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ABSTRACT
Eclogite-facies rocks provide important constraints on the behaviour of convergent plate boundaries and the geometries of tec-
tonic reconstructions due to the high to ultrahigh pressure conditions at which they form. Many eclogite occurrences are docu-
mented near the suture zone of active collisional settings where they are interpreted to mark the approximate location of former 
ocean basin subduction. Such observations influence tectonic interpretations for older eclogites within more deeply eroded and/
or less well-exposed terranes. The eclogitic Glenelg inlier in northwest Scotland is one such example, with c. 1  Ga eclogites 
having previously been interpreted as marking the trace of a Grenville-aged collisional suture zone that defines a third ‘arm’ 
to the Grenville orogen alongside well-defined sutures in North America and Scandinavia. Here we use a combination of geo-
chronology, phase equilibrium modelling and accessory-phase thermometry to show that the eclogite-facies assemblages were 
produced at ∼18–19 kbar and 700°C–750°C from c. 1.1 to 1.0 Ga. Accounting for the foreland basin setting of equivalent-aged 
sedimentary rocks in the region and demonstrating the thermal viability of this setting, we show that eclogite formation occurred 
in deforming foreland crust adjacent to the Grenville orogen, in a setting broadly analogous to fault-bounded basement uplifts in 
the forelands of active deformation belts, such as the Himalayas and Andes. Our results demonstrate that eclogite-facies rocks 
can form in a greater range of tectonic settings than are sometimes considered, with implications for tectonic reconstructions of 
collisional zones. In this instance, our results remove the need for a third ‘arm’ of the Grenville orogen by placing Glenelg in a 
foreland setting, reconciling the absence of plentiful Grenville-aged metamorphic rocks in northwest Scotland, the sedimento-
logical record and paleomagnetic data in the wider region.

1   |   Introduction

Eclogite-facies rocks play a large role in tectonic reconstructions 
(e.g., Kellett et al. 2018), but their interpretation is fraught with 
difficulties. For example, estimating pressure (P) and tempera-
ture (T) conditions is hampered by the inherently high-variance 
assemblages that form in mafic rocks in the eclogite facies and 
the tendency for felsic rocks to either undergo retrograde equil-
ibration or retain prograde assemblages through the eclogite 

facies (Peterman, Hacker, and Baxter  2009; Palin et  al. 2017). 
Progress has been made in estimating P–T conditions using 
conventional thermobarometric techniques supplemented by 
recent advances in phase equilibrium modelling and single-
element thermometers and barometers (e.g., Spear, Pattison, and 
Cheney 2017; Johnson, Cottle, and Larson 2021). However, the 
issue then becomes one of interpreting the resulting information 
from the perspective of the tectonic environment in which the 
eclogites formed. Eclogites are often found near suture zones in 
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collisional belts and are commonly interpreted to represent the 
location of ocean basin subduction and subsequent continent-
continent collision (Ernst 1973; Miyashiro 1973). However, the 
broad P–T range spanned by the eclogite stability field can also 
include other tectonic settings, such as the deep crust and litho-
spheric mantle in regions of low geothermal gradients, and un-
derthrusting continental material on the margins of distributed 
deformation belts. It is therefore necessary to consider multiple 
lines of evidence when interpreting the tectonic environment in 
which an eclogite-facies rock formed.

In this paper, we demonstrate this concept by interpreting the 
petrogenesis of eclogite-facies rocks in the c. 1  Ga Glenelg in-
lier, northwest Scotland. These rocks have previously been 
interpreted as marking a collisional suture zone, or generally 
the interior, of the Grenville orogen (Sanders, van Calsteren, 
and Hawkesworth  1984; Storey, Brewer, and Temperley  2005; 
Strachan et al. 2020), which was a Himalayan-scale continent–
continent collisional orogen that contributed to the formation 
of the supercontinent Rodinia at 1090–980  Ma (Rivers  1997; 
Rivers et al. 2012). In this study, we combine petrology, phase 
equilibrium modelling, U-Pb geochronology, sedimentology and 
stratigraphy to interpret the provenance of the Glenelg eclogites. 
Our results suggest that the eclogites formed in the foreland of 
the Grenville orogenic belt in a setting broadly analogous to the 
basement-cored uplifts visible in the forelands of present-day 
mountain belts. Our results provide an example of using the sed-
imentary record at the time of metamorphism to interpret the 
provenance of eclogite-facies rocks. The results imply a new in-
terpretation of the geometry of the Grenville orogen with respect 
to the British Isles and showcase the diverse tectonic settings in 
which eclogites can form.

We first describe the geological context and previous work on 
the Glenelg inlier. Next, we describe the petrography of mafic 
eclogite and felsic garnet-omphacite gneiss (hereafter ‘felsic 
gneiss’) samples from the inlier and provide refined constraints 
on the age and P–T conditions of metamorphism. We then dis-
cuss the distribution, architecture, age and depositional set-
ting of Grenville-aged sedimentary rocks in the region and the 
constraints these data place on the provenance of the eclogites. 
Finally, we combine these diverse sources of information into a 
coherent model for the formation of the Glenelg eclogite, demon-
strate the thermal viability of this model and discuss the wider 
implications of our results.

2   |   Geological Context and Previous Work

The Glenelg inlier of northwest Scotland is one of the few 
indicators of Grenville-aged (c. 1.2–1.0  Ga) metamorphism 
and deformation in the British Isles (Sanders, van Calsteren, 
and Hawkesworth 1984; Storey 2008), in contrast to the spa-
tially widespread record of metamorphism and deformation 
in North America and Scandinavia (Weller et  al. 2021). The 
inlier is also the only eclogite-facies locality in the British Isles 
(Storey 2008).

The c. 1.2–1.0 Ga Grenville orogen includes an early accretionary 
phase initiated at c. 1190  Ma (in its type locality in Canada 
Rivers 1997; Rivers et al. 2012), followed by a continent–continent 

collisional event (1090–985 Ma) between the Amazonian craton 
(in South America) and the Laurentian and Baltican cratons (in 
North America and Scandinavia, respectively), ultimately lead-
ing to the assembly of the supercontinent Rodinia (Hoffman 1991; 
Rivers 1997; Rivers et al. 2012). In North America, the orogen 
is thought to have attained double-thickness crust (70-80 km) 
at 1090–1050 Ma, with granulite facies conditions of 8–11 kbar 
and 800°C–900°C characterising the middle crust (Rivers et al. 
2012). Metamorphosed and deformed rocks associated with the 
orogen outcrop over a distance of over 2000 km (Rivers 1997; 
Rivers et  al. 2012). The Grenville orogen is also well exposed 
in Norway and Sweden, where a contemporaneous record of 
regional metamorphism is preserved (locally known as the 
Sveconorwegian orogen; Bingen et al. 2021). The orogenic belt 
is also thought to pass through the British Isles based primar-
ily upon the Glenelg eclogites having a Grenvillian age (c. 1 Ga; 
Sanders, van Calsteren, and Hawkesworth 1984; Brewer et al. 
2003; Bird et al. 2023) and similarly aged deformation in north-
west Ireland (i.e., Annagh Gneiss Complex, Figure 1; Daly 1996; 
Daly and Flowerdew  2005). However, evidence of Grenville-
aged metamorphism and deformation in this region is otherwise 
lacking, making the exact geometry of the Grenville orogen in 
the British Isles uncertain.

2.1   |   Structural Setting of the Glenelg Inlier

The Glenelg inlier is situated within the ‘Moine’ nappe in 
northwest Scotland, which formed during fold-thrust belt 
emplacement during the c. 470–420 Ma Caledonian orogeny 
(Searle 2022) and transported the older Grenville-aged Glenelg 
eclogite to its current structural setting (Figure 1; Ramsay 1957; 
Sutton and Watson 1958; Krabbendam et al. 2018). Northwest- 
to west-northwest-directed Caledonian thrusting resulted in the 
juxtaposition of three tectonostratigraphic units as preserved 
in northwest Scotland (Johnstone, Smith, and Harris 1969): the 
Caledonian foreland, the Moine nappe and the overlying Sgurr 
Beag nappe (Figure  1). The Caledonian foreland consists of 
Archean gneiss (known as the Lewisian Gneiss Complex) over-
lain by largely unmetamorphosed Neoproterozoic sandstones of 
the Stoer, Sleat and Torridon Groups (Peach et al. 1907; Wheeler 
et al. 2010). The foreland stratigraphy is locally disrupted by the 
Kishorn thrust and its overlying nappe (Figure  1; Sutton and 
Watson 1964). The Moine and Sgurr Beag nappes are composed 
mainly of Neoproterozoic meta-siliciclastic rocks. The Moine 
nappe is bound to the northwest by the Moine thrust (Peach et al. 
1907) and is dominated by greenschist- to middle amphibolite-
facies psammite (Kennedy 1949; Soper and Brown 1972; Fettes 
et al. 1985; Mazza et al. 2018). The structurally overlying Sgurr 
Beag nappe was emplaced along the Sgurr Beag thrust and is 
characterised by upper amphibolite-facies (semi)pelite and 
psammite (Tanner  1971; Barr, Holdsworth, and Roberts  1986; 
Cutts et al. 2010; Mazza et al. 2018).

The Glenelg inlier is one of several basement inliers exposed 
within northwest Scotland, which mainly occur within the 
Moine nappe (Figure  1; e.g., Peach et  al. 1910). The inliers 
display dominantly amphibolite-facies assemblages, but rel-
ict granulite-facies assemblages are found within some locali-
ties (Fettes et al. 1985; Holdsworth, Strachan, and Alsop 2001; 
Holdsworth, Strachan, and Harris 1994). The inliers have been 
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correlated with the Lewisian foreland on the basis of their com-
mon Neoarchean-Paleoproterozoic magmatic and metamorphic 
histories (Friend, Strachan, and Kinny  2008; Strachan et  al. 
2020). However, the Glenelg inlier is distinct in terms of host-
ing c. 1  Ga eclogites, along with typical Lewisian lithologies 
(Sanders, van Calsteren, and Hawkesworth 1984).

2.2   |   The Geological History of the Glenelg Inlier

The inlier (Figure  2) consists of two juxtaposed Neoarchean 
crustal blocks (‘Eastern Unit’ and ‘Western Unit’) surrounded 
by early Neoproterozoic psammite forming the Morar Group 
(Storey 2008; Storey et al. 2010; Krabbendam et al. 2018). Previous 
studies have discussed structural fabrics within these units in 
detail (May et al. 1993; Storey 2008; Barber 2011; Krabbendam 
et  al. 2018). Within the Western Unit, granulite- and eclogite-
facies metamorphism is locally preserved in metabasic rocks at c. 
2.8–2.6 Ga and c. 1.75 Ga, respectively (Storey et al. 2010). These 
relicts are embedded within widespread amphibolite-facies leu-
cocratic orthogneiss, with an assumed Caledonian age of retro-
grade metamorphism (Storey 2008). The Western Unit lithologies 

are in faulted contact with the Eastern Unit (‘Barnhill’ shear zone 
of Storey 2002; Figure 2) and are not investigated in this study as 
they only record pre-Grenvillian high pressure metamorphism.

