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SHRIMP zircon ages constraining the depositional
chronology of the Hamersley Group, Western Australia*
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The Mt Bruce Supergroup of Western Australia was laid down between ca 2.8 Ga and ca 2.2 Ga in the
Hamersley Basin, unconformably over a basement of the older, granite–greenstone, component of
the Pilbara Craton. The Mt Bruce Supergroup consists of three groups: the Fortescue Group, Hamersley
Group and Turee Creek Group in upward sequence. The Hamersley Group, which is divided into eight
formations, has a general thickness of ~2.5 km, and is characterised by major banded iron-formation
(BIF) units. Reported here are SHRIMP U-Pb zircon results (406 grain analyses) from 13 samples taken
from the Hamersley Group and near the top of the underlying Fortescue Group. In combination with
SHRIMP results previously published from 12 Hamersley Group samples, the present results provide
significant new constraints on the depositional chronology of the group, and suggest that the average
(compacted) depositional rates of each of the main depositional lithologies (BIF, carbonate, shale)
were ~180 m per million years, 12 m per million years and 5 m per million years, respectively. Some
recently published SHRIMP ages from the Joffre Member differ slightly from those that are interpreted
from the present data, and it is suggested that the two datasets may be reconciled if non-zero-age
Pb loss is taken into account. The total body of zircon U–Pb age data from the Fortescue and
Hamersley Groups is consistent with a model involving continuous accumulation of basin-fill for at least
330 million years, from ca 2780 Ma to the top of the Hamersley Group at ca 2449 Ma. The word
‘continuous’ in this context means that there may have been no breaks in deposition longer than
1 million years. However, this model is not proven, and a major challenge for future work is to measure
the length of any proposed non-depositional intervals.
KEY WORDS: depositional chronology, Fortescue Group, Hamersley Group, SHRIMP, uranium-lead
dating, zircon.

INTRODUCTION
The depositional chronology of the exceptionally wellpreserved Archaean–Proterozoic Hamersley Basin of
Western Australia is important for an understanding of
differences, if any, between the development of ancient
and more recent basins. We have had a long-standing
commitment to the establishment of reliable ages for
various components of the basin (Compston & Arriens
1968; Trendall & De Laeter 1972; De Laeter et al. 1974;
Compston et al. 1981; Arndt et al. 1991; Trendall et al. 1998);
and geochronological work has also been carried out by
Barley et al. (1997), Pidgeon and Horwitz (1991) and Pickard
(2002).
The samples for which the ages are reported here were
selected and analysed between 1988 and 1996. They come
mainly from the Hamersley Group, but two samples are
from the uppermost part of the underlying Fortescue
Group. The U–Pb analytical results from zircons separated
from them (13 samples, 406 zircon spot analyses) collectively represent a significant dataset relevant to basin
development. Five of the 13 samples were analysed at the
Research School of Earth Sciences, Australian National
University, in Canberra, on either the original SHRIMP-I
or SHRIMP-II instruments, and the remainder on the
SHRIMP-II later installed at Curtin University in Perth.

The work reported represents a long-term cooperative
study by the Research School of Earth Sciences, the
Geological Survey of Western Australia, and Curtin
University. The purposes of this paper are to place these
data in the published record, to discuss their significance
in the context of other available geochronology from the
Hamersley Basin, and to draw specific attention to the
problem of the depositional rate of banded iron-formation
(BIF).

GEOLOGY OF THE HAMERSLEY BASIN
The Hamersley Basin is a Precambrian volcanosedimentary depository that extended over much of the
Pilbara Craton of Western Australia between ca 2.75 Ga
and an uncertain time younger than ca 2.45 Ga. The
strata that accumulated during this period are litho-
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stratigraphically defined as the Mt Bruce Supergroup,
which is subdivided into three component groups. The
basal Fortescue Group, unconformably overlying the older
granite–greenstone terrane of the craton, is up to ~7 km
thick, and has a major component of mafic lava, as well as
a wide variety of interstratified felsic and mafic volcaniclastic material, and some sediments not demonstrably of
volcanic origin. The conformably overlying Hamersley
Group is ~2.5 km thick, and contains BIF units up to 360 m
thick. The uppermost, largely epiclastic, Turee Creek
Group conformably overlies the Hamersley Group, and
varies widely in thickness. No geochronological results
have been published from the Turee Creek Group, and in
the present paper much of our discussion of the Hamersley
Basin is concerned only with the basin before the deposition of that group. The combined present outcrop area of
all three component groups of the Mt Bruce Supergroup is
~150 000 km2.
A simplified geological map of the Hamersley Basin and
adjacent areas is given in Figure 1. The formally defined
lithostratigraphic units of the Hamersley Group, with their
generalised lithology, are shown in Figure 2. The basis of
this lithostratigraphic nomenclature was established
during the 1960s in the course of a program of systematic
mapping at 1:250 000 scale by the Geological Survey of
Western Australia (Trendall 1983 p. 71), and significant
later refinements, based on identical lithostratigraphic
principles, include those of Trendall and Blockley (1968),
Trendall (1979), Blockley et al. (1993) and Simonson et al.
(1993a). The regional structure of the entire sequence is

relatively simple (Figure 1). In its main northern outcrop
area the Fortescue Group lies unconformably on the older
granite–greenstone terrane of the Pilbara Craton, and has
a gentle southerly dip. Further south, this dip is maintained in the overlying Hamersley Group, as seen in the
bold north-facing scarp of the Hamersley Range. South of
the Hamersley Range Synclinorium the folding of the Mt
Bruce Supergroup, along approximately east–west axes, is
progressively more intense, with sufficient irregularity to
provide virtually complete sections through the stratigraphy in domes and complementary synclines. Metamorphism is generally low grade (Smith et al. 1982).
In a number of papers published in the early 1990s,
major changes to the stratigraphic nomenclature of the Mt
Bruce Supergroup were proposed (Barley et al. 1992; Blake
& Barley 1993; Blake 1993). Building on earlier publications
of Blake (Blake 2001), these papers introduced a sequence
stratigraphic subdivision of most of the Mt Bruce
Supergroup, based on the perceived presence of bounding
unconformities. Sequence stratigraphic nomenclature is
not used here, for four main reasons: (i) by applying to
sequence stratigraphic units the same place names already
in use as descriptors of lithostratigraphic units, the stratigraphic nomenclature is made confusing, particularly for
those unfamiliar with the area; (ii) all the new sequence
stratigraphic units are bounded by lithostratigraphic
boundaries already defined in the lithostratigraphic
nomenclature: in effect, the sequence stratigraphic units
are regrouped bundles of existing lithostratigraphic units
interpreted as having genetic significance; (iii) the

Figure 1 Simplified geological
map of the Pilbara area of Western Australia, showing outcrop
areas of the three components of
the Mt Bruce Supergroup and
general locations of the analysed
samples.

Hamersley depositional chronology
lithostratigraphic units are better controlled by precise
field-based definition (in type sections), and more closely
reflect direct field observation; and (iv) there is limited
evidence that the proposed first-order megacycles (corresponding to megasequences), second-order supercycles
(corresponding to supersequences) and third-order cycles
(corresponding to sequences) possess the durations
required by their definition (Haq et al. 1988).
Systematic descriptions of Fortescue Group units are
given by Thorne and Trendall (2001). Only brief general
descriptions of many Hamersley Group units have been
published, but more detailed studies have been made of the
Marra Mamba Iron Formation (Blockley 1967; Ewers &
Morris 1980; Morris 1991), the Wittenoom Formation
(Simonson & Hassler 1991; Simonson et al. 1993a,b), some
members of the Brockman Iron Formation (Trendall &
Blockley 1968, 1970; Trendall 1969; Ewers & Morris 1981;
Pickard 2002) and the Woongarra Rhyolite (Trendall 1995).
The Woongarra Rhyolite is of some significance for
later discussion, in that its stratigraphic status is equivocal. This rhyolitic unit near the top of the Hamersley
Group (Figure 2) has an average thickness of ~400 m, and is
divisible into three components (Trendall 1995). The informally named ‘upper unit’ and ‘lower unit’ consist mainly of

