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Abstract: The Neoarchean foreland basement of the Faroe–Shetland terrane (FST) displays abundant evidence for isotopic
resetting of U–Pb systems in apatite between c. 1800 and 200 Ma, interpreted to result from episodic heating pulses associated
with regional-scale tectonic events. Major apparent age peaks of c. 1800–1600 Ma broadly correspond to the timing of
Nagssugtoqidian–Laxfordian orogenesis >225 km further south. These are thought to reflect widespread heating during late- to
post-orogenic delamination that affected a wide area of the orogenic foreland and resulted in a low to middle greenschist-facies
static overprint, affecting much of the FST basement. Late- to post-orogenic delamination might also account for major
apparent age peaks at c. 1300–1100, 800 and 500–400 Ma, corresponding to, respectively, Grenvillian, Knoydartian and
Caledonian orogenic events. However, east-dipping seismic reflectors in the basement west of Shetland may represent the
northward extension of the Grenvillian Outer Hebrides Thrust (Zone) and/or Caledonian thrusts and so perturbation of
isotherms during west-directed thrusting could therefore also account for these apparent age peaks. Minor apparent age peaks
of c. 700, 600, 350 and 200 Ma are most easily interpreted as resulting from enhanced heat flux that accompanied periods of
crustal extension prior to and following the Caledonian orogeny.
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The traditional division between an orogen and its foreland is largely
structurally based and arises from the identification of a basal thrust
separating the deformed andmetamorphosed orogenic wedge from a
largely undeformed and unmetamorphosed footwall. However, this
distinction may not provide a complete picture of orogenic activity,
as thermal effects can extend far into the foreland. Thrusting can
drive hot fluids towards orogenic forelands, and this process may
lead to fluid–rock interaction and the development of mineral
deposits (e.g. Oliver 1986; Craw et al. 2002; Mark et al. 2007).
Textural features in datable minerals indicative of alteration by fluids
include evidence for dissolution and regrowth of apatite (Kirkland
et al. 2018b), and metamict textures in zircon frequently accompany
fluid alteration in those crystals (Larsen and Tullborg 1998; Morris
et al. 2015). Thermal overprinting of foreland rocks may also result
from burial beneath orogenic thrust wedges (Johnson et al. 1985;
Thigpen et al. 2021; Skipton et al. 2022) or heating associated with
late- to post-orogenic extension (Gillespie et al. 2022). Awide range
of low- to medium-temperature isotopic techniques can be used to
assess the degree to which foreland rocks have been thermally
overprinted and also to constrain the timing of authigenesis.

In this case study, we examine the thermal evolution of an
extensive tract of Neoarchean orthogneisses, the Faroe–Shetland
terrane (FST) which underlies an offshore region in the North
Atlantic (Fig. 1a). The FST is part of the foreland to both the
Paleoproterozoic Nagssugtoqidian orogen to the south, which
includes the Lewisian Complex of NW Scotland (Kolb 2014;
Holdsworth et al. 2019; Kinny et al. 2019), and the Ordovician–

Silurian Caledonian orogen to the east of the Moine Thrust Zone
(Chew and Strachan 2014). Published petrological and isotopic data
from the FST have largely been obtained by analysis of borehole
samples. U–Pb zircon dating has established the ages of its
orthogneissic protoliths, but little is known about the subsequent
thermal history. The U–Pb system in apatite has a closure
temperature of around 375–550°C (Chew and Spikings 2015)
meaning that it is ideal for investigating the medium-temperature
evolution of metamorphic basement rocks.We summarize published
and new petrological data and report newU–Pb apatite analyses from
11 samples, all of which have yielded U–Pb zircon ages (Finlay et al.
2023). Ten of these samples were taken from the FST basement and
one from a Caledonian intrusion located east of what is interpreted as
the northern continuation of the Moine Thrust (Fig. 1a). These new
U–Pb apatite ages correspond closely to the timing of tectonothermal
events within the orogenic hinterlands to the south and east. This
prompts discussion of the possible mechanisms by which this and
other foreland basement terranes might be thermally overprinted.

Regional setting

Archean basement is extensively exposed in NWmainland Scotland
and the Outer Hebrides and underlies a large offshore tract north of
mainland Scotland and west of Shetland (Figs 1a and 2; Park 2005;
Richie et al. 2011). This crust represents a fragment of Laurentia that
was juxtaposed with Baltica and Avalonia during the Early
Paleozoic Caledonian orogeny, and then separated from North
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America and Greenland during the late Mesozoic to Cenozoic
opening of the North Atlantic Ocean. It forms the ‘Hebridean
foreland’ to the Caledonian orogen, which is limited to the west by
the east-dipping Moine Thrust (Figs 1a and 2).

The Archean basement west of the Moine Thrust comprises two
main provinces. The first is the Lewisian Gneiss Complex of NW
mainland Scotland and the Outer Hebrides, also commonly referred
to as the ‘Hebridean terrane’. This is dominated by tonalite–
trondhjemite–granodiorite (TTG) orthogneisses, which have
yielded evidence for crustal accretion at c. 3.1–2.7 Ga and
subsequent granulite-facies metamorphism at 2.7 Ga (e.g.
Whitehouse 1989; Kinny and Friend 1997; Whitehouse et al.
1997; Love et al. 2004; Kinny et al. 2005; Kelly et al. 2008;
Wheeler et al. 2010; Whitehouse and Kemp 2010; Crowley et al.
2015). Thesewere later subject to further high-grade metamorphism
at 2.5 Ga, dyke intrusion at 2.4 Ga and variably intense
Paleoproterozoic (Laxfordian) ductile reworking at 1.8–1.65 Ga
(e.g. Whitehouse 1993; Corfu et al. 1994; Friend and Kinny 2001;
Whitehouse and Bridgewater 2001; Mason 2012, 2016;
Goodenough et al. 2013; Davies and Heaman 2014). Further
north, the second basement province is represented by the mainly
offshore FST, which is largely understood from the study of
borehole samples (Chambers et al. 2005; Holdsworth et al. 2019),
although a small area is exposed in NWShetland (Kinny et al. 2019)
(Figs 1a and 2). The FST basement is lithologically similar to the
Lewisian Gneiss Complex, and U–Pb zircon dating has yielded
comparable orthogneiss protolith ages of c. 2.8–2.7 Ga (Fig. 2;
Supplementary Table S1; Chambers et al. 2005; Richie et al. 2011;
Holdsworth et al. 2019; Finlay et al. 2023). Field evidence from
Shetland suggests that emplacement overlapped deformation and
high-grade metamorphism (Kinny et al. 2019), and hence
gneissification within the FST probably also occurred during the
Neoarchean. However, the two provinces differ in one important
respect: U–Pb zircon analyses within the FST show no evidence of

Fig. 1. (a) Simplified map showing the major age provinces within the
northern British Isles and SE Greenland in a pre-Mesozoic drift
configuration. FST, Faroe–Shetland terrane; OHT, Outer Hebrides Thrust;
MTZ, Moine Thrust Zone; GGFZ, Great Glen Fault Zone; WBF, Walls
Boundary Fault; Nag, Nagssugtoqidian orogen; CGC, Central Greenland
(Rae) Craton; NAC, North Atlantic Craton; EGC, East Greenland
Caledonides. (b) Palaeogeographical reconstruction for c. 990 Ma. Red line
shows the extent of the collisional Grenvillian–Sveconorwegian orogen and
its northern arm between Laurentia and Baltica; green lines with triangles
show peri-Rodinian subduction zones; blue line indicates a passive margin
adjacent to (present-day) northern Baltica. Au, Australia; Si, Siberia; La,
Laurentia; S, Scotland (including Shetland); Ba, Baltica; RP, Rio Plata
craton; Am, Amazonia; WA, West African craton. Sources: (a) modified
from Holdsworth et al. (2019); (b) modified from Cawood et al. (2016).