In contrast, the Eastern Unit exposes abundant mafic eclog-
ite (up to 25% of the outcrop) alongside felsic gneiss, marble, 
(semi)pelitic schist and gneiss and ultramafic rocks (Figure 2; 
Rawson, Carswell, and Smallwood 2001; Storey 2008). Eastern 
Unit felsic gneiss forms the oldest component with a protolith 
age of c. 2.8 Ga (Storey 2002). The mafic eclogite has a proto-
lith age of c. 2.1 Ga (Brewer et al. 2003). An oceanic origin has 
been suggested for these units based on the eclogite's MORB-
like major and trace element signature (Storey 2002). However, 
such signatures may be modified during metamorphism (e.g., 
Zhao et al. 2007), particularly in the case of the Glenelg eclog-
ites, where multiple mountain-building events are recorded (i.e., 
the Grenville- and Caledonian-aged orogenies). Furthermore, 
regardless of the eclogite's origin, the ∼1 Ga time gap between 
protolith formation and Grenville-aged metamorphism means 
that the material must have been incorporated into continen-
tal crust at some point prior to eclogite-facies metamorphism. 
This inference is based upon the much shorter timescale (<200 

FIGURE 1    |    Simplified geological map of northwest Scotland after British Geological Survey (2007), with the geographical extent highlighted 
in red in the inset map. The Eastern Unit of the Glenelg inlier, hosting the Grenville-aged eclogites of focus in this study, is shown in bright green. 
Circled numbers correspond to the representative stratigraphic columns shown in Figure 12. GGF = Great Glen fault; MT = Moine thrust; OIT = 
Outer Isle thrust.
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Myr) of recycling of oceanic lithosphere into the mantle by 
subduction, with only continental crust able to have a billion-
year lifespan at the Earth's surface. The mafic eclogites are 
typified by the assemblage omphacite-garnet-quartz-rutile±
amphibole, and are cross-cut by amphibolite-facies retrogres-
sion fronts. The felsic gneiss is characterised by the assemblage 
omphacite-garnet-plagioclase-kyanite-quartz-rutile.

Reported metamorphic age estimates from the Glenelg eclog-
ites vary between c. 1.2 and 0.9 Ga. Sanders, van Calsteren, and 
Hawkesworth  (1984) obtained Sm-Nd garnet-clinopyroxene-
whole-rock isochron ages of 1082 ± 24 and 1010 ± 13 Ma, which 
they interpreted as recording peak and retrograde conditions, 
respectively. Brewer et al. (2003) obtained a U-Pb zircon age of 
995 ±  8 Ma and U-Pb titanite age of 971 ± 65 Ma, which they 
interpreted as recording retrograde conditions based on textural 
criteria. Bird et  al.  (2023) obtained Lu-Hf garnet-whole-rock 
isochron ages of 1218–1137 Ma (mafic eclogite) and 1162–1040 
Ma (garnet- and kyanite-bearing metapelite) and Sm-Nd garnet-
whole-rock ages of 1007–809 Ma (eclogite) and 948–903 Ma 
(metapelite). They interpreted the Lu-Hf ages as representing gar-
net core-to-rim growth, thus placing an upper age limit on peak 
metamorphic conditions, and the Sm-Nd ages as representing 
cooling during exhumation. Collectively, these data suggest peak 
eclogite-facies conditions that occurred around c. 1.1 to 1.0 Ga.

Several studies have analysed the P–T history of Glenelg, 
primarily using conventional thermobarometric techniques. 
Sanders (1988) and Manning and Bohlen (1991) obtained sim-
ilar estimates of 16–17 kbar and 740°C–750°C from a felsic 
gneiss sample, which Sanders (1988) interpreted as minimum 

peak metamorphic conditions based on petrographic criteria. 
Rawson, Carswell, and Smallwood (2001) and Storey, Brewer, 
and Temperley  (2005) obtained similar estimates of 20 kbar 
and 730°C–780°C from a garnet-bearing olivine–websterite 
and felsic gneiss, which they interpreted as peak metamor-
phic conditions. Storey, Brewer, and Temperley  (2005) also 
obtained estimates of 13–15 kbar and 650°C–700°C from 
symplectite colonies in both felsic gneiss and mafic eclog-
ite samples, which they interpreted as recording retrograde 
metamorphism based on the analysed microstructural set-
ting. Sajeev et  al.  (2010) obtained estimates of 22 kbar and 
670°C, 18 kbar and 850°C and 25 kbar and 1000°C from mafic 
eclogite samples distributed across the inlier, which they in-
terpreted as recording geologically varied peak-metamorphic 
conditions.

The Eastern Unit occurs in faulted contact with the Morar Group 
psammite (‘Inverinate’ shear zone of Storey  2002; Figure  2). 
The final emplacement of the Eastern Unit occurred during 
Caledonian-aged deformation (c. 437–415 Ma Storey  2002; 
Storey, Brewer, and Parrish 2004; Searle 2022).

3   |   Petrography and Mineral Chemistry

We collected a suite of samples from the Eastern Unit, of which 
two samples of contrasting bulk composition were selected 
for detailed analysis (Figure  2): mafic eclogite sample GE3 
(−5.58534°W, 57.22233°N; British National Grid: NG 83650 
20318) and felsic gneiss sample GE17 (−5.55073°W, 57.25061°N; 
NG 85902 23355).

FIGURE 2    |    Geological map of the main Glenelg inlier exposure modified from Storey (2008), showing the locations of the two study samples (GE3 
and GE17). Coordinate system: British National Grid, area ‘NG’.
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3.1   |   Methods

Major element mineral analyses were acquired using a 
Cameca SX-100 electron probe micro-analyser (EPMA) at 
the University of Cambridge. The accelerating voltage was 
20 kV and beam current 20 nA, with a beam size of 1 to 5 μ
m and 10 to 60 s dwell times. Natural standards were used for 
calibration, and a ZAF correction procedure was used. The 
programme AX (version Oct-2019 Holland  2009) was used 
for mineral cation calculation, which provides an estimate of 
Fe3+ cations per formula unit (cpfu) where applicable based 
on stoichiometric criteria. Mineral abbreviations follow the 
guidelines of Whitney and Evans (2010). Mineral modes were 
obtained by Quantitative Evaluation of Minerals by Scanning 
Electron Microscopy (QEMSCAN), using an FEI Quanta 
650F Scanning Electron Microscope, also at the University of 
Cambridge.  

3.2   |   Mafic Eclogite (GE3)

Sample GE3 features a granular texture defined primarily 
by garnet (41 vol.%) and omphacite (38 vol.%), in addition to 
quartz (9 vol.%), calcic amphibole (6 vol.%), plagioclase (4 

vol.%) and accessory rutile, titanite, apatite, ilmenite, epidote, 
K-feldspar, biotite, magnetite, iron sulphides, zircon and mus-
covite (Figure 3a).

Garnet forms anhedral grains up to ∼3 mm in diameter and is 
commonly surrounded by thin and discontinuous plagioclase 
coronae (Figure  3a,b). Garnet chemistry features a composi-
tionally homogeneous core (Alm47Prp33Grs19Sps1) and a zoned 
mantle featuring a rimward increase in grossular and coupled 
decrease in almandine and pyrope content towards an inner rim 
plateau (Alm44Prp30Grs25Sps1). Thin garnet rims feature deflec-
tions in grossular, almandine and pyrope content, which vary 
between grains (Figure 4). Inclusions are common throughout 
the grains and include quartz, omphacite, rutile and apatite. 
Omphacite is up to ∼1 mm across, with diopside-plagioclase-
amphibole symplectites occurring along some grain boundaries 
(Figure 3d). Omphacite grain interiors exhibit uniform compo-
sitions (Di56Jd25Hed12Aeg7), with grain rims more diopside rich. 
Omphacite inclusions mainly consist of quartz, rutile and apatite. 
Quartz also occurs as blebs throughout the matrix (Figure 3a).

Amphibole occurs in two distinct settings: as platy grains in 
the matrix up to ∼1 mm long and as <20 μm of grains within 
diopside-plagioclase-amphibole symplectites along omphacite 

FIGURE 3    |    Mafic eclogite sample GE3 petrography. (a) QEMSCAN phase map showing a coarse-grained granular texture defined mainly by garnet 
and omphacite. (b) Resorbed garnet porphyroblast containing inclusions of omphacite, quartz and rutile. (c) Plane-polarised light photomicrograph 
displaying a granular microstructure defined by garnet, omphacite, quartz and platy amphibole. (d) Close up of the area demarcated in (c) showing 
ragged biotite grains adjacent to rutile, plagioclase coronae around platy amphibole and fine-grained symplectite colonies invading omphacite grain 
boundaries.
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grain boundaries (Figure 3c,d). The platy grains generally exhibit 
straight grain boundaries where in contact with omphacite and 
garnet, and ragged grain boundaries where in contact with coro-
nitic plagioclase (Figure  3c,d). Platy amphibole contains rutile 
inclusions and in places appears to be replaced by ragged biotite 
(Figures 3d and S1). Platy amphibole is pargasitic and features a 
high-Na core (up to 0.34 NaB pfu) and low-Na rim (0.10–0.20 NaB 
pfu) (Figure S1c). Symplectite amphibole is pargasite to edenite-
hornblende in composition and has 0.04–0.14 NaB pfu (Figure S1a).

Plagioclase occurs as coronae around some garnet and platy 
amphibole grains and as part of symplectite colonies invad-
ing omphacite grain boundaries (Figure  3a,d). Plagioclase in 
both settings is dominantly oligoclase in composition (XAb 
= 0.74-0.86). Rutile is up to ∼0.5 mm, features an irregular to 
euhedral habit and occurs as inclusions and matrix grains 
(Figure  3c,d). Ilmenite occurs both as lamellae within rutile, 
and as grains partially replacing rutile. Titanite also occurs as 
micron-scale coronae around some rutile grains. Epidote, K-
feldspar, biotite and muscovite are volumetrically minor phases 
and are concentrated along fractures.

Garnet, omphacite, platy amphibole, quartz and rutile are inter-
preted as the peak metamorphic assemblage based upon their 
granular texture; the presence of quartz, omphacite and rutile 
throughout garnet grains; and platy amphibole sharing straight 
grain boundaries with garnet and omphacite. Symplectitic 

amphibole, plagioclase, titanite, ilmenite, epidote, K-feldspar, 
biotite and muscovite are all interpreted to have grown during 
retrograde metamorphism of the peak phases due to their asso-
ciation with retrograde microstructures (e.g., coronae) and their 
anhedral morphologies.

3.3   |   Felsic Gneiss (GE17)

Sample GE17 was acquired from the felsic portion of a layered 
mafic and felsic outcrop (Figure 5a). We sampled the felsic do-
main as the mafic domain is similar to sample GE3, and study 
of this sample enables a comparison of how eclogite-facies meta-
morphism is recorded in differing bulk compositions.

