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Abstract 

The Belomorian Province of the Fennoscandian Shield exposes numerous Precambrian 

eclogites, which makes it significant for the study of early tectonic processes. The age of these 

eclogites has been discussed for more than 15 years and regarded as either Archean or 

Paleoproterozoic. In the Kuru-Vaara quarry within the northern Belomorian Province, the eclogitic 

assemblage is preserved in concordant mafic boudins in felsic gneisses and a partially eclogitized 

gabbro-norite dike cutting discordantly through the gneiss fabric. Both eclogite types preserve zircon 

cores with a magmatic geochemical signature that yield protolith ages of ca. 2.88 Ga for a mafic 

boudin and ca. 2.44 Ga for the eclogitized gabbro-norite. Ca. 1.9 Ga zircon rims and grains from the 

eclogites show low Th/U ratio and HREE depletion, reflecting the growth of metamorphic zircon in 

equilibrium with garnet. In the eclogite boudin, the Archean zircon cores yield δ18O = 5.1-5.9‰ 

typical of mantle melts; the oxygen isotope composition of garnet (δ18O = 4.0-5.0‰) is in equilibrium 

with that of the 1.9 Ga zircon (δ18O = 4.5-5.4‰). Garnet Lu-Hf geochronology coupled with U-Pb 

zircon geochronology constrains prograde metamorphism for the Kuru-Vaara eclogites at 1.92-1.89 

Ga. Mineral inclusions of garnet, zoisite, plagioclase, kyanite, amphibole, quartz, and low-Na 

clinopyroxene in ca. 1.9 Ga zircon from the eclogite boudin imply epidote-amphibolite/amphibolite 

facies conditions for the prograde metamorphism. All data point to a Paleoproterozoic age of the 

eclogite facies metamorphism.  
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1. Introduction 

It is still debated how plate tectonics has operated in early Earth’s history and when 

subduction-collision processes have begun (e.g., Brown, 2006, 2008, 2009; Condie and Kröner, 2008; 



 

 

Sizova et al., 2010; van Hunen and Moyen, 2012). Subduction tectonics in the Archean has been 

proposed by some studies on the basis of geochemical and geological evidence (e.g., Abbott et al., 

1994; Brown, 2006; Condie and Kröner, 2008). Formed in subduction-collision zones, crustal 

eclogites occur in orogenic belts and represent a reliable proxy for plate tectonics (e.g., Brown, 2014). 

Therefore, the oldest eclogites are pivotal for setting constraints on the starting time of subduction 

processes similar to those that operate on modern Earth. The earliest crustal eclogites are 

Paleoproterozoic and they occur in a limited number of orogenic belts: the Eburnian-Transamazonian 

orogen (ca. 2.09 Ga, Loose and Schenk, 2018); the Kasai Block of the Congo Craton (ca. 2.09 Ga, 

François et al., 2018); the Usagaran belt (ca. 2.00 Ga, Collins et al., 2004; Möller et al., 1995); the 

Ubendian belt (ca. 1.89-1.87 Ga, Boniface et al., 2012); the Snowbird tectonic zone (ca. 1.90 Ga, 

Baldwin et al., 2004); the Trans-Hudson orogen (ca. 1.83 Ga, Weller and St-Onge, 2017); the 

Nagssugtoqidian Orogen, South-East Greenland (ca. 1.89-1.88 Ga, Müller et al., 2018). 

Early Precambrian eclogites are also widespread within the Belomorian Province of the 

Fennoscandian Shield. These rocks have caught much attention since Archean zircon ages of 2.87-

2.72 Ga were interpreted as dating high pressure metamorphism of the Salma and Gridino eclogites 

(Mints et al., 2010; Volodichev et al., 2004). Subsequently, based on zircon U-Pb geochronology and 

garnet Sm-Nd and Lu-Hf geochronology, the Belomorian Province eclogites were identified as 

Paleoproterozoic with an age of ca. 1.9 Ga (e.g., Berezin et al., 2012; Herwartz et al., 2012; Imayama 

et al., 2017; Li et al., 2017a; Liu et al., 2017; Mel’nik et al., 2013; Skublov et al., 2010, 2011a, 2011b; 

Yu et al., 2017, 2019a). However, the age of eclogite facies metamorphism in the Belomorian 

Province is still regarded as Archean in some recent studies (Dokukina and Mints, 2019; Mints and 

Dokukina, 2020).  

This contribution focuses on eclogites from the Kuru-Vaara quarry of the Salma area which 

age is equally disputed. Based on geological observations and zircon U-Pb dating, an unspecified 

Neoarchean age was inferred for Kuru-Vaara eclogites (Balagansky et al., 2015; Shchipansky et al., 



 

 

2012a, 2012b). These studies considered the cross-cutting relationship between an early 

Paleoproterozoic dike of gabbro-norite and the eclogite bearing mélange as an evidence for Archean 

eclogite metamorphism since an eclogite assemblage has not been identified in the dike. An age of ca. 

1.9 Ga was suggested to peak eclogite facies metamorphism (Herwartz et al., 2012; Mel’nik et al., 

2013; Skublov et al., 2010, 2011b) or prograde eclogite facies stage (Liu et al., 2017) based on Sm-

Nd and Lu-Hf dating and zircon U-Pb geochronology. However, Balagansky et al. (2015) and 

Shchipansky and Slabunov (2015) proposed that the obtained ca. 1.9 Ga zircon age in Kuru-Vaara 

eclogites is related to fluid infiltration during the Lapland-Kola collisional orogeny. The 

Paleoproterozoic ages obtained by garnet geochronology were debated as likely spuriously young 

ones created by resetting of the Sm-Nd and Lu-Hf systems (Balagansky et al., 2015; Dokukina and 

Mints, 2019; Li et al., 2015; Mints et al., 2014). 

In our study, we provide evidence for eclogitization of the gabbro-norite dike (sample SG-38) 

thus defining a new eclogite type in the Kuru-Vaara quarry. We previously presented U-Pb zircon 

(Skublov et al., 2010, 2011b), as well as Sm-Nd (Mel’nik et al., 2013) and Lu-Hf (Herwartz et al., 

2012) garnet ages for a concordant eclogite boudin (sample 46) from the Kuru-Vaara quarry and 

argued for a Paleoproterozoic age of the eclogite facies metamorphism. In this contribution, we 

provide detailed petrographic and mineralogical description for the eclogite that is based on study of 

sample SG-46/1 and new data on equivalent sample 46 from the same boudin. In contrast to sample 

46, new U-Pb dating of eclogite SG-46/1 is based on a larger number of zircon grains that mainly 

contain mineral inclusions. Such an approach helps to better constrain and tie the zircon age to a 

particular stage in the rock history. Our novel data on garnet zoning from the eclogite boudin provide 

a framework for the new interpretation of the published Sm-Nd and Lu-Hf ages. In this paper, we 

additionally investigate trace element and oxygen isotope compositions of garnet and zircon in the 

eclogitic rocks in the Kuru-Vaara quarry to confirm the Paleoproterozoic age of eclogite facies 

metamorphism in the Belomorian Province. 



 

 

 

2. Geological setting 

The Belomorian Province is the polymetamorphic mobile belt located in the eastern part of the 

Fennoscandian Shield between the Karelian Craton and the Kola Province (Fig. 1a). This province 

records a long-lived evolution from Mesoarchean to Paleoproterozoic (Balagansky et al., 2015; Gaál 

and Gorbatschev, 1987; Glebovitsky et al., 1996; Slabunov et al., 2006), including poly-phase 

deformation at high- to moderate metamorphic grade from Neoarchean to Paleoproterozoic 

(Glebovitsky et al., 1996; Hölttä et al., 2008; Slabunov et al., 2006). The main constituents of the 

Belomorian Province are Archean greenstone complexes, TTG gneisses and paragneisses (Hölttä et 

al., 2008; Slabunov et al., 2006). The predominant ages of the protoliths of the TTG gneisses are in 

the range 2.93-2.72 Ga (Hölttä et al., 2008). The province belongs to the southwestern foreland of the 

Lapland-Kola collisional orogeny that occurred at 2.0-1.9 Ga (Mudruk et al., 2013). 

