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= Viability of early Earth subduction

o Theoretical and numerical models
o Observables

= Did subduction style change over time?
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How was FEarth different in the past?

1) Produced 3x as
<+— much radiogenic heat

lived
radioactive
SOUrces
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(Herzberg et al., 2010)
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Consequences of more radiogenic heat

Today’s surface heat flux Q = 36 TS or 80 m\W/m>:
o 20-50% (‘Urey ratio’, Ur) from H = radiogenic heat
o rest = Earth cooling /
. 5 | ©
Cooling Archaean Earth” ?D_ E //7/
- more efficient o0
mechanism than -~
_ 4o today’s surface
modern plate tectonics & __[heat flux

a0

age(Ga)

(Sleep, 2000; Turcotte and Schubert, 2002)
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Tp (°C)

Archaean mantle was 100-300 K hotter
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Significantly hotter Archaean
mantle (Nisbet et al., 1993; Abbott et al., 1994)
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Peak temperature
in Archaean?

» (Herzberg et al., 2010)

mid-ocean subduction modern
plurmne

ridge zone

Archean
komatiite

Wet, slightly hotter

Archean mantle
(Grove and Parman, 2004)




Thermal evolution of the Earth

d-l- 1700
C E = H o Q 1650
1600
1550
Models for Q: o
""'ig'- 1500 |
== constant heat flow =

— Parameterized convection
(convection-limited)

=== strong plate (plate-limited)

== \Weak, buoyant plate
(convection/plate limited)

1450

1400 |

1350

1300
0

age(Ga)

Parameterizations from (Korenaga, 2006; Labrosse & Jaupart, 2007; van Hunen and
van den Berg, 2008; Davies, 2009). Data points from (Herzberg et al., 2010) ~



Consequences of a hotter mantle

BUOYANCY:

More melting at mid-ocean ridges
= thicker oceanic crust ~
= thicker harzburgitic melt residue layer —E

)

crust

d_

STRENGTH: 1300 1400 1300 1600 1700
Weaker plate and mantle material: T, (O
= mn=exp(T)

= ~1 order of magnitude for every 100 K
= Effect of dehydration strengthening?

(van Thienen & al., 2004)
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‘ Consequences of more melting

. 120 R
g more melting oo LN gubducton (Davies, 1992)
- Ay 7

no subduction? (Ontong Java) |,
no plate tectonics?

C. thick crust/harzburgite g g
C = low average density p & 60
Qo .
= no slab pull? g Y =
c Q- 20 F neutra) buoyancy m=13 5
c |
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Mantle temperature (°C)
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Effect of basalt-eclogite transition?
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® Subduction .
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s
=

chlorite harzburgite (1.4)

= Meta-stable basalt
= transition gradual

200 phase A serpentinite (12.2)

spinel/garnet
harzburgite (0)

100 200 300

km

=

(Cloos, 1993; Hacker, et al., 2003)
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‘ Strength Archaean plates? i

10

= harzburgite = dry = strong

= plate bending more difficult?

= slower Archaean plate motion?
= fits with supercontinent ages

U [cm/yr]

But;

Ncrust < Nmantle
plate strength in

rehydration

0 1 2 3

Time B.P. [Ga]

Before melting mantle isn’t ‘wet’
A100 K - 1 order weakening

cold top part

plates bending induces faulting +

(Faccenda et al., 2008)

(Korenaga, 2006)
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‘ Strength Archaean plates?
Strength
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‘ Weaker Archaean plate‘s?’
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(van Hunen & van den Berg, 2008)
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‘Weaker Archaean plates?

colors

visc_osity

bIa_ck
basalt

time

erite

eclc_)gite

2400. 2800.

1"7”“") viscosity .-
10""Pas s 10“°Pas

= Forlow T4 Subduction looks like today’s

(van Hunen & van den Berg, 2008)
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‘Weaker Archaean plates?

colors

visc_osity

bIa_ck
basalt

time

Wflite
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. viscosity x(:;n]
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= For higher T .. frequent slab break-off occurs ...