Sample GE17 consists of plagioclase (61 vol.%), clinozoisite (14 
vol.%), garnet (8 vol.%), muscovite (6 vol.%), omphacite (4 vol.%), 
quartz (3 vol.%) and kyanite (2 vol.%) plus accessory titanite, 
amphibole, apatite, rutile, chlorite, biotite, magnetite, iron sul-
phides, ilmenite and zircon (Figure 5b). The sample features a 
gneissic texture, resulting from compositional banding and the 
alignment of clinozoisite grains.

Plagioclase is mainly 100–200 μm across and exhibits an anhe-
dral to faceted aspect. Plagioclase is compositionally oligoclase 
(XAb = 0.70–0.82), with grain cores displaying the highest albite 
content. Straight grain boundaries with omphacite and garnet 

FIGURE 4    |    (a) Plane-polarised light photomicrograph showing the location of the compositional transect across a garnet grain provided in (b) for 
mafic eclogite sample GE3. (c, d) As in (a) and (b) but for felsic gneiss sample GE17.
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are common (Figure 5c) and are interpreted to indicate an equi-
librium relationship among these phases. Clinozoisite occurs 
as anhedral to euhedral laths that are chemically zoned, with 

the pistacite content 
(

Fe3+

Fe3+ +Al

)

 increasing from 0.01 to 0.10 from 
core to rim (Figure 5d).

Garnet forms anhedral to euhedral grains up to ∼3 mm in diame-
ter (Figure 5b–e,g). Garnet chemistry features a compositionally 
flat inner core (Alm49Prp32Grs18Sps1) and a more grossular-rich 
inner rim plateau (Alm39Prp24Grs37Sps1) (Figure 4). Inclusions 
are common and primarily consist of kyanite, plagioclase, 

FIGURE 5    |    Felsic gneiss sample GE17 petrography. (a) Photograph of the layered outcrop from which sample GE17 was collected. (b) QEMSCAN 
phase map showing a gneissic fabric defined by weak compositional banding. (c) Photomicrograph viewed under crossed polars of the boxed area 
in (b) showing a mosaic of omphacite, plagioclase and garnet grains. (d) Enlarged QEMSCAN phase map of an area demarcated in (b) showing 
clinozoisite grains aligned with the gneissic fabric, and muscovite present as both a matrix phase and embaying kyanite grains. (e) Back-scattered 
electron (BSE) image of the area highlighted in (d), showing a subhedral garnet porphyroblast with an inclusion-rich rim containing kyanite, 
clinozoisite, plagioclase and quartz. (f) BSE image showing a resorbed kyanite grain surrounded by a muscovite and plagioclase corona. (g) BSE 
image showing a euhedral garnet porphyroblast.
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quartz, omphacite, titanite, apatite, rutile with minor K-feldspar 
and clinozoisite (Figure 5b,d,e,g). Muscovite (3.00–3.12 Si pfu) 
occurs mainly as overgrowths of anhedral kyanite (Figure 5f,g) 
and as <50 μm of matrix laths.

Omphacite is up to ∼1 mm across and occurs as anhedral to euhe-
dral grains. Individual grains are compositionally homogeneous, 
but compositions vary between grains from Di61Jd26Hed13Aeg8 
to Di42Jd44Hed14Aeg0 (∼0.30–0.50 Al pfu), with the former being 
more dominant (Figure 4). Omphacite inclusions primarily consist 
of plagioclase, titanite, quartz and rutile. Quartz occurs as anhedral 
grains in the matrix. Kyanite is mainly anhedral and is almost al-
ways separated from omphacite by a plagioclase rim (Figure 5f,g). 
Rutile grains are up to ∼0.5 mm across, contain ilmenite lamellae 
and occur as inclusions and matrix grains. Titanite is present as 
anhedral matrix clusters, sometimes rimming rutile, and as inclu-
sions (Figure 5b). K-feldspar mostly occurs as clustered anhedral 
matrix grains co-occurring with biotite, with both phases replac-
ing muscovite. Amphibole and chlorite are volumetrically minor 
phases and are concentrated along fractures.

Plagioclase, garnet, omphacite, quartz, kyanite, clinozoisite, rutile 
and muscovite are interpreted as the peak metamorphic assem-
blage based upon: The occurrence of all of these phases, bar mus-
covite, as inclusions in garnet rims (Figure 5e) and their shared 
straight grains boundaries in the matrix. Kyanite is the exception 
to the latter point as it is surrounded by muscovite-plagioclase 
rims, which are a typical retrograde microstructure, implying that 
some plagioclase and muscovite are also retrograde (Figure 5f,g). 
K-feldspar and titanite were present during prograde metamor-
phism as they form facetted inclusions in garnet and omphacite, 
but they are only present as retrograde phases in the matrix. Minor 
amphibole and ilmenite are interpreted to have grown during ret-
rograde metamorphism of the peak phases due to their anhedral 
habit and association with grain boundaries and fractures.

4   |   U-Pb Geochronology

Zircon and rutile hosted within mafic eclogite sample GE3 and fel-
sic gneiss sample GE17 were targeted for in situ U-Pb geochronol-
ogy, to constrain the timing of metamorphism and retrogression.

4.1   |   Methods

Back-scattered electron (BSE) and secondary electron (SE) im-
ages were acquired for zircon and rutile to characterise grain 
morphologies, zoning, locations, cracks and inclusion suites. 
Cathodoluminscence (CL) images were additionally acquired 
for zircon to aid with data collection and interpretation (e.g., 
Figure  6a–h). All images were acquired using a FEI Quanta 
650 FEG Scanning Electron Microscope at the University of 
Cambridge.

In situ U-Pb zircon and rutile analyses were performed by 
laser ablation inductively coupled plasma mass spectrome-
try (LA-ICP-MS) at the University of Portsmouth, UK, using 
an ASI RESOlution 193 nm ArF excimer laser coupled to an 
Agilent 8900 triple quadrupole ICP-MS. Data are provided in 
Tables S2–S4, and full analytical methods are in Table S5. Age 

calculations were performed using the programme IsoplotR 
(Vermeesch 2018).

Analyses of zircon were performed during two sessions, initially 
for U-Pb only using a 14 μm spot and then for coupled U-Pb and 
trace elements, using a 38 μm spot. Repetition rate was 2 Hz, and 
fluence was ∼2.5 J/cm2. For U-Pb analyses, zircon ‘BB9’ was used 
as the primary standard (Santos et al. 2017), and zircons ‘Plesovice’ 
(Sláma et  al. 2008), ‘GJ-1’ (Jackson et  al. 2004) and ‘91500’ 
(Wiedenbeck et al. 1995) were used as secondary standards. For 
trace element analyses, glass ‘NIST 614’ was used as a primary 
standard (Jochum et al. 2011), and glass ‘NIST 612’ (Jochum et al. 
2011), glass ‘BCR-2G (Jochum et  al. 2005) and zircon ‘91500’ 
(Wiedenbeck et  al. 1995) were used as secondary standards. 
Overall reproducibility achieved on the secondary standards was 
<2% for U-Pb ages and <15% for trace elements. Following the rec-
ommendations of Spencer, Kirkland, and Taylor (2016), we report 
single age estimates using the 206Pb/238U system if younger than ∼
1.5 Ga and 207Pb/206Pb if older. We report populations using con-
cordia ages (Ludwig 1998), with mean square weighted deviation 
(MSWD) of concordance plus equivalence given as a measure of 
goodness-of-fit (Ludwig 1998; Vermeesch 2018). Reported uncer-
tainties are ± 2� propagated by quadrature for uncertainty on the 
primary standard with an additional 2% for long-term reproduc-
ibility. Concordia age uncertainties are additionally augmented by 
a factor of 

√

MSWD for overdispersion (Vermeesch 2018).

In situ U-Pb rutile analyses were carried out in parallel with zir-
con analyses as described above. Isotopic U-Pb analyses were 
acquired during three sessions using two spot sizes (80 and 50 
μm spots), depending on the grain size of the rutile. Repetition 
rate was 5 Hz, and fluence was ∼3.5 J/cm2. For U-Pb analyses, 
rutile ‘R10’ was used as a primary standard (Luvizotto and 
Zack 2009), and rutiles ‘R13’ (Schmitt and Zack 2012) and ‘R19’ 
(Zack et al. 2011) were used as secondary standards. For trace 
element analyses, glass ‘NIST 610’ was used as a primary stan-
dard (Jochum et al. 2011), and glass ‘BHVO-2G’ (Jochum et al. 
2005) and rutile ‘R10’ (Luvizotto and Zack 2009) were used as 
secondary standards. Overall reproducibility achieved on the 
secondary standards was <1% for U-Pb ages and <13% for trace 
elements. Data filtering procedures for trace elements are de-
scribed in the Supporting Information section. We analyse U-Pb 
rutile data using Tera–Wasserburg plots. Uncertainties are cal-
culated as done for U-Pb zircon concordia ages.

4.2   |   Zircon Characterisation

Zircon in mafic eclogite GE3 occurs as anhedral to euhe-
dral grains 5–50 μm in diameter, mostly within the matrix. 
Inclusions are common and consist of garnet, omphacite and 
quartz (Figure  6a,b). CL imaging reveals grains mainly ex-
hibit patchy zoning, with irregular concentric zoning and dif-
fuse zoning being less common (Figure  S2). Zircon in felsic 
gneiss GE17 occurs as anhedral to subhedral grains 20–100 μ
m in diameter (Figure 6c,g), occurring equally as inclusions 
and within the matrix. Inclusions are not observed within 
these zircon grains. CL images generally show diffuse zon-
ing (Figure  6d–f) and in some cases distinct core and rim 
domains, with the rim domains commonly exhibiting more 
diffuse zoning (Figure 6h).
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4.3   |   U-Pb Zircon Results

From mafic eclogite sample GE3, a total of 43 U-Pb zircon anal-
yses were obtained. These analyses yielded relatively imprecise 
ages due to the low U and radiogenic Pb content of the anal-
ysed grains (typically <1 and <0.1 ppm, respectively). Due to 

the small sizes of the analysed zircon grains (<50 μm), only 
17 analyses resided solely within the grains (Figure  6i). This 
reduced dataset gives a concordia age of 1102 ± 72 Ma (MSWD 
= 3.0, n = 17), but the MSWD value indicates that these data 
do not define a single population (Spencer, Kirkland, and 
Taylor  2016). No petrographic or textural criteria could be 

FIGURE 6    |    Secondary electron (SE), back-scattered electron (BSE) and cathodoluminescence (CL) images of zircon grains from samples GE3 
(a,b) and GE17 (c–h), and the results of U-Pb zircon dating. Yellow circles denote ∼14 μm of ablation spots. (a,b) SE images of zircons hosting inclusions 
of garnet and omphacite. (c) SE image of matrix zircon grains. (d–f) CL images showing diffuse zoning in the zircon grains displayed in (c). (g) BSE 
image of a matrix zircon. (h) CL image of the zircon in (g) showing distinct core and rim domains. (i) Concordia plot of the full sample GE3 dataset 
(n = 17). (j) Subset of analyses with U > 1 ppm (n = 6) from (i). (k) Concordia plot of the full sample GE17 dataset (n = 23). (l) Subset of analyses in 
boxed region of (k) (n = 11).
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applied to further refine this population, which ranges from 
979 ± 123 Ma to 1397 ± 214 Ma (Figure 6i). However, if we only 
consider grains with U > 1 ppm, then these data yield a con-
cordia age of 1097 ± 65 Ma (n = 6; Figure 6j), with an accept-
able MSWD value of 2.2 (Spencer, Kirkland, and Taylor 2016). 
Based on the occurrence of garnet and clinopyroxene as inclu-
sions in zircon (Figure 6a,b), this age is interpreted to record 
high-pressure metamorphism.