Paleoproterozoic (2.5-1.9 Ga) plume-related mafic magmatism is widely presented in the 

eastern Fennoscandian Shield (Stepanova and Stepanov, 2010, and references therein) by volcanic 

rocks, dikes, and layered intrusions in the Karelian and Murmansk Cratons and Kola Province, and 

small intrusion and dikes in the Belomorian Province. Paleoproterozoic mafic dikes within the 

Belomorian Province are divided into three groups (Stepanova and Stepanov, 2010): 1) undated early 

Mg-tholeiitic dikes; 2) dikes of high-Mg gabbro-norites; 3) dikes of ca. 2.12 Fe-tholeiitic gabbro. 

These high-Mg gabbro-norites of the second group are related to the lherzolite-gabbronorite complex 

dated at 2.45-2.36 Ga (Lobach-Zhuchenko et al., 1998; Stepanova and Stepanov, 2010). A 

characteristic feature of all mafic rocks located in the Belomorian Province is the presence of coronitic 

textures resulted from metamorphism up to eclogite facies conditions (e.g., Perchuk and Morgunova, 

2014; Stepanova and Stepanov, 2010; Travin, 2015).  

Eclogite occurrences within the province are (Fig. 1a): Uzkaya Salma, Shirokaya Salma and 

Kuru-Vaara eclogites of the Salma area (e.g., Balagansky et al., 2015; Li et al., 2017a, 2017b, 2018; 



 

 

Liu et al., 2017; Mel’nik et al., 2013; Mints et al., 2010, 2014; Skublov et al., 2011b); Gridino eclogites 

(e.g., Berezin et al., 2012; Dokukina and Mints, 2019; Dokukina et al., 2014; Li et al., 2015; Perchuk 

and Morgunova, 2014; Skublov et al., 2011a; Travin and Kozlova, 2009; Volodichev et al., 2004; Yu 

et al., 2019a); eclogites of the Keret Archipelago islands (Berezin et al., 2013; Berezin and Skublov, 

2014; Skublov et al., 2016); the Krasnaya Guba eclogites (Kozlovskii and Aranovich, 2010; 

Kozlovsky and Aranovich, 2008; Skublov et al., 2013). Three adjacent locations (Kuru-Vaara quarry, 

Uzkaya Salma, and Shirokaya Salma) in the Salma area together with the Gridino complex (Fig. 1a) 

are the main eclogite-bearing occurrences within the province. They have a similar structure: a matrix 

of migmatized TTG gneiss contains boudin-like bodies of retrogressed eclogites (Li et al., 2017b, and 

references therein). The Gridino complex also includes numerous eclogitized gabbroic dikes (e.g., 

Dokukina and Mints, 2019; Perchuk and Morgunova, 2014; Yu et al., 2017). However, the 

metamorphosed gabbro-norite (this study) in the Kuru-Vaara quarry is the only eclogitized gabbroic 

rock reported for the Salma area. The magmatic age of the Gridino dikes has been regarded as either 

Archean (e.g., Dokukina and Mints, 2019) or Paleoproterozoic (e.g., Travin, 2015). The Archean 

magmatic age is based on the U-Pb dating of zircons, which could be trapped by the mafic dikes from 

the host TTG gneisses (Slabunov et al., 2011). The magmatic origin of the Gridino boudin-like 

eclogites is still debated. They have Archean magmatic protolith, which has been interpreted as 

representing either the former gabbroic dikes (e.g., Dokukina and Mints, 2019; Yu et al., 2017) or 

another protolith comparable with ophiolite mafic rocks (Volodichev et al., 2004). The protolith of 

boudin-like eclogite bodies from the Salma area has been attributed to Archean oceanic crust (e.g., 

Balagansky et al., 2015; Mints et al., 2014). 

 



 

 

  

Figure 1. (a) Simplified geological map of the Fennoscandian Shield; BP, the Belomorian 

Province; KP, the Kola Province; MC, the Murmansk Craton (modified after Balagansky, 2002; 

Balagansky et al., 2015; Daly et al., 2006; Liu et al., 2017; Slabunov et al., 2006); (b) Geological map 

of the Kuru-Vaara quarry (modified after Liu et al., 2017; Shchipansky et al., 2012a). 

 

The Kuru-Vaara quarry (Fig. 1b) exposes TTG gneiss (2.81 Ga, Shchipansky et al., 2012b) 

that hosts mafic and ultramafic boudins, a single dike of coronitic olivine gabbro-norite, bodies of Al-



 

 

rich gneiss, gabbro-amphibolite, sanukitoid, numerous pegmatites consisting mainly of quartz, 

feldspars, and mica (hereafter, ceramic pegmatite), and thin (up to 30 cm, Balagansky et al., 2015) 

corundum-bearing pegmatoid veins (not shown in the map). Detailed description of geology in the 

Kuru-Vaara quarry is presented in Balagansky et al. (2015) and Shchipansky et al. (2012a). The quarry 

contains two main eclogite types that are distinguished in petrography and structural position. (1) 

Eclogite boudins are deformed conformingly to the host TTG gneiss and vary in size from several 

meters to dozens of meters (Fig. 1b, Fig. 2a). (2) The partially eclogitized olivine gabbro-norite dike 

(Fig. 2b) that cuts across the structure of the TTG gneiss (Balagansky et al., 2015). This dike is slightly 

deformed, has a thickness of up to ~ 30 m and ~ 2 m chilled zones. Both eclogitic rock types underwent 

a single stage of retrogression (Balagansky et al., 2015; Liu et al., 2017; Shchipansky et al., 2012a). 

As a result, amphibolite facies assemblages partially or entirely replaced all eclogite facies 

assemblages (Fig. 2a). In accordance with petrography and position within the outcrop, the eclogite 

boudins were divided into two groups (the southern and the northern eclogites) by Shchipansky et al. 

(2012a). The corundum-bearing pegmatoid veins are attributed to amphibolite facies conditions and 

cross-cut the eclogite boudins (Balagansky et al., 2015; Liu et al., 2017). Veins of ceramic pegmatites 

cross-cut all the mentioned rocks in the quarry. U-Pb zircon dating yielded ages of 1885 ± 7 Ma (Liu 

et al., 2017) and 1841 ± 12 Ma (Skublov et al., 2011b) for the corundum-bearing pegmatoids and the 

ceramic pegmatites, respectively. 

 

 



 

 

 

 

Figure 2. Field relationships between the eclogitic rocks and the host TTG gneisses in the 

Kuru-Vaara quarry. (a) An eclogite boudin (samples SG-46/1 and 46); the inset shows strong 

amphibolization of the eclogite boudin at the contact with gneisses. (b) The dated dike of an 

eclogitized olivine gabbro-norite (sample SG-38; SW-NE striking in Fig. 1b). 

 

3. Analytical methods 

3.1. Mineral characterization and major element composition 

The major element composition of minerals was determined by scanning electron microscope 

equipped with an energy dispersive system (SEM-EDS) as well as by electron probe microanalysis 

(EPMA). SEM-EDS analyses were obtained at the Institute of Precambrian Geology and 

Geochronology of Russian Academy of Sciences using a scanning electron microscope JEOL JSM-

6510 LA with an energy dispersive system JED-2200. The operating conditions were 20 kV 

accelerating voltage, a beam current of 1 nA, and a beam of 1-2 μm in diameter. Metals and natural 

minerals were used as standards. The data were corrected with the ZAF algorithm. EPMA 

measurements were conducted on a Cameca SX 100 at the Department for Earth and Environmental 

Sciences, LMU Munich, Germany. Analyses were done with an accelerating voltage of 15 keV, a 

current of 40 nA (10 nA for plagioclase analyses) and a focused beam. A dwell time of 10 seconds on 

the peak and 2x5 seconds on the two background positions was used for quantitative point analyses, 



 

 

while qualitative compositional mappings were recorded with a dwell time of 250 ms/pixel at a step 

size of 5 µm/pixel. For garnet, pyroxene and amphibole, analyses for Si, Al, Fe and Mg were calibrated 

on almandine, while for plagioclase, Si and Al were calibrated on albite and Fe and Mg on almandine. 

For olivine, Si was calibrated on olivine, Al, Fe and Mg on almandine. For the other elements the 

following standards were used: wollastonite (Ca), albite (Na), orthoclase (K), ilmenite (Ti, Mn), 

vanadinite (Cl), Cr2O3 (Cr). Matrix correction was done by using the PAP ZAF routine, implemented 

in the Cameca PeakSight Software. 

