 279.0 51.9
8 63 72 1.3E-05 5.0E+06 5.7E+06 0.88 47.44 2.15 222.0 42.1
9 54 41 1.1E-05 5.1E+06 3.9E+06 1.32 32.42 2.20 331.4 73.4
10 79 67 1.7E-05 4.7E+06 4.0E+06 1.18 33.11 1.98 297.4 54.6
11 72 70 1.3E-05 5.7E+06 5.5E+06 1.03 46.12 1.99 260.2 48.2
12 60 71 1.3E-05 4.7E+06 5.6E+06 0.85 46.78 2.01 214.6 41.2
13 110 117 3.0E-05 3.7E+06 3.9E+06 0.94 33.04 2.26 238.3 36.7
14 71 99 1.6E-05 4.5E+06 6.2E+06 0.72 52.18 2.41 182.5 31.8
15 55 71 1.9E-05 2.9E+06 3.7E+06 0.77 31.19 2.35 197.0 38.6
16 90 104 2.9E-05 3.1E+06 3.6E+06 0.87 30.45 2.53 219.6 36.0
17 63 87 1.3E-05 5.0E+06 6.8E+06 0.72 57.32 2.43 184.3 33.7
18 27 28 1.1E-05 2.5E+06 2.6E+06 0.96 22.14 2.40 244.3 68.6
19 59 67 1.6E-05 3.7E+06 4.2E+06 0.88 35.32 2.20 223.4 43.6
20 64 66 1.1E-05 6.0E+06 6.2E+06 0.97 52.18 2.28 245.6 47.2

Figure B.25: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Apatite (U-Th-Sm)/He Data

Table B.37: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three

No L W T He U Th Sm Th/U Eu age Error Ft Age Error R*
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma)

1 206 95 1T 0.4 3.5 6.8 783.2 2.0 5.1 58.3 5.8 0.80 73.2 7.3 58
2 243 91 1T 1.1 6.9 13.0 1068.3 1.9 10.0 74.1 7.4 0.82 90.8 9.1 57
3 176 91 1T 0.5 6.4 11.8 1103.1 1.9 9.1 77.2 7.7 0.77 100.1 10.0 54
4 147 78 1T 0.1 4.5 9.0 922.3 2.0 6.6 37.1 3.7 0.73 51.0 5.1 46
5 127 66 1T 0.1 6.6 14.3 1089.0 2.2 9.9 48.4 4.8 0.68 70.8 7.1 40
6 177 111 1T 1.9 14.0 16.0 1407.9 1.1 17.8 123.9 12.4 0.79 157.1 15.7 63
7 178 78 2T 0.3 4.3 8.2 744.3 1.9 6.3 67.5 6.8 0.76 88.8 8.9 48
8 145 124 1T 1.3 11.2 30.9 1659.7 2.8 18.5 101.1 10.1 0.77 131.4 13.1 65
9 135 92 1T 0.5 11.1 14.7 1202.3 1.3 14.5 82.2 8.2 0.73 112.0 11.2 52
10 109 74 1T 0.1 8.6 13.3 1086.2 1.5 11.7 41.1 4.1 0.67 61.3 6.1 42
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Sample Details

Region: Grampian Highland Area:Ben Nevis Lithology:Granite

Sample Name: BN-07 Elevation:431m Apatite quality: 1

Apatite Fission Track Data

Method:EDM Zeta:311.1±24.3

Table B.38: Single grain apatite fission track data using EDM. All symbols have been
described in chapter three apart from SE which is standard error calculated using
IsoplotR.

No Ns Ni Area ρs ρi ρs/ρi U Dpar Age 1SE
(cm2) (cm2) (cm2) (ppm) (µm) (Ma) (Ma)

1 53 64 1.3E-05 4.2E+06 5.0E+06 0.83 42.17 2.52 210.3 42.4
2 49 42 1.1E-05 4.6E+06 4.0E+06 1.17 33.21 2.56 294.4 66.1
3 27 39 8.5E-06 3.2E+06 4.6E+06 0.69 38.54 2.53 176.3 46.2
4 41 46 8.5E-06 4.8E+06 5.4E+06 0.89 45.46 2.41 226.1 51.7
5 111 123 1.6E-05 7.0E+06 7.7E+06 0.90 64.83 2.37 228.9 34.9
6 34 35 9.5E-06 3.6E+06 3.7E+06 0.97 30.75 2.31 246.0 62.3
7 55 58 1.7E-05 3.2E+06 3.4E+06 0.95 28.66 2.34 240.3 49.0
8 53 62 1.6E-05 3.3E+06 3.9E+06 0.85 32.68 2.72 217.0 44.0
9 51 54 1.3E-05 4.0E+06 4.2E+06 0.94 35.58 2.38 239.3 50.4
10 37 51 1.9E-05 1.9E+06 2.7E+06 0.73 22.40 2.38 184.6 42.4
11 39 51 1.3E-05 3.1E+06 4.0E+06 0.76 33.60 2.33 194.5 44.1
12 37 55 1.7E-05 2.2E+06 3.2E+06 0.67 27.18 2.35 171.4 38.8
13 34 29 9.5E-06 3.6E+06 3.0E+06 1.17 25.48 2.34 295.8 78.3
14 34 61 1.7E-05 2.0E+06 3.6E+06 0.56 30.14 2.19 142.3 32.4
15 41 58 1.7E-05 2.4E+06 3.4E+06 0.71 28.66 2.65 180.0 39.3
16 64 85 3.2E-05 2.0E+06 2.7E+06 0.75 22.40 2.78 191.5 35.1
17 49 63 2.1E-05 2.3E+06 3.0E+06 0.78 24.91 2.56 197.7 40.7
18 31 44 2.1E-05 1.5E+06 2.1E+06 0.70 17.39 2.76 179.4 44.3
19 35 43 1.3E-05 2.8E+06 3.4E+06 0.81 28.33 2.62 206.8 49.8
20 43 51 1.6E-05 2.7E+06 3.2E+06 0.84 26.88 2.56 214.1 47.4

Figure B.26: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Sample Details

Region: Grampian Highland Area:Ben Nevis Lithology:Granite

Sample Name: BN-08 Elevation:289m Apatite quality: 1

Apatite Fission Track Data

Method:EDM Zeta:311.1±24.3

Table B.39: Single grain apatite fission track data using EDM. All symbols have been
described in chapter three apart from SE which is standard error calculated using
IsoplotR

No Ns Ni Area ρs ρi ρs/ρi U Dpar Age 1SE
(cm2) (cm2) (cm2) (ppm) (µm) (Ma) (Ma)

1 118 145 3.7E-05 3.2E+06 3.9E+06 0.81 33.14 1.74 204.4 30.0
2 121 129 4.2E-05 2.9E+06 3.0E+06 0.94 25.79 1.58 235.0 35.0
3 53 62 2.1E-05 2.5E+06 2.9E+06 0.85 24.80 1.77 214.5 43.5
4 91 106 2.5E-05 3.6E+06 4.2E+06 0.86 35.33 1.72 215.4 35.1
5 86 99 2.5E-05 3.4E+06 3.9E+06 0.87 32.99 1.61 218.0 36.4
6 33 56 1.9E-05 1.7E+06 2.9E+06 0.59 24.88 1.83 148.7 34.6
7 81 96 2.5E-05 3.2E+06 3.8E+06 0.84 31.99 1.64 211.8 36.0
8 103 116 2.5E-05 4.1E+06 4.6E+06 0.89 38.66 1.64 222.7 34.8
9 28 52 1.9E-05 1.5E+06 2.7E+06 0.54 23.11 1.70 136.0 33.6
10 70 76 3.0E-05 2.4E+06 2.6E+06 0.92 21.71 1.97 230.9 42.3
11 33 42 1.9E-05 1.7E+06 2.2E+06 0.79 18.66 1.83 197.5 48.5
12 68 71 2.2E-05 3.1E+06 3.2E+06 0.96 27.04 1.97 239.9 44.8
13 51 49 2.5E-05 2.0E+06 1.9E+06 1.04 16.33 1.84 260.3 55.9
14 48 58 3.4E-05 1.4E+06 1.7E+06 0.83 14.50 1.69 207.8 43.7
15 40 49 2.1E-05 1.9E+06 2.3E+06 0.82 19.60 1.75 205.0 46.6
16 36 55 1.9E-05 1.9E+06 2.9E+06 0.65 24.44 1.60 164.9 37.6
17 99 107 2.6E-05 3.7E+06 4.0E+06 0.93 34.23 1.80 231.9 37.1
18 48 62 1.6E-05 3.0E+06 3.9E+06 0.77 33.06 1.63 194.6 40.4
19 45 49 2.1E-05 2.1E+06 2.3E+06 0.92 19.60 1.80 230.2 50.8
20 88 94 1.9E-05 4.6E+06 4.9E+06 0.94 41.77 1.77 234.6 39.4

Figure B.27: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Sample Details

Region: Grampian Highland Area:Ben Nevis Lithology:Granite

Sample Name: BN-09 Elevation:157m Apatite quality: 1

Apatite Fission Track Data

Method:LA-ICP-MS Zeta:24.7±1.7

Table B.40: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error. 35Cl and 238U
are chlorine and uranium 235 and 238 content, respectively in ppm from LA-ICP-MS
directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 46 2.1E-05 0.167 0.006 3.5E-06 0.055 0.005 20.25 0.73 1.98 158.5 24.1
2 51 1.7E-05 0.252 0.008 4.3E-06 0.045 0.005 30.50 0.95 1.87 146.1 21.0
3 39 2.6E-05 0.095 0.004 2.5E-06 0.064 0.006 11.50 0.46 1.91 189.1 31.2
4 71 4.2E-05 0.115 0.004 4.9E-06 0.045 0.005 13.89 0.43 2.30 178.1 21.9
5 47 1.6E-05 0.229 0.007 3.6E-06 0.042 0.005 27.76 0.83 2.23 157.6 23.5
6 41 1.3E-05 0.241 0.007 3.1E-06 0.052 0.005 29.16 0.86 2.20 163.5 26.0
7 47 1.3E-05 0.201 0.006 2.6E-06 0.046 0.005 24.40 0.69 1.91 223.0 33.1
8 41 2.6E-05 0.103 0.003 2.7E-06 0.046 0.004 12.46 0.38 1.96 183.4 29.2
9 34 1.7E-05 0.144 0.004 2.4E-06 0.043 0.004 17.40 0.52 2.01 170.3 29.6
10 49 1.7E-05 0.164 0.006 2.8E-06 0.049 0.005 19.88 0.66 2.31 214.1 31.4
11 43 1.7E-05 0.138 0.004 2.3E-06 0.039 0.004 16.68 0.46 2.18 223.8 34.7
12 57 9.5E-06 0.351 0.009 3.3E-06 0.044 0.004 42.50 1.10 1.88 207.3 28.0
13 41 1.7E-05 0.108 0.003 1.8E-06 0.045 0.004 13.09 0.41 1.67 270.9 43.2
14 50 3.4E-05 0.098 0.003 3.3E-06 0.046 0.004 11.88 0.31 1.80 183.3 26.3
15 61 2.6E-05 0.092 0.003 2.4E-06 0.041 0.004 11.16 0.33 2.04 301.7 39.6
16 33 1.7E-05 0.125 0.004 2.1E-06 0.049 0.004 15.10 0.43 2.00 190.2 33.6
17 51 1.7E-05 0.185 0.006 3.1E-06 0.039 0.004 22.46 0.67 2.32 197.5 28.3
18 46 1.7E-05 0.167 0.006 2.8E-06 0.051 0.004 20.25 0.66 2.10 197.7 29.9
19 38 2.5E-05 0.068 0.002 1.7E-06 0.046 0.005 8.27 0.28 1.80 265.2 43.9
20 40 2.6E-05 0.106 0.003 2.8E-06 0.048 0.004 12.84 0.42 1.98 173.6 28.0
21 42 2.1E-05 0.143 0.004 3.0E-06 0.031 0.004 17.28 0.52 1.97 169.5 26.6
22 37 2.6E-05 0.109 0.003 2.9E-06 0.050 0.005 13.25 0.40 1.99 156.0 26.1

Figure B.28: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Apatite (U-Th-Sm)/He Data

Table B.41: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three

No L W T He U Th Sm Th/U Eu age Error Ft Age Error R*
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma)

1 138 101 2T 0.8 17.9 48.6 334.4 2.7 29.3 72.5 7.3 0.74 98.0 9.8 55
2 142 102 0T 0.5 19.2 53.2 292.1 2.8 31.7 44.3 4.4 0.75 59.4 5.9 56
3 193 92 2T 0.9 17.4 44.5 231.9 2.5 27.9 54.7 5.5 0.78 69.9 7.0 56
4 149 72 1T 0.2 14.1 32.5 137.9 2.3 21.7 37.7 3.8 0.72 52.2 5.2 43
5 148 69 2T 0.3 25.5 70.4 368.7 2.8 42.0 29.3 2.9 0.72 40.8 4.1 42
6 165 133 0T 1.8 38.1 26.9 110.6 0.7 44.4 58.2 5.8 0.80 72.9 7.3 71
7 202 80 1T 0.5 10.3 28.5 178.7 2.8 17.0 46.7 4.7 0.78 59.9 6.0 50
8 206 133 2T 1.7 22.9 13.6 99.9 0.6 26.1 66.0 6.6 0.82 80.2 8.0 76
9 192 132 2T 1.0 12.6 36.2 237.4 2.9 21.1 53.0 5.3 0.81 65.6 6.6 74
10 187 132 1T 0.8 15.1 13.8 117.1 0.9 18.4 52.0 5.2 0.81 64.2 6.4 73
11 162 50 1T 0.2 14.0 47.0 272.7 3.4 25.1 28.0 2.8 0.71 39.6 4.0 33
12 336 109 1T 1.6 7.9 19.5 185.9 2.5 12.5 53.7 5.4 0.86 62.4 6.2 70
13 215 94 2T 2.6 25.3 72.1 712.4 2.8 42.3 76.6 7.7 0.80 95.9 9.6 58
14 171 91 1T 0.3 10.3 23.6 185.1 2.3 15.9 44.3 4.4 0.76 57.9 5.8 54
15 242 83 0T 1.4 -0.1 0.2 0.4 -1.6

Grains 15 was discarded from modelling because U concentration in these grains is extremely low

(minus) which it results in minus ration of Th/U it could be becuase the picked grain was zircon and

had not been disolved for ICPMS
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Sample Details

Region: Grampian Highland Unit:Aonach Mor Lithology:Granite

Sample Name: Mor-1 Elevation:1204m Apatite quality: 1

Apatite Fission Track Data

Method:EDM Zeta:22.7±1.9

Table B.42: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 73 2.5E-05 0.145 0.003 3.7E-06 0.134 0.011 27.19 0.64 3.69 220.8 26.4
2 25 1.6E-05 0.062 0.001 9.9E-07 0.198 0.012 11.68 0.22 3.50 280.5 56.4
3 79 1.7E-05 0.144 0.002 2.4E-06 0.224 0.012 26.97 0.44 2.44 357.6 40.7
4 58 1.3E-05 0.158 0.003 2.0E-06 0.214 0.012 29.67 0.52 2.52 319.2 42.3
5 56 1.6E-05 0.173 0.006 2.8E-06 0.212 0.012 32.50 1.10 2.53 226.7 31.3
6 37 1.7E-05 0.114 0.004 1.9E-06 0.206 0.013 21.38 0.68 2.69 213.6 35.8
7 79 2.6E-05 0.119 0.002 3.1E-06 0.197 0.012 22.26 0.39 2.65 278.9 31.8
8 71 2.1E-05 0.105 0.002 2.2E-06 0.204 0.012 19.69 0.33 2.58 352.2 42.2
9 50 1.7E-05 0.315 0.007 5.3E-06 0.183 0.011 59.00 1.30 2.29 105.5 15.1
10 31 1.3E-05 0.137 0.002 1.7E-06 0.139 0.012 25.69 0.44 2.49 198.8 35.9
11 47 9.5E-06 0.151 0.004 1.4E-06 0.234 0.013 28.26 0.67 2.81 360.8 53.3
12 44 1.6E-05 0.094 0.002 1.5E-06 0.232 0.012 17.58 0.30 2.63 326.7 49.6
13 66 1.3E-05 0.157 0.003 2.0E-06 0.198 0.011 29.33 0.48 2.74 366 45.5
14 42 1.7E-05 0.099 0.002 1.7E-06 0.220 0.011 18.58 0.33 2.48 277.8 43.2
15 32 2.6E-05 0.066 0.001 1.7E-06 0.175 0.011 12.37 0.20 2.65 204.5 36.3
16 48 1.6E-05 0.112 0.004 1.8E-06 0.148 0.011 20.97 0.74 2.46 299.4 44.5
17 57 2.6E-05 0.071 0.001 1.9E-06 0.199 0.011 13.38 0.24 2.28 333.4 44.6
18 74 2.1E-05 0.215 0.004 4.6E-06 0.186 0.011 40.28 0.70 2.44 181.9 21.4

Figure B.29: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.