From felsic gneiss sample GE17, a total of 28 zircon analyses 
were obtained, of which 23 remain after discarding spots that 
hit matrix phases. This dataset is higher precision than obtained 
from sample GE3 as the zircons contain higher U (>8 ppm) and 
radiogenic Pb (>0.2 ppm). The dataset features a cluster in the 
interval 1018 ± 28 to 1146 ± 40 Ma, and dispersed analyses form 
a discordia line back to 1838 ±  50 Ma (Figure  6k). The older 
analyses were acquired from grains that typically feature bright 
cores in CL, but all analyses partially include rim regions (e.g., 
Figure  6h) such that an age cannot be resolved. Nevertheless, 
the oldest single age of 1838 ± 50 Ma is consistent with previ-
ously documented Paleoproterozoic protolith ages for these 
units (Brewer et al. 2003; Bird et al. 2023).

The younger cluster features 11 analyses of five zircon grains, all 
in the matrix, mostly displaying diffuse CL zoning (Figure 6d–f). 
Two of these analyses do not touch concordia within their un-
certainties. Excluding these two analyses, the population yields 
a concordia age of 1069 ± 46 Ma (MSWD = 5.3, n = 9), but the 
MSWD indicates that these data do not define a single popula-
tion (Spencer, Kirkland, and Taylor  2016). No petrographic or 
textural criteria could be applied to further refine this popula-
tion, so we report the range 1018 ± 29 to 1146 ± 40 Ma. Based 
on the weak and diffuse zoning, rounded morphology and asso-
ciation with rim zones (where present, e.g., Figure 6h), this age 
range is interpreted to represent metamorphic growth (Zheng 
et al. 2022). The metamorphic age for sample GE3, tied to high 
pressure metamorphism based on the inclusion suite, overlaps 
with the range for GE17.

4.4   |   Rutile Characterisation

Rutile occurs as anhedral to euhedral grains up to ∼350 μm 
in diameter, as both inclusions hosted in garnet, omphacite, 
quartz and amphibole and within the matrix (Figure  7a,b). 

FIGURE 7    |    Zr-in-rutile thermometry results. (a) Back-scattered electron image of a rutile grain, overlain by yellow circles showing analytical 
spot locations and resultant temperatures. Ablation spots are 50 μm. (b) X-ray intensity map of Zr in inclusion rutile grains, showing asymmetric 
and homogeneous zoning patterns. (c) Stacked histogram of the filtered Zr-in-rutile dataset for sample GE3, colour coded by petrographic location. 
Temperatures corresponding to the measured concentrations are also shown, assuming P = 20 kbar; see text for discussion. (d) As (c) but for sample 
GE17. Median Zr-in-rutile temperatures with associated 2� uncertainties are shown.

 15251314, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jm

g.12801 by T
est, W

iley O
nline L

ibrary on [18/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



11 of 26

Matrix grains exhibit a range of morphologies, including as 
grains with faceted or corroded margins and as multi-faceted 
aggregates, while inclusion grains are commonly faceted. 
Rutile grains are inclusion-free but commonly show ilmenite 
lamellae and partial replacement by ilmenite at rutile grain 
margins.

4.5   |   U-Pb Rutile Results

A total of 166 rutile analyses were obtained from sample GE3, 
and 29 from sample GE17. After discarding spots that hit ma-
trix phases, 119 analyses remain from GE3 and 21 from GE17. 
The GE3 dataset yields a 206Pb/238U intercept age of 424 ± 9 Ma 
(MSWD = 1.6, n = 119; Figure S3). An overlapping 206Pb/238U 
intercept age of 413 ± 17 Ma (MSWD = 1.4, n = 21; Figure S4) 
was obtained from the GE17 dataset. These rutile ages record 
Caledonian metamorphism based on the ages corresponding 
to the time of peak metamorphism attained during the ter-
minal (‘Scandian’) phase of the Caledonian event (437–415 
Ma; Searle  2022), which in the Glenelg inlier is represented 
by lower amphibolite-facies assemblages (Storey 2002; Storey, 
Brewer, and Parrish  2004). Such ages are consistent with 
previous age determinations from the Eastern Unit (Brewer 
et  al. 2003; Bird et  al. 2023) and surrounding Moine nappe 
rocks (Searle 2022). Petrographically, the rutile grains are in-
terpreted to belong to the eclogite-facies mineral assemblage. 
The U-Pb rutile system was therefore reset during Caledonian 
metamorphism.

4.6   |   Interpretation of Age Data

The results of U-Pb zircon and rutile dating are presented in 
Figure  8, along with published metamorphic ages from the 
Eastern Unit of the Glenelg inlier and maximum deposition ages 
from the Neoproterozoic successions of focus in this study. Our 
U-Pb zircon estimates of 1097 ± 65 Ma (sample GE3) and 1146 ± 40 
Ma to 1018 ± 28 Ma (sample GE17) fall within the predicted in-
terval for peak eclogite-facies metamorphism when considering 
previous constraints for the timing of burial (c. 1.2–1.1 Ga; Bird 
et al. 2023) and partial exhumation (c. 1.0–0.9 Ga; Sanders, van 
Calsteren, and Hawkesworth 1984; Brewer et al. 2003; Bird et al. 
2023). This overall timeframe overlaps with deposition of the 
Neoproterozoic successions in northwest Scotland, which sur-
round the Glenelg inlier and the Grenville and Sveconorwegian 
orogenies (Figure 8; Rivers 1997; Rivers et al. 2012; Bingen et al. 
2021). We discuss the sedimentary successions and their impor-
tance for constraining the eclogites' provenance below.

5   |   Zr-in-Rutile and Ti-in-Zircon Thermometry

5.1   |   Methods

In situ trace element rutile and zircon analyses were per-
formed by ICP-MS following the same methods as described 
above for U-Pb zircon and rutile geochronology. Trace ele-
ments were acquired using a 38 μm spot for zircon and an 80 
μm spot for rutile. Trace element data are provided in Table S2 

FIGURE 8    |    U-Pb zircon and rutile results from this study (samples GE3 and GE17) plotted alongside published metamorphic age data from the 
Eastern Unit of the Glenelg inlier. S84 = Sanders, van Calsteren, and Hawkesworth 1984; B03 = Brewer et al. 2003; B23 = Bird et al. 2023. Dashed 
arrows denote the approximate timing of eclogite burial and exhumation based on the published age data. Maximum deposition age data (n = 34) 
from the Sleat and Torridon Groups (Caledonian foreland), Morar Group (Moine nappe) and Glenfinnan and Loch Eil Groups (Sgurr Beag nappe) are 
shown in a kernel density plot. These data are a combination of U-Pb zircon estimates (only youngest detrital ages and age peaks; Rainbird, Hamilton, 
and Young 2001; Rogers et al. 2001; Peters 2001; Friend et al. 2003; Cawood et al. 2004; Cawood et al. 2015; Kirkland, Strachan, and Prave 2008; 
Krabbendam et al. 2017) and a Rb-Sr whole-rock estimate for diagenesis (Turnbull, Whitehouse, and Moorbath 1996).
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(zircon) and Table  S3 (rutile), and full analytical methods 
are in Table  S5. Data reduction procedures are described in 
the Supporting Information section. Qualitative X-ray maps 
were generated for a subset of rutile grains using a JEOL JXA-
iHP200F Field Emission electron probe micro-analyser at the 
University of Cambridge, operating at 20 kV with a focused 1 
μm spot. Beam current was 200 nA, and dwell time was 500 
ms, with Zr (L�) on the PETL crystal.

Zr-in-rutile temperatures were calculated using the ‘combined 
dataset’ calibration of Kohn (2020), with a two-sigma uncertainty 
of  ±10°C–15°C. The samples are suitable for this thermometer 
as they contain abundant quartz and zircon such that SiO2 and 
ZrO2 are well buffered (Kohn 2020). Ti-in-zircon temperatures 
were calculated using the calibration of Crisp et al. (2023). The 
samples are suitable for this thermometer as they contain abun-
dant rutile and quartz such that aTiO2 = 1 and aSiO2 = 1 (Crisp 
et al. 2023). Reported temperatures below assume an input pres-
sure of 20 kbar according to the estimates of Rawson, Carswell, 
and Smallwood (2001) and Storey, Brewer, and Temperley (2005) 
for the Glenelg eclogites. However, for reasons discussed below, 
our final quoted temperatures for the eclogites are obtained using 
the range of pressures bounding assemblage fields from P–T 
pseudosections for samples GE3 and GE17.

5.2   |   Zr-in-Rutile Results

From sample GE3, a total of 99 trace element analyses were ob-
tained from rutile, of which 77 remain following data reduction 
(see Supporting Information). Zirconium values range from 
420 to 797 ppm (707°C–776°C) and are concentrated around a 
median of 584 ± 131 ppm (742+22

−27
°C), with the distribution un-

certainty quoted at 2� (Figure 7c). Matrix and inclusion rutile 
grains have a similar Zr distribution. Zirconium varies by up 
to ∼300 ppm (∼45°C) within the largest grains where multiple 
spots were possible (Figure 7a).

From sample GE17, a total of 20 trace element analyses were ob-
tained, of which 19 remain following data reduction. Zr values 
range from 420 to 619 ppm (707°C–748°C) and are concentrated 
around a median of 561 ± 100 ppm (737+18

−21
°C; Figure 7d). Only 

three grains occur in the matrix, with their Zr values centred 
around the dataset median. Multispot analyses from four rutile 
grains indicate grain-scale variation in Zr of up to ∼128 ppm (∼
28°C). Intragrain variation with respect to Zr in samples GE3 and 
GE17 is mainly from asymmetric zoning, as revealed by qualita-
tive X-ray maps of matrix and inclusion grains (e.g., Figure 7b).

5.3   |   Ti-in-Zircon Results

A total of 16 trace element and isotopic U-Pb analyses were ob-
tained from zircon grains in sample GE17. One analysis yields 
a concordant 206Pb/238U age of 1069 ±  27 Ma, with a corre-
sponding Ti-in-zircon value and temperature of 15.16 ppm and 
823°C. Two additional analyses yield consistent 206Pb/238U 
ages within the quoted uncertainties, but they do not touch 
concordia: 1089 ± 29 Ma and 6.49 ppm (738°C) and 1128 ± 27 
Ma and 6.64 ppm (740°C). The minimum 2� calibration un-
certainty on these temperature estimates is 65°C (Crisp et al. 

2023). Calculated Eu anomalies (Eu/Eu* = EuN/[SmN x GdN
]0.5, with ‘N’ denoting values normalised to chondrite after 
McDonough and Sun 1995) from these zircons are relatively 
small, in the range 0.74–0.89, consistent with zircon growth 
in a feldspar-poor eclogite-facies rock (i.e., at the upper end of 
16–19 kbar pressure range for this sample, where plagioclase 
is volumetrically minor as a peak phase; Figure 10b).