Garnet cations and end-members were calculated following the method of Locock (2008). 

Amphibole was calculated and classified according to Locock (2014) and Hawthorne et al. (2012), 

respectively. Pyroxene was classified according to Morimoto (1988). 

Raman and photoluminescence (PL) micro-analyses of micro-inclusions in zircon were 

performed at Saint-Petersburg Mining University using a RenishawInVia Raman spectrometer. The 

analytical procedure and results are presented in the Supplementary material.  

Mineral abbreviations are according to Whitney and Evans (2010). 

 

3.2. Garnet and zircon trace element compositions 

Measurements of trace elements in garnet and zircon were conducted at the Yaroslavl branch 

of the Institute of Physics and Technology of Russian Academy of Sciences (Yaroslavl, Russia) using 

a Cameca IMS-4f ion microprobe. Analytical procedures are mainly described in Batanova et al. 

(1998), Dokukina et al. (2014), Fedotova et al. (2008), Nosova et al. (2002), Portnyagin et al. (2008). 

For analysis, the primary O2
– ion beam was focused to a spot size of ~20-25 μm. Each analysis was 

averaged from 3 cycles of measurements. Concentrations of trace elements were calculated from the 

normalized to 30Si+ secondary ion intensities using calibration curves based on a set of reference 

glasses (Jochum et al., 2000, 2006). NIST-610 reference glass (Rocholl et al., 1997) was used as a 



 

 

daily monitor for trace element analyses. Accuracy of the trace element measurements is up to 10% 

for concentrations higher than 1 ppm and up to 20% for the concentration range 0.1-1 ppm. 

 

3.3. Oxygen isotopes in garnet  

In situ oxygen isotopes analysis of garnet was performed by ion microprobe with a Cameca 

IMS 1280-HR at the SwissSIMS laboratory, University of Lausanne. Garnet was analyzed from 

polished individual grains and standard polished thin sections mounted together with primary and 

secondary garnet standards. Analytical conditions followed Seitz et al. (2017). A 10 kV Cs+ primary 

Gaussian beam was used with a ~2.0 nA current, resulting in a spot size of ~15-20 µm. Analyses 

consisted of 20 cycles of 5 seconds each. Oxygen isotope ratios (18O/16O) are presented as deviations 

(δ18O) from the Vienna Standard Mean Ocean Water (VSMOW). UWG-2 garnet (δ18O = 5.8‰, 

Valley et al, 1995) was used as a primary standard for instrumental mass fractionation. The in-house 

Umba garnet was run as a secondary standard and it returned δ18O values standardized to UWG-2 

without matrix correction of 15.2 ± 0.3‰ (2SD) over the session. This value is within uncertainty of 

the values obtained during sessions to calibrate the matrix bias correction scheme over the entire 

grossular range (Xgrs). As the analyzed garnet differs from standard UWG-2 in Xgrs of ~ 0.14-0.26, 

a matrix bias correction for grossular was applied according to the methods of Page et al. (2010) and 

Martin et al. (2014). The matrix correction equation used is bias = –3.32Grs2 + 8.31Grs – 1.08, where 

Grs is the molar fraction of grossular at the analyzed garnet spot based on SEM-EDS measurement 

(Table S1). The correction was based on the in-house reproduction of the Xgrs versus matrix bias 

curve obtained from 9 reference garnets as calculated in Vho et al. (2020). Since the difference in 

spessartine content between UWG-2 and the analyzed garnet is trivially small, a matrix bias correction 

for spessartine was not applied. No andradite correction was applied because small (Xadr of ~ 0.01-

0.03 from EMPA data, Tables S2 and S5) or no measurable (SEM-EDS data, Table S1) andradite 

component is present in the investigated garnet, similarly to UWG-2 garnet. The uncertainty on the 



 

 

final δ18O for each analysis includes the internal error during analysis (2SE), the reproducibility on 

UWG-2 during the analytical session (0.27, 2SD) and the residual of the matrix correction (0.28, Vho 

et al., 2020). 

 

3.4. Zircon U-Pb geochronology, oxygen isotopes 

Zircon was separated using magnetic separation and heavy liquids. Handpicked zircon grains 

were embedded into epoxy resin together with reference zircon TEMORA 2 (Black et al., 2004) and 

91500 (Wiedenbeck et al., 1995) and polished to expose their centers. To avoid influence of cracks 

and inclusions, we selected spots for in-situ analyses of zircon grains taking into account transmitted 

and reflected light images. Cathodoluminescence (CL) images were carried out on a Camscan 

MX2500S SEM equipped with a QLI/QUA2 CL detector at the Isotopic Investigation Centre of the 

All-Russian Geological Research Institute (St. Petersburg, Russia). Operating conditions for the SEM 

were 12 kV, a current of 5-7 nA and a working distance of 31-33 mm. 

For sample SG-38, zircon U-Pb dating was carried out by a SHRIMP II ion microprobe at the 

Isotopic Investigation Centre of the All-Russian Geological Research Institute mainly following the 

analytical procedures described in Bröcker et al. (2014), Williams, (1998), Rodionov et al. (2012). 

The primary O2
– oxygen beam (4 nA) was focused to a spot size of about 20 μm. U-Pb dating for 

zircon from sample SG-46/1 was conducted using a Cameca IMS-1280HR SIMS at the Institute of 

Geology and Geophysics, Chinese Academy of Sciences. The detailed analytical procedures were 

described by Li et al. (2009). The primary O2
– ion beam had an intensity of ca. 6 nA, and a spot was 

about 2030 μm in size. Positive secondary ions were extracted with a 10 kV potential. Cameca and 

SHRIMP analyses of the standard zircon TEMORA 2 were interspersed with unknown grains. Pb/U 

calibration was performed relative to zircon standard TEMORA 2 (417 Ma, Black et al., 2004). U and 

Th concentrations were calibrated against zircon standard 91500 (Wiedenbeck et al., 1995). For the 

Cameca IMS-1280HR analysis, a long-term uncertainty of 1.5% (1σ RSD) for 206Pb/238U 



 

 

measurements of the standard zircons was propagated to the unknowns (Li et al., 2010a). The analyses 

were corrected for common Pb on the basis of the measured 204Pb assuming a common Pb composition 

according to the Stacey and Kramers (1975) model. Reduction of U-Pb data was performed with the 

use of the Isoplot/Ex program (Ludwig, 1999 and 2001). 

Oxygen isotope compositions in zircon were obtained at the Institute of Geology and 

Geophysics of Chinese Academy of Sciences using Cameca IMS-1280 and Cameca IMS-1280HR ion 

microprobes. We followed analytical procedures similar to those described in Li et al. (2010b) and 

Tang et al. (2015). A primary Cs+ beam (3-4 nA) was focused to a spot up to ~ 15 μm in size. The 

measured 18O/16O ratios were normalized to standard VSMOW (18O/16O = 0.0020052). We conducted 

measurements at the same analytical spots or close to those of U-Pb isotopes. Before measuring, 

samples were re-polished to remove pits of previous analyses. The instrumental mass fractionation 

(IMF) was corrected using TEMORA 2 reference zircon (δ18O = 8.2‰, Black et al., 2004). A second 

zircon standard 91500 was analyzed as an unknown to ascertain the veracity of the IMF. Eight 

(Cameca IMS-1280) and five (Cameca IMS-1280HR) measurements of 91500 zircon during the 

course of this study yield averages of δ18O = 10.1 ± 0.4 and 10.1 ± 0.7‰ (2SD), respectively. That is 

consistent with the δ18O value of 9.9‰ reported for 91500 zircon (Wiedenbeck et al., 2004). The 

uncertainty on a single δ18O value includes the internal uncertainty (2SE) and the reproducibility on 

TEMORA 2 during the analytical sessions (2SD).  

