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Geological Background




When Plate Tectonics started

0 Ga 0 Ga
<« 0.30 Ga: Pangea supercontinent assembly
0.54 Ga <« 0.54 Ga: Gondwana supercontinent assembly
- <4 0.62 Ga: oldest unequivocal UHP eclogite . .
0.85 Ga: Hamilton (2011) B Neoproterozoic Evidences:
' ?'G: Ste(:n ((2005) 48 <« 0.90 Ga: oldest blueschist
' v" Tectonic (structural)
Mesoproterozoic < 1.23 Ga: Rodinia supercontinent assembly

v Geochemical (isotopic)

1.6 Ga v I
<4 1.80 Ga: Columbia/Nuna supercontinent assembly GeophySICaI
<4 2.10 Ga: oldest unequivocal subduction-related v Numerical mOdelmg
HP eclogite v
2.5 Ga . .
Neoarchean <« 2.70 Ga: Kenorland supercontinent assembly v Petrologlcal (metamorphlc)
2.9 Ga: Palin et al. (2020) » <4 2.80Ga: alge:ctzlggggted subduction-related
3.0 Ga: Dhuime et al. (2015) »
3.2 Ga: Brenner et al. (2020) » 3.2 Ga
3.5 Ga: Greber et al. (2017) »
a: Greber et al. ( ) 31 B
3.8 Ga: Komiya et al. (1998) »
4.0 Ga: Maruyama et al. (2018) » <« 4.02 Ga: oldest unequivocal crust (Acasta gneiss)
4.2 Ga: Hopkins et al. (2008) » <4 4.28 Ga: oldest debated crust (Nuvvuagittuq belt)
<4 4.40 Ga: oldest terrestrial crystals (Jack Hills zircon) Plate
4.56 Ga

Palin et al., 2020

—

Tectonics




What is Plate Tectonics
~ /

(a) Seafloor spreading: (b) Lithospheric subduction:
Divergent plate Convergent plate

Subduction / Collision G« Convergent Plate margin margin

« Divergent Plate

* Transform Fault

(ultra-)high-pressure metamorphism

—
Plate Il

(c) Transform faulting:

Zheng, 2023 Strike-slip plate margin
Eclogite & Blueschist (facies) Oceanic Trench ~Transform i Trenc  Continental
Seawater o Seee / | i
crust
osphere O ere osphere

robust evidence of plate subduction-collision
P-T — depth



Metamorphic T/P of worldwide localities
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T/P (°C/GPa)

Metamorphic T/P of worldwide localities
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Cratons

Proterozoic cratons

2.7 Ga, 3.2 Ga Amphibolite (Barberton, Yilgarn)
2.7 Ga HP granulite (Wyoming, Sao Francisco)
« 2.5 Ga pyroxenite (NCC)

Rare HP rocks > 2.5 Ga

(no cold ||thu|ngy) » 2.82 Ga Eclogite ? (Belomorian)
» 2.0 Ga blueschist ? (W.Africa)
] » 2.0 Ga eclogite (W.Africa)
Rare eclogite > 2.0 ba » 1.9 Ga eclogite (Belomorian)
(cold lithology) « 1.9 Ga xenolith eclogite (NCC)

1.8 Ga UHP metabasite (W.Greenland)
1.8 Ga apoelcoigte (N.America)



T/P (°C/GPa)

Metamorphic T/P of worldwide localities
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Geology =
4 A

Norrbotten
Province

Svecofennian :
orogeny Q 4
E

100 km

Belomorian
orogeny

Lapland-Kola
orogeny

Murmansk
Province
R 2

-—~
osnovk
4

Paleo-/Mesoarchean

B 2.9-2.82 Gaparagneisses
Greenstone complexes

B 29-285Ga

B 31-25Ga

|#=| ophiolite-alike complex

Meso-/Neoarchean

[ | 2.9-2.7 Ga TTGs (reworked
in Paleoproleroroic)

TTG complexes: Paragneisses + Granitoids (sanukitoids etc.)
3.5-29Ga//2.9-2.7 Ga, 2.8-2.7Gall 2.7 Ga/l 1.8 Ga

Greenstone belt: Amphibolite + Ophiolite-alike (?) + Eclogite
3.1-2.9 Ga, 2.9-2.85 Ga, 2.8-2.75 Ga, 2.75-2.68 Ga

in Archean: High-grade Metamorphism + Migmatization
(> 9-12 kbar, > 650-950 °C)

¢ Eclogite sensu stricto

omphacite + garnet £ amphibole, epidote, kyanite

¢ Eclogizited dyke

Neoarchean

B 27 Gesnkivid metagabbro-gabbronorite, Ol-gabbronorite,

Eclogite outcrops
o

pyroxenite (Opx), zoisitite, enderbite, etc.