Fig. 2. Map showing basement
distribution at seabed, structural elements
(grey lines) and locations of wells referred
to in the text and Supplementary material
Table S1. The colours of the wells indicate
the age of the basement penetrated: red
dots, Archean; black dot (164/25-2), Late
Mesoproterozoic; blue dot (209/12-1),
Silurian (granite) (sources are listed in
Supplementary material Table S1). Dashed
boxes show locations of oilfields. OHT,
Outer Hebrides Thrust; MTZ, Moine
Thrust Zone; WBF, Walls Boundary Fault;
NRU, North Roe–Uyea area, Shetland;
SSK, Sule Skerry; SST, Sule Stack; NR,
North Rona; SSG, Sula Sgeir. Source:
modified from Holdsworth et al. (2019).
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the high-grade Paleoproterozoic reworking that characterizes large
parts of the Lewisian Gneiss Complex or indeed any younger high-
temperature thermal overprint.

Prior to the opening of the North Atlantic Ocean, the Lewisian
Gneiss Complex and the FST were contiguous with the basement
terranes of SE and East Greenland (Fig. 1a). Collision of the upper
plate North Atlantic Craton and the lower plate Central Greenland
Craton formed the Nagssugtoqidian orogenic belt during the
Paleoproterozoic (Fig. 1a; Kolb 2014). The Lewisian Gneiss
Complex has been correlated with the Nagssugtoqidian belt and
the FST with the Central Greenland (Rae) craton (Fig. 1a; Kalsbeek
et al. 1993; Friend and Kinny 2001; Park 2005, 2022; Richie et al.
2011; Holdsworth et al. 2019; Kinny et al. 2019). A northern ‘front’
of Nagssugtoqidian reworking is thought to be located between
northern mainland Scotland and Orkney, separating the two
basement provinces (Fig. 1a). By analogy with the northern
margin of the Nagussugtoqidian belt in SE Greenland, this front
probably dips moderately southwards. The FST thus represents part
of the foreland to the Nagssugtoqidian orogen, which formed during
the assembly of the Columbia (or Nuna) supercontinent (e.g. Rogers
and Santosh 2002; Evans and Mitchell 2011).

After partial break-up of Columbia and the rifting of Laurentia
and Baltica post c. 1265 Ma, renewed convergence of these two
cratons and Amazonia resulted in the Grenvillian–Sveconorwegian
orogeny (1.2–1.0 Ga), a culminating event in the formation of the
Rodinia supercontinent (Fig. 1b; Li et al. 2008). In northern
Scotland, the Outer Hebrides Thrust was initiated (Imber et al.
2002; Metcalfe et al. 2024) and Neoarchean–Mesoproterozoic
basement inliers within the Caledonides were reworked at high
metamorphic grades (Sanders et al. 1984; Walker et al. 2016, 2021;
Strachan et al. 2020b; Bird et al. 2023). The younger Tonian
sedimentary sequences within the Caledonides of northern Scotland
(traditionally referred to as ‘Moine’ (Fig. 2); but now subdivided
into Wester Ross and Loch Ness supergroups; Krabbendam et al.
2021) contain evidence of Renlandian (c. 950–930 Ma) and
Knoydartian (840–725 Ma) orogenesis (Rogers et al. 1998;
Vance et al. 1998; Cutts et al. 2009, 2010; Cawood et al. 2015;
Bird et al. 2018;Walker et al. 2021; Strachan et al. 2024), attributed
to the development of the accretionary Valhalla orogen along the
east Laurentian margin (Cawood et al. 2010). This was followed by
a second supercontinent cycle. Following the Cryogenian–
Ediacaran break-up of Rodinia and formation of the Iapetus
Ocean, renewed continental convergence resulted in the
Caledonian orogeny (c. 480–420 Ma; Pickering et al. 1988; Soper
et al. 1992; Dewey and Strachan 2003). The Tonian metasedimen-
tary successions and underlying Archean–Mesoproterozoic base-
ment in northern Scotland were subject to amphibolite-facies
metamorphism and thrust westwards at least 100 km onto the
composite foreland formed by the Lewisian Gneiss Complex and
the FST (Law et al. 2024 and references therein).

Lithologies and petrology

The FST basement has mainly been sampled in British Geological
Survey boreholes and seabed cores and commercial exploration
wells located on two NE–SW-trending basement ridges, the Rona
Ridge and the Solan Bank High. This basement is buried beneath
mainly Mesozoic and younger sedimentary rocks and lies on the SE
margin of the Faroe–Shetland basin (Fig. 2). The basement rocks are
dominated by granodioritic to granitic orthogneisses with subor-
dinate foliated granitoids and dioritic to mafic orthogneisses and
amphibolites, as described in detail by Chambers et al. (2005),
Richie et al. (2011) and Holdsworth et al. (2019, 2020).
Orthogneisses in the NE of the Rona Ridge tend to be dominated
by granitic and leucogranitic lithologies with minor granodiorite,
whereas those in the SW are mainly granodioritic tonalitic and

dioritic with only minor granitic components (Finlay et al. 2023).
The different orthogneiss types are typically interlayered on the
decimetre to metre scale, and dioritic variants sometimes occur as
enclaves. The small area of basement exposed onshore in NW
Shetland is dominated by granitic gneiss with subordinate
metagabbro intrusions (Kinny et al. 2019).

The following summary of the thin-section characteristics of the
orthogneisses is derived largely from Holdsworth et al. (2019,
2020), based on samples obtained from the Clair (e.g. well 206/
7a-2) and Lancaster (wells 205/21a-4Z, 205/21a-7 and 205/21-1A)
fields (Fig. 2) but that are broadly representative of the wider FST.
The gneisses are typically medium to coarse grained and weakly
foliated to massive. Textural and mineralogical evidence for upper
amphibolite- to granulite-facies regional metamorphism is indicated
by (1) rare examples of charnockitic two-pyroxene metamorphic
assemblages (as seen in 205/21a-7, for example; see fig. 5b of
Holdsworth et al. 2020), (2) the ubiquitous preservation of tapered
twinning in plagioclase and seriate–interlobate to amoeboid textures
for plagioclase–quartz grain boundaries and (3) sector and fir-tree
zoning textures within zircon grains (Chambers et al. 2005).
Moderate- to low-intensity high-temperature deformation is also
implied by development of marginal myrmekites and perthitic
texture (Holdsworth et al. 2019). Textural and mineralogical
evidence for a low-temperature, greenschist-facies overprint
includes (1) weak development of subgrain rotation recrystallization
textures, and deformation lamellae and undulose extinction in
quartz, (2) alteration of calcic plagioclase to more albitic
compositions together with replacement by sericite, epidote and
clinozoisite and (3) variable pseudomorphing of pyroxene by
aggregates of chlorite ± green biotite ± colourless amphibole ± talc
± epidote ± equigranular quartz ± carbonate, titanite and ore. In
summary, the metamorphic history of the orthogneisses thus
appears relatively simple, involving one phase of prograde upper
amphibolite- to granulite-facies regional metamorphism that was
followed by low-temperature greenschist-facies retrogression. The
gneisses are also cut locally by late fine to ultrafine epidote–quartz
veins, millimetre to centimetre thick phyllonites, and fault-related
cataclasite and altered brown–green pseudotachylyte (e.g. see fig.
5e–g of Holdsworth et al. 2020).

