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( )
(Pangea),
(Gondwana)
(Lauransia) 300~250 Ma ( )
20 80 , 1.0Ga
(1.25~0.98 Ga) (Rodinia)
(2.1~1.8 Ga)
(Columbia) (Roges and Santosh, 2002),
Nuna (Hoffman, 1989)
Nuna ( ,
2013), 2.7 Ga Kenorland (Apler and
Chiarenzelli, 1998), 3.0 Ga ur
(Roges, 1996), 3.6 Ga Vaalbara
(Zeger et al., 2002)
4.5 Ga '
2006 6
Lader “When did the plate tectonic start”
(Penrose Conference) 1
(Arndt, 2014)
, ) 800 Ma
4.3 Ga :
, Kaczmarek et
al. (2016) (4.0~3.6 Ga)

; Plot (2012), Dhuime et al. (2012), Naeraa et al.

(2012) Tang et al. (2016)
3.0 Ga, Griffin et al. (2014)
3.3~3.5Ga , ,

800 Ma
(Stern, 2005, 2008, 2013; Hamilton, 2008, 2013);
4.3 Ga(Harrison et al., 2008;
Turner et al., 2014)

( , 2012)

1 HERBN T EHE N

11

2 ? ? Arndt, 2014),

“ ”(subduction tectonics)(Stern, 2004);
, (O’Neill et al.,
2007; Stern, 2008)

F 1 R L PR E FF 54 B (8]
Table 1 Timing of the start of plate tectonics

ca. 800 Ma Stern, 2005, 2008, 2013; Hamilton, 2008, 2011

1.8~2.7 Ga Bedard, 2006; Brown, 2007; Rollinson, 2010; Keller and Schoene, 2012

ca. 2.7 Ga Korenaga, 2006; Davies, 2007; O’Neill et al., 2007; Condie and Kroner, 2008; Van Hunen and Moyem, 2012

30 Ga Condie and Benn, 2006; Cawwood et al., 2006; Pearce et al., 2008; Richard and Shirey, 2008; Dhuime et al., 2012;
) Naeraa et al., 2012; Polat, 2012; Tang et al., 2016

3.3-35 Ga Zegers and van Keken, 2001; Moyen et al., 2006; Smithies et al., 2007; van Kranendonk, 2007; Griffin et al., 2014,
T Smart et al., 2016

3.8 Ga; 3.9 Ga Shirey et al., 2008; Arndt, 2014; Kaczmarek et al., 2016

4.3 Ga Harrison et al., 2008; Hopkins et al., 2010; Turner et al., 2014
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L 2
: , (yield strees)
( ) Ll
: ( )’ )
( ) , ,
(Peacock, 2003) ( ) ,
(stagnant lid)(Sleep, 2000) Davies
(1992) , 1.0Ga ,
Van Thienen et al. (2004)
Thienen et al. (2004) ,
(negative buoyancy) (
500 Ma ), 1500 , Ray. Rayleigh
(mantle potential temperature—Tp,
1 ( Moore and
Webb, 2013)
) 2.5-35Ga Fig.1 Snapshots of the temperature field for two-dimensional
1500~1600 1300 (Palin models of mantle convection
and White, 2016)
O’Neill et al. (2007)
il ( ) il
Moore and Webb (2013)
(heat-pipe)
( 1,
1 , ’ ’ 0.125 0.5
! 2
! ( Moore and Webb,
) 2013)

“ » Fig.2 Internal heat production, surface conductive heat
transport and surface volcanic heat transport as
(1 ) functions of time in a model with a finite yield stress
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(~3.65 Ga) (~3.55 Ga) ,

, (Moyen and Hunen, 2012)

Superior Abitibi,
, O’Neill et al. (2016) , “ ”
( ) (2750~2670 Ma ),
: (hot ( 3): o ;
stagnant-lid) , , ;
( ) 2740 Ma TTG
(phase) Pacaud ; , 2710 Ma
1.2 , ; 2720~2740 Ma
, Abitibi
Abitibi (Si0,<62%) TTG
3 Superior Abitibi ( Moyen and Hunen, 2012)