Figure 2 Lithostratigraphy
of
the Hamersley Group and stratigraphic positions of all samples
from which U–Pb zircon ages are
available. Nomenclature generally follows that of Harmsworth
et al. (1990), with modifications
from Simonson et al. (1993a) and
Blockley et al. (1993). Positions of
samples reported in the present
paper are marked with solidheaded arrows on the right of
columns and identified in bold
type. Positions of previously
published samples are marked
with a star symbol and identified
in smaller type. Vertical scale
shown is for the main left-hand
column; vertical bars adjacent to
the expanded Joffre Member and
Dales Gorge Member to the right
both represent stratigraphic
thicknesses of 50 m. Lithologies
are highly generalised.
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lava-like rhyolite, each with distinctive textural characteristics. The two rhyolite sheets are separated by a median
‘raft’ made up of a variable mix of BIF, shale and dolerite.
Since its formal definition by MacLeod et al. (1963) as the
Woongarra Dacite, the unit has mainly been referred to as
the Woongarra Volcanics, with an implied extrusive origin.
On the basis of a detailed study Trendall (1995) concluded
that the balance of evidence favoured an intrusive origin
for the Woongarra Rhyolite, the upper unit being emplaced
first and the lower unit later. Doyle et al. (2001) have
suggested more recently that it is partly intrusive and
partly extrusive. However, the evidence to support their
reinterpretation has not yet been fully published, nor has
it been made clear how the arguments against extrusion
discussed by Trendall (1995) have been overcome. It is
therefore treated here as an intrusive body.
Because BIF is a conspicuous and characteristic feature
of the Hamersley Group, and because many of the samples
reported on here were taken from within major BIF units,
it is appropriate to reiterate the main features of BIF in the
Hamersley Basin, taking the Brockman Iron Formation as
an example. The Brockman Iron Formation was divided
into four members (Figure 2) by Trendall and Blockley
(1970). The two thicker members, the basal Dales Gorge
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Member and Joffre Member, consist predominantly of wellbanded BIF made up almost entirely of chert and iron
oxides. The two thinner members, although chemically
classifiable as iron-formation, have a significant sheetsilicate content, giving a more shaly appearance in the
field. Within the Dales Gorge Member, Trendall and
Blockley (1970) recognised three distinct scales of banding:
macrobanding, mesobanding, and microbanding. The
coarsest of these, macrobanding, is defined by intercalated beds (macrobands) of ‘shale’, characteristically
stilpnomelane-rich, within the predominant BIF; their 16
original ‘S macrobands’, numbered upwards, have been
extended to 17 by the addition of 16A, and are now called
DS1–DS16A (Harmsworth et al. 1990).
The BIF macrobands of the Dales Gorge Member are
numbered BIF0–BIF16, and possess the centimetre-scale
mesobanding from which the rock is named: silica-rich
mesobands of chert characteristically alternate with dark
iron-rich mesobands consisting mainly of iron oxides
with subordinate iron-bearing carbonates (ankerite and/or
siderite), sheet-silicates, and microcrystalline quartz. A
common feature of chert mesobands is the presence within
them of regularly spaced laminae, or microbands, defined
by thin concentrations of some iron-rich mineral, commonly magnetite, hematite, carbonate or stilpnomelane,
within the pervasive silica matrix of the chert. In different
mesobands the range in mean microband thickness is
mainly between 0.3 and 1.7 mm; but in any one mesoband
the thickness of single microbands differs little from the
mean for that mesoband. Microbands were interpreted as
annual depositional layers by Trendall and Blockley (1970),
an interpretation widely accepted (Klein & Beukes 1989;
Morris 1993) but also challenged by others (Carey 1976;
Cisne 1984; Williams 2000; Krapez et al. 2003); an analysis of
the evidence for their genesis is not appropriate here. If
their identity as annual layers (varves) is accepted it is
possible to use them to estimate the depositional rate of
BIF, as discussed below.
A regular sequence of macrobands is not present in the
Joffre Member, which is the thickest known stratigraphic
unit consisting almost entirely of BIF; its mesobanding and
microbanding are closely similar to those of the Dales
Gorge Member. However, the continuity of the BIF is
broken by thin stilpnomelane layers as well as scattered
bands, perfectly concordant with the stratification of the
BIF, described by Trendall (1969) as ‘porcelanite’. Trendall
(1969) recorded the presence of five such bands in the Joffre
Member in a section measured along Wittenoom–Red–
Joffre Gorge. These porcelanites are here referred to in
upward sequence as P1–P5. Each is made up of essentially
massive, brown, well-jointed, flint-like rock with a conchoidal fracture, although some have weakly defined
discontinuities defining the bedding. The bands, which
vary in thickness between 8 and 60 cm, consist largely of a
fine-grained mosaic of potassic feldspar, with subordinate
and variable quartz, stilpnomelane, riebeckite and magnetite; they have been argued to represent ash-fall tuffs
(Trendall & De Laeter 1972).
The volcanic association of the S macrobands of the
Dales Gorge Member was first recognised by La Berge
1966). Trendall and Blockley (1970) endorsed this view,
and illustrated bubble-wall shards from the S3 and S13

macrobands, in fine-grained stilpnomelane-rich laminated
shale; they noted the local presence of cross-bedding in S1,
and the occurrence of grading in layers with clastic
textures. On the balance of evidence (Trendall & Blockley
1970 p. 290) they regarded the S macrobands as the record
of episodes of explosive volcanic activity that led to
extensive ash-fall into the basin and temporary inhibition
of BIF deposition. Pickard et al. (2001) have challenged the
Trendall and Blockley (1970) interpretation of the S
macroband shales of the Dales Gorge Member (preferring
the name ‘mudrocks’) as direct ash-fall tuffs, on the
grounds that (Pickard et al. 2001 p. 258) ‘most S
macrobands . . . contain 30–60% detrital material with the
homogeneous Nd isotopic composition inferred for a wellmixed regional continental source (Alibert & McCulloch
1993; Barley et al. 1997) and it is likely that the mudrocks
were sourced from mixed hemipelagic sediment and
basaltic volcanic ash’. Krapez et al. (2003 p. 987) similarly
use the compositional evidence of Alibert and McCulloch
(1993) to support a view that the ‘precursor sediments’ of
mudrocks ‘were terrigenous muds’. However, we note that
the extensive chemical and isotopic dataset of Alibert and
McCulloch (1993) does not exclude an exclusively volcanic
source for the parent material of the S macrobands.
Alibert and McCulloch (1993 p. 191) chose to subtract a
clay fraction from their analyses of Dales Gorge Member
shales ‘assuming that all Al is terrigenous’, an assumption
that is nowhere justified in their paper; and in later discussion (Alibert & McCulloch 1993 p. 198) they pointed out
that ‘Volcaniclastics, possibly related to the late-stage
activity of the Fortescue Group, also remain a feasible
source for the Hamersley shales’. While acknowledging the
possibility of a terrigenous detrital component in some S
macrobands, the immediate volcanic association of most of
the S macrobands of the Dales Gorge Member is accepted,
with the proviso that the genesis of each S macroband
should be individually considered.
A relatively recent development in knowledge of the
Hamersley Basin is the identification of stratigraphic
levels at which spherules texturally similar to those in
Phanerozoic impact layers have been found. These were
first found in the Wittenoom Formation and Dales Gorge
Member of the Brockman Iron Formation (Simonson 1992;
Simonson & Hassler 1997), and later in the Jeerinah
Formation of the Fortescue Group (Simonson et al. 2000).

PREVIOUSLY PUBLISHED GEOCHRONOLOGY
Geochronology published before ~1980 relating to the
Hamersley Basin was reviewed by Trendall (1983) and by
Blake and McNaughton (1984). Those publications immediately preceded general recognition that zircon U–Pb ages,
especially from single crystals, relegated those obtained
earlier by other isotopic methods to a position of
secondary interest. Some initial thermal ionisation mass
spectrometric (TIMS) multigrain and single-grain zircon
analyses were made (Compston et al. 1981; Pidgeon &
Horwitz 1991), but since the advent of the first SHRIMP
in Canberra (Compston 1996) it has been the preferred
analytical method, and this brief review is mainly confined
to the SHRIMP results. Some Pb–Pb carbonate isochron
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work has also been published (Jahn & Simonson 1995;
Woodhead et al. 1998). All the ages referred to below are
shown in stratigraphic context in Figure 3.
The first SHRIMP analyses of Hamersley Group zircons
were made at the Research School of Earth Sciences,
Australian National University, by Compston in 1988 from
zircons from the DS13 macroband of the Dales Gorge
Member of the Brockman Iron Formation (Trendall et al.
1990). The work was carried out as part of a long-standing

Figure 3 Summary of stratigraphic thicknesses, SHRIMP
ages (some omitted for clarity),
interpolated ages of stratigraphic
boundaries, and postulated depositional rates for lithostratigraphic units of the Fortescue
Group and Hamersley Group.
Sources for SHRIMP ages are
indicated by superscripts: a,
present paper; b, Barley et al.
(1997); c Blake et al. (2000; reported in Blake 2001); d, Nelson
(1996); e, Nelson (1998); f, Wingate
(1997); g, Wingate (1999); h,
Pickard (2002); i, Arndt et al.
(1991); j, age of Woongarra
Rhyolite from joint regression of
data of Barley et al. (1997) with
additional data reported in the
present paper; k, Trendall et al.
(1998); l, Nelson (2001); m, Nelson
(2002); n, Hall (2002). Abbreviations used in left-hand column:
CRT, Crystal-Rich Tuff; SMB,
Spherule Marker Bed; P1 etc.,
porcelanites of Joffre Member
(Trendall 1969); WS, DS, NS
numbers, shale band numbers of
Harmsworth et al. (1990).
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effort to obtain a precise zircon age from the Dales
Gorge Member, to which end a large sample (~150 kg) of
DS13 was collected from Wittenoom Gorge. Zircons
extracted from this sample were first used for a TIMS
multigrain age of 2490  20 Ma, reported by Compston
et al. (1981), and then continued to be used for later
SHRIMP work (Trendall et al. 1990). The DS13 results
reported in the present paper result from further work on
zircons from that material.
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SHRIMP analyses have already been published for 12
samples from the Hamersley Group. Barley et al. (1997)
reported SHRIMP ages of 2449  3 Ma both for rhyolite
from the upper unit (Trendall 1995) of the Woongarra
Rhyolite (W17, Figure 2) and for a ‘felsic tuffaceous sandstone’ (WW12, Figure 2) from the Weeli Wolli Formation. In
the present paper we combine the SHRIMP data for the
Barley et al. (1997) sample W17 with data we had obtained
previously from a nearby sample (W101) of the same unit,
from which Pidgeon and Horwitz (1991) had earlier
reported a TIMS U–Pb zircon age. Trendall et al. (1998)
reported SHRIMP ages of 2597  5 Ma and 2561  8 Ma for
tuff samples from the Marra Mamba Iron Formation
(120046, Figure 2) and Wittenoom Formation (120044,
Figure 2), respectively. Most recently, Pickard (2002) has
published SHRIMP data for six samples from the Joffre
Member and two from the Dales Gorge Member (Figure 2).
The first SHRIMP analyses reported from the Fortescue
Group were from six samples distributed through the
stratigraphic thickness of the group (Arndt et al. 1991).
Later analyses by Nelson (1998) include a sample from the
Maddina Basalt and two granitoid rocks associated with
the Fortescue Group from the Gregory Range (Nelson
1996). Blake (2001) cited a paper in preparation referring to
11 high-precision SHRIMP ages from the Fortescue Group
of the Nullagine area. The stratigraphic positions of nine
of these appear on Blake (2001) figure 2, but without
uncertainties or supporting data. All other SHRIMP ages
published to date are shown, with cited sources, in
Figure 3.

