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Eclogites are commonly seen as markers of subduction and thus their presence in Proterozoic and Archean oro-
genic provinces is crucial information for determining the initiation of modern plate tectonic. The Belomorian
province hosts some of the oldest known eclogite-facies rocks. Here we present new garnet Lu—Hf geochronol-
ogy that constrains the prograde stage of Gridino-type eclogite to ca. 1.96-1.92 Ga. Inherited magmatic zircon
cores have '76Hf/!77Hf ratios that indicate isotopic disequilibrium between the inherited zircon cores and the
metamorphic mineral assemblages, while the metamorphic rims have variable '7SHf/!””Hf ratios that reflect
Paleoproterozoic eclogite-facies metamorphism. Iterative thermodynamic models, involving the optimization
of pressure (P), temperature (T) and reactive bulk composition (X) was used to reconstruct the P-T conditions
recorded by garnet, and define the prograde trajectory. Zr-in-rutile thermometry, combined with equilibrium
phase diagrams, constrains the peak P-T conditions at 725-750 °C and above 18 kbar, corresponding to an aver-
age apparent thermal gradient of below 41 °C/kbar. The P-T conditions of the high-pressure granulite facies over-
print are 680-730 °C at 9-10 kbar. Thus, the metamorphic evolution of Gridino-type eclogite followed a
clockwise P-T path with a cooling decompression stage, recording the assembly of the Columbia supercontinent
during the Paleoproterozoic.
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1. Introduction

Eclogite facies rocks are characteristic products of high-pressure
metamorphism in subduction zones (Brown, 2006; Carswell, 1990),
and as such are regarded as important indicators of modern plate tec-
tonics (e.g. Brown, 2006, 2008, 2014; Condie and Kréner, 2008;
Miyashiro, 1961), although a lower crustal delamination origin has
also been proposed for some eclogites that decipher early-Earth tecton-
ics (Johnson et al.,, 2014; Stern, 2008). Paleoproterozoic high-pressure
rocks are globally widespread, including the Trans-Hudson eclogite
(Weller and St-Onge, 2017), the Snowbird eclogite (Baldwin et al.,
2007), the Slave eclogite (Smart et al., 2014, 2016), the Usagaran and
Ubendian eclogite (Boniface et al., 2012; Collins et al., 2004), the
Eburnian-Transamazonian eclogite (Loose and Schenk, 2018),the
Trans-North China eclogite (Xu et al., 2017) and the Belomorian eclogite
(Imayama et al.,, 2017; Li et al., 2017a; Liu et al., 2017; Yu et al., 2017).
These occurrences suggest that plate tectonic processes comparable to
modern ones have operated at least since the Paleoproterozoic.
Reconstructing the detailed P-T-t evolution of these high-pressure
rocks directs implications for early plate tectonics.
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Linking the timing of metamorphic events to specific thermal histo-
ries is fundamental to reconstruct the geodynamic evolution of orog-
enies (e.g. Engi et al,, 2017). Garnet is common in high-pressure rocks
and particularly important, because it can be dated by Lu—Hf geochro-
nology (Cheng et al., 2008; Duchéne et al., 1997; Lapen et al., 2003;
Scherer et al., 2000) and its major element composition can constrain
quantitative P-T paths (Hernandez-Uribe et al., 2018; Lanari et al.,
2017). The relatively high closure temperature for the Lu—Hf system
(Dodson, 1973; Philippot et al., 2001; Scherer et al., 2000; Smit et al.,
2013) makes this dating method particularly suitable for middle- to
high-grade rocks. Additionally, Lu—Hf garnet geochronology is insensi-
tive to light rare earth element (LREE)-rich inclusions in garnet, such as
epidote, which are critical contaminants for Sm—Nd geochronology
(Anczkiewicz and Thirlwall, 2003; Scherer et al., 2000). Lu—Hf garnet
technique can be used to constrain the prograde and middle-high tem-
perature history of orogens (e.g. Cheng et al., 2008; Kylander-Clark et al.,
2007; Lagos et al., 2007; Lapen et al., 2003; Scherer et al., 2000). Further-
more, garnet porphyroblasts with compositional zoning can be used to
reconstruct part of the P-T history (e.g. Cheng et al., 2015; Gaidies et al.,
2008; Spear and Selverstone, 1983). Based on garnet compositions ob-
tained from quantitative compositional maps, garnet growth can be
modeled through distinct P-T stages involving garnet fractionation
and/or resorption (Lanari et al., 2017).
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Although an Archean age (2.87-2.72 Ga) has been ascribed to the
Belomorian eclogite (Dokukina et al., 2014; Li et al., 2015; Mints et al.,
2010, Mints et al., 2014), eclogite facies metamorphism in the
Belomorian eclogites, both the Gridino- and Salma-type eclogites, has
been dated to be ca. 1.90 Ga using zircon U—Pb geochronology
(Imayama et al., 2017; Li et al., 2017a; Liu et al,, 2017; Yu et al., 2017)
and ca. 1.89-1.94 Ga by garnet Lu—Hf geochronology (Berezin et al.,
2012; Herwartz et al., 2012). This contribution focuses on the Gridino-
type eclogite in the Belomorian province. We report garnet Lu—Hf geo-
chronology for four eclogites, and zircon Hf isotopes of two samples.
These data allow us to constrain the timing of the peak metamorphism
in the Belomorian Province. Based on the detailed petrography study of
sample Gd 10, we model garnet growth and obtain the prograde trend
using GrrMop (Lanari et al,, 2017). We constrain the peak P-T conditions
and the retrograde P-T stage combining phase equilibria modeling and
Zr-in-rutile thermometer or Hbl-PI thermometer, thus adding more
precise constraints to the evolution of Gridino-type eclogite than the
previous work (e.g. Li et al., 2015; Perchuk and Morgunova, 2014; Yu
etal, 2017).

2. Geological background

The Belomorian province is a NW-trending metamorphic belt over
500 km long and 50-60 km wide in the southwestern foreland of the
Paleoproterozoic Lapland-Kola collisional orogen (Fig. 1a, b). The
major lithological components of the Belomorian Province are the 2.9-
2.7 Ga tonalite-trondhjemite-granodiorite (TTG) gneisses that were
metamorphosed in the Paleoproterozoic (Holttds et al., 2008), the
2.95 Ga paragneisses (Holttds et al., 2008; Slabunov et al., 2006), 3.1-
2.7 Ga greenstones and the Paleoproterozoic Gridino- and Salma- type
eclogites which occur as lenticular bodies within the TTG gneisses
(Holttas et al.,, 2008; Slabunov et al., 2006). Gridino-type eclogites
were originally gabbroic dikes intruding TTG gneisses, which
underwent coeval eclogite facies metamorphism (Yu et al., 2017),
while the Salma-type eclogites are the product of high-pressure meta-
morphism of oceanic lithosphere (Imayama et al., 2017; Mints et al.,
2014). The Belomorian Province was intruded by several magmatic
suites ranging in age from Neoarchean to Paleoproterozoic at 2.72-
2.70 Ga, 2.5-2.4 Ga, and 2.1-1.9 Ga (Dokukina et al., 2014; Mints et al.,
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Fig. 1. (a) Simplified geological maps of the Fennoscandian shield. Modified after Daly et al. (2006) and Mudruk et al. (2013); (b) Detailed geological map of the Paleoproterozoic Lapland-
Kola orogen. Modified after Yu et al., 2017. Circled numbers summarize previous geochronological results: @ Titanite and rutile U—Pb ages of 1.9-1.8 Ga in metabasic, metafelsic, and
metasedimentary rocks, as well as TTG and greenstones (Bibikova et al., 2001; Nesterova et al., 2011);@ Paragneisses with an depositional age of ca. 2.95 Ga (Balagansky, 2002) and
metamorphosed at 1.9-1.8 Ga (Ruchyev, 2000);® Eclogites with a protolith age of >2.7 Ga and metamorphosed at 1.9 Ga (Skublov et al., 2011a, 2011b); Eclogites with a Grt Lu—Hf
age of 1.9 Ga (Herwartz et al., 2012); titanite age of 1.88-1.86 Ga for amphibolite facies metamorphism (Skublov et al., 2014; Yu et al., under review); @ Tectonic assemblage of 2.8 Ga
gneiss, 2.32 Ga schist and 1.90 Ga granodiorites (Korikovsky et al., 2014);® Archean terranes reworked during the Paleoproterozoic Lapland-Kola collisional orogeny (Holttas et al.,

