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Abstract

The zircon record of complex high-grade gneiss terrains is key to interpreting their tectonothermal evolution.
Typically, such studies focus on zircon-rich, felsic rocks, which commonly have a complicated (partial melting,
inheritance, partial dissolution, and reprecipitation) zircon record. Here we show that metamorphosed mafic
rocks and their retained partial melts (i.e. in situ leucosomes) provide a record of the evolution of crustal
blocks that is simpler and easier to interpret. We apply our method to the Archaean high-grade gneisses of
the iconic Lewisian complex of NW Scotland and use it to test the proposed terrane model that is based
largely on zircon geochronology. Our work focusses on the mafic migmatites of the central region, where
we identified the long-established metamorphic age clusters of ca. 2.75 Ga and 2.5 Ga, as well as ca. 2.85 Ga
protolith ages. A key finding is that these ages are recognised across both putative terrane blocks of the
central region previously proposed to record different tectonothermal histories. Our oldest (inherited) ages
are similar to those within other blocks outside the central region. Thus, all these blocks likely share a
common pre-metamorphic history, questioning the validity of the terrane model for the Lewisian complex.
We demonstrate that mafic lithologies provide a powerful tool for identifying key stages in the polyphase
evolution of metamorphic complexes that typify Earth’s earliest rock records and offer additional context
for assessing Earth’s geodynamic evolution.
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1. Introduction

Zircon and its U–Pb–Hf–O isotopic and trace el-
ement compositions have been key to understand-
ing crustal processes (Griffin et al., 2002; Rubatto,
2002; Valley et al., 2005) and the generation and
evolution of continental crust (Condie, 1998; Wilde
et al., 2001; Belousova et al., 2010; Dhuime et al.,
2012). In high-grade metamorphic terranes, such as
those that dominate the deeper levels of Archaean
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crust, zircon geochronology is also used to identify
distinct tectonothermal events (e.g. Black et al.,
1986; Kröner et al., 1989; Kelly and Harley, 2005).
Felsic rather than mafic rocks are typically targeted
for such studies because of their relatively high zir-
con abundance. However, Archaean crustal rocks
commonly record complex polyphase histories. Zir-
con grains in felsic rocks can be complex, record-
ing multiple phases of intracrustal magmatic pro-
cesses, including fractional crystallisation, assimi-
lation, fluid interaction, and mixing, mingling and
hybridisation of primary (mantle-derived) and sec-
ondary (crust-derived) melts (Fig. 1B), followed by
one or more metamorphic events (e.g. Whitehouse
et al., 1999; Corfu et al., 2003). Consequently, there
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Figure 1: (Previous page.) The hypothetical zircon record in mafic vs felsic rocks. A) Mafic magmas dissolve most or all
inherited and assimilated zircon due to Zr under-saturation. Zircon only crystallises during late stages of emplacement from
interstitial melts. B) Felsic melts may entrain and retain xenocrystic zircon from their source (inheritance during partial
melting of pre-existing rock or during fractionation from mafic melts) or from assimilated material, because they are typically
at or close to zircon saturation. Throughout magma mixing, fractionation, and final emplacement zircon crystallises around
these older or xenocrystic cores. C) Partial melting in meta-mafic rocks causes partial dissolution of zircon and re-precipitation
of new zircon domains around cores of zircon from the mafic protolith. D) Partial melting in meta-felsic rocks also causes
dissolution and re-precipitation. Cores contain the diverse and complex pre-existing zircon record from the felsic protolith and
its preceding and assimilated zircon-bearing lithologies. E) The comparatively simple zircon record of a mafic migmatite on a
hypothetical concordia, with limited or no inherited grains. Older cores date final emplacement of the mafic protolith, younger
cores formed during prograde metamorphic reactions (e.g. amphibole breakdown) and rims date the leucosome crystallisation.
F) The comparatively complex zircon record of a felsic migmatite on a hypothetical concordia, showing a larger spread of ages
compared to the mafic migmatite (E). The spread of inherited grains stems from detrital meta-sediments and other assimilants
or protoliths. Additionally, zircon forms not only at final emplacement, because felsic magmas reach zircon saturation much
earlier during their evolution. Prograde metamorphism forms zircon, and during high-grade metamorphism partial melting will
occur earlier and zircon will form across a longer time period.

is potential for inheritance, resorption, dissolution
and/or re-precipitation of zircon (e.g. Harley et al.,
2007; Fig. 1F). Taken together, these complicate
the zircon record in felsic rocks from high-grade
gneiss terrains, imparting a range of elemental and
isotopic compositions that are difficult to disentan-
gle and interpret.

Here, we adopt a novel approach to the study
of Archaean high-grade gneiss terrains. Rather
than felsic rocks, we focus on granulite facies mafic
lithologies preserving evidence for partial melt-
ing (i.e. mafic migmatites, Fig. 1C). Our hy-
pothesis is that, compared to felsic rocks, zircon
grains within mafic gneisses and their in situ leu-
cosomes have a relatively simple history, one dom-
inated by protolith-forming magmatic crystallisa-
tion and newly grown zircon recording later high-
grade metamorphic processes (Fig. 1). Most mafic
magmas are mantle-derived or formed by remelting
of ultramafic (i.e. zircon-free) crustal precursors
(Johnson et al., 2014), and zircon in mafic magmas
most likely forms during the final stages of crys-
tallisation (Shao et al., 2018). Consequently, mag-
matic zircon in mafic rocks is not subject to the
same complex magmatic processes or the potential
for inheritance as its felsic counterpart (Fig. 1A,E).

Here, we demonstrate the utility of zircon from
mafic migmatites in unravelling the geological his-
tory of high-grade gneiss terrains. Using the iconic
Meso- to Neoarchaean Lewisian complex of NW
Scotland as a case study, we present new zircon
U–Pb age, isotope and trace element data to as-
sess its metamorphic evolution and interrogate the
terrane model currently debated for that complex
(Friend and Kinny, 2001; Love et al., 2004; Kinny
et al., 2005; Park, 2005; Park et al., 2005; Corfu,

2007; Whitehouse and Kemp, 2010; Crowley et al.,
2015).

2. Geological background

The Lewisian complex is a fragment of Archaean
crust exposed on mainland Scotland (Fig. 2) and
the Outer Hebrides. It comprises grey gneisses of
tonalite–trondhjemite–granodiorite (TTG) compo-
sition with subordinate mafic to ultramafic gneisses
and minor metasedimentary units (e.g. Peach et al.,
1907; Bowes et al., 1964; Cartwright et al., 1985).
The mainland complex is traditionally subdivided
into amphibolite facies northern and southern re-
gions that are separated from a granulite facies cen-
tral region by major shear zones (Fig. 2). Four
tectonometamorphic episodes have been identified,
from older to younger: the granulite facies Bad-
callian event, the subsequent amphibolite and/or
granulite facies Inverian event (mainly recognised
along major shear zones), the intrusion of the ultra-
mafic to mafic Scourie dyke swarm, and, lastly,
the amphibolite facies Laxfordian event (e.g. Sut-
ton and Watson, 1951; Evans, 1965; Park, 1970).