Previous geochronological and isotopic studies

U–Pb zircon data have been published from 30 samples of the
offshore basement of the FST (Supplementary material Table S1;
Fig. 2). The ages obtained mostly fall between c. 2.7 and 2.8 Ga,
with only four yielding older ages of between c. 2.8 and 2.85 Ga
(Chambers et al. 2005; Richie et al. 2011; Chemostrat 2014;
Holdsworth et al. 2019; Finlay et al. 2023). Twenty-three of the
analyses show some evidence of discordance, typically trending
down towards Mesozoic lower intercept ages, which probably
reflect lead loss during Phanerozoic basin development. A few
define Neoproterozoic lower intercepts, but these have very large
uncertainty. Cathodoluminesence imaging shows mainly primary
magmatic zircon textures in grains that vary from equant to elongate
prismatic with variably developed oscillatory igneous zonation
patterns (e.g. Chambers et al. 2005, fig. 4.9; Holdsworth et al. 2019,
fig. 7). Some grains have bright oscillatory zoned rims that are
variously interpreted as either igneous in origin, probably produced
by resorption in the melt, or the result of new growth during
metamorphism. There is no petrographic evidence for widespread
fluid activity; one sample containing common metamict grains
yields a Neoarchean upper intercept age. Zircon Hf isotopes indicate
that the orthogneisses formed from the recycling of Paleoarchean
and Mesoarchean crust (Holdsworth et al. 2019). U–Pb zircon ages
have been published from a further three samples that were obtained
east of the probable northern continuation of the Moine Thrust
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(Fig. 2): one from Neoarchean basement and two from Ordovician–
Silurian granitoids (Supplementary material Table S1; Chambers
et al. 2005; Chemostrat 2014; Finlay et al. 2023).

Sample locations and descriptions

The samples analysed for the current study were all obtained from
exploration wells and are described from SW to NE in a transect
towards and across the Moine Thrust (Fig. 2). As detailed below, all
samples yielded U–Pb zircon (LA-ICP-MS) ages (Finlay et al.
2023; Supplementary material Table S1).

205/16-1

Two samples were taken from exploration well 205/16-1 (Fig. 2) at
depths of 4275.3 and 4300–4314 m. The former is a medium-grained
tonalitic gneiss (U–Pb zircon age 2783 ± 6 Ma), comprising plagio-
clase, quartz, K-feldspar, clinopyroxene and biotite with accessory

sulfide, zircon and apatite. Secondary chlorite appears to pseudo-
morph pyroxene, and fluorite occurs sporadically. Quartz–feldspar
boundaries are strongly cuspate–lobate (Fig. 3a). Quartz shows
interlobate to amoeboid sub-grain boundaries, indicative of high-
temperature (500–700°C) recrystallization via grain boundary migra-
tion (GBM) (Stipp et al. 2002; Passchier and Trouw 2005). Patchy
undulose extinction and minor deformation lamellae also occur.
Feldspar displays occasional bent twinning and a perthitic texture. The
latter sample (U–Pb zircon age 2742 ± 6 Ma) is a granodioritic gneiss
although no thin section was available as the sample consisted entirely
of cuttings that were amalgamated for U–Pb analysis. X-ray diffraction
(XRD) analysis indicated that the sample comprises mainly
plagioclase, quartz and K-feldspar (Finlay et al. 2023).

206/7a-2

Two samples were taken from exploration well 206/7a-2 (Fig. 2) at
depths of 2147.93 and 2598 m. The former is a coarse-grained

(a) (b)

(c) (d)

(e) (f)

(h)(g)

Fig. 3. Thin-section photomicrographs
showing the textures exhibited from
samples collected within each well.
(a) Medium-grained tonalitic gneiss (205/
16-1, 4275.3 m) in cross-polarized light
(XPL) displaying a strongly cuspate–
lobate quartz–plagioclase grain boundary.
Quartz shows interlobate to amoeboid sub-
grain boundaries. (b) Coarse-grained
tonalitic gneiss (206/7a-2, 2147.93 m) in
XPL displaying a strongly cuspate–lobate
quartz–plagioclase grain boundary.
Plagioclase is partially altered to ultrafine-
grained sericite, epidote and clinozoisite.
(c) Granitic gneiss (207/02-1, 2048.9 m)
in plane-polarized light (PPL) displaying
myrmekite developed along the grain
boundary of K-feldspar. (d) Granitic
gneiss (207/02-1, 2049.2 m) in XPL
displaying a strongly cuspate–lobate
quartz–plagioclase grain boundary.
Interlobate to amoeboid quartz indicates
grain boundary migration recrystallization.
(e) Granitic gneiss (207/02-1, 2049.5 m)
in XPL. Bottom: relatively undeformed
plagioclase; middle: interlobate to
amoeboid quartz; top: ultrafine-grained
quartz and feldspar recrystallized during
medium-temperature (350–400°C)
metamorphism. (f ) Brecciated granitoid
(208/27-2, 1380 m) in XPL displaying
angular quartz and feldspar clasts among
fine-grained precipitated dolomite and
siderite. (g) Coarse-grained granitic gneiss
(208/23-1, 2071.6 m) in XPL displaying
subtle ‘chessboard’ extinction and sub-
grain development in quartz, perthitic and
myrmekitic K-feldspar and albitized
plagioclase. Epidote veins can be seen to
cross-cut the central quartz grain.
(h) Granite (209/09-1, 2698.9 m) in XPL
and PPL displaying partially sericitized
plagioclase and interlobate quartz. Biotite
alteration to chlorite and fluorite and
fluorite veining is shown. ab, albite; bt,
biotite; chl, chlorite; czo, clinozoisite;
dol, dolomite; ep, epidote; fl, fluorite; fsp,
feldspar; K-fsp, K-feldspar; myrm,
myrmekite; plag, plagioclase; qtz, quartz;
sd, siderite; ser, sericite.
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tonalitic gneiss (U–Pb zircon age 2851 ± 18 Ma), comprising
plagioclase, quartz and pyroxene with accessory ore, apatite and
zircon. The latter is a coarse- to very coarse-grained syenitic
to granitic gneiss (U–Pb zircon age 2726 ± 8 Ma) comprising
K-feldspar, quartz, plagioclase, epidote and biotite with accessory
apatite, ore and zircon. In both samples, quartz–feldspar boundaries
are strongly cuspate–lobate (Fig. 3b) and occasionally separated by
marginal myrmekite within the latter sample. Quartz is character-
ized by GBM microstructures including amoeboid sub-grain
boundaries and/or patchy or ‘chessboard’ extinction, both of
which develop during very high-temperature (>700°C) metamorph-
ism (Stipp et al. 2002; Passchier and Trouw 2005). K-feldspar
commonly exhibits a perthitic texture and plagioclase is extensively
altered to ultrafine grains of sericite, epidote and clinozoisite. Clots
of chlorite and epidote may be a secondary replacement of biotite.

207/01-3

One sample was taken from exploration well 207/01-3 (Fig. 2) at a
depth of 1423.4–1434.4 m. The sample is a granodioritic gneiss (U–
Pb zircon age 2734 ± 16 Ma), although no thin section was available
as the sample consisted entirely of cuttings that were amalgamated for
U–Pb analysis. XRD analysis indicated that the sample comprises
mainly plagioclase, quartz and K-feldspar (Finlay et al. 2023).