(van Hunen & van den Berg, 2008)
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‘ Weaker Archaean plates3

® ﬁfﬁfﬂ —— 7 ——
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= ... or subduction completely stops.

(van Hunen & van den Berg, 2008)
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‘ Other models

- modern / _900°C™ T =
1300°C————__

subduction AT=100K

= ‘pre-subduction’

(Sizova et al., 2010)
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‘ Archaean rocks: rare, remote, and reworked

[] Cenozoic
[ ] Mesozoic
[ ] Paleozoic

[ Paleozoic-Proterozoic

Iz
Archean
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Key characteristics of plate tectonics

Passive Margins

UHP Terranes

Blueschist

Ophiolites

Isotopic recycling

Arc igneous rocks

Paleomagnetics
PHZ

NPZ | MPZ |

PPZ

Archean

| Hadean

Today

| I
1

I
2

Ga ago

|
3

No subduction in Precambrian?

|
A

(Stern, 2008)




Oldest ophiolites

Oldest ophiolite 3.7 Gyrs old?

—
Oldest generally accepted
ophiolites are ~2 Gyrs old
(Jormua, Finland; Purtuniq,
Canada)

Ophiolites become wide-spread
after 1.0 Gyrs ago
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(Stern, 2005; Furnes et al., 2007)
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‘ Structural
observations

= Accreted terranes
= Low-angle reflectors
- fossil subduction?

Supenor
Provmce

UU

Reworked mafic
lower crust
Subducted slab

S’C“V‘IC . Granite O Metasedimentary OUnknown affinity

rovince , )

Arc plutons Metavelcanic . He"'?d'v“ lower
cn

o

10 | SS
20— \\\;\\ ,g%,;’;: :
_ RS "b_-bfvsr Can
Fennoscandian == .
. ,‘,g‘subductlo Zone Archaean craton
Shleld (] 50 100 km 150 200 250

(Calvert et al., 1995; Korja & Heikkinen, 2008; Benn & Moyen, 2008)
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‘ Iinear features?

Abitibi, Superior Province

@ Voleano-plutonic
(D rpuonic-gneissic @ High-grade gnelss

E-Pilbara, Australia

(Calvert et al., 1995, JF Moyen, pers.comm.)
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(Geochemical ‘arc’ signature
Bulk continental crust:

Today: andesites
o Formed in subduction zone
o Mantle wedge hydration and -melting

Archaean: tonalite-trondhjemite-granodiorite (TTGs)
= (slab?)lmleltlinlg (.)f mafic crust

1 ' 1 | 1 1 1 1 1 l | 1 | 1 | 1 |
| ]
= Modern island arcs E

O Average Archaean TTG

100;

Rock / Primitive mantle
o

Rb K Ba Th U Nb Ta La Ce Pb Nd Sr Zr HfSmEu Ti GdDy Y Er Yb Lu

(Defant and Drummond, 1993; JF Moyen, pers.comm.)
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Geochemical ‘arc’ signature
1000

100 &

10

—< TTG (>3.5Ga)
&—<¢ TTG(3-3.5Ga)
¢—¢ TTG (<3.0Ga)
®—® adakites

ROCK / PRIMITIVE MANTLE

0.1

1 1 1 1 1 1 1 1 1 1 1 1 1 I

1
RbBa K NblaCe Sr Nd7r Fu Ti Dy Y Er Yb

TTG are geochemically very similar to modern adakites
- slab melting?

(Martin et al., 2005)
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Difterent types of TTGs

Splderplot normallzed by MORB (Pearce 1983)

1

WV Sanukitoid
HREE ' A TTG -HP
depletion NS 76 - MP
indicates _ Tme-Lp
garnetin _
source. S
HP-TTG %

requires >18-20
kbar or >60 km.

(Moyren et al., subm)
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Geochemical ‘arc’ signature

Various formation scenarios possible:

Slab melting Thick-crust

model Melting model

(Defant and Drummond, 1993; Foley et al., 2002, 2003; van Thienen et al., 2004; Bédard, 2006)
27



Subduction zone metamorphism

low dT/dp — high dT/dp pairs typical for subduction
Modern low dT/dp=5-8 K/km absent in Archaean

But paired belts
occur, shifted
to higher
geotherms.