METHODS
Zircons from samples analysed at Curtin University
(Table 1) were extracted at the laboratories of the Geological Survey of Western Australia using procedures
described by Nelson (1997, 1999). Zircon separates from
samples P1, P4, P5 and DS 2 were prepared in the
Australian National University mineral separation laboratories using heavy-liquid density techniques followed by
hand-picking, particularly for samples P1, P4 and P5 to
separate the zircons from the abundant magnetite grains.
Zircons from the 150 kg of sample DS13 were concentrated
at the Australian National University by first using a jaw
crusher to produce a suitable size fraction followed by
employment of a Wilfley table.
SHRIMP U, Th and Pb isotopic measurements in both
Perth and Canberra were based on the operating and data
processing procedures described by Compston et al. (1984)
and Williams et al. (1984), as modified by Nelson (1997) in
respect to the Perth analyses.
Data acquisition for the Australian National University
ages remains as given by Compston et al. (1984), but data
processing and interpretation of 206Pb/238U ages have
evolved as described by Compston (1999). Most 206Pb/238U
ages are relative to the SL13 reference zircon, the undisturbed age of which is calibrated at 580 Ma using the
1850 Ma QGNG zircon (Compston 2001). The uncertainty
(1) of the SL13 age-calibration per analytical session is
always less than 1% and usually less than 0.5%; it has been
added to the interpreted sample 206Pb/238U age per session.

A few analytical sessions prior to 1989 used the lesscontrolled SL3 reference zircon and greater uncertainty
has been assigned to these. Although the principal age
determinant for the Hamersley zircons is their radiogenic
207
Pb/206Pb, their 206Pb/238U ages are also important for
accurate Concordia intersections because there is evidence
for non-zero-age Pb loss.
All interpreted sample ages (as distinct from individual
grain analyses) from samples analysed in Perth are given
with uncertainties of t (where t is Fisher’s t), whereas the
uncertainties of interpreted ages of samples analysed in
Canberra are 2; the two uncertainties are identical in the
whole numbers in which uncertainties are given.

Samples used
The stratigraphic positions of the 13 samples from which
we report analytical results here are shown in Figure 2 and
Table 1. In addition, Table 1 lists the sample numbers,
locations, numbers of analyses, and summarised results
for all samples. Supplementary notes on each sample are
given in Appendix 1, in descending stratigraphic order.

RESULTS AND INTERPRETATION
All analytical results are given in Table 2*, and selected
data are also displayed graphically in Figure 4 on Tera–
Wasserburg Concordia diagrams.
The status of zircon as a mineral ideally suited for U–Pb
geochronology by virtue of its effective retention of both
parent (235U and 238U) and daughter (207Pb and 206Pb) isotopes
following crystallisation is well established. However, the
interpretation of SHRIMP analytical data has yet to be fully
systematised; the approach followed in the course of the
work reported here is outlined in the following paragraphs
to avoid repetition for each sample.
Procedures for allocation of ages to individual grains
are relatively straightforward, although difficulties in the
identification of problem-free standard zircons still remain
to be overcome (Compston 1999). Correction of observed Pb
isotope ratios is first made for the presence of common Pb,
whether initially present within the zircon or resulting
from incomplete removal of surface Pb prior to analysis;
correction may be by reference either to 208Pb (after
measurement of 232Th) or to 204Pb, which is used for all
samples reported here. Following this step, the 235U/207Pb
age of any grain that has completely retained its radiogenic
Pb daughter isotopes, and consequently lies on Concordia,
will be equal to its 238U/206Pb age, and both ages jointly
define the crystallisation age of the zircon. The plotted
position on a Wetherill Concordia diagram of a single
zircon grain that has lost radiogenic Pb at some time
between crystallisation and analysis will lie somewhere
along a chord connecting its crystallisation age to the age
at which the loss took place; and its displacement along
that chord will depend on the amount of radiogenic Pb lost.
Such analyses are described as discordant. If there has
been recent and variable radiogenic Pb loss from a zircon
population in which all grains share a common crystallisation age, the analyses will lie along a straight line
connecting the origin of the diagram to a point on

Brockman Iron Formation, P5e
Joffre Member

Brockman Iron Formation, P4e
Joffre Member

Brockman Iron Formation, P1e
Joffre Member

Brockman Iron Formation, WS1
Whaleback Shale Member

Brockman Iron Formation, DS13
Dales Gorge Member

Brockman Iron Formation, DS9
Dales Gorge Member

Brockman Iron Formation, DS5
Dales Gorge Member

Brockman Iron Formation, DS2
Dales Gorge Member

Wittenoom Formation,
Bee Gorge Member

Jeerinah Formation,

Roy Hill Shale Member

103286

103285

No GSWA no.

120058b

No GSWA no.

120051b

120052b

No GSWA no.

120056b

120048b

120049b

~1 m below top

~20 cm below top

Spherule marker
bed

Upper unit

672380E, 7453670N

667080E, 7450510N

Bacon Bore
561900E, 7570200N

Yampire Gorge
650500E, 7523200N

Tom Price mine
578200E, 7482700N

Tom Price mine
578200E, 7482700N

Wittenoom Gorge
634800E, 7527700N

Joffre Gorge
632100E,
7525000N
Joffre Gorge
632300E,
7525600N
Southern Ridge,
Tom Price mine
577500E, 7482300N

Woongarra Gorge
510900E,
7469400N
Woongarra Gorge
510700E,
7469600N
Joffre Gorge
630800E,
7523800N

3/3

29/29

15/15

26/30

9/9

36/42

58/60

35/36

53/57

20/21

46/52

20/21

25/30

Age distribution is crudely unimodal, but with a wide spread. The
preferred age shown is the weighted mean intersect age using the
calculated Pb loss slope of –0.0146  0.0025.
Strongly unimodal age distribution, with a few very young outliers.
No suggestion of non-zero-age Pb loss in the (many) discordant grains.
Preferred age shown results from successive discards from regression
of all data, and is derived from 20 grains.
Clear indication of non-zero-age Pb loss, as well as polymodal age
distribution. Probability density plot includes a main group of 19 grains
at 2461 ± 6 Ma, interpreted as the magmatic and depositional age.
Excellent unimodal age distribution with tight concordant cluster of all
points on Concordia. Regression nevertheless suggests some non-zero
age Pb loss. Age shown is weighted mean intersect age.
Multiple ages in few analysed spots. Discordant younger ages have no
obvious explanation. Age shown is that of two near-concordant grains
only. It is also too young by comparison with samples above. Of no use
as a definitive depositional age.
Wide spread in grain ages, partly due to a detrital zircon component.
The age shown is that of the largest group in a probability density
plot of intersect ages calculated using the Pb loss slope of DS13.
Although the regressed age fits well with other ages the data are
complex: one old outlier and five anomalous young grains are discarded.
Only two concordant grains contribute to the interpreted age, the
remainder showing evidence of near-zero age Pb loss.
Sixteen grains form a tight concordant cluster at ca 2630 Ma. Eight
discordant grains with similar ages show no sign of non-zero Pb loss.
Preferred regression shown is interpreted as volcanism concurrent
with deposition. Some young grains may be contaminants.

Eight analyses are older xenocrysts. Twenty-two remaining analyses
mainly lie in tight concordant group with some discordant grains
resulting from zero age Pb loss. Interpreted age within error of W101.
Nineteen of the 21 analyses form a tight concordant cluster interpreted
as the age of magma crystallisation and intrusion. One much older
xenocryst, and one very young grain is probably a contaminant.
Age distribution is crudely unimodal, but with a wide spread. Modelled
age assuming zero-age Pb loss for discordant analyses rejects 11 outliers
on statistical grounds, whereas the identical intersect age using the
small calculated non-zero-age slope rejects only six.
Age distribution is crudely unimodal, but with a wide spread. Preferred
interpretation uses non-zero-age Pb loss intersect ages.

Location and AMG Analyses
Summary of results and interpretation
coordinates
(grain/spot)

b

All ages shown are interpreted depositional ages except for W101, which is the age of intrusion. See Analytical Methods in text for additional comments on uncertainties.
Analysed at Curtin University; samples not so annotated analysed at Research School of Earth Sciences, Australian National University, Canberra.
c
Curtin University number.
d
Bracketed age results from regression of our data with those of Barley et al. (1997): n = 43, 2 = 0.75.
e
P5, P4 and P1 are the Fifth, Fourth and First Porcelanites, respectively, of Trendall (1969).
f
DS and WS refer to the stratigraphic reference scheme of Harmsworth et al. (1990) (Figure 3).

a

Woongarra Rhyolite

W101b,c

Tuff above upper
unit

Woongarra Rhyolite

94739b

Position within
member

Formation/Member

GSWA
sample no

Table 1 Summary of samples and results arranged in stratigraphic sequence.

