Available online at www.sciencedirect.com

science (oinecre Precambrian
@ Research

ELSEVIER Precambrian Research 133 (2004) 143-173

www.elsevier.com/locate/precamres

Geochronology of a Late Archaean flood basalt province in the
Pilbara Craton, Australia: constraints on basin evolution, volcanic
and sedimentary accumulation, and continental drift rates

T.S. Blaké**, R. Buick?, S.J.A. Browrf, M.E. Barley

@86 Reservoir Street, Chidlow, WA 6556, Australia
b Department of Earth and Space Sciences and Astrobiology Program, University of Washington, Seattle, WA 98195-1310, USA
¢ Douglas Partners Pty Ltd, 96 Hermitage Road, West Ryde, NSW 2114, Australia
d School of Earth and Geographical Sciences, The University of Western Australia, 35 Stirling Highway, Crawley, WA 6009, Australia

Received 23 July 2003; accepted 30 March 2004

Abstract

Eleven high precisiondf2—5 million years) SHRIMP zircon U-Pb ages have been obtained from felsic rocks within a single
stratigraphic section of late Archaean volcanic and sedimentary rocks in the east Pilbara of Western Australia. The stratigraphic
succession (Nullagine and Mount Jope Supersequences in sequence-stratigraphic terminology, Fortescue Group in lithostrati-
graphicterminology) is interpreted to be the rock record of three major geotectonic cycles that formed in an extensional, rift-related
environment between about 2772 and 2715 Ma. The geochronology is constrained by a detailed stratigraphic framework based on
unconformities and supported by a preliminary magnetostratigraphy. Field mapping, geochemical and petrographic studies have
shown that previously unrecognised thin felsic tuff bands are interbedded in subaerial flood basalt piles and mafic tuffs. While
flood basalts and proximal felsic volcanic rocks comprise by volume most of the volcanogenic components of the succession, fel-
sic volcanism is now known to have been active periodically through each geotectonic cycle. The succession covers a time period
of about 57 million years. The lower1400 m of a thick £1700 m) clastic sedimentary succession from the oldest geotectonic
cycle was deposited at a rate of about 1200 m per million years over a mean time period of 14 million years. In contrast, a younger
~150 m thick cogenetic tuff-basalt unitaccumulated in less than 3 million years, and others probably accumulated at similar rates,
comparable to those of Phanerozoic flood basalts. Unconformities in the succession are shown to be of variable duration and one
unconformity marking the boundary between the first and second geotectonic cycles may represent a time-gap of more than 10
million years. The unconformity-based stratigraphic framework, the new geochronology and palaeomagnetic studies [J. Geophys.
Res. 108 (2003) B12, 2551, EMP 2-1to 2-21] have been combined to determine a possible late Archaean continental drift rate for
one part of the succession, implying a period of motion as fast as or up to five times faster than any known from the Phanerozoic.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

* Supplementary data associated with this article (Appendices  Reliable geochronology has, over the past two
;:-I)lgigfé;jf;)fer::(;n:rr]etsh;o%rzlgg girzswn' " decades, revolutionised the study of Archaean ge-
* Corresponding author. Fax:61-8-9572-3392. ology. It has allowed the accurate determination
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previously poorly constrained because of the absencevolcanic succession in the Pilbara Craton of northwest-
of a biostratigraphy. Thus, it can potentially also pro- ern Australia. We use this to make a preliminary at-
vide insights into the early rates of some geological tempt to answer the following questions. Firstly, were
processes and secular changes in those rates over theedimentation rates in late Archaean fault-bounded
course of Earth’s history. epicontinental basins, and hence the constraints on

In suitable Archaean volcanic successions, where extensional basin development, similar to those for
there is a high frequency of felsic rocks containing basins formed on modern continental crust? Secondly,
zircons amenable to precise U-Pb isotopic dating, the were time-gaps across non-marine unconformities,
power of high-resolution geochronology can poten- and hence depositional continuity in late Archaean
tially be coupled with well-resolved stratigraphy to continental settings, equivalent to those prevailing to-
address issues of global geological importance. To day? Third, were the duration and magnitude of late
date, most such detailed geochronology has been per-Archaean flood basalt eruptive episodes, and hence
formed in the Superior Craton of Canada. It has been the delivery of mantle melts to the Earth’s surface, at
used, amongst other things, to determine the duration all like those in younger flood basalt provinces? And
of volcanic construction (e.gMueller and Mortensen,  fourth, using some preliminary palaeomagnetic data
2002, the speed and style of basin evolution (e.g., (Strik et al., 2003 were continental drift rates in the
Ayer et al., 2002 and the similarity of tectonic pro- late Archaean similar to present? Though the answers
cesses and environments to modern plate-tectonic ana+to all of these are still somewhat uncertain, the results
logues (e.g.Skulski and Percival, 1996; Wyman and illustrate the potential productivity of further coupled
Hollings, 1998; Scott et al., 2002; Tomlinson et al., stratigraphical-geochronological studies in Archaean
2002. In the Pilbara Craton of northwestern Australia, mafic-volcanic successions for resolving fundamental
a single study of a stratified felsic volcanic pile has at- questions about Earth’s early evolution.
tempted to reconstruct the temporal evolution of a met-
allogenic hydrothermal systerB(ick et al., 2002.

There are, however, other possible uses and suit-2. Study area
able successions for high-resolution geochronology
in Archaean volcanic terrains. Some mafic-dominated The lower succession of the Hamersley Province
successions contain felsic rocks that, with care, can be (LSHP) in northwestern Australia, constituting most
placed in a stratigraphic context. Such circumstances of the Fortescue Group as defined lithostratigraph-
potentially allow study of interactions between mantle ically (e.g., Thorne and Trendall, 2001or the
and crustal processes in a world with a higher radio- Nullagine and Mount Jope Supersequences in an
genic heat flux. It is conceivable that, on an Earth unconformity-based stratigraphic frameworRlgke
with a greater inventory of undecayed radioactive and Barley, 1992; Blake, 1993able 1andFig. 1),
elements and isotopes, basins evolved more rapidly,is amongst the oldest (ca. 2772-2715 Ma) continen-
orogenies were faster and more intense, and platetal flood basalt provinces on Earth. While its great
motions (if plates in the modern sense existed) were age has been known for 20 yeaRidgeon, 198%
speeded up or occurred on a much smaller scale.our understanding of its evolution is still crude. The
Perhaps flood basalt provinces were generated aftersuccession comprises well-exposed mafic and felsic
relatively low degrees of lithospheric stretching and volcanic rocks, subordinate volcanogenic sedimentary
crustal thinning, a result of higher temperatures in the rocks and locally thick units of terrigenous sedimen-
upper mantle and more active tectonics, rather than tary rocks that are mostly little deformed and of very
from mantle plumes. All of these issues can, to some low metamorphic grade. Because of its spectacular
extent, be clarified by stratigraphically controlled preservation and exposure, it provides a remarkable
high-resolution geochronology, as they all require window into late Archaean mantle and crustal (e.g.,
determination of the rates of Archaean geological Blake, 19843 sedimentological (e.gBlake, 1993,
processes and comparison with modern equivalents. volcanological (e.g.Blake, 200}, biological (e.g.,

In this paper, we provide a high-resolution stratigra- Buick, 1992 and atmospheric (e.gRasmussen and
phic chronology for a late Archaean mafic-dominated Buick, 1999 processes.
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Regional sequence stratigraphic and lithostratigraphic divisions of the late Archaean to early Proterozoic (ca. 2775-2400 Ma) successibaran riagidPi
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Stratigraphic interval covered by the geochronology in this paper is highlighted in grey. Fortescue Group nomenclature is for the northerraRitharee@bers are after
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MacLeod and de la Hunty (196%nd formations are afteFhorne and Hickman (1998Bequence stratigraphic and lithostratigraphic correlations are simplified. MJ(1)S,
Mount Jope (1) Supersequence; MJ(2)S, Mount Jope (2) Supersequence; NS, Nullagine Supersequence.
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Fig. 1. Simplified geological map of the Pilbara region showing the distribution of components of the Mount Bruce Megasequence Set.
The outcrop of the Nullagine and Mount Jope Supersequences is divided into nine areaBlgaied 993 BCA, Boodalyerri Creek Area;

BDA, Balfour Downs Area; CPA, Central Pilbara Area; EPB, East Pilbara Basin; GRA, Gregory Range Area; MBB, Marble Bar Basin; SA,
Sylvania Area; SPA, Southwest Pilbara Area; WPB, West Pilbara Basin). The East Pilbara Basin is divided into three structurally-defined
sub-areas (MC, Meentheena Centrocline; NOS, Northwest Oakover Syncline; NS, Nullagine Synclinorium). Other abbreviations: MEB,
Mount Edgar Batholith; MB, Muccan Batholith; N, Nullagine; NL, Nullagine Lineament; RD, Rocklea Dome; SB, Shaw Batholith; WB,
Warrawagine Batholith; WCB, Whim Creek Belt.