Phase equilibrium modelling has refined esti-
mates of granulite facies peak P–T to 8–10 kbar
and >900 ◦C throughout the central region (John-
son and White, 2011; Feisel et al., 2018), consis-
tent with evidence for partial melting in all litholo-
gies except the ultramafic rocks (Johnson et al.,
2012, 2013). Retrogression initially occurred dur-
ing high-temperature decompression to 7–9 kbar
(Johnson and White, 2011), and P–T conditions
for the amphibolite facies Inverian event have been
constrained to 5–6.5 kbar and 520–550 ◦C (Zirkler
et al., 2012). Estimates for Laxfordian metamor-
phism (in the southern region around Gairloch,
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Figure 2: Simplified geological map of the mainland Lewisian
complex (modified after Johnson et al., 2016). Dashed lines
mark the division into northern, central and southern region
(capital letters) and the proposed terranes (in italics; Kinny
et al., 2005). Ages for the proposed terranes from Love et al.
(2010). Locations 02, 03, 04 are at Cnoc Gorm, location 05

at Scouriemore and location 11 at Loch an Èisg Brachaidh.
See text for more details. LSZ = Laxford shear zone, SL =
Strathan Line

Fig. 2) are 6.5± 1.5 kbar and 530± 20 ◦C (Droop
et al., 1999).

2.1. Geochronology and the terrane model

Although the Badcallian, Inverian and Laxfor-
dian events were originally defined with reference
to particular styles of deformation and metamor-
phism, radiometric ages have since been ascribed to
each of these episodes: 2.8–2.7 Ga and 2.49 Ga for
the Badcallian and Inverian, respectively, 2.4 and
2.0 Ga for the Scourie dykes, and 1.8–1.7 Ga for the
Laxfordian (e.g. Wheeler et al., 2010; Whitehouse
and Kemp, 2010; Goodenough et al., 2013; Davies
and Heaman, 2014). However, interpretations of
the geochronological data differ (e.g. Love et al.,
2004; Corfu, 2007; Taylor et al., 2020) and, as a
result, the tectonic and temporal coherence of the
Lewisian complex continues to be of considerable
debate.

Earlier researchers regarded the mainland
Lewisian as a contiguous sliver of Archaean crust,

in which different crustal levels were exhumed and
juxtaposed along shear zones (e.g. Sutton and
Watson, 1951; Park and Tarney, 1987). By con-
trast, based largely on U–Pb zircon geochronology
predominantly from TTG gneisses, an alternative
view emerged: proponents regard the timing of the
first high-grade metamorphism to be asynchronous
and stress the presence or absence of particular
protolith ages from samples from different areas.
From these interpretations, they infer that the
Lewisian complex comprises an amalgamation
of numerous discrete crustal blocks or terranes
(e.g. Kinny et al., 2005; Park, 2005). Of the
proposed terrane boundaries, one subdivides the
central region into the Assynt block (north) and
Gruinard block (south), respectively (Love et al.,
2004). However, the zircon age data typically form
a smear along concordia (e.g. Whitehouse and
Kemp, 2010; Goodenough et al., 2013), which is
difficult to interpret, and the number of terranes,
their boundaries and the history of accretion re-
main controversial (Kinny and Friend, 1997; Corfu
et al., 1998; Friend and Kinny, 2001; Love et al.,
2004; Kinny et al., 2005; Park, 2005; Park et al.,
2005; Corfu, 2007; Love et al., 2010; Goodenough
et al., 2010; MacDonald and Goodenough, 2013).

The terrane debate has implications for under-
standing not only the geodynamic setting of the
Lewisian, but also the geodynamic style that oper-
ated during the Meso- to Neoarchaean. The age of
the Lewisian complex (ca. 3.1–2.5 Ga) places it dur-
ing the postulated transition from stagnant-lid to
plate tectonics (see Hawkesworth and Brown, 2018,
for an overview). The onset of plate tectonics is
typically dated to ca. 3 Ga (Cawood et al., 2006;
Shirey and Richardson, 2011; Dhuime et al., 2012),
followed by a transition period when both modes
co-existed until plate tectonics was fully established
by about ca. 2.5 Ga (Brown, 2014). Thus, refining
the geochronology of the Lewisian Complex can en-
hance understanding of this key period in Earth’s
geodynamical evolution.

2.2. Mafic–ultramafic complexes

Mafic and ultramafic rocks within the Lewisian
complex range from centimetre- to metre-scale pods
and boudins aligned parallel to the foliation to
larger sheet-like bodies a hundred metres or more
in width and up to two kilometres in strike length
(Peach et al., 1907; Bowes et al., 1964; Rollinson
and Gravestock, 2012; Johnson et al., 2016). Modal
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layering in the larger mafic–ultramafic bodies im-
plies that they represent discrete igneous intrusions
that underwent post-emplacement fractional crys-
tallisation prior to granulite facies metamorphism
(Davies, 1974; Sills et al., 1982; Johnson et al.,
2012, 2016; Guice et al., 2018). In many places, the
mafic–ultramafic bodies are associated with mica-
rich rocks of possible sedimentary and/or volcanic
origin (so-called brown gneisses; Cartwright et al.,
1985).

The genesis and geodynamic implications of the
mafic bodies are not entirely resolved; suggested
models include intrusion as layered complex(es)
(Bowes et al., 1964; Guice et al., 2018), intercala-
tion of oceanic crust during subduction (Tarney and
Weaver, 1987), formation at or near Earth’s surface
(Cartwright et al., 1985; Rollinson and Gravestock,
2012), and/or sagducted remnants of Archaean
greenstone belts (Johnson et al., 2016). Moreover,
it is likely that not all mafic and ultramafic bod-
ies formed by the same process (e.g. Rollinson and
Gravestock, 2012; Guice et al., 2020).

Traditionally, and based largely on field obser-
vations, the mafic bodies are thought to be older
(‘early basic gneisses’, e.g. Goodenough et al., 2013)
than the surrounding ca. 2.9 Ga TTGs (Rollinson
and Windley, 1980; Park and Tarney, 1987), an
inference supported by a single U–Pb zircon age
of ca. 2.96 Ga for a felsic unit which cross-cuts
one of the mafic bodies (Rollinson and Gravestock,
2012). The most widely accepted magmatic age
constraints for the protoliths of the mafic gneisses
are whole-rock Sm–Nd ages of 2943± 91 Ma and
2846± 73 Ma from a hornblendite at Gruinard Bay
(Gruinard block; Whitehouse et al., 1996). These
ages are supported by 207Pb/206Pb zircon data
from the same locality that give an age range of
2857± 25 Ma to 2650± 5 Ma (Whitehouse et al.,
1997), in which the older age might date magma-
tism. Corfu et al. (1998) interpret a zircon age of
2826 Ma from this locality to date intrusion of the
gabbroic protoliths. However, as all of these pro-
tolith ages stem from the same locality, and not all
mafic and ultramafic bodies necessarily share the
same origin (e.g. Guice et al., 2020), further esti-
mates of protolith ages are needed. Isotope dilution
analysis of U–Pb in zircons from a mafic gneiss at
Badcall (Assynt block) yielded a variety of ages,
including 2711 Ma and 2701 Ma, interpreted by the
authors to date granulite facies (Badcallian) meta-
morphism (Corfu et al., 1994).

