Government of Western Australia
=’ Yi Department of Mines and Petroleum

RECORD 2010/19

ATIME TRANSECT THROUGH THE HADEANTO
NEOARCHEAN GEOLOGY OF THE WESTERN
YILGARN CRATON — A FIELD GUIDE

compiled by
MJ Van Kranendonk, TJ Ivanic, S Wyche,

SA Wilde, and | Zibra

o2iQ" ¢ Geo

conferences

(WA)Inc.

;| Geological Survey of
Western Australia




Government of Western Australia
Department of Mines and Petroleum

Record 2010/19

A TIME TRANSECT THROUGH THE HADEAN TO
NEOARCHEAN GEOLOGY OF THE WESTERN
YILGARN CRATON — A FIELD GUIDE

compiled by
MJ Van Kranendonk', TJ Ivanic', S Wyche', SA Wilde?, and | Zibra'

' Geological Survey of Western Australia
2 Curtin University of Technology

Perth 2010

Geological Survey of
Western Australia




MINISTER FOR MINES AND PETROLEUM
Hon. Norman Moore MLC

DIRECTOR GENERAL, DEPARTMENT OF MINES AND PETROLEUM
Richard Sellers

ACTING EXECUTIVE DIRECTOR, GEOLOGICAL SURVEY OF WESTERN AUSTRALIA
Rick Rogerson

REFERENCE

The recommended reference for this publication is:

Van Kranendonk, MJ, Ivanic, TJ, Wyche, S, Wilde, SA and Zibra, 1 2010, A time transect through the Hadean to Neoarchean
geology of the western Yilgarn Craton — a field guide: Geological Survey of Western Australia, Record 2010/19, 69p.

National Library of Australia Card Number and ISBN 978-1-74168-325-7 (PDF); 978-1-74168-326-4 (printed)

Grid references in this publication refer to the Geocentric Datum of Australia 1994 (GDA94). Locations mentioned
in the text are referenced using Map Grid Australia (MGA) coordinates, Zone 50. All locations are quoted to at least the
nearest 100 m.

Published 2010 by Geological Survey of Western Australia

This Record is published in digital format (PDF), as part of a digital dataset on CD, and is available online at
<http://www.dmp.wa.gov.au/GSWApublications>. Laser-printed copies can be ordered from the Information Centre for
the cost of printing and binding.

Further details of geological publications and maps produced by the Geological Survey of Western Australia
are available from:

Information Centre

Department of Mines and Petroleum

100 Plain Street

EAST PERTH, WESTERN AUSTRALIA 6004

Telephone: +61 8 9222 3459 Facsimile: +61 8 9222 3444

www.dmp.wa.gov.au/GSWApublications



Contents

PIEEACE ...ttt et b e h e bt ittt a bbbt et e s bt a b et eae et e beeseenne 1

Part 1: Narryer Terrane (by SA Wilde)

Introduction .........ccceeunene .3
Mount Narryer and Jack Hills.............c....... .4
Early investigations of the Jack Hills Belt........c.ccoeiiiiiniiiniiniiiiieiecceeee e 6
Significance of the Eranondoo Hill W74 SIte......c..c.coivieiriniiiiinenieieiineieeneesteiee s seeaenene 6
Nature and timing of sedimentation and volcanism at Jack Hills..
Sedimentary rocks........coecvvereieincnieninenicineneeeeeens
Volcanic rocks.... .
FIEId J0CALIONS ..ottt
ROCK types at JACK HILIS .....oouiiiiiiiiiiiiiriitcicc ettt st
Sedimentary associations. .
GIANIIES ... s
FIEIA 0CALIIES ...t
Locality 1.1: W74 site, Eranondoo Hill 12
Locality 1.2: Early Archean gneisses.......c..coccceeveeveveuenne. 12
Locality 1.3: Late Archean granites of the Narryer Terrane ... .15
Locality 1.4: Proterozoic intermediate to acid vOICanIC TOCKS .......coevveuiriinieiriireicincicereicieereceeeeene 15
Locality 1.5: Jack HillS ifON OF€ MINE......cccoueuerririiieiiniiieiieneteieetetett ettt ettt eae st sae e bennens 16

Part 2: Murchison Domain, Youanmi Terrane (by MJ Van Kranendonk and TJ Ivanic)

INEFOAUCTION ...ttt bbb bbb 17
Locality 2.1: Subaerial komatiitic basalt and contemporaneous felsic volcaniclastic rocks, Weld Range ...20

LLOCAIIEY 2. 1.1 oottt sttt sttt b et a et b e b et b b tene 21

LLOCAIIEY 2. 1.2 1.ttt ettt et b ettt ettt be et b e tene 21

Locality 2.1.3 .....

Locality 2.1.4.....

Locality 2.1.5 .....

Locality 2.1.6

Locality 2.1.7

Locality 2.1.8 .....