2008; Slabunov et al., 2006).
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2014; Skublov et al., 20114, 2011b; Stepanova et al., 2014). The collision
of Paleoproterozoic juvenile crust in the orogenic core with the sur-
rounding Belomorian and Kola Provinces led to the formation of the
Lapland-Kola collisional orogeny at 1.93-1.91 Ga (Daly et al., 2006).
The final product is a mixed basement that records a polyphase defor-
mation history.

A tectonic mélange zone extends from NW to SE along the White Sea
coast, and is exposed near the Gridino village and adjacent islands
(Fig. 1b). Regional geological mapping and field observations suggest
that the mélange zone consists of a mixture of TTG gneisses,
paragneisses, diverse metabasic rock boudins and numerous metamor-
phosed dykes that range from undeformed to strongly deformed ones
(Mints et al., 2014; Slabunov et al., 2006; Yu et al., 2017). The unde-
formed dykes retain intrusive contact with the TTG gneisses, while the
intensely deformed dykes consist of lenses or boudins ranging from
tens of centimeters to several meters across that are concordant with
the foliation of the host gneiss (Mints et al., 2014; Slabunov et al.,
2006; Yu et al., 2017). These metamorphosed dykes are mainly from
gabbro and norite protoliths and metamorphosed under eclogite-facies
conditions (Dokukina et al., 2014; Mints et al., 2014).

Despite early claims of Archean metamorphism, recent studies have
established that the Belomorian eclogites are Paleoproterozoic
(Imayama et al., 2017; Li et al,, 20173, 2017b; Liu et al., 2017; Yu et al,,
2017). The Gridino-type eclogite have been dated using zircon U—Pb
geochronology (Skublov et al., 2011a; Yu et al,, 2017). Zircon rims
yield U—PDb ages of ca. 1.90 Ga, interpreted to reflect eclogite facies
metamorphism, while zircon cores have Neoarchean U—Pb ages of ca.
2.70 Ga, ascribed to the formation of the magmatic protolith (Skublov
etal,2011a; Yuetal., 2017). The garnet Lu—Hf isochron ages of the cor-
responding eclogites from the same area are ca. 1.89 Ga and 1.94 Ga
(Herwartz et al., 2012), which are consistent with the ages obtained
from the zircon rims. The ages of adjacent Salma-type eclogite have
also been constrained to be ca. 1.90 Ga with multiple geochronometers,
such as zircon U—Pb geochronology, garnet Lu—Hf and Sm—Nd geo-
chronology (Herwartz et al., 2012; Imayama et al., 2017; Liu et al,,
2017; Skublov et al., 2011b).

3. Petrography and mineral chemistry

Electron probe micro-analyses (EPMA) were performed using a JEOL
JXA-8200 at the Institute of Geological Sciences of the University of Bern
and a JEOL JXA-8100 at the Peking University. The EPMA session in-
cludes two parts, X-ray compositional maps and the measurement of
point analyses. Analytical conditions for X-ray maps were 15 KeV accel-
erating voltage, 100 nA specimen current and 200 ms dwell times. Nine
elements (Si, Ti, Al, Fe, Mn, Mg, Na, Ca and K) were measured at the spe-
cific wavelength in two passes. Intensity maps were standardized using
spot analyses as internal standard. X-ray maps were calibrated to oxide
mass concentrations using XMapToors 2.2.1 (Lanari et al., 2014). Analyt-
ical conditions for point analyses were 15 KeV accelerating voltage,
20 nA specimen current and 40 s dwell times. The detailed analytical
procedures are described in Lanari et al. (2013, 2017) and Li et al.
(2017c).

Four eclogite samples have been collected, two samples from
eclogite boudins on Stolbikha Island (Gd 07 and Gd 10), one sample
from an undeformed metamorphosed dyke near Gridino village
(Gd 32) and one sample from an eclogite boudin on Vycokiy Island

Table 1
Coordinates, main mineral assemblages and prior zircon ages of investigated samples.

(Gd 19). Three of them (Gd 07, Gd 10 and Gd 32) have been presented
in Yu et al. (2017), including the petrography and zircon U—Pb geo-
chronology. This paper focuses on two samples in petrography, Gd 10
and Gd 19. The coordinates, main mineral assemblages and prior meta-
morphic zircon ages of these samples are listed in Table 1. In an attempt
to better constrain the metamorphic evolution of the Gridino-type
eclogite, we also provide quantitative compositional maps for sample
Gd 10. Mineral abbreviations follow Whitney and Evans (2010).

3.1. Sample Gd 10

This sample shows a porphyroblastic texture. The mineral
assemblages are garnet (40 vol%), omphacite (40 vol%), hornblende
(10vol%), diopside+plagioclase forming symplectite around omphacite
(5 vol%) and rutile (5 vol%). The phase map and compositional maps of
two representative areas are shown in Fig. 2a, b. Garnet is euhedral-
subhedral and 0.5-1.0 mm in diameter. They have homogeneous com-
positions in cores (Almgag_46 Prp21-25 Grsy;7_3» Spsy; Fig. 3, Table 2),
whereas thin rims contain higher pyrope (Prp,s_»6) and lower grossular
(Grsy3_27) contents (Fig. 3, Table 2). Inclusions of diopside, plagioclase,
hornblende and quartz are observed in garnet cores. Two types of
clinopyroxene were identified in this sample. The cores of coarse-
grained clinopyroxene have high jadeite content (Jo 30-32, (Na)M2
in Clinopyroxene) (Fig. 4), which is omphacite. While the rims of
coarse-grained clinopyroxene and the fine-grained clinopyroxene in
the symplectite are diopside (Jo 9) (Fig. 4, Table 2). Plagioclase in
symplectite are slightly zoned from core (Anyg) to rim (Any,)
(Table 2). Two types of hornblende were also identified. One type is sys-
tematically enclosed in the garnet grains (compositions are given in Yu
et al., 2017). The other type occurs in the symplectitic domains and ex-
hibits higher Fe and lower Ti contents (Table 2). Rutiles are included in
omphacite, metamorphic zircon rim (Yu et al., 2017) or paragenetic
with omphacite.

3.2. Sample Gd 19

The sample displays a porphyroblastic texture and mainly comprises
of garnet (60 vol%), omphacite (30 vol%) and kyanite (10 vol%), with little
diopside+plagioclase symplectite (Fig. 5). Garnet porphyroblasts are
euhedral-subhedral and 1.5-2.0 mm in diameter. The core of these garnet
crystals is rich in fine-grained quartz inclusions, while mantle and rim are
inclusion poor. Most garnet grains show weak compositional zoning
(Fig. 6, profile A to B, labelled in Fig. 5a; Table 3). The core is slightly
more Grs rich (Almsg_41Prpss.38Grs20.22Sps1) whereas towards the man-
tle, pyrope content increases, while grossular content decreases slightly
(Alms3g_42Prp39.41Grs19.20Spsy ). At the rim, pyrope and grossular contents
decrease, almandine content increases (Almg4g_42Prpsg-39GIsi9-20Spst).
Omphacite is euhedral to subhedral with small grain size (0.1-0.2 mm).
The Jo value of the omphacite is 21-23. (Table 3). Kyanite grains are
subhedral, 0.5 mm in diameter and occur as aggregates.