3. Samples and analytical procedures

A total of 15 samples (Table S2) of mafic gneiss,
in situ leucosome, and cross-cutting felsic sheets
that interconnect (and are considered to be con-
temporaneous) with the leucosomes were collected
from three localities at Cnoc Gorm (southern part
of the Laxford shear zone; Fig. 2 and 3A,B), one lo-
cality at Scouriemore (northern part of the central
region, the postulated Assynt terrane; Fig. 2 and
3C) and one locality at Loch an Èisg Brachaidh
(southern part of the central region, the postulated
Gruinard terrane; Fig. 2 and 3D).

All samples were collected from larger, inter-
nally coherent bodies of mafic material (e.g. John-
son et al., 2012; Guice et al., 2020, also see sec-
tion 2.2) rather than the lenticular pods ubiqui-
tous in the grey gneisses (Rollinson and Grave-
stock, 2012) or the mafic portion of compositionally
banded gneisses. The precise petrogenesis and em-
placement mechanisms for the protoliths is debated
(see section 2.2), but our samples of mafic gneisses
are basaltic in composition (whole rock data in Sup-
plementary Material Table S1 and Fig. S1), and are
interpreted as metamorphosed gabbros (cf. Johnson
et al., 2012).

These mafic gneisses, or metagabbros, typi-
cally are medium-grained amphibole-plagioclase
gneisses, some with and some without garnet, and
may contain accessory minerals such as titanite.
They show a subtle but pervasive foliation. Their in
situ leucosomes are typically coarser-grained quart-
zofeldspathic veins and contain large clots of amphi-
bole (interpreted to replace peritectic pyroxene; e.g.
Fig. 3a,b) and in some places garnet. They range
from a few mm to several dm in width, show a mafic
selvedge at the contact to their mafic host (Figure
3a,b) and can often be traced to feed into larger
felsic sheets, which are also quartzofeldspathic but
largely lack peritectic phases. More detail on the
samples is provided in Supplementary Material sec-
tion 1.

Zircons (see Supplementary Material Table S2 for
more detail on zircon size, morphology and colour)
were hand-picked, mounted in one-inch epoxy discs,
and imaged using back-scattered electron (BSE)
and cathodoluminescence (CL) techniques (Fig. 4)
on a JEOL 8600 superprobe at University of St An-
drews. Secondary ion mass spectrometry (SIMS)
analyses were performed at the NERC Ion Micro-
probe Facility (EIMF, at the University of Edin-
burgh), using the CAMECA IMS-1270 for U–Pb
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Figure 3: Photographs of field relationships. A Cnoc Gorm (loc. 02): in situ leucosome with pegmatitic texture, containing large
crystals of amphibole (replacing peritectic clinopyroxene) and plagioclase (sample 02B), in contact with mafic gneiss (sample
02A, garnet-bearing and close to the contact; 02D without garnet, ca. 30–50 cm away). Note thin selvedge of hornblende at
the contact as well as petrographic continuity between the pegmatitic leucosome and interstitial leucosome within the mafic
gneiss. (67mm lens cap for scale) B Cnoc Gorm (loc. 03): in situ leucosome with 1–5 cm sized patches of amphibole (replacing
peritectic clinopyroxene; sample 03B) again showing a selvedge of amphibole. (Hammer for scale) C Scouriemore (loc. 05):
locally-derived (in source) felsic sheet (sample 05C) cutting through garnet-bearing mafic gneiss. (Hand lens is 4 cm thick) D

Loch an Èisg Brachaidh (loc. 11): in situ leucosome and melt pool (samples 11B1 and 11B2), both in petrographic continuity
with smaller-scale interstitial leucosome. (Hammer for scale 36 cm long).

dating, followed by trace element analysis on the
CAMECA IMS-4f. Hf isotopes were analysed us-
ing a New Wave Research UP193FX excimer laser
ablation unit attached to a ThermoScientific Nep-
tune Plus MC–ICP–MS at the NERC Isotope Geo-
science Laboratory (NIGL), Keyworth. Analyses of
unknowns and standards were performed on the ex-
act same spot or, where impossible, within the same
growth zone as identified by CL/BSE imaging. An-
alytical procedures and conditions are outlined in
Supplementary Material S2.

4. Results

4.1. Zircon geochronology

After initial screening of data for discordance,
high 204Pb contents, and comparison of calculated
vs. measured 208Pb/206Pb ratios (see Supplemen-
tary Material S3), clusters of ages were identified
and weighted average, concordia or discordia inter-
cept ages calculated. Outliers were omitted when
calculating a combined age, as discussed in Supple-
mentary Material S3. Unless noted, uncertainties in

6



03B - S37 CL03Dma!c - S26 CL02A - S05 CL 02B - L113 CL 02B - M185 CL02D - S08 CL

Cnoc Gorm
mafic gneiss leucosome mafic gneiss leucosome

11B
1
 - L83 CL 11B

1
 - M87 CL 11B

2
 - L31 CL 11B

2
 - L33 CL 11C - M05 CL 11C - M09 CL

Loch an Èisg Brachaidh
leucosome melt pod felsic sheet

11A - S44 CL 11A - S45 CL 11A - S46 CL 11D - S74 CL 11D - S90 CL 11D - S106 CL

Loch an Èisg Brachaidh
mafic gneiss mafic gneiss (amphibolite)

05B3-II - S05 CL 05C - M160 CL 05C - M170 CL04 - L23 CL 04 - L26 CL 04 - M54 CL

Cnoc Gorm
large felsic sheet

Scouriemore
leucosome felsic sheet

Figure 4: Cathodoluminescence images of exemplary zircons, illustrating the complex zonation patterns; white bars at the
bottom left of each image are 100µm wide.

the text are 95 % confidence intervals. An overview
of our interpreted ages is given in Table 1.

4.1.1. Cnoc Gorm (S part of Laxford shear zone)

At the first Cnoc Gorm locality, two mafic
gneisses (samples 02A, 02D) and an in situ leuco-
some (sample 02B) yielded zircon. Zircons from
sample 02A (Fig. S3) yielded a concordia age of
2491.4± 10.0 Ma (n = 5, MSWD = 2.4) from dates
on ten core analyses. Six dates from rims give
a concordia age of 2484± 10 Ma (n = 5, MSWD
= 2.5) and an unzoned grain gave two dates of

2479± 6 Ma and 2488± 8 Ma. Since all dates are
identical within error, combining all data yields a
concordia age of 2483.7± 6.9 Ma (n = 12, MSWD
= 1.6; Fig. 5A). Sample 02D only yielded one zir-
con grain with a core age of 2458± 8 Ma (n = 2)
and a rim age of 2444± 4 Ma.

Leucosome sample 02B (Fig. S3) has a concordia
age of 2491.9± 7.8 Ma (n = 9, MSWD = 1.9) based
on ten dates on cores, whereas the rims had four
analyses with a concordia age of 2492.2± 8.4 Ma
(n = 4, MSWD = 1.06). Two analyses are notably
younger (1818± 48 Ma and 1778± 32 Ma). Again,
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the ages of core and older rim populations are
identical within uncertainty and give a combined
concordia age of 2491.1± 6.6 Ma (n = 13, MSWD
= 1.6, Fig. 5A).