LLOCAIIEY 2.1.9 ettt ettt b et a ettt be et be et 24

LOCAHILY 2.1.10 ottt ettt bbbttt 24
Locality 2.2: Weld Range banded iron-formation in outcrop .........c..ceeeeeeeennene .24
Locality 2.3: Interbedded felsic volcaniclastic rocks and banded iron-formation .. .25
Locality 2.4: Geochronology sample site of clasts in felsic volcanic breccia ... .25
Locality 2.5: Drillcore through the Weld Range banded iron-formation...........ccccceeeverieeneneinencenrcnenee 27
Locality 2.6: Glen Homestead monzogranite and syn-plutonic mafic dyKes..........ccccoeeveereneinencencnenne 29
Locality 2.7: Mafic clotty-textured granite and syn-plutonic mafic dykes ..........cccceceverieeneneinencncnenne 30
Locality 2.8: Polelle Group andesitic to dacitic volcaniclastic rocks and differentiated

gabbroic sills of the Yalgowra Suite (Wattagee Hill).........coeoveiveneiinininnnincncncecneee 34
Locality 2.9: Yalgowra Suite gabbro, Polelle Group volcaniclastic sedimentary rocks, and
Glen Group komatiitic basalts (Wattagee Hill).........ccccecevueiriniiininencnenceees .36

Locality 2.10: Coodardy Formation quartzite (basal Polelle Group) and intrusive granite sheets . .36
Locality 2.11: Glen Group komatiitic basalt, with north—south foliation.............ccceceverieeneneinencninrcnenee 37
Locality 2.12: Bedding and cleavage relationships in the Ryansville Formation..........cc.cocceecivencinvcnenn. 38
Locality 2.13: Unconformity between the Glen and Polelle groups................... .39

Locality 2.13.1 .o .39

Locality 2.13.2 ... ..39

L0CAlItY 2.13.3 ..ottt bbbt bbb bbbttt 39

LOCAlILY 2.13.4 ..ottt bbbttt 39

Locality 2.13.5 ...

LOCAIILY 2.13.6 ..ottt bbbttt 41

LLOCAIIEY 2.13.7 ittt sttt b et e a ettt b e nene 41

Locality 2.13.8 ..c.cceuvueucierinnnee .41
Locality 2.14: Dated Coodardy granites ................ .41
Locality 2.15: Big Bell: sheared mafic volcanic rock....... .44
Locality 2.16: Big Bell sheared granite—greenstone CONLACL...........co.coveueruerreerieneeereriereerenieneeeseeseeseeeseenees 45
Locality 2.17: Big Bell quartz porphyry and Mine Pit.........cccceeeerererieenenieninineiecneseeeeieseeeseseeeee e 46
Locality 2.18: Walganna (Walga) Rock: post-tectonic granite and Aboriginal art ............cccceevrereercnennee 46

iii



Mid-Murchison Domain (by | Zibra)

INEFOAUCHION .oiiiiiiiiiiicicc et a e
Locality 2.19: Mylonitic monzogranite .
Locality 2.20: Sheared monzogranite .... .
Locality 2.21: Sheared ZIEENSIONES ..........ccceeeuerieieuirreieirieneeietesiet ettt et s sttt ese s e esesaeeeseerennenees

Part 3: Windimurra and Narndee Igneous Complexes (by TJ Ivanic)

23.
24.

25.
26.

217.

28.

29.
30.
31.
32.
33.

INEFOAUCHION .uiiiiiiiiiiiicic bbb
REZIONAL ZEOLOZY ....evveriiiiitiieiteiiete ettt ettt ettt ettt st b bt ettt et besa e be bt en
Layered mafic—ultramafic igneous suites of the Murchison Domain .. .
Geology of Windimurra and Narndee Igneous COMPIEXES ......c.coevveiruirieirenenieininieineneeereseneeieesesneeene
Windimurra IZNeoUs COMPIEX ....c..c.eeuiriiriiiririeieiinienet ettt ettt ettt eee ettt sae e be e st s saeneene
Narndee Igneous Complex....
MINEraliZation ..........ccviviiiiiniiiiiiii e
Locality 3.1: Windimurra Igneous Complex, Windimurra Hills Section. .
LOCAIILY 3.1.1 oottt bbbttt 61
LOCALILY 3.1.2 oottt 63
Locality 3.1.3 .
LOCALILY 3.1.4 oottt 63
Locality 3.2: Windimurra Igneous Complex, Windimurra vanadium pit 100Kout .........cccccceevvircrveencnnenne 63
Locality 3.3: Windimurra Igneous Complex, Mingyngura Hill Section............ .64
Locality 3.4: Narndee Igneous Complex, Milgoo Section.. .64
REFETENCES .o 66
Figures
Simplified geology of the northwestern part of the Yilgarn Craton showing excursion localities.............. vi
Simplified geological map showing the main subdivisions of the Yilgarn Craton and the
relationship to the Pilbara CratOn..........c.ceeirieiiiniiiiiieetetcne ettt ettt 4
One of the original sample sites where TTG gneisses >3.6 Ga were first identified in the
Yilgarn Craton of WeStern AUSIIALIA ........c.eeerueieiirtiieiiirtceetenen ettt sttt sttt ettt se e b sneneee 4
The location of the Narryer Terrane with respect to the Yilgarn Craton and adjacent
Proterozoic CapriCOrn OTOZEM ......c.ceirueieuirrerieuiriinteiteiertentettetestet et etestestebesaeeeseebesse st esesteseesesbeseeseebensensenees 5
Simplified map of the Jack Hills showing the distribution of the main lithological packages
and the location of the W74 “DISCOVETY’ SIE .....ceruirieuirririeieiirtiieine sttt ettt re et 6
The original W74 site as it appeared in 1984 ...........couiviririiiiiniieiec ettt 6
Well-developed cross-bedding on the hill 100 m east of the W74 site ........ .9