2629 ± 5

2565 ± 9

2495 ± 16

2454 ± 18

2481 ± 4

2461 ± 6

2463 ± 5

2461  5

2465  6

2461  4

2451  5
(2450  3)d

2445  5

Interpreted age
(Ma  2)a
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Concordia representing that age. Such a pattern is
frequently present in natural zircon populations, and the
term ‘zero-age Pb loss’ is commonly applied where the
slope of a line obtained by regression of the analytical

results is statistically indistinguishable from that of a line
passing through the origin.
An age cannot be calculated for a single discordant
analysis unless an assumption is made that its discordance

Figure 4 Concordia (Tera–Wasserburg) plots of results from SHRIMP U–Pb zircon analyses from 12 samples reported on in the present
paper: (a) 94739. (b) W101. (c) P5. (d) P4. (e) P1. (f) 120058. (g) DS13. (h) 120051/DS9. (i) 120052/DS5. (j) DS2. (k) 120056. (l) 120048/49.

Hamersley depositional chronology
is due to zero-age Pb loss, in which case a 207Pb/206Pb age
may be calculated for it. On a Tera–Wasserburg Concordia
diagram, a 207Pb/206Pb age is given by the intersection with
Concordia of a horizontal line passing through the point
representing the analysed grain. On a Wetherill Concordia
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diagram (x =207Pb/235U, y = 206Pb/238U), a 207Pb/206Pb age is
given by the slope of a line between the point representing
the analysed grain and the origin. Only if the assumption
of zero-age Pb loss is true will a 207Pb/206Pb age provide a
valid estimate of the zircon crystallisation age.
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The derivation of a single age from the multiple singlegrain ages routinely obtained after SHRIMP analysis
involves greater complexity. A fundamental dichotomy in
interpretive approach is that between samples from which
there is a geological expectation that the zircons will all be
of the same age (or that their ages will be within uncertainty of the mean), and samples where the geological
expectation is that the zircons are likely to have a wide
spread of individual ages. The first expectation typically
exists in a felsic igneous rock, and the second in a clastic
sediment with mixed provenance. In the former case, if the
resultant cluster of analyses lies on Concordia, and the
individual 207Pb/206Pb grain ages have a gaussian age
distribution, standard statistical techniques are used to
discard outliers (if any) and allocate uncertainty limits to
the weighted mean age of the cluster, which is taken to
represent the crystallisation age of the rock. If the cluster
of analyses from such a sample extends significantly away
from Concordia, statistical fitting of a line to the array of
discordant points will indicate, through its younger intersection with Concordia, the time of a possible non-zero age
Pb loss; and the slope of this line may then be used to
calculate individual intersect ages for each zircon of the
group, after which a weighted mean, with uncertainties,
can be calculated in the same way used for the weighted
mean 207Pb/206Pb grain ages of a concordant cluster.
Multiple episodes of Pb loss have been demonstrated in
some rocks, and involve interpretational complexities
beyond the scope of present discussion.
If, in spite of expectation, the zircons appear not to
belong to a unimodal age population, then a further interpretive approach may be used. For either a group of 207Pb/
206
Pb ages, or for a group of intersect ages, a number of
statistical methods are available to determine the relative
probability that the individual ages within the group are
unimodal or polymodal.
For samples from which there is no geological expectation that the zircons will all be of the same age, many of
the interpretive techniques referred to are invalid. For
example, the ages of individual discordant grains from a
detrital zircon population from a clastic sedimentary rock
cannot be determined, because a line fitted to a mixed age
population of zircons cannot be assumed to represent a
Pb-loss chord.
Of the samples for which the age interpretations are
discussed below, all are tuffaceous except W101, which is
igneous. For some tuffaceous samples there is geological
evidence, already noted, that the material accumulated as
an ash-fall tuff. A common interpretation of SHRIMP data
from such samples is that, if most grain ages have a
gaussian distribution, the weighted mean age of the
cluster (whether of 207Pb/206Pb or intersect ages) marks the
crystallisation age of the zircons, which is assumed to be,
on a geological time-scale, concurrent with eruption and
deposition. This assumption is strengthened if the individual zircons have the characteristics expected in an
ash-fall (i.e. they are small, perfectly euhedral, and have
igneous zoning); but such evidence is circumstantial
rather than definitive. Although the assumption is probably a safe one in those circumstances, it is worth noting
that there is little evidence concerning either the possible
spread of ages from any one eruption event or the possi-

bility of a substantial storage time of crystallised zircons
before eruption. Also, in the interpretation of tuffaceous
bands in the Hamersley Group, it is uncertain to what
extent each represents a single eruptive event at all, or
whether some may result from a series of volcanic episodes
over a geologically significant interval (e.g. millions, or
tens of millions, of years).
The presence in tuffaceous zircon samples of minor age
populations, either older or younger than the principal
peak that is assumed to represent depositionally concurrent volcanism, also creates interpretational problems.
Slightly younger individual analyses may be interpreted as
due to Pb loss, especially if the grains have high U or Th,
and analyses that are very much younger may be of contaminant grains introduced during sample processing, a
possibility that is almost impossible to exclude completely.
Older analyses of scattered ages, whether concordant or
discordant, are interpretable as xenocrysts either
incorporated into the magma during its deep genesis, or
assimilated from wall rocks during magma ascent. It is in
principle difficult to distinguish such xenocrystic zircon
populations from clastic zircons mixed with the tuff during
deposition.

Woongarra Rhyolite: 94739 and W101
Of the 21 analyses made from 20 grains of sample W101
(Figure 4b), 19 form a tight cluster around 2450 Ma close to
Concordia; one much older grain (13.2) is interpreted as a
xenocryst, and a single much younger grain (14.2) is
interpreted as a contaminant. Both of these anomalous
grains are outside the axes of Figure 4b. An earlier analytical session on this mount was discarded for technical
reasons, so that many of the grain/spot labels on Table 2*
for this sample represent second analyses of grains from
which the first analysis was rejected. The analyses are
sufficiently close to Concordia for an age to be calculated
assuming zero-age Pb loss, in agreement with the conclusion of Pidgeon and Horwitz (1991) for this sample. The
19 analyses of the main cluster give a grouped age of
2451  5 Ma (2 = 0.46) for crystallisation of the zircon and
intrusion of the rhyolite.
Barley et al. (1997) analysed 24 spots from 21 zircons of a
sample of the same unit collected nearby, and reported an
age of 2449  3 Ma, within uncertainty of our result.
Pooling of their data with ours gives an age of 2450  3 Ma
(n = 43, 2 = 0.75), which we recommend as the preferred
age of this unit. This is within uncertainty of the weighted
average 207Pb/206Pb of 2439  10 Ma age for the unit determined by Pidgeon and Horwitz (1991) from TIMS analyses
of five multigrain grain fractions and two single crystals,
but is younger than the 2470  10 Ma reported earlier by
Compston et al. (1981), also by TIMS multigrain fraction
analysis. Note that Pidgeon and Horwitz (1991) wrongly
identified that earlier work as derived from ion-microprobe
(SHRIMP) analyses.
Most of the 30 spot analyses made from 25 zircon grains
of sample 94739 also form a cluster near Concordia around
2450 Ma (Figure 4a). A tail of discordant grains of approximately the same age suggests zero-age Pb loss, and a few
much older grains are also present. The weighted mean age
is 2445  5 Ma (2 = 0.97) for 22 analyses of the main
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population. The significance of this age in relation to the
result from W101 is discussed later.

Brockman Iron Formation, Joffre Member: P1, P4
and P5
The zircons of each of these three samples show the
essentially unimodal age structure to be expected from
ash-fall tuffs. A total of 52 spot analyses were made on 46
grains from sample P5 during four analytical sessions
(Figure 4c). After discarding some analyses with unacceptably high uncertainties in 238U/206Pb (HM5-13.1), or both
238
U/206Pb and 207Pb/206Pb (HM5-27.1), or with reverse discordance (HM5-25.1), regression of the remaining points
gave a slope of –0.00023  0.0035, which is not significantly
different from zero. As a result the weighted means of the
207
Pb/206Pb ages and of the intersect ages are within uncertainty of each other at 2461  4 Ma. However, the intersect
ages show fewer outliers than the 207Pb/206Pb ages, six
rather than 11, indicative of the better fit from the nonzero-age Pb loss model. This is accepted as the estimate of
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the depositional age most consistent with the analytical
data.
Twenty-one analyses were made on 20 zircons of sample
P4 during three separate analytical sessions (Figure 4d).
As for the preceding sample, a number of analyses were
discarded before statistical assessment, either because of
low 207Pb/206Pb, low 207Pb/206Pb and very high common Pb
(analysis 11.1), high 207Pb/206Pb (analysis 17.1), very low
238
U/206Pb age (analysis 1.1), and slight but significantly low
207
Pb/206Pb (analyses 3.1, 21.1). The remaining 15 grains give
a weighted mean 207Pb/206Pb age of 2452  6 Ma, but their
regressed Pb loss slope of –0.0064  0.0023 indicates nonzero-age Pb loss, and the corresponding intersect age is
2465  6 Ma, which is accepted as the best estimate of the
depositional age from the analytical data.
Fifty-seven spots were analysed from 51 grains of
sample P1 during five separate analytical sessions
(Figure 4e). Only analysis HM1-15.1 (outside the x-axis
range of Figure 4e) was discarded prior to estimation of
the Pb loss slope because it has unacceptably large
reverse discordance; additionally, in a Th/U isochron plot
(x = 232Th/238U, y = *208Pb/*206Pb) it falls considerably below
the good alignment shown by the great majority of other
analyses, indicating open-system behaviour. All other
samples are well fitted to a slope of –0.0146  0.0025.
Deletion of a single discordant analysis (HM1-6.1) outside
the x-axis range of Figure 4e gives the same slope
within uncertainty. The weighted mean intersect age is
2461  5 Ma (MSWD 1.37), after deletion of two young
and two old outliers from the 57 ages (detected by their
significant residuals). The mean 207Pb/206Pb age of 56
points is 2460  8 Ma (MSWD 2.04), after deletion of one
young outlier. An age of 2461  5 Ma is accepted for the
crystallisation of these zircons concurrently with
volcanism, and also of the depositional age of this
sample.