At the second locality a leucosome (sample 03B)
and a mafic gneiss (sample 03D) contained zircon
(Fig. S4). In the mafic gneiss, 13 analyses were
obtained across all domains. Unzoned grains and
some cores comprise a group with a concordia age
of 2475.0± 6.9 Ma (2σ, n = 3, MSWD = 0.44),
whereas the rims and the other cores yielded two
groups with concordia ages at 1820± 25 Ma (n =
3, MSWD = 0.98) and 1770.3± 5.7 Ma (2σ, n = 5,
MSWD = 0.98), respectively.

In the leucosome (03B), only one grain showed
a core–rim zonation with a 207Pb/206Pb age of
2595± 74 Ma for the core and 2521± 8 Ma for
the rim. Ten analyses on unzoned grains gave a
concordia age of 2495.6± 9.9 Ma (n = 6, MSWD
= 2.3), and one much younger date at 1754± 8 Ma.

The third locality is a large felsic sheet that cross-
cuts the hill and extends laterally for several hun-
dred metres. One sample (04) yielded eight dates
from zircon cores, 11 from intermediate zones, 16
from rims and one from an unzoned grain. There
is no apparent correlation between age and do-
main, but two age trends are present (Fig. 5B),
one around 2500 Ma and another around 2700 Ma.
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The younger cluster (2527–2471 Ma) defines a dis-
cordia with an upper intercept at 2520± 36 Ma
and a lower intercept at 1851± 660 Ma (n = 11,
MSWD = 1.4) whereas the older cluster (2759–
2663 Ma) defines a discordia with an upper inter-
cept at 2770± 180 Ma and a lower intercept at
2543± 410 Ma (n = 19, MSWD = 1.5, Fig. 5B).
In both cases, although associated with large un-
certainties, the intercept ages are similar to ages
reported from elsewhere in the Lewisian complex
(e.g. Corfu et al., 1994; Zhu et al., 1997; Kinny and
Friend, 1997; Love et al., 2004), and are probably
meaningful.

4.1.2. Scouriemore (Assynt block)

Three leucosomes (samples 05B1+2, 05B3-I,
05B3-II) and a 20 cm wide, cross-cutting felsic sheet
(sample 05C) yielded zircons (Fig. 6).

In sample 05B1+2, 13 dates from cores define a
concordia age of 2747.8± 8.5 Ma (n = 6, MSWD =
1.3). Nine dates on rims span from 2731–2473 Ma,
and only concordia-parallel discordia with intercept
ages that vary by more than 200 Ma can be cal-
culated. Hence, meaningful ages are difficult to
extract. For sample 05B3-I, six dates from cores,
six from rims and 17 from unzoned zircons yield
a total range of dates from 2873–2477 Ma with no
systematic pattern between age and domain, al-
though a small cluster defines a concordia age of
2515.7± 9.7 Ma (n = 5, MSWD = 1.8). For sample
05B3-II, four dates from cores, four from intermedi-
ate zones, nine from rims, and eight from unzoned
grains span ages from 2813–2489 Ma. Again, there
is no apparent clustering or systematic relationship
between domain and age, thus no combined age can
be calculated for this sample.

In the felsic sheet (sample 05C), seven dates were
obtained from cores and 14 from rims. All analyses
span a near-continuous spectrum of ages from 2939
to 2499 Ma, with a conspicuous absence of dates
between 2696 and 2575 Ma. Similar age gaps are
observed in all samples (Fig. 6).

4.1.3. Loch an Èisg Brachaidh (Gruinard block)

Two mafic gneisses (samples 11A, 11D; Fig. S5)
and three felsic rocks (leucosome 11B1, felsic pod
11B2, felsic sheet 11C; Fig. S6) were sampled at
this locality. In mafic gneiss sample 11A (Fig. 7),
two dates were obtained from a core, two from a
rim and 10 from unzoned grains, yielding two age
clusters: one at ca. 2500 Ma with a concordia age of
2515.6± 12.0 Ma (n = 6, MSWD = 1.9), and one
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Figure 6: Plots of all zircon 207Pb/206Pb ages in
Scouriemore leucosome samples 05B1+2, 05B3-I, 05B3-II
and felsic sheet sample 05C (centre). Error bars are 2σ (in
most cases less than the symbol size). Concordia ages can be
calculated for samples 05B1+2 (top) and 05B3-I (bottom).

at ca. 2750 Ma, defining a discordia with an upper
intercept age of 2755.1± 8.8 Ma (n = 6, MSWD =
1.5) and a lower intercept at 232± 510 Ma. An-
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choring the discordia at either present day or a
Grampian age (470 Ma) gives, within uncertainty,
the same upper intercept ages. Notably, one un-
zoned grain has an age of 2756± 20 Ma at its centre
and 2521± 14 Ma towards the edge.

In the other mafic gneiss sample 11D (Fig. S5),
16 dates were obtained from cores, three from
intermediate zones, ten from rims and one un-
zoned grain with two dates of 3027± 24 Ma and
2530± 10 Ma, respectively. The younger rims and
the younger date from the unzoned grain de-
fine a discordia with an upper intercept age of
2520± 15 Ma (n = 5, MSWD = 2.5, lower intercept
at 1088± 440 Ma). Of the remaining data, eight are
similar in 207Pb/206Pb age and define a concordia
age of 2768.1± 6.7 Ma (n = 8, MSWD = 1.17).

Leucosome sample 11B1 (Fig. 7) has seven
dates from cores that define a concordia age of

Table 1: Summary of zircon population ages of this study

sample population Age (n, MSWD)

rock type

Cnoc Gorm

...02A cores 2491± 10 Ma (5, 2.4)

mafic gneiss rims 2484± 10 Ma (5, 2.5)

all 2484± 7 Ma (12, 1.6)

...02B cores 2492± 8 Ma (9, 1.9)

leucosome rims 2492± 8 Maa (4, 1.06)

all 2491± 7 Ma (12, 1.6)

...02D core 2458± 8 Mab

mafic gneiss rim 2444± 4 Mac

...03B unzoned 2496± 10 Mad

leucosome

...03D older 2475± 7 Mae (3, 0.44)

mafic gneiss younger 1820± 25 Ma (3, 0.98)

1770± 6 Ma (5, 0.98)

...04 older 2770± 170 Ma* (19, 1.5)

felsic sheet younger 2520± 36 Ma * (11, 1.4)

Scouriemore

...05B1+2 older 2748± 9 Ma (6, 1.3)

leucosome

...05B3-I younger 2516± 10 Ma (5, 1.8)

leucosome

Loch an Èisg Brachaidh

...11A older 2755± 9 Ma* f (6, 1.5)

mafic gneiss younger 2516± 12 Mag (6, 1.9)

...11D older 2768± 7 Ma (8, 1.7)

mafic gneiss younger 2520± 15 Ma* (5, 2.5)

...11B1 cores 2741± 14 Ma (4, 2.4)

leucosome rims 2496± 12 Ma (6, 2.0)

11B2 cores 2733± 21 Ma (3, 2.1)

melt pod rims 2502± 10 Ma (8, 1.5)

...11C unzoned 2724± 16 Ma* (4, 2.9)

felsic sheet rims 2510± 22 Ma* (7, 1.16)

* denotes upper intercept age, all others are concordia ages.
a two rims of 1818 Ma & 1778 Ma
b two spots on same core
c single spot on rim
d one age of 1754± 8 Ma
e contains only cores
f 2756 Ma (unzoned grain - centre)
g 2521 Ma (unzoned grain - edge)

2740.5± 14.0 Ma (n = 4, MSWD = 2.4) and
12 dates from rims with a concordia age of
2496.3± 12.0 Ma (n = 6, MSWD = 2.0). One
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date from an intermediate zone is significantly older
(3079± 30 Ma), but is 11 % discordant. The former
melt pod sample 11B2 has five dates from cores
that define a concordia age of 2733± 21 Ma (n =
3, MSWD = 2.1; Fig. S6). One core and one
intermediate zone have significantly older ages of
2854± 16 Ma and 2809± 8 Ma, respectively. Nine
dates from rims, combined with two more interme-
diate zones of similar age, define a concordia age of
2501.8± 10.0 Ma (n = 8, MSWD = 1.5).