The stratigraphic section of the LSHP studied here basins on the northern Pilbara Crat@iake 1984a,b,
is in the Nullagine SynclinoriumHFig. 1). This is a 1990a, 1998 Following a mineral exploration pro-
structural remnant of the East Pilbara Basin which gram in the 1990's during which the area was
is one of at least three late Archaean fault-controlled re-mapped, it became the focus of stratigraphic

Fig. 2. Summary stratigraphic column (representing a cumulative maximum stratigraphic thickness of about 6 km) of the Nullagine and
Mount Jope Supersequences, and lower Marra Mamba Supersequence Package in the Nullagine Synclinorium showing the ages reporte
herein. The figure includes (from left to right) lithostratigraphic subdivisions (&ftekman and Lipple, 1978; Thom et al., 1979; Thorne

and Tyler, 1995 magnetostratigraphy (N, normal; R, reversed; afiaik et al., 2003 dominant lithologies, package (P) and boundary

(BD) numbers, a summary of mafic and ‘felsic’ volcanism (CR, reworked crystal-bearing tuff; CV, crystal vitric tuff; V, vitric tuff; VA, vitric

tuff with accretionary lapilli; ¢) not recorded in the Nullagine Synclinorium but present in the Meentheena Centrocline), ages reported
herein (except age marked)(which is afterWingate, 199sing the correlation oBlake, 1993, 200)1 a summary of the relative duration

of unconformities (MT, marine transgression; PS, major shift in palaeomagnetic pole position across boundary), third- or higher-order
subdivisions (afteBlake, 200}, second-order subdivisions (aftBfake, 200). Estimates of the relative durations of unconformities are

based on geological interpretation and geochronology. MMIF, Marra Mamba Iron Formation.
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(Fig. 2), sedimentological, volcanological, geochemi- Since that time the framework has been used, with
cal and palaeomagnetic studi®lgke, 1990a, 2001;  modifications, on most maps and publications on the
Mann, 1995; Gressier, 1996; Strik, 1998; Strik et al., geology of the Hamersley Province (e.@rendall,
2003. Though robust, the stratigraphic framework 1983, 1990, 1997; Blight, 1985; Arndt et al., 1991;
developed during these studidsid. 2) is still rela- Nelson et al., 1992; Simonson et al., 1993; Thorne and
tively unsophisticated in comparison to the level of Hickman, 1998 Thorne and Trendall (200Bjivided
stratigraphic resolution achieved in many Phanerozoic the Fortescue Group into four “Tectono-Stratigraphic
volcano-sedimentary successions, and future studiesSequences” that mostly follow the divisions Bfake
will inevitably document more stratigraphic complex- (1993 Table 1. In addition, Thorne and Trendall
ity. Nevertheless, the pilot studies of the Nullagine (2001) re-named the three basins on the northern
Synclinorium have highlighted far more stratigraphic Pilbara Craton that were first defined and named by
complexity in the area than was previously supposed Blake (1984a,b; see also 1:100,000 scale maps and
(Blake, 1993; Thorne and Hickman, 1998; Thorne legend of Blake, 1990and form the basis dBlake
and Trendall, 2001Table ) and show that a major (1993, 2001)and Strik (1998)and Strik et al. (2003)
revision of the regional stratigraphic framework for The original basin names &lake (1984a,band the
the entire succession is warranted. definitions and names of other relevant areas of the
This paper reports the results of a high precision Pilbara Craton oBlake (1993 fig. 2) are used herein
SHRIMP geochronology study of felsic rocks from (Fig. 1) because of their historical precedence over
the Nullagine Synclinorium within the latest strati- the nomenclature ofhorne and Trendall (2001)
graphic framework Figs. 2 and R Importantly, all An unconformity-based framework for part of
samples yielding ages are from a single stratigraphic the lower succession of LSHP was initiated in the
section and there is no ambiguity about their geologi- 1980’s to early 1990's Rlake, 1984a,b, 1990a,b,
cal context and relative ages. Previous ion microprobe 1993, and Blake and Barley (1992)presented a
studies of zircons and baddeleyit@alle 2 bracket new model for the evolution of the entire Hamer-
the terrestrial part of the LSHP between about 2775 sley Province succession based on this work and
and <2715 Ma. However, this temporal framework a reinterpretation of available lithostratigraphic de-
was compiled using samples from widely spaced geo- scriptions. The two stratigraphic frameworks and the
graphic locations and its regional stratigraphic signif- “Tectono-Stratigraphic Sequences” dfhorne and
icance is entirely dependent on the validity of strati- Trendall (2001)are compared iffable 1
graphic correlations between disparate sample sites. An unconformity-based framework has not yet been
The prime objective of this study was to avoid this established for all the LSHP, though broad regional
problem by establishing an isotopic age framework for divisions were proposed bglake (1993) However,
a succession in which there is no ambiguity about the unconformity-based divisions are most advanced in
relative ages of geochronology samples. To achieve the Nullagine Synclinorium where the succession up
this, 13 samples were collected from the Nullagine to and including the Marra Mamba Iron Formation
Synclinorium and 1 sample was collected from a mafic has been divided into 11 unconformity-bounded pack-
dyke that has been correlated geochemically with ex- ages and an upper package with a basal unconformity
trusive rocks in the main sampling ardad. 3). (Blake, 2001 Fig. 2). The packages have been num-
bered sequentially from oldest to youngeBigs. 2
and 3 and each is interpreted as a cogenetic unit.
3. Stratigraphic frameworks Importantly, packages are not hierarchically identical,
and have been numbered rather than named because
A lithostratigraphic framework for rocks in the ca. the full geographic extent of most of them has not yet
2.75-2.40 Ga Hamersley Provincgble ) was es- been determined. This division represents the most
tablished in the 1960’'s (e.gMacLeod et al., 1963;  sophisticated to date and divides the succession into
Kriewaldt, 1964; de la Hunty, 1965; MacLeod and de components that are genetically more meaningful than
la Hunty, 1966; Kriewaldt and Ryan, 1967; Williams, does the available lithostratigraphpléke, 200).
1968 with later modifications byTrendall (1979) This unconformity-based stratigraphic framework
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Table 2

A summary of previous zircon U-Pb, baddeleyite U-Pb and hornbl&¥8&3°Ar geochronology of the lower succession of the Hamersley Province including intrusive a@

extrusive rocks
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Host lithostratigraphic Area (seeFig. 1) Sample Age Age (Ma) Number of Interpreted meaning of Rock type Mineral and Reference
unit (after Thorne and number reference grains age method
Hickman, 1998 number analysed
Marra Mamba Iron Southwest Pilbara Area 120046 24 25975 15 (15) Age of “syndepositional Shale band Zircon, SHRIMP  Trendall et al. (1998)
Formation volcanism”
Jeerinah Formation Southwest Pilbara Area 120048 23 2629+ 5 Not given Not given Andesitic ignimbrite Zircon, SHRIMP Trendall (unpublished data)
(approximately) in Nelson et al. (1999)
Jeerinah Formation West Pilbara Basin 94776 22 2684 11 (14) Age of eruption Andesitic ignimbrite Zircon, SHRIMP  Arndt et al. (1991)
Jeerinah Formation Southwest Pilbara Area 103225 21 26906 13 (16) Age of “depositionally  Tuffaceous sandstone  Zircon, SHRIMP Arndt et al. (1991)
coeval volcanism”
Tumbiana Formation West Pilbara Basin 94775 20 2715 + 6 28 (40) Age of volcanism Tuffaceous sandstone  Zircon, SHRIMP Arndt et al. (1991)
Maddina Formation West Pilbara Basin 144993 19 2717 + 2 27 (27) Age of crystallisation Dacite Zircon, SHRIMP  Nelson (1998)
Tumbiana Formation West Pilbara Basin 168935 18 2719 + 6 25 (25) “time of igneous Volcaniclastic Zircon, SHRIMP Nelson (2001)
crystallisation for a sandstone
volcanogenic
component”
Unnamed dolerite dykes Sylvania Area Z30, Z31 17 2747 + 4 41 (46) Emplacement of the Meta-dolerite Zircon, SHRIMP  Wingate (1999)
in pre-Fortescue Group dykes
granitic rocks
Hardey Formation Southwest Pilbara Area 2944826/6 16 2750 + 4 32 (32) Age of contemporaneous Siltstone with Zircon, SHRIMP Hall (2002)
felsic volcanism accretionary lapilli
Hardey Formation East Pilbara Basin 94761 15 2756 + 8 10 (14) Age of “igneous Rhyolite porphyry Zircon, SHRIMP Arndt et al. (1991)
(Northwest Oakover activity” “sill or lava”
Syncline)
Gregory Granitic Complex Gregory Range Area 118924 14 2757 £ 5 18 (18) Age of crystallisation of Horneblende-biotite Zircon, SHRIMP Nelson (1996)
granite precursor granite augen gniess
(rapakivi granite)
Pre-Fortescue Group Mount Edgar Batholith 142825 13 2757 £ 7 17 (17) Age of crystallisation Coarse-grained Zircon, SHRIMP Nelson (1998)
granitic rocks syenite
Pre-Fortescue Group Warrawagine Batholith 142875 12 2758 + 4 18 (18) Age of crystallisation Quartz-feldspar Zircon, SHRIMP Nelson (1999)
granitic rocks porphyry dyke
Kylena Formation Gregory Range Area 94760 11 2760 + 10 11 (20) Age of “igneous Rhyolite porphyry Zircon, SHRIMP Arndt et al. (1991)
activity” “sill”
Gregory Granitic Complex  Gregory Range Area 118925 10 2761 + 2 26 (26) Age of crystallisation Biotite monzogranite  Zircon, SHRIMP Nelson (1999)
Gregory Granitic Complex  Gregory Range Area 118920 9 2762 + 4 13 (13) Age of crystallisation Alkali granite Zircon, SHRIMP  Nelson (1996)
Gregory Granitic Complex Gregory Range Area 118923 8 2763 + 8 15 (15) Age of crystallisation Granophyre Zircon, SHRIMP Nelson (1996)
Mount Roe Basalt West Pilbara Basin 94792 7 2763 + 13 13 (14) Extrusive/depositional Grey accretionary Zircon, SHRIMP Arndt et al. (1991)
age lapilli tuff
Hardey Formation Gregory Range Area 94759 6 2764 + 8 12 (18) Extrusive/depositional Rhyolite Zircon, SHRIMP  Arndt et al. (1991)
age
Pre-Fortescue Group Whim Creek Belt 118972 5 2765 + 5 25 (25) Age of crystallisation Porphyritic biotite Zircon, SHRIMP Nelson (1997a)
granitic rocks monzogranite
Hardey Formation East Pilbara Basin 77712 4 2768+ 16 N/A Age of crystallisation Quartz-dacite Zircon, Pidgeon (1984)
(Nullagine Synclinorium) and emplacement porphyry conventional
Black Range dolerite East Pilbara Basin B21, B22, 3 2772 + 2 68 (82) Age of emplacement Dolerite, gabbro Baddeleyite, Wingate (1999)
suite (in pre-Fortescue (Nullagine B25, B28 SHRIMP
Group granitic rocks)  Synclinorium), Shaw
Batholith, Corunna
Downs Batholith,
Muccan Batholith
Mount Roe Basalt Southwest Pilbara Area 86738 2 2775 + 10 11 (11) Extrusive/depositional Felsic volcanic rock Zircon, SHRIMP  Arndt et al. (1991)
age
Black Range dolerite Shaw Batholith T94/29 1 2796 9 N/A Cooling age of Dolerite Horneblende, Zegers et al. (1999)
dyke (in pre-Fortescue horneblendes 40Ar/39¢

Group granitic rocks)