4. Lu—Hf geochronology

Determination of Lu and Hf isotope ratios were carried out in static
mode on Faraday cups using a Thermo Fisher Scientific Neptune MC-
ICP-MS at the Institute of Geology and Geophysics (IGG), Chinese Acad-
emy of Sciences (CAS), Beijing. Garnet, omphacite and kyanite were

Sample names Coordinates

Main mineral assemblages

Metamorphic zircon ages

Gdo7 N 65°52'41.43"/E 34°50'54.25"
Gd10 N 65°52'43.62"/E 34°5058.53"
Gd32 N 65°55'20.34"/E 34°41'58.29"
Gd19 N 65°56'37.32"/E 34°41'35.39"”

Grt + Omp + Ky + Hbl + (Di + Pl) sympletite+Rt
Grt + Omp + Ky + Hbl + (Di + Pl) sympletite+Rt
Grt + Omp + Hbl + Rt

Grt + Omp + Ky + (Di + PI) sympletite+Rt

1904.2 + 4.1 Ma (Yuetal,, 2017)
1898.6 + 5.3 Ma (Yuetal., 2017)
1970 + 42 Ma (Yuetal,, 2017)
Not reported




316 H. Yu et al. / Lithos 326-327 (2019) 313-326

Fig. 2. Mineral distribution in the mapped area obtained using the multi-channel classification method in XMapTools (Lanari et al., 2014). The different color represent different mineral
phases; black pixels are holes or mixed pixels filtered using the BRC correction of XMapTools (Lanari et al., 2018).

handpicked under a binocular microscope individually, excluding grains or 0.20 g of kyanite (used in sample Gd19) were digested for each geo-
with visible inclusions. Approximately 0.15 g of whole rock, 0.20 g of chronological point. Sample dissolution, chemical separations, and iso-
garnet, 0.20 g of omphacite (used in sample Gd07, Gd10 and Gd 32) topic analysis protocols follows Yang et al. (2010). Hf isotope analyses

0.26 0.27 0.28 0.29 0.3 0.31 0.2 0.21 0.22 0.23 0.24 0.25 0.26
Grossular fraction Pyrope fraction

0.005 0.01 0.015 0.02 044 046 048 0.5 0.52 0.54 0
Spessartine fraction Almandine fraction A

60 120 180 B

Fig. 3. Garnet compositional maps in sample Gd 10. Data obtained using XMapTools: maps of end-member proportions (a) grossular; (b) pyrope; (d) spessartine; (e) almandine. (¢) Maps
of the compositional groups. (f) Compositional zoning profile of garnet (between A and B, the profile position is reported in (a)).
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Table 2
Representative electron microprobe analyses of minerals in sample Gd10.
core-rim
Mineral Grt(core) Grt(rim) Grt(rim) Di Di Pl(core) PI(rim) Pl(rim) Hbl Hbl
Sio2(wt%) 38.38 38.6 38.81 51.78 51.84 61.42 62.52 61.19 44.35 44.35
Ti02 bdl bdl 0.03 0.04 0.30 bdl bdl bdl 0.56 0.76
AI203 21.38 2131 21.39 3.83 4.02 23.73 23.22 23.13 12.46 1243
Cr203 0.15 bdl 0.11 0.09 0.27 0.04 0.03 bdl 0.13 0.16
FeO 22.26 23.48 23.07 7.39 7.28 0.17 0.13 0.16 12.12 12.85
MnO 0.46 0.60 0.49 0.14 0.08 0.03 bdl bdl 0.13 0.06
MgO 6.80 7.37 7.20 12.71 12.63 bdl 0.02 bdl 13.20 12.69
Ca0 9.54 8.16 9.01 21.78 22.46 5.25 4.92 4.92 10.90 11.05
Na20 0.01 bdl 0.01 1.30 131 8.30 8.73 8.52 2.52 2.39
K20 bdl bdl bdl bdl bdl 0.07 0.13 0.15 0.33 0.35
NiO 0.09 0.08 0.00 bdl bdl bdl bdl bdl bdl 0.05
Total 99.07 99.60 100.12 99.06 100.19 99.03 99.71 98.09 96.70 97.13
Si (apfu) 2.98 298 2.98 1.93 191 2.75 2.78 2.76 6.49 6.49
Ti 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.06 0.08
Al 1.96 1.94 1.94 0.17 0.18 1.25 1.22 123 2.15 2.15
Cr 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.02 0.02
Fe3 0.08 0.10 0.10 0.07 0.08 0.01 0.01 0.01 0.34 0.30
Fe2 1.37 142 1.38 0.16 0.15 0.00 0.00 0.00 1.15 1.27
Mn 0.03 0.04 0.03 0.00 0.00 0.00 0.00 0.00 0.02 0.01
Mg 0.79 0.85 0.82 0.71 0.69 0.00 0.00 0.00 2.88 2.77
Ca 0.79 0.68 0.74 0.87 0.89 0.25 0.23 0.24 1.71 1.73
Na 0.00 0.00 0.00 0.09 0.09 0.72 0.75 0.75 0.72 0.68
K 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.06 0.07
(mole fraction)
Alm 0.46 0.48 0.46 Jo 9 9 An 0.26 0.24 0.24
Sps 0.01 0.01 0.01
Prp 0.26 0.28 0.28
Grs 0.27 0.23 0.25

bdl = below detection limit; *Jo = (Na)M2 in Clinopyroxene; An = Ca/(Ca + Na) in Plagioclase.

consist of 9 blocks of 10 cycles per block with an intergration time of 4 s
per cycle. Analyses of JMC 475 yielded the '7®Hf/'””Hf values within un-
certainties recommended by Blichert-Toft et al. (1997). Hafnium isoto-
pic composition were corrected for mass fractionation with an
exponential law using '7°Hf/!”’Hf = 0.7325. Hf concentrations were
calculated from the corrected '8°Hf/!”7Hf mixture ratio, using the iso-
tope dilution equation. External uncertainties applied to measured
data are 1% for '75Lu/!'7”Hf and a blanket 0.005% uncertainty added in
quadrature for '7®Hf/!”’Hf. Lu—Hf ages were calculated using the
176y decay constant of 1.867*10~ ! (Scherer et al,, 2001) and isochrons
were produced using the program Isoplot 4.11 (Ludwig, 2012). Errors
are reported at 95% confidence level.

Isochrons were constrained by whole-rock, garnet, omphacite or ky-
anite aliquots (Table 4). Garnet separates show Lu—Hf ratios of 1.96-
5.18, '7®Lu/""7Hf ratios of 0.2785-0.7401 and '“Hf/'7”Hf ratios of
0.291654-0.306630. Omphacite separates have Lu—Hf ratios of 0.03-
0.05, '7®Lu/"77Hf ratios of 0.0037-0.0059 and '7®Hf/"’Hf ratios of
0.281834-0.281890. Whole-rock separates show Lu—Hf ratios of
0.33-0.55, 176Lu/77Hf ratios of 0.0464-0.0779 and '76Hf/!””Hf ratios
of 0.283095-0.284778. Kyanite separates show Lu—Hf ratios of 0.01,
176 u/177Hf ratios of 0.0018 and 7®Hf/'””Hf ratios of 0.281195.