In felsic sheet sample 11C, one 11.4 % discor-
dant date on a core and three from intermediate
zones (two are 10 % and 5.5 % discordant) define a
discordia (Fig. S6) with an upper intercept age of
2724± 16 Ma (n = 4, MSWD = 2.9; lower intercept
at 264± 260 Ma) or 2735± 19 Ma (MSWD = 2.6)
when anchored at a 470 Ma Grampian age. Two
other analyses from intermediate zones are much
older at 2897± 16 Ma and 3149± 14 Ma, the lat-
ter (8.1 % discordant) is the oldest date obtained
in this study. Two further dates from an interme-
diate zone are much younger at 2543± 12 Ma and
2527± 12 Ma. Seven of the nine dates from rims
fall on a discordia line, with an upper intercept age
of 2510± 22 Ma (n = 7, MSWD = 1.16, lower in-
tercept at 709± 250 Ma) or 2494.5± 10.0 Ma when
anchored at 470 Ma. The other two rims are older
at 2936± 22 Ma and 2628± 16 Ma.

4.2. Zircon Hf isotopic composition

4.2.1. Cnoc Gorm (S part of Laxford shear zone)

The Hf isotopic composition of zircons from
Cnoc Gorm samples are shown in Fig. 8 (top
panel). At the first sample locality, both mafic
gneisses (samples 02A, 02D) have similar Hf iso-
topic compositions with 176Hf/177Hfi of 0.280998–
0.281048 (εHf = −9.5 to −2.7) and 0.281046–
0.281068 (−6.7 to −4.9), respectively. Most leu-
cosome grains (sample 02B) are of identical com-
position at 0.281028–0.281088 (−5.53 to −3.2), but
two younger rim analyses are significantly more ra-
diogenic at 0.281462 and 0.281557 (−5.8 and −3.3).

At the second sample locality, the older zircon
domains in the mafic gneiss (sample 03D) have Hf
isotope ratios indistinguishable from zircon in the
mafic gneisses at the first locality, with 176Hf/177Hfi
of 0.280993–0.281060 (−7.1 to −4.2). The younger
domains (all rims and a few of the cores) are again
more radiogenic and show a larger range in values
at 0.281412–0.281607 (−7.2 to −1.7). In the leu-
cosome (sample 03B), the older analyses are iden-
tical to the mafic gneisses from both localities,
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Figure 8: 176Hf/177Hfi vs. 207Pb/206Pb age for zircons from
all samples; Cnoc Gorm (top), Scouriemore (middle), and

Loch an Èisg Brachaidh (bottom). No differentiation was
made between different zircon growth domains, since there
is no clear systematic pattern. Note change in scale between
Cnoc Gorm and the other two localities.

with 176Hf/177Hfi of 0.280992–0.281040 (−7.7 to
−3.1). One younger analysis on an unzoned grain
is slightly more radiogenic (0.281138 or −18.8), but
differs significantly from the other younger Cnoc
Gorm analyses.

In the large felsic sheet (sample 04), zircons
have a fairly consistent Hf isotopic composition of
0.280958–0.281013 (mean of 0.280984± 0.000014)
over their entire age range from 2809–2471 Ma with
near-chondritic values in the oldest grains (εHf =
−7.7 to −0.1).
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4.2.2. Scouriemore (Assynt block)

All leucosome zircons (samples 05B1+2, 05B3-
I and 05B3-II) have similar 176Hf/177Hfi values
(Fig. 8, middle panel) between 0.280968–0.281014
(mean = 0.280989± 0.000013), with five slightly
more radiogenic analyses (up to 0.281088), and they
are virtually constant across the entire age range of
2873–2478 Ma. In the felsic sheet (sample 05C), zir-
cons show an equally constant, but slightly more
radiogenic, Hf isotopic composition of 0.281043–
0.281073 (mean = 0.281055± 0.000010) across
their entire age range (2939–2499 Ma). Two anal-
yses are less radiogenic (0.280916 and 0.280960).
The difference between the mean values from leu-
cosomes and felsic sheet equates to about two εHf
units. Notably, the outliers (more radiogenic in the
leucosomes and less radiogenic in the felsic sheet)
fall in the range of the respective other sample
(Fig. 8).

4.2.3. Loch an Èisg Brachaidh (Gruinard block)

These samples form a horizontal trend (Fig. 8,
bottom panel) on a plot of 176Hf/177Hfi
vs. 207Pb/206Pb age (i.e. have a constant
176Hf/177Hfi composition). The whole sample
set, with the exception of a more radiogenic
core in mafic gneiss sample 11D, is indistin-
guishable from the Scouriemore leucosome with
176Hf/177Hfi of 0.280949–0.281042 and a mean of
0.280992± 0.000023.

4.3. Ti-in-zircon thermometry

Zircon crystallisation temperatures (T zirc) based
on the Ti concentration as analysed by SIMS were
calculated using the calibration of Ferry and Wat-
son (2007). Due to the absence of rutile in all
but one sample (i.e. αTiO2

< 1), all temperatures
are minima and have an estimated uncertainty of
ca 50 ◦C (see Supplementary Material S4). Al-
most all samples have T zirc values of 750–850 ◦C
(Fig. S7). Notably, at Cnoc Gorm several zircons
show significantly lower T zirc of less than 600 ◦C,
all of which correspond to grains with younger ages
(1800–1700 Ma). In the felsic sheet (sample 05C)
at Scouriemore, in particular the older (inherited?)
zircon domains record slightly lower T zirc of 700–
800 ◦C. The amphibolite (sample 11D) at Loch
an Èisg Brachaidh also records lower T zirc (650–
700 ◦C), but this may be due to a lack of quartz
(i.e. αSiO2

< 1).

5. Discussion

5.1. Hf isotopes

Two broad groups of 176Hf/177Hfi can be
recognised in the Archaean zircons (Fig. 8): (i)
0.28095–0.28105, defined by the felsic sheet at
Cnoc Gorm, the leucosomes at Scouriemore and
all samples at Loch an Èisg Brachaidh, and (ii)
0.28100–0.28110, which typifies the remaining
samples. Whitehouse and Kemp (2010) report
identical values from two associated tonalite
gneisses and also note the constancy of Hf isotopic
composition across all 207Pb/206Pb ages. This
consistency in 176Hf/177Hfi, as indicated by hor-
izontal arrays in Fig. 8, is indicative of variable
Pb-loss (i.e. partial resetting of the U–Pb clock)
during recrystallisation and/or dissolution and
re-precipitation, without any significant exchange
of Hf (i.e. incorporation of more radiogenic Hf)
with the surrounding rock (e.g. Gerdes and Zeh,
2009; Whitehouse and Kemp, 2010; O’Brien and
Miller, 2014). This variable resetting, due to one or
more episodes of high-grade metamorphism, also
explains typical data from Lewisian zircons that
‘smear’ along concordia (Whitehouse and Kemp,
2010; Goodenough et al., 2013).