Ages in bold in column 5 are plotted dRig. 7. All errors are quoted aso295% confidence. Asterisk*} indicates that the first figures show the total number of grains analysed. The figures in parentheses are the total
number of areas analysed. Ages are commonly determined from selected analyses.
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is used from hereon wherever possible. However, be- minor felsic volcanic rock. In the north, the craton
cause many of the packages defined in the Nullagine was buried beneath subaerial flood basalt and mafic
Synclinorium have not yet been mapped outside this tuff piles, whereas in the south it was buried be-
area, it is not possible to describe all LSHP rocks in neath a dominantly submarine mafic succession. The
terms of an unconformity-based stratigraphy of this Nullagine/Mount Jope Supersequence boundary cor-
detail. Consequently, outside the areas mapped byrelates approximately with a change from subsidence
Blake (1990a, 2001 the lithostratigraphic nomencla- in fault-controlled basins to regional-scale subsidence
ture of Thorne and Hickman (19983 used. and burial.
The Mount Bruce Megasequence Set comprises More recent studies of the Nullagine Synclinorium
the lower Chichester Range Megasequence overlainsuccession and associated mafic dykesiK, 1998;
by the Hamersley Range Megasequentable J. Blake, 2001; Strik et al., 200%how that the second
The lower volcanic-dominated part of the Chichester rifting episode was more complex than previously sup-
Range Megasequence comprises two second-ordemosed and comprises the rock record of two rift phases
sequences named the Nullagine Supersequence overfnamed Mount Jope (1) Supersequence and Mount
lain by the Mount Jope Supersequen@dake and Jope (2) Supersequence).
Barley, 1992; Blake, 1993rable J). Blake (2001)re-
located the boundaries of these two supersequences in
the Nullagine Synclinorium and split the Mount Jope 5. Geology of the Nullagine Synclinorium
Supersequence in this area into the Mount Jope (1)
Supersequence and Mount Jope (2) Supersequence Figs. 2 and 3ummarise the lithologies and strati-
(Figs. 2 and Bfollowing the palaeomagnetic study of graphic divisions of the Chichester Range Megase-
Strik (1998) This division of the Mount Jope Super- quence in the Nullagine Synclinorium (see also
sequence has not been extended outside the NullagineBlake, 1990a, 1993, 2001 The succession com-
Synclinorium to date. prises basalt, porphyritic felsic lava, mafic and fel-
sic tuffs and terrigenous clastic sedimentary rock.
It has been metamorphosed to very low grade
4. Regional geotectonic setting (prehnite—pumpellyite—epidote zone 8mith et al.,
1982, gently folded by two generations of folds and
The geotectonic evolution of the Nullagine and cut by a complex array of normal faultBlgke, 200).
Mount Jope Supersequences has been studied by Packages 1-4 are dominated either by basalt (Pack-
Blake (1993)and is summarised as follows. The two age 1), clastic sedimentary rock and felsic porphyry
supersequences are interpreted as the rock recordPackage 2), or clastic sedimentary rock (Packages 3
of a two-phase continental break-up in the late Ar- and 4). Packages 5-10 are dominated by basalt and
chaean. The first phase, represented by the Nullaginemafic tuff but also contain minor felsic tuff bands
Supersequence, was dominated by WNW-ESE di- (Fig. 2). Package 11 is a marine succession that mostly
rected extension that resulted in the formation of consists of laminated mudrock with subordinate re-
large volumes of mostly subaerial basalt (Mount worked felsic tuff, carbonated mafic volcarenite and
Roe Sequence) followed by the development of ex- chert. Package 12 is a marine succession that com-
tensional intra-continental sedimentary basins with prises laminated carbonaceous mudrock that passes
associated felsic and mafic volcanism (Hardey Se- gradationally upwards into ferruginous laminated
quence Package). Uplift of the Pilbara Craton pre- chert and banded iron formation.
and post-dated Mount Roe Sequence basaltic volcan- In addition to extrusive mafic rocks, there are four
ism, and an ocean may have formed to the west of physically and geochemically distinct mafic dyke
the present Craton. The second phase of break-up,suites in the area, each with a characteristic ori-
represented by the Mount Jope Supersequence, in-entation Fig. 3). Each dyke suite can be matched
volved rifting of the southern Pilbara Craton margin, geochemically to basalts within the Chichester
possibly along the site of an earlier transfer fault, re- Range Megasequence in the Nullagine Synclinorium
sulting in the eruption of large volumes of basalt with (Blake, 200).
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6. Previous geochronology rographic, geochemical and interpretive geotectonic
evidence, to be cogenetic with flood basalts of Pack-
Initial dating of the Hamersley Province succes- age 1 in the Nullagine Synclinorium and correlative
sion used the Rb-Sr and Pb—Pb whole rock and basalts throughout the eastern PilbaBiake, 1993,
mineral isochron methods which mostly yielded ages 2001). Wingate (1999determined a mean ion micro-
of 2300-2000 Ma (see summariesTirendall, 1983;  probe baddeleyité®’PL*/296Pp* age of 2772+ 2 Ma
Blake and McNaughton, 1984ee alsd\elson et al., (Table 2 reference number 3) from four samples,
1992. Pidgeon (1984)published the first conven- each from a different dyke of the Black Range Suite
tional zircon U-Pb age of 276& 16 Ma for the including the Black Range dyke itself. This mean
Spinaway Porphyry (Dacite P2, see the following). age for the Black Range Suite age is within the er-
Arndt et al. (1991)subsequently acquired the first ror limits of two ion microprobe zircon U-Pb ages
ion microprobe zircon U-Pb ages from the Fortes- obtained from near the base of the LSHP Agndt
cue Group, all of which ranged between 2775 and et al. (1991 Table 2 reference numbers 2, 7). In
2684 Ma. These initial zircon U-Pb ages established contrast,Zegers et al. (1999)eports a hornblende
a broad geochronological framework and showed “°Ar/3°Ar age of 2796+ 9 Ma for a sample of the
that Rb—Sr and Pb—Pb isochrons obtained from ig- Black Range dyke Table 2 reference number 1).
neous rocks probably date younger hydrothermal This is ca. 24 million years older than Wingate's
and/or metamorphic events rather than the age of Black Range dyke age (2781t 2.3 Ma) and is not
magmatism Blake and McNaughton, 1984; Nelson within error of either of the Mount Roe Basalt ages of

et al., 1992 More recentlyNelson (1996, 1997a,
1998, 1999, 2001pnd Hall (2002) reported a to-
tal of 10 ion microprobe zircon U-Pb ages from
rocks that are probably all related to the LSHP.
These ages can be split into the following three
groups.

1. Three ages of ca. 2765-2757Ma from small
‘granitic’ intrusions in basement rockgdble 2
reference numbers 5, 12, 13).

2. Four ages of ca. 2763-2757 Ma from ‘granitic’
rocks in the Gregory Range Aredable 2 refer-
ence numbers 8, 9, 10, 14).

3. Two stratigraphically controlled ages from the West
Pilbara Basin Table 2 reference numbers 18, 19)
and one stratigraphically controlled age from the
Southwest Pilbara Aredéble 2 reference number
16).

Table 2 summarises published U-Pb zircon and
40Ar/3%Ar ages for the Hamersley Province succession
up to and including the Marra Mamba Iron Formation.

The youngest ion microprobe zircon U-Pb age
from rocks forming the basement to the LSHP is
2851 + 2Ma from the post-tectonic Cooglegong
Adamellite in the Shaw BatholithNelson, 1998
Fig. D). The Cooglegong Adamellite is intruded by
the Black Range dolerite dykélickman and Lipple,
1978 which is one of a suite of dykes (Black Range
Suite; Fig. 1) that has been shown, using field, pet-

Arndt et al. (1991)Wingate (1999kndZegers et al.
(1999) interpret their Black Range dyke ages as “an
unambiguous age of emplacement” and the “cooling
age of the hornblendes in the dolerite dyke” respec-
tively. The meaning of this discrepancy is unknown
but Wingate’s age is favoured here because it is more
consistent with available geological eviden@&ake,
1993, 200) and other geochronological resulfsidt

et al., 199). Existing ion microprobe geochronology
therefore suggests that the time span between the last
preserved major magmatic event in the basement and
the oldest known basaltic magmatism in the LSHP is
about 80 million years (cBlake, 1993.

7. The geological meaning of zircon U-Pb agesin
volcaniclastic rocks

Brown and Fletcher (199%nd references therein)
have documented silicic magma residence times and
zircon growth of the order of hundreds of thousands
of years prior to eruption. By comparison, the magma
residence times of the zircons obtained in this study
should be well within the errors of the most precise
ages obtaineddfca. 2 million years). Therefore, con-
cordant U-Pb ages obtained in this study from mag-
matic zircon populations from non-resedimented and
non-reworked tuffs effectively date the age of eruption
of the host rock, assuming no younger alteration.
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Following eruption, pyroclastic rocks are commonly trated by standard heavy liquid and magnetic separa-
resedimented (e.gKisher and Smith, 1991; McPhie tion techniques. Zircon grains were hand-picked and
et al., 1993. The time between eruption and final mounted in epoxy resin with chips of the CZ3 stan-
deposition following resedimentation is usually rela- dard zircon, and then polished down to expose the
tively short and is probably significantly less than the grain mid-sections. Analyses were performed using
most precise error limits attained by zircon ion mi- SHRIMP Il at the Curtin University of Technology
croprobe U-Pb geochronology-€a. 2 million years). in Perth, Western Australia, under the general operat-
Thus, ages from most resedimented pyroclastic rocks ing conditions described bgmith et al. (1998)For
should generally date (within error) the time of pyro- all samples, six data collection cycles were performed
clastic volcanism. In contrast, following lithification, per analysis, and count times per cycle were 10s for
pyroclastic and resedimented pyroclastic deposits arethe 294Pb, 296Pb, and2°8Pb mass peaks and back-
commonly reworked into younger deposits. In these ground, and 30s for th&°’Pb mass peak. Analyses
deposits, the time span between eruption and final were referenced to multiple analyses of the CZ3 Sri
deposition of the reworked deposits may be signif- Lankan zircon standard¥Pb/238U = 0.0914, corre-
icant. Consequently, demonstrable igneous ages ob-sponding to an age of 564 M®&idgeon et al., 1994;
tained from zircons in such rocks should be interpreted Nelson, 1997pfor U/Pb calibration. Standard anal-
as the maximum possible age of final deposition rather yses performed throughout each session gave errors
than the actual age of deposition. Thus, when dating for Pb*/U that were typically less than 2.0%. Analy-
bedded fragmental volcanic deposits it is important ses that showed a high common Pb component (>2%,
to determine whether they are primary pyroclastic de- expressed as %° in Appendix I1), more than 10%
posits, resedimented pyroclastic deposits or reworked discordance, or high U contents (>350 ppm) were ex-
volcanic rocks. cluded from mean age calculations, becaisdson

In this study, the units dated include examples of (1997b)reported that zircon grains with high U con-
pyroclastic rocks, resedimented pyroclastic rocks, re- tents can yield spuriously young radiogenic ages sug-
worked volcanic rock and lavas. In addition, an age has gesting Pb loss in these grains. Data corrected for com-
been obtained from felsic-derived zircons that are in- mon Pb (from?%*Pb counts) are listed in Appendix II.
terpreted as accidental grains in a younger pyroclastic Errors reported for individual analyses are, hile
mafic eruption. This contextual information was ob- errors for mean ages are at 95% confidence.
tained from field observations, stratigraphic relation-
ships, petrographic studies (Appendix I) and geochem-
ical data and is an essential adjunct to understanding9. Geochronology results
the meaning of the zircon ages.