2.7-2.78 Ga paragneisses

Greenstone complexes

[ 275-2.68Ga

B 3.5-2.9GaTTGs, gneisses and amphibolites B 282756

2.8-2.7 GaTTGs and amphibolites
+

$8Z-ophiolite
= Tectonic mixtu renl l\enrchean
— and Pal Ienprm

Paleoproterozoic
“aledonides platform cover




Chupa-Gridino

coarse-grain
eclogite

313292‘E, 67°37.3'N |- 4
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i Retrogressed
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Scientific Problems




Metamorphic peak PT conditions

Prograde — Peak —» Retrogression (peak

Tem%g ratu rel_?P?

constrained

Mints et al., GSA SP, 2015

p |p| P-T-tpaths: — %
(kbarz_(km) 2 Salma — 30\\0‘“
] eclogite P- Tlrajectones

L L, association of the upper

32+ band {;)wer
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, l e;:lggmzed plates

\
S\ —

Plume
272-270Ga ,

—
Solidly;

Ory

\\

lmlmu dike sw u:m ’ 2 82 Ga

\ Sulmu auunl( crust ! ~2.9Ga

\rs%y I
| T ) ||\| O

0
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Pressure, GPa

UHT?

Perchuk & Morgunova, Gondwana Res., 2014
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700 800
Temperature, ‘C

90C



slab-top geotherms

Lietal., EPSL, 2023

(3) Post-peak evolution =
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Table 1

Variety of correlations of major magmatic and metamorphic events in the Gridino terrain.

Eclogite facies timing

Scenario Major events

Method and data source

2.8-2.7 Ga ~24 Ga 1.9-1.8 Ga
I HP metamorphism 1 Mafic dike swarm, HP Amphibolite facies metamorphism Zircon, U-Pb method, NORDSIM, SHRIMP
metamorphism 2. (Volodichev et al., 2004; Slabunov et al., 2011;
Volodichev et al., 2012)
1 (U?)HP metamorphism followed by  Leucokratic Amphibolite facies metamorphism Zircon, U-Pb method, SHRIMP (Dokukina et al.,
granulite facies metamorphism Bt-Cpx-Opx-PI-Q veins in 2009, 2012a; Dokukina and Konilov, 2011)

111 Mafic dike swarm

metagabbroids
No events Eclogite facies metamorphism followed by
amphibolite facies metamorphism

Zircon, U-Pb, SHRIMP — both events
(Skublov et al., 2011); Lu-Hf mineral isochrones,
eclogitic event (Herwartz et al., 2012).

Geological Facts

Archean Belomorian
Orogen, 2.8 - 2.7 Ga

Paleoproterozoic LIPs Paleoproterozoic Svecofennia &

Lapland-Kola Orogen
2.5-2.4, 2.3,2.2,2.1 Ga
20-18Ga

« Island-arc system
« Granitoid/paragneiss
«  Sanukitoid intrusion

* \olcanic intrusions
(Calc-alkaline-, adakite-)
* Greenstone belts

e Gabbro-norite

: *  Subduction-collision
* Pyroxenite (?)

Eclogite

» Leucogranite, K-granite,

volcanic molasse
Eclogite ?

Perchuk & Morgunova, Gondwana Res., 2014



Table 1

Variety of correlations of major magmatic and metamorphic events in the Gridino terrain.

Eclogite facies timing

Scenario Major events

Method and data source

2.8-2.7 Ga ~24 Ga

1.9-1.8 Ga

I HP metamorphism 1

Mafic dike swarm, HP

metamorphism 2.

1 (U?)HP metamorphism followed by
granulite facies metamorphism

Leucokratic
Bt-Cpx-Opx-PI-Q veins in

Amphibolite facies metamorphism

metagabbroids

111 Mafic dike swarm No events

Eclogite facies metamorphism followed by
amphibolite facies metamorphism

Amphibolite facies metamorphism

Zircon, U-Pb method, NORDSIM, SHRIMP
(Volodichev et al., 2004; Slabunov et al., 2011;
Volodichev et al., 2012)

Zircon, U-Pb method, SHRIMP (Dokukina et al.,
2009, 2012a; Dokukina and Konilov, 2011)

Zircon, U-Pb, SHRIMP — both events
(Skublov et al., 2011); Lu-Hf mineral isochrones,
eclogitic event (Herwartz et al., 2012).

Geological Facts

Archean Belomorian
Orogen, 2.8 - 2.7 Ga

Paleoproterozoic LIPs
2.5-2.4, 2.3,2.2,2.1Ga

Paleoproterozoic Svecofennia &
Lapland-Kola Orogen
20-18Ga

» Gabbro-norite
* Pyroxenite (?)

« Island-arc system
« Granitoid/paragneiss
«  Sanukitoid intrusion

* \olcanic intrusions
(Calc-alkaline-, adakite-)

* Greenstone belts
» Leucogranite, K-granite,
volcanic molasse

Eclogite ?