 

4. Petrography and mineral chemistry 

4.1. Eclogite boudin (samples 46 and SG-46/1) 

The two eclogite samples (Fig. 2a and S1) refer to “southern eclogites” of the Kuru-Vaara 

quarry according to definition of Shchipansky et al. (2012a). This rock is composed of garnet, 

amphibole, omphacite, diopside, plagioclase, quartz and minor rutile, kyanite, orthopyroxene, zoisite, 

apatite, zircon, and ilmenite. Preserved eclogite paragenesis comprises medium-grained (400-800 µm) 



 

 

granoblastic omphacite, minor amphibole and kyanite, fine-grained quartz, rutile in the rock matrix, 

and coarse-grained (2-6 mm) garnet porphyroblasts. Partial retrogression of the eclogite is mainly 

reflected in amphibole + plagioclase kelyphitic coronas around garnet (Fig. 3a, c and 4a) and low-Na 

clinopyroxene + plagioclase ± amphibole symplectites replacing omphacite (Fig. 3a-c). The low-Na 

clinopyroxene is replaced by amphibole in the more altered parts of the rock. Retrograde sapphirine 

+ spinel + plagioclase ± scapolite symplectites around medium-grained kyanite in the rock matrix 

have been reported by Liu et al. (2017) for an equivalent eclogite sample from the Kuru-Vaara quarry. 

 

  

Figure 3. Back-scattered electron images of mineral textures in the eclogite boudin. (a) 

Partially retrogressed eclogite (sample 46). The insets show an orthopyroxene inclusion (Opx-G) with 

resorbed-like shape and quartz + amphibole rods within omphacite. (b) and (c) Diopside + plagioclase 



 

 

and diopside + plagioclase + amphibole symplectites replacing omphacite, respectively (sample SG-

46/1). (d) Fine orthopyroxene lamellae (Opx-L) in matrix diopside (sample SG-46/1). The lamellae 

are replaced by quartz + amphibole rods. The pyroxene jadeite content (mol.%) is reported in brackets. 

 

  

Figure 4. Zoned garnet grains of different sizes from the eclogite boudin (sample SG-46/1). 

(a) BSE images of the garnet grains with the marked profile along which mineral analyses were done. 

(b) Compositional (major elements, Lu and δ18O) cross-sections through the garnet grains. The grey 

bands show the approximate location of zones in garnet mantles with Ca increase. Error bars of δ18O 

values are ± 2σ. 

 



 

 

Garnet porphyroblasts are ellipsoidal and 2-6 mm in diameter. Mono- and poly-phase mineral 

inclusions of quartz, amphibole, plagioclase, rutile, diopside, orthopyroxene, ilmenite, and calcite 

have been observed in garnet. Previous studies (Konilov et al., 2011; Liu et al., 2017) reported also 

inclusions of kyanite, zoisite, and omphacite in garnet from equivalent samples of the “southern 

eclogites”. In an attempt to better constrain garnet zoning, we carefully handpicked crystals of 

different size (2.5-6 mm, Fig. 4a) from sample SG-46/1, embedded them into separate epoxy mounts 

and polished every mount to expose the center of each crystal. Garnet has the following chemical 

compositions Alm31-40Prp32-45Grs17-25Sps0.4-1.7 and exhibits complex zonation (Fig. 4b and 5, Table 

S2). An increase of Mg and a decrease of Fe and Mn from core to rim is interpreted as preserved 

prograde growth zoning (e.g., Cheng et al., 2012). On the contrary, a decrease of Mg and an increase 

of Fe and Mn in the outermost 100-200 μm rim zone is attributed to retrograde diffusional zoning. All 

garnet grains have an increase of Ca concentration in an intermediate mantle zone (Fig. 4b), which is 

more notable in the compositional map (Fig. 5).  

 



 

 

 

Figure 5. Mg, Fe, Ca and Mn X-ray maps of a portion of garnet grain 46-G5 from the eclogite 

boudin (sample SG-46/1). Blue color – low content; red color – high content. The mapped area is 

marked in Fig. 4a.  

 

Garnet chondrite-normalized REE patterns display enrichment in HREE with respect to MREE 

and LREE (Fig. 6). The content of HREE is highest in the Ca-enriched mantle in all garnet grains and 

in the core of the largest grain (46-G10) (Fig. 4b and 6, Table S3). Generally, HREE contents decrease 

from the garnet center and rapidly rise in the Ca-rich mantle, to drop again in the outer rim (Fig. 4b 

and 6a-c).  

 



 

 

  

Figure 6. (a)-(c) Chondrite-normalized REE patterns for garnet from the eclogite boudin 

(sample SG-46/1). The garnet grains are shown in Fig. 4a. REE data are given for the center-to-edge 

section of every grain. REE concentrations were normalized using CI chondrite values (McDonough 

and Sun, 1995). 

 

Medium-grained omphacite occurs in the matrix and includes orthopyroxene, quartz, 

amphibole, and rutile (Fig. 3a). Omphacite core contains 20-23 mol.% of jadeite component (Table 

S4), which decreases toward the rim (jadeite of 4-10 mol.%). This zoning is well visible in BSE 

images (Fig. 3a) and is likely related to re-equilibration during decompression. Either clinopyroxene 

+ plagioclase or clinopyroxene + plagioclase + amphibole (Fig. 3b and c) symplectites usually replace 

the majority of omphacite grains. Clinopyroxene in the symplectites is diopside (jadeite content is 3-

8 mol.%). Diopside inclusions in garnet have similar Na content (1-6 mol.% of jadeite component). 

Amphibole in the eclogite has the following main occurrences: 1) magnesio-hornblende in the 

symplectites replacing omphacite (Fig. 3c); 2) pargasite and magnesio-hornblende in the coronas 

around garnet (Fig. 3a, c and 4a); 3) magnesio-hornblende in quartz + amphibole lamellae replacing 



 

 

omphacite (Fig. 3a) and medium-grained matrix diopside (Fig. 3d); 4) pargasite and magnesio-

hornblende inclusions in garnet (Fig. 4a); 5) matrix magnesio-hornblende in textural equilibrium with 

omphacite. Amphibole inclusions in garnet can be Cl-rich (up to 3.16 wt.%), while all other 

amphiboles are Cl-free (Table S4).  

Andesine plagioclase (An37-42) is found in the symplectites replacing omphacite and in the 

amphibole + plagioclase kelyphitic coronas around garnet. Plagioclase inclusions in garnet vary in 

composition from oligoclase to andesine (An25-48, Table S4). 

Orthopyroxene occurs as thin (< 1 μm) lamellae (Opx-L, Fig. 3d) exsolved from matrix 

diopside and as coarser (up to 100 μm) ubiquitous grains (Opx-G) with resorbed-like shape in garnet 

(Fig. 4a), in omphacite (Fig. 3a) and in the symplectites replacing omphacite (Fig. 3b and d). Opx-G 

as inclusion in omphacite and in the symplectites is always surrounded by plagioclase. Orthopyroxene 

inclusions in garnet are comparable in composition to matrix orthopyroxene (Al2O3 up to 1.86 wt.%, 

En71-77Fs23-28 and Al2O3 up to 1.99 wt.%, En73-76Fs23-26, respectively; Table S4). 

 

4.2. Partially eclogitized dike (sample SG-38)  

Coexistence of high-pressure (eclogitic) and magmatic mineral assemblages occurs in the 

more pristine portions of the metamorphosed olivine gabbro-norite dike (Fig. 2b and S1). The gabbro-

norite has well-preserved medium- to coarse-grained (0.5-2 mm) cumulate and gabbroic textures; its 

magmatic assemblage is primarily composed of orthopyroxene, low-Na clinopyroxene, olivine, relics 

of Ca-rich plagioclase, minor biotite and ilmenite. The incomplete transformation from gabbro-norite 

to eclogite is indicated by coronitic and symplectitic textures reflecting partial/local equilibration 

during metamorphism.  

In the olivine gabbro-norite from the Kuru-Vaara quarry, the eclogite facies assemblage occurs 

as complex coronas between magmatic orthopyroxene and plagioclase, which comprise sequential 

layers of omphacite, amphibole and garnet (Fig. 7a). The presence of the high-pressure mineral 



 

 

assemblage besides magmatic relics is expressed with the terms “eclogitized” or “partially 

eclogitized” (John and Schenk, 2003; Korikovsky, 2005; Lang and Gilotti, 2001). Metamorphic 

coronas of omphacite-amphibole (around magmatic orthopyroxene) and orthopyroxene-amphibole-

garnet or orthopyroxene-garnet (around olivine, Fig. 7b) are also common in sample SG-38. Sodic 

plagioclase + amphibole + spinel symplectites (Fig. 7) ubiquitously replace former magmatic Ca-rich 

plagioclase. 