Geochronology results are summarisedables 3
and 4 andFig. 5. Full SHRIMP isotopic and age data
8. Field sampling, SHRIMP sample preparation, are presented in Appendix Il. Short descriptions of the
analytical methods samples are given iflables 3 and Awith more de-
tailed descriptions in Appendix I. The term ‘tuff’ is

Whole rock geochemical analyses were obtained used herein to cover both pyroclastic rocks and resedi-
for all but one of the sampled units prior to sam- mented pyroclastic deposits. The term ‘resedimented’
pling (Fig. 4, Appendix Ill). All samples are from sur-  is used for extrusive fragmental volcanic deposits that
face exposures and only fresh material was collected have been redeposited by sedimentary processes be-
wherever possible. A thin section of each sample was fore lithification. The term ‘reworked’ is used for vol-
made and examined before each sample was crushedcanic deposits that have been lithified before being
Any remaining weathered material was removed be- eroded and redeposited by sedimentary processes.
fore crushing. Eleven of the 14 samples yielded meaningful ages

Crushed samples were milled in a tungsten-carbide (Table 3. Sample U926/1 (Package 6 muscovite rock)
ring mill such that all material passed through a 60 yielded no zircons despite having a relatively high
mesh nylon sieve, and heavy minerals were concen- Zr content (Appendix I). Samples U920/1 (Package 6
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Fig. 4. Summary Zr/Ti@-La/Y (A) and Ti-Zr (B) diagrams illustrating the geochemical differences between basalts and intermediate to
felsic and reworked felsic rocks in the Nullagine and Mount Jope Supersequences in the Nullagine Synclinorium. “P” number in legend
refers to package number. SBike (2001)for basalt divisions and summary basalt analyses. Analyses of non-basaltic rocks and analytical
techniques in Appendix IlI.



Table 3

Summary of the geochronology results in stratigraphic order, including local stratigraphic positions of samples and sample AMG coordinates

Sample Package Reference name of Location in package Age (Ma) and number Interpreted meaning of age Mineral Sample AMG

number number unit sampled of analyses analysed coordinate (AGD66)

U929/1 11 Reworked Felsic ~ Approximately 2.5m above local base 273#52 (33) Maximum age of deposition of  Zircon Z50 793196E 7534358N

Tuff P11 the sandstone

u928/1 10 Felsic Tuff P10b Approximately 30 m below local top2715 + 2 (38) Age of eruption of volcanogenic Zircon Z50 794995E 7533247N
between subaerial basalt flow units material

U931/1 10 Felsic Tuff P10a 1-2m below local top of basal maf713 + 3 (43) Age of eruption of volcanogenic Zircon Z50 794816E 7541651N
tuff unit material

U930/1 8 Felsic Tuff P8 Approximately 70 m above local bas2718 + 3 (36) Age of eruption of volcanogenic Zircon Z50 783289E 7542909N
between subaerial basalt flow units material

U933/1 7 Felsic Tuff P7c Approximate centre of basal mafic 2721 + 4 (31) Age of eruption of volcanogenic Zircon Z50 795443E 7561178N
tuff unit material

U955/1 7 Quartzarenite P7b Near base of basal mafic tuff unit,2727 + 5 (20) Maximum age of deposition of  Zircon Z50 789231E 7558918N
possibly local basal lithology the sandstone

U514/1A 7 Felsic Tuff P7a Directly overlies local top basalt flo®724 + 5 (16) Age of eruption of volcanogenic Zircon Z50 789221E 7559178N
unit in Package 6 material

U926/1 6 Muscovite Rock  Associated with vent-like structures No zircon recovered N/A N/A Z50 789016E 7568246N

P6b that post-date basalts

U920/1 6 Basalt P6a Local basal subaerial basalt flow ufiew zircons recovered: N/A N/A Z51 197260E 7572708N

overlies hyaloclastite unsuitable for analysis
(Appendix )

u961/1 5 Mafic Tuff P5 Approximately 5-10 m below local 2741+ 3 (26) Maximum age of deposition of  Zircon Z51 191185E 7571407N
top of basal mafic tuff unit the mafic tuff

U911/1A Mount Mount Maggie Intrudes Kurrana Batholith (correlatedFew baddeleyite N/A N/A Z51 217293E 7563384N

Maggie Suite Suite Dolerite with top of Package 4, and Packagesecovered: unsuitable for
(dyke) 5, 6; Blake, 200} analysis (Appendix 1)

U922/1 4 Felsic Tuff P4 Approximately 300 m below local 2752+ 5 (41) Age of eruption of volcanogenic Zircon Z51 199173E 7577333N
top, interbedded in terrigenous clastic material
sedimentary rock

U919/1 3 Rhyolite P3 Base of package, approximate cent@766 + 3 (21) Age of crystallisation Zircon Z51 201965E 7585039N
of extrusive rhyolite ?dome

U938/1 2 Dacite P2 Approximately 100m above local 2766 + 2 (34) Age of crystallisation Zircon Z51 193855E 7596766N

base of porphyry complex
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Table 4

96T

Summary descriptions of sample rock types and zircon morphologies, and summary SHRIMP results for all samples except U911/1A, U920/1, U926/1

Sample number and reference Sample rock type

name of unit sampled

Zircon morphology

Summary SHRIMP results

U929/1 Reworked Felsic
Tuff P11

U928/1 Felsic Tuff P10b

U931/1 Felsic Tuff P10a

U930/1 Felsic Tuff P8

U933/1 Felsic Tuff P7c

U955/1 Quartzarenite P7b

Reworked crystal-bearing felsic tuff

Fine crystal-vitric felsic tuff (most
of sampled unit resedimented)

Fine crystal-vitric felsic tuff (part of
sampled unit is resedimented)

Fine vitric felsic hydrovolcanic tuff
(part of sampled unit is
resedimented)

Altered fine vitric felsic tuff (part of
sampled unit is resedimented)

Coarse-grained quartzofeldspathic
arenite

Zircon grains are generally large, ranging from 60 to Thirty-seven analyses were obtained from 35 grains.

450pm, with two main morphological types. Most

Thirty-three analyses produced a single population with

grains are small, colourless to light brown, euhedral to a mean age of 271% 2Ma (x> = 0.76). Four analyses

slightly rounded grains with fine magmatic zonation.
Approximately 30% of grains are generally larger,
light to dark brown, well-rounded grains. Most grains
show evidence of some abrasion or resorption.
Zircon grains are generally large, ranging from 60 to
450pm, with two main morphological types.
Approximately 50% of grains are type-1: small,
colourless to light brown, euhedral magmatic grains
with fine growth zonation. Type-2 grains are generally
larger, light to dark brown, well-rounded grains.

Zircons are typically large (200-4Q0m), euhedral
prismatic grains with fine magmatic oscillatory growth
zonation. Elongate mineral inclusions (?apatite) are
common. Some grains<(l%) show evidence of slight

abrasion. Grains are clear and colourless to pale browneruptive age of the volcanogenic material.

in colour. No cores observed.

Grains are mostly angular fragments of euhedral
magmatic zircons, ranging from 50 to 2@n in size.
Whole grains are euhedral, clear and colourless to
light brown, with a range in morphological types. No
obvious rounding of grains or cores was observed.

Zircons are generally small, ranging in size from 50 to
200pm, with two morphological types. Type-1 (90%)

were discarded due to excessive discordance or poor
precision due to low U content. The age represents the
eruptive age of the volcanogenic material. Both
morphological grain types were analysed.

Forty-one analyses were obtained from 40 grains.
Thirty-eight analyses produced a mean age of 2#15
2Ma (x? = 1.12). Three analyses gave significantly
older ages (2749-2969 Ma). There is no clear
relationship between age and the degree of rounding ofg,
grains. The mean age represents the eruptive age of thg
volcanogenic material. =
Forty-four analyses were obtained from 30 grains, of
which one analysis was discarded due to probable
Pb-loss. Forty-three analyses produced a mean age of
2713+ 3Ma (x® = 1.11). This age represents the

e|g 'S'L

Forty-two analyses were obtained from 41 grains. Six
analyses were discarded due to excessive Pb-loss
(discordant and/or >8 young outliers). The remaining
36 analyses form a single population with a mean age
of 2718 + 3Ma (x® = 1.12). This age represents the
eruptive age of the volcanogenic material.

Thirty-one concordant analyses of type-1 zircons
produced a mean age of 2721 4Ma (x*> = 0.97). One

(7002) €€T Yolessay ueuquedald/

are euhedral, prismatic magmatic zircons that are clearanalysis was discarded from the mean due to excessive=

and colourless to pale green, with some melt/mineral
inclusions. Type-2 (10%) are generally larger
(130-20Qum), and are slightly rounded and/or broken
suggesting sedimentary reworking.

Zircons have a size range ef100-38Qum with two
main morphological types. Type-1 are clear, euhedral
magmatic grains or fragments of euhedral prismatic
grains with variable growth morphologies. Type-2 grains

discordance. This age represents the eruptive age of th
volcanogenic material. Two type-2 zircons gave ages ofz
2961 and 3301 Ma (slightly discordant). w

Thirty-one analyses were obtained from 31 grains. Twenty
analyses form a single concordant population with a mean
age of 2727+ 5Ma (x*> = 0.92). Five analyses were

excluded from the mean due to discordance and probable

are subhedral rounded grains. The range in morphologyPb mobility. Six analyses form a largely discordant

and the presence of rounded grains suggests some
sedimentary abrasion, and a variety of sources.

population at ca. 3340 Ma, indicating a significant older
detrital component. There is no clear relationship
between age and the degree of rounding of grains.



