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Constraints for Interpretation of Geophysical Datasets

Seismic response: sensitive to composition and temperature
Dominated by olivine composition and content

Gravity: determined by composition,
density,
thermal state,
lithospheric thickness

Gravity derivatives: reveal rheological state

Magnetic: determined by thermal state, mineralogy
Thermal: heat production, conductivity
Resistivity: ? attributed to graphite, fluids

Goldschmidt 2001




4-D Lithosphere Mapping ;

"GEMO C

Uses information from mantle materials to define
composition and architecture of the SCLM

o Paleogeotherms at time of host magma’ s eruption
e Composition of mantle domains (vertical, lateral)

e Age of stabilisation of mantle domains

e Timing and nature of metasomatic events

o Response of SCLM to crustal events

Provides the basis for interpretation of geophysical
data, to map the SCLM globally and back in time

paleogeophysics-> changing architecture and process
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Key Methodologies Developed for

4-D Lithosphere Mapping

/ GEM O C

Paleogeotherms from xenoliths, garnet concentrates:
the framework for spatial distribution of chemical data

-Single-grain thermometers for garnet, cpx (Ty),
chromite (T,,); Pc, barometer for garnets

*Xug in olivine, calculated from garnet

*%Al,0; in whole rock, calculated from garnet:
gives major-element composition (density) of rock

Chemical tomography: distribution of rock types and
fluid processes from garnet and cpx data

Copenhagen 2004




3 Major Advances since 2000: | ; CCFS
Tools to understand lithosphere evolution <«

e /n-situ analysis of Hf isotopes in zircon  Griffin et al, GCA 2000
x* Understand origins of magmas, not just ages

e /n-situ analysis of Os isotopes in mantle sulfides

~ % Ages of mantle depletion, metasomatism  Pearson et al., 2002,
: GCA

. ”?h-resolution seismic tomography
.s eological interpretation from mantle petrology
+ Mapping extent of Archean lithosphere

Integration of Geology, Geochemistry, Tectonics,

Geophysics, Geodynamics and Numerical
Modelling G{;ﬂ%

Global geodynamic consequences



Sampling the Deep Earth |

Samples of the lithospheric mantle
e mantle xenoliths

I\ (@ CCFs
2\ -

o disaggregated minerals: garnet, chromite, cpx, diamond with inclusions

lowermost lithosphere in recent rift zones is
near primitive mantle (cooled asthenosphere)

UHP xenoliths, UHP diamonds and their
inclusions: samples from underplated plumes
— seen as lowermost SCLM in some regions
(eg Slave, South Australia)

Geophysical datasets
spSeIsSmic data =2 tomographic images
sRgravity)thermal, electromagnetic




Xenlith Geotherms
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Constructing mantle composition profiles = /&
Chemical Tomography SGALNS

Group |, SW Kaapvaal | Median Xpg in Olivine 1 median ppm Y 1 median ppm Ti
in garnet in garnet
- —&— Calc. from gnt (n=630) 4
—=— Wesselton Xenoliths (n=75)
" X Mean high-T xenolith

Depth, Km

|| Depleted Lherzolite
I DeplV/metasomatised
Fertile Lherzolite

I Melt-metasomatised

Median Lherz

Median Harz

4000

2000
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Orogenic massifs, ophiolites, some ocean-floor | ; CCFS
peridotites - tectonically exposed mantle <«

o A few examples:
* Finero (ltaly),
* Lherz (France)
* Ronda, Ajen (Spain)
* Luobosa, Zedong,
Shenglikou (Tibet)
* Western Gneiss Region
(Norway)

''''''''

e Exposed mantle outcrops
show rock-type relationships
and meso-scale structures

Gusdal quarry

and Ugelvik e Show veins and dyking
peridotite,
Norway v

GEMOC



“Pristine” Archean SCLM: P 4
st /f'\ § CCFS

more depleted than we think?

o Western Norway: huge
bodies of dunite and
harzburgite - show rock-type
relationships and meso-scale
structures

o Represent mantle from > 200
km - from subduction event

o Re-Os dating:
* dunites = Archean
* |lherzolites = Proterozoic

{ » Zones of garnet

lherzolite .
around eclogite ° Refertilisation process -
dikes analogue for most Archean

SCLM observed?