Fig.3 The succession of “arc” and “non-arc” events in the Western Abitibi, Canada
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, ~100 K/Ga ,
(5~10 Ma) MgO (Abbott
(Moyen and Hunen, 2012) et al., 1994; Herzberg et al., 2010)
Pilbara ) :
10 Ma Pilbara 200~300 K, 15~23 km (van Thienen
LREE et al., 2004) , )
. 20 Ma
,  2740~2620 Ma , ,
( ca. 20 Ma) ,
; ( ), 100 K,
100 Ma , 2~3 Moyen and Hunen (2012)
20~40 Ma Moyen and (
Hunen (2012) 5 300 K), 4
L ) 200 K
(Moyen and Hunen, 2012) 7 km, 5~10 cm/a
1.3 , ;
200 K , 15 km,
7 km , ; : 200 K 15 km
4 ( Moyen and Hunen, 2012)

Fig.4 Numerical model calculations for subduction dynamics through time
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A

20 Ma,

(Moyen and Hunen, 2012)

2 ARt

Stern (2005)
) (petrotectonic associations)

Condie and Krodner (2008)

Fz2 WEMERERBASEYFS(  Condie and Kroner, 2008)
Table 2 Petrotectoni assembleges characteristics of plate
tectonics

(Ga) (Ga)
<1.0 3.8?

- 2.7 3.1
<1.0 2.7(3.87)
<20 2.7(3.25)
<0.1 0.85(1.0?)
<20 2.7(2.97)
<20 3.0
<27 3.5~3.4

F3 WRMEMEMERZE( Condie and Kroner, 2008)
Table 3 Other indicators of plate tectonics

(Ga) (Ga)
<0.1 0.6
<2.7 3.3
<2.7 3.6?
<2.7 2.2
<2.7 3.8~3.7
<2.7 >2.7?
<2.7 >4.0
<3.0 3.5~3.4
<2.7 >3.0

2.1
Jormua (1.95 Ga, Peltonen
et al., 1996) Trrans-Hudson
Purtniq (2.0 Ga, Scott et al., 1992), 1.0 Ga
(Stern, 2005),
, 1030 Ma(Khain et al., 2002,
2003) '
, Moores (2002) , 1.0 Ga
2.2
150~400 /GPa , 400 /GPa
(Palin and White, 2016)
800~700 Ma,
, 940 Ma
ca. 3.2 Ga (Moyen et al., 2006)
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, (MgO: ~14.1%); (MgO:
Palin and White (2016) , ~11.2%); - (MgO:
, ~9.7%) 5
2.5~3.5 Ga 1500~1600 , MgO
~1300 , ,  —
MORB(MgO 8%) , , Palin and White
(2016) ,
: : , 800 Ma
(MgO: ~16.2%); :
(a) (MgO: 16.2%); (b) (MgO: 14.1%); (c) (MgO: 11.2%); (d) -
(MgO: ~9.7%)
5 ( Palin and White, 2016)

Fig.5 Results of phase equilibria modeling calculations of four natural lithologies and ages of MOR-derived oceanic crust
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8
2.3 Condie and Krdner (2008)
(>100 km) (mafic plain)
, 700~900 C, ,
3~4 GPa , , ,
, , Superior  Slave Yilgarn
100~125 km , - ,
50%,
Gourma 650 Ma,
Kokchetav ca. 530 Ma ,
, Hamilton (1998)
, Stern (2005) ;
( ) Condie and Kroner (2008) ,
2.4 2.7 Ga,
Pilbara Whundo
, (Condie and , 3.12 Ga
Kroéner, 2008), 2.5
- (TTG) '
TTG
(Adakite) , (Defant
and Drummond, 1990; Drummond et al., 1996; Martin, , ,
1999; Foley et al., 2002) '
' (Hamilton, 1998) Stern (2008) ,
(shoshonite)
(sanukite) Superior  Schreiber (2.75~2.70 Ga, Polat and
Kerrich, 1999), :
, TTG
, TTG

(Smithies

and Champion, 2000, 2003; Smithies et al., 2009),

Krodner, 2008)
TTG
TTG

(Condie and

Condie and Kroner (2008)
(ocean-plate stratigraphy)

Greenland Isua
(Komiya et al., 1999),
Myers (2004)
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2.6

, Trans-Hudson
Wopmay (1.9~1.85 Ga, Bowring and Grotzinger,
1992; Ansdell et al., 1995) Capricorn
Superior Abitibi (2.7 Ga)(Mueller
and Donaldson, 1992; Camire et al., 1993; Mueller et
al., 1994) ( )
ca. 3.25 Ga Fig Tree

(Lowe and Nocita, 1999) Condie and Kroner (2008)

2.7

(Condie, 2005b)

(Condie, 2005b)

Nsuze

ca. 3.0 Ga (Burke et al., 1985;