U514/1A Felsic Tuff P7a

U961/1 Mafic Tuff P5

U922/1 Felsic Tuff P4

U919/1 Rhyolite P3

U938/1 Dacite P2

Fine vitric felsic tuff (no evidence
of resedimentation in sampled unit)

Mafic hydrovolcanic tuff containing
an accidental felsic volcanic
component (sampled unit is
water-lain with minimal
resedimentation)

Fine vitric felsic hydrovolcanic tuff
(part of sampled unit is
resedimented)

Aphyric rhyolite

Porphyritic dacite

Zircons are generally small@00pm) with a small Nineteen analyses were obtained from 19 grains. Sixteen
number of larger (150-18@m) grains. There are two analyses of type-1 zircons form a single concordant
main morphological types. Type-1 are small, clear andpopulation with a mean age of 2724 5Ma (x> =
colourless euhedral to slightly rounded magmatic 0.80). Three analyses of type-2 grains are significantly
grains. Type-2 are generally larger irregular fragments older (3348-3407 Ma), indicating an older detrital or

and rounded grains. The presence of rounded grains iaccidental component. The mean age of the magmatic

addition to euhedral magmatic grains suggests a population (type-1) represents the eruptive age of the
variety of sources, and some sedimentary abrasion. volcanogenic material.

Zircons have a size range of 50-30 with two Thirty-four analyses were obtained from 34 grains.

main morphological types. Type-1 are euhedral Twenty-six analyses form a concordant or near concordant
prismatic magmatic grains or fragments of euhedral population with a mean age of 274 3Ma (x> =

grains with variable growth morphologies, and 0.67). Seven analyses are significantly older, with ages —

common glass inclusions. Type-2 grains are subhedralranging from 2813 to 3462 Ma, indicating a significant
and rounded grains. The range in morphology and  older detrital component. There is no clear relationship
presence of rounded grains suggests some sedimentabetween age and the degree of rounding of grains.
abrasion, and a variety of sources. Some grains appear

to have cores but none were dated.

Zircons have a large range in size, froal00 to Forty-two analyses were obtained from 39 grains.
500m, with most grains between 200 and 300 Forty-one analyses produced a mean age of 2¥52
Grains are euhedral, elongate to equant prismatic Ma (x? = 1.58), with the exclusion of one analysis due
crystals, with common glass and mineral inclusions. to probable Pb-loss. Slight excess scatter in ages is

BDSay Uelquedald/ e 19 aYeld 'S

They are generally clear and colourless to light considered to reflect minor ancient Pb-loss in some
green-brown. No obvious rounding of grains or cores grains. This age represents the eruptive age of the
was observed. volcanogenic material.

Zircons are typically 100-30® and are clear, pale- Twenty-five analyses were obtained from 25 grains.
to dark-brown in colour. There are two main Twenty-one concordant analyses form a single populatio

morphological types. The most abundant (type-2) are with a mean age of 2768 3Ma (x> = 0.98),
rounded, generally elongate grains, or fragments of representing the crystallisation age of the rhyolite.
rounded grains. Type-1 are euhedral magmatic grains.Grains of both morphological types were analysed.
Irregular glass inclusions and embayments are

common. Embayments and rounding are considered to

be resorption features.

Zircons are typically 1004360 and are clear, pale  Thirty-four analyses on 33 grains form a single
brown, generally euhedral, elongate prismatic crystals population with a mean age of 2766 2 Ma (x*> =
with common glass inclusions. Some grains are 0.66), representing the crystallisation age of the dacite.
slightly metamict (darker brown) and show fine
magmatic growth zonation. No cores were observed.
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Arranged in stratigraphic order. See Appendix | for detailed sample descriptions and descriptions of the units sampled.
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Fig. 5. Continued.

basalt) and U911/1A (Mount Maggie Suite dolerite) sample has been given a descriptive name followed by
yielded a few zircons and baddeleyites respectively, its package number. Where more than one sample was
but a crystallisation age could not be determined for taken from a package, the package number is followed
either sample (Appendix 1). The 11 successful results by an alphabetical qualifier ordered from stratigraphic

are discussed briefly in the following section. Each oldest to youngest.
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9.1. Dacite P2 (Sample U938/1) grains (including volcanic quartz within accretionary
lapilli) that were probably entrained during explosive
Dacite P2 is the Spinaway Porphyry dfpple mafic hydrovolcanism (Appendix I). Zircons recov-
(1975)and is part of a porphyry complex that extends ered from specimen U961/1 are interpreted to be part
throughout the eastern Pilbara. This body is poorly of this accidental component.
understood but has an unconformable upper contact The mean SHRIMP age of 27443 Ma of the con-
(BD3 in Fig. 2 Blake, 1990a, 1993, 20p1Sample cordant zircon populationT@bles 3 and 4Figs. 5D
U938/1 comes from a massive quartz-feldspar por- and § from Sample U961/1 is interpreted as the age
phyry composed of about 30-40% altered feldspar, of the accidental felsic volcanic component in the
guartz and altered pyroxene. This facies is provision- mafic tuff. The older zircons (2813-3462 Ma) proba-
ally interpreted as the core of late-stage resurgent bly represent a detrital component of clastic sediment

domes, possibly within a caldera (Appendix II).

entrained during hydrovolcanism. This interpretation

The Spinaway Porphyry was dated previously at implies that mafic hydrovolcanism and deposition of

2768+ 16 Ma byPidgeon (1984)sing conventional
zircon techniques. The mean SHRIMP age of 2¥66
2 Ma (Tables 3 and AFigs. 5A and § confirms and

refines this age, which is interpreted as the age of

crystallisation of the dacite.
9.2. Rhyolite P3 (Sample U919/1)

Rhyolite P3 is up to 150 m thick and is interpreted
to be a lava that erupted following initial sedimenta-
tion of Package 3 (Appendix I). The mean SHRIMP
age of 2766+ 3Ma (Tables 3 and #4 Figs. 5B
and § is interpreted as the age of crystallisation of the
rhyolite.

9.3. Felsic Tuff P4 (Sample U922/1)

Felsic Tuff P4 is a 2.4-2.7 m thick felsic tuff hori-
zon that is interbedded with terrigenous fluvial and al-
luvial fan deposits about 300 m below the top of Pack-
age 4. Most of the tuff is interpreted as the product of

a hydrovolcanic eruption that was deposited as a py-

roclastic surge (Appendix 1). The mean SHRIMP age
of 2752+ 5 Ma (Tables 3 and AFigs. 5C and pis in-

terpreted as the age of eruption and the effective age

of deposition of the tuff.
9.4. Mafic Tuff P5 (Sample U961/1)

Mafic Tuff P5 is a 20m thick horizon at the base
of Package 5 that is chemically related to overlying
basalts of the same packadiddke, 200). The tuff is
hydrovolcanic in origin and most was deposited in a
lacustrine setting with minimal resedimentation. The
tuff contains a significant component of accidental

the mafic tuff is younger than of 2744 3 Ma.
9.5. Felsic Tuff P7a (Sample U514/1A)

Felsic Tuff P7a is a thin (>3-4 cm thick) vitric tuff
horizon that has been found at only one locality (U514)
at the local base of Package 7. Shard morphologies
suggest an explosive magmatic origin but the tuff was
not welded (Appendix I). At the sample site there is no
evidence that the tuff was resedimented and it appears
to have filled cavities in a Package 6 subaerial flow
top breccia. The mean SHRIMP age of 2724 Ma
of the concordant zircon populatiofigbles 3 and 4
Figs. 5E and Bfrom Sample U514/1A is interpreted
as the age of eruption and the effective age of deposi-
tion of the tuff. The tuff sample contains a few percent
non-volcanic quartz, feldspar and schist grains that are
interpreted to be accidental components rather than de-
trital components introduced during resedimentation
(Appendix 1). The older (3348-3407 Ma) zircon pop-
ulation probably reflects this accidental component in
the tuff.

9.6. Quartzarenite P7b (Sample U955/1)

The basal few centimetres to few tens of centime-
tres of the basal mafic tuffs of Package 7 commonly
contain detrital quartz grains throughout the Nullagine
Synclinorium. Concentrations of quartz grains vary
from a few scattered grains in mafic tuff to discrete
‘pockets’ of quartzarenite to quartzofeldspathic aren-
ite. The origin of this arenite is uncertain but the in-
terpretation favoured here (Appendix 1) is that it rep-
resents the winnowed and resedimented remains of
an equivalent of Felsic Tuff P7a. If so, the detrital
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quartzofeldspathic component of Quartzarenite P7b has to be younger than 27275 Ma and older than
is the winnowed remains of accidental ca. 3340 Ma 2721+ 4 Ma (Felsic Tuff P7c, see the following).
granitic grains from Felsic Tuff P7a and the youngest

concordant zircon population of detrital zircons, dated 9.7. Felsic Tuff P7c (Sample U933/1)

at 272745 Ma (Tables 3 and AFigs. 5F and § is the

age of eruption of the winnowed tuff. Irrespective of Felsic Tuff P7c is a discontinuous 50 cm to 1.5(?) m
the origin of Quartzarenite P7b, its age of deposition thick unit located near the middle of the 300m
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thick mafic tuff succession at the base of Package
7 (Tumbiana Formation ofhorne and Tyler, 1996
The tuff is strongly altered but remnant volcanic
textures suggest that it originated from an explosive
eruption of magma containing rare quartz crystals.
The presence of platy shards and accretionary lapilli
indicate that the eruption involved both magmatic
and hydrovolcanic processes (Appendix 1). At least
some of the tuff was resedimented in a shallow wa-
ter setting following initial deposition. However, the
preservation of intact accretionary lapilli and delicate
platy shards imply minimal resedimentation.