Chert recrystallized to quartzite on Yarrameedie Hill, central Jack Hills belt

Folded BIF in Association 1 at northern margin of the Jack Hills belt near Yarrameedie Hill ... .9
Kinks cutting pelitic schist of Association 2 inthe central part of the Jack Hills belt..........cccccccevevruennee. 10
Sharp transition from sandstone and quartzite to pebble conglomerate in Association 3...........c..ccceueuueee. 10
Monzogranite intruding the Jack Hills belt at the ‘Blob’ on Eranondoo Hill

Late-stage pegmatite dyke cutting chloritic schist near Noonie Hill ..........ccccoecmineneininiinincncinenne
Detailed lithological map of the central Jack Hills belt showing excursion localities...........ccccoeeveerennee 13
Detailed geological map of the W74 site and its NVIIONS .......cceeveueruirierieirenieinienieiee ettt seeeeveerennens 14
Monzogranite outcrop along the Cue to Beringarra Road at Yarrameedie Gallery...........cccccecevvenveennenne. 15
Sample site W67 in the monzogranite at the ‘Blob’, Eranondoo Hill...........cccceceviiiinininnincnicincnene. 15

The Yilgarn Craton showing terrane subdivisions within the Eastern Goldfields Superterrane, and
the domain subdivision of the Youanmi Terrane ............cccccoeiiiiiiiiniiniiniiiiicicee
Stratigraphic scheme for the northeastern Murchison Domain

Interpreted geological map of the northeastern Murchison DOmain...........cocoveceeenverieinenicenencneenennne 19
Simplified geological map of the Weld Range showing excursion localities...........ccceoevereeeencnieenuennene. 21
Stratigraphic section and accompanying photographs of the subaerial komatiite-rhyolite

transition at eXcursion 10CALILY 2.1 .....coueoieiriirieiiiiniiieerc ettt ettt sttt 22
Photomicrographs of rhyolitic blocks from the volcaniclastic breccia at locality 2.1.10.......c.occoeeeuenene 25
Outcrop of banded iron-formation in the Weld Range (Wilgie Mia Formation, Polelle Group),

showing apparent bedding defined by alternating layers of jaspilitic chert and magnetite........................ 25
Textural evidence for the replacive origin of magnetite in Weld Range banded iron-formation................ 26
Unusual ball-and-pillow structure within felsic volcaniclastic rocks of the Greensleeves Formation,
Polelle Group, north of the Weld Range at excursion locality 2.3 .........cccocevereinenenininenieeneneeeeeene 26
Example of graded bedding in felsic volcaniclastic rocks of the Greensleeves Formation,

Polelle Group, north of the Weld Range at 10cality 2.3.......c..ccevirieiriinieniiininicinenieiee et 26
Felsic volcanic breccia of the Greensleeves Formation, Polelle Group, north of the Weld Range
ALTOCALILY 2.4 ...ttt sttt b e st b et e a ettt b bt ea e eae 27
Thin section features of Weld Range banded iron-formation .............cocoevevereeenenenieenenecrenenereeeeennens 27
Drillcore samples showing relationship between magnetite and pyrite.........c..ccevevvennene .29
Synplutonic dykes in the domal granite south of Glen Homestead at excursion locality 2.6. .31
Outcrop features of c. 2750 Ma mafic clotty-textured metatonalite at locality 2.7........... .32
Geochemical traits of Annean Supersuite granites, normalized to primitive mantle ...........cccoccveeveeeenene 33

iv



34.

35.
36.
37.
38.
39.

40.
41.

42.

43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.

55.

56.

57.

58.

59.

60.
61.
62.
63.
64.
65.
66.
67.
68.

69.
70.
71.

72
73.
74.
75.

Geochemical modelling of Cullculli Suite mafic clotty-textured granites, normalized to primitive
mantle (Sun and McDonough, 1989) .......c.ccciiiiiiiiiiieieeteee et e
Hf vs age diagram of dated zircons from selected Murchison Domain rocks

Comparative stratigraphic sections across the northeastern Murchison Domain...............cccccoviiniinnne. 35
Outcrop features of a Yalgowra Suite differentiated mafic—ultramafic sill at locality 2.9..............ccccc.c..... 36
Thin section features along a komatiitic basalt — wet sediment interface at locality 2.9............cccoceeuee. 37
Outcrop photograph showing contact relationship between intrusive, foliated muscovite-bearing
metagranite and a thin peel of quartzite belonging to the Coodardy Formation.. .38
Details of the tight easterly trending fold visited at localities 2.11 and 2.12...........ccccocevvviiiiiniiiinicnnnne. 38
Outcrop photograph, looking north, showing relationship between irregular, spaced fracture

cleavage striking 050° and easterly striking bedding at excursion locality 2.12............ccccoovvviiiiiicnnae. 39
Simplified geological map of the unconformity at the base of the Glen Group, as exposed at