5.4   |   Interpretation of T Data

The Zr-in-rutile datasets from samples GE3 and GE17 yield 
consistent median temperatures of 742+22

−27
°C (GE3) and 737 

+18
−21

°C (GE17), recorded in both matrix and inclusion grains 
(Figure  7c,d). The observed asymmetric zoning is consistent 
with minimal Zr loss via diffusion given that a radial zoning 
pattern characteristic of diffusion is not observed (Cherniak, 
Manchester, and Watson  2007). The Ti-in-zircon dataset from 
sample GE17 is limited to three grains with Grenville ages, 
yielding temperatures of 738°C to 823°C. As there are few data, 
and the range is encompassed by the Zr-in-rutile dataset, we do 
not use Ti-in-zircon thermometry for final P–T determination.

Despite the Caledonian age obtained from the U-Pb rutile 
analyses, the Zr-in-rutile temperatures are interpreted to re-
cord Grenville-aged eclogite-facies metamorphism. This view 
is supported by the following evidence: (1) rutile is interpreted 
as a peak eclogite-facies phase; (2) the constrained Zr-in-rutile 
temperatures exceed conditions for Caledonian metamor-
phism across the Moine nappe (420°C–680°C; Thigpen et al. 
2013; Ashley, Thigpen, and Law 2015; Mazza et al. 2018); (3) 
the preservation of asymmetric zoning of Zr in rutile grains 
(e.g., Figure 7b), implying relatively little or no modification; 
and (4) consistency between the Ti-in-zircon and Zr-in-rutile 
temperature estimates. Decoupling of Zr from the U-Pb sys-
tem, as implied here, has been previously reported in met-
amorphic rocks (Kooijman et  al. 2012; Zhang et  al. 2014; 
Ewing et  al. 2015) and is attributed to the lower diffusivity 
of Zr in rutile compared to Pb, by up to one order of magni-
tude (Cherniak, Manchester, and Watson 2007). We quote the 
temperature ranges encompassed by 2� uncertainties sur-
rounding the distribution medians as best representing the 
conditions of eclogite-facies metamorphism: 715°C–764°C for 
GE3 and 716°C–755°C for GE17 (at 20 kbar).

6   |   Phase Equilibrium Modelling

6.1   |   Methods

Phase equilibrium modelling was performed on samples 
GE3 and GE17 using Theriak-Domino (version 11-Mar-2020 
de Capitani and Petrakakis  2010), with the thermodynamic 
dataset ds62 (Holland and Powell  2011). The model sys-
tem Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O-TiO2-O 
(NCKFMASHTO) was used for mafic sample GE3, with MnO 
additionally considered for felsic sample GE17, using the fol-
lowing activity-composition models: garnet, orthopyroxene, 
biotite and ilmenite (White et  al. 2014); omphacitic clinopy-
roxene and melt (Green et  al. 2016); clino-amphibole (Green 
et  al. 2016); plagioclase–K-feldspar (Holland, Green, and 
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Powell  2022); epidote (Holland and Powell  2011); and mus-
covite (Coggon and Holland  2002; White et  al. 2014). Pure 
phases included albite, coesite, H2O, lawsonite, quartz, rutile, 
titanite and zoisite.

Model bulk rock compositions were calculated using mea-
sured mineral modes in combination with representative min-
eral compositions (Table S1). Phases outside the model system 
were ignored and measured modes renormalised. Garnet and 
omphacite were idealised to conform to the stoichiometric cri-
teria of their a–X  models; for example, tetrahedral Si in garnet 
was set as 3 cpfu. For mafic sample GE3, only the composi-
tionally homogeneous outer shell of garnet was considered as 
part of the effective bulk composition (equivalent to 69% of 
its volume; Figure 4). Bulk compositions are listed in Table 1. 
Stoichiometric estimates of H2O contents were 0.42 mol% for 
mafic sample GE3 and 2.23 mol% for felsic sample GE17.

6.2   |   P–T Results

Mafic eclogite GE3. Figure 9a shows a P–T pseudosection for 
mafic sample GE3. The interpreted peak assemblage (garnet, 

omphacite, rutile, amphibole and quartz) is not present as a 
unique field on the pseudosection but dominates the assemblages 
at pressures below the upper limit of amphibole stability (pur-
ple line). The presence of biotite (brown line) to lower pressures, 
which was interpreted as a retrograde phase, and the stability 
of a second clinopyroxene phase (green line) to lower tempera-
tures, which was not observed, delimit a triangular region that 
exhibits the best match to petrographic observations. These fields 
are highlighted by red text and feature the additional phases of 
muscovite, liquid and/or vapour. All three phases are present in 
minor proportions (<1 vol.%) and could viably have been present 
at peak conditions with the record of these phases now obscured 
by retrogression.

The triangular region overlaps with the Zr-in-rutile tempera-
ture constraints outlined above, in the region 18–20.3 kbar 
and 706°C–760°C (red polygon, Figure  9b). At 750°C, the 
modelled phase mode of clinopyroxene exhibits a good match 
to QEMSCAN measurements in this pressure range (red line, 
Figure  9c). The modelled garnet mode is slightly higher than 
the measured value above 18 kbar, consistent with the partial 
replacement of garnet rims by amphibole and/or plagioclase. 
Conversely, the modelled amphibole mode is lower than 

TABLE 1    |    Sample GE3 and GE17 bulk compositions used for phase equilibrium modelling (mol.).

Sample Si Al Ca Mg Fe K Na Ti Mn H O XFe3+ XMg

GE3 52.69 15.21 12.73 12.52 10.13 0.15 4.55 1.06 0 0.83 168.96 0.07 0.57

GE17 60.10 32.15 10.58 1.92 2.40 1.23 11.05 0.37 0.03 4.46 192.62 0.13 0.44

Note: XFe3+ = Fe3+/(Fe2+ + Fe3+); XMg = Mg/(Mg + Fe2+).

FIGURE 9    |    Sample GE3 pseudosection modelling. (a) P–T pseudosection with the viable peak assemblages shown in red text; see text for 
discussion. The median Zr-in-rutile temperature range is shown with a two-sigma envelope (dashed grey lines). The best estimate of peak conditions 
is demarcated by the red polygon. (b) Modebox plot at 750°C with QEMSCAN-derived phase modes shown by red lines. The measured amphibole 
mode (8%*) occurs outside the plot's lower bound (i.e., <14 kbar).
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measured in this 18–20 kbar range, consistent with the observa-
tions of additional retrograde amphibole in the sample.

Felsic gneiss GE17. Figure  10a shows a P–T pseudosection for 
the felsic gneiss sample GE17. The interpreted peak assemblage 
(plagioclase, garnet, omphacite, quartz, kyanite, clinozoisite and 
rutile and muscovite) is present in a triangular field that covers 
a large P–T range from 15.5 to 21 kbar and 650°C to >850°C. To 
higher temperatures, the fluid-undersaturated solidus is encoun-
tered. To higher and lower pressures, K-feldspar and epidote join 
the assemblage, respectively. Neither pressure boundary is con-
sidered a strong constraint, owing to K-feldspar being present as 
inclusions in garnet, and epidote-zoisite stability being strongly 
controlled by the imposed Fe3+ content, which is poorly con-
strained. Therefore, these fields are also considered viable, and 
highlighted by red text. To slightly higher and lower pressures, 
plagioclase is lost and amphibole is stabilised, respectively. Both 
of these boundaries impose strong constraints on viable pres-
sures, given the high proportion of observed plagioclase, and the 
unambiguous interpretation of amphibole as a retrograde phase 
in this sample.

The Zr-in-rutile results are used to delimit the potential peak 
fields further, indicating peak conditions of 15.5–19 kbar and 
695°C–750°C (red polygon, Figure 10a). A modebox constructed for 
sample GE17 at 730°C (Figure 10b) across pressures that bound the 
peak fields shows that this region of P–T space features significant 

FIGURE 10    |    Sample GE17 pseudosection modelling. (a) P–T pseudosection with the viable peak assemblages shown in red text. The median 
Zr-in-rutile temperature range is shown with a two-sigma envelope (dashed grey lines). The best estimate of peak conditions is demarcated by the 
red polygon. (b) Modebox plot at 730°C with QEMSCAN-derived phase modes shown by red lines. (c) Sketches show the interpreted development of 
clinopyroxene-kyanite-plagioclase-muscovite microstructures.

FIGURE 11    |    P–T results from this study (samples GE3 and GE17) 
plotted alongside published estimates from the Eastern Unit of the 
Glenelg inlier: S88 = Sanders 1988; M91 = Manning and Bohlen 1991; 
R01 = Rawson, Carswell, and Smallwood 2001; S05 = Storey, Brewer, 
and Temperley 2005; S10 = Sajeev et al. 2010. Uncertainties are assumed 
to be ±1 kbar and ±50°C. Blue shading denotes estimates from felsic 
lithologies and green shading denotes mafic lithologies. The black 
polygon denotes the region of overlap between the two estimated P–T 
fields from this study.
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changes in phase modes. The measured modes for the observed 
assemblage are highlighted by the red lines, and are concentrated 
around 16 kbar. Clinopyroxene and kyanite modes decrease down 
pressure, while plagioclase, garnet and muscovite modes increase. 
Given the petrographic observations outlined above of resorbed 
kyanite surrounded by plagioclase-muscovite coronae, embayed 
omphacite and euhedral garnet (Figure 5f,g), the phase equilib-
rium modelling suggests that the observed assemblage was at-
tained following decompression from higher pressure (i.e., more 
omphacite and kyanite rich) conditions, in agreement with the 
findings of Sanders (1988). Plagioclase is notably pressure sensitive 
in this region of P–T space, decreasing from the observed 61 vol.% 
at 16 kbar to 0 vol.% at 18.5 kbar (Figure  10b). Although petro-
graphic observations indicate that some plagioclase is retrograde 
in nature (e.g., forming coronae around kyanite), the observation 
of straight grain boundaries with garnet and omphacite indicates 
that plagioclase was present at peak conditions. Therefore, we con-
sider it unlikely that the sample reached higher pressure conditions 
than 18.5 kbar (or up to 19 kbar at the highest-T part of the assem-
blage stability range; red polygon on Figure 10a). The agreement 
between modelled and measured phase modes at ∼16 kbar and 
730°C suggests that the sample experienced up to ∼2.5 kbar of de-
compression from the peak pressure to the preserved assemblage. 
This estimate is consistent with the 2 kbar estimate for decompres-
sion by Sanders (1988) from analysis of a similar felsic gneiss from 
Glenelg. Quantification of the total decompression based on the 
observed vol.% of coronae structures could potentially provide an 
estimate of the pressure change. However, this is not attempted be-
cause of the partial textural equilibration observed in the sample 
(e.g., euhedral garnet grains in Figure 5b,g, which are increasing 
in mode during decompression).