The younger, 1800–1700 Ma analyses in mafic
gneisses and leucosomes (rims and a few cores from
samples 03D and 02B) from Cnoc Gorm (located
within the Laxford shear zone) have more radio-
genic Hf isotopic compositions. Thus, their com-
position cannot be explained by Pb-loss alone but
must reflect incorporation of more radiogenic Hf
from the surrounding rock at the time of their for-
mation. Using the 176Lu/177Hf bulk rock ratio
of sample 02B (0.0220) to calculate a Hf isotope
evolution line reproduces the appropriate composi-
tions at around 1800 Ga. This 176Lu/177Hf value,
albeit somewhat high for a felsic rock, is typical
for mafic (Archaean) crust (e.g. Whitehouse and
Kemp, 2010; Dhuime et al., 2012).

5.2. Ages

Many of the Lewisian samples show a smear of
near-concordant to concordant dates along the con-
cordia line, a feature common to samples from the
Lewisian complex (Kinny and Friend, 1997; Love
et al., 2004; Whitehouse and Kemp, 2010; Goode-
nough et al., 2013; Taylor et al., 2020). Evidence
from Hf isotope data (see above) suggests that this
is a result of variable ancient Pb-loss. Thus, the
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upper-end of a smear would represent the date with
little or no Pb-loss and, hence, the best estimate for
the age of an event before the U–Pb system was dis-
turbed by later (tectonothermal) processes.

Plots of 207Pb/206Pb ages sorted in ascending or-
der (e.g. Fig. 6) show ramps and flats, the former
defined by very few ages and the latter where many
analyses fall. Ages older than 2.8 Ga are rare and
are considered to reflect magmatic crystallisation
(protolith) ages (in the case of the mafic gneisses)
or inheritance from their source rocks (in the case
of the leucosomes and felsic sheets). The flats gen-
erally occur at 2800–2700 Ma and ca. 2500 Ma and
are considered to be related to discrete tectonother-
mal events, reflecting effective resetting and/or new
growth of zircon at those times. Since cores and
rims of similar age are intermingled, we suggest that
much of the data reflect variable resetting of indi-
vidual domains.

The three metamorphic episodes inferred from
the zircon age data correspond to the well-
established metamorphic episodes in the Lewisian
complex (Fig. 9): the older metamorphic event,
dated at around 2.8–2.7 Ga, corresponds to the first
granulite facies event, the Badcallian. The second
high-grade event, at around 2.5 Ga, we relate to
the Inverian episode. The younger clusters at
around 1.8 Ga are interpreted to be related to the
Laxfordian episode.

The gneisses and leucosomes within the southern
part of the Laxford shear zone (at Cnoc Gorm) con-
tain relatively well-defined populations at ca. 2.49–
2.48 Ga and ca. 1.8–1.7 Ga (i.e. Inverian and Lax-
fordian), respectively (Fig. 9, Table 1). Only
two analyses had an older 207Pb/206Pb age of
ca. 2.62 Ga, which we interpret as incomplete reset-
ting of older (perhaps Badcallian) zircon (also see
Taylor et al., 2020). These findings are consistent
with previous interpretations of the Laxford shear
zone as one of the structures that localised over-
printing during the Inverian (Evans, 1965; Zirkler
et al., 2012) and reactivated during the Laxfordian
(Goodenough et al., 2010).

Zircons from the Assynt block (Scouriemore sam-
ples) show the most pronounced smear along con-
cordia. Badcallian ages are represented by the dom-
inant age of ca. 2.75 Ga, either as concordia age
(sample 05B1+2) and/or as the upper end of the
age array (the other samples). The single 2516 Ma
population age and the lower end of the age arrays
at 2.5–2.47 Ga are, within uncertainty, typical In-

verian ages. The oldest ages after the gap in the
zircon age array (i.e. ca. 2550 Ma) may reflect the
onset of Inverian resetting, possibly the hypothe-
sised high-grade ‘early Inverian’ (Corfu, 2007).

In the Gruinard block (Loch an Èisg Brachaidh)
samples, two age clusters are prominent, one
at ca. 2.75 Ga and one at 2.52–2.5 Ga, inter-
preted to represent the Badcallian and Inverian
events, respectively. Although overlapping within
uncertainty, populations in the mafic samples
(2768–2755 Ma) slightly pre-date those in the
leucosome(s) (2740–2725 Ma). Nonetheless, the
leucosome ages reproduce well published metamor-
phic ages of ca. 2730 Ma (Whitehouse et al., 1997;
Love et al., 2004) for felsic rocks of the southern
parts of the central region (Gruinard block).

The zircon data from the felsic sheet at Cnoc
Gorm (sample 04) show much more geochronolog-
ical similarity to the Scouriemore granulites of the
Assynt block (and the Loch an Èisg Brachaidh
samples in the Gruinard block) than to the mafic
gneisses or leucosomes at Cnoc Gorm. Again, we
interpret the older age of ca. 2.75 Ga to represent
the Badcallian and the younger age of ca. 2.5 Ga as
the Inverian. There is no credible date that corre-
sponds to the Laxfordian event. The differences to
the rest of the Cnoc Gorm samples suggests that
the main source of the felsic sheet lies in another
rock volume. Similarity to the Scouriemore gran-
ulites may point to a source either in Scouriemore
and the surrounding area or more likely its equiv-
alent at deeper structural levels (underneath the
Cnoc Gorm area).

Consequently, during granulite facies (Bad-
callian) metamorphism, Cnoc Gorm and similar
rock packages (presently located in the southern
part of the Laxford shear zone) may have been
at a shallower structural level compared to areas
further south (such as Scouriemore, i.e. the Assynt
block). Badcallian metamorphism affecting the
deeper crustal levels (equivalents of the Assynt
block) would have generated melts with inherited
Badcallian zircons that rose to shallower levels at
Cnoc Gorm (and environs) that were themselves
unaffected by the same high-grade conditions. In
this scenario, blocks in the Laxford shear zone
represent an intermediate stage between the deep,
high-grade Assynt block and the shallower, lower-
grade northern region rocks (Rhiconich block)
north of Laxford. Both blocks would then repre-
sent different crustal levels of the same coherent
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Figure 9: Summary of new zircon geochronology from across the central region, with the established Lewisian events at the
top for reference. Where absent, error bars are smaller than the symbol.

crust juxtaposed along a major crustal shear zone
(as per earlier interpretations, e.g. Sutton and
Watson, 1951; Evans, 1965; Park, 1970), rather
than tectonically juxtaposed terranes (Kinny and
Friend, 1997; Friend and Kinny, 2001; Love et al.,
2004; Kinny et al., 2005; Love et al., 2010).