342



Apatite (U-Th-Sm)/He Data

Table B.43: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three

No L W T He U Th Sm Th/U Eu age Error Ft Age Error Disp
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) (%)

1 263 87 1T 3.5 6.3 7.1 76.6 1.1 8.0 376.0 37.6 0.83 455.2 45.5
2 180 113 1T 2.0 28.0 89.9 687.3 3.2 49.2 60.5 6.1 0.79 76.9 7.7
3 190 78 2T 2.3 11.0 30.8 186.6 2.8 18.2 244.7 24.5 0.77 318.5 31.9 63
4 241 122 2T 0.7 4.9 12.9 116.9 2.6 8.0 71.8 7.2 0.83 86.6 8.7
5 236 143 2T 1.5 11.5 27.0 247.1 2.4 17.8 57.0 5.7 0.84 68.1 6.8
6 232 84 1T 2.0 10.3 27.4 251.5 2.7 16.8 137.4 13.7 0.80 171.0 17.1

Grains 1 was discarded from discussion and modelling because this grain provided older ages than

other 2T and 1T grains, it posibly becuase of existing bad neighbours as its He content is higher than

other grains in this sample.
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Sample Details

Region: Grampian Highland Unit:Aonach Mor Lithology:Granite

Sample Name: Mor-2 Elevation:1024m Apatite quality: 1

Apatite Fission Track Data

Method:EDM Zeta:22.5±1.5

Table B.44: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 36 1.9E-05 0.087 0.002 1.7E-06 0.206 0.016 15.91 0.28 1.86 239.0 40.0
2 49 1.3E-05 0.137 0.003 1.7E-06 0.355 0.018 25.06 0.50 2.25 308.6 44.5
3 41 1.7E-05 0.126 0.002 2.1E-06 0.373 0.017 22.99 0.42 2.21 213.1 33.5
4 56 1.3E-05 0.254 0.004 3.2E-06 0.410 0.016 46.38 0.80 2.70 192.3 25.9
5 49 1.6E-05 0.114 0.002 1.8E-06 0.332 0.017 20.79 0.38 2.54 297.2 42.8
6 34 1.3E-05 0.104 0.002 1.3E-06 0.369 0.017 19.02 0.31 2.82 282.2 48.6
7 43 1.3E-05 0.115 0.003 1.5E-06 0.374 0.018 20.88 0.48 2.16 323.8 49.9
8 42 1.7E-05 0.122 0.002 2.1E-06 0.357 0.017 22.28 0.37 2.48 224.5 34.8
9 29 1.3E-05 0.085 0.002 1.1E-06 0.355 0.017 15.48 0.28 2.82 295.0 55.1
10 50 1.6E-05 0.171 0.005 2.7E-06 0.296 0.016 31.12 0.96 2.63 203.5 29.5
11 69 1.7E-05 0.148 0.003 2.5E-06 0.353 0.017 26.85 0.48 2.36 303.7 37.0
12 50 1.3E-05 0.126 0.002 1.6E-06 0.411 0.019 22.86 0.43 2.39 342.8 48.9
13 40 1.6E-05 0.097 0.004 1.5E-06 0.914 0.067 17.52 0.73 2.68 286.8 46.9
14 49 3.2E-05 0.053 0.001 1.7E-06 0.367 0.018 9.69 0.16 2.46 316.4 45.5
15 44 2.6E-05 0.058 0.001 1.5E-06 0.340 0.017 10.55 0.26 2.38 313.2 47.8
16 48 2.1E-05 0.077 0.002 1.6E-06 0.304 0.017 13.96 0.29 2.26 322.2 47.0
17 46 2.1E-05 0.092 0.002 2.0E-06 0.313 0.015 16.70 0.28 2.08 259.5 38.5
18 63 3.2E-05 0.072 0.001 2.3E-06 0.329 0.016 13.05 0.24 2.56 301.9 38.4
19 38 1.3E-05 0.203 0.004 2.6E-06 0.29 0.015 36.75 0.77 2.54 163.6 26.8
20 28 1.3E-05 0.085 0.001 1.1E-06 0.335 0.016 15.30 0.26 2.91 286.7 54.4

Figure B.30: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Sample Details

Region: Grampian Highland Unit:Aonach Mor Lithology:Granite

Sample Name: Mor-3 Elevation:792m Apatite quality: 1

Apatite Fission Track Data

Method:EDM Zeta:22.5±1.5

Table B.45: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 59 2.1E-05 0.182 0.009 3.8E-06 0.047 0.003 33.50 1.70 3.69 170.1 23.7
2 22 2.6E-05 0.061 0.002 1.6E-06 0.039 0.003 11.20 0.27 3.50 151.8 32.6
3 41 1.3E-05 0.203 0.004 2.6E-06 0.045 0.003 37.47 0.64 2.44 176.2 27.7
4 39 1.3E-05 0.125 0.002 1.6E-06 0.047 0.003 22.94 0.38 2.52 271.7 43.7
5 36 2.1E-05 0.081 0.001 1.7E-06 0.039 0.003 14.83 0.25 2.53 233.1 39.0
6 39 2.6E-05 0.067 0.001 1.8E-06 0.064 0.004 12.26 0.22 2.69 243.9 39.3
7 37 1.7E-05 0.122 0.002 2.1E-06 0.051 0.003 22.53 0.37 2.65 198.2 32.7
8 41 1.3E-05 0.141 0.003 1.8E-06 0.056 0.004 25.91 0.54 2.58 252.9 39.8
9 50 1.3E-05 0.229 0.005 2.9E-06 0.061 0.004 42.08 0.83 2.29 190.6 27.2
10 45 3.2E-05 0.075 0.002 2.4E-06 0.031 0.003 13.78 0.28 2.49 208.8 31.4
11 41 1.3E-05 0.169 0.003 2.1E-06 0.056 0.003 31.00 0.51 2.81 211.8 33.3
12 40 1.3E-05 0.147 0.003 1.9E-06 0.054 0.004 27.06 0.60 2.63 236.2 37.7
13 37 9.5E-06 0.149 0.003 1.4E-06 0.050 0.003 27.39 0.59 2.74 286.5 47.5
14 34 9.5E-06 0.272 0.006 2.6E-06 0.050 0.003 49.90 1.10 2.48 145.9 25.2
15 40 1.3E-05 0.145 0.003 1.8E-06 0.076 0.005 26.67 0.52 2.65 239.4 38.1
16 39 1.7E-05 0.121 0.002 2.1E-06 0.042 0.003 22.19 0.43 2.46 211.1 34.0
17 42 9.5E-06 0.316 0.006 3.0E-06 0.045 0.004 57.80 1.00 2.28 155.3 24.1
18 35 1.3E-05 0.141 0.003 1.8E-06 0.060 0.004 25.73 0.46 2.44 217.0 36.9
19 40 2.6E-05 0.069 0.001 1.8E-06 0.067 0.004 12.54 0.24 2.71 243.3 38.7

Figure B.31: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Apatite (U-Th-Sm)/He Data

Table B.46: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three

No L W T He U Th Sm Th/U Eu age Error Ft Age Error Disp
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) (%)

1 111 60 1T 1.0 36.4 110.1 1144.0 3.0 62.3 117.1 11.7 0.64 182.6 18.3
2 129 76 0T 0.4 19.2 48.7 851.5 2.5 30.7 56.1 5.6 0.70 80.2 8.0
3 169 81 2T 0.7 9.5 26.9 617.0 2.8 15.8 92.7 9.3 0.75 123.3 12.3
4 235 83 2T 4.0 12.4 36.6 495.0 2.9 21.0 207.8 20.8 0.80 258.5 25.9
5 181 103 2T 1.7 25.9 42.4 657.5 1.6 35.8 75.5 7.5 0.78 96.2 9.6 42
6 227 113 2T 2.5 12.5 36.9 722.7 3.0 21.2 100.9 10.1 0.82 123.6 12.4
7 156 78 2T 0.6 13.8 36.4 490.8 2.6 22.3 76.3 7.6 0.74 103.7 10.4
8 146 53 2T 0.3 16.8 38.3 569.2 2.3 25.8 52.0 5.2 0.69 75.2 7.5
9 186 81 2T 2.1 17.8 43.0 531.7 2.4 27.9 142.1 14.2 0.77 184.9 18.5
10 130 90 1T 1.6 28.6 70.4 1177.1 2.5 45.1 112.3 11.2 0.72 155.8 15.6
11 123 69 1T 0.0 2.7 4.2 24.7 1.6 3.7 7.8 0.8 0.68 11.4 1.1

Grain 11 was excluded from discussion and modelling because its age is abnormally young. It

could be due to incomplete degassing process of this grain as it has the lowest He amount compare to

other grains of the same sample.
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Sample Details

Region: Grampian Highland Unit:Aonach Mor Lithology:Granite

Sample Name: Mor-4 Elevation:587m Apatite quality: 2

Apatite Fission Track Data

Method:EDM Zeta:22.5±1.5

Table B.47: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 42 1.3E-05 0.136 0.003 1.7E-06 0.058 0.005 25.28 0.47 2.26 268.3 41.7
2 56 1.3E-05 0.196 0.003 2.5E-06 0.053 0.006 36.51 0.56 1.90 248.1 33.4
3 44 1.6E-05 0.124 0.002 2.0E-06 0.054 0.006 23.01 0.44 2.17 247.3 37.6
4 40 1.7E-05 0.106 0.002 1.8E-06 0.072 0.006 19.75 0.35 2.43 245.5 39.1
5 23 2.6E-05 0.043 0.001 1.1E-06 0.063 0.006 7.93 0.15 2.33 225.2 47.2
6 56 1.7E-05 0.120 0.003 2.0E-06 0.081 0.006 22.24 0.46 1.99 303.6 41.1
7 46 1.7E-05 0.138 0.002 2.3E-06 0.086 0.007 25.67 0.43 2.18 217.3 32.2
8 40 2.6E-05 0.084 0.002 2.2E-06 0.098 0.007 15.61 0.28 2.29 199.0 31.7
9 37 2.6E-05 0.061 0.001 1.6E-06 0.086 0.007 11.25 0.22 2.59 254.3 42.1
10 46 2.1E-05 0.079 0.002 1.7E-06 0.098 0.007 14.56 0.27 2.10 303.9 45.2
11 54 1.7E-05 0.123 0.002 2.1E-06 0.084 0.007 22.82 0.39 2.44 285.1 39.1
12 31 2.5E-05 0.047 0.002 1.2E-06 0.088 0.007 8.66 0.30 2.48 287.3 52.5
13 40 2.1E-05 0.062 0.001 1.3E-06 0.075 0.007 11.56 0.22 2.54 331.8 52.8
14 21 2.6E-05 0.048 0.001 1.3E-06 0.085 0.007 8.97 0.16 2.11 181.7 39.8
15 40 1.7E-05 0.126 0.002 2.1E-06 0.085 0.008 23.40 0.42 2.11 206.7 32.9
16 32 2.1E-05 0.067 0.001 1.4E-06 0.116 0.007 12.41 0.23 2.11 248.8 44.2
17 29 2.6E-05 0.068 0.001 1.8E-06 0.116 0.009 12.48 0.26 1.98 180.0 33.6

Figure B.32: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.

347



Sample Details

Region: Grampian Highland Unit:Aonach Mor Lithology:Granite

Sample Name: Mor-5 Elevation:403m Apatite quality: 1

Apatite Fission Track Data

Method:EDM Zeta:22.5±1.5

Table B.48: Single grain apatite fission track data using LA-ICP-MS. Symbols have
been described in chapter three apart from SE which is standard error calculated using
IsoplotR. 35Cl and 238U are chlorine and uranium 235 and 238 content, respectively in
ppm from LA-ICP-MS directly.

No Ns area (Ωi) (pi) 2SE
∑

piΩi 35Cl 2SE 238U 2SE Dpar Age 1SE
(cm2) (%) (%) (ppm) (ppm) (µm) (Ma) (Ma)

1 53 3.0E-05 0.105 0.004 3.1E-06 0.045 0.003 19.64 0.69 2.42 189.0 26.8
2 59 2.1E-05 0.174 0.003 3.7E-06 0.048 0.003 32.69 0.59 2.29 177.2 23.3
3 51 2.1E-05 0.199 0.003 4.2E-06 0.039 0.003 37.35 0.61 2.55 134.4 19.0
4 67 2.1E-05 0.207 0.004 4.4E-06 0.022 0.003 38.7 0.67 2.44 169.9 21.0
5 50 1.3E-05 0.175 0.004 2.2E-06 0.027 0.003 32.74 0.66 2.57 248.1 35.4
6 39 2.6E-05 0.073 0.001 1.9E-06 0.037 0.002 13.74 0.23 2.26 221.9 35.7
7 66 1.7E-05 0.172 0.003 2.9E-06 0.034 0.003 32.18 0.57 2.33 249.7 31.0
8 37 1.3E-05 0.133 0.002 1.7E-06 0.035 0.003 24.93 0.43 2.10 240.9 39.8
9 54 1.6E-05 0.121 0.002 1.9E-06 0.033 0.003 22.67 0.37 2.46 307.8 42.2
10 91 2.6E-05 0.167 0.003 4.4E-06 0.044 0.003 31.17 0.52 2.17 227.5 24.1
11 54 1.9E-05 0.087 0.002 1.7E-06 0.041 0.003 16.26 0.28 2.10 355.8 48.8
12 43 1.9E-05 0.103 0.002 2.0E-06 0.037 0.003 19.27 0.35 2.32 241.1 37.0
13 50 1.7E-05 0.108 0.002 1.8E-06 0.031 0.003 20.13 0.36 2.45 300.5 42.8
14 48 2.5E-05 0.078 0.001 2.0E-06 0.031 0.003 14.56 0.25 2.39 266.4 38.7
15 51 2.1E-05 0.086 0.002 1.8E-06 0.050 0.003 16.03 0.33 2.64 307.5 43.5
16 44 1.7E-05 0.103 0.002 1.7E-06 0.047 0.003 19.19 0.34 2.46 277.5 42.1
17 67 2.1E-05 0.102 0.002 2.2E-06 0.044 0.003 18.95 0.31 2.52 340.7 42.0
18 41 1.7E-05 0.107 0.002 1.8E-06 0.041 0.003 19.88 0.32 2.41 249.9 39.2
19 41 2.1E-05 0.088 0.002 1.9E-06 0.045 0.003 16.39 0.28 2.69 242.5 38.1
20 34 3.2E-05 0.076 0.002 2.4E-06 0.026 0.003 16.39 0.29 2.14 156.9 27.1
21 35 3.7E-05 0.064 0.002 2.4E-06 0.028 0.003 16.39 0.29 2.38 165.1 28.2
22 30 3.2E-05 0.051 0.002 1.6E-06 0.041 0.003 6.32 0.29 2.37 204.2 38.0

Figure B.33: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Apatite (U-Th-Sm)/He Data

Table B.49: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three

No L W T He U Th Sm Th/U Eu age Error Ft Age Error Disp
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) (%)

1 189 54 2T 0.3 7.8 20.9 102.2 2.7 12.7 71.2 7.1 0.75 95.5 9.6
2 162 63 2T 0.8 17.7 50.6 184.6 2.9 29.5 90.2 9.0 0.73 124.4 12.4
3 167 67 1T 1.2 20.9 46.9 162.3 2.2 31.9 109.7 11.0 0.74 148.8 14.9
4 177 72 2T 1.0 17.1 43.3 182.4 2.5 27.3 89.0 8.9 0.75 118.3 11.8
5 152 69 1T 1.0 17.5 53.3 223.2 3.0 30.1 110.5 11.0 0.72 153.4 15.3
6 161 74 2T 1.4 17.6 36.7 156.8 2.1 26.2 158.7 15.9 0.74 214.7 21.5
7 198 87 2T 1.4 0.1 1.1 1.2 20.3 0.3 6099.8 610.0 0.77 7921.4 792.1
8 204 80 2T 1.1 11.7 31.4 219.6 2.7 19.1 91.8 9.2 0.78 117.4 11.7
9 86 99 1T 0.7 0.1 0.8 1.8 6.6 0.3 8752.6 875.3 0.66 13299.5 1329.9
10 202 83 2T 0.6 10.1 20.2 155.0 2.0 14.9 70.7 7.1 0.78 90.2 9.0 21
11 160 113 1T 3.1 28.9 77.6 431.7 2.7 47.2 122.6 12.3 0.77 158.5 15.8
12 51 107 1T 1.1 79.4 173.3 1800.3 2.2 120.1 87.2 8.7 0.62 141.6 14.2
13 148 98 1T 0.3 6.1 10.4 119.5 1.7 8.5 91.5 9.2 0.75 121.8 12.2
14 124 91 1T 1.6 33.9 84.2 850.8 2.5 53.7 111.3 11.1 0.71 156.0 15.6
15 131 90 1T 1.8 31.5 74.8 762.5 2.4 49.1 124.1 12.4 0.72 171.9 17.2
16 210 53 1T 0.2 2.9 5.5 95.6 1.9 4.2 83.4 8.3 0.77 108.7 10.9
17 109 57 1T 0.4 17.8 37.7 717.4 2.1 26.7 105.7 10.6 0.63 166.8 16.7
18 106 88 1T 0.8 26.0 65.7 507.6 2.5 41.4 104.4 10.4 0.68 152.7 15.3
19 50 86 1T 0.4 43.4 96.8 794.0 2.2 66.1 85.3 8.5 0.56 153.1 15.3
20 110 60 1T 0.4 14.3 31.0 310.6 2.2 21.6 132.0 13.2 0.64 205.5 20.6
21 81 61 1T 0.4 33.2 87.0 717.8 2.6 53.6 90.9 9.1 0.57 158.6 15.9

Grains 7 and 9 were excluded from discusiion and modelling because their ages are abnormally

old which possibly because apatite grains haven’t been dissolved as their [eU] are significantly low

compare to other grains.
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Sample Details

Region: Grampian Highland Unit:Ben Starav Lithology:Granite

Sample Name: STV-1 Elevation:1075m Apatite quality: 2

Apatite Fission Track Data

Method:EDM Zeta:311.1±24.3

Table B.50: Single grain apatite fission track data using EDM. All symbols have been
described in chapter three apart from SE which is standard error calculated using
IsoplotR.