The peak conditions for the mafic eclogite and felsic gneiss overlap 
at ∼18–19 kbar and 700°C–750°C (Figure 11). Analysis of micro-
structures and evolving phase modes in the felsic gneiss suggests 
partial retrograde re-equilibration occurred at lower-pressure 
conditions of ∼16 kbar. The combined P–T field overlaps with and 
further reinforces the P–T range for peak eclogite-facies meta-
morphism from previous studies (16–20 kbar and 730°C–780°C; 
Sanders 1988; Manning and Bohlen 1991; Rawson, Carswell, and 
Smallwood 2001; Storey, Brewer, and Temperley 2005), with the 
exception of the estimates of Sajeev et al. (2010), which yielded an 
outlier result.

7   |   Tectonic Setting of Eclogite Formation

We now turn our attention to the tectonic settings in which 
the above P–T conditions (∼18–19 kbar and 700°C–750°C) 
could have been attained within the context of the timing of 
eclogite formation and partial exhumation at c. 1.2–0.9 Ga. 
As discussed above, the tectonic setting of the protolith of 
the mafic components within the Glenelg inlier is uncertain. 
However, the time gap between formation (c. 2  Ga Brewer 
et al. 2003; Bird et al. 2023) and eclogite-facies metamorphism 
(c. 1 Ga) means that this material must have been tectonically 
incorporated into continental crust at some point prior to 
eclogite-facies metamorphism if it was originally oceanic or 
if the protoliths originally intruded into continental material. 
In this environment, the metamorphic conditions encompass 

a range of possible tectonic settings, including continental un-
derthrusting and thickened continental lower crust. Therefore, 
we here discuss additional constraints on eclogite-forming 
settings by considering the Neoproterozoic sedimentary rocks 
surrounding the Glenelg inlier (Figure 1), whose source area 
is the Grenville orogen (Brook, Brewer, and Powell  1976; 
Rainbird et  al. 2017; Rainbird, Hamilton, and Young  2001; 
Krabbendam, Strachan, and Prave  2022; Krabbendam et  al. 
2017; Krabbendam, Prave, and Cheer 2008).

The purpose of this section is to build an understanding of 
the depositional environment and geometry of the Grenville 
orogen through consideration of the sedimentology and stra-
tigraphy of the successions, and their deposition ages, pa-
leocurrents and spatial distributions. We begin by describing 
the sedimentary successions from west to east (Figure  1). 
The units are described with respect to the three major tec-
tonostratigraphic divisions in northwest Scotland (Johnstone, 
Smith, and Harris 1969): the Caledonian foreland (and Kishorn 
nappe), the Moine nappe, and the Sgurr Beag nappe. The 
Glenelg eclogite is located to the east of the Caledonian fore-
land units, is tectonically juxtaposed against the Morar Group 
in the lower portion of the Moine nappe and is to the west of 
the remainder of the units deformed during the Caledonian 
orogeny (Figure  1). All paleocurrent directions are given in 
present-day co-ordinates, with the original studies having 
removed the effects of Caledonian folding and tilting. These 
data are summarised in Figure 12 and Table S7.

7.1   |   Caledonian Foreland and Kishorn Nappe 
(Lewisian Basement, Stoer Group, Sleat Group 
and Torridon Group)

The Caledonian foreland consists of Archean to 
Paleoproterozoic basement gneiss of the Lewisian Gneiss 
Complex overlain unconformably by a thick succession (up 
to ∼10 km) of siliciclastic rocks belonging to the Stoer Group, 
Sleat Group and Torridon Group (Stewart  2002; Figure  12). 
The Torridon Group overlies both the Sleat Group and 
Lewisian basement and consists of a >6 km succession (unit 
A, Figure  12) of medium- to coarse-grained arkosic sand-
stone with granule-pebble lags and rare muddy intervals. 
The Torridon Group is characterised by an overall upward-
fining succession with stacked cross-stratified ‘sheets’, com-
monly featuring soft-sediment deformation structures and 
consistent southeast paleocurrent directions (McMahon and 
Davies 2020). See Table S6 for detailed unit descriptions and 
both Figure  12 (blue arrows) and Table  S7 for paleocurrent 
orientation data.

The Stoer Group is a 2 km-thick succession of limited spa-
tial extent, composed mainly of arkosic sandstone and more 
minor conglomerate (Stewart 1969, 2002). The unit is bounded 
below by the Lewisian basement and above by an angular dis-
conformity with the Torridon Group. The Stoer Group is not 
discussed further as it is thought to record localised sediment 
accumulation influenced by basement topography and not the 
regional sedimentation patterns of interest.
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The Sleat Group is restricted to the area west of Glenelg, in 
the hanging wall of the Kishorn thrust (Figure  1). The ∼3.5 
km-thick succession (unit B, Figure  12) consists mainly of 
interbedded sandstone and mudstone displaying sedimen-
tary structures consistent with deposition within a mixed 
shallow marine and tidal-fluvial setting (Krabbendam et  al. 
2017; Table S6). Unimodal paleocurrent directions are to the 
northeast and southeast, while bimodal currents are oriented 
northeast-southwest (blue arrows, Figure  12; Sutton and 
Watson 1964).

7.2   |   Moine Nappe (Morar Group)

The Moine nappe consists of the Morar Group, which is a uni-
form 6 to 9 km-thick succession of subarkosic psammite with 
minor (semi)pelitic and pebbly intervals (Bonsor et  al. 2010; 
Krabbendam et al. 2017; Table S6). A lower unit (units D and F, 
Figure 12) consists of cross-bedded fluviatile psammite with 
abundant soft-sediment deformation features. An upper unit 
(units E and G) consists of interbedded finer-grained psam-
mite and semipelite, with (semi)pelitic intervals. Heterolithic 
bedforms in the upper unit are consistent with deposition 
within a tidally influenced marine setting (Krabbendam, 
Prave, and Cheer  2008; Figure  12). Paleocurrent orientation 
data generally suggest northeast flow within fluviatile chan-
nel facies and bimodal northwest-southeast flow within tid-
ally influenced facies (Figure  12; Glendinning  1989; Bonsor 
and Prave 2008; Bonsor et al. 2010; Krabbendam, Prave, and 
Cheer 2008).

7.3   |   Sgurr Beag Nappe (Glenfinnan Group 
and Loch Eil Group)

The Sgurr Beag nappe consists of deformed pelitic gneiss 
(Glenfinnan Group, unit H) and psammite plus quartz-
ite (Loch Eil Group, unit I) (Roberts et  al. 1987; Figure  12). 
Sedimentary structures are rarely preserved in the Glenfinnan 
Group and are more prominent in the Loch Eil Group where 
they include both cross bedding and wave ripples. Pelitic rocks 
of the Glenfinnan Group are observed to pass both laterally 
and vertically into psammitic rocks of the Loch Eil Group. The 
combined thickness of the strata may be in the range 5 to 9 km 
(Holdsworth, Strachan, and Harris 1994; Strachan 1985). The 
dominantly pelitic Glenfinnan Group is likely to have been 
deposited in a shallow marine setting, while components of 
the dominantly psammitic Loch Eil Group (e.g., thin inter-
beds and bimodal flow indicators) imply a shallower, tidally 
influenced setting (Strachan 1985). Strachan (1986) reported 
dominantly north-northeast flow directions with occasional 
south-southwest flow reversals (Figure 12).

7.4   |   Deposition Ages

Numerous U-Pb detrital zircon geochronology data are avail-
able for metasedimentary units from the three tectonostrati-
graphic divisions described above (Figure 12). U-Pb zircon age 
distributions for these units were compiled by Krabbendam, 

Strachan, and Prave  (2022) and show major peaks at c. 1750 
and 1650 Ma, with minor peaks between c. 1500 and 1200 Ma 
(Friend et al. 2003; Cawood et al. 2004; Kirkland, Strachan, 
and Prave 2008; Krabbendam et al. 2017; Cawood et al. 2015). 
Single (youngest) detrital zircon ages are shown on the strati-
graphic columns in Figure  12. These ages are not always in 
stratigraphic order, indicating that this dataset is an incom-
plete and/or reworked record of deposition. However, plot-
ting of the youngest age data overall (youngest single ages 
and peaks) in the kernel density plot in Figure 8 reveals that 
the sedimentary successions were broadly deposited in the 
interval c. 1.1–0.9 Ga. In the Sgurr Beag nappe, a minimum 
depositional age of 870 Ma is constrained by the age of the 
intruding West Highland Granitic Gneiss (Figure 12; Rogers 
et  al. 2001). This depositional age range overlaps with the 
timing of eclogite-facies metamorphism in the Glenelg inlier 
(Figure 8), which was later emplaced within this sedimentary 
sequence. This emplacement was by west-directed thrusting 
during Caledonian times, meaning that the eclogite must have 
formed at depth in a location overlain by the more easterly 
of these units (discussed in more detail below). The environ-
ment of deposition of these sedimentary rocks therefore helps 
to further constrain the tectonic setting in which the eclogite 
formed.

7.5   |   Basin-Scale Characteristics

The sedimentary successions in the Caledonian foreland and 
Moine nappe have previously been interpreted as laterally cor-
relative on account of their shared sedimentological and detrital 
age characteristics (Krabbendam, Prave, and Cheer  2008), and 
they are referred to collectively as the ‘Wester Ross Supergroup’ 
after Krabbendam, Strachan, and Prave  (2022). The Sgurr Beag 
nappe units (‘Loch Ness Supergroup’ of Krabbendam, Strachan, 
and Prave  2022) are apparently slightly younger and feature 
more shallow marine lithofacies. We agree with the interpreta-
tion of Krabbendam, Strachan, and Prave (2022) that the Wester 
Ross and Loch Ness Supergroups accumulated within a single 
evolving basin and not within compartmentalised ‘sub-basins’ as 
previously proposed (e.g., Glendinning  1989; Soper, Harris, and 
Strachan 1998).

The available sedimentological and detrital zircon data re-
veal the following key characteristics among the successions 
in the Caledonian foreland and overlying nappes, which we 
will use below to infer the large-scale depositional setting: 
(1) up to ∼10  km of stratigraphy dominated by cross-bedded 
fluviatile to shallow marine sandstone/psammite; (2) north-
east to southeast-oriented unimodal paleocurrents; and (3) 
all units contain a significant Paleoproterozoic detrital zircon 
component.

To understand the depositional setting, we need to estimate 
how wide the basin could have been. The total present-day 
width of these outcrops is ∼100 km (Figure 1). However, these 
units have been affected by telescoping during Caledonian 
thrusting. Butler  (1986) estimated shortening of ∼65% in 
the Moine nappe, and we assume the same degree of strain 
within the Sgurr Beag nappe. The measured <50 km width 
of Moine nappe and <60 km width of the Sgurr Beag nappe 
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correspond to ‘unfolded’ widths of up to 77 and 92 km, re-
spectively. Undeformed sedimentary rocks overlying the 
Caledonian foreland have a width of up to ∼30 km, yielding 
a collective total of ∼200 km. Total displacement across the 
Moine thrust is probably on the order of 100 km (Elliott and 
Johnson 1980). Displacement across the Sgurr Beag thrust is 
less well constrained, but we will here assume it was similar 
to the Moine thrust (e.g., akin to the Main Central thrust and 
Main Boundary thrust in the Himalayas; Yin 2006). Adding 
these thrust displacements to our ‘unfolded’ basin width gives 
a total of 400 km. The thrust displacements could have been 
larger than estimated. Alternatively, all units may not have 
been deposited contemporaneously and the preserved record 
may represent different snapshots of a basin evolving spatially 
through time, in which case the estimate above is an upper 
bound. Regardless of which of these considerations domi-
nates, it is clear that the basin must have had a width on the 
order of hundreds of kilometres.