Weilers, 1990; de Villarroel and Lowe, 1993)
2.8

. ——paired metamorphic belts

(Miyashiro, 1961; Brown 2006a, 2008)
3.0 Ga

2006a, 2006b) Isua

P-T
(Brown,

(3.2 Ga) 3.8 Ga

3.3 Ga(Brown, 2006b)

2.9
(Dewey, 1977):
1 (
) 1
, 2.0 Ga
(Condie, 2007)
Capricorn , 2.2 Ga Yilgarn
Pilbara Limpopo
Kaapvaal 2.0 Ga , Trans-
Hudson ,
1.9 Ga Superior Hearne
(Bickford et al., 1990; Lucas et al., 1994)
Superior Slave, Yilgarn
Kaapvaal (Bowring and Grotzinger,

1992; Percival et al., 1994; Jelsma et al., 1996; Bleeker,
2002; Schmitz et al., 2004)

3 W K

, Au

Cu
(VHMS)(Barley et al., 1998; Groves et al., 2005;
Kerrich et al., 2005) ,

3.1 Au

Au
3.4~3.1 Ga Pilbara
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Kaapvaal (Zegers et al., 2002), La/Nb :
2.75~2.55 Ga 2.1~1.75 Ga, 0.98~1.0, >1(1~8), 3 Condie
1.7 Ga~ 600 Ma , 600~50 Ma (1999) La/Nb=1.4 , >1.4,
(Goldfarb et al., 2001) <1.4( 6)
Ag , Au/Ag 1~10, W Mo Te Th/Yb
: , CO,, Nb/Yb(  Ta/Yb) Nb/Th Zr/Nb (Condie,
1994, 2005a; Pearce and Peate, 1995),
3.2 Cu-Au Au-Ag , ,
Cu-Au Au-Ag , Th/Yb
(Sillitoe, 1976),
(3.3 Ga, Barley, 1982) ,
3.3 (VHMS) (3.1 Ga), Pilbara
( ) Whundo
( Lau ) 3.8Ga lsua
4.2 Nb/Th  Th/U
(Solomon and Quesada, 2003) - Nb/Th
VHMS , 2.7~1.9 Ga, Th/U 3.6 Ga , Nb/Th
Au (Condie, 2000) 7 18.2, Th/U 4.2
VHMS Pilbara Kaapvaal 26( 7), - 3.9Ga
3.50~3.25 Ga (Shirey et al., 2008)
(Zegers et al., 2002) Nb Th ,
, MORB  Nb/Th
3.50~3.1 Ga , , Nb/Th
2.9 Ga : 1.8 Ga ,
4 HiFRALE Nb
U , Th
4.1
( )
(Condie, 1994)
: K Sr Pb,
, Nb Ta (Stern,
2002) (
)
» Nb 6 La/Nb-Ni  ( Condie, 1999)
Ta Ti K La Eu Dy ! Fig.6 La/Nb vs. Ni plot for basalts of different tectonic
Ti Nb Ta (TNT ) settings
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U u®* : Cr cré* ,
u* : Cr , Co Ni
. 2.2 Ga Cr Zn Mg
, ,Ni Cr Co Zn , Ni/Co
U Th Cr/Zn
: Th/U 18
3.6 Ga ( )
Nb-Ta-Th-U , Ni/Co  Cr/Zn MgO
) ( 8), MgO
, Shirey et al. (2008) , Ni/Co Cr/Zn
Nb-Ta-Th-U 3.9 Ga , Ni/Co Cr/zZn ,
, ( 9a0), Ni/Co
4.3 Cr/Zn
( 9b,d)
Tang et al. (2016) Ni/Co Cr/Zn
) MgO ;
) Mg , ( 10)
, MgO , (3.5~3.0 Ga) (3.0~
Co Ni Cr Zn , 2.5 Ga)
20 ( )
«C )
Keller et al. (2015)
7 Nb/Th Th/u 8 « ) ( ) Ni/Co
( Shirey et al., 2008) Crizn  MgO ( Tangetal., 2016)

Fig.7 Reconstruction of the depleted mantle Nb/Th and
Th/U with time

Fig.8 Ni/Co vs. MgO and Cr/Zn vs. MgO differentiation
trends for Archean and post-Archean igneous rocks
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@, (c)  (B), (d)

9 Ni/Co Cr/Zn ( Tangetal., 2016)

Fig.9 Ni/Co and Cr/Zn ratios in terrigenous fine-grained sedimentary rocks through time compared with the
present-day upper continental crust