No Ns Ni Area ρs ρi ρs/ρi U Dpar Age 1SE
(cm2) (cm2) (cm2) (ppm) (µm) (Ma) (Ma)

1 48 57 4.4E-05 1.1E+06 1.3E+06 0.84 14.48 1.93 159.1 33.6
2 28 30 4.2E-05 6.6E+05 7.1E+05 0.93 8.00 1.84 176.1 48.3
3 28 25 4.2E-05 6.6E+05 5.9E+05 1.12 6.67 1.80 210.8 60.3
4 47 55 6.4E-05 7.4E+05 8.7E+05 0.85 9.78 1.60 161.4 34.5
5 39 47 3.8E-05 1.0E+06 1.2E+06 0.83 13.93 1.78 156.8 36.1
6 27 27 3.2E-05 8.5E+05 8.5E+05 1.00 9.60 2.02 188.5 53.4
7 12 10 1.7E-05 7.1E+05 5.9E+05 1.20 6.67 1.71 225.6 98.2
8 38 38 3.2E-05 1.2E+06 1.2E+06 1.00 13.51 1.83 188.5 45.7
9 25 31 3.2E-05 7.9E+05 9.8E+05 0.81 11.03 1.76 152.5 42.7
10 22 29 2.6E-05 8.3E+05 1.1E+06 0.76 12.38 1.82 143.5 42.1
11 48 30 2.5E-05 1.9E+06 1.2E+06 1.60 13.34 1.99 299.1 73.5
12 61 48 3.8E-05 1.6E+06 1.3E+06 1.27 14.23 1.66 238.7 49.7
13 23 29 2.6E-05 8.7E+05 1.1E+06 0.79 12.38 1.97 150.0 43.5
14 23 15 3.2E-05 7.2E+05 4.7E+05 1.53 5.33 1.70 286.9 97.8
15 30 20 3.2E-05 9.4E+05 6.3E+05 1.50 7.11 1.89 280.8 84.0
16 27 20 2.6E-05 1.0E+06 7.6E+05 1.35 8.54 1.82 253.2 77.3
17 39 39 7.4E-05 5.3E+05 5.3E+05 1.00 5.94 1.90 188.5 45.2
18 15 13 2.6E-05 5.7E+05 4.9E+05 1.15 5.55 1.77 217.0 84.0
19 24 15 2.6E-05 9.1E+05 5.7E+05 1.60 6.40 1.71 299.0 101.0
20 27 18 2.6E-05 1.0E+06 6.8E+05 1.50 7.68 1.69 280.8 88.2

Figure B.34: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Apatite (U-Th-Sm)/He Data

Table B.51: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three

No L W T He U Th Sm Th/U Eu age Error Ft Age Error Disp
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) (%)

1 341 166 1T 3.7 5.4 9.0 619.7 1.7 7.5 104.8 10.5 0.88 119.3 11.9
2 142 132 0T 0.8 7.5 22.3 772.6 3.0 12.7 87.9 8.8 0.77 113.8 11.4
3 235 94 2T 0.6 4.5 12.8 422.4 2.8 7.5 70.9 7.1 0.81 87.4 8.7
4 161 120 1T 3.4 13.5 37.8 1306.5 2.8 22.4 207.6 20.8 0.78 266.5 26.7 35
5 222 106 2T 1.2 6.9 22.9 556.4 3.3 12.3 93.3 9.3 0.81 115.4 11.5
6 232 127 2T 2.3 7.3 22.2 640.2 3.0 12.6 120.8 12.1 0.83 146.1 14.6
7 224 116 1T 2.1 11.3 19.1 1073.6 1.7 15.8 97.6 9.8 0.82 119.1 11.9
8 231 133 1T 1.5 6.5 11.5 749.9 1.8 9.2 93.1 9.3 0.83 112.0 11.2
9 119 102 0T 0.5 8.4 26.7 1099.7 3.2 14.7 87.7 8.8 0.72 122.0 12.2
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Sample Details

Region: Grampian Highland Unit:Ben Starav Lithology:Granite

Sample Name: STV-2 Elevation:906m Apatite quality: 2

Apatite Fission Track Data

Method:EDM Zeta:311.1±24.3

Table B.52: Single grain apatite fission track data using EDM. All symbols have been
described in chapter three apart from SE which is standard error calculated using
IsoplotR.

No Ns Ni Area ρs ρi ρs/ρi U Dpar Age 1SE
(cm2) (cm2) (cm2) (ppm) (µm) (Ma) (Ma)

1 29 24 3.0E-05 9.8E+05 8.1E+05 1.21 9.15 1.77 227.1 65.2
2 67 47 4.8E-05 1.4E+06 9.9E+05 1.43 11.14 1.79 267.1 55.0
3 32 25 3.0E-05 1.1E+06 8.4E+05 1.28 9.53 1.74 240.3 66.9
4 39 38 3.8E-05 1.0E+06 1.0E+06 1.03 11.26 1.94 193.4 46.6
5 19 13 1.7E-05 1.1E+06 7.7E+05 1.46 8.67 1.64 274.0 101.0
6 18 13 1.7E-05 1.1E+06 7.7E+05 1.38 8.67 1.93 259.6 96.7
7 15 12 1.9E-05 7.9E+05 6.3E+05 1.25 7.11 1.68 234.8 92.8
8 14 8 3.2E-05 4.4E+05 2.5E+05 1.75 2.85 1.91 326.0 147.0
9 17 18 6.7E-05 2.5E+05 2.7E+05 0.94 3.05 1.78 178.2 61.9
10 39 25 3.0E-05 1.3E+06 8.4E+05 1.56 9.53 1.88 291.7 78.2
11 29 27 2.5E-05 1.1E+06 1.1E+06 1.07 12.00 1.89 202.3 56.4
12 17 13 1.7E-05 1.0E+06 7.7E+05 1.31 8.67 1.78 245.4 92.5
13 16 19 4.2E-05 3.8E+05 4.5E+05 0.84 5.07 1.77 159.1 55.4
14 38 57 5.9E-05 6.4E+05 9.6E+05 0.67 10.86 2.26 126.3 28.2
15 26 18 3.8E-05 6.8E+05 4.7E+05 1.44 5.33 1.71 270.6 85.6
16 9 16 1.7E-05 5.3E+05 9.4E+05 0.56 10.67 1.98 106.7 45.3
17 13 9 1.7E-05 7.7E+05 5.3E+05 1.44 6.00 1.89 271.0 119.0
18 10 8 1.3E-05 7.9E+05 6.3E+05 1.25 7.11 1.73 235.0 113.0
19 27 25 2.1E-05 1.3E+06 1.2E+06 1.08 13.34 1.88 203.4 58.7
20 21 14 2.1E-05 9.9E+05 6.6E+05 1.50 7.47 1.89 280.8 99.4

Figure B.35: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Sample Details

Region: Grampian Highland Unit:Ben Starav Lithology:Granite

Sample Name: STV-3 Elevation:100m Apatite quality: 1

Apatite Fission Track Data

Method:EDM Zeta:311.1±24.3

Table B.53: Single grain apatite fission track data using EDM. All symbols have been
described in chapter three apart from SE which is standard error calculated using
IsoplotR.

No Ns Ni Area ρs ρi ρs/ρi U Dpar Age 1SE
(cm2) (cm2) (cm2) (ppm) (µm) (Ma) (Ma)

1 38 46 3.8E-05 1.0E+06 1.2E+06 0.83 13.70 1.78 155.4 36.2
2 36 37 3.2E-05 1.1E+06 1.2E+06 0.97 13.23 2.00 182.6 45.1
3 16 19 3.0E-05 5.4E+05 6.4E+05 0.84 7.28 1.80 158.3 55.1
4 21 23 2.6E-05 7.9E+05 8.7E+05 0.91 9.87 1.88 171.5 53.5
5 34 23 2.6E-05 1.3E+06 8.7E+05 1.48 9.87 1.90 275.4 77.4
6 15 14 1.7E-05 8.9E+05 8.3E+05 1.07 9.38 1.79 200.8 76.3
7 6 20 2.6E-05 2.3E+05 7.6E+05 0.30 8.58 2.11 56.9 26.8
8 22 17 2.6E-05 8.3E+05 6.4E+05 1.29 7.29 1.89 241.7 80.3
9 71 52 5.1E-05 1.4E+06 1.0E+06 1.37 11.62 2.04 254.8 50.6
10 74 59 5.3E-05 1.4E+06 1.1E+06 1.25 12.65 1.81 234.4 44.9
11 46 40 7.6E-05 6.0E+05 5.2E+05 1.15 5.96 1.91 215.3 49.5
12 38 33 3.2E-05 1.2E+06 1.0E+06 1.15 11.80 1.83 215.6 54.0
13 18 25 3.2E-05 5.7E+05 7.9E+05 0.72 8.94 1.63 135.6 43.3
14 27 19 3.2E-05 8.5E+05 6.0E+05 1.42 6.79 1.89 265.0 82.0
15 19 27 6.4E-05 3.0E+05 4.2E+05 0.70 4.83 2.02 132.6 41.0
16 17 14 2.6E-05 6.4E+05 5.3E+05 1.21 6.01 1.87 227.1 83.9
17 29 29 4.4E-05 6.5E+05 6.5E+05 1.00 7.40 1.99 187.6 51.4
18 19 24 2.6E-05 7.2E+05 9.1E+05 0.79 10.29 1.74 149.0 47.2
19 16 14 3.2E-05 5.0E+05 4.4E+05 1.14 5.00 1.96 214.0 80.1
20 29 21 4.2E-05 6.8E+05 5.0E+05 1.38 5.63 2.11 257.7 76.5

Figure B.36: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Sample Details

Region: Grampian Highland Unit:Ben Starav Lithology:Granite

Sample Name: STV-6 Elevation:504m Apatite quality: 1

Apatite Fission Track Data

Method:EDM Zeta:311.1±24.3

Table B.54: Single grain apatite fission track data using EDM. All symbols have been
described in chapter three

No Ns Ni Area ρs ρi ρs/ρi U Dpar Age 1SE
(cm2) (cm2) (cm2) (ppm) (µm) (Ma) (Ma)

1 32 34 3.2E-05 1.0E+06 1.1E+06 0.94 12.15 1.70 176.2 45.5
2 20 17 3.2E-05 6.3E+05 5.4E+05 1.18 6.08 1.75 219.5 74.4
3 13 17 2.6E-05 4.9E+05 6.4E+05 0.76 7.29 1.77 143.5 54.1
4 20 14 1.7E-05 1.2E+06 8.3E+05 1.43 9.38 1.59 265.5 94.9
5 18 27 2.6E-05 6.8E+05 1.0E+06 0.67 11.58 1.84 125.3 39.4
6 11 11 3.7E-05 3.0E+05 3.0E+05 1.00 3.37 2.05 187.0 81.1
7 25 23 2.6E-05 9.4E+05 8.7E+05 1.09 9.87 1.75 203.0 60.8
8 36 39 4.2E-05 8.5E+05 9.2E+05 0.92 10.46 1.86 172.8 42.2
9 16 22 2.5E-05 6.3E+05 8.7E+05 0.73 9.83 1.81 136.5 46.1
10 22 18 5.3E-05 4.2E+05 3.4E+05 1.22 3.86 1.73 227.8 74.6
11 11 11 1.9E-05 5.8E+05 5.8E+05 1.00 6.55 1.63 187.0 81.1
12 27 27 2.6E-05 1.0E+06 1.0E+06 1.00 11.58 1.83 187.0 53.0
13 22 21 2.6E-05 8.3E+05 7.9E+05 1.05 9.01 1.90 195.8 61.7
14 29 41 5.2E-05 5.6E+05 7.9E+05 0.71 8.97 1.73 132.8 33.9
15 31 36 3.7E-05 8.4E+05 9.7E+05 0.86 11.03 1.75 161.4 41.5
16 24 33 2.5E-05 9.4E+05 1.3E+06 0.73 14.74 1.65 136.5 38.2
17 33 37 4.2E-05 7.8E+05 8.7E+05 0.89 9.92 1.84 167.1 42.1
18 41 55 5.3E-05 7.7E+05 1.0E+06 0.75 11.80 2.08 139.9 30.9
19 26 26 3.2E-05 8.2E+05 8.2E+05 1.00 9.29 1.79 187.0 53.9
20 24 24 3.8E-05 6.3E+05 6.3E+05 1.00 7.15 1.82 187.0 55.9

Figure B.37: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Apatite (U-Th-Sm)/He Data

Table B.55: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three

No L W T He U Th Sm Th/U Eu age Error Ft Age Error Disp
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) (%)

1 154 71 2T 0.3 32.2 9.2 2584.0 0.3 34.4 67.4 6.7 0.74 91.5 9.1
2 160 75 1T 0.7 12.6 34.9 1423.3 2.8 20.8 59.5 6.0 0.74 80.8 8.1
3 231 82 2T 0.1 3.7 9.9 349.3 2.7 6.1 48.2 4.8 0.80 60.1 6.0 45
4 162 100 2T 2.0 6.6 16.2 620.2 2.5 10.4 45.7 4.6 0.76 59.8 6.0
5 157 61 1T 0.3 10.4 28.2 1525.3 2.7 17.1 102.9 10.3 0.72 143.6 14.4
6 128 92 1T 0.9 23.9 62.0 2568.4 2.6 38.5 144.9 14.5 0.72 201.4 20.1
7 146 106 1T 1.0 5.4 14.9 684.3 2.8 8.9 56.4 5.6 0.75 74.7 7.5
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Sample Details

Region: Grampian Highland Unit:Ben Starav Lithology:Granite

Sample Name: STV-8 Elevation:243m Apatite quality: 1

Apatite Fission Track Data

Method:EDM Zeta:311.1±24.3

Table B.56: Single grain apatite fission track data using EDM. All symbols have been
described in chapter three apart from SE which is standard error calculated using
IsoplotR.

No Ns Ni Area ρs ρi ρs/ρi U Dpar Age 1SE
(cm2) (cm2) (cm2) (ppm) (µm) (Ma) (Ma)

1 45 23 2.5E-05 1.8E+06 9.0E+05 1.96 10.28 1.72 362.1 97.1
2 32 24 2.1E-05 1.5E+06 1.1E+06 1.33 12.87 1.60 248.9 70.0
3 31 19 3.4E-05 9.1E+05 5.6E+05 1.63 6.37 1.69 303.3 91.5
4 38 33 3.0E-05 1.3E+06 1.1E+06 1.15 12.64 1.85 215.6 54.0
5 34 24 2.6E-05 1.3E+06 9.1E+05 1.42 10.29 1.68 264.2 73.4
6 22 18 1.9E-05 1.2E+06 9.4E+05 1.22 10.72 1.84 228.6 74.8
7 17 18 1.6E-05 1.1E+06 1.1E+06 0.94 12.87 1.83 177.3 61.6
8 28 34 1.6E-05 1.8E+06 2.1E+06 0.82 24.31 1.75 154.9 41.4
9 16 16 2.5E-05 6.3E+05 6.3E+05 1.00 7.15 1.65 187.6 67.9
10 57 46 3.2E-05 1.8E+06 1.4E+06 1.24 16.44 1.67 231.7 49.4
11 56 40 3.0E-05 1.9E+06 1.3E+06 1.40 15.32 1.86 261.1 57.8
12 36 31 3.8E-05 9.4E+05 8.1E+05 1.16 9.23 1.75 217.3 55.9
13 42 44 3.8E-05 1.1E+06 1.2E+06 0.95 13.11 1.62 179.2 41.1
14 57 39 3.7E-05 1.5E+06 1.1E+06 1.46 11.95 1.67 272.4 60.5
15 27 15 4.2E-05 6.4E+05 3.5E+05 1.80 4.02 2.05 334.0 111.0
16 37 26 2.5E-05 1.5E+06 1.0E+06 1.42 11.62 1.70 265.4 71.0
17 51 52 3.8E-05 1.3E+06 1.4E+06 0.98 15.49 1.57 184.0 39.0
18 125 98 8.5E-05 1.5E+06 1.2E+06 1.28 13.14 1.87 238.3 37.2
19 39 30 3.7E-05 1.1E+06 8.1E+05 1.30 9.19 1.91 242.8 62.0
20 27 24 1.6E-05 1.7E+06 1.5E+06 1.13 17.16 1.89 210.7 61.4

Figure B.38: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Apatite (U-Th-Sm)/He Data

Table B.57: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three

No L W T He U Th Sm Th/U Eu age Error Ft Age Error Disp
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) (%)

1 136 90 0T 0.2 6.2 19.1 448.0 3.1 10.7 51.4 5.1 0.73 70.8 7.1
2 162 101 2T 0.5 8.4 25.7 480.6 3.0 14.5 60.2 6.0 0.76 78.9 7.9
3 97 85 1T 0.2 11.2 39.3 1051.2 3.5 20.4 38.8 3.9 0.66 58.9 5.9 22
4 137 54 2T 0.1 7.1 22.2 555.8 3.1 12.3 38.4 3.8 0.68 56.7 5.7
5 156 62 2T 0.2 7.1 23.3 472.2 3.3 12.5 45.6 4.6 0.72 63.8 6.4
6 97 53 1T 0.1 4.3 19.1 422.3 4.5 8.8 69.5 6.9 0.59 118.4 11.8
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Sample Details

Region: Grampian Highland Unit:Ben Starav Lithology:Granite

Sample Name: STV-9 Elevation:67m Apatite quality: 1

Apatite Fission Track Data

Method:EDM Zeta:311.1±24.3

Table B.58: Single grain apatite fission track data using EDM. All symbols have been
described in chapter three apart from SE which is standard error calculated using
IsoplotR.