Beyer et al. J. Petrology, 2006, 2012; Geology 2004



Phanerozoic

Proterozoic
NE Siberia

Archean
Siberia

E. China
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Buoyant - 3.31 mg/m-3

High Vp Vp at 100 km = 8.18
Vs at 100 km = 4.71

Thick (180-240 km)

Low Geotherm (TODAY)

Low Ca, Al, Fe, Ti = Depleted
Olivine (Mg-rich: Fo 91-93)

PIOLETOZ0)C
Intermediate

Are
Lithospheres
Born Equal?

3 CCFS

Higher density - 3.37 mg/m3
Low Vp Vp at100 km =7.85
Vs at 100 km = 4.48

Thin (60-120 km)
High Geotherm

High Ca, Al, Fe, Ti
Olivine (Fo 88-90)

L4 %Ca0 Primitive mantle
Reworked
Archean/ :
Proterozoic Phanerozoic

SCLM

~ Archean  —» %Al,0,
’ : 3 4 5




The Buoyant Archean

U Cumulative density

lithospheric
—— Phanerozoic antie
& (50mW/m 2)

N « Asthenosphere

~ 1 300°C adiabat
Archean —~ v
(35mW/m 2) S
RN
~
— 1 Il ! 1 ! h
3.32 3.36 3.40 (g/cm?)
Cratonic Rifting Cratonic

Lithosphere Lithosphere

Archean SCLM too buoyant
to be delaminated
(gravitationally removed)

Requires disruption and
mechanical disaggregation
(eg rift)

Accompanied by
geochemical changes
(metasomatism) = > density

Stranded blobs of Archean
lithosphere in oceanic areas
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Crust - Mantle Linkages |

Re-Os ages of sulfides and alloys e Re-Os dating of mantle sulfides and
in mantle peridotites: n=370, rocks =2

Trp ages, high Re/Os N . .
* Timing of stabilisation of mantle

% lithosphere domains
I} R o * Timing of (multiple) fluid events
2 \ [ in the lithosphere
& i * No Hadean ages, few > 3Ga
| Wh-rock T, . Ga * Major peak 3.0 Ga - formation of
= = most Archean SCLM?

Earth’s Surface

e Zircon U-Pb and Hf isotopes:
* Age and type of magma

* Age of source region + location
(deep crust or mantle or mixing)

* Identifies fertility of host magma
and deep source (eg Au, Cu)

e T ,— . o7 i, L2 S AP Ry G SR S\ A CQUARIE
AN N AR P+ =, T\ iy AV Y GO LL PPN NSOgn. VR @)



e Tectonic framework today
*4 major domains:

- Xing-Meong Block

= North China Craton (NCC)
- Yangtze Block

= Cathaysia Block

laboratory to unravel
lithosphere evolution
iths in volcanics

150/-f~w_ 130
\ Russia
\

mm Cenozoic basalts 7
A, Xenolith locations )

#8 Kimberite fields )’ | ey 7
> ¢ Wudalianchi
- — Major fault B '\ ¥ 4 4 ‘
Boundary of blocks | 5 e
; » p

Mongolia

Western Block

North China A Mengyin
Craton




60 km of time travel through lithosphere evolution ; CCFS
in the North China craton (NCC)