OCALIEY 2.13 .ttt ettt sttt ettt a e ee 40

Equal area stereonet plot of structures measured at the unconformity at locality 2.13..
Outcrop photographs of the unconformity at locality 2.13

Outcrop photographs of the Glen Group at locality 2.13 .43
Whole thin section view of flat-pebble chert conglomerate of the Glen Group from locality 2.13........... 43
Strain and shear-sense indicators in Coodardy granites and associated pegmatites at locality 2.14 ......... 44
Dextral shear-sense indicators of late shear deformation..............cccccoooiiiiiiiiiiinies 45
Sketch, looking south, of the rock face at 10cality 2.16 .........c.ccceuvieuiriniiieininiecineceneecere e 45
View of Big Bell.....ccooeiniviiininiiincccccnecenee .46
Map showing the geology in the vicinity of this locality...... .48
Detailed map showing the location of the excursion localities ..........c.occeerveernerccennenennnn .49
Aeromagnetic map of the area showing the elongate granitic suite flanked by greenstone belts............... 49
Horizontal outcrop surface showing C' shear bands cutting mylonitic foliation in a sheared

POIPRYIITIC GIANMILE ... vttt ettt ettt ettt sttt ettt s b et a et saaeseneeee 50
Subvertical foliation surface from sheared amygdaloidal basalt, displaying the subvertical

stretching lineation, as highlighted by stretched qUartz 1enses ...........cooceceveeerenierecennecrnecennecenenes 50
Map of the mafic—ultramafic suites and igneous complexes of the northern Youanmi Terrane

relative to Zreenstones and GLANILES. .......c..eueuerereeueerrereueriereueereetesetetesetsteueseseseseesseseseseesesenesaesenessesesensne 52
U-Pb analytical data for zircon and baddeleyite from gabbronorite sample GSWA 191056 of the
Narndee IZneous COMPIEX ......cc.ecuiiririiiiiiiiieieeetee ettt sttt s ne e 53
Comparative igneous stratigraphic columns for layered igneous complexes in the Murchison Domain
compared to the Bushveld Igneous Complex, South AfTica .......c.ccveevireeinnecnneecineceneceseeeee 54

Summary of age determinations for mafic intrusions in the Youanmi Terrane compared with those
in the Kalgoorlie, Kurnalpi, and Burtville Terranes
Interpreted geological map of Windimurra, Narndee, Youanmi, and Atley Igneous Complexes .
Stratigraphic column for the Windimurra Igneous COmMPIEX ..........ccoeveueeeririercenieieeniereieineeeeneeererennenen
Bouguer gravity anomaly image of the southern Youanmi Terrane.............cccccoeovviiiiiiiincicniccinccnnnns
Milgoo and Kockalocka SECHIONS ...........cciuiiiiiiiiiiiiiiiiii s
Thin-section photomicrograph of a hornblende gabbro from Narndee Igneous Complex .......................
Windimurra Hills area of the Windimurra Igneous Complex showing traverse localities...
Geological map of the Windimurra Hills (Parks, 1983). Black arrows indicate traverse 3.1 ..

Modal layering of pyroxene and plagioclase in gabbro. ...........cccceveueenirieeiiniererinnieieneeenee e 62
Pyroxene oikocrysts between 5 and 10 cm long surrounding 6 to 8 mm plagioclase cumulate

CryStals I JEUCOZADDIO. ......cueeuiiiiiiiiiiieeieeee ettt sttt s 62
Photo showing magnetitite layers in leucogabbro, looking west at the northern end of the pit................. 63
Photo looking south in Windimurra vanaditm Pit ...........cccceereriiiiiniiiiineeieeeeeeeeeeeee e 63

Features in the Windimurra vanadium pit, looking west.
Rounded ‘boulders’ of pegmatitic anorthosite ................
Undulose chromitite layer overlying pegmatitic anorthosite
Formation of ChIOMItItES ..........coiiiiiiiiiiiiii s 65
Pegmatitic PYTOXEIILE ... ..ccveuiiiiiiieiiitirieieieee ettt sttt s s nene 65

Tables

Logs of lithology and mineralogy from drillcores WRRC 1127D and WRRD 1128 across the
Weld Range
Known mineralized localities in the Windimurra and Narndee areas




2.3-4

2.11—13Q

—27°

2.18¢
Dalgaranga
greensltone
elt

Bz

4

—28°

YALGOO

11|7°

Mafic-ultramafic igneous
complexes

I:I Greenstones
I:I Granitic rocks

—_ Major shear zones and
~ . faults with shear sense

—— Road

W Townsite

@25 Excursion locality
50 km

_—

2.6-7

5

Windimurra

N\

/
3.

l\,

MTY

MAGNET

3.1-2
YOUANMI!