The whole-rock aliquot, garnet and omphacite fractions from
eclogite boudin Gd 07 define a regression that yields a Lu—Hf isochron
age of 2076 £ 39 Ma, with a MSWD of 0.15 (Fig. 7a). The whole-rock,

Fig. 4. Maps of ] in clinopyroxene for sample Gd10, Jo = (Na)M2 in Clinopyroxene.
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Fig. 5. Photomicrographs of sample Gd 19 showing porphyroblastic texture (a), and kyanite aggregates (b).

garnet and omphacite fractions from eclogite boudin Gd 10 yield a
younger Lu—Hf isochron age of 1961 4 31 Ma, with a MSWD of 0.025
(Fig. 7b). Whole-rock, garnet and kyanite aliquots from eclogite boudin
Gd 19 yield a Lu—Hfisochron age of 1917 + 34 Ma, witha MSWD of 1.3
(Fig. 7¢). Eclogite dyke Gd 32 returns a Lu—Hf isochron age of 1871 +
83 Ma, which is defined by the whole-rock, garnet and omphacite frac-
tions with a MSWD of 0.12 (Fig. 7d).

5. Zircon Hf isotopes

Zircon separation was performed using conventional heavy liquid
and magnetic techniques, then individual grains were handpicked
under a binocular microscope. Cathodoluminescence (CL) images, geo-
chronology and geochemistry characteristics of zircons in sample Gd 07,
Gd 10 and Gd 32 have been presented in Yu et al. (2017). Zircon in-situ
Lu—Hf analyses of samples GA07 and Gd10 were carried out using a NU
plasma 2 MC-ICPMS at the School of Earth and Space Sciences, Peking
University. An ArF excimer laser ablation system of Geolas HD
(193 nm) was used for laser ablation analysis. Zircon 91,500 was used
as an internal standard with a reference value of '7CHf/'”’Hf =
0.282307 + 31 (2SD) (Wiedenbeck et al., 2010; Wu et al., 2006).
PleSovice zircon was used as a secondary standard (Slama et al., 2008)
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Fig. 6. Representative compositional zoning profile of garnet in sample Gd 19.

and the value of "7®Hf/'”7Hf = 0.282482 + 13 (2SD) was obtained.
The Lu—Hf isotopes and calculated relevant parameters are listed in
Table 5 (zircon ages from Yu et al., 2017).

For sample Gd 07, metamorphic zircon rims and inherited magmatic
zircon cores have different Lu—Hf isotope compositions (Table 5). Zir-
con cores have high '7®Lu/!””Hf ratios of 0.000017-0.000457 and
176Hf/177Hf ratios of 0.281071-0.281169,eHf(t) values of —1.3 to 3.3
with Tpy values of 2855-2972 Ma. Zircon rims have lower
178Lu/"77Hf ratios of 0.000002-0.000019 and variable '7SHf/'7’Hf
ratios of 0.281290-0.281641, with ¢Hf(t) values of —9.6 to 2.4. Zircon
cores and rims plot in distinct groups in the 7Hf/!””Hf- age diagram
(Fig. 8).

For sample Gd 10, zircon cores are small and fractured, and no mean-
ingful age data were obtained due to loss of Pb (Yu et al., 2017). Only
metamorphic zircon rims were analysed and, similarly to sample Gd
07, they have low '76Lu/!7”Hf ratios of 0.000002-0.000023 and variable
176Hf/177Hf ratios of 0.281140-0.281572, with gHf(t) values of —15.3 to
—0.2 (Table 5). The two samples overlap in the !7°Hf/!”Hf-age diagram
(Fig. 8).

6. P-T conditions

Eclogite boudins and metamorphosed dykes in Gridino area are
interpreted to experience coeval eclogite facies metamorphism in the
Paleoproterozoic. The P-T conditions deciphered in sample Gd 10 are
therefore assumed to be representative of the metamorphic evolution
of the whole Gridino area.

In attempt to better constrain the P-T evolution of Gridino-type
eclogite and the growth conditions of the dated garnet, we provide
here new thermodynamics modeling based on quantitative composi-
tional mapping results for sample Gd 10. The P-T conditions recorded
by garnet of sample Gd 10 were obtained using an iterative thermody-
namic model and the program GrtMod (Lanari et al., 2017). The inter-
nally consistent database of tc55 from Powell et al. (1998; updated
October 2009) was used along with the following activity-composition
relations: garnet (Holland and Powell, 1998), clinopyroxene (Green et
al., 2007), epidote (Holland and Powell, 1998), plagioclase (Holland
and Powell, 2003), amphibole (Diener et al., 2007), ilmenite (White et
al., 2001), and orthopyroxene (White and Powell, 2002). Kyanite,
lawsonite, rutile, coesite and quartz are pure end-member phases.
P,05 was neglected because it is only bounded in the accessory mineral
apatite, and the corresponding CaO was excluded from the bulk rock
composition. MnO was also ignored for its low abundance and the
small effect of Min on phase equilibria at these conditions. H,O is consid-
ered to be in excess. The bulk compositions used in the calculation is
Si0, = 50.99, Al,05 = 8.01, CaO = 14.40, MgO = 14.03, FeO = 9.07,



Table 3

Representative electron microprobe analyses of garnet and omphacite in sample Gd 19.

rim-core-rim

Mineral Grt (rim)  Grt Grt Grt Grt Grt Grt Grt Grt Grt (core) Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt (rim) Omp Omp
Si02(wt%) 39.84 3977 39.89 39.82 40.13 39.83 4008 39.99 39.68  40.00 40.01 3990 3981 3995 39.70 40.11 40.15 40.04 4031  40.01 52.61 52.03
TiO2 0.03 0.02 bdl 0.01 0.07 0.08 0.04 0.03 bdl 0.11 0.08 0.03 0.07 0.01 bdl 0.08 0.07 bdl bdl 0.03 014 0.15
AI203 22.06 2218 2199 2168 2200 2195 2197 22.04 22.00 22.02 2194 2175 2162 2194 2186 2172 2186 2188 2189 21.71 7.07  7.50
Cr203 0.02 0.05 0.11 0.05 0.01 bdl 0.07 0.03 0.04 0.01 bdl bdl 0.01 0.02 0.07 0.03 0.03 0.04 0.06 0.03 0.08 0.09
FeO 20.61 2007 2011 2012 2019 2003 1997 1977 2015 20.12 19.99 2049 2025 2071 2046 20.71 2056 2046 20.09 2045 6.87 6.78
MnO 0.41 0.41 0.50 0.43 0.49 0.49 0.51 0.51 0.66 0.67 0.58 0.61 0.57 0.56 051 044 0.40 0.43 0.34 0.40 012  0.04
MgO 10.03 10.60 10.68 10.77 1027 10.53 1031 1024 10.05 10.12 9.71 10.07  10.11 10.64 995 1041 1046 1079 10.74  10.52 11.08 10.93
Ca0 6.99 7.29 7.27 7.09 743 7.77 7.45 7.70 7.95 7.89 8.06 7.89 7.55 7.05 712 729 7.04 7.29 7.25 7.21 18.76 1834
Na20 0.05 0.01 0.02 0.06 0.04 bdl bdl bdl 0.03 0.03 0.03 bdl bdl 0.04 0.01  bdl 0.03 0.01 0.02 bdl 3.00 3.15
K20 0.03 bdl 0.02 0.02 bdl 0.02 bdl bdl 0.01 bdl bdl bdl bdl bdl 0.01  bdl 0.03 bdl 0.01 0.01 bdl 0.01
NiO 0.02 bdl bdl bdl bdl bdl bdl bdl bdl 0.02 bdl bdl 0.05 bdl 0.01 0.01 0.05 bdl 0.01 bdl 0.03  bdl
Total 100.009 10040 100.58 100.05 100.64 100.70 10040 10030 100.57 101.0 10040 100.74 100.04 10091 99.69 100.80 100.68 100.94 100.71 100.37 99.75 99.01
Si (apfu) 3.01 2.98 2.99 2.99 3.01 2.98 3.01 3.00 2.98 2.99 3.01 2.99 3.01 2.98 3.01  3.00 3.01 2.99 3.01 3.01 192 191
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.96 1.96 1.94 1.92 1.94 1.94 1.95 1.95 1.95 1.94 1.95 1.92 1.93 1.93 195 192 1.93 1.92 1.93 1.92 031 033
Cr 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3 0.03 0.08 0.09 0.10 0.04 0.10 0.03 0.04 0.10 0.07 0.03 0.09 0.05 0.11 0.03  0.06 0.05 0.10 0.05 0.06 0.05 0.06
Fe2 1.27 1.18 1.17 1.17 1.23 1.15 1.23 1.21 1.16 1.19 1.23 1.20 1.23 1.19 127 123 1.24 1.17 1.21 1.22 016 0.14
Mn 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.04 0.04 0.04 0.04 0.03 0.03 0.03 0.03 0.02 0.03 0.00 0.00
Mg 1.13 1.18 1.19 1.21 1.15 1.17 1.15 1.15 1.12 1.13 1.09 1.13 1.14 1.18 112 1.16 1.17 1.20 1.20 1.18 0.60 0.60
Ca 0.57 0.59 0.58 0.57 0.60 0.62 0.60 0.62 0.64 0.63 0.65 0.63 0.61 0.56 0.58 0.59 0.57 0.58 0.58 0.58 074 0.72
Na 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 021 023
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00
(mole fraction)

