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Abstract

Ten previously studied garnet pyroxenites and one eclogite from orogenic peridotites in the Western Gneiss Region of Norway
were analysed for whole-rock major and trace and mineral trace elements to characterise the evolutionary stages of the East
Greenland sub-cratonic mantle. A continuous range of whole-rock MgO contents (17-30 wt.%) correlates inversely with
Na,O, Al,0;, and CaO contents. In contrast, rare earth element (REE) compositions allow the samples to be devided into two
types. Type I samples have relatively flat primitive mantle (PM) normalised REE patterns (0.4—6.8 times PM values) with
minor fractionation of middle-heavy REEs. Type II samples are simlar to type I samples but have higher light REE contents
(6.1-57 times PM values) that reflect metasomatic enrichment. Whole-rock Zr contents (1-27 pg g~!) and Zr/Hf ratios (17-39)
are positively correlated. Type I samples have low Zr/Hf ratios that mostly differ from type II samples, indicating that meta-
somatism modified the initially sub-chondritic Zr/Hf ratios. Garnet Zr—Zr/Hf-Y-Ti systematics suggest that metasomatic
enrichment transformed the type I samples into type II samples, consistent with processes observed in other cratonic areas
(e.g., the northern East European Platform and the Kaapvaal Craton). The formation of type I pyroxenite in dunite from a melt
at ~ 100 km depth implies the sub-chondritic Zr/Hf ratios were inherited from that melt. Such melts are thought to form by
melting of garnet-bearing, melt-depleted mantle, which is consistent with models for recycling of Archaean palaco-oceanic
crust throughout the mantle prior to the formation of the sub-cratonic lithosphere beneath East Greenland.
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Introduction two minerals can also record the physical conditions during

melt extraction (Herzberg 2004; Pearson and Wittig 2008).

Extensive mantle melt depletion has been experimentally
shown to form chemically infertile, residual mantle litholo-
gies (Walter 1998). The subcontinental lithospheric mantle
(SCLM) beneath cratons worldwide contains such residual
lithologies (i.e. harzburgite and dunite). These rocks usually
lack the two major host minerals for incompatible elements
in the upper mantle (garnet and clinopyroxene), and these
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Once garnet and clinopyroxene are exhausted during man-
tle melting, information regarding the melting conditions is
largely inaccessible, and the residue becomes susceptible
to secondary chemical overprints, which can re-form these
minerals in the melt-depleted rocks and further obscure their
earlier history (Griffin et al. 2003). However, the details of
the initial melting conditions are key to reconstructing the
geodynamic processes that formed sub-cratonic mantle and,
in particular, Archaean SCLM.

Garnet pyroxenite and eclogite are minor components in
the harzburgites and dunites of the East Greenland SCLM
that were tectonically transported to western Norway
(Brueckner 1998; Beyer et al. 2006, 2012; Spengler 2006).
These minor lithologies contain incompatible elements that
have been added to the melt-depleted peridotites during
one or several Proterozoic re-fertilisation events (Brueck-
ner et al. 2002; Beyer et al. 2006; Cutts et al. 2019). In the
case of the East Greenland SCLM, re-fertilisation occurred
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long after the Archaean melt depletion event that has been
dated with f,;, ages (these are maximum ages and assume all
measured Re was present since the melt extraction) of 2.7—
3.4 Ga using Re—Os isotope data from olivine and orthopy-
roxene mineral separates and whole-rocks of the dunites
(Beyer et al. 2004; Spengler 2006). However, Sm—Nd and
Lu—Hf isotope data for garnet and garnet pyroxenite whole-
rocks also show that fertile components have an Archaean
age (Jamtveit et al. 1991; Spengler et al. 2006, 2009; Cutts
et al. 2019), as do sulphides in a garnet orthopyroxenite
(Brueckner et al. 2002). The oldest radiogenic isotope ages
obtained from the fertile lithologies of 3.1—3.3 Ga (Re—Os
and Sm—Nd isotope data) overlap with the age of the melt
depletion event during the mid-Archaean (Re—Os isotope
data). This indicates that two evolutionary stages—melting
and refertilisation—occurred within the temporal resolution
of the geochronological methods. This study used major and
trace element data for the fertile components to constrain the
nature of the re-fertilisation event.