207/02-1

Three samples were taken from exploration well 207/02-1 (Fig. 2),
spaced <1 m apart at depths of 2048.9, 2049.2 and 2049.5 m. The
samples are all granitic gneisses and they yielded near identical U–
Pb zircon ages of, respectively, 2732 ± 4, 2735 ± 5 and 2735 ± 4 Ma
(Finlay et al. 2023). They are therefore presumed to be the same
meta-igneous body. It mainly comprises variable proportions of
quartz, plagioclase and K-feldspar with accessory ore, apatite and
zircon. K-feldspar has developed a perthitic texture internally and
marginal myrmekite along grain rims (Fig. 3c) whereas plagioclase
often displays bent twinning. Quartz shows extensive amoeboid
sub-grain development and/or ‘chessboard’ extinction and forms
strongly cuspate–lobate grain boundaries with feldspar (Fig. 3d).
All are classic GBM microstructures, which develop from very
high-temperature (>700°C) metamorphism (Stipp et al. 2002;
Passchier and Trouw 2005). Clots of biotite, chlorite, fluorite,
epidote and ore appear to form pseudomorphs of an older mineral
phase, most probably amphibole or pyroxene. In all three samples,
narrow zones of fine-grained, recrystallized quartz and albite wrap
quartz and feldspar porphyroclasts and are interpreted as the result
of localized, medium-temperature (>350–400°C) deformation that
overprints a high-grade metamorphic assemblage (Fig. 3e).

208/27-2

One sample was taken from exploration well 208/27-2 (Fig. 2) at a
depth of 1380 m. The sample is a brecciated granitoid (U–Pb zircon
age 2742 ± 8 Ma), comprising quartz, K-feldspar and plagioclase
with accessory ore, apatite and zircon (Fig. 3f). Quartz occurs as
angular clasts of variable grain size and often displays undulose
extinction and/or amoeboid sub-grain boundaries (Stipp et al. 2002;
Passchier and Trouw 2005). Plagioclase has been extensively
sericitized and K-feldspar retains a perthitic texture. There is
evidence for preservation of cuspate–lobate quartz–feldspar grain
boundaries pre-brecciation. Dolomite and siderite have been
precipitated between the clasts and in fractures.

208/23-1

One sample was taken from exploration well 208/23-1 (Fig. 2) at a
depth of 2071.6 m. The sample is a coarse-grained granitic gneiss

(U–Pb zircon age 2782 ± 6 Ma), comprising quartz, K-feldspar and
plagioclase with accessory ore, apatite and zircon. Quartz–feldspar
boundaries are often highly cuspate–lobate. Quartz displays patchy
or ‘chessboard’ extinction (Fig. 3g) and amoeboid sub-grain
boundaries, both classic GBM microstructures (Stipp et al. 2002;
Passchier and Trouw 2005). K-feldspar exhibits a perthitic texture
internally whereas plagioclase appears to have been completely
albitized and later replaced by precipitated fluorite and/or dolomite.
Epidote veinlets cross-cut all mineral phases. These observations
indicate that the early high-temperature gneisossity was overprinted
by low-temperature (100–150°C) metasomatism.

209/09-1A

One sample was taken from exploration well 209/09-1 (Fig. 2) at a
depth of 2698.9 m. The sample is granitic in composition (U–Pb
zircon age 463 ± 6 Ma), comprising a coarse-grained recrystallized
assemblage of quartz, plagioclase, biotite and K-feldspar with
accessory ore, apatite and zircon (Fig. 3h). In thin section the sample
appears largely equigranular but a gneissic compositional banding
is evident in hand specimen. Quartz–feldspar grain boundaries are
slightly cuspate–lobate. Quartz shows undulose extinction and
minor interlobate sub-grain boundaries. Plagioclase has been
partially sericitized and may show minor bent twinning.
Secondary fluorite, chlorite and epidote partially replace biotite
and produce thin (<0.5 mm), often discontinuous, veins that cross-
cut all mineral phases.

In all the above samples, apatite is a ubiquitous accessory mineral
that generally occurs as equant or prismatic, euhedral to anhedral
homogeneous crystals up to 500 µm in diameter with no evidence in
petrographic thin sections or backscatter images of secondary
recrystallization (Fig. 4). Apatite crystals are mainly enclosed within
the primary minerals. These grain shapes and textural characteristics
are consistent with a primary magmatic origin for the apatite.

U–Pb analytical methods

Samples containing apatite grains were mounted in 25 mm resin
pucks and polished to remove the surface of the grains. Grain
identification was performed using SEM-ED-XRF wide-area
mapping of the pucks. Isotopic analysis was undertaken at the
University of Greenwich using a Thermo Scientific ICAP Q
quadrupole ICP-MS instrument coupled to an ESI NWR 213 laser
ablation system. Isotopic calibration was established andmaintained
via standard–sample bracketing throughout the measurement
process using the McClure Mountain and Madagascar apatite
standards (Chew and Donelick 2012; Thomson et al. 2012). A
40 µm laser spot size was used with a 20 s blank measurement and a
40 s ablation of each grain. The laser had a nominal energy of
4 J cm–2 and a 10 Hz repetition rate, and the helium flow through
the sample cell was 600 ml min–1. The following isotopes were
measured (dwell times per sweep): 202Hg (0.1 s), 204Pb (0.15 s),
206Pb (0.1 s), 207Pb (0.1 s), 208Pb (0.01 s), 232Th (0.01 s) and 238U
(0.01 s). Raw data from the instrument were then processed using
Iolite v4, using an in-house data reduction scheme that functions in
a similar way to the VizualAge UcomPbine data reduction scheme
(Chew et al. 2014).

Calculation approach

Apatite U–Pb analyses typically define common–radiogenic mixing
arrays in Tera and Wasserburg inverse concordia space (Tera and
Wasserburg 1972) where the lower intercept may have age
significance and the upper intercept may reflect some combination
of laboratory and geologically meaningful trapped initial lead
(Xiang et al. 2021). Additional Pb mixing components, dependent
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on their composition, would cause deflections away from a single
mixing line andmay be caused by the ablation of inclusions, the loss
(or gain) of radiogenic Pb, or a grain-specific differential closure to
radiogenic Pb mobility, or indeed infrequently see loss (or gain) of
U (Kirkland et al. 2018a). Such issues are of direct concern in laser
ablation studies, which may not directly measure 204Pb, and thus are
unable to utilize a traditional 204 common Pb correction. Rather,
laser ablation benefits from high data throughput that may allow
better resolution of Pb mixing lines and the application of 207
correction (Chew et al. 2014). Such laser approaches have led to the
realization that for common Pb-bearing minerals (e.g. apatite,
titanite, etc.) the assumption of a terrestrial Pb model may lead to
(grossly) inaccurate geochronology, necessitating direct knowledge
on the trapped common Pb composition (Storey et al. 2006). In
brief, 207 correction projects a mixing line from an assumed
common Pb composition through the measured Pb isotopic ratios
onto the concordia, which defines in essence a model age (Williams
1998). Hence, a further obvious complication is the choice of
common Pb in the calculation of any apparent age for any individual
apatite analyses (which could be most important in the case of
detrital studies where a common source fluid growing the apatite
was unlikely).

There are two ways in which this problem can be approached,
each associated with some arbitrary assumptions. The trapped
common Pb composition can be estimated based on an iterative
approach (Model 1) assuming a Pb model composition (e.g. Stacey
and Kramers 1975). Such an approach starts by assuming some
nominal Pbi composition (e.g. 0.83 modern Pb) and calculates a 207
corrected age based on this. The common Pb composition is then

remodelled based on this preliminary 207 corrected age, using some
favoured Pb evolution model. This calculation process continues,
recalculating a new common Pb model value from the preliminary
207 corrected age and so on, until no subsequent change in 207
corrected age occurs (Chew et al. 2011). In effect, this is a line
balancing approach, which may work well for samples with U (low
common Pb) but is forced to make some unpalatable arbitrary
assumptions related to the composition of common Pb that can be
especially problematic for lowU analyses. The effect of this strategy
is to use those more radiogenic analyses to weight themselves more
towards a potentially more appropriate model common Pb
composition (because their age is arguably better constrained),
whereas those with higher common Pb composition are, by
necessity, weighted more towards the starting common Pb
assumption as a function of having less information to pick the
appropriate time for the common Pb model. This approach
essentially brings greater information into the choice of common
Pb than picking, for example, a static modern value for the
calculation.