Alm 0.42 0.40 0.39 0.39 0.41 0.39 0.41 0.40 0.39 0.40 0.41 0.40 0.41 0.40 042 041 0.41 039 0.40 041]] J(0) 21 23
Sps 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Prp 0.38 0.40 0.40 041 0.38 0.39 0.38 0.38 0.38 0.38 0.36 0.38 0.38 0.40 037 039 0.39 0.40 0.40 0.39

Grs 0.19 0.20 0.20 0.19 0.20 0.21 0.20 0.21 0.22 0.21 0.22 0.21 0.20 0.19 019 0.19 0.19 0.20 0.19 0.19

bdl = below detection limit

9ze-€1€ (6102) 2ZE-9Z€ SoynT/ 312 NA 'H

61¢
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Table 4

Lu—Hf isotope data for Gridino-type eclogites.
Sample Lu(ppm) Hf(ppm) 176 /17 7Hf SHE/'TTHE 20,
Gd 07
WR 0.3971 0.7242 0.0779 0.284778 0.000007
Grt 0.9012 0.2032 0.6330 0.306630 0.000011
Omp 0.0323 0.7772 0.0059 0.281834 0.000007
Gd 10
WR 0.2114 0.5755 0.0522 0.283542 0.000010
Grt 0.6825 0.1317 0.7401 0.309188 0.000012
Omp 0.0318 0.6652 0.0068 0.281890 0.000008
Gd 19
WR 0.1124 0.3444 0.0464 0.283095 0.000008
Grt 0.5023 0.1121 0.6391 0.304512 0.000013
Ky 0.0028 0.2145 0.0018 0.281195 0.000007
Gd 32
WR 0.3261 0.6759 0.0686 0.284247 0.000006
Grt 0.7144 0.3651 0.2785 0.291654 0.000006
Omp 0.0216 0.8322 0.0037 0.281863 0.000006

NaO = 2.43, TiO, = 0.54, Fe,05; = 0.52 in mol%, calculated from the
major oxide composition of sample Gd 10 that was determined using
XRF (Yu et al,, 2017).
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The P-T exploration window was restricted to 550-850 °C and
10-30 kbar. The composition of garnet core used for modeling was
Si0, = 38.693 (wt%), Al,05 = 21.046 (wt%), Ca0 = 11.452 (wt%),
MgO = 6.010 (wt%), FeO = 21.106 (wt%), NaO = 0.011 (wt%),
TiO, = 0.065 (wt%), and the compositions of garnet rim was SiO, =
38.780 (wt%), Al,03 = 21.214 (wt%), CaO = 9.467 (wt%), MgO =
6.451 (wt%), FeO = 22.595 (wt%), NaO = 0.011 (wt%), TiO, = 0.044
(wt%). The P-T results for garnet core and rim are shown in Fig. 9. The
optimal P-T conditions recorded by garnet are 655 °C and 18 kbar for
the core (stage 1), and 660 °C and 21 kbar for the rim (stage 2). The
error bars shown in Fig. 9 represent the uncertainty on the P-T estimate
related to the uncertainty of the EPMA analyses, and the topology of gar-
net isopleths that are controlled by each reactive bulk composition.

A P-T equilibrium phase diagram calculated in the system
NCFMASHTO (NaO-CaO-FeO-Mg0-Al,03-Si0,-H,0-TiO,-Fe,03) using
THERMOCALC 3.33 (Powell et al., 1998; updated October 2009) was
used to constrain the P-T conditions recorded by the peak mineral as-
semblage of sample Gd 10 (Fig. 10a, modified from Yu et al. (2017)).
The activity-composition relations and the bulk compositions used in
the calculation are given above. The peak mineral assemblage is
interpreted to be garnet+omphacite+kyanite+rutile4quartz, in
which the maximum value of Jo in omphacite ((Na)y in clinopyroxene,
~ 32 mol%, see representative omphacite compositions in Yu et al.
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Fig. 7. Lu—Hf isochron diagrams for four Gridino-type eclogites.
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Table 5
Zircon Lu—Hf isotopic data acquired by MC-LA-ICPMS.

spot 6 u/V77Hf  VSHFY7Hf o Age (Ma) o 76Hf/'7THfi  eHf(0)  eHf(t) s TDM (Ma) o© (Y7SHf/""7Hf)DM, t
Sample Gd 07

Gdo7-1 core 0.000394 0.281084 0.000020 2656.6 10.6 0.281064 —59.7 —0.8 0.7 2972 54 0.2813
Gd07-2 core 0.000304 0.281090 0.000017 27223 8.7 0.281074 —59.5 1.1 0.6 2957 44 0.2813
Gdo7-3 core 0.000215 0.281118 0.000014 2669.5 9.2 0.281107 —58.5 11 0.5 2913 37 0.2813
Gdo7-4 core 0.000286 0.281093 0.000015 2693.0 253 0.281078 —594 0.6 0.5 2952 40 0.2813
Gdo7-5 core 0.000124 0.281085 0.000015 27241 6.7 0.281079 —59.7 13 0.5 2950 39 0.2812
Gdo7-6 core 0.000118 0.281097 0.000013 26404 113 0.281091 —59.2 —0.2 0.5 2934 34 0.2813
Gdo7-7 core 0.000352 0.281169 0.000014 2658.0 6.2 0.281151 —56.7 24 0.5 2855 38 0.2813
Gdo7-8 core 0.000177 0.281103 0.000016 2671.0 32.0 0.281094 —59.0 0.6 0.5 2930 42 0.2813
Gdo7-9 core 0.000233 0.281100 0.000016 2681.0 16.0 0.281088 —59.1 0.6 0.5 2938 42 0.2813
Gdo7-10 core 0.000433 0.281131 0.000027 2696.0 37.0 0.281109 —58.0 1.7 0.9 2912 72 0.2813
Gdo7-11 core 0.000316 0.281121 0.000016 2618.0 31.0 0.281105 —58.4 —0.2 0.6 2917 44 0.2813
Gd07-12 core 0.000017 0.281118 0.000017 2718.0 15.0 0.281117 —58.5 25 0.6 2899 45 0.2813
Gd07-13 core 0.000439 0.281123 0.000025 2705.0 15.0 0.281100 —58.3 1.6 0.9 2923 67 0.2813
Gdo7-14 core 0.000347 0.281135 0.000017 2739.0 17.0 0.281117 —57.9 3.0 0.6 2900 44 0.2812
Gdo7-15 core 0.000457 0.281117 0.000017 2629.0 19.0 0.281094 —58.5 —03 0.6 2933 46 0.2813
Gd07-16 core 0.000036 0.281071 0.000019 2687.0 19.0 0.281069 —60.2 0.1 0.7 2962 51 0.2813
Gdo7-17 core 0.000338 0.281121 0.000016 2626.0 17.0 0.281104 —584 —0.1 0.6 2918 44 0.2813
Gdo7-18 core 0.000432 0.281099 0.000013 2684.0 14.0 0.281077 —59.2 0.3 0.5 2955 36 0.2813
Gd07-19 core 0.000087 0.281153 0.000018 2701.0 16.0 0.281149 —57.3 33 0.6 2857 49 0.2813
Gd07-20 core 0.000070 0.281089 0.000013 2602.0 19.0 0.281086 —59.5 —-13 0.4 2941 34 0.2813
Gdo7-21 rim 0.000013 0.281572 0.000017 19159 7.5 0.281572 —424 0.3 0.6