No Ns Ni Area ρs ρi ρs/ρi U Dpar Age 1SE
(cm2) (cm2) (cm2) (ppm) (µm) (Ma) (Ma)

1 25 22 1.6E-05 1.6E+06 1.4E+06 1.14 15.85 1.75 211.2 63.9
2 15 16 1.6E-05 9.4E+05 1.0E+06 0.94 11.53 1.84 174.7 64.3
3 28 27 2.1E-05 1.3E+06 1.3E+06 1.04 14.59 1.87 193.0 54.2
4 30 26 3.2E-05 9.4E+05 8.2E+05 1.15 9.36 1.83 214.4 59.9
5 29 35 3.7E-05 7.8E+05 9.4E+05 0.83 10.80 1.92 154.7 40.7
6 29 23 2.5E-05 1.1E+06 9.0E+05 1.26 10.35 1.93 233.9 67.8
7 33 47 4.4E-05 7.4E+05 1.1E+06 0.70 12.09 2.04 131.3 31.6
8 36 36 2.6E-05 1.4E+06 1.4E+06 1.00 15.56 1.79 186.2 46.3
9 25 35 3.7E-05 6.7E+05 9.4E+05 0.71 10.80 1.66 133.5 36.5
10 23 34 3.2E-05 7.2E+05 1.1E+06 0.68 12.25 1.85 126.5 35.6
11 7 10 1.3E-05 5.5E+05 7.9E+05 0.70 9.00 1.80 130.9 65.3
12 23 40 2.5E-05 9.0E+05 1.6E+06 0.58 18.01 1.71 107.7 29.4
13 24 38 2.6E-05 9.1E+05 1.4E+06 0.63 16.42 1.84 118.2 32.2
14 34 25 2.6E-05 1.3E+06 9.4E+05 1.36 10.80 1.70 251.9 69.3
15 28 25 2.6E-05 1.1E+06 9.4E+05 1.12 10.80 1.89 208.2 59.6
16 20 23 2.1E-05 9.4E+05 1.1E+06 0.87 12.43 1.81 162.2 51.2
17 24 27 3.2E-05 7.6E+05 8.5E+05 0.89 9.72 1.90 165.8 48.3
18 18 20 2.5E-05 7.1E+05 7.9E+05 0.90 9.00 1.85 167.8 56.1
19 22 22 2.5E-05 8.7E+05 8.7E+05 1.00 9.90 2.04 186.2 58.0
20 12 14 1.3E-05 9.4E+05 1.1E+06 0.86 12.61 1.89 159.9 64.2

Figure B.39: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Sample Details

Region: Grampian Highland Unit:Lochnagar Lithology:Granite

Sample Name: LN-1 Elevation:1069m Apatite quality: 3

Apatite Fission Track Data

Method:EDM Zeta:311.1±24.3

Table B.59: Single grain apatite fission track data using EDM. All symbols have been
described in chapter three apart from SE which is standard error calculated using
IsoplotR.

No Ns Ni Area ρs ρi ρs/ρi U Dpar Age 1SE
(cm2) (cm2) (cm2) (ppm) (µm) (Ma) (Ma)

1 8 5 9.5E-06 8.4E+05 5.2E+05 1.60 5.87 1.65 302.0 172.0
2 11 7 1.9E-05 5.8E+05 3.7E+05 1.57 4.11 1.78 297.0 143.0
3 8 5 7.4E-05 1.1E+05 6.7E+04 1.60 0.75 1.73 302.0 172.0
4 22 20 1.1E-04 2.1E+05 1.9E+05 1.10 2.11 1.87 209.1 64.6
5 24 25 4.4E-05 5.4E+05 5.6E+05 0.96 6.29 1.80 182.9 52.3
6 46 29 1.1E-04 4.3E+05 2.7E+05 1.59 3.06 1.64 299.4 71.0
7 9 7 4.2E-05 2.1E+05 1.7E+05 1.29 1.85 1.59 244.0 123.0
8 22 14 3.8E-05 5.8E+05 3.7E+05 1.57 4.11 1.86 297.0 101.0
9 21 24 9.5E-05 2.2E+05 2.5E+05 0.88 2.82 1.55 166.9 49.9
10 30 20 8.5E-05 3.5E+05 2.4E+05 1.50 2.64 1.80 283.5 81.8
11 19 19 1.1E-04 1.8E+05 1.8E+05 1.00 2.01 1.63 190.4 61.8
12 7 16 1.1E-04 6.6E+04 1.5E+05 0.44 1.69 1.79 84.0 38.1
13 15 12 6.4E-05 2.4E+05 1.9E+05 1.25 2.11 1.91 237.1 91.8

Figure B.40: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Sample Details

Region: Grampian Highland Unit:Lochnagar Lithology:Granite

Sample Name: LN-2 Elevation:1148m Apatite quality: 1

Apatite Fission Track Data

Method:EDM Zeta:311.1±24.3

Table B.60: Single grain apatite fission track data using EDM. All symbols have been
described in chapter three apart from SE which is standard error calculated using
IsoplotR.

No Ns Ni Area ρs ρi ρs/ρi U Dpar Age 1SE
(cm2) (cm2) (cm2) (ppm) (µm) (Ma) (Ma)

1 71 47 7.4E-05 9.6E+05 6.3E+05 1.51 7.11 1.86 284.8 58.0
2 52 32 5.3E-05 9.8E+05 6.0E+05 1.63 6.78 1.82 305.8 72.8
3 38 25 5.1E-05 7.5E+05 4.9E+05 1.52 5.52 1.81 286.5 77.1
4 32 21 5.2E-05 6.2E+05 4.0E+05 1.52 4.54 1.76 287.2 83.8
5 59 38 7.4E-05 8.0E+05 5.1E+05 1.55 5.75 1.82 292.5 65.0
6 12 8 3.2E-05 3.8E+05 2.5E+05 1.50 2.82 1.82 283.0 131.0
7 23 15 5.2E-05 4.4E+05 2.9E+05 1.53 3.24 1.81 289.0 98.6
8 39 25 4.2E-05 9.2E+05 5.9E+05 1.56 6.62 1.71 293.9 78.8
9 52 47 1.1E-04 4.9E+05 4.4E+05 1.11 4.98 1.72 209.8 45.3
10 43 37 7.4E-05 5.8E+05 5.0E+05 1.16 5.60 1.73 220.2 52.3
11 50 35 7.4E-05 6.7E+05 4.7E+05 1.43 5.30 1.74 269.6 63.1
12 29 22 7.4E-05 3.9E+05 3.0E+05 1.32 3.33 1.84 249.2 73.1
13 46 23 5.2E-05 8.9E+05 4.4E+05 2.00 4.97 1.68 374.0 100.0
14 37 22 9.5E-05 3.9E+05 2.3E+05 1.68 2.59 1.70 316.3 88.7
15 32 25 3.8E-05 8.4E+05 6.6E+05 1.28 7.35 1.77 242.1 67.4
16 72 44 1.1E-04 6.8E+05 4.2E+05 1.64 4.66 1.84 307.9 63.7
17 11 13 3.7E-05 3.0E+05 3.5E+05 0.85 3.93 1.81 161.1 67.2
18 37 20 6.4E-05 5.8E+05 3.1E+05 1.85 3.53 1.91 347.0 100.0
19 30 27 7.4E-05 4.0E+05 3.6E+05 1.11 4.08 1.95 210.7 58.3
20 26 27 7.4E-05 3.5E+05 3.6E+05 0.96 4.08 1.50 183.0 52.3
21 59 31 5.1E-05 1.2E+06 6.1E+05 1.90 6.84 1.80 356.8 84.0

Figure B.41: (a) Radial plot of single grain fission track data, prepared using IsoplotR
(Vermeesch, 2018). (b) Histograms of both measured track length distribution, and
projected track length projection after Ketcham et al. (2007)

360



Apatite (U-Th-Sm)/He Data

Table B.61: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three

No L W T He U Th Sm Th/U Eu age Error Ft Age Error Disp
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) (%)

1 197 60 2T 1.4 4.7 13.2 697.6 2.8 7.8 285.2 28.5 0.76 375.7 37.6
2 211 93 1T 1.3 5.2 12.8 542.6 2.5 8.2 167.0 16.7 0.80 209.7 21.0
3 178 78 0T 3.0 8.3 18.6 950.4 2.2 12.6 403.2 40.3 0.76 530.7 53.1
4 253 124 2T 1.8 4.1 10.0 603.0 2.4 6.5 137.2 13.7 0.84 164.2 16.4
5 174 123 2T 1.2 2.4 4.5 543.0 1.9 3.4 291.7 29.2 0.79 367.9 36.8 30
6 206 88 2T 2.7 5.8 13.8 791.9 2.4 9.0 323.6 32.4 0.79 410.0 41.0
7 139 92 2T 0.9 8.1 15.9 934.3 2.0 11.8 178.3 17.8 0.74 242.6 24.3
8 197 75 1T 2.9 10.6 14.8 636.7 1.4 14.1 328.7 32.9 0.78 423.4 42.3
9 119 108 1T 0.9 6.9 16.9 947.9 2.4 10.9 185.1 18.5 0.73 253.8 25.4

Grains 3 was discarded from discussion and modelling because it provides an age older than the

AFT age in this sample. Possibly is becuase of high He content compare to other grains, even though

0T are expected to provide more He than 1T and 2T grains.
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Sample Details

Region: Grampian Highland Unit:Lochnagar Lithology:Granite

Sample Name: LN-3 Elevation:100m Apatite quality:2

Apatite Fission Track Data

Method:EDM Zeta:311.1±24.3

Table B.62: Single grain apatite fission track data using EDM. All symbols have been
described in chapter three apart from SE which is standard error calculated using
IsoplotR.

No Ns Ni Area ρs ρi ρs/ρi U Dpar Age 1SE
(cm2) (cm2) (cm2) (ppm) (µm) (Ma) (Ma)

1 18 23 5.3E-05 3.4E+05 4.3E+05 0.78 4.88 1.72 148.7 48.2
2 15 12 5.3E-05 2.8E+05 2.3E+05 1.25 2.55 1.94 236.0 93.2
3 46 34 3.7E-05 1.2E+06 9.2E+05 1.35 10.31 1.86 255.0 61.1
4 34 35 6.4E-05 5.4E+05 5.5E+05 0.97 6.19 1.79 184.1 46.6
5 29 23 5.1E-05 5.7E+05 4.5E+05 1.26 5.09 1.79 238.0 69.0
6 76 71 4.2E-05 1.8E+06 1.7E+06 1.07 18.84 1.95 202.6 37.0
7 31 21 5.7E-05 5.4E+05 3.7E+05 1.48 4.13 1.91 277.8 81.5
8 34 30 1.1E-04 3.2E+05 2.8E+05 1.13 3.18 1.82 214.3 56.3
9 20 12 5.3E-05 3.8E+05 2.3E+05 1.67 2.55 1.71 313.0 117.0
10 15 14 5.3E-05 2.8E+05 2.6E+05 1.07 2.97 1.78 202.8 77.0
11 30 17 8.5E-05 3.5E+05 2.0E+05 1.76 2.26 1.78 331.0 104.0
12 10 16 5.3E-05 1.9E+05 3.0E+05 0.63 3.40 1.87 119.1 48.9
13 23 15 3.7E-05 6.2E+05 4.0E+05 1.53 4.55 1.70 288.3 98.3
14 20 14 7.4E-05 2.7E+05 1.9E+05 1.43 2.12 1.77 269.0 96.1
15 36 24 6.4E-05 5.7E+05 3.8E+05 1.50 4.25 1.92 282.1 77.6
16 37 24 7.4E-05 5.0E+05 3.2E+05 1.54 3.64 1.75 289.8 79.3
17 29 16 5.3E-05 5.5E+05 3.0E+05 1.81 3.40 1.70 339.0 109.0
18 22 27 5.9E-05 3.7E+05 4.6E+05 0.81 5.12 1.84 154.8 46.1
19 23 23 1.1E-04 2.2E+05 2.2E+05 1.00 2.44 1.85 189.5 57.8
20 23 17 7.4E-05 3.1E+05 2.3E+05 1.35 2.58 1.93 255.0 84.0
21 28 14 7.6E-05 3.7E+05 1.8E+05 2.00 2.06 1.99 374.0 126.0

Figure B.42: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Apatite (U-Th-Sm)/He Data

Table B.63: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three

No L W T He U Th Sm Th/U Eu age Error Ft Age Error Disp
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) (%)

1 152 70 1T 0.8 11.9 13.2 2790.9 1.1 15.0 103.6 10.4 0.73 142.3 14
2 120 81 1T 0.4 9.2 23.0 2901.3 2.5 14.6 66.5 6.7 0.70 95.7 10
3 86 70 0T 0.4 20.2 26.1 3457.5 1.3 26.3 97.9 9.8 0.62 158.7 16
4 122 69 2T 0.2 11.1 16.6 2318.8 1.5 15.0 47.9 4.8 0.68 70.3 7 37
5 81 52 0T 0.2 19.2 46.2 3887.2 2.4 30.0 58.4 5.8 0.55 106.8 11
6 94 75 1T 0.9 23.1 58.3 4200.1 2.5 36.8 124.2 12.4 0.64 194.6 19
7 122 63 2T 1.4 29.1 32.9 3350.9 1.1 36.8 166.1 16.6 0.67 246.4 25
8 156 59 0T 1.8 23.8 34.8 3076.9 1.5 31.9 146.7 14.7 0.72 204.2 20
9 73 63 0T 0.3 18.9 36.9 2508.6 2.0 27.6 108.9 10.9 0.56 194.6 19
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Sample Details

Region: Grampian Highland Unit:Lochnagar Lithology:Granite

Sample Name: LN-4 Elevation:566m Apatite quality: 4

Apatite Fission Track Data

Method:EDM Zeta:311.1±24.3

Table B.64: Single grain apatite fission track data using EDM. All symbols have been
described in chapter three apart from SE which is standard error calculated using
IsoplotR.

No Ns Ni Area ρs ρi ρs/ρi U Dpar Age 1SE
(cm2) (cm2) (cm2) (ppm) (µm) (Ma) (Ma)

1 11 6 1.7E-05 6.5E+05 3.5E+05 1.83 3.94 1.79 347.0 178.0
2 11 7 1.7E-05 6.5E+05 4.1E+05 1.57 4.59 1.79 298.0 146.0
3 18 11 3.4E-05 5.3E+05 3.2E+05 1.64 3.61 1.67 311.0 121.0
4 32 30 5.3E-05 6.0E+05 5.7E+05 1.07 6.30 1.65 204.1 54.3
5 15 10 5.3E-05 2.8E+05 1.9E+05 1.50 2.10 1.79 285.0 119.0

Figure B.43: radial plot of single grain apatite fission track data drawn using IsoplotR
(Vermeesch, 2018).
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Sample Details

Region: Grampian Highland Unit:Lochnagar Lithology:Granite

Sample Name: LN-5 Elevation:409m Apatite quality: 2

Apatite Fission Track Data

Method:EDM Zeta:311.1±24.3

Table B.65: Single grain apatite fission track data using EDM. All symbols have been
described in chapter three apart from SE which is standard error calculated using
IsoplotR.