Nonetheless, it is clear that in many samples mixing lines
between the common and radiogenic component can be well
defined, pointing towards a singular ordinate intercept on inverse
concordia plots. Hence, the alternative approach (Model 2)
describes the common Pb based on a regression through the data
in Tera and Wasserburg space, with the upper intercept specifically
defining the common Pb composition. This is an important unique
advantage of theModel 2 207 correction approach, as it is not forced
to use a Pb model in the estimation of this value (in contrast to the
typical application of a 204 correction, for example). Goodness of

(a) (b)

(c) (d)

(e) (f)

Fig. 4. Thin-section photomicrographs
showing the typical form and internal
structure of apatite exhibited in samples
collected within each well except 208/
27-2. All photomicrographs comprise a
PPL and XPL montage. (a) Subhedral
prismatic apatite enclosed in quartz (205/
16-1, 4275.3 m). (b) Anhedral to
subhedral apatite hosting numerous fluid
inclusions, enclosed within altered
plagioclase (206/7a-2, 2147.93 m).
(c) Euhedral to subhedral equant (top left)
and prismatic (central) apatite enclosed
within plagioclase (207/02-1, 2048.9 m).
(d) Subhedral prismatic apatite hosting
numerous fluid inclusions and
intragranular fractures, situated along a
plagioclase–K-feldspar grain boundary
(207/02-1, 2049.2 m). (e) Rounded to
subhedral apatite hosting fluid inclusions
and numerous intragranular fractures
situated along a quartz–plagioclase
(albitized) grain boundary (208/23-1,
2071.6 m). (f ) Subhedral prismatic apatite
displaying several intragranular fractures
enclosed within plagioclase and bordered
with chloritized biotite (209/09-1,
2698.9 m). ab, albite; ap, apatite; bt,
biotite; chl, chlorite; czo, clinozoisite; ep,
epidote; fl, fluorite; K-fsp, K-feldspar;
plag, plagioclase; qtz, quartz; ser, sericite;
zr, zircon.
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Fig. 5. Concordia and probability density
plots for each of the analysed samples (2σ
uncertainties). These are ordered on a
geographical basis, south to north. The blue
and red curves in the probability density
plots correspond, respectively, to the Model
1 and 2 calculation approaches.
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Fig. 5. Continued.

8 R. A. Strachan et al.



fit parameters to this regression inform on the suitability of the
common Pb, which is defined by the data and not a model.
However, when there is complexity in the dataset, as would be
expected for grains that closed to Pb diffusion at different times or
grew from different source fluids, this approach will struggle to
uniquely define the common Pb component.

Here we apply both approaches. We assess 207 corrected ages
from Model 1 and use these to help group (age) coherent analyses
that apparently define sets of coherent U–Pb ratios to apply the
Model 2 solution (e.g. fitting regressions to define the common Pb
component). Specifically, we select those ratios for Model 1 ages
within the 20–80 percentile for regression on a per sample basis.
More, restrictive grouping could be applied and further subsets
selected to define additional common Pb values, but this has little
implication for the dataset under consideration here (owing to the
distribution of values around generally well-defined mixing lines),
but may be useful elsewhere. In any case, the grouped data defined
regressions provide new common Pb values that can be applied to
each measured ratio pair. Thus, the new common Pb value (and
error) is used in subsequent 207 corrected age calculations (Model 2
ages). In this way we are able to select common Pb values per
sample, which best resolves the trapped common Pb value for the
majority of that sample’s analyses.

We suggest a mechanism to select the most appropriate choice
between Model 1 and Model 2 ages, which ultimately comes down
to howwell the data define a singular mixing line v. scatter (as could
be expected for multiple growth events or various closure
temperatures recorded within a sample).

Results

The results for each sample are presented as concordia and
probability density plots (Fig. 5), which are ordered on a
geographical basis, south to north. The probability density plots
each contain blue and red curves, which correspond, respectively,
to the Model 1 and 2 calculation approaches outlined above. Each
sample displays a dominant age peak, and a number displays one
or more subsidiary age peaks as tabulated in Table 1.

Discussion

A vexing question, the choice of common Pb

In addition to simply evaluating the distribution of data on inverse
concordia plots, one additional mechanism to assist in picking the
most appropriate model (Model 1 or 2) for common Pb correction
may be by comparing plots of 207 corrected age v. F207% (Fig. 6).
F207% is the percentage of common Pb as estimated by the amount
of discordance along a mixing line towards the defined or modelled

common Pb composition from the measured ratio (Kirkland et al.
2018a):

Concordant 206Pb=238U ratio

¼EXPð0:000155125�207corrected238U=206PbageÞ�1

F207%

¼100�ð1�Concordant 206Pb=238U ratio=206Pb=238UmeasuredÞ

Such plots for Model 1 data reveal a curved array through a
dominant c. 1700 Ma component. If interpreted as geologically
meaningful this pattern would imply more common Pb associated
with more Pb loss or recrystallization, following a power-law
relationship. It is questionable whether apatite would geologically
respond in such fashion. However, this pattern in age v. F207 could
also simply be a function of apparently younger (e.g. recrystallized)
apatite calculated in the Model 1 approach having a predicted
common Pb value that was too low (unradiogenic), a direct function
of how common Pb was estimated via iteration using a Pb evolution
model. In contrast, a plot of the same data using a static common Pb
value (e.g. Model 2) produces less of a slope (e.g. more discrete
grouping) between F207 and apparent age (207 corrected),
supporting the interpretation that Model 2 ages better capture an
appropriate common Pb value for more of the analyses.

The 400 Ma apparent age component also displays a slight skew
to higher common Pb (F207) for younger ages when Pbi is estimated
using an iterative approach, consistent with more common Pb
in apatite that has apparently younger ages, or a systematic
underestimation of Pbi for these analyses. When using a static Pbi
value for common lead skewness between 207 corrected age
components and common Pb content is reduced, again arguably
supporting the latter interpretation; namely, an underestimation of
the Pbi ratio using a Model 1 approach.

Ultimately, this comparison highlights that the source fromwhich
some of the samples have been sourced has a higher 207Pb/206Pb
ratio than the Stacey and Kramers (1975) terrestrial Pb evolution
model. More specifically, this implies that the crust from which this
apatite (re)grew was more U enriched than the terrestrial average.
Furthermore, in all cases lower apparent ages with lower F207 are
the most robust as they require less estimation of common Pb and
yield apparent ages that are similar between the different correction
methods.

U–Pb apatite record and correlations with tectonic
events; evidence for widespread isotopic resetting

The major and minor peaks in the probability density plots (Table 1;
Figs 5 and 7) can be divided into six broad age groups, each of
which temporally overlaps a major tectonic or magmatic event
recorded in one or more of the Lewisian Gneiss Complex to the
south, the Faroe–Shetland terrane itself and the Caledonides of
northern Scotland to the east (Table 2), as follows.