10 Ni/Co Cr/zZn ( Tangetal., 2016)

Fig.10 Average Ni/Co and Cr/Zn ratios vs. depositional ages in Archean fine-grained terrigenous sedimentary rocks
from different locations

Ni/Co Cr/Zn ( 11, MgO
4%, 3.0 Ga
, (  10) Tang et al. (2016) 2.5 Ga , ,
(Monto Carlo) ( - - , TTG)
MgO ( n=5063), , MgO , 5
11%( ) ~4%( TTG (Foley
11), (2%~3%) MgO et al., 2002; Rapp et al., 2003),

, Tang et al. (2016) ( ),
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, Tang et al. (2016) ,

3.0 Ga
4.4 (Eoarchean)
, ( Th  Zr)
4.4~3.8 Ga( ) Nb Ta Yb ( 12), Nb Ti
Nuvvuagittug - - ,
(Turner et al., 2014), ; ;
(geochemical stratigraphy) ( 12)

11 MgO (  Tangetal., 2016)
Fig.11 Evolution of MgO and relative mass of the upper continental crust in the Archean

12 4.0~3.8 Ga Nuvvuagittuq - -
( Turneretal., 2014)

Fig.12 Geochemical stratigraphy comparison of Isu-Bonin-Mariana arc lava and Nuvvuagittugq supracrustal belt,
Quebec, Canada
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12 , 4.4~3.8 Ga  Nuvvuagittuq
- - 17 3 1
; ~700 500~
>1200 MPa .
, Nuvvuagittuq 20~40  /km, <40~85 mW/m?
Ti Ti ( 3/5) ,
Ti ; Hopkins et al. (2010) ,
/1(142Nd) , , ,
Ti 1/3(
, ; : 12 /km)
, Ti MgO SiO,, ca. 4.0 Ga
Ti
, , Jack Hills (U-Pb
, 4404+8 Ma) O :
Ba Rb K Nuvvuagittuq - - (overabundance)(  4),
, 8180 (%o)
- - , 7.4£0.7 5.0+0.7,
, Nuvvuagittug 50 (%) 8.5~9.5, (5.0~5.6)
REE 30 4.4 Ga
: , (Hinton et al.,
(Turner et al., 2014) 1991; Wilde et al., 2001; Valley et al., 2002)
4.5 Hf O Ti , 69
801~644 696133
Jack Hills ,
( 4001~4032 Ma) 435 Ga
75% , , '
(Watson and Harrison, 2005)
(Hopkins et al., 2010) , >3.0 Ga Hf
, ( , Bell et al., 2011),

F4 FRAHT 4.4 Ga MiFFEBEE A REE & 8 (x10%) & 60 (%0)(

Wilde et al., 2001)

Table 4 Rare earth element (x10°%) and oxygen istope data from detrital zircons of 4.4 Ga ago in western Australia

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Yb Lu 5'%0
M2-13 5.5 134 9.4 55 41.4 6.3 100 34 338 106 666 135 M2-1 4.8
M2-14 9.2 122 9.5 59 42,6 5.6 155 47 518 173 1065 225 | M2-2d 5.3
M2-17 0.6 61 11 9 12.3 1.0 85 28 347 124 768 159 5.0
M2-30  13.6 226 21.8 119 78.4 12.7 170 49 424 119 672 130 M2-3 6.8
M2-31 0.3 69 0.6 9 18.4 1.4 108 36 438 149 877 182 | M2-4d 8
7.4
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Ent , “N ,
: Enit 3N (~+6%o),
DM , (8N ~+3%0), 3.8~3.2 Ga
\ EHf , 3.8Ga ey N (—10%o~+25%o) C N
, , 3.8 Ga  &ns ,
, DMM Arndt (2014) Witwartersrand Smart et al.
, 3.8 Ga (2016) , 3.0 Ga
4.0~3.9 Ga , ,
Jack Hills “ v
, (35Ga )
, 3.8 Ga 4.6.2
4.6 ,Re Os
Os Re/Os
, , , Re-Os
, Kaapvaal
18 E
, Shirey et al. (2008) Re-Os (Richardson et al.,
; \ 2001), Os
; , , Os 2.9 Ga
, Os yos=+45
(Cr, Al (Na, Mg, Fe) , .
P, : (viable)
; E Kaapvaal- Orap
Ni P E Sm-Nd , 8%s
Rb-Sr , Re-Os (—11%0~+9.5%0, Eldridge et al., 1991; —1.4%o~+ 2.6%bo,
, Farquhar et al., 2002b) Pb
, (Rudnick et al., 1993), S
S S A®S, 11
23 A®S  —0.11%0~
4.6.1 N C 0.61%o( 13) 13 ,
, Smart et al. (2016) Kaapvaal A%S 5*'s : A®S
3.1~3.5 Ga Witwartersrand S S
(Wits) N C , A®S 2.3Ga
N C (Farquhar et al., 2002a,
, 88C —5.7%0~—5.0%  2002b), :
~4.2%0~—3.0%o, —8%o~ —2%o(  —5%o) , ,
' C N .S
330 1230 107 519 10°9), (Farquhar et al., 2002b)
N ( 378 ;
10°%); "N —0.5%0~+1.8%0  +0.1%0~+2.7%o,