Gd07-22 rim 0.000016 0.281600 0.000014 1893.6 7.1 0.281599 —414 0.7 0.5

Gd07-23 rim 0.000012 0.281583 0.000015 1900.6 9.4 0.281583 —42.0 03 0.5

Gdo7-24 rim 0.000015 0.281408 0.00003 1896.8 10.0 0.281407 —48.2 —6.0 1.0

Gd07-25 rim 0.000010 0.281515 0.000016 1903.0 123 0.281515 —44.5 —2.1 0.5

Gd07-26 rim 0.000002 0.281290 0.000047 1922.9 11.0 0.281290 —524 —9.6 1.6

Gdo7-27 rim 0.000006 0.281388 0.000025 1918.2 129 0.281388 —48.9 —6.2 0.9

Gd07-28 rim 0.000004 0.281372 0.000018 1903.0 9.0 0.281372 —49.5 —7.1 0.6

Gd07-29 rim 0.000006 0.281474 0.000015 1898.4 111 0.281474 —45.9 —3.6 0.5

Gdo7-30 rim 0.000010 0.281641 0.000014 1900.6 6.6 0.281641 —40.0 24 0.5

Gdo7-31 rim 0.000019 0.281580 0.000012 1906.1 7.9 0.281579 —42.2 0.3 04

Gd07-32 rim 0.000013 0.281565 0.000012 1908.4 6.8 0.281565 —42.7 —0.2 04

Gd07-33 rim 0.000003 0.281440 0.000037 1919.5 10.9 0.281440 —47.1 —43 13

Gd07-34 rim 0.000004 0.281439 0.000017 1923.7 9.3 0.281439 —47.1 —43 0.6

Gd07-35 rim 0.000003 0.281551 0.000013 1895.2 94 0.281551 —43.2 —0.9 0.5

Sample Gd 10

Gd10-1 rim 0.000009 0.281520 0.000015 1894.1 11.8 0.281520 —443 —2.1 0.5

Gd10-2 rim 0.000007 0.281432 0.000014 1913.6 11.8 0.281432 —474 —4.8 0.5

Gd10-3 rim 0.000003 0.281468 0.000019 1912.2 12.8 0.281468 —46.1 —35 0.7

Gd10-4 rim 0.000007 0.281572 0.000011 1895.1 7.3 0.281572 —424 —0.2 04

Gd10-5 rim 0.000002 0.281140 0.000087 1904.4 121 0.281140 —57.7 —153 3.0

Gd10-6 rim 0.000023 0.281301 0.000011 1905.7 133 0.281300 —52.0 —9.6 04

Gd10-7 rim 0.000002 0.281220 0.000063 1899.3 11.7 0.281220 —54.9 —12.6 2.2

Gd10-8 rim 0.000012 0.281361 0.000011 1887.2 13.2 0.281361 —49.9 —-79 04

Gd10-9 rim 0.000004 0.281460 0.000019 1906.6 104 0.281460 —46.4 -39 0.7

Gd10-10 rim 0.000006 0.281489 0.000013 1886.4 9.9 0.281489 —454 —34 0.4

Gd10-11 rim 0.000003 0.281340 0.000053 1915.1 125 0.281340 —50.6 —8.0 1.9

0.2820 [ . T . ; . . . ; .
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Fig. 8. Plot of U—Pb ages vs. !7SHf/!”Hf ratios for zircon cores and rims from two eclogite
samples. Note that the low 7SHf/!”7Hf zircon cores are only present in sample Gd 07.

(2017)) constrains the minimum peak pressure of 18-24 kbar (Yu et al.,,
2017). The occurrence of rutile inclusion in metamorphic zircon rims
and the predicted paragenesis of rutile, garnet and omphacite by
phase equilibria modeling indicate that rutile is one of the peak minerals
(Yuetal, 2017). Zr content in rutile are 428-607 ppm (Table 6). Zr-in-
rutile thermometry (Tomkins et al., 2007) for sample Gd 10 yields tem-
peratures of 725-750 °C at 18-20 kbar, as constrained by the value of Jo
32 (Fig. 10a, stage 3). Therefore, the peak P-T conditions are proposed to
be 725-750 °C at above 18 kbar on the basis of Zr-in-rutile thermometry
and the maximum value of Jo (~ 32 mol%) in omphacite.

To constrain the decompression process recorded by diopside+pla-
gioclase symplectite and paragenetic hornblende in sample Gd 10, a P-T
equilibrium phase diagram was calculated in the system NCFMASH
(NaO-Ca0-Fe0-Mg0-Al,03-Si0,-H,0) using THERMOCALC 3.33
(Powell et al., 1998; updated October 2009) with the local bulk compo-
sitions of the symplectite domain that was extracted from the composi-
tional maps using XMapTools (Lanari and Engi, 2017). The local bulk
compositions used in the calculation in mol% is: SiO, = 54.36, Al,05
= 5.23, Ca0 = 17.88, Mg0 = 14.69, FeO = 5.08, NaO = 2.75. The
phase diagram shown in Fig. 10b is contoured with isopleths of Jo. The
observed mineral assemblage is diopside-+plagioclase+hornblende,
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Fig. 9. P-T conditions recorded by garnet core (stage 1,655 °C and 18 kbar) and garnet rim (stage 2, 660 °C and 21 kbar) of sample Gd 10, obtained using GgrMop. The lines that intersect at
the calculated P-T points are errors bars. X-ray map is from Fig. 3¢, showing garnet cores and rims.

without quartz, which limits the maximum pressure to 9-10 kbar. The
measured value of o (about 9 mol%, Table 2) in diopside constrains sim-
ilar maximum pressure (9-10 kbar) in the Di-PI-Hbl field. The amphi-
bole-plagioclase thermometer (Holland and Blundy, 1994) yield a
temperature range of 680-730 °C at 9-10 kbar for hornblende and pla-
gioclase grains located in the symplectite (Fig. 10b, stage 4; representa-
tive mineral compositions are listed in Table 2). These conditions are
interpreted to represent the P-T conditions of the retrograde high-pres-
sure granulite facies metamorphism.