Geological setting and sample locations

The early Palaeozoic convergence of Laurentia and Baltica
closed the Iapetus Ocean and formed a series of thrust
nappes on the plate margin of Baltica (Gee et al. 2013)
known as the Scandinavian Caledonides. The Western
Gneiss Region (WGR) in Norway represents a tectonic
window through these nappes into the lowermost tecton-
ico-stratigraphic unit. The exposed rocks are dominated by
high-grade quartzo-feldspathic gneisses with Proterozoic

protolith ages (Tucker et al. 1990) that were reworked
during the Caledonian Orogeny (Kullerud et al. 1986).
Together with the infolded supracrustal rocks, this low-
ermost unit is thought to represent the western margin of
Baltica. The gneisses are dominated by amphibolite- and
granulite-facies mineralogies and contain numerous mafic
rock bodies with a (partially retrogressed) eclogite-facies
mineralogy (Griffin et al. 1985). Nearly 20 Mg—Cr garnet
peridotite bodies occur throughout the WGR (Fig. 1a).
These ultramafic rocks have geochemical characteristics
that are consistent with the SCLM (Carswell et al. 1983),
with a Laurentian provenance (Beyer et al. 2012).

The peridotites are compositionally layered; individual
layers vary in composition between dunite, harzburgite,
garnet-dunite, garnet-harzburgite, and minor garnet-lher-
zolite. Magnesian olivine (forsterite 92—-95) suggests that
dunite experienced high degrees of melt extraction of 50%
to > 60% (Carswell et al. 1983; Beyer et al. 2006; Spen-
gler 2006). Layers (and minor lenses) of garnet pyroxen-
ite occur parallel to the peridotite compositional layering
(Fig. 1b). Detailed petrography and whole-rock chemistry
of peridotite and garnet pyroxenite suggest that mechani-
cal mixing of both rock types formed the mineralogical
layering, in peridotite exposed in the WGR and the oppo-
site site of the orogen (Brueckner 2018; Spengler et al.
2018). All garnet-bearing mantle lithologies in the WGR
contain oriented mineral microstructures that formed
after majoritic garnet (van Roermund and Drury 1998;
Spengler et al. 2006). The origin of these fertile com-
ponents (i.e., garnet pyroxenite and garnet that became
mechanically mixed into peridotite) is considered to relate
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Fig. 1 Orogenic peridotites in the Western Gneiss Region of Norway.
a Map showing the locations of the different types of peridotite bod-
ies (adapted from Brueckner 2018) and sample locations (labelled).
b Outcrop at Rgdhaugen (Almklovdalen) containing a sharp contact
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relationship between dunite (light brown) and enclosed layers of gar-
net pyroxenite (dark colour). The hammer for scale = 80 cm in length
(photograph: Franziska Scheffler)
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to high-temperature mantle melts (Carswell 1973; Spen-
gler et al. 2018).

The garnet peridotite bodies are proposed to have
intruded the gneisses during the Caledonian subduction
of Baltica beneath Laurentia (Brueckner 1998). Concomi-
tant prograde metamorphism of the Baltica plate margin
is indicated by the presence of corona-textured meta-
dolerite and -gabbro (Griffin and Raheim 1973; Krab-
bendam et al. 2000) and mineral chemical zoning in the
gneiss-hosted eclogites (Wain et al. 2000) and peridotite-
hosted garnet pyroxenites (Fig. 1b; Spengler et al. 2019,
2021). The peak metamorphic conditions exceeded the
graphite—diamond phase transition, as indicated by the
presence of diamond in the gneisses (Dobrzhinetskaya
et al. 1995), in situ diamonds in a crustal eclogite (Smith
and Godard 2013), geothermobarometric data for crustal
eclogites (Cuthbert et al. 2000), and geothermobarometric
data for mantle pyroxenite minerals with Scandian (Cal-
edonian) radiogenic isotopic ages (Spengler et al. 2009).
Palaeogeographic reconstructions have determined that
the source area of the ultramafic rocks was located at
69° N (present-day coordinates) in central East Green-
land prior to Caledonian tectonism (Cocks and Torsvik
2005). At ca. 60 Ma, this area experienced lithospheric
delamination and modification related to the passage of
Greenland over the Iceland mantle plume (Steinberger
et al. 2019).