The mean SHRIMP age of 27214 Ma of the con-
cordant zircon populationTébles 3 and 4Figs. 5G
and g from Sample U933/1 is interpreted as the age of
eruption and effective age of deposition of the tuff. The
two slightly discordant older (2961 Ma, 3301 Ma) zir-

cons in the analysed population are probably acciden-

tal volcanic or xenocrystic grains rather than grains in-

T.S. Blake et al./Precambrian Research 133 (2004) 143-173

positional thickness. The tuff contains well-preserved
bubble wall shards, volcanic quartz crystals and a va-
riety of sedimentary structures (Appendix I). Felsic
Tuff P10a is interpreted to have originated from an
explosive magmatic eruption of a magma that con-
tained quartz crystals. At least some of the tuff was
resedimented in a very shallow water setting following
initial deposition. However, the good preservation of
delicate shards and a lack of locally derived material
(basaltic tuff grains) in the tuff suggest minimal resed-
imentation. The mean SHRIMP age of 27438 Ma

of the concordant zircon populatiofigbles 3 and 4
Figs. 51 and § from Sample U931/1 is interpreted as
the age of eruption and the effective age of deposition
of the tuff.

9.10. Felsic Tuff P10b (Sample U928/1)

The sampled unit is a 10-20cm to >1.5m thick,

troduced during resedimentation because the tuff was quartz-rich sandstone horizon that is located within

deposited in a basaltic terrain.
9.8. Felsic Tuff P8 (Sample U930/1)

Felsic Tuff P8 is a distinctive accretionary lapilli-
bearing felsic tuff horizon that is located between sub-
aerial basalt flows within Package 8. The unit is mostly
1.0-1.5m thick but may be thicker than 2.5m in the
east of the area mappe#ig. 3). Felsic Tuff P8 is in-
terpreted to have originated from an explosive hydro-
volcanic eruption of magma containing minor quartz
and possible feldspar crystals. At least some of the tuff
was resedimented in a shallow water setting following
initial deposition. However, the well-preserved accre-
tionary lapilli suggest minimal agueous transportation.
The mean SHRIMP age of 27183 Ma of the con-
cordant zircon populationTébles 3 and 4Figs. 5H
and § is thus interpreted as the age of eruption and
the effective age of deposition of the tuff.

9.9. Felsic Tuff P10a (Sample U931/1)

Sample U931/1 is from a felsic tuff horizon about
1-2m below the top of an approximately 20 m thick
mafic tuff unit at the base of Package Hig. 2, Blake,
2001, Kuruna Member ofThorne and Tyler, 1996
At the sample site the felsic tuff is at least 65cm
thick, but this is probably less than the original de-

the Package 10 subaerial basalt pile. At the sample
site, the tuff is approximately 30 m below the top of
Package 10 and is 60-75cm thick. The tuff com-
prises volcanic quartz and feldspar crystals, and tex-
turally well-preserved platy and cuspate shards. Fel-
sic Tuff P10b is interpreted to have originated from
an explosive magmatic eruption of a magma that con-
tained quartz and feldspar crystals. Most of the tuff
appears to have been resedimented in a very shallow
water setting following initial deposition. However,
the good preservation of delicate shards and a lack
of locally derived material (basalt grains) in the tuff
suggest minimal resedimentation. The mean SHRIMP
age of 2715+ 2 Ma of the concordant zircon popula-
tion (Tables 3 and 4Figs. 5J and Bis interpreted as
the age of eruption and the effective age of deposition
of the tuff. Given the intra-basaltic setting, the three
2749-2969 Ma zircon grains are interpreted to be ac-
cidental or xenocrystic components of the tuff rather
than grains introduced during sedimentary reworking.

9.11. Reworked Felsic Tuff P11 (Sample U929/1)

Sample U929/1 was collected from about 2.5m
above the base of a 5m thick sandstone horizon that
comprises mostly siltstone grains with some volcanic
guartz grains and subrounded to rounded zircons. The
unit forms the base of Package 11 and was included
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as part of the Woodiana Member of the Jeerinah For- quence (basal Package 5) is interpreted as a maximum
mation byThorne and Tyler (1996) age. The Mount Jope Supersequence is dated at ca.
The Package 10/11 unconformity (BD11Hkig. 2) 2727-2715Ma, but again the youngest age limit is
is interpreted as a marine transgression surfBtake, not well-constrained because only a maximum age
1993; Gressier, 1996hat marks the end of terrestrial has been determined for the base of Package 11.
deposition in the Nullagine Synclinorium but not the Blake (2001)showed that Packages 5 and 6 com-
end of mafic volcanismBlake, 200). In addition to prise subaerial basalts and lesser mafic tuffs that are
Boundary 11 marking a major change in depositional chemically very similar to each other. The two pack-
settings (from terrestrial to marine), there is field evi- ages are also genetically related and each represents
dence that the underlying Package 10 subaerial basalta single eruptive cycle. Similar Phanerozoic succes-
pile was eroded locally before the onset of Package sions accumulated over relatively short time periods
11 sedimentation (Appendix ). Reworked Felsic Tuff (e.g.,Hooper et al., 20020 it is thus unlikely that the
P11 is interpreted as a lithified felsic tuff that was re- rock record of these two cycles represents more than
worked in a marginal to shallow marine environment. a few million years at most. Assuming the age of the
The primary tuff was apparently deposited after the mafic tuff at the base of Package 5 is not significantly
eruption of Package 10 basalt, implying that it has younger than the age of its igneous zircon population
not been reworked from Felsic Tuffs P10a or P10b (27414 3 Ma; seeSection 9.4and Appendix 1), the

(Appendix I). The mean SHRIMP age of 2742 Ma
of the concordant zircon populatioiigbles 3 and 4
Figs. 5K and § from Sample U929/1 is thus inter-

age of final volcanism of the Nullagine Supersequence
could be ca. 2741 Ma. This suggests that the bound-
ary between the Nullagine and Mount Jope Superse-

preted as the age of eruption of the volcanogenic com- quences in this area may be an unconformity spanning
ponent of the tuff and as the maximum age of the unit. a time interval of more than 10 million years. How-
ever, until a high precision depositional age is obtained
from the top of Package 6, this remains uncertain.
The difference between the mean of the youngest
age within the Mount Jope (1) Supersequence
Eleven geologically meaningful ages were obtained (2721 Ma) and the mean of the oldest age within
from the 14 samples collected from or near the Nul- Mount Jope (2) Supersequence (2718 Ma) is 3 million
lagine SynclinoriumFigure 6illustrates graphically  years. However, these dates are within error allowing
the age determinations of this study. All but three of a range of greater than zero to ten million years for
the determinations are interpreted as ages of crystalli- its duration.
sation or eruptionTable 4 Appendix I). The three ex- Age determinations are still too few and too widely
ceptions (Mafic Tuff P5, Quartzarenite P7b, Reworked spaced stratigraphically to determine the time signif-
Felsic Tuff P11) are interpreted as maximum possible icance of all unconformities within supersequences,
ages of deposition of sampled units§gure 6shows though Boundaries 3, 9, 10 and 11 appear relatively
that, within the errors, the geochronological results ac- short Fig. 6). This is consistent with their interpreted
cord well with stratigraphic position; i.e., they young hierarchical positions within supersequences.
stratigraphically upwards. The age of the upper part of Package 4 is con-
strained by the maximum age of 27413 Ma of the
base of Package %ig. 2). Simple extrapolation of a
mean sedimentation rate of 100 m per million years
The geochronology results fall into two time groups (seeSection 10.3into the upper 300 m of Package 4
that accord with the two supersequences defined in suggests that the top of the Package 4 may be about
Blake (2001) The Nullagine Supersequence is dated 2749 Ma, leaving about an 8 million years time-gap
at between ca. 2772 MaWingate, 1999 and ca. across Boundary 5g. 2). However, geological con-
2741 Ma, but its youngest age is not well constrained straints such as the interpreted cessation of basin mar-
because Package 6 has not yet been dated and begin faulting during deposition of the upper 300 m of
cause the youngest age obtained from the superse-Package 4Klake, 1993 suggest that mean sedimenta-

10. Discussion

10.1. Local stratigraphic implications
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tion rates were probably lower than 100 m per million
years in this part of the succession. In addition, the

T.S. Blake et al./Precambrian Research 133 (2004) 143-173

An age ascribed to the Kylena Basalt in the Gregory
Range Area byArndt et al. (1991 Table 2 reference

strong chemical similarities between basalts in the top number 11, 2766 10 Ma) is older than its supposed

of Package 4 and basalts in Packages 5 arislaké,
2001 suggest that they were all related to a single

stratigraphic equivalent in the Nullagine Synclinorium
(Figs. 2, 6 and 7dated herein ak 2741+ 3 Ma).

magmatic cycle. Combined, these data suggest thatThis age was derived from a “rhyolite porphyry.
Boundary 5 probably represents a time break that is sill (that) intrudes (the) Kylena Basalt and unnamed

significantly less than the difference (11 million years)
between the mean age of Felsic Tuff P4 (2252Ma)
and the maximum age of Mafic Tuff P5 (2741 Ma;

Fig. 2.

sediments conformably below’A¢(ndt et al., 1991

and therefore represents a minimum age for the in-
truded rocks. Thus, the Kylena Basalt in the Gre-
gory Range Area and the Kylena Basalt in the Nul-

Boundary 11 represents a marine transgressionlagine Synclinorium (Kylena Formation @horne and

surface that marks the end of terrestrial deposition in
the Nullagine SynclinoriumRlake, 1993, 2001 The

reworked tuff at the base of Package 11 (Reworked

Felsic Tuff P11) contains rounded zircons dated at
27154+ 2Ma. This age is identical to the deposi-
tional age of Felsic Tuff P10b which is interbedded
with basalt only 30 m below Boundary 11. Field ev-

Hickman, 1998 are unlikely to be the same rock
unit.

Arndt et al. (1991)derived a maximum deposi-
tional age of 2715 6 Ma from tuffaceous sandstone
in the Tumbiana Formation in the West Pilbara Basin
(Table 2 reference number 2@ig. 7). While this age
is within error of a supposed stratigraphic equivalentin

idence, petrographic evidence and other geological the Nullagine Synclinorium (basal mafic tuff of Pack-

arguments (Appendix I) indicate that Reworked Fel-
sic Tuff P11 is not derived from Felsic Tuff P10b but
rather that it is derived from a tuff of similar compo-

age 7;Fig. 2), its mean age is identical to one of the
ages derived from Package Td. 7). Nelson (2001)
obtained a maximum depositional age of 2218Ma

sition deposited after the highest preserved basalts infor a tuffaceous siltstone also mapped as Tumbiana

Package 10. This suggests that the time period rep-

resented by Boundary 11 in the Nullagine Synclino-
rium is within the errors of the two ages¢ million
years).