No Ns Ni Area ρs ρi ρs/ρi U Dpar Age 1SE
(cm2) (cm2) (cm2) (ppm) (µm) (Ma) (Ma)

1 18 15 5.3E-05 3.4E+05 2.8E+05 1.20 3.19 2.05 226.1 81.0
2 17 7 4.2E-05 4.0E+05 1.7E+05 2.43 1.86 2.19 450.0 205.0
3 24 17 5.3E-05 4.5E+05 3.2E+05 1.41 3.62 2.11 265.2 86.6
4 30 18 3.2E-05 9.4E+05 5.7E+05 1.67 6.39 2.01 312.0 96.2
5 27 26 5.2E-05 5.2E+05 5.0E+05 1.04 5.65 1.45 196.2 56.1
6 19 27 5.3E-05 3.6E+05 5.1E+05 0.70 5.75 2.00 133.6 41.3
7 36 27 7.4E-05 4.9E+05 3.6E+05 1.33 4.11 2.50 250.8 66.8
8 47 33 7.4E-05 6.3E+05 4.5E+05 1.42 5.02 1.78 267.5 64.3
9 19 18 4.2E-05 4.5E+05 4.2E+05 1.06 4.79 1.93 199.3 67.4
10 17 12 4.4E-05 3.8E+05 2.7E+05 1.42 3.04 2.27 266.0 102.0
11 19 14 4.4E-05 4.3E+05 3.1E+05 1.36 3.55 2.29 255.2 92.1
12 26 18 3.4E-05 7.7E+05 5.3E+05 1.44 5.99 1.75 271.2 85.9
13 26 17 7.4E-05 3.5E+05 2.3E+05 1.53 2.58 1.95 286.8 92.3
14 31 24 1.1E-04 2.9E+05 2.3E+05 1.29 2.55 1.87 243.1 68.8
15 22 10 3.8E-05 5.8E+05 2.6E+05 2.20 2.96 1.78 409.0 159.0
16 32 22 7.4E-05 4.3E+05 3.0E+05 1.45 3.34 1.92 273.1 78.6
17 34 22 6.8E-05 5.0E+05 3.2E+05 1.55 3.66 1.70 289.8 82.5
18 29 21 5.3E-05 5.5E+05 4.0E+05 1.38 4.47 1.90 259.6 77.1

Figure B.44: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Apatite (U-Th-Sm)/He Data

Table B.66: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three

No L W T He U Th Sm Th/U Eu age Error Ft Age Error Disp
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) (%)

1 169 109 2T 0.4 9.8 31.5 244.0 3.2 17.2 44.6 4.5 0.78 57.6 5.8
2 135 58 2T 0.5 12.5 36.2 121.1 2.9 21.0 113.6 11.4 0.68 166.7 16.7
3 124 54 2T 0.2 10.4 39.1 76.5 3.8 19.6 67.3 6.7 0.65 103.0 10.3
4 79 66 0T 0.9 10.2 40.1 147.7 4.0 19.6 541.4 0.0 0.58 937.7 93.8
5 111 59 1T 0.9 23.5 75.5 232.9 3.2 41.3 166.4 16.6 0.64 261.1 26.1
6 115 64 2T 0.5 15.3 41.0 129.2 2.7 25.0 135.1 13.5 0.66 205.5 20.5 32
7 94 52 2T 0.2 14.7 41.5 256.9 2.8 24.5 115.8 11.6 0.58 198.6 19.9
8 125 66 2T 1.0 23.6 83.5 282.2 3.5 43.3 124.8 12.5 0.68 184.8 18.5
9 123 69 1T 0.6 12.5 40.8 167.3 3.3 22.1 149.5 15.0 0.68 220.4 22.0
10 153 89 1T 1.7 15.1 52.3 218.3 3.5 27.4 167.1 16.7 0.74 225.1 22.5

Grains 4 was excluded because this grain provided an age older than AFT age for this sample,

even though is one of the smallest grain in the sample.
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Sample Details

Region: Grampian Highland Unit:Ben Cruachan Lithology:Granite

Sample Name: BC-02 Elevation:421m Apatite quality: 2

Apatite Fission Track Data

Method:EDM Zeta:311.1±24.3

Table B.67: Single grain apatite fission track data using EDM. All symbols have been
described in chapter three apart from SE which is standard error calculated using
IsoplotR.

No Ns Ni Area ρs ρi ρs/ρi U Dpar Age 1SE
(cm2) (cm2) (cm2) (ppm) (µm) (Ma) (Ma)

1 79 98 2.1E-05 3.7E+06 4.6E+06 0.81 36.44 2.52 217.6 32.9
2 102 109 4.4E-05 2.3E+06 2.5E+06 0.94 19.30 2.33 251.9 34.7
3 199 243 5.3E-05 3.8E+06 4.6E+06 0.82 36.14 2.16 221.0 21.1
4 94 72 3.8E-05 2.5E+06 1.9E+06 1.31 14.87 2.10 348.8 54.6
5 120 112 2.1E-05 5.7E+06 5.3E+06 1.07 41.64 2.00 287.6 37.8
6 61 64 1.3E-05 4.8E+06 5.0E+06 0.95 39.66 2.13 256.5 45.9
7 101 111 4.4E-05 2.3E+06 2.5E+06 0.91 19.65 2.02 245.0 33.7
8 154 106 2.6E-05 5.8E+06 4.0E+06 1.45 31.53 2.17 386.9 48.8
9 231 271 6.4E-05 3.6E+06 4.3E+06 0.85 33.59 2.43 229.8 20.6
10 48 51 1.3E-05 3.8E+06 4.0E+06 0.94 31.60 2.09 253.3 50.9
11 94 101 3.2E-05 3.0E+06 3.2E+06 0.93 25.04 2.13 250.5 35.9
12 96 95 6.4E-05 1.5E+06 1.5E+06 1.01 11.77 2.01 271.6 39.3
13 87 83 4.2E-05 2.1E+06 2.0E+06 1.05 15.43 1.86 281.5 43.2
14 89 156 4.2E-05 2.1E+06 3.7E+06 0.57 29.00 2.00 154.7 20.6
15 46 59 1.7E-05 2.7E+06 3.5E+06 0.78 27.42 2.18 210.5 41.4
16 91 81 4.2E-05 2.1E+06 1.9E+06 1.12 15.06 1.96 301.2 46.0
17 172 189 4.7E-05 3.7E+06 4.1E+06 0.91 31.94 2.14 245.1 25.8
18 99 122 3.2E-05 3.1E+06 3.8E+06 0.81 30.24 1.96 219.0 29.6
19 96 123 2.6E-05 3.6E+06 4.6E+06 0.78 36.59 2.08 210.8 28.7
20 69 79 1.3E-05 5.4E+06 6.2E+06 0.87 48.96 2.21 235.4 38.8
21 176 251 4.2E-05 4.2E+06 5.9E+06 0.70 46.66 2.21 189.7 18.6

Figure B.45: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Sample Details

Region: Grampian Highland Unit:Ben Cruachan Lithology:Granite

Sample Name: BC-03 Elevation:439m Apatite quality: 2

Apatite Fission Track Data

Method:EDM Zeta:311.1±24.3

Table B.68: Single grain apatite fission track data using EDM. All symbols have been
described in chapter three apart from SE which is standard error calculated using
IsoplotR.

No Ns Ni Area ρs ρi ρs/ρi U Dpar Age 1SE
(cm2) (cm2) (cm2) (ppm) (µm) (Ma) (Ma)

1 16 21 9.5E-06 1.7E+06 2.2E+06 0.76 17.45 2.43 205.3 70.0
2 69 67 1.5E-05 4.7E+06 4.5E+06 1.03 35.78 1.94 275.9 52.0
3 52 39 3.0E-05 1.8E+06 1.3E+06 1.33 10.41 2.37 355.1 80.2
4 21 26 1.3E-05 1.7E+06 2.0E+06 0.81 16.20 2.17 217.4 66.0
5 93 91 2.2E-05 4.2E+06 4.1E+06 1.02 32.40 2.32 273.9 45.7
6 31 27 1.7E-05 1.8E+06 1.6E+06 1.15 12.62 2.25 306.9 84.3
7 27 46 4.9E-05 5.5E+05 9.4E+05 0.59 7.48 1.97 158.7 40.4
8 61 64 3.2E-05 1.9E+06 2.0E+06 0.95 15.95 2.33 255.8 50.0
9 54 83 2.5E-05 2.1E+06 3.3E+06 0.65 25.86 2.11 175.7 33.7
10 44 51 2.1E-05 2.1E+06 2.4E+06 0.86 19.07 2.11 232.0 51.1
11 22 34 2.1E-05 1.0E+06 1.6E+06 0.65 12.71 2.26 174.8 49.7
12 39 61 1.9E-05 2.0E+06 3.2E+06 0.64 25.34 2.40 172.7 37.9
13 47 65 3.2E-05 1.5E+06 2.0E+06 0.72 16.20 2.21 195.0 40.3
14 41 51 8.5E-06 4.8E+06 6.0E+06 0.80 47.66 2.27 216.4 48.5
15 23 27 3.2E-05 7.2E+05 8.5E+05 0.85 6.73 2.32 229.1 67.4
16 36 34 3.8E-05 9.4E+05 8.9E+05 1.06 7.06 2.33 283.5 71.4
17 44 73 2.1E-05 2.1E+06 3.4E+06 0.60 27.29 2.55 162.9 33.6
18 43 54 2.5E-05 1.7E+06 2.1E+06 0.80 16.82 2.46 214.4 46.9
19 54 80 3.2E-05 1.7E+06 2.5E+06 0.68 19.94 2.38 182.2 35.1
20 75 71 4.2E-05 1.8E+06 1.7E+06 1.06 13.27 2.24 282.9 51.8

Figure B.46: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Sample Details

Region: Grampian Highland Unit:Ben Cruachan Lithology:Granite

Sample Name: BC-04 Elevation:462m Apatite quality: 2

Apatite Fission Track Data

Method:EDM Zeta:311.1±24.3

Table B.69: Single grain apatite fission track data using EDM. All symbols have been
described in chapter three apart from SE which is standard error calculated using
IsoplotR.

No Ns Ni Area ρs ρi ρs/ρi U Dpar Age 1SE
(cm2) (cm2) (cm2) (ppm) (µm) (Ma) (Ma)

1 53 31 2.2E-05 2.4E+06 1.4E+06 1.71 11.13 2.30 447.0 101.0
2 20 19 3.4E-05 5.9E+05 5.6E+05 1.05 4.48 2.32 278.7 89.3
3 31 27 3.2E-05 9.8E+05 8.5E+05 1.15 6.78 2.40 303.4 79.9
4 42 56 3.2E-05 1.3E+06 1.8E+06 0.75 14.07 2.00 199.8 40.8
5 42 37 2.5E-05 1.7E+06 1.5E+06 1.14 11.62 2.27 300.0 67.7
6 27 33 1.6E-05 1.7E+06 2.1E+06 0.82 16.58 2.50 217.7 56.5
7 30 21 1.7E-05 1.8E+06 1.2E+06 1.43 9.89 2.31 375.0 107.0
8 47 34 2.9E-05 1.6E+06 1.2E+06 1.38 9.49 2.74 363.6 81.9
9 16 21 9.5E-06 1.7E+06 2.2E+06 0.76 17.59 1.92 202.9 67.3
10 19 15 1.9E-05 1.0E+06 7.9E+05 1.27 6.28 2.70 334.0 115.0
11 26 39 3.2E-05 8.2E+05 1.2E+06 0.67 9.80 2.24 177.9 45.1
12 15 21 2.1E-05 7.1E+05 9.9E+05 0.71 7.92 2.27 190.4 64.4
13 31 38 1.6E-05 2.0E+06 2.4E+06 0.82 19.10 2.20 217.0 52.5
14 37 48 2.5E-05 1.5E+06 1.9E+06 0.77 15.08 2.64 205.3 44.9
15 22 21 7.4E-05 3.0E+05 2.8E+05 1.05 2.26 1.99 277.4 84.6
16 22 25 4.2E-05 5.2E+05 5.9E+05 0.88 4.71 2.33 233.8 68.4
17 8 10 3.2E-05 2.5E+05 3.1E+05 0.80 2.51 2.17 213.0 101.0
18 12 11 4.2E-05 2.8E+05 2.6E+05 1.09 2.07 2.16 289.0 120.0

Figure B.47: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Apatite (U-Th-Sm)/He Data

Table B.70: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three

No L W T He U Th Sm Th/U Eu age Error Ft Age Error Disp
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) (%)

1 126 60 1T 0.08 14.43 24.65 311.79 1.71 20.22 21.46 2.15 0.67 31.88 3.19
2 142 75 0T 0.09 10.62 12.10 463.87 1.14 13.46 23.08 2.31 0.72 31.96 3.20
3 83 65 0T 0.09 42.56 49.42 987.89 1.16 54.17 19.57 1.96 0.60 32.82 3.28
4 122 59 1T 0.03 0.51 1.20 5.07 2.36 0.79 267.31 26.73 0.66 403.55 40.35
5 192 68 1T 0.04 2.30 6.20 228.67 2.69 3.76 18.77 1.88 0.76 24.62 2.46 17
6 287 94 1T 0.18 3.99 5.12 132.50 1.28 5.19 22.29 2.23 0.84 26.55 2.65
7 244 137 2T 0.69 10.31 13.18 352.48 1.28 13.41 32.75 3.28 0.84 39.00 3.90
8 135 55 2T 0.03 4.64 11.25 132.56 2.42 7.29 23.42 2.34 0.68 34.51 3.45
9 179 68 2T 0.14 9.33 17.30 284.34 1.85 13.39 25.20 2.52 0.75 33.48 3.35

Grains 4 was excluded from discussion and modelling because its age is older than AFT in this

sample. This grain has U content smaller than other samples which seems that the grain has not been

dissolved with the standard solusion for ICPMS analysis
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Sample Details

Region: Grampian Highland Unit:Ben Cruachan Lithology:Granite

Sample Name: BC-05 Elevation:426m Apatite quality: 3

Apatite Fission Track Data

Method:EDM Zeta:311.1±24.3

Table B.71: Single grain apatite fission track data using EDM. All symbols have been
described in chapter three apart from SE which is standard error calculated using
IsoplotR.

No Ns Ni Area ρs ρi ρs/ρi U Dpar Age 1SE
(cm2) (cm2) (cm2) (ppm) (µm) (Ma) (Ma)

1 4 5 3.2E-05 1.3E+05 1.6E+05 0.80 1.26 2.00 212.0 143.0
2 4 5 1.9E-05 2.1E+05 2.6E+05 0.80 2.11 2.52 212.0 143.0
3 7 11 4.2E-05 1.7E+05 2.6E+05 0.64 2.08 1.80 169.0 82.8
4 3 5 3.0E-05 1.0E+05 1.7E+05 0.60 1.35 2.19 159.0 117.0
5 48 39 1.9E-05 2.5E+06 2.0E+06 1.23 16.42 2.06 323.0 74.1
6 6 8 4.2E-05 1.4E+05 1.9E+05 0.75 1.52 1.61 199.0 108.0
7 3 5 2.1E-05 1.4E+05 2.4E+05 0.60 1.89 1.86 159.0 117.0
8 10 9 5.3E-05 1.9E+05 1.7E+05 1.11 1.36 1.98 292.0 136.0
9 43 57 7.4E-05 5.8E+05 7.7E+05 0.75 6.17 2.00 199.9 43.3
10 24 33 2.1E-05 1.1E+06 1.6E+06 0.73 12.51 1.91 192.8 53.9
11 7 9 3.0E-05 2.4E+05 3.0E+05 0.78 2.44 1.88 206.0 105.0

Figure B.48: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Sample Details

Region: Grampian Highland Unit:Cairngorms Lithology:Granite

Sample Name: CG16-3 Elevation:426m Apatite quality: 1

Apatite Fission Track Data

Method:EDM Zeta:311.1±24.3

Table B.72: Single grain apatite fission track data using EDM. All symbols have been
described in chapter three apart from SE which is standard error calculated using
IsoplotR.