All samples investigated in this study have been pre-
viously petrographically and petrologically character-
ised (Table SI-1). Nine garnet websterites and one gar-
net clinopyroxenite were investigated, and these were
obtained from the garnet peridotite bodies at Almk-
lovdalen (n = 3), Gurskebotn (n = 2), Kalskaret (n = 1),
Nogvadalen (n = 2) and Raubergvik (n = 2). One addi-
tional mantle eclogite from the Aldalen body was also
studied. In this study, we determined the whole-rock
compositions of all garnet pyroxenites (n = 10). The
mineral chemistry of the porphyroclasts was analysed
in samples that lack intense recrystallisation (n =09;
Table SI-1). Each analysed grain contains oriented min-
eral inclusions, which are interpreted to have exsolved
during cooling from high-temperature precursor miner-
als at high pressure (Spengler et al. 2021). One sample
from Gurskebotn (DS1249) exhibits mineralogical layer-
ing that compositionally subdivides the hand-specimen
into orthopyroxene-rich garnet websterite (DS1249a),
orthopyroxene-poor garnet websterite (DS1249b), and
garnet clinopyroxenite (DS1249c¢). The whole-rock com-
position of sample DS1249 was obtained on a ~ I cm
thick rock slab, which includes all three compositional
layers and may represent an average composition, whereas
the mineral chemistry was obtained from each layer.

Methods

Whole-rock sample powders were produced after washing
and crushing/powdering at the Institute of Geosciences,
University of Potsdam, and the Institute of Mineralogy and
Crystal Chemistry (IMK), University of Stuttgart, Germany.
Each hand-specimen was wrapped in plastic and crushed
using a hammer. The crushed fragments were aliquoted, and
one aliquote was subsequently milled in an agate mortar.
Powders weighing ~ 150 g were produced for each sample,
except for samples AH0364 and FL.99-26 (~ 100 g).

Fused glass discs were prepared at the IMK by mixing
0.6 g of sample powder with 3.6 g of Li,B,0, (BR A600
Specflux; Breitlinder GmbH). A few milligrams of lith-
ium-iodide were added at the end of the melting process to
prevent the cooling glass from cracking. Whole-rock major
element contents of the glass discs were determined by
X-ray fluorescence (XRF) spectrometry using a PHILIPS
PW 2400 instrument at the IMK. Certified geostandards
were used for calibration.

The whole-rock trace element contents of the glass discs
were determined using a 213 nm laser ablation (LA) system
(Cetac LSX-213) coupled to an inductively coupled plasma
mass spectrometer (ICP-MS; Agilent 7700) at the IMK. The
ablation conditions were: beam diameter = 100-150 pm;
laser energy = 35-100% of its maximum value (4 mJ at
150 um); laser frequency = 10 Hz. Integration times were
22-24 s for the backgound and 29-37 s for the signal. The
following isotopes were measured: 27Al, 2829Si, 42:4344Cq, 45
SC, 47’49Ti, SIV, 52CI’, SSMH, 59CO, GONi, 85Rb, SSSI', 89Y, 90,9121.’
93Nb, 133CS, 137Ba, '39La, 140C6, 141PI’, 146Nd, 147,149Sm’ 151,153
Ell, 157Gd, 159Tb, 161’]63Dy, 165HO, 166EI', 169Tm, 172Yb, 175Lll,
178Hf, 181Ta, 208Pb, 232Th, 238U and 254(238 UlGO). The rela-
tive elemental contents were obtained by external calibra-
tion using four reference materials (NIST SRM 610 and 612
glasses and DLH7 and DLHS8 glasses from P&H Develop-
ments Limited). To obtain the absolute elemental contents,
Si was used as an internal standard based on the contents
measured by XRF spectrometry. The calibration procedures
followed the protocols of Massonne et al. (2013). Whole-
rock Zr/Hf ratios were measured using the same glass discs
but under different analytical conditions. To achieve maxi-
mum sensitivity, the beam diameter was set to 150 pm, the
laser energy to 80—100%, and the laser frequency to 10 Hz.
Signals were recorded and processed off-line as described
above. Only four isotopes were analysed: °°Zr, '"*Lu, "3Hf,
and '8!Ta. Two calibrations were performed, one with all
four reference glasses and another with two reference glasses
(DLH7 and DLHS). The two Zr/Hf results per sample were
subsequently averaged.