EMOC
Xinyang eruption - Surface /s || |e Zircons in 160 Ma diatremes
| 2850Ma /sl u id : .
0 B "Cnet | |(Xinyang) sample lithosphere
/5 3500Ma | | |column:
| U uluds M + Original crust Archean
- 20 ///6 —_ 1980Ma (nOW mid crust)
T— orignatcwe i1 b * Resurfaced at 2850 Ma
. i S il I Pt ol * Underplated at 1980 Ma
st f 1l + Underplated again 1800 Ma
H Tea0n * Upper mantle events at 160,
ssama [ 231, 400, ~700-800, + older
£ Crust
i — \ ’ 1800Ma Records collisions of:
- ’{ + E and W NCC /Pangea
2 2| 2o assembly at ~2 Ga
2\ o e * Yangtze and NCC at 440
) <2 1° ;i (Qinling) / 240 (Dabie-Sulu)
i Ma  7heng et al EPSL 2006
o : o 200 300 4000 Chen et al. Lithos 2001
U-Pb aae (Ma)

After NCC lithosphere thinned from ~ 200 to 80 km between 450 — 250 Ma




Widespread Archean lower crust Gﬁ,,% §C CFS

Archean lower crust now identified in many “new ” regions with

younger upper crust eg: Mantle Ages (Re-Os)
* Southeastern China A NIGE
* Yangtse Craton w/
A Kraubath
¥ Sp |tsbergen S = _—226a
Yo .//_-
Massif Central ﬁ- Lizg:rc;ide
Languedoc = e
Calatrava __Tallante
Ojén 2.6 Ga
Ronda — Sicily
2.3 Ga
A
“rou Beni Boussera
2 ?(Ra

4 Gonzales-Jiminez et al., 2013, Geology
s. Implications:

+ Significant crustal “r
¥ Archean lower cru nd lithospheric mantle formed and
commonly (but not always) persisted together

Need'to rethink the more :tradltlonal models of crustal growth
ne o MACQUARIE )}
rates . UNIVERSITY 4



~ Gilobal Lithosphere Architecture Mapping
!gLAM): Africa Vs Tomography 100-175 km G{%

(Model from Steve Grand, refined by WMC, BHP Billiton - s o

F & . « Integrates global seismic
tomography with deep xenolith
petrology, geochemistry,
geochronology, tectonic history
and regional geophysical datasets

- o Window to subcontinental
lithospheric mantle (SCLM) and
lower crust domain distribution

( ® => |dentification of tomographic
signature for Archean SCLM
compositions

e Note colour reversal :
e red = fast (high Vs) blue = slow (low Vs)



Cratons still visible as
regions with
contrasting Vs

e Craton Vs higher than
Earth model

o Upwellings (rift, Hoggar)
follow old pathways -
reveal deep fluid
pathways

Imaging the architecture of
deep fluid conduits

&k fab
g o’\l



Sth Atlantic Vs Tomography 0-100 km Gﬁk

e Low density domains
in oceanic regions =
buoyant ancient SCLM
remnants?

e Re-Os dating shows
ancient mantle
lithosphere domains in
oceanic regions = old
rifted, mechanically
disrupted SCLM?

Cratonic 2 Cratonic
Lithosphere Rifting Lithosphere

o™ Aem
{M‘.-

MACQUARIE
UNIVERSITY
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Rifted continents best
fit with hidden parts

Reveals mech:
of rifting - listric
along rift

MACQUARIE
UNIVERSITY
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I

Re-Os Age distribution Cape Verde A
Lithospheric Mantle _GEMOC

N 20
* Reflect ages of tectonic Grenville
g  9 : (0.95-1.1 Ga)
of the West Africa
E- Pan-African
(0.5-0.7 Ga)
15 T
Eburnian
(2.0-2.2 Ga)
10r SL-WA Cratons

(2.7-3.5 Ga)

Number of analyses

Cratonic
Lithosphere

Cratonic
Lithosphere

-500 0 500 1000 1500 2000 2500 3000 3500 4000’
T(RD)



Svalbard - a case of detached SCLM? &QA@C CFS

}F’ ?120o 7
o .’&\&\ : ) Gakkel (Nansen) Ridge =
stranded SCLM along the

track of Svalbard’ s journey.
(Low magmatism, peridotites
exposed on ocean floor)

Goldstein et al. 2008 -> Dupal
anomaly in basalts =, SCLM
“contamination” *

Liu et al. 2008 -->
WR Re-Os ages on peridotites
- back to 2.2 Ga (min. age)

The missing root.....7




Tectonic evolution from ~50 Ma

to present

~50 Ma?