700

800

Gr

900

(plot courtesy of Gautier Nicoli; data from Stevens & Moyen, 2007; Lana et al., 2010; Saha et al

20

415

0
1000

., subm.)
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Absence of UHPM by slab break-off?

Archaean

Phanerozoic

subduction of
continental crust
gives UHPM

no subduction\
of continental

crust: absence
of UHPM

(USGS website; Wortel and Spakman, 2000; van Hunen and Allen, 2011)
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Plate tectonics in Archaean?

Paleo-magnetism

Paleo-latitudes of old continents

varied over time
Only during supercontinent

1.1Ga

1.9Ga 21Ga 2.7Ga

. - v | b ! *ﬁD VST |
(formation/breakup) [ 1S B
(@) #
Episodicearly z | ; |
: s> o —T —— o
plate tectonics? f% 24 | ,_/L\,____s.,peﬂo,f;mua
Zg :E e MA@ slave
E"‘ '0 _FennoscandiarM
« 2.:» Kaapvaal -~ L~
2.5 This study Pilbara il
‘0 1 2 3 4
Time (Ga)

(O’Neill et al., 2007; Silver and Behn, 2008)
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Present-day flat subduction

é- 10% shallow
flat subduction

= Associated with
thick oceanic

Flat subductlon g

oceanic plateaus

(Gutcher et al., 2000)
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‘ Flat subduction’ g

2 :20(!
° - 300

at S-America - |
500 Ecuadorian steep slab |- s00

600~ - GO0

= Slab bends back ¢~ —= A ENESEDC I 3
to ~horizontal at gl hdin,
100-150 km

depth

= Not along whole
slab

= Correlation with
aseismic ridges .,

= ~500-1000 km In
size

-R= 2

Peru flat slab
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Upperllower mantle discontinuity  * B
' 2[|I] ' 4t|.'|0 ' BIIJ:] I E.EII} Imlnﬂ
1 1 1 ‘I 1 1 l 1 1 l 0

)
a # -
©:1Un

15°

207 P . 2?\3

Bolivian steep slab

o]

52

Uppar/lower mantle discontinuity B
T T T T T T T T T T
200 400 600 800 1000

35 1
; Central Chile
flat slab 2

40 8 = P 7 A 700 Upperflower mantle discontinuity B
e .85 -.80° 75 70°  -85°  -80° 0 | 200 400 600 800 1000
distance (km)

(Espurt et al., 2008; Martinod et al., 2010)




‘ Archaean flat subduction?

= Dense slabs (slab pull)
drives modern subduction

= 100% buoyant subduction
= NO subduction

= Hot mantle too weak to
support flat subduction

(Gutcher et al., 2000; van Hunen et al., 2004)



‘ Flat subduction and TTGs

= TTG look like adakites

= Unlike most adakites, TTGs have

lower Mg#: nol/little wedge

interaction ? - flat subduction?

= But Mg# variation can have
different origins (e.g. different
melting T)

older thickenad
TTG  Oceanic

257
50

lower crustal
weak zone

75—

melting zone - TTG source
- eclogite residue

crust rapid plate
“=— motion

Mg#

25

75—

S ~_Interaction with mantle wedge

TIG=<3.0Ga

NG Y

TIG=3.0Ga—»

55 60 65 70 75 80
Si0 wt%

basalt
TTGrich

upper crust

5[}_ e )

decompression
melting of sinking eclogite
upwelled mantle residue

(Defant &

Drummond, 1990; Smithies et al., 2003)



‘ Archaean flat subduction?

» Flat subduction difficult if AT, > 50K

ATpot_OK logn  AT,=38K logn

| | | l 1 T ) ) . 2
200 400 600 800. 1000. 200. 400. 600 800. 1000 200 400 600 800. 1000
x(km) x(km) x(km)

logn

z(km)

10""Pas I Il 10*Pas

= Flat subduction not required geochemically

(van Hunen et al., 2004)
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= Episodic crust formation

‘ Long-term episod

Armstrong
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= Episodic continental drift?
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(McCulloch and Bennett, 1994; O’Neill et al., 2007)
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Temperature (°C)

Long-term episodicity in subduction?