7.6   |   Interpreted Depositional Setting

The sedimentary setting that can account for all of the observed 
characteristics is deposition in a filled continental foreland 
basin. Continental foreland basins are characterised by several 
kilometre-thick strata of clastic sediment, widths of up to ∼350 
km (DeCelles and Giles 1996; Catuneanu, Miall, and Sweet 1997; 
Horton and DeCelles 1997; Grimaud et al. 2020) and commonly 
have shallow water to terrestrial sedimentary facies throughout 
(DeCelles 2011). Depositional settings that have previously been 
proposed for the sedimentary successions include a foreland 
basin (Rainbird, Hamilton, and Young 2001; Kinnaird et al. 2007; 
Bonsor and Prave 2008; Bonsor et al. 2010; 2012; Krabbendam, 
Prave, and Cheer 2008; Krabbendam et al. 2017) or an extensional 
basin (Williams and Foden 2011; Stewart 2002; Soper, Harris, and 
Strachan 1998; Glendinning 1989) including the post-rift thermal 
sag phase (Nicholson 1994). An extensional basin is unlikely as 
they are considerably narrower than the basin width we estimate 

FIGURE 12    |    Schematic diagram showing tectonostratigraphic elements of the northern segment of the Caledonian orogen in northwest Scotland 
prior to Caledonian deformation, annotated with detrital geochronology estimates, paleocurrent directions (blue arrows) and relative grain-size 
changes. Incipient thrust faults dip southeast. Representative, vertically scaled stratigraphic columns are modified from published literature; 
see Table S6 for descriptions of labelled units. The Glenelg inlier is depicted by the green box in column three below the Inverinate shear zone 
(ISZ). Column numbers correspond to locations shown in Figure 1. Columns are labelled with Rb-Sr whole-rock diagenetic ages from Turnbull, 
Whitehouse, and Moorbath (1996) (superscript 1) and maximum deposition ages from U-Pb detrital zircon analyses: 2–Krabbendam et al. 2017; 3–
Rainbird, Hamilton, and Young 2001; 4–Kirkland, Strachan, and Prave 2008; 5–Cawood et al. 2015; 6–Friend et al. 2003; 7–Peters 2001; 8–Cawood 
et al. 2004; 9–Rogers et al. 2001. The intrusive age of the West Highland Granitic Gneiss is also shown on column five as it places a minimum age 
constraint on deposition of the Neoproterozoic sediments.
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above, with individual fault-bounded basin widths similar to the 
thickness of the seismogenic layer (Copley and Woodcock 2016). 
Furthermore, extensional basins exhibit several features in the 
sedimentary architecture that are not observed, such as rapid lat-
eral and vertical facies changes associated with fault-controlled 
changes in accommodation space, volcanic, evaporitic and la-
custrine horizons and variable flow directions (Krabbendam, 
Prave, and Cheer  2008; Matenco and Haq  2020). Post-rift ther-
mal subsidence would be unable to generate the >6 to 9 km of 
accommodation space for the amounts of thinning that could be 
compatible with the deposition of shallow-water sedimentary fa-
cies (McKenzie 1978; Middleton 1989).

Taken together, the presented sedimentological information in-
dicate that the Scottish Neoproterozoic successions accumulated 
in a foreland basin at c. 1.1 to 0.9 Ga, with sediment derived from 
the Grenville orogen (e.g., Rainbird, Hamilton, and Young 2001; 
Kinnaird et al. 2007; Bonsor and Prave 2008; Bonsor et al. 2010; 
2012; Krabbendam, Prave, and Cheer  2008; Krabbendam et  al. 
2017; Krabbendam, Strachan, and Prave 2022). As peak eclogite 
formation and partial exhumation (c. 1.1–0.9 Ga; Figure 8) coin-
cided with sedimentation, we interpret the Glenelg inlier to have 
reached eclogite-facies conditions beneath the foreland basin 
adjacent to the Grenville mountain range. We discuss the impli-
cations of this tectonic interpretation in more detail below with 
respect to paleocurrent directions and paleoreconstructions, after 
first examining the viability of forming eclogites in this setting.

8   |   Discussion

8.1   |   Viable Eclogite-Forming Settings

Our analysis above indicates that the Glenelg eclogites formed be-
neath the foreland basin adjacent to the Grenville mountain belt, 
rather than within an ‘arm’ of the range (e.g., Strachan et al. 2020; 
Bird et al. 2023). We must now establish the mechanism by which 
an eclogite with peak conditions of up to 19 kbar (68 km depth, as-
suming 2800 kg/m3) and 750°C could form in this tectonic setting. 
We consider two possibilities and assess their strengths and weak-
nesses in turn below: (1) a foreland undergoing thick-skinned de-
formation and (2) closure of an ocean basin. We do not explore a 
third possibility that the eclogite formed at the base of ∼70 km-
thick foreland crust in thermal steady state because this scenario 
is made unlikely by (1) requiring foreland crust thicker than is 
observed in any stable continental regions at the present day (by 
≥10 km) and (2) preserved zonation in garnet grains (Figure 4), 
implying limited time spent equilibrating at peak conditions.

8.1.1   |   Thick-Skinned Foreland Deformation

One option for the formation of the Glenelg eclogite involves 
metamorphism at the base of thick orogenic foreland, and sub-
sequent partial exhumation (Figure 13a). Deformation is a neces-
sary prerequisite for causing pressure and temperature conditions 

FIGURE 13    |    Possible tectonic settings for the Glenelg eclogite prior to final exhumation during the Caledonian orogeny. (a) Foreland setting 
analogous to present-day ‘pop-up’ structures, such as the Shillong Plateau in Himalayan foreland (Chen and Molnar 1990) and the San Rafael block 
in the Andean foreland (Olivar et al. 2023). (b) Closing oceanic basin analogous to the incipient closure of the South Caspian basin at the present 
day (Jackson et al. 2002). Given the structural setting of the eclogite and the Caledonian kinematics, the bulk of the Morar, Loch Eil and Glenfinnan 
Group metasediments were deposited to the east of the Glenelg eclogite, and the unmetamorphosed Torridon Group to the west (present-day co-
ordinates; Figure 1).
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to significantly evolve and occurs at the present day in nominally 
‘stable’ regions in the forelands of several orogens, including the 
North and South American Cordillera, Himalayas, Western Alps 
and Pyrenees (Lacombe and Mouthereau 2002). In these regions, 
deformation is often visible at the surface by topographic highs 
formed of uplifted basement and at depth by seismicity through-
out the thickness of the crust (Chen and Molnar  1990; Mitra 
et al. 2005; Wimpenny 2022). Basement uplifts in active ranges 
include the Shillong Plateau in the Himalayan foreland in India 
(Chen and Molnar 1990), the Wind River uplift in the Laramide 
foreland in Wyoming, USA (Smithson et  al. 1979) and the San 
Rafael Block in the Andean foreland in Argentina (Olivar et al. 
2023). Seismological and geodetic results show that the uplift of 
such features is often by slip on steeply dipping reverse faults that 
penetrate the entire seismogenic layer, forming basement ‘pop-
ups’ (Chen and Molnar 1990; Wimpenny 2022). This deformation 
occurs in response to the compressive force transmitted through 
the foreland by an adjacent mountain range (Lacombe and 
Mouthereau 2002; Copley and Woodcock 2016; Wimpenny 2022). 
One possible scenario for the formation of the Glenelg eclogites is 
therefore burial and heating at the base of a thick foreland crust, 
in the footwall of such thrust faults, with final exhumation oc-
curring considerably later, during the c. 470–420 Ma Caledonian 
orogeny.

8.1.2   |   Closure of an Isolated Ocean Basin

A second possibility involves the closure of a minor ocean basin, 
separate from the closure of the main Mirovoi Ocean (Cawood 
and Pisarevsky 2017), to form the Grenville orogen (Figure 13b). 
Such a situation would be analogous to the present-day incip-
ient or recent closure of the South Caspian basin and the sub-
ducted isolated ocean basin that now forms the Hindu Kush 
deep seismic zone (Jackson et al. 2002; Lister et al. 2008; Mellors 
et al. 2012). In this context, eclogite-facies conditions could be 
achieved in the usual situation of deep underthrusting of conti-
nental margin material attached to an oceanic slab and exhuma-
tion following slab break-off.

8.1.3   |   Sedimentary Signatures 
of the Alternative Settings

We distinguish between these alternatives based upon their sedi-
mentary signatures, before demonstrating the thermal viability of 
our preferred model. In the case of thick-skinned foreland defor-
mation, the sedimentary architecture would represent a foreland 
basin, containing individual, spatially limited, basement uplifts. 
Sedimentary routing systems commonly both predate these uplifts 
and are diverted around their limited along-strike extents (e.g., the 
Shillong Plateau in the Himalayan foreland Najman et al. 2016). 
The sedimentary record therefore records a wide region with the 
same sediment source and same broad transport direction, con-
taining small regions of nondeposition that would leave little sedi-
mentary record. In the Grenville context, this depositional setting 
would be dominated by spatially extensive sediments transported 
broadly eastwards, away from the orogen, and sharing a common 
source (Figure 13a). If deposited on continental crust (as underlies 
Scotland), shallow-water facies will dominate, as in present-day 
foreland basins which fill as they form. The resulting geological 

record of this setting therefore resembles that forming in north-
west Scotland at the time of metamorphism of the Glenelg eclogite.

In the case of an isolated ocean basin, the sedimentary depositional 
setting would include a topographically low sediment barrier, and 
feature both shallow- and deep-water facies (Figure 13b; e.g., the 
South Caspian or Black Sea at the present day, which are on the 
order of kilometres deep). This barrier would prevent sediments 
from being transported across it, due to their inability to be trans-
ported up the far side of the basin (Figure 13b). Therefore, in con-
trast to the foreland basin setting described above, the sediments 
on the far side of the closing ocean basin would not be sourced 
from the Greville orogen and would instead be sourced from spa-
tially separate sediment routing systems on the far side of the basin 
(dark brown in Figure 13b). The overall shallow-water facies of the 
Morar, Glenfinnan, and Loch Eil Groups precludes them having 
been deposited in the deep water of such a basin itself (i.e., pale 
blue in Figure 13b), and the easterly directed sedimentary system 
precludes them from having been deposited further east than such 
a basin (i.e., dark brown in Figure 13b).