(1) Group 1. Neoarchean apatite age peaks of c. 2750, c. 2700
and c. 2600 Ma are close to the U–Pb zircon crystallization
protolith ages obtained from the FST orthogneisses in all
but one (209/09-1) of the samples. Mineralogical and
textural evidence for early upper amphibolite- to granulite-
facies metamorphism within the FST (Chambers et al.
2005; Holdsworth et al. 2019) is supported by the present
study. However, previous studies did not explicitly address
the question of when this occurred. The published U–Pb
zircon ages from the FST basement were all obtained from
the cores of zircon grains that were interpreted to be igneous
in origin. Furthermore, there is no evidence on concordia
diagrams for anything other than modest radiogenic Pb loss,
much of which may have occurred during sedimentation of

Table 1. Summary of the main and subsidiary age peaks displayed in the
density distribution plots (Fig. 5)

Well number (and depth)
Dominant and subsidiary age peaks
(Ma)*

205/16-1 (4300–4314 m) 1800
205/16-1 (4275.3 m) 1700, 2750
206/7a-2 (2598 m) 1600, 2600, 1250
206/7a-2 (2147.93 m) 1300, 1700, 800, 200
207/01-3 (1423.4–1434.4 m) 1100, 2700, 1800, 800, 450
207/02-1 (2048.9, 2049.2, 2049.5 m) 1700
208/27-2 (1380 m) 800, 700, 600, 450
208/23-1 (2071.6 m) 1100, 800, 400, 350
209/09-1 (2698.9 m) 400

*Dominant age peak is first value in each entry; subsidiary age peaks are following
values.
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overlying Mesozoic successions (Holdsworth et al. 2019).
We therefore conclude that the most likely scenario is that
emplacement of the igneous protoliths and high-
temperature metamorphism were contemporaneous
Neoarchean events. The igneous protoliths were probably
emplaced into a deep crustal environment at upper
amphibolite- to granulite-facies conditions. The Neoarchean
peaks recorded in the apatite data therefore probably
correspond to the Neoarchean magmatic–metamorphic event.

(2) Group 2. Late Paleoproterozoic apatite peaks of c. 1800,
c. 1700 and c. 1600 Ma overlap the timing of major
magmatic and metamorphic events within the Lewisian
Gneiss Complex on the Scottish mainland. These include
high-grade Laxfordian metamorphism and associated
deformation at 1880–1740 Ma (Friend and Kinny 2001;
Volante et al. 2023) and syntectonic granitic pegmatite
emplacement at c. 1790–1770 Ma in the vicinity of the
Laxford Shear Zone (Goodenough et al. 2013), as well as
lower-grade reworking and shear zone development at
1690–1670 Ma (Corfu et al. 1994; Friend and Kinny 2001).
Offshore and close to the inferred northern ‘front’ of
Nagssugtoqidian reworking (Fig. 1), a U–Pb zircon age of
1634 ± 3 Ma was obtained for the igneous protolith of a
granulite-facies mafic gneiss sampled in exploration well

164/25-2 (Chambers et al. 2005), and preliminary U–Pb
titanite ages of c. 1710–1650 Ma are reported from Sula
Sgeir (Fig. 2; Goodenough et al. 2024). High-temperature
reworking at c. 1700–1600 Ma also affected the Neoarchean
basement inliers east of the Moine Thrust (Imber et al.
2002; Bird et al. 2023).

(3) Group 3. Late Mesoproterozoic apatite peaks of c. 1300, c.
1250 and c. 1100 Ma are coeval with accretionary
orogenesis outboard of Laurentia and its subsequent
collision with Baltica to create a short northern arm of the
Grenville orogen (Strachan et al. 2020b). In Scotland these
events are recorded within the Lewisian Gneiss Complex by
early ductile thrusting along the Outer Hebrides Thrust (c.
1100–1000 Ma, U-–Pb apatite; Metcalfe et al. 2024), and
within the Caledonides by eclogite-facies metamorphism of
the Eastern Glenelg basement inlier (c. 1200 Ma, Lu–Hf
garnet; Bird et al. 2023), and upper amphibolite-facies
metamorphism of the Cullivoe basement inlier in Shetland
(c. 1050 Ma, Lu–Hf garnet; Walker et al. 2021).

(4) Group 4. Neoproterozoic apatite peaks of c. 800, 700 and
600 Ma overlap a number of tectonic events. The c. 800 Ma
peak broadly corresponds to Knoydartian orogenic events
recognized within the Caledonides (Rogers et al. 1998;
Vance et al. 1998; Cutts et al. 2010; Cawood et al. 2015).

Fig. 6. (a) Schematic representation of a Tera and Wasserburg concordia plot with mixing lines between common and radiogenic components. The plot
illustrates that as common 207Pb/206Pb (Pbi) becomes more radiogenic (higher value) so F207% will decrease. (b) F207% v. 207 corrected apparent age
based on Model 2 common Pb correction. (c) F207% v. 207 corrected apparent age based on Model 1 common Pb correction. Comparison of 207 corrected
apparent ages for lower (grey fill, black line) versus higher (red fill, red line) common Pb content analyses is shown in the inset probability density
diagrams for both models.
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Table 2. Comparison of the apatite ages reported here and regional-scale tectonothermal events recorded within the Lewisian Gneiss Complex, Faroe–Shetland
terrane and the northern Scottish Caledonides

Lewisian Gneiss Complex
(Hebridean terrane; HT) Faroe–Shetland terrane (FST)

Northern Scotland Caledonides
(NSC east of Moine Thrust Zone) Apatite age peaks in FST

Neoarchaean: 3000–2500 Ma: emplacement of igneous protoliths into lower crustal environment; granulite- to
amphibolite-facies metamorphism in HT (Badcallian and Inverian events) and FST; NSC metamorphic grade not
documented.

2750 Ma (205/16-1, 4275.3 m)
2700 Ma (207-01)
2600 Ma (206/7a-2, 2598 m)

Early Paleoproterozoic: 2418–2375 Ma:
intrusion of Scourie dyke swarm

Not documented Not documented

Mid–Late Paleoproterozoic: 1900 Ma:
crustal additions (e.g. Loch Maree
Group); 1880–1740 Ma: Laxfordian
granulite- to amphibolite-facies
metamorphism and deformation;
1690–1670 Ma shear zones and
lower-grade metamorphism

Not documented 1770–1655 Ma: crustal additions (e.g.
Loch Shin inlier); 1700–1600 Ma:
eclogite- (Glenelg inlier) and
granulite(?)-facies (Borgie inlier)
metamorphism

1800 Ma* (205/16-1, 4300–4314 m)
1700 Ma* (205/16-1, 4275.3 m)
1800 Ma (207-01)
1700 Ma (206/7a-2, 2147.93 m)
1700 Ma* (207/02-1)
1600 Ma* (206/7a-2, 2598 m)

Late Mesoproterozoic: 1300(?)–1000 Ma:
Grenville orogeny, localized ductile
thrusting (OHT)

Localized ductile thrusting? Eclogite- (Glenelg) and amphibolite-
facies (Shetland) metamorphism

1300 Ma* (206/7a-2, 2147.93 m)
1250 Ma (206/7a-2, 2598 m)
1100 Ma* (207-01)
1100 Ma* (208/23-1)

Not documented Localized ductile thrusting? Tonian: 950–930 Ma (Renlandian) and
840–725 Ma (Knoydartian) orogenic
events

800 Ma (206/7a-2, 2147.93 m)
800 Ma (207-01)
800 Ma* (208/27-2)
800 Ma (208/23-1)

Not documented Not documented Cryogenian–Ediacaran: 700–565 Ma,
Rodinia break-up, magmatism and
opening of Iapetus Ocean

700 Ma (208/27-2)
600 Ma (208/27-2)

Margins affected within the Moine Thrust
Zone

Margins affected within the
northern continuation of the
Moine Thrust Zone (Uyea
Shear Zone; Kinny et al.
2019)

Ordovician–Silurian: 490–420 Ma,
Caledonian orogeny, regional
deformation and amphibolite-facies
metamorphism

500 Ma (208/27-2)
450 Ma (207-01)
400 Ma (208/23-1)
400 Ma* (209/09-1)

Devonian–Carboniferous: post-Caledonian extension and sedimentary basin development 350 Ma (208/23-1)
Triassic–Jurassic boundary: onset of proto-NE Atlantic rifting? 200 Ma (206/7a-2)

*Dominant age; other values are subsidiary age peaks.