10.2. Regional stratigraphic implications

Fig. 7is a graphic summary of all ion microprobe
zircon U-Pb ages and baddeleyif8"Pb+/296pb

Formation about 15 km from Arndt et al.’s 2746 Ma
sample site. According to the map dhorne and
Hickman (1998)and the description dflelson (2001)
this older (2719Ma) sample is stratigraphically
younger than 2715 Ma sample, though the 95% con-
fidence errors overlag=(g. 7). The meaning of these
discrepancies is unclear and will only be resolved by
further mapping.

The following three alternatives are currently

ages from Nullagine and Mount Jope Supersequencepossible.

crustal and supracrustal rocks, including the ages pre-

sented in this papeifables 2 and 8 For comparison,
previously published ages that are stratigraphically
controlled [Table 2 reference numbers 2, 6, 7, 11,
15, 18-20) have been placed within the Nullagine
Synclinorium stratigraphic succession according to
the correlations ofhorne and Hickman (1998gven
though they were not obtained from samples from this
area (see figure caption for the placing of age refer-
ence number 16). Seven out of nine of the previously
published ages that are stratigraphically controlled
(Table 2 reference numbers 2, 6, 7, 15, 18, 19) accord
(within errors) with the new Nullagine Synclinorium
rock-time framework.

1. The Tumbiana Formation, which is depicted
by Thorne and Hickman (1998as stretching
between the Nullagine Synclinorium and the
West Pilbara Basin, is a single diachronous
unit.

The ages of the two West Pilbara Basin determina-
tions (Arndt et al., 1991; Nelson, 20Qlie at the
older end of their error rangeFi@. 7).

The Tumbiana Formation dthorne and Hickman
(1998) in the Central Pilbara Area and West Pil-
bara Basin[ig. 1) is an amalgam of up to four of
the genetically unrelated tuff bands mapped in the
Nullagine Synclinorium (basal mafic tuffs of Pack-
ages 7-10).

2.

3.
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Fig. 7. Plot of published ion microprobe ages for the lower part or the Hamersley Province succession against stratigraphic position. Black
dots and black 95% confidence error bars are after this study; grey dots and grey 95% confidence error bars with reference numbers
are afterTable 2 All ages shown in grey were obtained from samples outside the Nullagine Synclinorium. Those with stratigraphic
control have been placed in the Nullagine Synclinorium successigs.(2 and $ according to the stratigraphic correlations Tiorne

and Hickman (1998)The exception is number 1614ll, 2002 which been placed in its correct chronological position in the Nullagine
Synclinorium succession rather than an equivalent local stratigraphic position (approximately 70 m above the top of the Mount Roe Basalt
in the Rocklea DomeFig. 1). This is because placing this sample at an equivalent position in the Nullagine Synclinorium succession
would be meaningless given the lateral thickness variations of the host clastic succession. Ages from samples without stratigraphic control
are split by geographic areaBig. 1) and are ordered from east to west (bottom to top). Ages from the Gregory Range Area are ordered by
decreasing mean age (bottom to top). The two grey areas are an estimate of the rock vs. minimum time record (based on mean ages) of the
ca. 2766-2756 Ma east Pilbara felsic event. The left-pointing arrow on reference number 11 indicates that this is interpreted as a minimum
age of the host stratigraphic unit Byndt et al. (1991) Right-pointing arrows indicate that the age is interpreted as a maximum age of the
stratigraphic unit. All other ages are interpreted as the age of eruption of fragmental volcanic rocks or the age of cooling of intrusions or
lavas. Lithology legend as fd¥ig. 6. Column entitled “Litho” is the lithostratigraphic divisions as gég. 2, column entitled “Uncon” is

the second-order unconformity divisions Blake (2001) MJ(1)S, Mount Jope (1) Supersequence; MJ(2)S, Mount Jope (2) Supersequence.
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Fig. 7 shows that the majority of previously pub- was not presented bWingate (1999) and because
lished ages of felsic rocks have a mean age of betweenthe stratigraphy and geochemistry of the LSHP in the
ca. 2765 and 2756 Ma. This bias in the number of Sylvania Area are poorly understood, no meaningful
age determinations reflects a volumetric abundance correlations, apart from broad age similarities, can yet
of suitable (for zircon U-Pb dating) felsic crustal and be made between these dykes and the LSHP.
supracrustal rocks of this age, mostly in the eastern Pil-
bara. These rocks include a suite of felsic to interme- 10.3. Sedimentological implications
diate rocks exposed throughout the East Pilbara Basin
including the Spinaway Porphyry (Mapping Unit P2 Packages 3 and 4 comprise up to 1700 m of mostly
of Blake, 19903 porphyries in the Boodalyerri Creek terrigenous clastic sedimentary rocks that were de-
Area (Thom et al., 197§ crustal and supracrustal posited in braided alluvial, lacustrine and alluvial fan
‘felsic’ rocks in the Gregory Range Area (Gregory settings in a fault-bounded basBléke, 1990a, 1993
Granitic Complex and Koongaling MemberBfiorne The age of 2766t 3Ma of Rhyolite P3 constrains
and Hickman, 1998 and small granitoid plutons the onset of sedimentation of Package 3, and Fel-
and dykes in the Mount Edgar Batholith, the War- sic Tuff P4, dated at 2752 5Ma, is located about
rawagine Batholith and the Whim Creek aré&dg( 1; 300 m below the top of Package 4. These ages give
Table 2 Nelson, 1997a, 1998, 19R9Mean ages for a mean compacted sedimentation rate Adfermann
these rocks cluster around 2766-2761 Ma and 2758—and Nelson, 1998for this part of the succession of
2756 Ma, though most errors overlafable 2 Fig. 7). about 100 m per million years, though true sedimen-
This suggests that there may be two pulses of felsic tation rates were probably greater because there is an
magmatismIfig. 7). Available mean ages suggest that unconformity marking the Package 3/4 boundary.
the dated felsic rock in the Northwest Oakover Syn- A compacted sedimentation rate 6f100m per
cline of the East Pilbara Basin (27568 Ma; Figs. 1 million years rate is roughly comparable to those de-
and 7[reference number 15Jable J is younger than  termined for siliciclastic fluvio-lacustrine sediments
the base of Package 3 (Rhyolite P3, 2468 Ma) in from Phanerozoic non-marine rift basins in epiconti-
the Nullagine Synclinorium (also of the East Pilbara nental settings, such as the Newark Basifl§5m
Basin). This implies that Boundary 3 in the Nullagine per million years,Olsen and Kent, 1999 Though
Synclinorium and its correlative boundary extending weathering and erosion rates should have differed
through the Meentheena Centrocline to the Northwest substantially between Phanerozoic and late Archaean
Oakover Syncline Kig. 1; top of the Hales Grave hinterlands because of marked changes in atmo-
Well Sequence oBlake, 1993 fig. 10) may be di- spheric composition and vegetation cover, this broad
achronous. Package 3 therefore may be unique to theequivalence in compacted sedimentation rates for
Nullagine Synclinorium Blake, 1990a, 1993, 2001 similar sedimentary rocks in similar settings suggests
Thus, Package 3 sedimentary rocks above Rhyolite that subsidence and extension rates in fault-controlled
P3 (dated at 2766 3Ma) in the Nullagine Syncli- basins were not profoundly different in the late Ar-
norium may be a time equivalent of the younger (ca. chaean. This implies that the underlying continental
2756 Ma) felsic porphyry complex in the Northwest platforms were roughly comparable in thickness and
Oakover Syncline. However, this possibility needs rigidity.
to be tested by more detailed mapping, and high-
precision geochemical and geochronological studies. 10.4. Felsic volcanism

Wingate (1999fetermined a mean ion microprobe
zircon 207PL*/29pPL* age of 2747+ 4Ma for two The work that preceded this study (e.@lake,
samples from two mafic dykes intruding pre-LSHP 2001) showed that there are thin (few centimetres to
granitoids and gneisses in the Sylvania Areas$. 1 about 1 m) felsic tuff horizons interbedded in the mafic
and 7 [reference number 17]Table 9. This age is tuffs and flood basalts of the Mount Jope Superse-
within error of the maximum age determined for Mafic quence. Such tuff bands show that, on a regional scale,
Tuff P5 (27414 3 Ma, Fig. 6). However, because the volcanism in this part of the succession was com-
whole rock geochemistry of the Sylvania Area dykes plex and comprised explosive mafic hydrovolcanism,
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subaerial and locally subagueous flood basalt volcan- zircons (2715t 2 Ma) in this reworked tuff is, within
ism (Blake, 200}, explosive felsic magmatic volcan- the errors, identical to the ages of Felsic Tuff P10a and
ism and explosive felsic hydrovolcanism. The sources Felsic Tuff P10b Fig. 6). These geochronological,
of the thin felsic tuff bands are unknown but they are petrographic and chemical similarities, coupled with
apparently outside the Nullagine Synclinorium. the similar thicknesses and grain size distributions of
The nature of felsic tuff bands in both superse- Felsic Tuff P10a and Felsic Tuff P10b suggest that all
guences depends most strongly on processes that folthree tuffs share a similar or the same eruptive source.
low initial ash accumulation. Unconsolidated ashes This may have been either a single volcano or several
that blanketed fluvio-lacustrine depositional systems volcanoes of similar composition. Therefore, not only
have commonly been resedimented and/or dissecteddo these tuff bands prove that Package 10 basalts
into discontinuous bodies by aqueous and possibly ae-accumulated relatively rapidly, they also show that be-
olian erosion. In contrast, felsic ashes that accumu- tween 2716 and 2713 Ma, distal crystal-bearing felsic
lated on the tops of flood basalt flows (Felsic Tuff P8, explosive magmatic volcanism accompanied the local
Felsic Tuff P10b) were preserved by burial beneath accumulation of a mafic hydrovolcanic tuff to flood
the next flood basalt flow. These tuff horizons tend basalt pile. Such felsic tuff bands may be present
to be more continuous than tuffs that accumulated in outside the Nullagine Synclinorium and would make

fluvio-lacustrine settings.

good regional time-stratigraphic markers. Moreover,

One of the characteristics of the zircons recovered they also show that there was periodic felsic volcanism

during this study is their strongly unimodal igneous
populations Fig. 5). This is attributed in part to care-

ful sampling following geochemical and petrographic
studies. However, it is mostly due to the geological set-
ting of the tuff bands themselves. Following emplace-
ment of the 350 m thick Package 6 flood basalt pile
there would have been little, if any, exposure of older

accompanying mafic volcanism during all three su-
percycles (cfBryan et al., 2002; Menzies et al., 2002;
Ukstins et al., 2002)