Several pre-Badcallian ages are found in mafic
gneisses of both the Assynt and Gruinard block
(e.g. 2833–2800 Ma in sample 11D at Loch an
Èisg Brachaidh) and their leucosomes (e.g. dates of
2900–2850 Ma at Scouriemore) as well as their asso-
ciated felsic sheets (analyses older than 2850 Ma in
05C and 11C). We interpret these as (now partially
reset) zircons that formed during crystallisation of
the magmatic protoliths. Although zircon abun-
dance in mafic rocks is certainly lower than that in
felsic rocks, there are numerous examples of igneous
zircons occurring in mafic and metamafic rocks (e.g.
Kröner et al., 2006; Scoates and Wall, 2015, and ref-
erences in the latter). Thus, we consider the recur-
ring ca. 2850 Ma age to represent the magmatic age

of the mafic protoliths, in agreement with published
Sm–Nd ages of 2943 Ma and 2846 Ma for mafic bod-
ies at Gruinard (Whitehouse et al., 1996).

The pre-Badcallian ages in the felsic sheets were
likely inherited from their (mafic gneiss) source
rocks. Similar older ages in many TTG gneisses
of the Lewisian complex are generally interpreted
to date TTG magma emplacement (e.g. Friend
and Kinny, 1995). In our interpretation, they
do not necessarily date TTG magma emplacement
but may represent inheritance from the TTG-melt-
producing mafic protolith, analogous to our obser-
vation of 2850 Ma inherited ages in the leucosomes.

5.2.1. Using the Hf–U–Pb relationship to estimate
ages of crust formation

As many zircons experienced Pb-loss, calculat-
ing Hf model ages based on their Hf composi-
tion would result in a large spread of apparent
mantle-extraction ages. However, extrapolating
the population arrays on plots of 176Hf/177Hfi
vs. 207Pb/206Pb age back to the oldest grains pro-
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vides a more robust initial age for the given Hf
isotopic composition. This assumes that the DM
model is representative of the mantle source for the
Lewisian crust and that the age of the Hf lock-in is
still represented in the dataset, which is reasonable
for cases where the array (almost) reaches the DM
evolution line.

The array of zircon ages in felsic sheet 05C
stretches almost to the DM evolution line and one
(inherited) grain (2939 Ma) lies, within uncertainty,
on it. Interpreting this as evidence for a DM source
for the protolith of this sheet, this array would rep-
resent crust formation at ca. 2960–2940 Ma, an age
commonly cited as a prevalent protolith (i.e. TTG
crystallisation) age in the Lewisian complex (e.g.
Friend and Kinny, 1995; Whitehouse et al., 1996;
Kinny et al., 2005; Whitehouse and Kemp, 2010;
MacDonald et al., 2015).

An even older mantle extraction event is sug-
gested by the arrays and inherited zircon grains
in felsic sheets from opposite ends of the central
region (i.e. sample 04 from Cnoc Gorm and 11C
from Loch an Èisg Brachaidh, respectively). Ex-
trapolating horizontally back to the DM evolution
line (i.e. assuming mainly Pb-loss from a pro-
tolith zircon population, analogous to above ex-
ample) would require a mantle-extraction event >
3000 Ma. This extraction does not necessarily im-
ply emplacement of the mafic bodies or the TTGs,
but more likely relates to an ultramafic precursor,
which was re-melted to produce the mafic magma
that formed the mafic bodies (multi-stage crust for-
mation, e.g. Johnson et al., 2014). Three analy-
ses of zircons have ages around 3027 Ma (2.1 % dis-
cordant), 3079 Ma (11.2 % discordant) and 3149 Ma
(8.1 % discordant, 176Hf/177Hfi = 0.280750). The
former two would be in agreement with a crust-
forming event at around 3050 Ma, picked up in
the Pb-loss arrays of the Lewisian samples with
less radiogenic Hf compositions. The latter age
would require mantle-extraction, and thereby di-
version from the DM evolution, significantly before
3150 Ma, as the 176Hf/177Hf value for that zircon
analysis is already less radiogenic than DM at that
time (176Hf/177HfDM at 3150 Ma = 0.28092). Al-
ternatively, the protoliths to the Lewisian gneisses
were not derived from a DM source (cf. Whitehouse
and Kemp, 2010).

5.3. Ti-in-zircon thermometry

All zircon analyses with pre-Laxfordian ages
show similar Ti-in-zircon temperatures of 750–

850 ◦C, which are comparable to findings for zir-
cons from the Scourie area (MacDonald et al.,
2015), but significantly lower than the most recent
estimates on peak metamorphic temperatures (>
900 ◦C; Johnson and White, 2011; Johnson et al.,
2013; Feisel et al., 2018). However, since most
samples lack rutile, these temperatures are minima
and are consistent with published estimates. Zir-
cons grown during both the Badcallian and Inverian
metamorphic events record similar (peak) temper-
atures. Notably, our data are coherent within a
sample, but also across samples from allegedly dif-
ferent crustal blocks. The younger grains of Laxfor-
dian age mainly record much lower temperatures of
500–600 ◦C, in good agreement with published esti-
mates for the Laxfordian of ca. 530 ◦C (Droop et al.,
1999).

5.4. Implications for the Terrane model

The terrane model (Kinny et al., 2005; Love
et al., 2010), which suggests that the (mainland)
Lewisian complex is comprised of separate, fault-
bounded terranes with distinct tectonothermal
histories, is largely based on presence/absence of
specific sets of zircon ages (see Section 2.1). The
separation of the central region into the Assynt
and Gruinard ‘terranes’ is based on the alleged (c.f.
Corfu, 2007) absence of a ca. 2.8–2.7 Ga high-grade
metamorphic event within the former as well as the
absence of a ca. 2.49 Ga event in the latter (Kinny
and Friend, 1997; Love et al., 2004). However, our
samples from the Assynt block (Scouriemore) and
Gruinard block (Loch an Èisg Brachaidh) show
that both areas experienced a ca. 2750 Ma event
and a ca. 2500 Ma event. Minimum Ti-in-zircon
temperatures of around 750–850 ◦C at all localities
suggest that the metamorphic conditions were
also broadly uniform throughout the entire central
region, consistent with phase equilibrium mod-
elling (Feisel et al., 2018). Consequently, the entire
central region experienced a similar metamorphic
history and its subdivision into terranes is not
warranted.

Hf isotopic compositions are indistinguishable be-
tween the putative Assynt and Gruinard blocks,
consistent with the inference that their mag-
matic protoliths were derived from similar (man-
tle) sources. Based on structural observations,
the northern and central region ‘terranes’ suppos-
edly accreted during the Inverian (ca 2.49 Ga) and
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the suture (the Laxford shear zone) was reacti-
vated during the Laxfordian (1.8–1.7 Ga; Goode-
nough et al., 2010). Geochronological work over
the past decade shows that the central and north-
ern regions (purported Assynt and Rhiconich ter-
ranes) have similar protolith ages and may share
more of a common (pre-metamorphic) history than
previously thought (Goodenough et al., 2013). Our
findings are showing similar compatibilities be-
tween the central and southern regions: our ages
of 2939± 24 Ma from Scouriemore (felsic sheet
05C) and the ca. 3.15–2.9 Ga ages from Loch an
Èisg Brachaidh (3079± 30 Ma in leucosome 11B1,
3149± 14 Ma and 2936± 22 Ma in felsic sheet 11C,
and 3027± 24 Ma mafic gneiss 11D) are comparable
to ages from the southern region (Rona block, e.g.
Love et al., 2010) indicating that both regions share
more of a common history than appreciated previ-
ously. Thus, evidence is mounting that contradicts
the terrane model, not only for the central region,
but probably for the mainland Lewisian complex as
a whole.