7. Discussion
7.1. P-T path of the Gridino-type eclogite

Garnet porphyroblasts in eclogite sample Gd 10 have large homoge-
neous cores and thin rims. The garnet shows relatively flat composi-

tional profiles. This suggests two possible scenarios should be
considered: (1) The garnet cores may have undergone very rapid
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growth, thus the initial compositional profiles are flat (Carlson, 2006;
Florence and Spear, 1991). In this scenario, the calculated P-T conditions
for garnet cores and rims can be interpreted as growth conditions, de-
fining an up pressure growth from core to rim (Fig. 11a, stage 1 to
stage 2). (2) The sample has reached peak temperature of above
700 °C (based on Zr-in-rutile T), and an alternative scenario is that dif-
fusion affected the compositional zoning of the garnet core composi-
tions resulting in the homogenization of the composition before the
growth of the rim (see below). Thus, the P-T conditions recorded by gar-
net cores would represent re-equilibration conditions rather than
growth conditions (Tedeschi et al., 2017). The sharp compositional tran-
sition observed between core and rim (Fig. 3f) suggest that diffusion
was limited after the growth of garnet rim. The composition of garnet
rim was therefore not affected by diffusion and is likely to reflect growth
conditions. The observed compositional trend (stage 1 to stage 2) also
suggests an up-pressure path from garnet core to rim. Considering
that the composition of garnet has been modified around amphibole in-
clusion (Fig. 3), we favor scenario (2): diffusion homogenized the
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Fig. 10. (a) Pseudosection for the peak area of sample Gd 10, modified after Yu et al. (2017). The temperatures range from Zr-in-rutile thermometry is shown by the red bar. Isopleths of o
((Na)mg in clinopyroxene) are in green; (b) Pseudosection for the retrograde stage of sample Gd 10. Constraints from Hbl-Pl thermometery are indicated by the red bars. Isopleths of Jo
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Table 6
Zr content in rutiles of sample Gd 10.

Samples Gd10-1 Gd10-2 Gd10-3 Gd10-4 Gd10-5 Gd10-6 Gd10-7 Gd10-8 Gd10-9 Gd10-10 Gd10-11 Gd10-12

Zr(ppm) 509 521 539 607 482 428 465 435 588 553 553 446

In(Zr) 6.23 6.26 6.29 6.41 6.18 6.06 6.14 6.08 6.38 6.32 6.32 6.10

P 18 18 18 18 18 18 18 18 18 18 18 18

T 735 737 740 751 730 720 727 721 748 742 742 723

P 22 22 22 22 22 22 22 22 22 22 22 22

T 755 757 760 771 750 739 747 741 768 763 763 743

Zr-in-rutile thermometry from Tomkins et al., 2007

composition of garnet cores at ~655 °C and ~18 kbar, before the growth
of the garnet rim. Garnet rims formed later on (Fig. 11a, stage 2) closer
to the pressure peak conditions (Fig. 11a, stage 3) with limited post-
growth modification by diffusion. Garnet reflecting higher-pressure
conditions may also have formed but it was probably consumed during
retrograde metamorphism (Groppo et al., 2015; O'Brien, 1997); garnet
porphyroblasts are not euhedral (Figs. 2 and 3) and Mn zoning (Mn
back diffusion; Fig. 3f) clearly suggests garnet resorption during
retrogression.

In previous studies of Gridino-type eclogite, garnet has always been
used to constrain the peak P-T conditions and P-T paths (e.g. Li et al.,
2015; Perchuk and Morgunova, 2014; Yu et al., 2017, Fig. 11b). As
discussed above, the compositions of the garnet cores may have been
modified by diffusion. Thus, care is needed while using garnet composi-
tion to constrain P-T conditions. Rutile is another peak mineral of sam-
ple Gd 10. Zr-in-rutile thermometry is robust technique. Applying
phase equilibrium modeling and Zr-in-rutile thermometry can reduce
drastically the uncertainties of the calculated P-T conditions
(Hernandez-Uribe et al., 2018), which constrains the peak P-T conditions
at 725-750 °C, above 18 kbar (Fig. 114, stage 3). Similar peak P-T condi-
tions of the Gridino-type eclogite have been reported: 700-730 °C,
18.5-19.5 kbar (Li et al,, 2015) or 695-755 °C, >18 kbar (Yu et al,,
2017), and in both cases the peak temperature was constrained by the
garnet-clinopyroxene thermometer. Considering that diffusion may af-
fect the compositional zoning of garnets and the rare preservation of gar-
net compositions reflecting peak conditions in the Gridino-type eclogites,
the peak conditions obtained with garnet may be unreliable. In this study
we provided an alternative and more robust approach in an attempt to
constrain minimum peak conditions (Hernandez-Uribe et al., 2018).

The high-pressure granulite facies overprinting occurred during the
subsequent exhumation stage, leading to the breakdown of omphacite
to clinopyroxene, plagioclase and amphibole. Symplectite textures

commonly indicate a departure from efficient equalization of chemical
potentials. However, the absence of clear layering in the final chemical
compositions (e.g. Fig. 4) suggests that chemical potential gradients
were close to be equalized by diffusion (White et al., 2001). The final
composition of the microstructure was taken as natural variable for
modeling the equilibrium relationships. This assumption is also sup-
ported by the modes predicted by our modeling at 710 °C and 9 kbar
that reasonably match the volume fractions extracted from the map as-
suming absolute uncertainties of +-0.05 (molar proportion normalized
to a one oxide basis) for the model and 4 0.05 vol% from the phase
map. Combined with this result, the amphibole-plagioclase thermome-
ter (Holland and Blundy, 1994) defines a stage at 680-730 °C at
9-10 kbar (Fig. 114, stage 4), corresponding to the P-T conditions of
the high-pressure granulite facies metamorphism. A heating stage up
to 800 °C at 12 kbar has been previously proposed on the basis of the
mineral assemblage Grt 4+ Cpx + Opx + Pl + Qz in some samples
(Morgunova and Perchuk, 2012). No orthopyroxene was found in our
samples or samples in Li et al. (2015) and Yu et al. (2017).

Garnet core and rim testify a burial process that corroborates the
prograde path inferred by mineral inclusions preserved in garnet cores
(Yu et al., 2017). P-T conditions retrieved from symplectites indicate a
cooling decompression. Thus, we propose a clockwise metamorphic
evolution for the Gridino-type eclogites.

7.2. Lu—Hf age interpretation

It is not always straightforward to link garnet Lu—Hf ages with a
specific garnet growth stage and their corresponding P-T conditions.
Garnet Lu—Hf ages in the Gridino samples are obtained from bulk gar-
net aliquots of grains that present weak major element zoning. In sam-
ple Gd 10, the large weakly zoned garnet cores may be the product of
high temperature diffusional re-equilibration of major elements.
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Fig. 11. Inferred P-T-t path for metamorphic evolution of Gridino-type eclogite: (a) with metamorphic age; (b) with other inferred P-T paths.
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However, diffusion of major elements may or may not be coupled with
resetting of Lu—HTf (Scherer et al., 2000; Smit et al., 2013). The closure
temperature of the garnet Lu—Hf system, is determined by various fac-
tors such as grain size and cooling rates (Dodson, 1973). The peak tem-
perature of Gridino-type eclogite are constrained below 755 °C (Li et al.,
2015; Yu et al,, 2017; this study), which is lower than the excepted clo-
sure temperature of the garnet Lu—Hf system (>900-1000 °C) (Dodson,
1973; Scherer et al., 2000; Smit et al., 2013). Given that 3+ and 4+ ions
(Lu, Hf) diffuse significantly slower than 2+ ions (Mg, Mn) in garnet
(Tirone et al., 2005; Van Orman et al., 2002), Lu and Hf probably main-
tain their original distributions in Gd 10 garnet. Therefore, we
interpreted the obtained Lu—Hf ages for the large size garnet from
Gridino-type eclogite samples as garnet growth ages rather than cooling
ages.