No Ns Ni Area ρs ρi ρs/ρi U Dpar Age 1SE
(cm2) (cm2) (cm2) (ppm) (µm) (Ma) (Ma)

1 72 48 1.7E-05 4.2E+06 2.8E+06 1.50 31.30 1.90 286.9 58.0
2 35 29 2.2E-05 1.6E+06 1.3E+06 1.21 14.41 2.09 231.9 61.0
3 96 61 4.4E-05 2.2E+06 1.4E+06 1.57 15.16 2.29 300.7 54.6
4 54 35 1.5E-05 3.6E+06 2.4E+06 1.54 26.09 2.04 295.0 68.1
5 52 37 3.0E-05 1.8E+06 1.2E+06 1.41 13.79 2.30 269.2 61.6
6 32 26 1.6E-05 2.0E+06 1.6E+06 1.23 18.09 2.19 236.4 65.1
7 53 59 2.1E-05 2.5E+06 2.8E+06 0.90 30.78 2.08 173.4 35.5
8 44 29 2.5E-05 1.7E+06 1.1E+06 1.52 12.61 2.18 290.2 73.0
9 55 42 2.6E-05 2.1E+06 1.6E+06 1.31 17.53 2.12 251.2 55.1
10 27 18 1.3E-05 2.1E+06 1.4E+06 1.50 15.65 1.80 286.9 90.2
11 53 40 2.5E-05 2.1E+06 1.6E+06 1.33 17.39 2.14 254.1 56.8
12 38 36 1.5E-05 2.6E+06 2.4E+06 1.06 26.83 1.96 203.2 49.9
13 44 41 2.1E-05 2.1E+06 1.9E+06 1.07 21.39 1.93 206.6 47.7
14 57 38 1.7E-05 3.4E+06 2.2E+06 1.50 24.78 2.32 286.9 64.2
15 103 79 3.8E-05 2.7E+06 2.1E+06 1.30 22.90 1.90 250.1 42.3
16 46 33 1.7E-05 2.7E+06 1.9E+06 1.39 21.52 1.98 267.1 64.4
17 74 53 4.2E-05 1.7E+06 1.3E+06 1.40 13.83 2.29 267.5 52.5
18 40 23 1.6E-05 2.5E+06 1.4E+06 1.74 16.00 1.96 331.5 90.6
19 35 29 2.5E-05 1.4E+06 1.1E+06 1.21 12.61 2.20 231.9 61.0
20 67 51 1.7E-05 4.0E+06 3.0E+06 1.31 33.26 2.31 252.0 50.8

Figure B.49: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Apatite (U-Th-Sm)/He Data

Table B.73: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three

No L W T He U Th Sm Th/U Eu age Error Ft Age Error Disp
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) (%)

1 141 115 1T 2.7 39.2 98.1 323.7 2.5 62.3 98.7 9.9 0.76 130.2 13.0
2 177 153 1T 4.1 23.1 10.2 253.1 0.4 25.4 168.0 16.8 0.82 205.1 20.5
3 325 147 2T 17.6 28.5 20.8 118.3 0.7 33.4 192.5 19.3 0.87 220.8 22.1
4 224 111 2T 2.3 11.6 20.9 116.3 1.8 16.5 141.7 14.2 0.82 173.4 17.3
5 183 95 1T 1.5 11.8 23.2 197.9 2.0 17.3 150.0 15.0 0.78 192.6 19.3 20
6 192 85 2T 1.8 15.8 35.0 219.4 2.2 24.1 129.5 12.9 0.78 166.6 16.7
7 152 78 2T 1.4 20.0 52.7 426.2 2.6 32.4 129.9 13.0 0.73 177.5 17.7
8 154 74 1T 0.9 17.0 38.1 277.6 2.2 26.0 110.8 11.1 0.73 151.8 15.2
9 193 127 1T 4.6 23.9 31.7 223.8 1.3 31.3 170.6 17.1 0.81 210.8 21.1
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Sample Details

Region: Grampian Highland Unit:Cairngorms Lithology:Granite

Sample Name: CG16-4 Elevation:417m Apatite quality: 2

Apatite Fission Track Data

Method:EDM Zeta:311.1±24.3

Table B.74: Single grain apatite fission track data using EDM. All symbols have been
described in chapter three apart from SE which is standard error calculated using
IsoplotR.

No Ns Ni Area ρs ρi ρs/ρi U Dpar Age 1SE
(cm2) (cm2) (cm2) (ppm) (µm) (Ma) (Ma)

1 18 13 9.5E-06 1.9E+06 1.4E+06 1.38 15.11 1.45 264.7 98.6
2 19 11 1.6E-05 1.2E+06 6.9E+05 1.73 7.67 1.92 329.0 127.0
3 34 24 1.3E-05 2.7E+06 1.9E+06 1.42 20.92 2.06 270.7 75.2
4 44 32 2.1E-05 2.1E+06 1.5E+06 1.38 16.74 2.07 262.9 64.5
5 19 12 1.7E-05 1.1E+06 7.1E+05 1.58 7.85 1.66 302.0 114.0
6 71 42 4.4E-05 1.6E+06 9.4E+05 1.69 10.46 2.03 321.7 67.5
7 30 23 1.6E-05 1.9E+06 1.4E+06 1.30 16.04 2.30 249.6 71.9
8 43 23 2.6E-05 1.6E+06 8.7E+05 1.87 9.62 1.93 354.9 95.8
9 24 18 1.7E-05 1.4E+06 1.1E+06 1.33 11.77 1.84 255.1 82.0
10 36 18 9.5E-06 3.8E+06 1.9E+06 2.00 20.92 2.04 379.0 113.0
11 49 37 3.8E-05 1.3E+06 9.7E+05 1.32 10.75 2.14 253.4 58.7
12 49 32 3.2E-05 1.5E+06 1.0E+06 1.53 11.16 1.69 292.1 70.2
13 52 34 1.7E-05 3.1E+06 2.0E+06 1.53 22.23 2.02 291.7 68.3
14 71 41 3.2E-05 2.2E+06 1.3E+06 1.73 14.30 1.95 329.4 69.6
15 28 23 3.8E-05 7.3E+05 6.0E+05 1.22 6.68 1.96 233.3 68.2
16 35 19 2.6E-05 1.3E+06 7.2E+05 1.84 7.95 2.07 350.0 103.0
17 71 41 3.2E-05 2.2E+06 1.3E+06 1.73 14.30 2.06 329.4 69.6
18 21 14 1.3E-05 1.7E+06 1.1E+06 1.50 12.20 2.13 286.0 101.0

Figure B.50: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Sample Details

Region: Grampian Highland Unit:Caringorms Lithology:Granite

Sample Name: CG16-6 Elevation:262m Apatite quality: 1

Apatite Fission Track Data

Method:EDM Zeta:311.1±24.3

Table B.75: Single grain apatite fission track data using EDM. All symbols have been
described in chapter three apart from SE which is standard error calculated using
IsoplotR.

No Ns Ni Area ρs ρi ρs/ρi U Dpar Age 1SE
(cm2) (cm2) (cm2) (ppm) (µm) (Ma) (Ma)

1 85 52 5.1E-05 1.7E+06 1.0E+06 1.63 11.36 2.03 310.6 59.9
2 39 28 2.1E-05 1.8E+06 1.3E+06 1.39 14.68 2.17 265.6 69.0
3 84 48 2.6E-05 3.2E+06 1.8E+06 1.75 20.13 2.19 332.0 65.5
4 58 39 3.2E-05 1.8E+06 1.2E+06 1.49 13.63 1.81 283.2 62.7
5 64 48 3.0E-05 2.2E+06 1.6E+06 1.33 17.98 1.92 254.5 52.5
6 57 35 3.2E-05 1.8E+06 1.1E+06 1.63 12.23 2.20 309.5 70.8
7 54 34 3.4E-05 1.6E+06 1.0E+06 1.59 11.14 2.04 302.0 70.2
8 52 47 2.6E-05 2.0E+06 1.8E+06 1.11 19.71 2.01 211.9 45.8
9 65 41 2.5E-05 2.6E+06 1.6E+06 1.59 17.91 2.22 301.4 64.6
10 55 38 3.2E-05 1.7E+06 1.2E+06 1.45 13.28 2.22 275.8 62.1
11 57 47 2.6E-05 2.2E+06 1.8E+06 1.21 19.71 2.12 231.9 49.2
12 54 40 3.2E-05 1.7E+06 1.3E+06 1.35 13.98 2.05 257.6 57.4
13 49 32 2.1E-05 2.3E+06 1.5E+06 1.53 16.78 2.04 291.4 70.1
14 56 48 2.5E-05 2.2E+06 1.9E+06 1.17 20.97 2.02 223.2 47.3
15 60 51 2.6E-05 2.3E+06 1.9E+06 1.18 21.39 2.13 225.0 46.4
16 52 42 2.9E-05 1.8E+06 1.5E+06 1.24 16.31 2.11 236.6 52.5
17 52 29 2.6E-05 2.0E+06 1.1E+06 1.79 12.16 2.21 339.9 83.2
18 43 26 2.5E-05 1.7E+06 1.0E+06 1.65 11.36 2.20 314.2 81.9
19 26 17 1.7E-05 1.5E+06 1.0E+06 1.53 11.14 2.15 291.0 93.6
20 52 36 3.2E-05 1.6E+06 1.1E+06 1.44 12.58 2.33 275.2 63.5

Figure B.51: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Apatite (U-Th-Sm)/He Data

Table B.76: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three

No L W T He U Th Sm Th/U Eu age Error Ft Age Error Disp
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) (%)

1 245 182 1T 0.5 1.4 0.5 63.9 0.4 1.5 128.1 12.8 0.86 149.1 14.9
2 254 142 2T 1.5 6.0 0.8 203.5 0.1 6.2 131.0 13.1 0.85 154.2 15.4
3 277 153 1T 0.5 2.4 1.4 94.6 0.6 2.7 82.7 8.3 0.86 96.1 9.6 23
4 175 161 1T 1.0 5.8 1.7 161.3 0.3 6.1 151.6 15.2 0.82 184.3 18.4
5 242 160 2T 1.1 5.9 1.9 231.9 0.3 6.4 86.8 8.7 0.85 102.0 10.2
6 163 92 1T 0.8 15.0 5.6 449.1 0.4 16.3 96.2 9.6 0.77 125.5 12.5
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Sample Details

Region: Grampian Highland Unit:Cairngorms Lithology:Granite

Sample Name: CG16-14 Elevation:281m Apatite quality: 1

Apatite Fission Track Data

Method:EDM Zeta:311.1±24.3

Table B.77: Single grain apatite fission track data using EDM. All symbols have been
described in chapter three apart from SE which is standard error calculated using
IsoplotR.

No Ns Ni Area ρs ρi ρs/ρi U Dpar Age 1SE
(cm2) (cm2) (cm2) (ppm) (µm) (Ma) (Ma)

1 22 19 1.6E-05 1.4E+06 1.2E+06 1.16 13.31 1.61 221.0 71.4
2 27 26 2.6E-05 1.0E+06 9.8E+05 1.04 10.93 2.03 198.6 56.7
3 32 23 2.1E-05 1.5E+06 1.1E+06 1.39 12.09 1.66 264.7 75.3
4 19 19 2.1E-05 9.0E+05 9.0E+05 1.00 9.99 1.99 191.3 63.9
5 49 37 1.7E-05 2.9E+06 2.2E+06 1.32 24.31 1.96 252.2 58.4
6 38 24 2.2E-05 1.7E+06 1.1E+06 1.58 12.01 2.05 300.3 81.8
7 27 22 2.1E-05 1.3E+06 1.0E+06 1.23 11.56 1.85 234.0 69.7
8 42 27 2.6E-05 1.6E+06 1.0E+06 1.56 11.35 1.76 295.2 76.4
9 31 24 2.6E-05 1.2E+06 9.1E+05 1.29 10.09 1.89 246.1 69.6
10 32 19 2.1E-05 1.5E+06 9.0E+05 1.68 9.99 2.07 319.0 95.7
11 41 32 2.6E-05 1.5E+06 1.2E+06 1.28 13.46 1.76 244.1 60.7
12 32 36 3.2E-05 1.0E+06 1.1E+06 0.89 12.61 2.03 170.3 43.5
13 39 22 1.7E-05 2.3E+06 1.3E+06 1.77 14.45 1.95 335.4 93.2
14 27 19 1.6E-05 1.7E+06 1.2E+06 1.42 13.31 1.97 270.2 83.6
15 45 34 2.1E-05 2.1E+06 1.6E+06 1.32 17.87 1.72 252.0 60.6
16 36 28 2.1E-05 1.7E+06 1.3E+06 1.29 14.72 1.68 244.9 64.6
17 27 23 1.6E-05 1.7E+06 1.4E+06 1.17 16.12 2.11 224.0 66.0
18 31 25 2.1E-05 1.5E+06 1.2E+06 1.24 13.14 2.19 236.4 66.2
19 32 22 2.1E-05 1.5E+06 1.0E+06 1.45 11.56 1.85 276.4 79.6
20 31 24 2.6E-05 1.2E+06 9.1E+05 1.29 10.09 1.79 246.1 69.6

Figure B.52: Left) radial plot of single grain apatite fission track data drawn using
IsoplotR (Vermeesch, 2018). Right) measured and projected track length distribution.
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Apatite (U-Th-Sm)/He Data

Table B.78: Analyzed single grain apatite (U-Th)/He data. For symbols see chapter
three.

No L W T He U Th Sm Th/U Eu age Error Ft Age Error Disp
(µm) (µm) (ncc) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma) (Ma) (Ma) (%)

1 129 93 1T 0.2 3.7 5.7 370.8 1.5 5.1 124.1 12.4 0.73 170.9 17.1
2 55 91 1T 0.7 31.2 75.4 3653.0 2.4 49.0 122.6 12.3 0.58 209.5 21.0
3 107 102 1T 0.6 11.1 22.4 1164.2 2.0 16.3 117.6 11.8 0.71 166.2 16.6
4 70 98 1T 1.1 32.6 86.7 4010.2 2.7 52.9 125.1 12.5 0.64 196.7 19.7
5 190 156 1T 1.8 5.7 14.6 695.1 2.5 9.2 137.7 13.8 0.82 167.8 16.8
6 101 158 1T 3.6 23.5 64.9 3088.5 2.8 38.7 150.4 15.0 0.76 197.8 19.8
7 139 143 1T 2.1 10.7 30.2 1387.6 2.8 17.8 146.9 14.7 0.78 188.4 18.8
8 184 151 1T 1.0 3.6 10.0 496.1 2.8 5.9 127.6 12.8 0.81 156.8 15.7
9 111 90 1T 0.5 9.2 21.6 1092.3 2.4 14.3 125.7 12.6 0.69 181.0 18.1
10 105 89 1T 0.6 14.2 33.8 1402.5 2.4 22.2 115.7 11.6 0.68 169.2 16.9
11 93 68 1T 0.5 18.3 36.4 1559.4 2.0 26.8 130.4 13.0 0.62 209.1 20.9 23
12 124 70 1T 0.7 12.2 33.3 1480.9 2.7 20.1 137.5 13.8 0.68 201.4 20.1
13 134 78 1T 0.6 8.1 21.3 1101.4 2.6 13.1 133.5 13.4 0.71 188.2 18.8
14 137 83 1T 0.6 7.6 20.0 1036.1 2.6 12.3 132.9 13.3 0.72 184.7 18.5
15 318 134 2T 3.5 5.5 12.7 335.5 2.3 8.5 146.0 14.6 0.86 169.3 16.9
16 201 104 1T 2.0 9.4 24.4 740.4 2.6 15.2 149.1 14.9 0.80 187.3 18.7
17 207 135 1T 2.3 7.0 22.0 662 3.1 12.2 146.0 14.6 0.82 178.7 17.9
18 128 96 1T 0.7 11.9 27.9 822.8 2.3 18.5 115.5 11.5 0.73 159.1 15.9
19 180 107 2T 1.5 0.1 0.4 2.8 4.4 0.2 7931.2 793.1 0.78 10162.9 1016.3
20 187 80 2T 2.0 8.5 17.9 472.4 2.1 12.7 269.8 27.0 0.77 350.7 35.1
21 293 128 2T 3.8 6.4 16.8 459.2 2.6 10.4 156.4 15.6 0.85 183.6 18.4
22 180 87 0T 1.2 6.6 19.3 511.3 2.9 11.1 180.9 18.1 0.77 235.8 23.6

Grains 19 was discarded from discussion and modelling because its age is extremly old
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Table B.79: Details of single grain apatite fission track ages obtained using LA-ICP-MS in different sessions but excluded from discussion and
modeling. The excluded grains generally are quite larger than the general range of age in each sample. It possible because sometimes the exact
counted area was not ablated (or accidentally ablated) by laser apatite, and because of the quality of the apatite grains.