Mineral trace element contents were determined
in situ along profiles across porphyroclastic grains in
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150-pm-thick polished thin-sections using the previously
described LA-ICP-MS system at the IMK. The sample
surface was ablated with spots (beam diameter = 100 pm,
laser energy = 40-100%, and laser frequency = 10 Hz).
Integration times were 22-24 s for the backgound and
29-37 s for the signal. The ablated volume included uni-
formly distributed mineral inclusions (i.e., where present;
typically in grain cores but not rims). Signals reflect-
ing secondary elemental enrichments along cracks were
excluded during the off-line data evaluation. Silica was
used as an internal standard, with its elemental content
being derived as a mean value from two individual results
obtained from ?8Si and ?°Si and its absolute content being
determined individually for each spot prior to LA using an
electron microprobe at the IMK and the operating condi-
tions described in Spengler et al. (2021). External cali-
bration utilised the four aforementioned reference glasses.
Reported average mineral compositions were only calcu-
lated from ablated mineral cores.

Results
Whole-rock major elements

The 10 garnet pyroxenite samples are magnesian in com-
position (MgO = 17.6—30.1wt.%; Table SI-2). The more
melt-compatible elements have contents of Na,O = 0.15
—0.92 wt.%, Al,O, =4.14-14.8 wt.%, and CaO = 6.28—
13.7wt.%, which correlate negatively with MgO contents
(Fig. 2). These features are indistinguishable from those
of the other WGR garnet pyroxenites (Fig. 2). A major
difference between the garnet clinopyroxenite and the
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garnet websterites is the higher TiO, content of the former
(0.61 wt.% versus 0.03—0.50 wt.%, respectively).

Mineral trace elements

Trace element contents in garnet and clinopyroxene vary
across the porphyroclastic grains and exhibit symmetrical or
asymmetrical patterns (Fig. 3). Symmetrical patterns have
shallow content gradients in grain cores and steep gradients
in grain rims. In addition, oriented inclusions with a regular
distribution occur either within whole grain cores or core
domains but are absent in grain rims. Asymmetrical content
patterns appear to be typical for samples that have expe-
rienced significant strain. The shallow elemental content
gradients, as well as the presence of inclusions, can be used
to recognise crystal core areas in asymmetrically eroded
porphyroclasts. Only ablated spots from areas with shallow
content gradients and inclusions (where present) were used
to determine the average garnet and clinopyroxene composi-
tions (Tables SI-3 and SI-4). Trace element contents of the
porphyroclastic orthopyroxene were dominantly below the
detection limits and are thus not reported.

Garnet

Garnet rare earth element (REE) contents allow the sam-
ples to be divided into two types. Type I garnet has low
contents of light REEs, which are dominantly below detec-
tion limits (Fig. 4a). Contents of Gd—Lu exhibit minor to
moderate fractionation and have 3-35 times the values of
CI chondrite (McDonough and Sun 1995) that form normal-
ised REE concentration patterns with positive slope. Con-
tents of Zr include low values (0.6—11.2 pgg™!), and the
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Fig.2 Bivariate plots of whole-rock major element data for the Western Gneiss Region garnet pyroxenites analysed in this study (Table SI-2)

and previous studies (Carswell 1973; Seljebotn 2016; Spengler et al. 2018)
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Fig.3 Photomicrographs and selected trace element contents of
garnet in two samples (a—c garnet websterite sample DS1249c; d—f
eclogite sample DS1425). a, d Porphyroclastic grains of garnet (red)
and clinopyroxene (bright green) associated with recrystallised gar-
net and clinopyroxene that is partially replaced by amphibole (dark
green; scanned thin-sections; fields of view are 24 mm wide). Frames
refer to the positions of the photomicrographs shown in b and e. b,
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range narrows to 0.6—5.8 ug g~! if sample DS0466 (Kalska-
ret) is excluded. Other elements with low contents are Hf
(< 0.15pg g™ Y, Ti (350-608 pg g~ 1), and Sr (< 0.25ug g™").
Yttrium (9-38 pg g~!') defines a narrow compositional field
when plotted versus Zr (Fig. 5a). The variable Zr contents
do not correlate with Ti contents (Fig. 5b).