V|

Narndee Igneous Complex
PAYNES FIND

118°
|

MEEKATHAR FK

Igneous Complex

INDIAN
OCEAN

L340

50 km

—— Terrane boundary

SANDSTONE g

119°
|

27°+

29°H

TJI1O

02.09.10

Figure 1. Simplified geology of the northwestern part of the Yilgarn Craton showing excursion localities

vi



A time transect through the
Hadean to Neoarchean geology of the
western Yilgarn Craton — a field guide

compiled by
MJ Van Kranendonk', TJ Ivanic', S Wyche', SA Wilde?, and | Zibra'

Preface

Rocks of every Archean era are present in the western Yilgarn Craton, with zircons dating back to
the Hadean also represented in clastic sedimentary rocks. This excursion will investigate a time
slice from the Hadean zircons at Jack Hills through Eo-, Paleo-, Meso- and Neoarchean rocks of
the Narryer and Youanmi Terranes. A wealth of new isotopic, geochronological, geochemical, and
geophysical data will be presented, in the context of new geological mapping, to see what insights
they give into evolving early Earth processes and the development of related mineral systems.

Starting in the Jack Hills, site of the oldest known zircons on Earth, the excursion will visit Eo-
to Paleoarchean gneisses of the Narryer Terrane, and then the recently documented Meso- to
Neoarchean stratigraphy of the Youanmi Terrane, including the large layered mafic—ultramafic
intrusions such as the Windimurra Igneous Complex — among the oldest of these features on Earth.
Representative granite suites will be placed in the context of the overall tectonic history.

1 Geological Survey of Western Australia
2 Curtin University of Technology
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A time transect through the Hadean to Neoarchean of the western Yilgarn Craton — a field guide

Part 1: Narryer Terrane

by SA Wilde

Introduction

The Narryer Terrane, in the northwestern Yilgarn Craton
of Western Australia, occupies an area of approximately
30 000 km? (Figs 1, 2). It is composed predominantly
of granites and gneisses with U-Pb zircon ages up to
3730 Ma, which make these the oldest known rocks
in Australia (Nutman et al., 1991). In addition, the
gneisses contain lenses and more extensive areas of
supracrustal rocks that range in metamorphic grade from
greenschist to granulite facies and include belts of clastic
metasedimentary rocks which, at Mount Narryer and Jack
Hills, contain abundant detrital zircon grains >4 Ga in
age, including the oldest terrestrial material on Earth. An
overview of the history of investigations in the Narryer
Terrane has recently been published (Wilde and Spaggiari,
2007) and only a brief outline will be given here; sufficient
to place the rocks we will visit on the excursion into
context.

As part of an extensive program by the Geological Survey
of Western Australia (GSWA) to map the whole State of
Western Australia at a scale of 1:250 000, the Narryer
Terrane was investigated in the mid to late 1970s and the
maps and accompanying explanatory notes published in
the early 1980s. Of particular relevance to this excursion
are the BELELE" (Elias, 1982), Byro (Williams et al.,
1983) and RoBinsoN RaNGE (Elias and Williams, 1980)
sheets that each contain segments of the Jack Hills belt
and environs. At the time these investigations were in
progress, the Narryer area was considered to be part of
the “Western Gneiss Terrain’ of Gee (1979) and Gee et al.
(1981), defined as a belt of high-grade gneisses, deformed
and undeformed granites, metasedimentary belts, and
rare greenstone belts that made up the western margin
of the Yilgarn Craton. This had long been considered
the oldest part of the craton (Arriens, 1971) and as such
became a focus for those interested in the early evolution
of the Australian continent. Arriens (1971) had obtained
several Rb—Sr whole rock ages in excess of >3 Ga from
the southwestern margin of the Yilgarn Craton and it was
decided by GSWA to test if the gneisses in the northwest
recorded similar ages. Pioneering Rb—Sr whole-rock
geochronological investigations were thus undertaken
on granitic gneisses in the vicinity of Mount Narryer,
where Ian Williams had identified a belt of quartzites
that appeared remarkably similar to those exposed in the
southwestern Yilgarn Craton near Toodyay (Wilde and

Capitalized names refer to standard 1:250 000 map sheets

Low, 1978). A date of 3348 + 43 Ma was obtained by
de Laeter et al. (1981a) and appeared to substantiate a
connection between the southern and northern parts of the
‘Western Gneiss Terrain’ (Fig. 3). Dating of two of these
samples using the Sm—Nd whole-rock technique (de Laeter
at al., 1981b) yielded Ty g model ages of 3630 = 40 Ma
and 3510 + 50 Ma, considerably older than any ages
previously obtained from the Yilgarn Craton.

Myers (1988) introduced the term ‘Narryer Gneiss
Terrane’ for those areas in the northern part of the Yilgarn
Craton where reconnaissance mapping indicated older
gneisses were predominant. Later, Myers (1990) referred
to the whole area, including those parts where late
Archean granites were dominant over ancient gneisses,
as the ‘Narryer Terrane’ and this is still the current usage
of the term. The western margin of the Narryer Terrane is
delineated by the Darling Fault, the northern margin by
the Errabiddy Shear Zone, and the southern margin by the
Balbalinga and Yalgar Faults (Fig. 4). The northern margin
defines where the Glenburgh Terrane was accreted to the
Yilgarn Craton during the 2005 to 1960 Ma Glenburgh
Orogeny (Occhipinti et al., 2004; Occhipinti and Reddy,
2004). The southern margin marks the boundary with
the Murchison Domain of the Younami Terrane, a major
Archean granite—greenstone province in the west-central
Yilgarn Craton (Cassidy et al., 2006) (Fig. 2). The early
Archean gneisses of the Narryer Terrane have been
interpreted as an allochthonous unit that was thrust over
c. 3 Ga crust of the Youanmi Terrane, just prior to, or
during, Late Archean granitic magmatism that stitched the
two terranes (Nutman et al., 1993).