Subduction-collision
Eclogite

Perchuk & Morgunova, Gondwana Res., 2014

Eclogite Info

2.9 Ga (Tpy = 3.1 Gaprotolith (basite)
2.82 Ga, 2.72 Ga - Eclogite-Granulite facies

(Zrn U-Pb)
2.5-2.4 Ga — Granulite-facies (LIPs)
1.9-1.8 Ga - Eclogite-Granulite facies
(Zrn U-Pb, Lu-Hf)
1.7 Ga - Amphibolite facies

(Ttn U-Pb)



V.V V V V

Tectonic mélange of TTG + greenstone belts + eclogite/amphibolite, ultra-/mafic dykes, granulite-charnockite/enderbite

2.74-2.73 Ga TTG gneiss (Salma) Glebovitsky, 2005; Slabunov et al., 2006; Slabunov, 2008; Li et al., 2017b
2.9-3.1 Ga protolith of eclogite (Salma) Mints et al., 2010; Konilov et al., 2011; Li et al., 2017b

1.9 Ga mafic eclogite & eclogite facies (Salma) Lietal., 2017a, b; Yu et al., 2019a, b; Melnik et al., 2021

Peak eclogite facies PT: 22-23 Kbar, 650-670 °C (Salma) Lietal., 2023, 2025

272 Ga eclogite (Gridino) Volodichev et al., 2004, 2021; Li et al., 2015
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Tectonic mélange of TTG + greenstone belts + eclogite/amphibolite, ultra-/mafic dykes, granulite-charnockite/enderbite

2.74-2.73 Ga TTG gneiss (Salma)

2.9-3.1 Ga protolith of eclogite (Salma)

1.9 Ga mafic eclogite & eclogite facies (Salma)

Peak eclogite facies PT: 22-23 Kbar, 650-670 °C (Salma)

2.72 Ga eclogite (Gridino)

2.8 Ga Ophiolite-like complex (mafite-ultramafite belts)

2.7 Ga (HP) granulite facies (Salma)

2.82-2.72 Ga eclogite facies (Salma)

1.9 Ga amphibolite facies against eclogite (Salma)
UHT overprint (~ 900 °C) on eclogite (Salma)

Glebovitsky, 2005; Slabunov et al., 2006; Slabunov, 2008; Li et al., 2017b
Mints et al., 2010; Konilov et al., 2011; Li et al., 2017b

Lietal, 2017a, b; Yu et al., 2019a, b; Melnik et al., 2021

Lietal., 2023, 2025

Volodichev et al., 2004, 2021, Li et al., 2015

Slabunov et al., 2019

Kaulina et al., 2010; Konilov et al., 2011; Li et al., 2017b

Mints et al., 2010; Konilov et al., 2011; Shchipansky et al., 2012b; Balagansky et al., 2015
Konilov et al., 2011; Dokukina et al., 2016; Imayama et al., 2017

Dokukina et al., 2016; Liu et al., 2017; Li et al., 2018, 2021
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Metamorphic Petrology




Opxll
(+Amp+Pl)

Lietal., 2021

Pyroxene chemistry in eclogite

Wo-En-Fs

diopside

Na-diopside

omphacite

2.7 mm

Lietal., 2023

Jdg,

Lietal., 2021
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Phase equilibrium modeling

Bulk chemistry by XRF analyses

MnNCKFMASHTIO (+Qz, Rt, H20) XRF Bulk 2.5 MnNCKFMASHTIO (+Qz, Rt, H20) XRF Bulk
: “\ = = = ~ e : ‘ b,
B \ : ~grtepxczomsky .~ 7 _ grtcpx czo ms ky
— \ /.’ ; - - . P - ‘.o',J ™ ‘ \)e,l/
— / g — . | B
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= [,-' Yt <= = = G =
- / ,1; g -4 - Y A 24
J[ s 4’ (5] A 27 (5]
m / p / = = Okg , M a5 e
— 4 / g 2.0 oy g8
| AT N R e S 5 — : w0 5
sy V4 /j { artcpx amp czo ms y ® - a1 Qrtcpxamp czo ms
e/ D S S LS R y 2w o ] MOb ! o
/'J' oo iy 2 o - e
_— ‘-'“‘-sn.a fif . ; E' : :\ :." ~Jd1g r-/y o __
| | i “, "’._“ / grtcpx amp czo lig g 3} _ :! —Z grt cpx amp czo lig g
r i - a @ — =
-+ \ / E o T & 3
’ X o N B grtamp czoms %
3] - o
— E) 1.5— / . 5
] = MO - - [ e e
1 -~~~ MO0a grt amp czo liq -/ grt amp czo lig
— grtamp czo bt —| ‘grt amp czo bt
T rt amp czo ] rtamp czo
_| R ] el ——g30—— Grs, mol.%
— i — p24 Prp, mol.%
— ]; ——S8i3.26 Si, pfu (in white mica) = Mg#0.4-- Mg/(Mg+Fe)
: ’r ——-Jd24— Jd, mol.% (in clinopyroxene) : Sps, mol.%
T T T T [ T T T T I T T T T } T T T T 1.0 T T T T T T T T T | T T T T T T T T T
600 650 700 750 800 600 650 700 750 800

Limitation:
(1)closed system

(2)Isochemical reaction

Temperature, °C

VS.