10.5. Mafic volcanism

Blake (2001)showed that the basal 20m thick

zircon-bearing rocks such as the granite—greenstonemafic tuff horizon of Package 10 and the overlying
basement or Nullagine Supersequence felsic rocks and100-150 m thick subaerial basalts of the same pack-
terrigenous sandstones. Package 6 basalt contains thage form a single cogenetic unit. The top of the basal

greatest amount of zirconium of any basalt in the Nul-

mafic tuff horizon is dated at 274133 Ma (Felsic Tuff

lagine and Mount Jope Supersequences (average ofP10a) and ages of 27152 Ma have been obtained

366 ppm Zr;Blake, 200} yet only a few zircons were

from near the top of the basalt pile and immediately

recovered from a Package 6 basalt Sample U920/1 overlying the basalt pile (Felsic Tuff P10b, Reworked

(Table 3 Appendix I). It is thus unlikely that there
are significant numbers of zircons in any Mount Jope

Felsic Tuff P11). These ages show that the basalt pile
was deposited within a maximum period of 3 million

Supersequence mafic rocks, apart from accidental zir- years (2716-2713 M&ig. 6). In addition, the bulk of

cons in some of the hydrovolcanic tuffs. Hence, any
felsic tuff that fell into this terrain is unlikely to have
incorporated an exotic zircon population during resed-
imentation and/or reworking.

Felsic Tuff P10a and Felsic Tuff P10b have been
dated at 2713t 3Ma and 2715+ 2 Ma respectively.
Petrographically (Appendix 1) and geochemically
(Fig. 4) these crystal-rich tuff horizons are very simi-
lar. Reworked Felsic Tuff P11 is also chemically simi-
lar to these two older tuff bandBig. 4A), with the few
chemical differences such as relatively high Zr values
possibly resulting from reworking and mechanical
concentration of zircon$={g. 4B). The eruptive age of

Packages 8-10, which comprise three cogenetic mafic
tuff/flood basalt couplets containing500 m of basalt
(Blake, 200}, was deposited over a mean interval of
3 million years (2718-2715 Ma) and a maximum pe-
riod of 8 million years (between 2721 and 2713 Ma).
More recent flood basalt piles of similar thickness
were emplaced in less than one to a few million years
(Baksi, 1989, 1994; Heimann et al., 1994; Peate,
1997; Sharma, 1997; Marzoli et al., 1999; Ernesto
et al.,, 2002; Hooper et al., 2002; Le Gall et al.,
2002. Hence, this is the first evidence for equivalent
rates of emplacement of Archaean continental flood
basalts.
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Many oceanic and continental Phanerozoic flood
basalt provinces were erupted during single, relatively
short-lived (as short as<1-3 million years), geo-

T.S. Blake et al./Precambrian Research 133 (2004) 143-173

remanent magnetisation is preserved in these rocks,
allowing a magnetostratigraphfi@. 2) and an appar-
ent polar wander path (APWP) to be developed for

graphically isolated volcanic events, and most have this succession (Packages 1-10). Assuming a geocen-

been attributed to mantle plumes (e.gvhite and
McKenzie, 1989, 1995 However, alternative mech-
anisms have been postulated (eAnderson, 1994;
King and Anderson, 1995heth, 1999aj)band some
plume models have been questioned (ekrnesto

et al., 2002. Plume models for Phanerozoic continen-
tal flood basalt volcanism all invoke decompression
melting of anomalously hot asthenospheric mantle,
though in detail the relative roles of plumes, astheno-
sphere, continental lithospheric mantle, continental

tric axial dipole and no true polar wander, the APWP
shows that the Pilbara Craton was drifting between
about 2772 and 2715 Ma. Most notab§trik et al.
(2003 table 1) showed a 27 Zhift in palaeolatitude
between the mean palaeopoles for basalts from Pack-
ages 7 and 8, and a 26.6hift in mean palaeolatitude
between Packages 4-7 grouped and Packages 8-10
grouped (op. cit., table 3). This major shift in palaeo-
latitude occurs across an unconformity (B¥gy. 2)

that also marks a significant change in basalt geochem-

crust, lithospheric stretching and continental rifting istry (Blake, 2001 fig. 7, compare Packages 7 and 8).
are debated (e.gRichards et al., 1989; White and Ages of 2721+ 4 Ma and 2718t 3 Ma have been
McKenzie, 1989, 1995; White, 1992; Hooper, 1997; determined for felsic tuff bands in the basal mafic tuff
Lassiter and DePaolo, 1997; Peate, 1997; Saundersof Package 7 and the lower basalts of Package 8 re-
et al., 1997. spectively Fig. 2). This yields a mean time period of
Though itis not known whether mantle plume activ- 3 million years and a maximum time period of 10 mil-
ity was responsible for the late Archaean flood basalt lion years (95% confidence) between these two hori-
activity, the broad similarity with eruption rates in zons and across the BD8 unconformity. Thus, assum-
Phanerozoic piles presumed to be of such origin might ing an Earth of present radius, the°27alaeolatitu-
be taken to indicate a comparable generative process.dinal shift across Boundary 8 equates to a distance
However, if the Archaean upper mantle were hotter of about 3000 km which in 3 million years gives an
than at present, as commonly supposed (&igkle, apparent drift rate of about 100 cm per year. Within
1978; Nisbet, 198y} anomalously hot mantle plumes the 95% confidence errors of both the geochronology
would not necessarily be prerequisites for voluminous and the palaeomagnetic study (using data in table 3 of
basaltic volcanism in intra-continental settingake, Strik et al., 2003 the minimum apparent drift rate is
1993. Instead, lithospheric stretching and crustal thin- about 10 cm per year. Because the age errors overlap
ning anywhere on the Archaean Earth might have gen- there is no constraint on the minimum time interval
erated high volumes of basaltic melt. Crustal-scale and therefore no upper limit to the apparent drift rate.
fracturing, as found in extended fault-bounded basins, Moreover, all these apparent drift rates are minimums
could then provide plumbing adequate for emplace- because palaeolongitude cannot be constrained. If this
ment. So mantle plume activity may not be the only is truly a measure of the rate of continental drift in the
plausible explanation for such rapid and widespread late Archaean, it ranges from extremely fast by mod-
flood basalt formation in late Archaean successions ern standards to more than five times more rapid than
(cf. Arndt et al., 200). Further geochemical data are the fastest rates of plate movement recorded during the
needed to resolve the issue. last half-billion years (e.gMeert and Tamrat, 2003
Such a fast minimum rate of Late Archaean con-
tinental drift has profound implications for many as-
pects of Archaean geology. However, these inferred
drift rates must be viewed with caution because there
Strik (1998)andStrik et al. (2003have undertaken  are fundamental assumptions in the interpretation of
a palaeomagnetic study of rocks, mostly basalts, of the palaeomagnetic data that cannot yet be verified in-
the Nullagine and Mount Jope Supersequences in thedependently. Alternative interpretations of the palaeo-
Nullagine Synclinorium. Positive fold, conglomerate magnetic data that do not necessarily involve plate
and reversal tests confirmed that the primary natural movements are possible, including contributions from

10.6. Tectonic implications—a late Archaean drift
rate?
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non-dipole magnetic fields and true polar wander (see
discussion irStrik et al., 2003

But if the palaeomagnetic data do indeed record pe-
riodic very fast continental drift rates alternating with
relative latitudinal stasis, then this implies that of the
two plausible mechanisms for venting the greater Ar-
chaean heat flux, longer mid-ocean ridges or faster
plate motions Bickle, 197§, the latter was certainly
involved. An alternation between very fast and rela-
tively slow latitudinal plate motions suggests that ma-
jor rearrangements of plates may have occurred more
frequently in the late Archaean than at present. This
pattern of movement is difficult to achieve under the
current regime of very large plates and suggests that
both smaller plates and faster spreading may have con-
tributed to venting excess radiogenic heat from the late
Archaean mantle.

11. Conclusions and summary

This study illustrates the benefits of combining rig-
orous field studies with laboratory-based research. In
particular, it shows that zircon ages cannot be ascribed
significant geological meaning without such a back-
ground. It is essential to understand as much as pos-
sible about the eruptive and post-eruptive histories of
fragmental mafic and felsic rocks and their relation-
ships to enclosing rocks before interpreting the mean-
ing of the age of their zircon populations. In addi-
tion, this study and the work dlake (2001 highlight
the strengths of unconformity-based mapping and the
need for unconformity-based re-mapping of most of
the LSHP.

The results of this study are summarised as follows.
1. The geochronological results accord with the strati-
graphic column; i.e., they young upwardsd. 6).
Unconformities represent a range of “time-gaps”
that are consistent with their previously assigned
hierarchical positions.

. A mean compacted sedimentation rate of about
100 m per million years has been determined for
a 1400 m thick succession of mostly terrigenous
clastic sedimentary rock that was deposited in a
fault-bounded extensional basin. This is similar to
rates in comparable Phanerozoic settings, despite
changes in constraints on sediment supply, indi-
cating that the continental substrate to the late Ar-

2.
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chaean basin was of equivalent thickness and rigid-

ity to younger counterparts.

Felsic volcanism was active intermittently for a

period of about 51 million years and is an inte-

gral part of the evolution of this continental flood
basalt province. While the products of proximal
felsic volcanism are well-represented in parts of
the succession, the products of more distal felsic
volcanism are more cryptic. Nevertheless, thin
distal felsic tuff bands should provide regional

time markers that are essential to construction of a

meaningful stratigraphic framework for the entire

province.

At least some of the flood basalts were erupted at

rates similar to those of Phanerozoic flood basalt

piles, but it is still unclear whether mantle plumes
were the generative force.

. The unconformity-based stratigraphic framework,
the new geochronology and palaeomagnetic studies
(Strik, 1998; Strik et al., 2003have been combined
to determine a range of possible late Archaean con-
tinental drift rates for one part of the succession. If
valid, such drift rates of the order of 1 m per year
have far-reaching consequences for many facets of
Archaean geology. However, the rates must still be
viewed with caution because of fundamental uncer-
tainties in the interpretation of the palaeomagnetic
data.

4,
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