Our preferred view is that the entirety of the
mainland Lewisian complex was one coherent block
in the pre-Badcallian with a common (early) his-
tory, as suggested by similar protolith ages between
all regions. Apparent differences in protolith ages
are a result of separate magmatic episodes into the
same crustal fragment. Subsequently, the Lewisian
complex experienced the Badcallian and Inverian
events, and the intrusion of the Scourie dykes. The
Palaeoproterozoic Loch Maree group in the south-
ern region, which has been interpreted as an accre-
tionary complex along a collisional suture (Park,
2002), may mark a terrane boundary representing
a phase of extension, rifting and re-amalgamation;
but its tectonic history is beyond the scope of this
study.

The ages for protolith formation and metamor-
phism of the Lewisian fall within a crucial period in
Earth history, when the global geodynamic regime
is hypothesised to have transitioned from stagnant
lid to plate tectonic settings (e.g. Hawkesworth and
Brown, 2018). The geodynamic setting for the Ar-
chaean part of the Lewisian history remains open
(e.g. Park and Tarney, 1987; Johnson et al., 2016).
Our new geochronology does not resolve this di-
rectly, but it does provide more refined constraints
for assessing the timing and durations of proposed
geodynamical models.

5.5. The case for mafic rocks in zircon studies of
high-grade terrains

Our new approach was to focus on mafic
migmatites, rather than TTG gneisses, to disen-
tangle the complex zircon archive of a well-studied
but still controversially interpreted high-grade ter-
rain. Careful separation of melanosome and leu-
cosome portions of mafic migmatites, CL image-
guided analysis of discrete zircon domains, and the
combination of several geochemical tools that zir-
con offers (U–Pb and Hf isotopes, and Ti-in-zircon
thermometry) applied to exactly the same zircon
domain provided a data set that appears simpler
and more straightforward to interpret than those
derived from TTG gneisses over the last 20 years or
so, revealing processes and information previously
unrecognised.

We attribute this to the fewer and hence simpler
processes that may form or affect zircon in mafic
rocks. A mafic igneous protolith will only reach
zircon saturation close to its final crystallisation
(Shao et al., 2018), minimising igneous complexi-
ties (e.g. differentiation) and inheritance, as exist-
ing zircons in contact with a zircon-undersaturated
mafic magma will be resorbed. Consequently, most
if not all zircon in a mafic igneous rock will be re-
lated to, and hence date, emplacement. Subsequent
high-grade metamorphism, especially the break-
down of amphibole, a major host for Zr, can lead to
new, prograde growth of zircon (Fraser et al., 1997;
Fig. 1) as well as partial melting of mafic gneiss.
Any produced melt will be felsic and may inherit
pre-existing (igneous) zircon from the mafic gneiss.
New zircon (domains) crystallised from the melt as
well as any resorption and recrystallisation are a
record of the high-grade metamorphic history. Of-
ten both generations of zircon can be found in leu-
cosome and the hosting gneiss. Yet, because melt
can pool from different sources, their zircon record
may differ (cf. the felsic sheet at Cnoc Gorm), un-
derlining the importance to sample both leucosome
and melanosome.

6. Conclusions

In both blocks of the central region of the
Lewisian complex, zircons from mafic migmatites...

record identical Hf isotopic signatures with DM-
model ages for crust formation at ca. 2950 Ma
and significantly before ca. 3150 Ma;

16



give T zirc that record (peak) temperatures of
ca. 800–900 ◦C, comparable to those estimated
from phase equilibrium studies;

have igneous protolith ages older than 3 Ga, com-
parable to the southern region of the complex;

show that both granulite facies Badcallian
(ca. 2.7 Ga) and amphibolite facies Inverian
(ca. 2.5 Ga) ages occur throughout the central re-
gion;

...suggesting that the central region was always a
coherent crustal block. Compared with evidence
from other workers, a picture emerges in which
the mainland Lewisian complex is, as originally
envisaged, a reasonably coherent block of Ar-
chaean continental crust in which younger shear
zones have juxtaposed different crustal levels that
archive their temporally and spatially associated
metamorphic conditions.

By focussing on zircon geochemistry in mafic
migmatites, we resolve some long-standing contro-
versies in the Lewisian. Our case study therefore
illustrates that mafic gneisses and mafic gneiss-
hosted in situ leucosomes may provide a better
means to date events in complex gneiss terrains
than the volumetrically-dominant zircon-rich felsic
lithologies (TTGs).
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Harley, S.L., Kelly, N.M., Möller, A., 2007. Zircon Behaviour
and the Thermal Histories of Mountain Chains. Elements
3, 25–30.

Hawkesworth, C.J., Brown, M., 2018. Earth dynamics and
the development of plate tectonics. Philosophical Trans-
actions of the Royal Society A: Mathematical, Physical
and Engineering Sciences 376, 20180228.

Johnson, T.E., Brown, M., Goodenough, K.M., Clark, C.,
Kinny, P.D., White, R.W., 2016. Subduction or sag-

duction? Ambiguity in constraining the origin of ultra-
mafic–mafic bodies in the Archean crust of {NW} Scot-
land. Precambrian Research 283, 89–105.

Johnson, T.E., Brown, M., Kaus, B.J.P., VanTongeren,
J.A., 2014. Delamination and recycling of Archaean crust
caused by gravitational instabilities. Nature Geoscience
7, 47–52.

Johnson, T.E., Fischer, S., White, R.W., 2013. Field and
petrographic evidence for partial melting of TTG gneisses
from the central region of the mainland Lewisian complex,
NW Scotland. Journal of the Geological Society 170, 319–
326.

Johnson, T.E., Fischer, S., White, R.W., Brown, M.,
Rollinson, H.R., 2012. Archaean Intracrustal Differen-
tiation from Partial Melting of Metagabbro—Field and
Geochemical Evidence from the Central Region of the
Lewisian Complex, NW Scotland. Journal of Petrology
53, 2115–2138.

Johnson, T.E., White, R.W., 2011. Phase equilibrium con-
straints on conditions of granulite-facies metamorphism at
Scourie, NW Scotland. Journal of the Geological Society
168, 147–158.

Kelly, N.M., Harley, S.L., 2005. An integrated microtextu-
ral and chemical approach to zircon geochronology: re-
fining the Archaean history of the Napier Complex, east
Antarctica. Contributions to Mineralogy and Petrology
149, 57–84.

Kinny, P.D., Friend, C.R.L., 1997. U-Pb isotopic evidence
for the accretion of different crustal blocks to form the
Lewisian Complex of northwest Scotland. Contributions
to Mineralogy and Petrology 129, 326–340.

Kinny, P.D., Friend, C.R.L., Love, G.J., 2005. Proposal for a
terrane-based nomenclature for the Lewisian Gneiss Com-
plex of NW Scotland. Journal of the Geological Society
162, 175–186.
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