The gneisses have been subdivided into four main
components (Myers and Williams, 1985; Nutman et al.,
1991). The Meeberrie Gneiss belongs to the tonalite—
trondhjemite—granodiorite (TTG) suite, with the oldest
known component being a tonalite collected 3 km south of
the Jack Hills. With a SHRIMP U-Pb date of 3731 + 4 Ma
(Nutman et al., 1991) this is the oldest known rock in
Australia. Kinny and Nutman (1996) emphasized that
it is impossible to quote a single age for the Meeberrie
Gneiss in the Mount Narryer region as it is a polyphase
migmatite that has been metamorphosed to granulite
facies, with ages ranging from 3730 to 3300 Ma. The
Dugel Gneiss occupies large areas of the Narryer Terrane
and is dominantly syenogranite, ranging to monzogranite
in composition. It forms veins that crosscut the Meeberrie
Gneiss in low-strain zones, but is commonly brought
into layer parallelism with the Meeberrie Gneiss and
both underwent high-grade metamorphism. Zircon cores



Van Kranendonk et al.

.Marble Bar
i PILBARA
- 22 CRATON b
\\ Cap .
N I'Ico
S U
o n
[ I N 7 Vit S
5@‘ \\\\\\
*
- 26°
- 30°
PR 200 km
500 km 11|6° 12|0°
SAWO017 20.08.10
Figure 2. Simplified geological map showing the main

subdivisions of the Yilgarn Craton (after Wilde
et al., 1996) and the relationship to the Pilbara
Craton. Also shown are the three sites (including
Jack Hills) where >4 Ga detrital zircons have been
recorded. Map legend for terranes: B = Barlee;
Ba = Balingup; Bo = Boddington; G = Gindalbie;
K = Kalgoorlie; Ku = Kurnalpi; L Linden;
LG = Lake Grace; M = Murchison; N = Narryer;
P = Pinjin; Y =Yellowdine

12/08/2010

One of the original sample sites whereTTG gneisses
>3.6 Ga were first identified in theYilgarn Craton of
Western Australia (‘site C’ as recorded in de Laeter
et al., 1981a,b)

Figure 3.

from the Dugel Gneiss record a SHRIMP U-Pb upper
intercept date of 3375 + 26 Ma, with rims defining an
age of 3284 + 9 Ma (Nutman et al., 1991). Although
this age is similar to the c. 3300 Ma component of the
Meeberrie Gneiss, the two are quite distinct and there is
no evidence of anatexis or migmatization of the Dugel
Gneiss at c. 3300 Ma (Kinny and Nutman, 1996). Within
the Dugel Gneiss, fragments of a dismembered layered
basic intrusion are referred to as the Manfred Complex
(Myers and Williams, 1985; Williams and Myers, 1987).
Anorthosite from the Manfred Complex records U-Pb
zircon dates of 3730 £ 6 Ma (Kinny et al., 1988). Finally,
Nutman et al. (1991) recognized a suite of younger
tonalitic gneisses that had not undergone granulite facies
metamorphism, referred to as the Eurada Gneiss, that
record SHRIMP U-Pb zircon dates of 3470 to 3440 Ma. A
population of distinctly younger grains gave a >’Pb/**Pb
age of 3055 + 3 Ma, which was interpreted to reflect
pegmatite intrusion into the gneiss or else to record a
partial melting event (Nutman et al., 1991).

In the Paleoproterozoic, a series of orogenic events
record the collision of the Pilbara and Yilgarn Cratons
and these variously affected the Narryer Terrane. The
Capricorn Orogeny (1830-1780 Ma) was predominantly
a greenschist-facies intracratonic event, which resulted
in reworking of both the northern and southern margins
of the Narryer Terrane through dextral transpression.
Deformation extended south to the northern end of the
Mingah Range greenstone belt within the Murchison
Domain (Spaggiari, 2007a; Spaggiari et al., 2007).

Mount Narryer and Jack Hills

On the basis of the discovery of gneisses with Tyir
model ages in excess of 3.6 Ga, more-detailed mapping of
the Mount Narryer area was undertaken by Ian Williams
in 1981-82 and John Myers in 1983 (Williams and
Myers, 1987), with particular emphasis on determining
the distribution of metasedimentary and anorthositic
components identified on Mount Narryer itself. A
complementary U-Pb geochronological investigation
of these granulite-facies metasedimentary rocks on
Mount Narryer was undertaken by geoscientists at the
Australian National University (ANU), following a
similar investigation of c. 3 Ga gneisses and quartzites
in the Toodyay area of the southwest Yilgarn Craton by
Nieuwland and Compston (1981) using conventional
multigrain zircon U-Pb methods. However, with the
development of the Sensitive High-Resolution Ion
MicroProbe (SHRIMP I) at ANU, a new U-Pb method of
more rapid investigation was available.