Brockman Iron Formation, Whaleback Shale
Member: 120058
Thirty-six analyses were made on 35 zircons from this
sample. Apart from four anomalously young grains (1.1,
5.1, 6.1, 19.1) the remainder appear to form a unimodal
population, with a cluster of nine grains almost coincident
with Concordia at ca 2450 Ma (Figure 4f), and a tail of
discordant grains of approximately the same age. There is
no indication of a single period of non-zero-age Pb loss, and
successive deletions of outliers from all 36 analyses
suggest a weighted mean 207Pb/206Pb age of 2463  5 Ma
(n = 20, 2 = 0.75) as the best estimate for the main population. If only analyses with concordance greater than 80%
are accepted, a lower age of 2453  6 Ma (n = 12, 2 = 0.97) is
obtained. The 2463  5 Ma age is accepted as the best
estimate of the age of volcanism concurrent with
deposition.

Figure 5 Probability density plots of SHRIMP data from two
samples from the Dales Gorge Member. (a) DS13. (b) DS2. Note
that peak uncertainties in these plots are 1, but the age estimates of the preferred peaks appear elsewhere in the paper with
2 uncertainties.

Brockman Iron Formation, Dales Gorge Member:
DS13, DS9, DS5 and DS2
A total of 60 analyses were made on 58 zircons of sample
DS13, in three separate analytical sessions, in 1988, 1994
and 1995. Of all the samples used in the present study, DS13
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and DS2 show the clearest indication of non-zero-age Pb
loss (Figure 4g, j), so that intersect ages, rather than 207Pb/
206
Pb ages, need to be used in interpretation of the data. For
DS13, after discarding three discordant analyses probably
caused by multiple Pb loss, and several low outliers probably caused by failure to correctly centre on the mass
207
Pb peak, a Pb loss slope of –0.018  0.001, was obtained by
regression of the data displayed in Figure 4g. This was
used to calculate individual intersect ages for all analyses,
of which 51 are displayed on the probability density plot
Figure 5. The large peak shown in the figure appears to be
approximately unimodal, but despite this the dispersion of
its component ages between 2401 Ma and 2535 Ma considerably exceeds analytical errors (MSWD 12.5). No outliers
are present in the continuous distribution, which was
analysed as a consequence by mixture modelling. Four age
groups were found, of which the majority group of 19 at
2461  6 Ma is interpreted as the DS13 magmatic and
depositional age. The youngest group at 2425 Ma (11 ages)
is attributed to instrumental and Pb-loss bias, and the
two older groups, to detrital grains having two specific
ages.
By contrast with DS13, most of the 42 analyses made on
36 zircons of DS9 during two analytical sessions lie in a
tight, apparently unimodal, cluster close to Concordia
(Figure 4h). Although visual assessment suggests that a
weighted mean 207Pb/206Pb age of 2479  3 Ma (n = 42,
2 = 1.07) would be acceptable, regression of the total
population suggests a small non-zero-age Pb loss slope of
–0.002  0.002. A weighted mean intersect age using this
slope gives an age of 2481  4 Ma (n = 41), within uncertainty of the 207Pb/206Pb age. The weighted mean intersect
age is accepted as the best estimate of depositional age of
this sample.
The nine analyses made on nine zircons of DS5 were the
final determinations of a 24 h analytical session. Because
most of these grains gave highly discordant (Figure 4i)
and unrealistically young ages (i.e. younger than the
Woongarra Rhyolite of sample W101), it was decided not to
continue further analyses on the sample. The data are
included here to provide a published record of the result as
a guide for future work. The mean 207Pb/206Pb age of the two
most concordant grains (2454  18 Ma) cannot be regarded
as a meaningful indication of the depositional age. It seems
possible from inspection of the Concordia plot that a mean
intersect age calculated for them using a Pb-loss slope of
the same order as that applied, for example, to DS13 would
raise their interpreted age to one intermediate between the
ages of DS2 and DS9, as must be the case; but the discordant
analyses of this sample are too few for a useful calculation
of the slope.
As noted in Appendix 1, samples DS9, DS5 and 120058
were all collected within, or close to, the Mt Tom Price
high-grade hematite orebody. It is generally accepted that
such orebodies in the Hamersley Range area result essentially from the dissolution and removal of silica from
parental BIF, coupled with a range of metasomatic modifications to the mineralogy of its iron-bearing minerals. The
final product of the complex ore-forming process is a
compact hematite–goethite rock that crudely preserves the
original textures of the BIF, while the S macrobands are
reduced to friable brown clay. However, the timing of ore

formation is disputed, and has been argued to be the result
of Palaeoproterozoic supergene enrichment followed by
burial metamorphism (Morris 1985; Harmsworth et al.
1990), or to be due to an early phase of hypogene alteration
of BIF followed by deep meteoric oxidation and leaching,
with a final upgrade by supergene enrichment (Taylor et al.
2001). Our results from the three samples from the vicinity
of Mt Tom Price give no indication that their zircons were
affected by a common modification event linked to ore
formation. For DS9, the proximity of almost all analyses
close to Concordia suggests that those zircons were
unaffected by the ore-forming processes, despite the gross
alteration of the enclosing sheet-silicates. However, for DS5
the wide scatter of the nine analyses may be due to effects
associated with ore-formation, while for 120058 the substantial number of concordant analyses, coupled with a
spread of analyses interpretable as due to zero-age Pb loss,
seem to convey a mixed message. We did not pursue this
problem to finality, and note that it would be a worthwhile,
and relatively simple, future exercise to compare SHRIMP
results from an oxidised sample of DS9 from the northern
Hamersley Range gorges with those we presented here.
The Concordia diagram (Figure 4j) of the 30 analyses
(26 grains) of DS2 shows a wide range of concordant and
near-concordant ages, suggesting the presence of inherited
ages, possibly from detrital grains. Two reversely discordant ages are first discarded as outliers. The broad alignment of the remainder indicates non-zero-age Pb loss, and
in addition the data-points can be separated visually into
two groups. The resultant two slopes agree with each
other and also with that for DS13 (well constrained at
–0.018  0.001), implying that Pb loss occurred at the
same time for both samples. The probability density of the
intersect ages is displayed in Figure 5, except for three ages
<2200 Ma regarded as probable contaminants. Mixture
modelling finds four significant age components: the
largest peak, at 2495  16 Ma, is interpreted to be the
age of the tuff component within DS2, and the older peaks
represent various age-groups of detrital zircons.
Of the four Dales Gorge Member macroband samples
analysed, only the data from DS13, DS9 and DS2 are of
sufficient quality to justify an expectation that each
should provide a valid depositional age. Although their
independently interpreted ages (2461  6 Ma, 2481  4 Ma
and 2495  16 Ma) are in their correct stratigraphic order,
there is a problem in reconciling them with the depositional rates of the two distinct macroband lithologies;
this issue is pursued further in later discussion.

Wittenoom Formation, Bee Gorge Member: 120056
Only 15 of the mounted grains proved to be sufficiently
large for effective analysis, and gave a wide range of ages
(Table 2*; Figure 4k). One grain (6.1), with slightly rounded
edges, is clearly older than the remainder, and has no value
in interpreting the age of the sample. Two grains (1.1, 7.1)
lie very close to Concordia, and have ages of 2561  8 Ma
and 2562  6 Ma, respectively. In combination with seven
others (2.1, 3.1, 4.1, 9.1, 12.1, 14.1, 15.1), which are grossly
discordant but with no appearance of non-zero-age Pb loss,
an age of 2565  9 Ma is obtained, with a 2 value of 1.49.
Almost all these zircons are sharply euhedral with
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igneous zoning, and the age derived from them is interpreted as that of volcanism penecontemporaneous with
deposition. Although it clearly cannot be regarded as a
soundly based depositional age, it is worth noting that it is
consistent with ages stratigraphically above and below.
The whole-rock Pb–Pb analyses of Woodhead et al. (1998)
from the Spherule Marker Bed gave an isochron age of
2541 +18/–15 Ma. It is possible either that slightly older
zircons were incorporated into the turbidite, or that the
whole-rock Pb–Pb age has been slightly updated during
diagenesis.
The remaining five grains (outside the axes of
Figure 4k) have impossibly young ages with variable
discordance. Four of these (5.1, 10.1, 11.1, 13.1) grains are
clear and rounded, and two of these are broken fragments
rather than entire grains; the fifth (8.1) has a dark,
cracked, metamict appearance. It is possible that these
anomalously young zircons owe their wildly scattered
ages to some effects of bolide impact, such as a partial
disruption of lattice structure leading to massive later
leakage of radiogenic Pb, but this suggestion is speculative. The results from this sample indicate that further
work on zircons of the Spherule Marker Bed would be
worthwhile.