Fig. 7. Map based on Figure 2, showing
the U–Pb apatite age peaks in the samples
from the seven wells studied.
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The peaks of c. 700 and c. 600 Ma overlap, respectively, the
likely initiation of the Dalradian sedimentary basin (c.
700 Ma?) and development of the Central Iapetan
Magmatic Province during continental break-up and birth
of the Iapetus Ocean (c. 600 Ma; Tegner et al. 2019).

(5) Group 5. Early Paleozoic apatite peaks of c. 450 (Late
Ordovician) and c. 400 Ma (Early Devonian) could
correspond, respectively, to Grampian and Scandian
phases of the Caledonian orogeny, or both could be
accommodated within a protracted Scandian event (Bird
et al. 2013; Law et al. 2024; Leslie 2024). The upper limit of
Caledonian marginal thrusting is poorly constrained in NW
Scotland (Strachan et al. 2020a), and along the strike of the
orogen in East Greenland significant crustal thickening
continued until at least 400–390 Ma (Dallmeyer et al. 1994;
Gilotti et al. 2008).

(6) Group 6. This comprises only two apatite age peaks of c.
350 and 200 Ma, both of which correspond to periods of
basin development. The Caledonian orogeny was followed
both onshore and offshore by Devonian–Carboniferous
crustal extension, which overlaps the c. 350 Ma peak.
Renewed extension in the latest Triassic to early Jurassic
marks the onset of development of the proto-North Atlantic
Ocean and overlaps the c. 200 Ma peak.

Potential explanations for the overlaps between the
apatite peaks and regional tectonic events

In a few cases, the significance of the apatite peaks is clear. As
discussed, the Neoarchean peaks probably reflect cooling following
plutonism and high-grade metamorphism through the Pb blocking
temperature for apatite (375–550°C; Chew and Spikings 2015). At
the opposite end of the age spectrum, the 400 Ma apatite age peak in
well 209/09-1 (Fig. 5) was obtained east of the Moine Thrust from
an Ordovician granitic orthogneiss (Fig. 7) and is most easily
interpreted as representing the time at which the sample cooled
following Caledonian metamorphism. These peaks need not be
considered further. The interpretation of the remaining apatite data
is less straightforward, and we cannot rule out the possibility that
some minor age peaks in part reflect data obtained from apatite
grains that were not age homogeneous. In all cases, the protolith
lithologies are Neoarchean orthogneisses and the apatite grains are
interpreted as part of the primary magmatic mineralogy (Figs 3 and
4). These samples show no evidence for any widespread high-
temperature reworking. The Paleoproterozoic to Early Paleozoic age
peaks that they exhibit must therefore reflect younger isotopic
disturbances (resetting) of U–Pb systems. The close correlation of
the apatite age peaks with tectonic events in adjacent crustal blocks
leads to discussion of the potential drivers by which U–Pb resetting
in apatite might have been achieved: (1) resetting by hot fluids
expelled from these orogens during foreland-directed thrusting;
(2) synmetamorphic ductile thrusting; (3) burial and static heating
underneath thrust sheets that have subsequently been removed by
erosion (‘top down’); (4) heating consequent on late- to post-
orogenic delamination (‘bottom up’); (5) heating that accompanied
crustal extension and basin development (Fig. 8).

Could apatite have been reset by hot fluids?

Isotopic resetting of the U–Pb system in apatite by hot fluids might
be expected to result in secondary recrystallization (Fig. 8a), but
there is no textural indication of this in either petrographic thin
sections or BSE images of the analysed grains. Any circulating hot
fluids might also cause alteration of zircon crystals and Pb loss. For
example, Larsen and Tullborg (1998) interpreted extensive Pb loss
from zircons in Proterozoic basement gneisses in the Baltic Shield

to be the result of leaching by low-temperature hydrothermal
solutions derived from Upper Paleozoic sedimentary rocks. Morris
et al. (2015) demonstrated extensive Pb loss and development of
metamict textures in detrital zircons within the foreland basin of the
Caledonides in northern East Greenland, which they attributed to
post-depositional fluid movement during the Middle Devonian.
Within the FST, zircon grains appear to be unaltered, and the only
Pb loss evident is most probably associated with Phanerozoic basin
development (Holdsworth et al. 2019). Hence, it seems unlikely
that hot fluids were the primary mechanism by which apatite U–Pb
system was reset.

Fig. 8. Schematic representations of the potential mechanisms for isotopic
resetting as discussed in the text. MTZ, Moine Thrust Zone.
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Could the apatite ages record synmetamorphic ductile
thrusting?

The pre-Mesozoic offshore geology is inevitably poorly understood
and the currently defined limits of the FST may be imprecise. Both
the ‘Moine Thrust’ defined in NW Shetland (Walker et al. 2016;
Kinny et al. 2019) and the Nagsuggtoqidian front could be the roof
structures of ductile thrust zones that extend some distance offshore
to the west and north respectively and enclose lozenges of
Neoarchean basement that were reheated during thrusting (Fig. 8b
depicts this scenario with reference to the Caledonian front).
Knoydartian-age thrusts have not been reported from west of the
Moine Thrust on the Scottish mainland, but there is no reason why
this should be the case within the FST. A Grenvillian-age ductile
thrust analogous to the Outer Hebrides Thrust (OHT) might extend
along-strike NE into the area west and north of Shetland.
Temperatures both within and in the footwall of the OHT were
sufficient to reset apatite (Metcalfe et al. 2024). The locally extensive
networks of cataclasite and associated pseudotachylyte seen in some
wells (Holdsworth et al. 2020, fig. 5e–g) may be related to such
deformation events. It may be significant that samples from wells
207/01-3, 207/02-1 and 208/23-1, both within 30 km of the probable
offshore location of theMoine Thrust, record evidence for grain-size
reduction and recrystallization. This is most notable in well 207/01-3
at a structural level c. 30 m above the dated sample (Fig. 9a–d). The
retrograde white mica–chlorite–carbonate-rich phyllonitic textures
in this core are consistent with greenschist-facies mineral assem-
blages associated with both the Moine Thrust Zone mylonites in
mainland Scotland (e.g. Holdsworth et al. 2007) and phyllonites
associated with the Outer Hebrides Thrust (Imber et al. 2001).
Although no wells are recorded as penetrating significant mylonite
zones, deep seismic reflection profiles reveal east-dipping reflectors
(of unknown age) in the footwall of the Moine Thrust that would
reach seabed in the general vicinity of well 207/01-3 (Richie et al.
2011). It therefore seems possible that some combination of
Grenvillian, Knoydartian and Caledonian thrusting could account
for the Group 3, 4 and 5 apatite peaks.

Could apatite have been reset by static ‘top down’ heating
owing to burial beneath now-eroded thrust nappes?