 

 

 

Figure 7. Back-scattered electron images of the eclogitized olivine gabbro-norite (sample SG-

38). (a) Grt-Amp-Omp corona with eclogitic mineral assemblage around magmatic orthopyroxene; 

sodic Pl + Amp + Spl symplectites in a prior magmatic plagioclase domain. (b) Garnet-orthopyroxene 

corona around olivine and the symplectites in a prior magmatic plagioclase domain. The location of 

SIMS analyses of garnet (black pits) and corresponding δ18O values in ‰ (yellow digits) are reported. 

 

Representative chemical compositions of orthopyroxene, clinopyroxene, garnet, amphibole, 

plagioclase, and olivine are presented in Table S5. Magmatic orthopyroxene contains rare olivine 

inclusions and numerous tiny (<< 1 μm) exsolutions (Fig. 7a), identified as Cr-spinel (Balagansky et 

al., 2015). Compared with coronitic orthopyroxene, the magmatic one is enriched in Al2O3 (2.40-3.32 



 

 

wt.%), Cr2O3 (0.35-1.15 wt.%), CaO (1.63-2.72 wt.%), and Na2O (up to 0.31 wt.%). Cores of the 

magmatic orthopyroxene display the lowest Fe content, which is increasing towards the rims of the 

crystals (XFe = 0.13 and 0.18-0.20, respectively). The coronitic orthopyroxene is more Mg-rich (XMg 

= 0.80-0.85) than rim of the magmatic grains (XMg = 0.80-0.82). 

Magmatic clinopyroxene is augite or diopside with a moderate jadeite content of 8-10 mol.% 

and contains tiny exsolutions of a Fe-rich phase. Omphacite composes the first layer of the complex 

coronas around magmatic orthopyroxene (Fig. 7a). The omphacite layer is relatively thin (10-30 μm) 

and compositionally heterogeneous with a high jadeite content of 21-31 mol.%. The highest jadeite 

content of this omphacite is comparable to the pyroxene composition in the eclogite boudins in the 

Kuru-Vaara quarry (29-33 mol.%, Liu et al., 2017; Shchipansky et al., 2012a).  

Garnet occurs as an outer 100-150 μm layer in different coronas (Fig. 7a and b). Its 

composition is Alm31-39Prp39-48Grs12-27Sps1.2-1.7, comparable to that in the eclogite boudin. This garnet 

occurs within former magmatic plagioclase domains, and, in some cases, is intergrown with other 

minerals (mainly kyanite, amphibole, and sodic plagioclase), representing part of the breakdown 

assemblage of the magmatic plagioclase.  

Amphiboles from coronas and from plagioclase domains have similar chemical compositions 

and represent pargasite. Preserved magmatic plagioclase is bytownite (Shchipansky et al., 2012a). In 

plagioclase + amphibole + spinel symplectites, the composition of the plagioclase varies from 

oligoclase to andesine (An19-43). Spinel in the symplectites is Al-rich, but too small (<1-2 μm, Fig. 7a) 

to obtain reliable electron microprobe data. Matrix olivine has a high-Mg content (Fo79). 

 

5. Zircon geochronology, geochemistry and mineral inclusions 

The U-Pb SIMS analyses for zircon are listed in Tables S6 and S7 and are shown in Figures 8 

and S2. Corresponding trace element compositions are presented in Table S8. 

 



 

 

 

Figure 8. CL images of representative zircon grains from the eclogite boudin (sample SG-

46/1) and the partially eclogitized gabbro-norite (sample SG-38). Age (Ma ± 1σ; blue), Th/U ratio 

(black), oxygen isotope composition (green) and analysis number (orange) are labelled with different 

colors. The diameter of the orange circles is about 30 μm and the circle corresponds to the location of 

the SIMS analyses. 

 

5.1. Eclogite boudin (sample SG-46/1) 

The zircon grains recovered from the eclogite boudin are anhedral to subhedral crystals and 



 

 

their fragments, isometric or elongated, usually colorless. Their size is up to 400 μm. The CL images 

revealed a complex structure of the zircon (Fig. 8 and S2). The most internal domain is a CL-dark or 

pale grey core that is observed in the majority of zircon crystals. The cores have variable shapes and 

commonly display weak oscillatory and/or sector zoning that is truncated by overgrowth domains. 

The zircon rim is composite and has a first zone with bright CL emission followed by one or several 

zones with darker CL emission. The CL-bright zone also forms the central part of those crystals that 

are free of the CL-dark cores. A few zircon grains without the CL-dark cores exhibit irregular or 

chaotic zoning patterns with medium to low CL emission. Core and rim analyses fall in two groups 

that define a Discordia line (Fig. 9a). Eleven U-Pb SIMS analyses of the cores are close to the upper 

intercept and yield an upper intercept age of 2907 ± 49 Ma. Three analyses constrain a Concordia age 

of 2884 ± 12 Ma, which is considered the most robust age of the zircon cores. The zircon cores have 

a high Th/U ratio of 0.81-3.28 (Tables S6). Chondrite-normalized patterns of the cores (Fig. 9c) show 

strong HREE enrichment (values of about 130-5700 times chondrite) with a positive pattern slope 

from Gd to Lu (LuN/GdN ratio = 9-18), distinct both negative Eu anomaly (Eu/Eu* = 0.06-0.14) and 

positive Ce anomaly (Ce/Ce* = 3.86-22.96). Ti-in-zircon thermometry (Watson et al., 2006) mainly 

yields temperatures of 810-1000°C for the zircon cores (Table S8). We did not identify primary 

mineral inclusions within these cores.  

 



 

 

 

Figure 9. U-Pb concordia diagrams (a, b) and chondrite-normalized REE patterns (c, d) for 

zircon from the eclogite boudin (sample SG-46/1) and partially eclogitized gabbro-norite (sample SG-

38). Error ellipses in the Concordia diagrams represent 2σ uncertainties. The Concordia ages, and the 

upper intercept and weighted average (mean) ages are given with 2σ and 95% confidence, 

respectively. REE data was normalized using CI chondrite values (McDonough and Sun, 1995). 

 

In contrast to the zircon cores, all other domains of zircon grains display markedly low Th/U 

ratio of ≤ 0.06 (usually at the level of 0.00n-0.000n, Tables S6). The 207Pb/206Pb dates of the low-Th/U 

zircon domains are 2012-1833 Ma. Twenty-six U-Pb SIMS analyses of the low-Th/U zircon plot on 

or near Concordia, yielding a weighted average 207Pb/206Pb age of 1892 ± 9 Ma (Fig. 9a and S3). A 

few of the low-Th/U domains that are CL-bright have high common lead and very low U content, 

which did not allow to obtain correct U-Pb isotopic results (spots #11 and 34 in Table S6). Compared 



 

 

to the cores, chondrite-normalized REE patterns of low-Th/U zircon domains display lower REE 

contents, especially HREE (values of about 1-38 times chondrite); HREE patterns are relatively flat 

(LuN/GdN ratio = 1-15, mainly 1-3), both Ce (Ce/Ce* = 0.75-3.97) and Eu (Eu/Eu* = 0.09-1.03, mainly 

0.41-1.03) anomalies are minor (Fig. 9c). Ti-in-zircon thermometry (Watson et al., 2006) mainly 

yields temperatures of 620-700°C for the low-Th/U zircon (Table S8). The low-Th/U zircon domains 

exhibit individual and poly-phase mineral inclusions of zoisite, quartz, kyanite, garnet (Alm40-49Prp34-

37Grs14-21Sps0.7-1.4), low-Na clinopyroxene (jadeite content of 7 mol.%), amphibole (pargasite), and 

plagioclase (An48) (Fig. 8 and S2). One of the zircon grains is intergrown with plagioclase (An40, Fig. 

8). Inclusions of zoisite are predominant and can be associated with quartz, kyanite, and 

clinopyroxene. Compositions of representative garnet, amphibole, clinopyroxene, and plagioclase 

inclusions are listed in Table S9.  

 

5.2. Partially eclogitized dike (sample SG-38) 

Zircon grains separated from the eclogitized gabbro-norite are isometric and elongated (ca. 80-

200 μm; Fig. 8 and S2). A notable zircon type in this sample is elongated aggregates of polygonal 

domains of 5-50 μm in size. Polygonal domains composing the aggregates display concentric zoning 

in CL images (Fig. 8). 