The culmination of this work was the discovery, within
a quartzite (sample 71932, collected about 2.5 km north-
northeast of Mount Narryer), of four detrital zircon cores
with ages ranging from 4110 to 4190 Ma, the oldest
crustal remnants identified on Earth at that time (Froude
et al., 1983). There was considerable international interest
in this discovery and extensive work was undertaken
throughout the Narryer Terrane by ANU as part of the
‘First Billion Years’ project. The terrane was mapped by
Allen Nutman and Peter Kinny from ANU and John Myers
at GSWA. The age and distribution of the gneisses became
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(from Spaggiari, 2007b)
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well-established, including the identification of the oldest
rock near Jack Hills, as mentioned above. However, no
older material was identified from Mount Narryer and
interest in this regard had already moved to Jack Hills, as
outlined below.

Early investigations of the Jack Hills
belt

Jack Hills forms a low, about 80 km-long, sigmoidal-
shaped range (Fig. 5), located approximately 150 km north
of Cue in the Murchison district of Western Australia. In
1983, as part of an Australian Research Council (ARC)
program to examine the five greenstone belts that had
been identified within the Western Gneiss Terrain by
Gee et al. (1981), the first detailed mapping of the Jacks
Hills at a scale of 1:10 000 was completed by third-year
undergraduate students of the Western Australian Institute
of Technology (now Curtin University of Technology)
under the guidance of John Baxter, Robert Pidgeon, and
Simon Wilde. The Jack Hills was initially considered to be
a greenstone belt (Elias, 1982), but was found to consist
predominantly of metasedimentary rocks, including
both chemical and clastic varieties, enclosed by granitic
gneisses (Baxter et al., 1984). However, unlike at Mount
Narryer, some 60 km to the southwest, where the rocks are
predominantly at granulite facies (Williams and Myers,
1987), the metamorphic grade at Jack Hills is greenschist
to amphibolite facies (Baxter et al., 1984).

The student mapping exercise was repeated in 1984
to refine the map and some 31 samples were collected
for geochronology over the two-year period. Samples
included quartzites, granites, rare volcanic rocks, and
a conglomerate from a rather prominent outcrop on
the eastern flank of Eranondoo Hill (Fig. 6). To test
if there was any similarity with the Mount Narryer
metasedimentary rocks, zircons obtained from the latter
sample (W74) were extracted and run on the ANU
SHRIMP. Two zircons with ages of 4276 + 12 Ma
were identified, making these the oldest known crustal
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Figure 5. Simplified map of the Jack Hills showing the
distribution of the main lithological packages and

the location of the W74 ‘Discovery’ site
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Figure 6. The original W74 site as it appeared in 1984

components on Earth at that time (Compston and Pidgeon,
1986), some 80 million years older than at Mount
Narryer.

Following publication of the results (Compston and
Pidgeon, 1986), additional work was carried out on the
same suite of zircons in sample W74 from Eranondoo
Hill. Both Kober et al. (1989) and Amelin (1998)
reproduced the earlier SHRIMP results, the former by
stepwise evaporation of single zircon grains and the latter
by Thermal Ionization Mass Spectrometry (TIMS) using
selected crystal fragments. However, no older material was
identified and, by the mid 1990s, interest in the area had
started to wane.

Interest was re-ignited in 1998 when a team from Curtin
University and the University of Wisconsin collected both
SHRIMP U—Pb and Cameca IMS 4f oxygen data on a new
suite of zircon grains extracted from the same W74 sample
initially analysed by Compston and Pidgeon (1986). This
led to the identification of a zircon that contained a portion
with an date of 4404 + 8 Ma (2c) (Wilde et al., 2001) —
by far the oldest age ever obtained from crustal material on
Earth. A companion investigation began in 1999, involving
a team from UCLA and Curtin University, and included
collection of new material from the W74 site (Mojzsis
et al., 2001). Importantly, both studies obtained evidence
for elevated 8'8 oxygen values in the ancient zircon
fraction, implying zircon growth in a magma generated
from rocks that had previously interacted with surface
waters (Wilde et al., 2001; Mojzsis et al., 2001; Peck et al,
2001). This implied the early development of continents
and oceans on the planet at a time when it had previously
been considered too hot and inhospitable — with the term
‘Hadean’ coined by Preston Cloud to cover this period of
Earth history, and believed to have extended to as late as
3.6 Ga by some workers.

Significance of the Eranondoo Hill W74
site
Following initial publication of results in 2001, much

additional work has been undertaken at Jack Hills, focused
initially on the older crystals at the W74 site, but extending
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to other sedimentary and rare volcanic rocks. This has led
to a number of very significant findings about the early
Earth that are summarized below:

a)

b)

A cool early Earth: this hypothesis evolved from
the initial oxygen work (Wilde et al, 2001; Mojzsis
et al., 2001; Peck et al., 2001) and was more precisely
formulated in Valley et al. (2002). As alluded to above,
the elevated oxygen values of the Jack Hills’ zircons,
including grains 4.4—4.3 Ga old, required interaction
of the magmatic protolith of the crystals with cool
surface waters. The surface temperature would need
to be below about 200°C and the fact the 8'%0 values
appeared to record a similar range at this time as they
did in the Archean at 2.7 Ga, where a much larger
database was available, especially from the Superior
Province in Canada (King et al., 1998), led to the view
that magmatic processes showed no major change
throughout this time interval. This questioned whether
the Earth was really ‘hell-like’ at 4.4 Ga; and thus the
appropriateness of using the term ‘Hadean’ for the Eon
prior to 4 Ga, which is still under consideration by the
International Stratigraphic Commission. Later work by
Cavosie et al. (2005) highlighted a significant shift to
higher 8'%0 values at 4.2 Ga, suggesting that reworking
of continental crust became especially important from
that time onward.