(3)Systematic and random errors are inevitable

Effective Bulk Chemistry of domainal equilibria on thin section

©

15 NCKFMASHTIO (+Qz) EBC
——=Jd10-— Jd, mol.% (in clinopyroxene)
_ Mg0.74- Mg# in clinopyroxene grtcpx pl rt
——An40— An, mol.% (in feldspar)
1.4 ——Ti11— X;/2 (in amphibole)
grt cpx amp.pl rt/’
B y \x:\‘
o 1.3/
o
(D, '\“//
2 4 &/
= /
(2]
» p
a 1.2 s y
e
17 w‘*y/,/ ‘ H
i ,,,JIIM . /
_Aes T 3 >
- R W i 7 8
gy T e POPEE gt cpxamp pl opxilm
. T geer
10T +Tt 7 1 T T [ T T T T [ T T T
800 825 850 875 900

Temperature, °C

Geothermobarometer:
(1) Equilibrated paragenesis
(2) Domainal equilibrium

(3) Analytical error (by EPMA)

Lietal., 2023




Zircon U-Pb dating

@ UzS-08 Lietal,, 2023
c14 c3o RO3 R16
2898+20 Ma  2708+23Ma  1807+135Ma 1952285 Ma
Ab(N28) Di(N10-12)
UzS-08
0551 Concordia: 2703+5,6 Ma
n=5, MSWD = 0.006
Upper intercept:
0.451 2895+38 Ma
= n=5, MSWD =1.5
s
o
£ 0,35}
.25 -4 Concordia: 193129 Ma
n=5, MSWD = 0.01
0.15

(¢) UzS-5

245
42

8 12 16 20

Lietal, 2017a

2744119 2724*30 . 2549136 2537420

Y

#5 melt
4 2652147 256858

"e D7

Salma retrogressed eclogite

Lietal., 2015 Lietal., 2017b

. 1910126
2705117]\[331 \ o) 2715+26Ma
Gridino eclogite Salma eclogite
» Metamorphic zircon: 2.71-2.68 Ga » Metamorphic zircon: 1.92-1.91 Ga

Accurate interpretation of U-Pb age is somehow problematic

(1) Crystal texture (CL-BSE image)

(2) Mineral inclusions in-situ (omphacite, garnet etc.)

(3) REE pattern, Th/U ratio

(4) REE differentiation coefficient with garnet, omphacite, amphiole
(5)

5) Lu-Hf-O isotope

> dark-CL Core: 2.8-2.7 Ga + 2.5 Ga

> bright-CL Rim: 1.9-1.8 Ga
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(1) 2.7 Ga mafic eclogite in Griding!etal, 2015PR (4) UHT overprint on 1.9 Ga(?) mafic eclogite in Sal

” ~ = .\. oy ~ \ / =
R ; i (h) PR \{ R Ky S s S () *"‘Q ) &

2705+£17Ma

i - -
( 1911#2

Opx lamellae exsolution within Cpx
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Metamorphic PT paths of
[1-4] Belomorian eclogites (1.9 Ga, 2.7 Ga?)
[5] Himalayan eclogite (17 Ma)
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0 Ga 0 Ga
<« 0.30 Ga: Pangea supercontinent assembly
0.54 Ga <4 0.54 Ga: Gondwana supercontinent assembly
Neoproterozoic <4 0.62 Ga: oldest unequivocal UHP eclogite
0.85 Ga: Hamilton (2011) <« 0.90 Ga: oldest blueschist
1 Ga: Stern (2005) »
Mesoproterozoic < 1.23 Ga: Rodinia supercontinent assembly
1.6 Ga Modern-style
<4 1.80 Ga: Columbia/Nuna supercontinent assembly
<4 2.10 Ga: oldest unequivocal subduction-related
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2.5 Ga
Neoarchean <« 2.70 Ga: Kenorland supercontinent assembly
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2.9 Ga: Palin et al. (2020)
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4.0 Ga: Maruyama et al. (2018)
4.2 Ga: Hopkins et al. (2008)

< 4.02 Ga: oldest unequivocal crust (Acasta gneiss)

<4 4.28 Ga: oldest debated crust (Nuvvuagittuqg belt)
<4 4.40 Ga: oldest terrestrial crystals (Jack Hills zircon)
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