(—5%0£2%0)
(—5%0%3%o) N
15N

(Shirey et al., 2008)

o
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F 4%
Guaniamo 0} belt) 2 (febric)
5(Schulze et al., 2003) , B (lattice-preferred
3°0 +15.0%0  orientation-LPO) B LPO
+16.4%o, +16.9%o, +16.1%o; , B
880 +10.2%o LPO (1000~1400 ) (1.6~11 GPa)
,0 : - (200x10 ®~2129%x10°® H/Si)
0 58 0vsmow +5.5%0~  (150~516 MPa) ,
+5.9%o, ] , (4.0~3.6 Ga) (Kaczmarek et al., 2016)
14
0 , 5 4 i&
Guaniamo
§'%0
3'%0 , Schulze et al. (2003) ’
4.7 (1830-1833),
~3720 Ma lsua (supracrustal "’
(1981) - .
+20 S
13 Kaapvaal- Orapa
A33s_6348
(Farquhar et al., 2002b)
Fig.13 Plot of A®¥S vs. %S of inclusion populations
from individual diamonds from the Orapa
kimberlite pipe
#5 ZTWHHL Guaniamo &N AR AEERIK O R
#4AR(  Schulze et al., 2003)
Table 5 Oxygen isotope values of coesite inclusions in
Guaniamo diamonds
5"*Ovsmow (%)
13-127-16 15.0
13-127-16 16.4 14 0]
13-127-16 16.9 ( Schulze et al., 2003)
13-127-X 10.2 Fig.14 Oxygen isotope compositions of diamond inclusion

minerals and of various basaltic rocks
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When Did Plate Tectonic Start on Earth?

ZHAO Zhenhua
(Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou 510640, Guangdong, China)

Abstract: It is controversial when Earth’s modern tectonic regime began. Most scientists believe it operated in Late
Archean, even thougth some researchers suggest it began late in Neoproterozoic ca. 800 Ma, and others argue that
subduction began early in Hadean ca. 4.3 Ga. The following indicators can be tracked into the geologic past plate
tectonics: (1) geodynamics, such as the mantle potential temperature have shown the interior of the early Earth was
much hotter than it is today which resulted frequent slab break-off events prevented a modern-style long-lived
subduction system, and plate tectonics may be a phase in the Earth’s evolution based on viscoplastic mantle convection
simulations; (2) petrotectonic assemblages such as ophiolites, blue schists, and ultrahigh-pressure metamorphic terranes
are reliable indicators of plate tectonics, in addition the arc and back-arc rock assemblages—tholeiite-andesite-
dacite-rhyolite and TTG suites are also evidence of subduction zones; (3) accretionary prisms and ocean plate
stratigraphy, foreland basins, continental rifts, paired metamorphic belts and orogens are all important hallmarks. Other
reliable indicators are from porphyry Cu-Au and epithermal-type Au-Ag deposits, orogenic gold deposits and VHMS
and other types of mineral deposits. Ni/Co and Cr/Zn ratios of the Archean terrigenous sedimentary rocks and Archean
igneous/metaigneous rocks showed that the crust evolved from a highly mafic bulk composition before 3.0 Ga ago to a
felsic by 2.5 Ga ago. This compositional change suggests the onset of global plate tectonics at ca. 3.0 Ga ago. Archean
subduction was recorded by Re-Os isotopes in sulfide inclusions in diamonds. Extreme crustal oxygen isotope
signatures preserved in coesite inclusions in Archean diamond present compelling evidence for the subducted nature of
the protoliths of the diamond eclogite suite.

Keywords: plate tectonics; petrotectonic assemblage; mineral inclusions in diamond and zircon; Ni/Co and Cr/Zn ratios
of sedimentary rocks