2000

1800

1600

—
b
o
o

1200

----- Lower mantle
—— Whole mantle

Upper mantle |

3.6 2.7 1.8 0.9
Age (Ga)
Long-term ‘stick-slip’
behaviour?

Break-up of
supercontinents?

Yield Strength (MPa)

Large-scale mantle

overturns?
z 1 T LA B
(b) \ Stagnant
374 A A A [ [ | -
\
\
324 A A A \\\;\ o m
o Episodic ~  Tv-~____
274~ P A A A A A
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Mobile 9
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H(10 ™ Wikg)

(Davies, 1995; O’Neill et al., 2007)
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‘ Episodic convection models

(Tobias Rolf, pers. comm.)
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' Short-term episodicity in subduction?

. 20. 40. 60

Vausd(CM/YT)

o

0. 5 101520250 2. 4. 6 8 10.
Ctmy)  t(my)

10'"Pas s 10%°Pas|

(van Hunen & van den Berg, 2008; Moyen and van Hunen, in prep.))
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Episodic subduction in W-Abitibi?

Abitibi Sub-province, Superior Province

2740 2720 2700 2680
I | | 1
Pacaud Deloros-R K-M  TisdalekKj BR PorcupineTimiskaming

ANELNNNVANGE
H N

BEEER Clastic

"4 Subduction period (calc-alkaline lavas, HP metamorphism, etc )
Tholeitic (incuding felsic, differentiated units) and komatiitic
- Subduction-related plutonic rocks

(Moyen and van Hunen, in prep.)



'Other Archaean provinces?

Warrawoona Group, East Pilbara
Panorama fm.

_\\

Talga Talga

Part of Onverwacht Group, Central Barberton belt

I I E E EE .
Kromberg

- Stolzburg & Theespruit
plutons

Whim creek belt & Mallina basin, West Pilbara

31 I4[] 3|1 20 31|{]'[] § 3p2ﬂ SP{}D 2:38[] Zlgiﬁ[] 2|94[]
| . | | | ' : |
N N N
N \ S
Whundo group Lower Whim Creek grp Louden, Mt Negn volcanincs

(possible arc signature)  (Bookingarra Fm, Croydon grp)

(Moyen and van Hunen, in prep.)



I..-Proterozoic/Phanerozoic subduction

1 4|D 1 |2D 1 DP EI'D EI'D 4'.0 2|D '[I}
1 ! Cretaceous ! ! | ! Pale-ugenel | ! Meogene 1 }
Peruvian Andes
AR SR N RN N N N NN RN N Y Y Y YN YT YT Y Y Y YT Y YT Y Y YT YN Y Y YRR RN RS RN WWwN Andean subduction
Areguipa segment I Cordilera Blanca
I L ima segment
Himalayas
At hthhThThhThhhhhhwhwhwh Himalayan subduction stage
I BN Gangdese
I Ladakh Trans-himalayan

I Kohistan
Late Proterozoic orogeny in Gondwana («panafrican»)

620 600 580 260 540 220 200 480

ALLALLLL L LU WL Gondwana assembly ' '
| Malawi
I Grasiliano

ATttt T MY hThT T T T TN R hT TR hYT YRR YT R Y YR RS RN YL AY Gondwana margins

I Patagonia
I Saldania

I - australia
I/ tar clica

Variscan belt of Western Europe
440 420 400 380 360 340 320
: : : : : = : >
ALLLLLLLLLLRLRLLL R Y Rheic subduction
I Ccntral Bohemia Batholith




Subduction evolution:
Subduction viable for AT<200K,
perhaps not in hotter mantle

Subduction recognized in L. Archaean rock record:
Ophiolites
Structural geology / seismic reflection studies
Geochemistry of TTG
Metamorphism
Paleomagnetism

Potential changes in subduction style:
Episodic (long & short-term)
No Archaean flat subduction
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