Type II garnet has high light REE contents that are above
the detection limits (Fig. 4b). Contents of Gd—Lu exhibit
minor to moderate fractionation, with 5-37 times chondritic
values (i.e., similar to type I garnet). Contents of Zr are rela-
tively high (7.2—16.1 pg g~"). Other elements with high con-
tents are Hf (0.11-0.29 pg g1, Ti (386-863 pgg~'), and Sr
(0.1-12.9 ugg="). Contents of Y (7-30 pg g~!) are similar
to those of type I garnet and form a separate, narrow com-
positional field in a plot versus Zr (Fig. 5a). The variable Zr
contents correlate with Ti contents (Fig. 5b).

Clinopyroxene

The trace element chemistry of clinopyroxene also differs
between the two types of samples (Fig. 4). Clinopyroxene
in type I samples has low light REE contents that are 1.5-24
times chondritic values. Middle-heavy REEs form normal-
ised concentration patterns with negative slope. Contents
of Zr (0.8—29.2 pgg~!) and Hf (< 0.1-1.4 pg g~!) include
low values and have wide ranges that exceed one order of
magnitude. The range for Ti (474-1828 pg g~!) narrows to
474-903 pg g~ if sample DS0318 (Lien) is excluded. Con-
tents of Sr (73-580 pg g~!) and Th (< 0.04—0.14 pg g~!) also
include relatively low values and have wide ranges.
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Fig.5 Plots of trace element variations in garnet (Grt) from the
Western Gneiss Region pyroxenites and eclogite. a Y versus Zr. b Zr
versus Ti. Garnet in type I and II samples form clusters that overlap
different types of garnet in the Roberts Victor (RV) eclogites (Gréau
et al. 2011) and sub-groups of detrital low-Cr pyrope (Prp) with frac-
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Type II clinopyroxene has high light REE contents that
are 73-365 times chondritic values. Middle-heavy REEs
form normalised concentration patterns with negative slope.
Contents of Zr (24-34 pgg™") and Hf (0.9-1.7 pgg™")
include high values and have narrow ranges, which is also
the case for Ti (14782051 pg g~") and Sr (459-682 pg g~").
The compositional range for Th (< 0.09—1.80 pg g~ also
includes high values.

Whole-rock trace elements

The elemental contents that can be used to subdivide the
mineral chemistry also apply to subdivision of the whole-
rock chemistry (Table SI-5). Type I samples have relatively
low contents of light REEs (0.4—6.8 times primitive mantle
[PM] values; Fig. 6a). Contents of Gd-Lu indicate limited
fractionation (0.8—3.9 times PM values). Contents of Zr have
a wide range (1.1-17.3 pg g~!) that narrows to 1.1-4.9 pg g~!
if sample DS0466 (Kalskaret) is excluded. Other elements
have wide ranges and include low values: Hf = 0.04—
0.74 pgeg!, Ti = 223-3086 pg g, Sr = 68-149 pg g™, and
Th = 0.09-0.26 pg g~

Type II samples have high light REE contents (6.1-57
times PM values), and contents of Gd—Lu exhibit minor
fractionation (1.0—5.1 times PM values; Fig. 6b). Con-
tents of Zr (13.7-16.4 pgg™"), Hf (0.35-0.67 pgg™!), Ti
(1042-3723 pg g~"), and Sr (141-235 pg g~!) are relatively
high and have narrow ranges. Contents of Th are mostly
high (0.16—1.38 pg g~ 1), unlike most of the type I samples.
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tionated middle-heavy REEs in the Arkhangelsk alluvial sediments
(Shchukina et al. 2019). Samples that record different degrees of
metasomatic enrichment by a light REE-rich melt/fluid have minimal
overlap and are separated by the annotated lines
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Fig.6 Whole-rock trace element data for the Western Gneiss Region
garnet pyroxenites, which are subdivided as in Fig. 4 (left = REE
data; right = multi-element data; Table SI-5). av. LLD = average