Some elongated and isometric grains have oscillatory and sector zoned cores with a medium 

CL emission and irregular rims with homogeneous and bright in CL emission (up to 30 μm). The 

bright rims truncate the core zoning. One of the overgrowths contains a plagioclase (An40) inclusion 

(Fig. S2). The 207Pb/206Pb ages of the oscillatory and sector zoned zircon cores are 2447-2218 Ma 

(Table S7); four analyses define a Concordia age of 2443 ± 22 Ma (Fig. 9b). The zoned zircon cores 

have a high Th/U ratio of 0.79-1.38 (Table S7). The REE patterns (Fig. 9d) show positive Ce anomaly 

(Ce/Ce* = 3.11-20.33) and negative Eu anomaly (Eu/Eu* = 0.15-0.19), HREE enrichment with a 

positive slope from Gd to Lu (LuN/GdN ratio = 11.7-16.6). 



 

 

The prismatic zircon aggregates, a bright CL rim around one of the zoned cores, and a grain 

with a low CL emission all have 207Pb/206Pb ages in the range 1984-1891 Ma (Table S7); five analyses 

yield a Concordia age of 1915 ± 17 Ma (Fig. 9b). Compared with the zoned cores, this second zircon 

group shows low Th/U ratio of 0.02-0.27, mainly < 0.04 (Table S7). Chondrite-normalized REE 

patterns of the second zircon group display low REE contents and reduced Ce (Ce/Ce* = 1.49-4.10) 

and Eu (Eu/Eu* = 0.39-1.13) anomalies (Fig. 9d). Except for the zircon with low CL emission (spot 

#13.1), HREE patterns are relatively flat (LuN/GdN ratio = 5.2-7.7).  

 

6. Garnet and zircon oxygen isotopes 

Three garnet grains were analyzed for in-situ oxygen isotopes in sample SG-46/1 of the 

eclogite boudin. The δ18O values for all grains are between 4.0-5.0‰ (grain G2 4.5 ± 0.6‰, grain G5 

4.3 ± 0.3‰, grain G10 4.5 ± 0.3‰, total 4.4 ± 0.4‰, 2SD, n = 49) and particularly in grain G2 a weak 

zoning is observed (Fig. 4b, Table S10). This range of δ18O is likely related to growth zoning over a 

T range in a constant bulk with variable assemblage (Korolev et al., 2018, and references therein). 

Similar oxygen isotope variations (about 1‰) were observed within growth-zoned garnets from other 

crustal eclogites (Russell et al., 2013). δ18O values in the coronitic garnet of the eclogitized gabbro-

norite are in a narrow range of 5.0-5.5‰ (5.3 ± 0.3‰, 2SD, n = 10; Fig. 7b, Table S10). 

The oxygen isotopic SIMS analyses for the studied zircon are listed in Table S11 and shown 

in Figures 8 and S2. Values of δ18O in the Archean zircon cores from the eclogite boudin (samples 

SG-46/1 and 46) are 5.1-5.9 ‰ (5.5 ± 0.5‰, 2SD, n = 13). The Paleoproterozoic low-Th/U zircon 

domains have lower δ18O values of 4.5-5.4‰ (4.9 ± 0.5‰, 2SD, n = 33). The oscillatory and sector 

zoned zircon cores from the gabbro-norite dike (SG-38) display oxygen isotopes in a range of 5.2-

5.7‰ (5.4 ± 0.4‰, 2SD, n = 5); oxygen isotope measurements for all other zircon domains yield δ18O 

values of 4.7-5.7‰ (5.3 ± 0.8‰, 2SD, n = 4). 

 



 

 

7. Discussion 

7.1. Metamorphic history of Kuru-Vaara eclogites 

Textural relationships and mineral compositions in the Kuru-Vaara eclogites can be reconciled 

with three metamorphic stages: (1) prograde, (2) eclogite facies metamorphic peak, and (3) 

retrogression. 

(1) A prograde amphibolite facies conditions are inferred from numerous mineral inclusions 

of amphibole, diopside, plagioclase, quartz, rutile in prograde-zoned garnets from the eclogite boudin 

with Archean magmatic zircon ages. This stage probably involved Cl-bearing fluids as it can be 

inferred from Cl-enriched amphibole inclusions in garnet. 

(2) Textural equilibrium of high-Mg garnet and high-Na clinopyroxene (omphacite) in the 

eclogite boudin and occurrence of these minerals in some metamorphic coronas around magmatic 

minerals of the partially eclogitized gabbro-norite constrain the peak metamorphic stage at eclogite 

facies. Rock-forming metamorphic minerals in coronitic and symplectitic textures of partially 

eclogitized gabbros usually reflect no evidence for long prograde growth, and their formation is 

mainly related to P-T conditions near the metamorphic peak (e.g., John and Schenk, 2003; 

Korikovsky, 2005; Perchuk and Morgunova, 2014). For this reason, the eclogitized dike exhibits no 

clear evidence for prograde metamorphism in contrast to the eclogite boudin. In previous studies 

(Balagansky et al., 2015; Shchipansky et al., 2012b, 2012a; Shchipansky and Slabunov, 2015), the 

appearance of the mineral coronas in the Kuru-Vaara gabbro-norite dike was ascribed to amphibolite 

facies metamorphism as the eclogite assemblage had not been identified. This can be explained by 

considering that omphacite may not uniformly spread in coronitic gabbro-norites since its occurrence 

depends on local rock chemistry (Korikovsky, 2005).  

(3) The eclogite boudin exhibits evidence of overprinting retrogression. The observed tiny 

orthopyroxene lamellae in matrix diopside (Fig. 3d) can be interpreted as a result of omphacite 

breakdown at granulite facies overprint (Anderson and Moecher, 2007). Further, quartz-amphibole 



 

 

rods replace these lamellae (Fig. 3d). The appearance of the rods in crustal eclogites occurs before the 

development of diopside + plagioclase ± amphibole symplectites (Anderson and Moecher, 2007). The 

retrograde granulite facies stage is firmly evident from sapphirine + spinel + plagioclase ± scapolite 

assemblage mantling the matrix kyanite in equivalent eclogites from the Kuru-Vaara quarry (Liu et 

al., 2017). Coarser orthopyroxene grains (Opx-G, Fig. 3b) in symplectites replacing omphacite were 

also ascribed to the granulite stage by Liu et al. (2017). However, Opx-G has a resorbed-like shape 

and can occur in omphacite and growth-zoned garnet. It allows assuming also inherited in addition to 

retrograde granulite nature for Opx-G. We speculate that at least some of the coarser orthopyroxene 

grains in the eclogite boudin could represent a former event in the rock history (e.g., inherited 

orthopyroxene of magmatic protolith). Our interpretation is supported by stability of orthopyroxene 

in high-Mg and high-Fe mafic rocks at eclogite grade conditions and further retrogression (e.g., 

Korikovsky, 2009; Nakamura, 2003). An example of magmatic orthopyroxene preservation through 

eclogite facies metamorphism and following strong retrogression is also provided by the retrogressed 

rock (Fig. S4) replacing the eclogitized gabbro-norite in the Kuru-Vaara quarry. After the granulite 

facies stage, Kuru-Vaara eclogites underwent amphibolite facies metamorphism, the initiation of 

which is testified by local amphibole growth after symplectitic diopside (Liu et al., 2017) and 

development of the kelyphitic coronas around garnet (Fig. 3a).  

With the use of geothermobarometers, Shchipansky et al. (2012a) determined peak eclogite 

facies conditions of 12-14.5 kbar and 690-770°C for eclogite boudins in the Kuru-Vaara quarry. P-T 

conditions of peak eclogite facies and retrograde granulite facies stages were defined in Liu et al. 

(2017) as 18-20 kbar and 715-820°C, 11-13 kbar and 870-915°C, respectively. The further 

amphibolite facies overprint occurred at 5.3 kbar and 585°C (Balagansky et al., 2015). 