Jeerinah Formation, Roy Hill Shale Member:
120048 and 120049
Single analyses were made from each of 29 grains of
sample 120048; time-constraints in the analytical session
restricted the data obtained from 120049 to three analyses
from three grains. Because there is a strong possibility
that both samples come from a single tuff band, all 32
analyses are discussed as a group, although the 120049
spots are indicated on Table 2*.
The data (Figure 4l) have some structural resemblance
to those from sample 120056, in that there is a cluster close
to Concordia (in this case of 16 grains rather than three),
with scattered discordant grains of similar age showing no
clear pattern of non-zero-age Pb loss, and finally a number
of impossibly young ages (mainly outside the axes of
Figure 4l (2.1, 3.1, 14.1, 18.1, 2.1/49, 3.1/49), both concordant
and discordant, and showing no consistent age pattern.
Successive deletions of outliers from the main cluster and
its discordant tail give an age of 2629  5 Ma (2 = 0.83) from
21 analyses, which is accepted as the age of crystallisation
of the main zircons population and concurrent deposition
of the tuff.
None of the anomalously young grains of this sample
shows obvious differences from those of the main population, as in sample 120056. But the close stratigraphic
association of these tuff samples with the level of the
spherule impact layer discovered by Simonson et al. (2000)
permits speculation that these may be shock-affected
zircons, and that the tuff layer close to the top of the Roy
Hill Shale Member in the general area from which samples
120048 and 120049 were collected may be, like the Spherule
Marker Bed of sample 120056, a tsunami-generated deposit
containing penecontemporaneous volcanic zircons as well
as these aberrant grains. Again, the suggestion is speculative, but indicates that more work on this aspect of the
data presented here is needed.
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DISCUSSION
Woongarra Rhyolite
It has already been noted that there are differing interpretations of the emplacement mechanism of the Woongarra Rhyolite, Trendall (1995) arguing for intrusion and
Doyle et al. (2001) following Horwitz (1978) in suggesting
that the unit contains both extrusive and intrusive
elements. The age of 2450  3 Ma for sample W101 is here
accepted as the best estimate of the age of intrusion of the
upper unit of the Woongarra Rhyolite. No definitive interpretation is possible of the age of 2445  5 Ma given by
sample 94739, a tuffaceous shale 18 m above the top of the
upper unit, because the two ages are within uncertainty.
The uncertainty limits of these numbers do not exclude the
possibility, for example, that the tuff was laid down at
2450 Ma, and that the rhyolite was intruded at 2449 Ma; this
time relationship would require a depositional rate for the
sediments overlying the upper unit of between 200 and
300 m per million years, if the Trendall (1995) suggested
intrusive depth of 200–300 m is accepted. If the uncertainty
limits are ignored and the ages of W101 and 94739 are taken
as evidence that the overlying tuff is indeed younger than
the rhyolite below, then two interpretations are possible:
either the intrusive upper unit was exposed by intrabasinal erosion before the deposition of the tuff (in which
case its zircons may have been of secondary derivation
from the rhyolite itself), or the upper unit was extrusive
and the overlying tuff would represent a later, waning,
phase of the same volcanic activity. Both options are
speculative, and neither is excluded nor confirmed by the
data presented here.

Depositional rates
CONCEPTS AND DEFINITIONS

Some terms used in this discussion are first defined. The
term ‘integrated depositional rate’ (IDR) is preferred to
others commonly used, such as the ‘sediment accumulation rate’ of Sadler (1981), for three reasons. In the first
place the use of ‘deposition’ rather than ‘sediment accumulation’ affirms that IDR embraces the accumulation of both
sedimentary and igneous rocks, such as lava flows, in any
depository. Second, the term ‘integrated’ emphasises that
the IDR between any two stratigraphic levels may include
wide rate fluctuations in smaller subdivisions between
those levels, with the lower limit including zero (i.e.
depositional hiatuses); and third, the word ‘sediment’ is
not used because all depositional rates discussed here are
rates for compacted rocks, not for uncompacted sediment.
It is implicit here that attention is focused on the
central areas of the Hamersley Basin, which has the
thickest and most continuous succession. In virtually all
sedimentary depositories, depositional discontinuities are
concentrated towards the margins, which are typically
more condensed than those of the central parts; an example
of this for the Hamersley Basin occurs in the Sylvania
Dome area, where the Jeerinah Formation, the uppermost
unit of the Fortescue Group, directly overlies granite–
greenstone basement.
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A simple X/Y plot, called a time–level plot by Friend
et al. (1989), is used as an aid in representing and
assessing depositional rates, the X-axis representing
time, and the Y-axis the cumulative depositional thickness. Figure 6 illustrates some features of this approach
for an idealised depository. The concept of an IDR,
equivalent to the ‘rate of net accumulation of the episode
[of deposition]’ of Friend et al. (1989), is illustrated in
Figure 6a. If two precise depositional ages are measured
from samples at A and D then the slope (S/T) of the line
joining them (the depositional line) is the IDR for the
stratigraphic thickness S, and for the time interval T,
in the depository. The measurement of such a value
makes no inferences or suppositions about continuity of
deposition between A and D; and in dealing with the
Hamersley Basin, for example, geological commonsense
precludes the supposition that equal thickness increments
of rock represent equal increments of time throughout
its greater than 350 million year history. The IDR is
nevertheless a measurable parameter of potential significance for basin development. If intervening age measurements are available it becomes possible to specify IDR for
smaller intervals of the basin’s history, as shown in
Figure 6b.
The concept of a ‘characteristic depositional rate’
(CDR) is used to reflect the supposition that, in any
sedimentary basin, each lithology present may have a
different, and individually characteristic, deposition rate.
Thus, when lithostratigraphy is taken into account
(Figure 6c), a refinement in construction of the depositional line becomes possible, based on the observed or
extrapolated CDR of different lithologies. Because B and C
of Figure 6c are totally within a single lithology, the
IDR between them is equal to the CDR of lithology 2. The
line BC can then be extrapolated to the adjacent lithostratigraphic boundaries. In the case of lithology 1 in
Figure 6c, its CDR will then differ from the IDR between A
and B, and the CDR of lithology 3 will similarly differ from
the IDR between C and D. Evidence for the CDR of different
lithologies in a specific basin may also come from other
basins.
PROBLEM OF HIATUSES

The identification of non-depositional intervals in any
stratigraphic sequence is never easy, and often contentious, and their measurement is extremely difficult. A

number of authors (Barley et al. 1992; Blake & Barley 1993;
Martin et al. 1998; Blake 2001) have suggested significant
breaks in stratigraphic, and temporal, continuity in the
Hamersley Basin. Thus Barley et al. (1992) suggested a
lacuna of ~130 million years between their Chichester
Range and Hamersley Range Megasequences, or between
the Wittenoom Formation and Mt Sylvia Formation
(Figures 2, 3) in the lithostratigraphic scheme preferred
here. Blake and Barley (1993 p. 1415) also proposed an
‘unconformity or condensed succession covering a time
span of as much as 130 million years separating the top of
the Chichester Range Megasequence from the Hamersley
Range Megasequence’, while Martin et al. (1998 figure 9)
showed a lacuna of ~50 million years within the
Hamersley Range Megasequence. Insufficient evidence
has so far been published to enable these suggestions of
major depositional breaks within the Hamersley Group
to be fully evaluated, especially in view of differences
between the cited papers in the identified equivalence of
the megasequence boundary with the formal lithostratigraphic units. On the basis of detailed mapping in an
area south of Nullagine, Blake (2001) divided the Fortescue
Group into 11 unconformity-bounded ‘packages’ separated
by hiatuses in deposition. Disregarding the hiatus at the
base of Package 1, which is the basal unconformity of the
group, Blake (2001 figure 2) showed nine of the 11 hiatuses
at the top of each numbered package to be ‘short’ and two
to be ‘long’. However, these descriptors are not quantified,
and there are no close geochronological constraints on
their lengths. Thorne and Trendall (2001) have also discussed the wider occurrence of unconformities in the
Fortescue Group.
None of the diagrams in Figure 6 incorporates a break,
or hiatus, in deposition, which would be represented by a
horizontal segment of the depositional line. This is in
accord with the perception that the stratigraphic
succession of the Mt Bruce Supergroup is essentially
coherent on a broad scale. The Fortescue Group is
succeeded conformably by the Hamersley Group, which is
seen to pass up into the Turee Creek Group wherever
outcrop permits. Within the Hamersley Group, on a
smaller scale the defined formations and members succeed
each other with no compelling evidence of major depositional gaps, and in the Brockman Iron Formation, in
particular, the lateral continuity of stratigraphic detail is
spectacular (Trendall & Blockley 1970; Ewers & Morris
1981). Studies of particular formation boundaries (Davy