Discussion
Early history of the garnet pyroxenites and eclogite

The mantle samples exhibit scattered but continuous chemi-
cal trends in major elements (Fig. 2), suggesting they are
genetically related. Limited whole-rock middle-heavy REE
fractionation and content ranges of less than one order of
magnitude (Fig. 6) are suggestive of a common origin for
the entire sample suite. Because all the samples were derived
from extremely melt-depleted harzburgite and dunite (Beyer
et al. 2006; Spengler et al. 2006), their crystallisation envi-
ronments were similar.

The equilibration depths of the studied garnet pyroxen-
ites and eclogite in the SCLM are constrained by the min-
eral chemistry and oriented mineral inclusions in garnet to
a narrow depth interval that corresponds to pressures of
3.4 + 0.4 GPa (Spengler et al. 2021). A shallower depth of
origin would not have allowed the formation of the exsolu-
tion microstructures of rutile and pyroxene in garnet (Fig. 2;
Spengler et al. 2021), as observed in other samples from
the same or adjacent peridotite bodies (van Roermund and
Drury 1998; Terry et al. 1999; Spengler et al. 2009, 2019;
Cuthbert and van Roermund 2010). As such, the studied
samples had similar crystallisation depths.

Given that the studied samples have similar major ele-
ment systematics (Fig. 2) and exhibits similarities in (1)
contents and fractionation of less-mobile elements (e.g.,

Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ThNbLa Pr Nd Zr Ti Gd_D

y Y Tm Lu
Ce Sr Sm Hf Eu Tb "Ho Er Yb

lower limit of detection (Table SI-7). Primitive mantle (PM) normali-
sation values are from McDonough and Sun (1995)

heavy REEs), (2) mineral microstructures (Fig. 3), and
(3) crystallisation environments (e.g., depth and host rock
depletion), the timing of crystallisation is also expected to be
similar. Sample F199-26 (Nogvadalen) yielded, together with
nearby garnet pyroxenites, a Sm—Nd whole-rock isochron
age of 3.33 + 0.19 Ga (Spengler et al. 2009). This implies a
mid-Archaean age for the sample. Other samples from the
studied sample suite have not been analysed for radiogenic
isotopes; however, other whole-rock garnet pyroxenites and
garnets from the same and adjacent peridotite bodies have
yielded Archaean radiogenic isotope ages, including Sm—Nd
(Jamtveit et al. 1991; Spengler et al. 2006; Brueckner et al.
2010) and Lu—Hf (Cutts et al. 2019) ages. These differ from
those determined by multi-mineral-whole-rock isochrons,
which include a wide range of Proterozoic ages (Mearns
1986; Lapen et al. 2005; Brueckner et al. 2010; Cutts et al.
2019). A common age is thus assumed for most if not all of
the studied samples; otherwise, an explanation is required
as to why the mineral assemblages, mineral and whole-rock
chemistries of less-mobile elements, and mineral micro-
structures are similar among the samples.

Metasomatism
Despite the similarities detailed above, the samples can
be subdivided into types I and II (Figs. 4 and 6) based on

their contents of more-mobile elements, such as light REEs,
Th, and Sr (Gieré 1990; John et al. 2004; Tsay et al. 2017).
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Enrichment of these elements in the type II samples suggests
that metasomatism transformed type I samples into type II
samples. This transformation modified the contents of Zr
and Ti relative to Y, as is evident from the garnet chemistry
(Fig. 5). Similar transformations as a result of metasomatism
have affected garnet compositions in other sub-cratonic areas
of the northern East European Platform (Shchukina et al.
2019) and the Kaapvaal Craton (Gréau et al. 2011), indicat-
ing that such metasomatic transformations are not unique to
the East Greenland SCLM (Fig. 5).