No Sample name Ns area (Ωi) (pi) 2SE 238U 2SE Age 1SE Zeta
(cm2) (ppm) (ppm) (Ma) (Ma)

08/07/2018 Session one
1 Sut-19 31 9.5E+02 0.071 0.002 13.74 0.40 471.3 94.4 possibility of over measuring because of too much cloud on the grain.
2 Sut-19 45 1.3E+03 0.073 0.003 14.25 0.65 494.0 87.6 possibility of over measuring because of too much cloud on the grain.
3 Bar-5-2 4 1.3E+03
4 Bar-5-2 21.2±2.5
5 Bar-5-2 7 1.3E+03 0.006 0.000 1.09 0.09 967.9 383.2 bad quality apatite grains , cloudy and low U content
6 Bar-5-2
7 Bar-5-2 10 1.7E+03 0.011 0.002 2.05 0.34 564.6 205.8

03/09/2018 Session two
8 Lws-28 58 4.2E+03 0.030 0.001 5.65 0.12 496.0 78.1 possibility of over measuring, especially in the second grain
9 Lws-28 27 1.3E+03 0.041 0.001 7.65 0.14 565.3 119.2
10 NUT-24 18 2.6E+03 0.018 0.000 3.34 0.07 418.6 105.1 possibility of over measuring because of too much cloud on the grain.
11 NUT-24
12 NUT-24 Excluded during data reduction due to very low U intensity compare to other samples
13 NUT-24
14 sut-18 18 1.6E+03 0.005 0.000 0.90 0.03 2240.4 565.6 lowest U content possibly due to burnt the grain edge (resin) or zonation effect.
15 sut-18 91 1.6E+03 0.079 0.001 14.88 0.26 770.8 104.5 22.7±1.9 possibility of over measuring because of too much cloud on the grain.
16 sut-18 28 1.3E+03 0.004 0.000 0.67 0.03 4741.3 995.8 lowest U content possibly due to burnt the grain edge (zonation effect).
17 Bar-1 89 1.7E+03 0.094 0.002 17.61 0.32 605.5 82.7 possibility of over measuring because density was extremely high.
18 Bar-1 36 2.1E+03 0.277 0.007 52.00 1.20 69.2 13.0 the measured area was not burnt because a small shift had to be done.
19 SUT-21 29 1.3E+03 0.046 0.001 8.67 0.15 536.8 109.8 the measured area was not burnt because a small shift had to be done
20 SUT-21 40 2.1E+03 0.028 0.001 5.31 0.19 713.7 130.3 the measured area was not burnt because a small shift had to be done
21 Mor-1 28 4.2E+03 0.008 0.000 1.51 0.04 872.4 179.2 the lowest U content in the sample even isn’t the border of the grain.
22 Bar-5 0.011 0.000 2.07 0.06
23 Bar-5 0.004 0.000 0.73 0.02 inconvenient sample, very cloudy grains and burnt in most cases to see the U content.
24 Bar-5 0.012 0.001 2.23 0.10

06/09/2018 Session three
25 Sut-9 7 1.3E+03 0.008 0.000 1.43 0.04 717.0 278.4 lowest U content and the entire burnt region was destroyed with burning.
26 Sut-9 21 4.4E+03 0.011 0.000 2.00 0.05 448.7 105.5 possibility of over measuring because the grain was extremely cloudy
27 Sut-9
28 Sut-9 7 1.7E+03 0.009 0.000 1.55 0.04 503.7 195.5 the second lowest U content I n the sample, and shift had to be done
29 Sut-9 5 9.5E+02 0.005 0.000 0.89 0.04 1058.4 484.0 wrong coordination because different grain was burnt.
30 Sut-17-b 21 9.5E+02 0.468 0.008 82.50 1.50 52.8 12.4 the highest U contend, possibility of inclusion.
31 Sut-17-b 36 9.5E+02 0.482 0.008 84.60 1.40 87.6 16.4 the highest U contend, possibility of inclusion.
32 Sut-15 10 1.9E+03 0.122 0.002 21.64 0.37 48.4 15.9 22.5±1.5 the highest U contend, possibility of inclusion.
33 Sut-15 11 9.5E+02 0.028 0.001 5.00 0.10 446.2 139.9
34 Sut-15 10 1.6E+03 0.011 0.000 1.89 0.05 634.5 208.2 the lowest U content in the sample
35 Nut-23 11.41 0.19 I only selected but didn’t count any Ni.
36 Mor-2 0.141 0.003 25.58 0.51 I didn’t count any Ni.
37 Mor-2 0.043 0.001 7.90 0.14 I didn’t’t count any Ni.
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Table B.80: continue

No Sample name Ns area (Ωi) (pi) 2SE 238U 2SE Age 1SE Zeta Error

38 Mor-2 0.030 0.001 5.37 0.11 I didn’t count count any Ni.
39 Mor-4 0.097 0.002 18.05 0.32 I didn’t count count any Ni.
40 Mor-3 44 2.1E+03 0.331 0.006 61.10 1.10 70.2 12.2 the highest U contend, possibility of inclusion.
41 Mor-3 excluded during data reduction because the resin was burnt.
42 Mor-3 57 2.1E+03 0.035 0.001 6.49 0.19 803.0 128.0 the lowest U content in the sample
43 Mor-3 0.169 0.005 30.92 0.94 140.0 29.7 I didn’t count count any Ni.
44 Mor-5 34 2.1E+03 0.040 0.001 7.47 0.16 437.5 84.1 the lowest U content in the sample

07/09/2018 Session four
45 Har-27 23 3.2E+03 0.008 0.000 1.46 0.04 877.9 199.1
46 Har-27 23 2.1E+03 0.015 0.000 2.69 0.06 723.1 163.4
47 Har-27 13 2.1E+03 0.017 0.000 3.10 0.09 367.5 107.0 three of them have nearly the lowest U content, the reason for the the third grain is unclear.
48 Har-27 69 1.7E+03 0.004 0.000 0.74 0.02 6280.9 944.3
49 Lws-29 36 3.7E+03 0.006 0.000 1.18 0.04 1419.9 268.7 The lowest U content in the sample
50 Lws-31 37 2.6E+03 0.019 0.001 3.34 0.09 747.9 139.6 possibility of over measuring because the grain is cloudy.
51 Lws-31 6 1.7E+03 0.060 0.001 10.78 0.19 61.9 25.8 Shift had to be done, different area was burnt
52 Lws-30-D 64 2.1E+03 0.103 0.007 18.90 1.30 301.1 49.9 possibility of over measuring because it was a cloudy grain.
53 Lws-30-D 22 2.6E+03 0.070 0.001 12.71 0.22 124.2 28.5 21.1±1 Shift had to be done, different area was burnt
54 Lws-32 19 1.6E+03 0.012 0.000 2.09 0.05 1000.3 245.5 The lowest U content in the sample
55 Lws-35 9 1.3E+03 0.008 0.000 1.44 0.04 868.0 299.5
56 Lws-35 33 9.5E+02 0.061 0.001 10.96 0.20 571.6 111.0
57 Lws-35 inconvenient sample because of low quantity and low quality of apatite grains.
58 Lws-35 35 2.6E+03 0.015 0.000 2.67 0.06 876.1 166.6
59 Lws-35 39 9.5E+02 0.009 0.000 1.57 0.08 3682.6 690.6
60 Lws-35 18 2.6E+03 0.011 0.000 2.01 0.05 606.4 152.4
61 Lws-38 8 3.7E+03 0.005 0.000 0.94 0.03 425.2 155.1 Shift had to be done, different area was burnt
62 Lws-38 42 2.6E+03 0.018 0.001 3.31 0.13 863.5 155.3 Shift had to be done, different area was burnt
63 Lws-38 41 3.2E+03 0.021 0.000 3.84 0.08 621.9 111.1 Shift had to be done, different area was burnt
64 Lws-38 56 1.3E+03 0.035 0.001 6.42 0.11 1215.5 193.0 Shift had to be done, different area was burnt
65 Sut-8 0.0E+00 I didn’t’t count any Ni and it has the highest U content.
66 Sut-16 102 2.1E+03 0.435 0.009 81.00 1.60 115.8 15.2 the highest U contend, possibility of inclusion.

30/10/2018 Session five
67 BN-09
68 BN-09 66 24.7±1.7 excluded during data reduction because the resin was burnt.
69 BN-09 42

380



Appendix C

Zeta calibration factor for AFT

analysis

It has been highlighted in chapter two that two methods have been used to determine
238U concentration in this study; LA-ICP-MS and EDM. When EDM is used, only

one Zeta has been calculated. While for samples which LA-ICP-MS has been used,

zeta is sessional, it means zeta has been calculated for each session (run) separately.

In this study, samples have been analysed in five different sessions using LA-ICP-MS,

details related to number of standadrds using in calculating each sessional zeta and the

unknown samples in each session are presented.

The zeta calibration factor (ζ), which is used in the AFT age calculation in LA-ICP-

MS and EDM methods, has been explained in chapter 2 section 2.3, and equation of

each of them has been shown. Below the apatite fission track standard results for Zeta

in both methods is presented.
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1-LA–ICP-MS-based apatite fission-track results for Zeta .

In this study the widely used standard, Durango Fluoroapatite (31.44 Ma,McDowell

et al., 2005) was used to calculate zeta in five different sessions, they are presented

below;

Session one (8/07/2018); This session is one of the earliest sesision, in this session

the obtained Durango mean age is 33.7 ± 2.9 Ma (the error is the standard error), and

AFT central age is 32.0 ± 3.7 Ma (1σ error) calculated using online IsoplotR (Ver-

meesch, 2018). Zeta in this session is 21.2 ± 2.5 used for these samples; Sut-19, and

Bar-5-2 to calculate AFT age in this project.

Table C.1: Zeta calibration results for apatite fission track analysis using LA-ICP-MS
method at university of Glasgow.

No Ns area (Ωi) (pi) 2SE piΩi 35Cl 2SE 238U 2SE Zeta (ζ) 1SE Age 1SE
(cm2̂) (%) (%) (%) (ppm) (ppm) (Ma) (Ma)

1 13 7.4E-05 0.064 0.004 4.7E-06 0.443 0.051 12.47 0.74 23.0 3.0 29.0 8.2
2 6 3.2E-05 0.048 0.001 1.5E-06 0.158 0.014 9.45 0.28 16.2 1.9 41.2 16.9
3 12 9.5E-05 0.046 0.001 4.4E-06 0.136 0.014 8.99 0.26 23.0 2.8 28.9 8.4
4 5 4.2E-05 0.057 0.002 2.4E-06 0.081 0.013 11.11 0.31 30.4 3.6 21.9 9.8
6 16 1.1E-04 0.049 0.001 5.2E-06 0.103 0.009 9.60 0.28 20.6 2.5 32.4 8.2
7 11 6.4E-05 0.049 0.001 3.1E-06 0.081 0.008 9.63 0.27 18.0 2.2 37.0 11.2
8 7 4.2E-05 0.063 0.002 2.7E-06 0.085 0.007 12.27 0.39 24.1 2.9 27.7 10.5
9 4 1.6E-05 0.052 0.002 8.2E-07 0.154 0.013 10.01 0.34 12.9 1.6 51.6 25.9

Figure C.1: Radial plot of Durango standard single grain data drawn using IsoplotR
(Vermeesch, 2018)
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Session two (3/09/2018); In this session the obtained Durango mean age is 32.8

± 1.9 Ma (the error is the standard error) Ma, and the AFT central age is 31.9 ± 2.7

Ma(1σ error) calculated using online IsoplotR (Vermeesch, 2018). The obtined Zeta in

this session is 22.7 ± 1.9 and it used for these samples; Lws-28, Nut-24, Sut-18, Bar-1,

Sut-21, Mor-1, and Bar-5 to calculate AFT age.

Table C.2: Zeta calibration results for apatite fission track analysis using LA-ICP-MS
method at university of Glasgow.

No Ns area (Ωi) (pi) 2SE piΩi 35Cl 2SE 238U 2SE Zeta (ζ) 1SE Age 1SE
(cm2̂) (%) (%) (%) (ppm) (ppm) (Ma) (Ma)

1 10 3.8E-05 0.067 0.001 2.6E-06 0.269 0.013 12.63 0.22 16.2 1.4 42.4 13.4
2 5 4.2E-05 0.052 0.001 2.2E-06 0.219 0.011 9.77 0.16 27.8 2.4 26.7 12.0
3 16 1.1E-04 0.057 0.001 6.0E-06 0.231 0.012 10.60 0.17 23.6 2.0 28.5 7.1
4 11 6.4E-05 0.057 0.001 3.6E-06 0.236 0.013 10.63 0.21 20.6 1.8 32.7 9.9
5 4 1.6E-05 0.060 0.001 9.6E-07 0.280 0.013 11.31 0.20 15.1 1.3 47.5 23.7
6 6 4.2E-05 0.067 0.001 2.8E-06 0.294 0.014 12.48 0.22 29.6 2.5 22.9 9.4
7 3 2.2E-05 0.060 0.001 1.3E-06 0.257 0.013 11.18 0.19 27.9 2.4 25.5 14.7
8 5 2.6E-05 0.053 0.001 1.4E-06 0.228 0.013 9.86 0.17 17.6 1.5 42.7 19.1
9 7 5.1E-05 0.055 0.001 2.8E-06 0.214 0.013 10.33 0.18 25.2 2.2 26.0 9.8
10 15 9.5E-05 0.064 0.001 6.1E-06 0.232 0.012 11.96 0.20 25.6 2.2 29.7 7.7
11 8 3.4E-05 0.055 0.001 1.9E-06 0.216 0.011 10.32 0.20 14.7 1.3 44.5 15.8
12 7 5.3E-05 0.061 0.001 3.2E-06 0.259 0.013 11.38 0.20 28.9 2.5 25.0 9.4
13 7 5.3E-05 0.055 0.001 2.9E-06 0.229 0.012 10.37 0.18 26.4 2.2 25.0 9.4
14 10 4.4E-05 0.055 0.001 2.5E-06 0.218 0.011 10.40 0.18 15.6 1.3 42.4 13.4
15 6 3.7E-05 0.053 0.001 2.0E-06 0.201 0.012 9.92 0.18 20.6 1.8 36.6 15.0
16 15 1.1E-04 0.053 0.001 5.6E-06 0.199 0.011 10.00 0.17 23.7 2.0 32.1 8.3
17 9 7.4E-05 0.054 0.001 4.0E-06 0.219 0.013 10.07 0.18 27.9 2.4 27.5 9.2

Figure C.2: Radial plot of Durango standard single grain data drawn using IsoplotR
(Vermeesch, 2018)
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Session three (6/09/2018); In this session the obtained Durango mean age is

33.6 ± 2.1 Ma (the error is the standard error), and AFT central age is 32.3 ± 2.2

Ma(1σ error)calculated using online IsoplotR (Vermeesch, 2018). The obtained Zeta in

this session is 22.5 ± 1.5 used for these samples; (Mor-2, Mor-3, Mor-4, Mor-5, Nut-23,

Sut-15, Sut-17-b, and Sut-9 to calculate AFT age.

Table C.3: Zeta calibration results for apatite fission track analysis using LA-ICP-MS
method at university of Glasgow.

No Ns area (Ωi) (pi) 2SE piΩ 35Cl 2SE 238U 2SE Zeta (ζ) 1SE Age 1SE
(cm2̂) (%) (%) (%) (ppm) (ppm) (Ma) (Ma)

1 8 3.4E-05 0.055 0.001 1.8E-06 0.063 0.004 10.29 0.19 14.6 1.0 48.1 17.0
2 7 5.3E-05 0.060 0.001 3.2E-06 0.071 0.003 11.28 0.21 28.5 2.0 24.7 9.4
3 7 5.3E-05 0.055 0.001 2.9E-06 0.072 0.004 10.41 0.20 26.3 1.9 27.0 10.2
4 5 4.2E-05 0.064 0.001 2.7E-06 0.068 0.004 12.03 0.20 34.1 2.4 20.7 9.3
5 14 9.5E-05 0.063 0.001 6.0E-06 0.071 0.004 11.92 0.20 27.1 1.9 26.2 7.0
6 16 1.1E-04 0.054 0.001 5.7E-06 0.074 0.004 10.12 0.17 22.5 1.6 31.4 7.9
7 15 1.1E-04 0.053 0.001 5.6E-06 0.094 0.006 9.90 0.17 23.6 1.7 30.0 7.8
8 6 3.7E-05 0.053 0.001 1.9E-06 0.125 0.007 9.75 0.19 20.4 1.5 34.3 14.0
9 10 4.4E-05 0.056 0.001 2.5E-06 0.173 0.009 10.42 0.19 15.8 1.1 45.0 14.3
10 10 6.4E-05 0.053 0.001 3.4E-06 0.218 0.012 9.74 0.18 21.2 1.5 33.3 10.6
11 9 5.3E-05 0.053 0.001 2.8E-06 0.276 0.015 9.66 0.17 19.6 1.4 36.0 12.0
12 11 7.4E-05 0.052 0.001 3.9E-06 0.303 0.017 9.53 0.16 22.2 1.6 32.0 9.7
13 12 1.1E-04 0.048 0.001 5.0E-06 0.272 0.015 8.62 0.16 26.4 1.9 26.5 7.7
14 11 5.2E-05 0.055 0.001 2.9E-06 0.232 0.011 9.99 0.19 16.5 1.2 43.2 13.1
15 14 7.4E-05 0.070 0.001 5.2E-06 0.182 0.009 12.59 0.22 23.4 1.7 30.3 8.1
16 6 3.7E-05 0.052 0.001 1.9E-06 0.111 0.006 9.29 0.16 20.2 1.4 34.9 14.3
17 16 1.1E-04 0.062 0.001 6.6E-06 0.080 0.004 11.02 0.19 25.8 1.8 27.4 6.9
18 6 4.2E-05 0.054 0.001 2.3E-06 0.066 0.003 9.49 0.17 23.8 1.7 29.4 12.0
19 7 2.6E-05 0.068 0.001 1.8E-06 0.067 0.003 11.94 0.24 16.2 1.2 43.6 16.5
20 7 5.1E-05 0.066 0.001 3.4E-06 0.070 0.003 11.57 0.22 30.2 2.2 23.4 8.9
21 8 2.6E-05 0.053 0.001 1.4E-06 0.059 0.003 9.17 0.16 11.0 0.8 63.8 22.6
22 7 5.1E-05 0.054 0.001 2.7E-06 0.070 0.004 9.29 0.15 24.5 1.7 28.6 10.8

Figure C.3: Radial plot of Durango standard single grain data drawn using IsoplotR
(Vermeesch, 2018)
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Session four (7/09/2018); In this session the obtained Durango mean age is

33.1 ± 1.4 Ma (the error is the standard error), AFT central age is 32.0 ± 1.6 Ma (1σ

error) calculated using online IsoplotR (Vermeesch, 2018). The obtained Zeta in this

session is 21.1 ± 1 used for these samples; Sut-17-b, Har-27, Lws-29, Lws-30D, Lws-31,

Lws-32, Lws-35-A, Lws-35-B, Lws-38, Sut-8, Sut-16 to calculate AFT age.

Table C.4: Zeta calibration results for apatite fission track analysis using LA-ICP-MS
method at university of Glasgow.