The structural setting of the Glenelg eclogite and the kinematics of 
the Caledonian deformation show that the bulk of the Morar, Loch 
Eil and Glenfinnan Group metasediments were deposited to the 
east of the Glenelg eclogite, and the Torridon Group was deposited 
to the west (present-day co-ordinates; Figure 1). In either model, 
the Torridon Group would represent deposition on the Grenville 

FIGURE 14    |    Model of the thermal evolution of our proposed 
tectonic setting for the Glenelg eclogite. The black line is a steady-
state geotherm for a 50 km-thick continental crust, calculated using 
the parameters described in the text. The green line is the geotherm 
resulting from instantaneous overthrusting of 20  km of crust (i.e., 
downward advection of the black line). The blue line is the steady-state 
geotherm following thermal re-equilibration (with 70 km-thick crust) 
without erosion. The filled squares mark the Moho position. The grey 
polygon covers the likely range of transient peak conditions in the lower 
crust. See text for detailed explanation. The dashed black line is an 
isentrope for a potential temperature of 1315°C.
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piedmont (left-hand side of Figure 1), so it has limited use in dis-
tinguishing the tectonic setting. However, given the record of only 
easterly directed sedimentation and shallow-water facies in the 
Morar, Loch Eil and Glenfinnan Groups, the sedimentary record 
in northwest Scotland is only consistent with a foreland basin set-
ting punctuated by basement uplifts of limited lateral extent, be-
neath which the Glenelg eclogite could form.

8.2   |   Thermal Viability of Proposed Setting

As the proposed thick-skinned tectonic setting is novel, we here 
test the viability of reaching eclogite-facies P–T conditions in 
this setting. We show below (Figure 14) that this setting is ther-
mally viable, which should not be taken as a reason why this 
model is correct; both alternatives are thermally viable, and it 
is only the other, independent evidence discussed above that 
demonstrates the foreland habitat of the Glenelg eclogite.

The estimated width of the Grenville foreland basin (on the 
order of hundreds of kilometres; see above) implies a foreland 
elastic thickness towards the upper end of those observed at the 
present day (e.g., ≥25 km, as is the case for the ≥200 km-wide 
Himalayan foreland basin in India; Maggi et al. 2000; McKenzie, 
Yi, and Rummel 2015). Such locations generally correlate with 
regions of past high-grade metamorphism and thick lithosphere 
(Jackson et  al. 2008), consistent with the presence of the am-
phibolite- to granulite-facies Lewisian basement now exposed at 
the surface in northwest Scotland. Crustal thicknesses in plate-
like continental interiors (e.g., India) are mostly 40–50 km but 
can be up to 60 km in some regions (e.g., Finland; Korsman et al. 
1999). The combination of P–T estimates from mantle xenoliths, 
estimates of heat production and transport, seismological es-
timates of lithosphere thickness and thermal models fitting 
these observations imply steady-state Moho temperatures be-
neath Precambrian shields of ∼500°C to over 650°C (McKenzie, 
Jackson, and Priestley 2005; Jackson et al. 2008). Disruption of 
this steady-state geotherm by horizontal shortening, vertical 
thickening and the associated heating in the foreland of a moun-
tain belt could result in the P–T conditions we have estimated 
above for burial of ≥10–30 km, for initial crustal thicknesses of 
40–60 km or less if the downwards motion due to foreland flex-
ure is also taken into account. Such a pressure increase is com-
parable to the effects of 10–20 km of slip on the faults bounding 
the southern margin of the Shillong Plateau in the Himalayan 
foreland (Mitra et  al. 2018). Such thickening would result in 
heating because of the increased amount of radiogenic heating 
within the thicker crustal column (i.e., a given concentration of 
heat-producing elements distributed through thicker crust) and 
diffusion of heat from the exhuming hangingwall, so the tem-
peratures achieved by the Glenelg eclogites could be attained. 
Subsequent thrusting in Caledonian times could then exhume 
these rocks to the present-day surface.

We can further test the thermal viability of this tectonic set-
ting by constructing a simple numerical model to illustrate the 
P–T conditions that would result. In Figure  14, the black line 
shows a typical steady-state geotherm for a continental inte-
rior, with 50 km crust, radiogenic heating of 1.5 μW/m3 in the 
upper 30 km of the crust and 0.2 μW/m3 in the lower crust and 
a Moho heat flux of 13  mW/m2 (Gruber et  al. 2021; Rudnick 

and Fountain 1995; Podugu et al. 2017; McKenzie, Jackson, and 
Priestley 2005; Jaupart et al. 1998). These parameters result in 
a lithosphere thickness of 200 km, for a mantle potential tem-
perature of 1315°C. We use a conductivity of 2.5 W/mK in the 
crust and the temperature-dependence suggested by McKenzie, 
Jackson, and Priestley  (2005) in the mantle. The filled square 
marks the Moho. The green line shows the geotherm that would 
result from the instantaneous overthrusting of 20 km of crust, 
showing only the temperature in the footwall of the thrust. This 
geotherm is the same as the black one but transposed down-
wards by 20 km. The blue line shows the geotherm that would 
result from eventual re-equilibration of the temperatures, in 
the absence of erosion, and keeping the lithosphere thickness 
unchanged from the green curve (i.e., the steady-state situa-
tion with the new, greater, crustal thickness). The grey polygon 
shows the region of depth-temperature space between the Moho 
conditions in these steady-state models, which therefore covers 
the region where evolving geotherms could reach peak condi-
tions in the lower crust.

The green curve is unlikely to be achieved in reality because 
tens of kilometres of thrusting is not instantaneous. The blue 
line is equally unlikely because erosion acts to reduce the thick-
ness of 70 km-thick crust before steady-state can be achieved. As 
an illustration of this concept, the characteristic thermal times-
cale for diffusive re-equilibration through the lithosphere is 
given by � = l2∕�2�, where l is the lithosphere thickness, � is the 
thermal diffusivity (∼ 10−6 m2/s for common rock types). If l is 
220 km, � is therefore on the order of hundreds of millions of 
years, so it is unlikely that thermal re-equilibration can occur 
during the time when the crust is thick. The region in the centre 
of the grey polygon is therefore most likely to be sampled in this 
tectonic setting, with finite rates of thrusting and erosion, which 
is in agreement with the conditions experienced by the Glenelg 
eclogite (red box). Our suggested tectonic setting is therefore 
thermally viable.

8.3   |   Constraints on Proterozoic Plate 
Reconstructions

The arguments presented above indicate that the Glenelg eclog-
ite formed in a foreland setting and show how such a setting can 
viably result in the observed eclogite-facies metamorphism. We 
now address the constraints this conclusion places on paleore-
constructions of the Grenville orogen.

The trace of the Grenville orogen is well-constrained across 
Canada and Scandinavia due to the vast and semicontinuous 
associated rock record of metamorphism and deformation over 
thousands of kilometres (Rivers 1997; Rivers et al. 2012; Bingen 
et al. 2021; Weller et al. 2021). The record in the intervening re-
gions is sparse, and limited to the Glenelg inlier in Scotland and 
the Annagh Gneiss Complex in Ireland, meaning reconstruc-
tions are ambiguous between Canada and Scandinavia. Scotland 
is generally positioned between Scandinavia and Greenland/
northeast Canada in reconstructions (Figure 15) based upon well-
established basement correlations with Laurentia (Park  1995; 
Wheeler et al. 2010; Park 2022) and paleomagnetic data (Darabi 
and Piper 2004; Borradaile and Geneviciene 2008). The Glenelg 
eclogite has been used to propose the existence of a third ‘arm’ 
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to the orogen, perpendicular to the trend of the range in Canada 
(Strachan et al. 2020; Bird et al. 2023), in order to reconcile the 
location of Scotland with an eclogite presumed to have formed 
proximal to a suture zone (i.e., within the interior of the deforma-
tion belt).

The broad position of Scotland at c. 1 Ga, adjacent to the exposed 
Archean rocks of southern Greenland (Park 1995), is shown on 
Figure 15, and our results are interpreted in this context. The 
northeast to southeast paleocurrents shown on Figure  12 are 
likely to represent a combination of along- and across-strike 
flow within the foreland basin. Previous studies on the Grenville 
foreland in Canada have suggested dominantly orogen-parallel 
trunk rivers (Rainbird, Hamilton, and Young  2001, Rainbird 
et  al. 2017). In Scotland, although previous studies have sim-
ilarly suggested along-strike flow (Rainbird, Hamilton, and 
Young  2001; Kinnaird et  al. 2007; Krabbendam, Prave, and 
Cheer 2008; Krabbendam et al. 2017), the range of northeast to 
southeast paleocurrents (Figure 12) mean that we instead prefer 
a setting involving flow both perpendicular and parallel to the 
orogen over a wide area. This situation places the Grenville belt 
broadly to the west in the present reference frame of Scotland 
(Figure 15).

As shown in Figure 15 and taking into account the poorly con-
strained orientation of Scotland in these reconstructions due 
to subsequent relative rotations, broadly eastward-directed 
paleocurrents (i.e., in the direction shown on Figure  15) are 
consistent with sediment sources from known exposures of 
the Grenville orogen (e.g., c. 1.65 Ga Trans-Labrador batholith; 

Rainbird, Hamilton, and Young 2001; Krabbendam et al. 2017), 
flowing parallel to, and away from, the mountain belt. Our sug-
gested foreland position is therefore consistent with other in-
formation on the geometry of the Grenville orogen and implies 
that there was no third ‘arm’ of the orogen running through 
northern Scotland. Importantly, this conclusion also reconciles 
the absence of plentiful Grenville-aged metamorphic rocks in 
this region, as would be expected to have resulted from an oro-
gen of this scale. The Grenville range-front may have run be-
tween the outcrops of the Glenelg inlier and the Annagh Gneiss 
Complex (Figures 1 and 15). Furthermore, the concept of signif-
icant convergence between Laurentia and Baltica at this time, 
as required by the third arm of the Grenville orogen, is at odds 
with paleomagnetic data which indicate the region was instead 
characterised by opening of the ‘Asgard’ sea between Greenland 
and Scandivania at this time (Figure 15; Salminen, Elming, and 
Layer  2023; Cawood et  al. 2010; Buchan et  al. 2000; Patchett, 
Bylund, and Upton  1978). Overall, our new tectonic interpre-
tation of the Glenelg eclogite simplifies the geometry of the 
Grenville belt in the British Isles and is consistent with meta-
morphic, sedimentological and paleomagnetic constraints from 
Scotland.

9   |   Conclusions

We have demonstrated that eclogite-facies metamorphism re-
corded in the Glenelg inlier (∼18–19  kbar and 700°C–750°C, 
culminating at c. 1.1–1.0 Ga) occurred beneath a foreland basin 
beyond the range-front of the Grenville orogenic belt. Our 

FIGURE 15    |    Paleoreconstruction for Laurentia, Baltica and Amazonia at c. 1 Ga from Cawood et al. (2007). As per Cawood et al. (2007), the 
continents are shown separated for clarity, even though they formed the supercontinent Rodinia. The black arrow denotes Baltica's clockwise rotation 
from its orientation before c. 1.12 Ga (grey outline Buchan et al. 2000; Salminen, Elming, and Layer 2023).
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results underscore the importance of combining multiple lines 
of evidence from the rock record when interpreting the tectonic 
significance of metamorphic rocks, particularly where outcrop 
is limited. There may well be fewer suture zones preserved in 
the geological record than previously thought.
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