Garnet in both types of samples (I and II) contains uni-
formly distributed inclusions (Fig. 3). Their spatial occur-
rence in garnet (i.e., within whole grain cores and core
domains) is not correlated with the contents of mobile

elements related to metasomatism. This suggests the
inclusions are unrelated and formed prior to metasomatic
overprinting.

Higher garnet Zr contents correlate positively with higher
garnet Zr/Hf ratios (Fig. 7a), and the same relationship is
exhibited by the whole-rock samples (Fig. 7d). As such, the
Zr/Hf of the samples were modified during metasomatism
from initially low, sub-chondritic values to high, nearly
chondritic values (~ 37). Due to the similar geochemical
behaviour of Zr and Hf, the source of the metasomatic agent
likely had a chondritic Zr/Hf ratio. Therefore, any explana-
tion for the origin of the garnet pyroxenites and eclogite
prior to metasomatism has to consider their sub-chondritic
Zr/Hf ratios.

(a) WGR pyroxenite & eclogite (b) Arkhangelsk detrital Grt (c) Roberts Victor eclogite
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Fig.7 Plots of Zr/Hf versus Zr for garnet and whole-rock mantle-
derived pyroxenites, eclogites, and melts. a Western Gneiss Region
garnet data from this study (Table SI-3) and the literature (Tables
SI-7 and -8). b Arkhangelsk detrital garnet (Shchukina et al. 2019).
¢ Roberts Victor eclogite garnet (Gréau et al. 2011). d Whole-rock
data for Western Gneiss Region pyroxenites from this study (Table
SI-5) and the literature (Table SI-8). e Whole-rock data for MORB
glasses (Yang et al. 2018) and different types of South African

@ Springer

whole-rock Zr (mgg™1)

komatiites (Wilson 2003; Robin-Popieul et al. 2012; Hoffmann and
Wilson 2017). The solid line separates compositions related to differ-
ent degrees of metasomatic enrichment, with the exception of a single
data point. The dashed line separates compositions of high-pressure
melts from different mantle sources. CI chondrite and PM are values
from McDonough and Sun (1995), and the depleted MORB mantle
(DMM) composition is from Workman and Hart (2005)
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Zirconium and Zr/Hf constraints on the origins
of the studied samples

The incompatible behaviour of Zr during mantle melting
is evident from the Zr enrichment by one to two orders of
magnitude in mid-ocean ridge basalts (MORBs) compared
with depleted MORB mantle (Fig. 7). MORB glasses with
high Zr contents have super-chondritic Zr/Hf ratios (Fig. 7e;
Yang et al. 2018). This correlation has been suggested to
reflect the higher incompatibility of Zr relative to Hf (Niu
2012). Conversely, this means that a melt residue should
develop sub-chondritic Zr/Hf ratios with decreasing Zr con-
tents, which is consistent with the model compositions for
primitive and depleted MORB mantle (Fig. 7e). This sub-
chondritic Zr/Hf ratio may then be inherited in subsequent
melts derived from the depleted residues.

Mantle melting during the Archaean is known to have
formed—in addition to other magmas—different types of
komatiites that reflect different degrees and sequences of
upper mantle melt extraction and fractionation (Nesbitt
et al. 1979; Robin-Popieul et al. 2012). These processes are
reflected by the compositions of Al-depleted, Al-undepleted,
and Al-enriched komatiites from the Barberton Green-
stone Belt (Fig. 7e). Their super-chondritic Zr contents are
approximately one order of magnitude lower than those of
modern MORB glasses, but variations in Zr/Hf ratios are
minor, which may suggest the Barberton komatiites and
many modern MORBs had similar source compositions. In
contrast, Archaean mantle-derived melts with sub-chondritic
Zr contents, like the Commondale komatiites, exhibit a posi-
tive correlation between Zr and Zr/Hf values. Such melts are
thought to have had a strongly melt-depleted garnet-bearing
source (Hoffmann and Wilson 2017).

The WGR type I garnet pyroxenites and Commondale
komatiites share the following characteristics: sub-chondritic
Zr contents, sub-chondritic Zr/Hf ratios, positive correla-
tions between Zr and Zr/Hf, and an Al-rich composition
(Fig. 7d—e; Table SI-2; Wilson 2003). This supports the
interpretation that the WGR sample suite formed by melting
of a garnet-bearing, melt-depleted mantle source. A similar
hypothesis was proposed based on the whole-rock chemistry
of other WGR garnet pyroxenites (Spengler et al. 2018).