No Ns area (Ωi) (pi) 2SE piΩi 35Cl 2SE 238U 2SE Zeta (ζ) 1SE Age 1SE
(cm2̂) (%) (%) (%) (ppm) (ppm) (Ma) (Ma)

1 13 9.5E-05 0.048 0.001 4.6E-06 0.059 0.003 9.34 0.16 22.2 1.1 29.8 8.3
2 13 9.5E-05 0.047 0.001 4.5E-06 0.062 0.003 9.14 0.18 21.8 1.1 30.5 8.5
3 13 9.5E-05 0.048 0.001 4.5E-06 0.061 0.003 9.20 0.18 22.0 1.1 30.2 8.4
4 13 9.5E-05 0.048 0.001 4.5E-06 0.059 0.003 9.19 0.16 22.0 1.1 30.1 8.4
5 13 9.5E-05 0.048 0.001 4.6E-06 0.062 0.003 9.18 0.16 22.1 1.1 30.0 8.4
6 13 9.5E-05 0.047 0.001 4.5E-06 0.058 0.003 9.05 0.17 21.8 1.1 30.4 8.5
7 13 9.5E-05 0.048 0.001 4.6E-06 0.059 0.003 9.17 0.16 22.2 1.1 29.9 8.3
8 16 1.1E-04 0.054 0.001 5.7E-06 0.067 0.003 10.27 0.18 22.5 1.2 29.5 7.4
9 16 1.1E-04 0.052 0.001 5.5E-06 0.066 0.003 9.93 0.17 21.8 1.1 30.5 7.6
10 16 1.1E-04 0.053 0.001 5.6E-06 0.070 0.003 10.00 0.16 22.0 1.1 30.1 7.5
11 16 1.1E-04 0.054 0.001 5.7E-06 0.061 0.003 10.15 0.20 22.4 1.2 29.6 7.4
12 16 1.1E-04 0.053 0.001 5.6E-06 0.067 0.003 10.06 0.18 22.2 1.1 29.8 7.5
13 5 5.3E-05 0.049 0.001 2.6E-06 0.062 0.003 9.19 0.17 32.6 1.7 20.4 9.1
14 7 6.4E-05 0.062 0.001 3.9E-06 0.067 0.003 11.55 0.20 35.2 1.8 18.9 7.1
15 16 1.1E-04 0.055 0.001 5.8E-06 0.067 0.003 10.23 0.18 22.8 1.2 29.1 7.3
16 12 7.4E-05 0.051 0.001 3.8E-06 0.067 0.003 9.09 0.16 19.8 1.0 33.5 9.7
17 12 5.3E-05 0.058 0.001 3.1E-06 0.070 0.003 10.35 0.18 16.2 0.8 41.0 11.8
18 20 1.1E-04 0.051 0.001 5.4E-06 0.063 0.003 9.06 0.16 16.9 0.9 39.2 8.8
19 10 5.3E-05 0.052 0.001 2.8E-06 0.059 0.003 9.36 0.17 17.4 0.9 38.2 12.1
20 7 2.2E-05 0.051 0.001 1.1E-06 0.053 0.003 9.31 0.17 10.3 0.5 64.5 24.4
21 13 9.5E-05 0.049 0.001 4.7E-06 0.059 0.003 9.03 0.16 22.7 1.2 29.2 8.1
22 11 5.3E-05 0.051 0.001 2.7E-06 0.065 0.003 9.48 0.16 15.5 0.8 42.7 12.9
23 5 2.1E-05 0.058 0.001 1.2E-06 0.065 0.003 10.90 0.18 15.6 0.8 42.6 19.1
24 9 4.2E-05 0.050 0.001 2.1E-06 0.060 0.003 9.34 0.17 14.8 0.8 44.7 14.9
25 16 1.1E-04 0.059 0.001 6.2E-06 0.061 0.003 10.91 0.18 24.5 1.3 27.1 6.8
26 7 6.4E-05 0.048 0.001 3.0E-06 0.059 0.003 8.77 0.15 27.3 1.4 24.3 9.2
27 9 7.4E-05 0.051 0.001 3.8E-06 0.060 0.003 9.11 0.16 26.4 1.4 25.2 8.4
28 16 1.1E-04 0.049 0.001 5.2E-06 0.060 0.003 8.86 0.16 20.6 1.1 32.3 8.1
29 15 1.1E-04 0.050 0.001 5.3E-06 0.057 0.003 9.08 0.16 22.3 1.1 29.8 7.7
30 6 3.7E-05 0.050 0.001 1.9E-06 0.062 0.003 9.14 0.16 19.5 1.0 34.1 13.9
31 10 4.4E-05 0.052 0.001 2.3E-06 0.063 0.003 9.47 0.16 14.4 0.7 45.9 14.5
32 10 6.4E-05 0.049 0.001 3.1E-06 0.060 0.003 9.06 0.16 19.7 1.0 33.6 10.6
33 9 5.3E-05 0.050 0.001 2.7E-06 0.062 0.003 9.21 0.16 18.6 1.0 35.6 11.9
34 11 7.4E-05 0.049 0.001 3.7E-06 0.060 0.003 9.02 0.16 21.0 1.1 31.6 9.6
35 12 1.1E-04 0.049 0.001 5.2E-06 0.061 0.003 8.84 0.15 27.1 1.4 24.5 7.1
36 11 5.2E-05 0.052 0.001 2.7E-06 0.066 0.003 9.33 0.14 15.4 0.8 43.0 13.0

Figure C.4: Radial plot of Durango standard single grain data drawn using IsoplotR
(Vermeesch, 2018)
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Session five (30/10/2018): In this session the obtained Durango mean age is

32.1 ± 1.3 Ma (the error is the standard error), and its AFT central age is 32.2 ± 1.6

Ma(1σ error) calculated using IsoplotR (Vermeesch, 2018). The obtained Zeta in this

session is 24.7 ± 1.2 used for only sample BN-09 to calculate AFT age.

No Ns area (Ωi) (pi) 2SE piΩi 35Cl 2SE 238U 2SE Zeta (ζ) 1SE Age 1SE
(cm2̂) (%) (%) (%) (ppm) (ppm) (Ma) (Ma)

1 14 5.3E-05 0.086 0.003 4.6E-06 -0.040 0.004 10.37 0.33 20.6 1.2 37.7 10.1
2 20 1.1E-04 0.079 0.002 8.4E-06 -0.040 0.004 9.48 0.29 26.3 1.5 29.5 6.7
3 13 5.3E-05 0.077 0.002 4.1E-06 -0.040 0.004 9.23 0.29 19.8 1.2 39.1 10.9
4 7 2.2E-05 0.079 0.003 1.8E-06 -0.040 0.005 10.41 0.30 15.8 0.9 49.0 18.6
5 13 9.5E-05 0.072 0.003 6.9E-06 -0.040 0.004 8.90 0.30 33.3 2.1 23.3 6.5
6 11 5.3E-05 0.078 0.003 4.1E-06 -0.040 0.004 11.37 0.38 23.8 1.4 32.7 9.9
7 9 4.2E-05 0.077 0.002 3.3E-06 -0.040 0.004 9.30 0.29 22.9 1.3 33.9 11.3
8 21 1.1E-04 0.088 0.003 9.4E-06 -0.040 0.005 10.63 0.34 28.1 1.6 27.6 6.1
9 11 6.4E-05 0.072 0.002 4.6E-06 -0.040 0.004 8.69 0.27 26.4 1.5 29.5 8.9
10 15 6.4E-05 0.075 0.002 4.7E-06 -0.030 0.004 8.96 0.27 19.9 1.2 38.9 10.1
11 18 1.1E-04 0.074 0.002 7.9E-06 -0.040 0.004 8.92 0.30 27.5 1.6 28.2 6.7
12 20 1.1E-04 0.073 0.002 7.7E-06 -0.040 0.004 8.66 0.24 24.2 1.3 32.1 7.2
13 6 3.7E-05 0.074 0.002 2.7E-06 -0.040 0.004 8.81 0.28 28.8 1.7 27.0 11.1
14 10 4.4E-05 0.078 0.002 3.5E-06 -0.040 0.004 9.28 0.29 21.8 1.3 35.6 11.3
15 13 6.4E-05 0.074 0.002 4.7E-06 -0.040 0.004 8.83 0.25 22.7 1.3 34.2 9.5
16 9 5.3E-05 0.075 0.003 4.0E-06 -0.040 0.004 8.92 0.31 27.9 1.7 27.9 9.3
17 13 7.4E-05 0.074 0.002 5.5E-06 -0.030 0.004 8.77 0.25 26.5 1.5 29.3 8.2
18 12 1.1E-04 0.071 0.002 7.5E-06 -0.040 0.004 8.50 0.27 39.4 2.3 19.7 5.7
19 9 6.4E-05 0.078 0.002 5.0E-06 -0.040 0.004 9.36 0.29 34.9 2.0 22.3 7.5
20 11 6.4E-05 0.074 0.002 4.7E-06 -0.040 0.004 8.93 0.26 27.1 1.5 28.7 8.7
21 11 6.4E-05 0.075 0.002 4.8E-06 -0.040 0.004 9.03 0.25 27.5 1.6 28.3 8.6
22 16 1.1E-04 0.073 0.002 7.7E-06 -0.040 0.004 8.66 0.26 30.4 1.8 25.6 6.4
23 29 1.1E-04 0.071 0.002 7.5E-06 -0.030 0.0037 8.51 0.25 16.3 0.9 47.5 8.9
24 23 1.1E-04 0.074 0.002 7.9E-06 -0.040 0.0043 8.94 0.29 21.6 1.3 36.0 7.6
25 16 1.1E-04 0.073 0.002 7.7E-06 -0.040 0.0042 8.72 0.27 30.3 1.7 25.7 6.5
26 20 8.5E-05 0.071 0.002 6.0E-06 -0.040 0.004 8.50 0.27 19.0 1.1 40.9 9.2
27 22 1.1E-04 0.072 0.002 7.6E-06 -0.040 0.0039 8.62 0.28 21.8 1.3 35.6 7.7
28 24 1.1E-04 0.082 0.003 8.7E-06 -0.050 0.0043 9.75 0.33 22.8 1.3 34.1 7.1

Figure C.5: Radial plot of Durango standard single grain data drawn using IsoplotR
(Vermeesch, 2018)

Table C.5: Excluded Durango standard grains

Ns P i Error area A (cm2) P*A zeta Error
6 0.09 0.002 50 5.00E-05 4.34E-06 45.54 2.57
5 0.07 0.002 50 5.00E-05 3.72E-06 46.9 2.76
7 0.09 0.003 60 6.00E-05 5.69E-06 51.22 2.99

386



2-EDM-based apatite fission-track results for Zeta . When EDM used in

calculation AFT age only one Zeta has been calculated (see table below). The mean

Zeta (ζ) value is 311.1 and its Standard deviation is 24.3. The standards which have

shown in bold were excluded when Zeta factor calculated.

Date Standard Ns Ni Ns/Ni Nd ρd Zeta 1SE
(105 cm2)

1 15/12/2015 DUR 1A 100 1300 7.70E-02 16.2 192.66 15.01
2 18/01/2016 Dur 1B 284 1682 1.70E-01 8095 17.5 213.05 14.28
1 13/02/2016 Dur 1B 244 1954 1.2E-01 7990 16.8 300.08 21.20
2 14/02/2016 DUR 1A 239 1571 1.5E-01 7784 15.8 261.90 18.89
3 16/02/2016 FCT 2A 63 380 1.7E-01 7784 15.7 214.84 29.58
4 19/02/2016 FCT 1 68 514 1.3E-01 13532 18.4 229.73 29.99
5 20/02/2016 FCT 2 58 408 1.4E-01 13532 15.8 248.97 35.29
6 20/02/2016 MD 01 672 2121 3.2E-01 13532 16.5 380.00 17.31
7 26/02/2016 Dur 3 219 1649 1.3E-01 10735 13.5 351.12 26.09
8 27/02/2016 DUR 1 241 1895 1.3E-01 7184 13.7 361.32 25.73
9 29/02/2016 DUR 2 195 1599 1.2E-01 7184 12.9 400.17 31.37

10 04/03/2016 MD 03 915 2087 4.4E-01 10735 13.1 333.23 13.75
11 08/03/2016 FCT 1 88 706 1.2E-01 13429 17.6 254.91 29.26
12 09/03/2016 MD 02 921 2299 4.0E-01 7184 12.8 387.92 15.98
13 10/03/2016 MD 01 946 1989 4.8E-01 7184 13.7 305.28 12.72
14 11/03/2016 FCT 4 76 621 1.2E-01 13429 18.0 253.85 31.26
15 12/03/2016 FCT 3 83 724 1.1E-01 13429 17.8 274.04 32.22
16 12/03/2016 DUR B 201 2010 1.0E-01 10427 19.1 329.60 25.15
17 14/03/2016 DUR A 164 1445 1.1E-01 10427 18.8 295.04 24.93
18 16/03/2016 MD 02 501 1800 2.8E-01 13532 18.8 330.00 19.20
19 17/03/2016 MD A 643 1919 3.4E-01 8981 17.1 347.17 16.37
20 18/03/2016 MD B 611 1891 3.2E-01 8981 17.0 361.11 17.23
21 18/03/2016 FCT C 71 630 1.1E-01 8981 16.5 304.42 38.63
22 19/03/2016 FCT F 82 752 1.1E-01 8981 17.0 291.39 34.42
23 21/11/2016 DUR 1 297 2784 1.1E-01 9169 17.7 331.52 21.20
24 22/11/2016 FCT 1 146 1270 1.1E-01 9169 17.1 284.47 25.55
25 23/11/2016 MDT 2 782 2209 3.5E-01 9169 16.3 344.73 14.94

311.1 24.3
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Appendix D

Apatite (U-Th-Sm)/He analysis of

Durango apatite

For this project, (U-Th-Sm)/He analysis was performed at UCL lab in London. Similar

to AFT analysis, the AHe system is calibrated against a standard of known age. At

UCL lab Durango fluoroapatite was used. Generally, in each session 2 to 3 Durango

grains were analyzed with unknown apatite grain ages. The obtained Durango ages

are shown below. The Durango mean age is 29.8 Ma, and the standard deviation is

1.5. Grains that are marked in Italics have been excluded, and the reasons have been

added next to them.

Analysis Durango He 238U 232Th 147Sm Th/U Age (Ma) Mean age ST.Dev.
Samples (ncc) (ppm) (ppm) (ppm) (Ma) (Ma)

1 DUR1 10.9 10.1 243.1 610.8 24.2 31.8
2 DUR2 3.7 5.5 120.7 292.1 21.8 31.5
3 DUR1 3.9 6.6 138.4 818.1 21.0 29.1
4 DUR2 6.0 8.7 206.5 1321.5 23.8 30.5
5 DURg_1 3.1 5.1 104.8 843.1 20.4 29.3
6 DURg_2 7.2 14.7 302.2 2228.1 20.6 26.0
7 DURg_4 7.3 84.8 1954.2 15302.5 23.0 28.4
8 DURb_1 5.3 107.3 2345.4 18630.7 21.9 29.0 29.8 1.5
9 DURg_4 1.9 5.8 130.1 602.3 22.5 29.9
10 DURg_3 2.0 2.5 53.1 242.7 21.5 30.3
11 DUR G5 2.9 6.0 118.2 444.9 19.7 30.5
12 DUR B5 2.0 1.5 32.0 118.4 21.9 31.5
13 DURG3 3.9 6.8 153.6 597.8 22.7 30.4
14 DURG6 1.5 1.9 44.3 166.8 22.7 29.7
15 DUR2 2.0 2.6 58.1 185.7 22.4 31.2
16 DUR3 1.2 1.3 36.6 135.0 27.1 27.3
17 Dur-g4 0.1 0.1 1.6 11.2 23.4 30.5
18 Dur-g2 2.6 4.5 96.2 467.0 21.5 30.2

1 DUR B7 0.03 0.01 0.33 Not dossolved
2 DUR G2 Empty
3 DURg_3 Not dossolved
4 DUR1 not burned properly
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Appendix E

QTQt results

In this appendix QTQt results are shown for all vertical profiles in the Grampian

Highland (Ben Nevis, Aonach Mor, Ben Starav, and Lochnagar) when samples of each

profile were joint together and the geothermal gradient (the temperature offset) kept

constant. The detail about the graphs are shown in caption figure 4.7 in chapter 4.

Figure E.1: Results of Joint thermal history modelling of Ben Nevis profile samples.
The figure details are shown in caption 4.7
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Figure E.2: Results of Joint thermal history modelling of Aonach Mor profile samples.
The figure details are shown in caption 4.7
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Figure E.3: Results of Joint thermal history modelling of Ben Nevis together with
Aonach Mor profile samples. The figure details are shown in caption 4.7
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Figure E.4: Results of Joint thermal history modelling of Ben Starav profile samples.
The figure details are shown in caption 4.7
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Figure E.5: Results of Joint thermal history modelling of Lochnagar profile samples.
The figure details are shown in caption 4.8
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Appendix F

Scotland Mean Temperature

Figure F.1: Scotland mean temperature for the last 100 years starting from 1910. The
source of data is Met Office website
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