Greenland

_

~10 Ma?

Greenland

<«———— Spreading ——

/ ,.——/’ 4

» Rifting of eastern margin
of Greenland ~ 50 Ma

* Detachment of lower
lithosphere of rifted
margin

Gakkel Ridge

At TR

Yermak

—

—

» Stretching of
stranded
lithospheric
mantle relics —
* Gakkel Ridge
~ 50 - 100 km
S, * Yermak plateau
* Thinned
Svalbard

lithosphere
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3 directions of subduction:

“The whole Upper Mantle
under NE Asia is a
Big Mantle Wedge”

Zhao et al, 2009 PEPI

* Multiple subduction (from East, North

and South delivers Yangtzes of water
into the mantle -

* Greatest global volume known - 17150

Ma equivalents of subduction since
early Paleozoic (windley et al., 2010)

Are NCC (and Tethyan) belts
templates for the future fate of the
Pacific
Oceanic region ringed by

subdyglion?
Emoc CCFS




Intraplate Volcanism
Continental Rift System

Stagnant slab underlies NCC
) : P (mainly from Pacific
—— K& subduction)

Back-Arc Volcgnic Arc
Rifting & g Trench

* Multiple subduction (from East,
North and South delivers
Yangtzes of water into the mantle -

¥ /410 km Discontinuity

Lower Mantle T sugnmsisp  @0km Dsconinity o Greatest global volume and rate

’108'5_ e __uge _TRE | of subduction recognised - 17150 Ma
. — y . equivalents of subduction since
thickness _ :
g . . - 1 early Paleozoic
, o i \ - (Windley et al., 2010)

Is NCC a template for the future fate
A owee | | of the Pacific Oceanic region
N . ] | B ringed by subduction?

Ling Chen Lithos 2010
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Average: 60

Whole-rock

CCFs

1 1 1

craton

off-craton

240

120 180
WR(H,O ppm

60

300

H,O contents G{J'A

South China craton
SCLM wetter than
NCC

Drier than other

cratonic and off-
craton SCLM

(Bell & Rossman, 1992a; Peslier et al., 2002;
Peslier & Luhr, 2006, Demouchy et al., 2006;
Grant et al., 2007; Aubaud et al., 2007; Li et al.,
2008; Bonadiman et al., 2009; Xia et al., 2010)



Conclusions #1 at November 2013 G&%gCCFS

e Lateral and vertical heterogenities in the crust and lithosphere can
be tracked in space and time by integrating geochemical, tectonic
and geophysical datasets

s Lithosphere domains in crust and mantle slices have now been
‘mapped at scales of ~75-150kms (talks on Tuesday am)

s Archean lithosphere was more depleted than conventional
estimates - refertilised variously through time

MACQUARIE )}
UNIVERSITY



Conclusions #2 at November 2013 G{"g §CCFS

Discontinuities in the lithosphere are critical for fluid-flow
pathways, geochemical exchange and metallogenic fertility of
mantle and crustal fluids.

L) thosphere structure is a first-order determinant for localisation of
a variety of ore deposits:

Griffin et al, Nature Geoscience, in press
(a) Diamonds Ni-CuxPGE

depleted melt/SCLM
SCLM interaction

l/rfu ,)f!-st‘ ,:ch» a broad refertilised Ficliciree
" OpICS SCLM low-degree melting

melting S 0)}/



ccfs.mqg.edu.au

3
=

The Australian Research Council Centre of Excellence for Core to Crust Fluid Systems