Studies from the forelands of other orogens have assessed the impact
of burial beneath thrust nappes (Fig. 8c). In the northernmost East

Greenland Caledonides, Rasmussen and Smith (2001) used conodont
geothermometry to demonstrate an increase in tectonic overburden
from 6.8 to 12.5 km over a horizontal distance of c. 50 km in a
traverse from the foreland across parautochthonous strata towards the
orogenic hinterland. In northern Scotland, Johnson et al. (1985) used
illite crystallinity to estimate that temperatures owing to tectonic
burial on the Caledonian foreland reached 250–300°C, equivalent to
c. 10–12 km overburden for a distance of at least 30 km west of the
Moine Thrust. In an 40Ar/39Ar study of the Paleoproterozoic Cape
Smith fold belt (Trans-Hudson orogen, Canada) and its footwall,
Skipton et al. (2022) documented variably reset biotite ages within
foreland basement. It was established that the pre-erosional thrust
wedge extended at least c. 100 km beyond the present limit of the belt
and imposed a widespread low-temperature (<300°C) and/or short-
lived thermal overprint on foreland basement.

In the case of the FST, to reset U–Pb apatite systems would
require significantly higher temperatures and hence greater
overburden than any considered in the above case studies. The
assumption for simplicity of a temperature in the middle of the 375–
550°C range, and a geothermal gradient of c. 25°C km–1, results in a
minimum overburden of c. 18 km. On the presumption that Group 2
apatites are associated with the Nagsuggtoqidian–Laxfordian
orogen, this overburden must have extended for at least 200 km
north of the orogenic front (Fig. 1). Although information is limited,
there is no indication from metamorphic assemblages or textures
that the overburden increased to the south as would be expected in a
traverse towards the orogenic core. It is therefore difficult to model
an orogenic profile that compares with those that characterize other
well-studied orogens (Pfiffner 2017 and references therein). For
these reasons, static resetting owing to burial in the footwall of now
eroded thrust nappes does not seem a viable mechanism to account
for the Group 2 apatites. However, this thermal model cannot be
ruled out as a potential mechanism to account for some of the
younger peaks from groups 3–5, which are all located <30 km from
the Moine Thrust (Fig. 7), particularly if the apatite blocking
temperature was near the lower end of its typical range.

Could apatite have been reset by static ‘bottom up’ heating
during late- to post-orogenic delamination?

‘Bottom up’ heating was essentially invoked by Gillespie et al.
(2022) to explain the widespread resetting of U–Pb apatite systems
for c. 200 km south of the Nagssugtoqidian front in SW Greenland,

Fig. 9. Possible mylonitic–phyllonitic
basement rocks from well 207/01-3,
located c. 30 m above the sample dated in
the present study. (a, b) Cut core samples
showing strong tectonic fabric, relatively
fine grain size and phyllosilicate
enrichment relative to other basement
cores. In (b) the cross-cutting fine epidote
cataclasite veins locally offset across
phyllosilicate layers should be noted.
(c, d) Photomicrographs (ppl and xpl,
respectively) showing mylonitic–
phyllonitic textures, with significant
enrichment in fine-grained white mica and
chlorite. The localization of shear in
phyllosilicate-rich domains should be
noted.
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a setting similar to that of the present study but on the opposite side
of the orogen. Although it was not considered in detail, those
workers suggested that heating associated with late orogenic
collapse and extension generated a thermal anomaly that resulted
in resetting of Neoarchean apatite grains. Late orogenic collapse
typically results from delamination of the dense orogenic root,
which sinks into the mantle to be replaced by hot asthenosphere,
resulting in widespreadmelting of the upper mantle and/or the lower
crust (Fig. 8d; Bird 1978, 1979; Li et al. 2016 and references
therein). According to Kolb (2014), late-orogenic collapse of the
Nagssugtoqidian orogen in SE Greenland occurred at c. 1740–
1680 Ma, broadly overlapping the older U–Pb apatite age peaks
within the FST. In SE Greenland, this was associated with the
emplacement of post-tectonic diorites and granites in the orogenic
hinterland. However, the results of numerical modelling predict that
the thermal effects of delamination could extend for several hundred
kilometres onto the forelands of collisional orogens (Ueda et al.
2012) and this seems a viable explanation for the Group 2 apatites.
In principle, it could also account for Group 3, 4 and 5 apatites if
repeated delamination followed Grenvillian, Knoydartian and
Caledonian orogenies. A variant of delamination (slab break-off )
has been widely applied to the Scottish Caledonides to explain late-
to post-collisional magmatism (Atherton and Ghani 2002; Oliver
et al. 2008; Neilson et al. 2009; Miles et al. 2016; Archibald et al.
2022; Milne et al. 2023).

Could apatite have been reset during high heat flux during
continental extension?

The coincidence of 700 and 600 Ma peaks with periods of
continental extension recognized within the Caledonides is a
strong indication that the thermal effects of these events affected a
large part of the Laurentian foreland (Fig. 8e; Tegner et al. 2019). It
is notable that accessory minerals (monazite, xenotime, titanite and
zircon) across a wide area of the northern Scottish Caledonides
record evidence for resetting of U–Pb systems at c. 600 Ma, which
has been attributed to static metamorphism or metasomatism related
to high heat flux during continental rifting (Mako et al. 2021). The
FST was itself the focus of extension during the Devonian–
Carboniferous and the latest Triassic to Jurassic, hence enhanced
heat flux during these episodes is the most likely explanation for the
350 and 200 Ma peaks.

Conclusions

(1) Plots of F207 v. 207 corrected ages provide a mechanism to
evaluate the suitability of common Pb correction. On these
plots, curvilinear patterns can imply calculation artefacts or
natural processes that can be evaluated against a priori
geological knowledge.

(2) The Neoarchean foreland basement of the FST displays
abundant evidence for isotopic resetting of U–Pb systems in
apatite grains between c. 1800 and 200 Ma. There is no
evidence that resetting was achieved by the flushing of hot
fluids from adjacent orogens as invoked in other case studies,
and it is more likely that episodic thermal pulses associated
with regional-scale tectonic events were responsible.

(3) Major age peaks of c. 1800–1600 Ma, which broadly
correspond to the timing of Nagssugtoqidian–Laxfordian
orogenesis, extend for at least 225 km north of the northern
limit of Nagssugtoqidian–Laxfordian reworking. It is
unrealistic to ascribe these to ‘top down’ heating beneath
now-eroded thrust nappes; more plausibly they result from
‘bottom up’ heating during late- to post-orogenic
delamination that affected a wide area of the orogenic
foreland.

(4) Late- to post-orogenic delamination might also account for
major age peaks of c. 1300–1100, 800 and 500–400 Ma,
corresponding to, respectively, Grenvillian, Knoydartian
and Caledonian orogenic events. However, east-dipping
seismic reflectors in the basement west of Shetland may
represent the northward extension of the Grenvillian Outer
Hebrides Thrust and/or Caledonian thrusts and so
perturbation of isotherms during west-directed thrusting
could therefore also account for these age peaks.

(5) Minor age peaks of c. 700, 600, 350 and 200 Ma are most
easily interpreted as resulting from enhanced heat flux that
accompanied periods of crustal extension prior to and
following the Caledonian orogeny.

(6) The static lower to middle greenschist-facies retrogression
that affected the Archean orthogneisses of the FST is most
likely to result from one (or more) of the tectonic events
associated with the major age peaks. Evidence for this
retrogressive event is well developed as far west as well
205/16-1, which is dominated by Paleoproterozoic age
peaks. It is therefore suggested that retrogression
resulted from widespread heating following late- to post-
Nagssugtoqidian–Laxfordian delamination.

(7) Our study has widespread relevance to the study of other
basement terranes as it highlights the importance of carrying
out geochronological investigations of a wide range of
minerals with different closure temperatures to clarify the
complete thermal history, which might otherwise not be
evident from petrographic studies.
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