Element-mapping shows large cores and thin rims of garnet in
sample Gd 10, with limited compositional zoning in cores (Yu
et al., 2017; this study). The calculated P-T conditions indicate an in-
crease in pressure from garnet core to rim. The garnet Lu—Hf age for
sample Gd 10 is closer to the age of the garnet cores since the garnet
core is the main part of the single garnet grain and Lu is commonly
enriched in prograde garnet cores (Scherer et al., 2000). Therefore,
we interpret the Lu—Hf age of 1961 4+ 31 Ma to record the prograde
garnet growth stage (Fig. 11a). The eclogite sample Gd 07 shares
with sample Gd 10 similar petrography and mineral chemistry, with-
out compositional zoning in garnet (Yu et al., 2017). Despite these
similarities, the obtained Lu—Hf garnet ages for sample Gd 07 and
sample Gd 10 are not the same within uncertainty and Gd 07 returns
an older age. This discrepancy can be explained considering the dif-
ferent zircon populations in the two samples. In sample Gd 07, the
inherited magmatic zircon cores are abundant and well preserved
(Yu et al., 2017). These zircon cores have '7SHf/!”7Hf ratios of
0.281071-0.281169, much lower than the '7®Hf/'”7Hf ratios of the
corresponding whole rock (0.284788) and garnet (0.306630). The
inherited zircon cores are not in isotopic equilibrium with the bulk
rock and the metamorphic assemblage including garnet, and any
contamination from zircon in the garnet aliquot would produce an
apparent garnet Lu—Hf age that is too old (Cheng et al., 2008,
2012; Scherer et al.,, 2000). Therefore, we suggest that the Lu—Hf
ages for sample Gd 07 of 2076 + 39 Ma is older because of contam-
ination from inherited zircon cores in garnet of sample Gd 07.

Most garnet grains in sample Gd 19 preserve weak compositional
zoning (Fig. 6). Only in the outmost rims does some grains display a
slight decrease in pyrope and grossular, and increase in almandine. Gar-
net is larger in sample Gd 19 than that in Gd 10. Theoretically diffusion
of Lu and Hf will take longer time. Lu and Hf should also maintain their
original distribution in Gd 19 garnet. Thus, the obtained Lu—Hf age of
1917 + 34 Ma for sample Gd 19 is similarly interpreted as dating a pro-
grade P-T stage. The Lu—Hf age variation between sample Gd 10 and Gd
19 is more likely to reflect either variable REE zoing between the two
samples or the uncertainty of age that is amplified by the reliance on
just one garnet separate. The obtained Lu—Hf age 1871 + 83 Ma for
sample Gd 32 is within uncertainty the same as the other eclogite sam-
ples. The minerals grain size in sample Gd 32 (0.3-0.6 mm) is smaller
than in the other samples (Yu et al., 2017), likely resulting in a lower
closure temperature for the Lu—Hf system (Dodson, 1973). The variable
preservation of growth Lu and Hf distribution in garnet grains could be
the reason for the relatively large uncertainty of the Lu—Hf age from
this sample.

In summary, the age of 1961 + 31 Ma constrains the prograde stage
of Gridino-type eclogite. The 1917 4 34 Ma age also represents a pre-
peak stage, which is within the uncertainty similar to the metamorphic
zircon ages of 1904.2 4+ 4.1 Ma and 1898.6 + 5.3 Ma for Gridino-type
eclogite (Yu et al., 2017). These metamorphic zircon rims show trace el-
ement systematics characteristic of eclogite-facies metamorphism and
contain the peak mineral inclusions, garnet and omphacite (Yu et al.,
2017). Yu et al. (2017) demonstrated that the REE partition coefficients

Table 7
A compilation of peak metamorphic ages for the Belomorian eclogites.
Gridino-type Salma-type
Zircon 1904 + 4 Ma (Yu et al,, 2017); 1911 £ 6 Ma (Liet al., 2017a);
U-Pb 1880 Ma (Skublov et al., 2011a) 1896 Ma-1885 + 7 Ma (Liu et al.,
2017);
1868 4+ 17 Ma (Imayama et al.,
2017)
Grt 1917 4 34 Ma (this study); 1901 4+ 5 Ma-1894 4+ 4 Ma
Lu-Hf 1937 + 8 Ma-1891 4 10 Ma (Herwartz et al., 2012)
(Herwartz et al., 2012)
Grt 1911 & 11 Ma (Berezin et al.,
Sm-Nd 2012)

between zircon rim and garnet are consistent with values of typical
eclogites. These lines of evidence suggest that the metamorphic zircon
rims in Gridino-type eclogite formed during eclogite facies
metamorphism.

A compilation of peak metamorphic ages for the Gridino- and Salma-
type eclogites is presented in Table 7. Our new garnet ages and P-T path
can help interpret prior Lu—Hf garnet ages of 1937.3 4+ 8.2 Ma and
1891.6 £ 9.7 Ma for the Gridino-type eclogites obtained by Herwartz
etal. (2012). The age of ca. 1.94 Ga can be regarded as the prograde gar-
net growth episode, while the younger age of ca. 1.89 Ga is close to the
peak age. The adjacent Salma-type eclogites have also been proven to be
Paleoproterozoic using zircon geochronology and garnet Lu—Hf geo-
chronology (Herwartz et al.,, 2012; Imayama et al,, 2017; Li et al,
2017a, 2017b; Liu et al., 2017).

7.3. Geological implications

It has been proposed that the protolith of Gridino-type eclogite
formed at ca. 2.7 Ga from an enriched mantle source (Mints et al.,
2014, Skublov et al.,2011a,2011b; Yu et al., 2017). After several thermal
and deformation pulses from Neoarchean to Paleoproterozoic (Babarina
and Sibelev, 2015; Mints et al., 2014), the Lapland-Kola orogen recorded
eclogite-facies metamorphism at ca. 1.9 Ga leading to the formation of
Gridino-type eclogites (Yu et al., 2017).

Paleoproterozoic eclogites are preserved in the Trans-Hudson Orog-
eny in Canada (Weller and St-Onge, 2017), Trans-North China Orogeny
(Xu et al., 2017), Snowbird Craton in Canada (Baldwin et al., 2007),
Slave eclogite xenolith in Canada (Smart et al., 2014, 2016), Usagaran
and Ubendian Orogeny in Tanzania (Boniface et al., 2012; Collins et al.,
2004), Eburnian-Transamazonian Orogen in southern Cemeroon
(Loose and Schenk, 2018) and the Belomorian Province in Russia (this
study). These Paleoproterozoic eclogites are located within collisional
orogens that mark the assembly of the supercontinent Columbia at
2.1-1.8 Ga (Zhao et al., 2002).

Among them, the Belomorian and Trans-Hudson eclogites have
low peak metamorphic thermal gradients (Weller and St-Onge,
2017; this study), which are typical characteristics of Phanerozoic
eclogites (Brown, 2006; Maruyama et al., 1996). It has to be noted
that, unlike the Belomorian eclogites, no direct dating of the eclogitic
assemblage has been achieved for the Trans-Hudson retrogressed
eclogites, whose age constraint is based on monazite dating of the
surrounding metapelites (Weller and St-Onge, 2017). Thus, the
Belomorian eclogites are the best-dated Paleoproterozoic cold-
eclogites. Moreover, the contemporaneous ultra-high-temperature
metamorphism recorded in the Ouzaal Terrain in Algeria, Taltson
magmatic zone in Canada and South Harris in Scotland indicates
the duality of the thermal regime in this period (Brown, 2006;
Brown, 2007; Brown, 2008), thus strengthening the conclusion that
the Paleoproterozoic marks the start for modern plate tectonics on
a global scale.
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8. Conclusions

(1) New garnet Lu—Hf geochronology constrains the prograde stage
of Gridino-type eclogite at ca. 1.96-1.92 Ga.

(2) The peak pressure conditions are 725-730 °C at above 18 kbar,
and define an average apparent thermal gradient of below 41
°C/kbar.

(3) The metamorphic evolution of Gridino-type eclogite follows a
clockwise P-T paths with a cooling decompression from peak
eclogite facies to high-pressure granulite facies.
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