Nature of the earliest crust: the favoured interpretation
for the origin of the ancient zircon crystals, based on
their chemistry and suite of inclusions, is that they
crystallized in granites (Maas et al., 1992; Wilde et al.,
2001; Cavosie et al., 2006; Harrison et al., 2005, 2007).
It has been debated whether these actually formed
within continental crust, with some workers proposing
that differentiated mafic rocks in an oceanic setting
could produce the observed chemistry (Coogan and
Hinton, 2006; Rollinson, 2008). However, the work of
Grimes et al. (2007) has shown that plots of U versus
Yb and U/Yb versus Hf and Y discriminate zircons
crystallized in oceanic crust from zircon derived
from continental crust. Significantly, the ancient suite
from Jack Hills plots within the continental fields
on these diagrams. Also, amongst those favouring a
continental origin, there has also been much debate as
to the nature of the host rocks. The low temperatures
of about 700°C obtained by Ti-in-zircon thermometry
(Watson and Harrison, 2005) and the interpretation of
white mica inclusions in a >4 Ga zircon as a primary
feature (Hopkins et al., 2008) have been used to
argue that the hosts were wet, minimum-melt S-type
granites. However, a comprehensive study by Fu et al.
(2008) has shown that titanium thermometry is a
poor discriminator of rock type, based on calculated
temperatures of zircons obtained from a wide variety
of rock types. Indeed, the ancient Jack Hills zircons
with ages of 4.4—3.9 Ga record an average temperature
of 718 + 63°C, which is similar to that calculated by
Watson and Harrison (2005), but overlapping with
felsic, intermediate and mafic rocks, so that the source
of such zircons cannot be uniquely defined by this
technique. Alternatively, other workers have considered
that the most likely source of the ancient zircons was
from rocks of the tonalite-trondhjemite—granodiorite
(TTG) suite (Blichert-Toft and Albarede, 2008). Such

c)
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rocks dominate the early Archean record and provide
a more consistent interpretation, given the similarity of
the oxygen isotope systematics of the ancient crystals
with the 2.7 Ga Superior Province record, as discussed
above. With respect to inclusions in >4 Ga zircon, no
published data have identified any ‘inclusion’ that is
older than the host. Of relevance is a study of xenotime
and monazite in the matrix of the conglomerate at the
W74 site, which shows that these are considerably
younger than the ancient zircons (Rasmussen et al.,
2010). This throws considerable doubt as to whether
the inclusions reported by Hopkins et al. (2008) are
primary.

Formation age of the earliest crust and its possible
preservation: notwithstanding some contrary opinions
(Nemchin et al., 2006; Pidgeon and Nemchin, 2006),
the consensus is that at least some portions of the
ancient Jack Hills zircon crystals retain primary
isotopic information as to their age, magmatic origin,
and somewhat elevated oxygen signatures (Cavosie
et al., 2006; Harrison, 2009). Given that the oldest
known zircons are magmatic and require the melting
of precursor rocks that interacted with liquid water for
their generation, requires that there be an even older
protolith. By way of timing, the upper age constraint
must be the accretion of the Earth but, more likely, is
the time of its differentiation into a core and mantle
(and possible ?protocrust). These events are placed
at 4.55 Ga (Chambers, 2004) and c. 4.50 Ga (see
Harrison, 2009), respectively. Further constraints can
be placed by utilizing the Lu—Hf system in zircon,
which provides a tracer of this pre-history. However,
there is also a divergence of opinion here, with different
studies leading to quite different conclusions. Harrison
et al. (2005, 2008) presented a range of ¢Hf values
from >4 Ga Jack Hills zircons, with both depleted and
undepleted signatures, and argued that this reflected
massive recycling of continental crust into the mantle.
However, a recent study by Kemp et al. (2010) found
that all ancient zircons had subchondritic eHf values
and there was no evidence for extensive recycling of
crust back into the mantle. These conflicting views
lead to very different interpretations as to the processes
operative in the early Earth. For example, it has been
argued that plate tectonics operated from c. 4.5 Ga
with magmas generated at and above subduction zones,
based on inferred thermal gradients and the view that
extensive recycling had taken place (Harrison et al.,
2005; Hopkins et al., 2008). However, Kemp et al.
(2010) have shown that granites adjacent to the Jack
Hills belt, ranging in age from 3.6 to 2.65 Ga also show
evidence of an ancient hafnium component, consistent
with multiple reworking of a protocrust extracted
from the mantle c. 4.5 Ga ago (see also Blichert-Toft
and Albarede, 2008; Harrison et al., 2005). There is
also a marked similarity in the Hf isotopic signature
of the ancient Jack Hills zircons with that of lunar
zircons, leading to the possibility they were derived
from similar mafic components, perhaps formed
initially during final crystallization of a terrest