 

7.2. Interpretation of zircon U-Pb ages 



 

 

Zircon cores from both the eclogite boudin (sample SG-46/1) and partially eclogitized gabbro-

norite (sample SG-38) exhibit common structural and geochemical signatures, such as oscillatory and 

sector zoning, HREE enrichment, distinct negative Eu and positive Ce anomalies, and high Th/U 

ratios. These signatures correspond to that of typical magmatic zircon (Belousova et al., 2002; Corfu 

et al., 2003; Grimes et al., 2015; Hoskin and Schaltegger, 2003; Rubatto, 2017) and thus we interpreted 

the zircon cores as dating the protolith crystallization. The eclogite boundin derives from a 

Mesoarchean protolith dated at 2884 ± 12 Ma. This is in line with or close to previously reported U-

Pb zircon ages of 2929-2802 Ma and 2821 ± 24 Ma for the magmatic protolith of the southern eclogites 

of the Kuru-Vaara quarry (Liu et al., 2017; Shchipansky et al., 2012b). The protolith of the eclogitized 

gabbro-norite is constrained at 2443 ± 22 Ma. A U-Pb baddeleyite age of 2147 ± 28 Ma has been 

suggested as the gabbro-norite magmatic age by Balagansky et al. (2015). However, this age was 

obtained by analyzing both baddeleyite and metamorphic zircon overgrowth (see Fig. 10A and 10B 

in Balagansky et al., 2015). The obtained gabbro-norite zircon age of ca. 2.44 Ga corresponds to the 

formation of the lherzolite-gabbronorite complex dated at 2.45-2.36 Ga (Lobach-Zhuchenko et al., 

1998; Stepanova and Stepanov, 2010), which includes numerous plume-induced intrusions (mainly 

dikes) that are widespread within the Belomorian Province. The Archean and Proterozoic magmatic 

zircon cores from both types of the Kuru-Vaara eclogites yield δ18O values of 5.1-5.9‰ and 5.2-5.7‰, 

respectively. These values are consistent with the mantle zircon δ18O value of 5.3 ± 0.3‰ (Valley et 

al., 2005), indicating crystallization from mantle-derived magmas for the eclogite protoliths. 

The 1892 ± 9 Ma zircon rims and grains from the eclogite boudin exhibit low Th/U ratio and 

HREE depletion that are in line with growth of metamorphic zircon in equilibrium with garnet 

(Rubatto, 2002, 2017; Skublov et al., 2012). Their weak Eu anomaly can indicate absence or presence 

of only a small amount of plagioclase during zircon growth (e.g., Rubatto, 2002). In previous studies, 

these geochemical signatures were used to ascribe the Paleoproterozoic age of the zircon rims to 

eclogite facies metamorphism (sample 46 in Skublov et al., 2010, 2011b). Some additional insight 



 

 

into the conditions of zircon formation comes from the mineral inclusions in the 1892 ± 9 Ma zircon 

domains. The most common mineral inclusion is zoisite, with minor kyanite, quartz, garnet, low-Na 

clinopyroxene (jadeite content of 7 mol.%), amphibole and plagioclase (An48). According to our 

observations and previous studies (Liu et al., 2017; Shchipansky et al., 2012a; Skublov et al., 2011b), 

zoisite in the southern eclogites of the Kuru-Vaara quarry occurs only as inclusions in zircon and 

garnet, and is attributed to prograde metamorphism. To reconcile these data, we propose that the low 

Th/U zircon domains from the boudin eclogite (sample SG-46/1) formed during prograde 

metamorphism at 1892 ± 9 Ma. Based on thermodynamic calculations and the presence of inclusions 

of zoisite and kyanite in zircon, Liu at al. (2017) attributed formation of similar zircon domains dated 

at 1897-1895 Ma to the prograde metamorphism at eclogite facies conditions. However, coexistence 

of zoisite inclusions with kyanite and low-Na clinopyroxene (Jd7) along with presence of plagioclase 

inclusion specify epidote-amphibolite/amphibolite but not eclogite facies conditions. Ti-in-zircon 

thermometry (Watson et al., 2006) mainly yields temperatures of 620-700°C for these zircons (Table 

S8), that are partly overlapping with the temperature estimates for prograde epidote-amphibolite facies 

metamorphism of Salma eclogites (610-660°C, Imayama et al., 2017; Yu et al., 2019b). The reported 

geochemical signature and mineral inclusion assemblage disagree with Balagansky et al. (2015) and 

Shchipansky and Slabunov (2015), who linked the ca. 1.9 Ga zircon with fluid infiltration during 

exhumation following the Lapland-Kola orogeny. 

The 1915 ± 17 Ma zircon age group from the eclogitized gabbro-norite also has low-Th/U ratio 

and relative HREE depletion, in agreement with a metamorphic origin and simultaneous growth with 

garnet. Compared with the low Th/U zircon domains from the eclogite boudin, metamorphic zircon 

from the eclogitized gabbro-norite is distinguished by slightly higher HREE contents. The 

Paleoproterozoic ages of metamorphic zircon in both samples agree within error and are attributed to 

prograde metamorphism. The origin of the zircon aggregates (Fig. 8) from the gabbro-norite could be 

caused by their formation from baddeleyite (Corfu et al., 2003; Davidson and van Breemen, 1988) 



 

 

during metamorphism as baddeleyite relics were found in the dike (Balagansky et al., 2015). Similar 

micro-zircon aggregates were also found in a high pressure metagabbro and interpreted as 

recrystallization of magmatic zircon by dissolution re-precipitation (Rubatto et al. 2008). 

Ti-in-zircon thermometry (Table S8) and P-T pseudosections (Liu et al., 2017) constrain the 

growth of garnet and the ca. 1.9 Ga metamorphic zircon from the southern boudin eclogites to 600-

800°C. Oxygen isotope fractionation between almandine garnet and zircon at 600-800 °C is <0.1‰ 

(Valley et al. 2003). Therefore, the δ18O value of low Th/U zircon in the eclogite boudin supports 

growth of the Paleoproterozoic domains (4.9 ± 0.5‰) in equilibrium with garnet (4.4 ± 0.4‰,). The 

magmatic zircon cores yield instead a slightly higher δ18O value (5.5 ± 0.5 ‰) and are not in oxygen 

isotopic equilibrium with garnet (Fig. 10). The slight decrease in zircon δ18O between the magmatic 

and the metamorphic domains can be attributed to (i) oxygen isotope fractionation between minerals 

in different assemblages equilibrated at different temperatures (protoliths versus eclogite) or (ii) minor 

hydrothermal alteration of the protolith before or during metamorphism. 

 



 

 

 

Figure 10. Zircon δ18O values (‰ ± 2σ) versus 207Pb/206Pb ages (Ma) for the eclogite boudin 

(samples SG-46/1 and 46). The grey band represents an average δ18O value of 4.4 ± 0.4‰ (2SD, n = 

49) for garnet from the eclogite boudin. 207Pb/206Pb ages (Ma) for sample 46 (eight analyses) are after 

Skublov et al. (2010) (see Table S11). 

 

In the eclogitized gabbro-norite, δ18O values are comparable between the magmatic 2443 ± 22 

Ma zircon (5.4 ± 0.4‰), metamorphic 1915 ± 17 Ma zircon (5.3 ± 0.8‰), and metamorphic garnet 

(5.3 ± 0.3‰). The constant oxygen isotope signature in magmatic and metamorphic minerals is in line 

with metamorphism of a rock relatively impermeable to externally derived fluids.  

 

7.3. Petrological constraints on Sm-Nd and Lu-Hf ages  



 

 

Sm-Nd and Lu-Hf garnet geochronology yields ages that can be linked with garnet growth if 

the closure temperatures are not exceeded. Ideally, the ages can be tied to a particular growth stage 

using major and trace element zoning of dated garnet (Cheng et al., 2008, 2011; Kelly et al., 2011; 

Lapen et al., 2003; Sandmann et al., 2016). Therefore, our new data on garnet zoning (sample SG-

46/1) provide a framework for the re-interpretation of published ages for garnet from the same eclogite 

boudin (sample 46) in relation to specific metamorphic stages. Sample 46 has been dated to 1897 ± 

16 Ma via Sm-Nd (Mel’nik et al., 2013) and to 1901 ± 5 Ma (Herwartz et al., 2012) via Lu-Hf. Both 

ages were previously attributed to eclogite facies metamorphism. 