Figure 6 Depositional rates. (a)
A and D represent two precise
SHRIMP depositional ages. The
slope of the line AD defines the
integrated depositional rate (IDR)
for the stratigraphic thickness S
and for the time period T. (b) As
more ages are determined (B and
C), IDR for smaller thicknesses
and periods of time can be
measured. (c) When lithostratigraphy is taken into account a
depositional rate for lithology 2 can be estimated. (The numbers 1, 2 and 3 indicate different lithologies.) This can then be extrapolated
up or down to the boundaries of adjacent lithologies, giving also a better idea of the depositional rates of these. (d) If the depositional
rate of a lithology has been measured it can then be used to modify the line even where no new age determinations are available.
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1985; Davy & Hickman 1988) also suggest continuity of
deposition.
Having regard to the stratigraphic coherence of the Mt
Bruce Supergroup, and to the lack of any data constraining
the length of possible hiatuses, reconstruction of depositional rates starts here with an assumption that each
lithostratigraphic unit (variously at formation or member
level) can be represented on the XY plot by a depositional
line with a slope of appropriate CDR, so that this line
connects, at the upper margin of each unit, with the lower
end of the depositional line representing the succeeding
unit. This is, in effect, an assumption that hiatuses
(whether represented by unconformities or not) lasted for
less than ~1 million years. This general figure represents
Figure 7 Graphical summary of
SHRIMP zircon ages from the
Joffre Member, illustrating a
preferred reconciliation of our
results with those of Pickard
(2002). (a) Plot of our results from
porcelanites P1, P4 and P5 from
Joffre Creek against height in
metres above the base of the Joffre
Member. The positions of P2 and
P3 are also indicated, as well as
that of the limestone (LJ) bed
noted in the Joffre Creek section
by Trendall (1969). The pecked
line has a slope corresponding to a
depositional rate of 180 m per
million years. (b) Similar plot to
(a), but showing the five ‘possible
depositional ages’ of Pickard (2002
table 2); the position of her sample
849 is also shown. The position of
the limestone band in the Silvergrass drillhole used by Pickard is
indicated (LS). A pecked line indicating the Pickard 2002) suggested
depositional rate (33 m per million
years) between samples 834 and
848 is shown, as well as a line
representing a possible rate of
180 m per million years. (c) This
plot shows a simple superimposition of plots (a) and (b); the
shaded area assumes a depositional rate of 180 m per million
years, and indicates good general
agreement between our data and
those of Pickard (2002): both
datasets are consistent with
values within the shaded area for
samples stratigraphic levels. (d)
This plot again includes our
results and those of Pickard
(2002), but differs from (c) in that
the limestone bands have been
brought together, and Pickard’s
results from 901 and 834 have been
recalculated allowing for nonzero-age Pb loss. The heavy
pecked line connects ages preferred here (Figure 3) for the base
and top of the member. See text for
further discussion.
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both the best possible resolution of zircon U–Pb ages for
rocks of this age at present levels of technology.
CHARACTERISTIC DEPOSITIONAL RATE OF BANDED
IRON-FORMATION

An estimate of the CDR of BIF is necessary for reconstruction of the depositional chronology of the Hamersley
Group. As noted above, these microbands have been interpreted as annual depositional layers (varves), and used to
estimate the depositional rate of BIF. This proposal was
made first by Trendall (1965) and was refined by Trendall
and Blockley (1970) to develop an estimate of the mass of Fe
precipitated per year per unit area of the basin, from which
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the depositional rate could be calculated if the bulk Fe
content and density of the rock were known. Morris (1993
p. 276) reviewed these early estimates and recalculated
them as between 227 m per million years and 87 m per
million years, compared to his own preference of 893 m per
million years, based on a different interpretation of microbanding (and mesobanding). Klein and Beukes (1989), also
accepting the varve hypothesis for microbands, estimated
a rate of 568 m per million years for the closely similar BIF
of the Kuruman Iron Formation of South Africa, although
Pickard (2003) has suggested very substantially lower rates
(3–22 m per million years) on the basis of SHRIMP U-Pb
ages from zircons extracted from tuffaceous bands in the
Riries Member of the Kuruman Iron Formation. Trendall
(2002) has revisited the evidence for a CDR for BIF of the
Brockman Iron Formation based on microbanding, and
has concluded that from the earlier data of Trendall and
Blockley (1970) a possible value lies between 23 m per
million years and 230 m per million years. The method
clearly lacks quantitative rigour, and the application of
isotopic geochronology to refine and test its general
validity was a major driving force for the collection and
analysis of many of the samples from which results are
reported in the present paper.
Data from the Joffre Member are critical for estimating
the CDR of BIF, both because of its thickness and because
of the predominance of typical BIF lithology within it. Our
preferred depositional age interpretations from Porcelanites 1, 4 and 5 (of Trendall 1969) of this member are
plotted in Figure 7a, against the stratigraphic height of
each sample above the base of the member (again, as given
by Trendall 1969). The lowest depositional rate consistent

with all three samples is 7.2 m per million years (a line
from the oldest uncertainty limit of P1 to the youngest
uncertainty limit of P4); no upper constraint on depositional rate is provided by these three samples. In
Figure 7a a line representing a depositional rate of 180 m
per million years, and passing through 2461 Ma at the base
of the Joffre Member, is shown to fit comfortably within
the uncertainty limits of the three Joffre Member ages
reported here; the reasons for these choices are given later.
The Pickard (2002) data, from a greater stratigraphic
thickness of the Joffre Member, are similarly plotted in
Figure 7b. The stratigraphic heights above the base in this
case are those indicated by depths in the drillhole used,
while the depositional ages shown are the five ‘possible
depositional ages’ indicated in bold type in Pickard (2002)
table 2. From these results Pickard (2002 p. 505) concluded:
‘A compacted sedimentation rate of 33 m per million years
is deduced (or at the limits >15 m per million years)’. The
rate of 33 m per million years is calculated from a line,
shown on Figure 7b, joining samples 834 and 848, and
ignoring uncertainties. The lower limit of 15 m per million
years follows from a line joining the oldest uncertainty
limit of sample 834 to the youngest uncertainty limit of
sample 848. As with our results, the Pickard (2002) data
from these two samples place no upper limit on the depositional rate, and in Figure 7b a line representing a rate of
180 m per million years is shown that fits comfortably
within the uncertainty limits of samples 834 and 848, as
well as the uncertainty limits of the two intervening
samples 845 and 847; the line is 4 million years younger
than that of Figure 7a and passes through 2457 Ma at the
base of the Joffre Member. It is not entirely clear why