If anhydrous melting occurred, then the source rocks
of the WGR garnet pyroxenites underwent melting in the
presence of a thermal anomaly. Such a mantle plume would
have involved whole-mantle convection, which is thought to
have been able to transport Archaean oceanic crust during
its descent into the stability field of garnet and pyroxene,
majorite garnet (Irifune et al. 1986) and then into that of
(Mg,Fe)SiO5 and CaSiO; perovskite minerals (Irifune et al.
1996; Akaogi 2007). Its ascent would then have caused these

multiple mineral conversions to occur in the opposite direc-
tion. During the passage from the lower to the upper man-
tle, the recycled components would have either transformed
from perovskite minerals back to eclogite minerals, which
subsequently would have melted earlier than the host peri-
dotite (Sobolev et al. 2005). Alternatively, the rising recy-
cled oceanic crust and the peridotite could have formed a
‘marble-cake’ mantle (Allegre and Turcotte 1986), which
would have melted as a whole if the lithological composite
has had enough time for chemical equilibration. In either
case, mantle melting in a plume (Herzberg and Zhang 1996;
Robin-Popieul et al. 2012) would have started far beyond the
equilibration depth of the WGR garnet pyroxenites (corre-
sponding to 3.4 + 0.4 GPa; Spengler et al. 2021) and would
have allowed for pressures and temperatures required for
majorite garnet to crystallise (Gasparik 2014).

Alternatively, if hydrous melting occurred, then the
release of water (i.e., by dehydration of hydrous minerals
in a subducting plate) would have lowered the solidus of
overlying peridotite. This water release would have occurred
at depth below the crystallisation depths of the WGR garnet
pyroxenites (i.e., at pressures > 3.4 + 0.4 GPa). In this case,
lowering of the solidus counteracts the pressure and tem-
perature dependent stability of the super-silicic component
in garnet, which occurs for a given pressure of 3.4 GPa at
1600 °C (Gasparik 2014). Such high temperatures are unu-
sual for mantle wedges (Gerya et al. 2002; Warren et al.
2008) and meet the 0 pg g~! H,O peridotite solidus (Sara-
fian et al. 2017) in contradiction to hydrous conditions of
melting. In addition, current experimental and thermody-
namic datasets do not suggest majoritic garnet is stable at
subduction zone temperatures at ~ 100 km depth. Therefore,
hydrous melting is unlikely to explain the formation of the
WGR garnet pyroxenites, which contain majoritic garnet
precursors.

The general rarity of sub-chondritic Zr/Hf ratios in
rocks that formed from mantle melts and have over-
lapping crystallisation ages (WGR garnet pyroxenites
=3.33 +0.19Ga; Spengler et al. 2009; Commondale
komatiites = 3.334 + 0.018 Ga; Wilson and Carlson 1989;
3.333 + 0.019 Ga; Hoffmann and Wilson 2017) suggest that
the East Greenland and Kaapvaal cratons had a similar pal-
aeogeographic location in the mid-Archaean.

Conclusions

A mineral and whole-rock geochemical study of 10 garnet
pyroxenites and 1 eclogite from the East Greenland SCLM
exposed in orogenic peridotite bodies across the WGR leads
to the following conclusions:
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(1) Limited whole-rock middle-heavy REE fractionation
and compositional variations suggest the samples had
a common origin.

(2) Light REE, Sr, Th, and Zr contents and Zr/Hf ratios
subdivide the sample suite into two types. High values
(type 1I samples) are interpreted to record metasoma-
tism that overprinted initially low values (type I sam-

ples).

(3) Sub-chondritic Zr contents and Zr/Hf ratios of the
type I samples are positively correlated. Low values
are indicative of an origin related to a melt-depleted
Al-bearing source.

(4) Low Zr/Hf ratios and majorite garnet crystallisation
require deep melting associated with a thermal anomaly
and recycled oceanic crust.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00410-023-02038-4.
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