Garnet from the eclogite boudin (sample SG-46/1) shows primary bowl-shaped Mg and bell-

shaped Fe and Mn patterns, which reflect that the initial growth zoning was unaffected or not totally 

erased by cation diffusion. The relatively sharp boundary of the Ca-rich mantle (Fig. 4 and 5) also 

supports preservation of growth zoning. The reverse Mg, Fe and Mn zoning in the garnet rim reflects 

instead marginal cation diffusion during the retrogression stage that overprinted the peak 

metamorphism. A high Lu concentration in the garnet core with decrease towards the rim is typical 

for HREE Rayleigh fractionation during garnet growth (e.g. Otamendi et al., 2002). In sample SG-

46/1, the highest Lu concentrations correspond to garnet core and mantle. The general HREE increase 

in the mantle coincides with the Ca increase (Fig. 4b) and may be related to changes in mineral 

assemblages during the garnet growth. We propose that the growth of the Ca-enriched garnet mantle 

was accompanied by the consumption of Ca-rich minerals (zoisite and partly amphibole) as there are 

little primary amphibole and no zoisite in the rock matrix. Because omphacite inclusions have been 

observed in garnets from similar Kuru-Vaara eclogites (Konilov et al., 2011; Liu et al., 2017), and 

prograde eclogite grade stage where zoisite is stable has been proposed (Liu et al., 2017), the garnet 

mantle probably corresponds to zoisite consumption during the late prograde stage at eclogite facies 

conditions. Partial or complete diffusional re-equilibration of major elements in garnet while 

preserving Lu growth zoning indicates that the garnet Lu-Hf age has not been reset (Cheng et al., 



 

 

2008; Sandmann et al., 2016). Resetting of Lu-Hf system in garnets leads to Lu enrichment in garnet 

rims (Kelly et al., 2011; Kirchenbaur et al., 2012), which is not observed in the studied garnet from 

sample SG-46/1. Therefore, given a generally accepted high closure temperature of > 850-1000°C for 

the garnet Lu-Hf system (Scherer et al., 2000; Schmidt et al., 2011; Shu et al., 2014; Yu et al., 2019a), 

the maximum metamorphic temperature of ~900°C for the Kuru-Vara eclogites (Liu et al., 2017), and 

the preservation of growth zoning in Lu, the Lu-Hf garnet age is interpreted as the growth age.  

A bulk Lu-Hf isochron age displays the average age of all growth zones in the dated garnet 

weighted by respective Lu abundances (Cheng et al., 2011). The studied garnet shows relative Lu 

enrichment in core (up to 1.6 ppm) and mantle (up to 1.6 ppm) portions. These portions correspond 

to separate episodes within a single prograde history of garnet growth. Therefore, the obtained Lu-Hf 

age of 1901 ± 5 Ma is taken to represent an average age of prograde garnet growth. Similar 

Paleoproterozoic Lu-Hf ages of 1.96-1.92 Ga have also been reported for the prograde stage of Gridino 

eclogites (Herwartz et al., 2012; Yu et al., 2019a). The obtained Sm-Nd age of 1897 ± 16 Ma is within 

uncertainty identical to the Lu-Hf prograde age. However, given the relatively lower closure 

temperature for the garnet Sm-Nd system (e.g., Scherer et al., 2000; Shu et al., 2014), and the 

considerable uncertainty, the Sm-Nd age of 1897 ± 16 Ma can reflect prograde to peak growth or 

cooling age of the dated garnet from the Kuru-Vaara eclogite. 

 

7.4. A summary on eclogite ages  

No evidence for Archean eclogite metamorphism has been found in this study. The eclogite 

metamorphism in the Kuru-Vaara must have happened after the youngest protolith intrusion at 2443 

± 22 Ma. Zircon U-Pb geochronology (1915 ± 17 and 1892 ± 9 Ma) and garnet Lu-Hf (1901 ± 5 Ma, 

Herwartz et al., 2012) isochron constrain the prograde stage. The corundum-bearing pegmatite veins 

in eclogite boudins and the ceramic pegmatites cross-cutting the eclogites post-date the eclogite 

metamorphism; these pegmatites formed at 1885-1841 Ma according to zircon U-Pb ages (Liu et al., 



 

 

2017; Skublov et al., 2011b). Comparable ca. 1.9 Ga ages were obtained for eclogite metamorphism 

by dating zircon with high pressure mineral inclusions (garnet and omphacite) from Gridino and 

Salma eclogites (Imayama et al., 2017; Yu et al., 2017). The Paleoproterozoic eclogite facies 

metamorphism in the Belomorian Province is linked with the Lapland-Kola collisional orogeny (e.g., 

Imayama et al., 2017; Li et al., 2017b; Yu et al., 2017). 

 

8. Conclusions 

1) The Kuru-Vaara quarry in the Belomorian Province exposes two main eclogite types: 

eclogite boudins and a partially eclogitized olivine gabbro-norite dike. 

2) U-Pb dating of the magmatic zircon domains revealed Mesoarchean (2884 ± 12 Ma) 

and Paleoproterozoic (2443 ± 22 Ma) protolith ages for the eclogite boudin and the eclogitized gabbro-

norite, respectively. The oxygen isotopic composition of the magmatic protolith zircon is in line with 

mantle-derived melts for both eclogite types.  

3) The U-Pb age of zircon domains with metamorphic composition (REE and Th/U) in 

both eclogite types constrains prograde metamorphism for the Kuru-Vaara eclogites at 1915 ± 17 and 

1892 ± 9 Ma. The mineral inclusion assemblage (garnet + zoisite + plagioclase + kyanite + amphibole 

+ quartz + low-Na clinopyroxene) in the metamorphic zircon from the eclogite boudin provides 

evidence for epidote-amphibolite/amphibolite facies conditions of the prograde metamorphism. 

4) Previously dated garnet in the boudin eclogite preserves trace element growth zoning 

with minor diffusion of major cations. The Paleoproterozoic Lu-Hf garnet age (1901 ± 5 Ma) can thus 

be robustly attributed to prograde metamorphism. 

5) The oxygen isotopic composition of metamorphic zircon and garnet supports 

equilibrium between these two phases. 
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Raman methods and results 

 

Figure S1. View to the southwestern part of the Kuru-Vaara quarry with marked location of 

the studied eclogitized gabbro-norite dike (sample SG-38) and eclogite boudin (samples 46 and SG-

46/1). White ellipses indicate approximate locations of sampling. 

Figure S2. CL images of the additional zircon crystals that are not shown in Figure 8. Age 

(Ma ± 1σ; blue), Th/U ratio (black), oxygen isotope composition (green) and analysis number (orange) 

are labelled in different colors. Diameter of the orange and green circles is about 30 μm and the orange 

circles correspond to the location of the SIMS analyses. Green circles represent the location of the 



 

 

oxygen isotopic and trace element analyses and are only shown where their location is different from 

the U-Pb analysis. 

Figure S3. A weighted average 207Pb/206Pb age and individual 207Pb/206Pb age data for low-

Th/U zircons from the eclogite boudin (sample SG-46/1). The weighted average age is given with 

95% confidence. Error bars for individual data point are ± 2σ. 

Figure S4. Back-scattered electron image for the retrogressed sample SG-38-A. The image 

shows the result of intense retrogression of the eclogitized gabbro-norite in the Kuru-Vaara quarry. 

Note the preserved protolith orthopyroxene despite eclogite facies metamorphism and subsequent 

retrogression. 

Table S1. Garnet SEM-EDS data for matrix correction of oxygen isotopes. 

Table S2. Electron microprobe data for garnet grains from sample SG-46/1 (see Fig. 4). 

Table S3. Trace elements composition of garnet from sample SG-46/1 (SIMS data). 

Table S4. Representative compositions of Cpx, Amp, Opx and Pl from samples 46* and SG-

46/1 (SEM-EDS and EMP data). 

Table S5. Representative compositions of Grt, Cpx, Amp, Opx, Pl and Ol from sample SG-

38. 

Table S6. Ion microprobe U-Pb (Cameca 1280-HR) data for zircon from sample SG-46/1. 

Table S7. Ion microprobe U-Pb (SHRIMP-II) data for zircon from sample SG-38. 

Table S8. Trace elements composition of zircon from samples SG-46/1 and SG-38 (SIMS 

data). 

Table S9. Major elements composition of mineral inclusions in zircon from sample SG-46/1. 

Table S10. Oxygen isotope analyses of garnet measured by ion microprobe. 

Table S11. Oxygen isotope analyses of zircon measured by ion microprobe (Cameca 1280 for 

sample SG-46/1; Cameca 1280-HR for samples SG-38 and 46). 
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