Figure 8 SHRIMP U–Pb zircon control on the depositional chronology of the Hamersley Group and uppermost Fortescue Group. The
X-axis represents time and the Y-axis stratigraphic (depositional) thickness. Although dolerite sills have been left in, the intrusive
Woongarra Rhyolite has been omitted because it is not in principle part of the depositional chronology. , ages reported in the present
paper; , previously published ages (A, Arndt et al. 1991; T, Trendall et al. 1998; B, Barley et al. 1997; P, Pickard 2002). The solid black
line joining sample symbols represents the integrated depositional rate between control points, except that it is kinked to accommodate
hypothetical changes of rate at lithological boundaries, as discussed in the accompanying text and illustrated in Figure 6.
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Pickard (2002) did not use the result from sample 901 as a
constraint on depositional rate within the Joffre Member.
Although Pickard stated (Pickard 2002 p. 504) that ‘it is
most likely that the ca 2454 Ma . . . and 2460 Ma (including
that of 901) zircon populations were derived from
volcanism that was coeval with the Joffre Member’ she
suggested later on the same page that the zircons of
sample 901 had ‘an inherited origin’. Figure 7b shows
that if the Pickard (2002) suggested depositional rate of
33 m per million years is extrapolated upward to the
stratigraphic level of sample 901 its expected depositional age would be ca 2453 Ma; it is hard to reconcile this
with the predominantly 2460 Ma zircon population of that
sample.
When Figure 7a is superimposed on Figure 7b,
(Figure 7c) it is clear that the area shaded, with younger
and older limits constrained by the 180 m per million years
lines of Figure 7a, b, includes, within their respective
uncertainties, all three of our samples, as well as all five of
Pickard (2002), emphasising the broad agreement of our
results with hers. However, because the Joffre Member is
clearly the best BIF unit known from which to obtain a
definitive CDR for early Precambrian BIF, a search for a
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better reconciliation of the two datasets is justified. This
requires examination of two separate factors: the stratigraphic relationship of the two sample sets, and the
possible effects of non-zero-age Pb loss on the Pickard
(2002) data.
Because of poor field exposure and a lack of distinctive
marker beds, the internal stratigraphy of the Joffre
Member is not well documented, and lateral variations
over the area of the Hamersley Basin are poorly understood. Pickard (2002) was clearly aware of the difficulties of
correlating the Joffre Member, as logged and sampled by
her in Hamersley Iron drillhole 98SGP001 at Silvergrass,
with the section exposed in Joffre Creek described by
Trendall (1969). There is no compelling correlation
between any of the tuffaceous horizons (as expressed by
gamma log peaks) in her figure 3, either with the Paraburdoo section of the member shown by Harmsworth et al.
(1990), or with those in the Joffre Creek section of Trendall
(1969). The Pickard (2002) correlation of sample 901 in the
Silvergrass drillhole with Porcelanite 5 at Joffre Creek, on
the basis of the occurrence of an unusual carbonate bed a
few (respectively ~3 and ~4) metres above it in the two
sections, is nevertheless accepted. Unwelcome complicFigure 9 This figure extends the
Hamersley Group depositional
chronology of Figure 8 stratigraphically down to include the
underlying Fortescue Group.
Most stratigraphic names and
SHRIMP sample positions have
been omitted from the Hamersley
Group for clarity, but the Dales
Gorge Member and Jeerinah
Formation are labelled to ease
comparison
with
Figure 8.
SHRIMP ages from the Fortescue
Group are shown with the same
identifying letters as Figure 3;
uncertainties are omitted and
stratigraphic
positions
are
approximate. Multiple ages from
intrusive rocks in the lower
Hardey Formation have been
omitted for clarity (Figure 3).
Formation names for the Fortescue Group are shown on the lefthand side of the column: M,
Maddina Formation; T, Tumbiana Formation; K, Kylena
Formation; H, Hardey Formation; MR, Mt Roe Basalt; B,
Bellary Formation. Intrusive
igneous rocks have been taken
out of the Hamersley Group, and
Fortescue Group thicknesses
have been similarly modified
according to estimated thicknesses of contained sills. The
grey arrow with a terminal query
mark shows the possible continuation of basin sinking, as infill
rate slowed during deposition of
the Jeerinah Formation, at the
point indicated by the short black
arrow.
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ations for this correlation include the Kepert (2001) report
of the presence of three carbonate beds in the upper part of
the Joffre Member, coupled with the fact that the drillhole
used by Pickard (2002) transected a dolerite sill with
unknown stratigraphic effects. In Figure 7d our Joffre
Creek samples are transposed upwards to give effect to this
simple correlation, which appears to be strengthened by
the resultant close correspondence of Porcelanite 4 with
Pickard’s sample 848.
If the transposition of Figure 7d is made without
thickness adjustment, then Pickard’s sample 834 falls, as
shown, below the base of the Joffre Member as given by
Trendall (1969). There are three possible explanations for
this apparent anomaly. The first is that the Pickard (2002)
Silvergrass drillhole section may, as she suggests, be some
15% thicker than the Joffre Creek section. Alternatively,
the base of the Joffre Member may be incorrectly identified
in Pickard’s figure 3; this seems unlikely in view of the fact
that the drillhole continued down to transect both the
Whaleback Shale Member and the stratigraphically
unmistakable Dales Gorge Member beneath it. Finally,
Trendall (1969) may have misidentified the base of the
Joffre Member in the Joffre Creek section. Whatever
the reason for the anomaly, it is argued below that
evaluation of the CDR of BIF in the Joffre Member is
relatively insensitive to the actual stratigraphic position of
sample 834.
Alternative interpretations of the Pickard (2002) data
that may reconcile the slight, but nonetheless worrying,
conflict between her Joffre Member data and ours are now
considered. The principle proposed earlier (that if rocks
reasonably interpreted to be directly volcanogenic have
effectively unimodal zircon age populations then the age of
the main population is likely to represent the depositional
age) is first applied. Only Pickard’s samples 901 (n = 34), 848
(n = 30) and 834 (n = 45) are accepted as having enough
grain analyses to define a clear age distribution for the
analysed zircons; and her samples 849 (n = 13), 845 (n = 10)
and 847 (n = 2) are disregarded as having low significance
for depositional age. Of the first three samples, 901 and 834
have dominantly unimodal ages, and fortunately it is these
two samples that are highest and lowest respectively in the
Silvergrass drillhole, separated by a stratigraphic thickness of 201 m, after subtraction of the thickness of the
intervening dolerite sill.
When the Pickard (2002) data are plotted on a Tera–
Wasserburg Concordia diagram it is clear that they have a
negative slope, suggesting a non-zero-age Pb loss.
Application of a slope of –0.0052 to the data of sample 901
(derived by deleting two obvious outliers) and a slope
of –0.022 to sample 834 results in recalculated weighted
mean intersect ages of ca 2460 Ma and 2462 Ma, respectively. These ages are plotted with our results in Figure 7d,
where they lie within uncertainty of the 180 m per million
years depositional rate line of Figure 7a. Note in Figure 7d
that the recalculated sample 834 could be moved
stratigraphically up or down over a wide range, so that
argument over precise stratigraphic correlation between
the Silvergrass drillhole samples by Pickard (2002) and the
Joffre Creek section of the Joffre Member described by
Trendall (1969) becomes irrelevant. A value of ~180 m per
million years for the CDR of BIF is thus suggested on the

basis of the two most widely separated stratigraphic levels
within the Joffre Member from which SHRIMP data are
available: sample 834 of Pickard (2002) at the lower level,
and the Pickard (2002) sample 901 combined with our P1
sample at the upper level. It is convenient to accept
a value of exactly 180 m per million years as a working
hypothesis because this provides a duration of exactly
2 million years for the 360 m-thick Joffre Member
(Figure 3).
CHARACTERISTIC DEPOSITIONAL RATES OF OTHER
LITHOLOGIES

Key samples relevant for direct determination of a CDR for
shale are 120048/49, which fixes the top of the Roy Hill
Shale of the Jeerinah Formation at 2629  5 Ma, and the
two samples (94776 and 103225), slightly lower in the
Jeerinah Formation, with ages of 2684  6 Ma and
2690  16 Ma, respectively, reported by Arndt et al. (1991);
on Figure 8 these are the two samples marked A in the
Jeerinah Formation. Provided that the top of the Jeerinah
Formation is taken to represent an isochronous surface,
and accepting those two samples as no more than 20 m
stratigraphically below the top, the depositional rate of the
intervening shale is substantially below 1 m per million
years. This is consistent with the black shale lithology of
the Roy Hill Shale Member.
A credible CDR for carbonate is given by the two
published results of Trendall et al. (1998) marked T on
Figure 8: 2561  8 Ma for the lower part of the Bee Gorge
Member of the Wittenoom Formation and 2597  5 Ma for
the Mt Newman Member of the Marra Mamba Iron Formation. With an interval of 446 m between these samples
(Figure 2) a CDR of ~12 m per million years is indicated for
carbonate.
All other results reported in the present paper are consistent with these estimates of the CDR of shale, carbonate
and BIF, and with this sequence being one of increasing
CDR.

Depositional chronology of the Hamersley Group
The depositional chronology of the Hamersley Group, as
indicated by integration of the results reported in the
present paper with previously published SHRIMP data, is
shown graphically in Figure 8. The SHRIMP ages underpinning the depositional line of that figure are given in
Figure 3, which also shows estimated ages of all major
lithostratigraphic boundaries within the group. These are
based jointly on the available SHRIMP ages and the best
estimates of the CDR of the intervening lithologies,
according to the principles already discussed. The
resultant IDR for each unit, shown in the right-hand
column of Figure 3, are generally consistent with the
estimated CDR for the different lithological components.
However, the Dales Gorge Member presents a special
problem. In round terms it contains approximately twothirds (~100 m) of BIF and approximately one-third (~50 m)
of shale, the exact proportions varying according to
whether the macroband thicknesses of Harmsworth et al.
(1990) or those of the type section of Trendall and Blockley
(1968) are used. Our data suggest a total time required for
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deposition of the member of ~30 million years, with a
consequent IDR of 5 m per million years. However, if the
CDR of 180 m per million years already argued for the
Joffre Member is applied to the BIF macrobands of the
Dales Gorge Member, their deposition would have taken
~0.56 million years, so that a CDR of ~0.6 m per million
years would need to be assumed for the S macrobands, for
their deposition to occupy the remaining ~29.5 million
years. Although the interpreted ages of our three most
reliable Dales Gorge Member samples (DS13, DS9, DS2) are
in their correct stratigraphic sequence, the uncertainties
of these ages are such that no unique value for the CDR of
S macrobands can be assigned. The data are at present
insufficient either to assess depositional rates of individual
S macrobands of the Dales Gorge Member, or to use data
from the Dales Gorge Member to estimate independently a
CDR for BIF.

Depositional chronology of the Hamersley Basin
Figure 9 extends the Hamersley Group graphical summary
of Figure 8 downwards to include the underlying Fortescue
Group, the chronology of which is now reasonably controlled, both from the work of Arndt et al. (1991) and later
results summarised in Figure 3. The rate of deposition in
the basin shows three broad phases: initial rapid accumulation of the largely volcanic Fortescue Group, an intermediate period of much slower accumulation that began
during deposition of the Jeerinah Formation and continued until completion of deposition of the Dales Gorge
Member, and a late stage of extremely rapid deposition of
BIF in the upper part of the Hamersley Group.

Water depth and basin sinking rate
During the initial rapid accumulation of the Fortescue
Group it is evident that basin-floor sinking kept
approximately in step with deposition, because the
Fortescue Group succession consists predominantly of
shallow-water or terrestrial deposits (Thorne & Trendall
2001). If this basin-floor sinking rate continued into the
intermediate period of slow deposition, as indicated by
the arrows in Figure 9, then increase in water depth would
be inevitable. Early intermittent BIF deposition in the
Marra Mamba Iron Formation and Mt Sylvia Formation,
followed by its massive onset at the base of the Dales Gorge
Member, and continuation thereafter, suggest that deeper
water was one factor in the deposition of BIF in the
Hamersley Basin.

CONCLUDING COMMENTS
One unresolved question in the study of Earth history is
whether, and if so how, ancient geodynamic processes
differed from those of the present. Two eloquent examples
from each end of the range of received opinion come from
Windley (1993) and Hamilton (1998). For Windley (1993 p. 7),
‘tectonophysical and geochemical processes . . . since the
early Archaean have not been fundamentally different
from those that operate today’, while Hamilton (1998 p. 143)
presents the contrasting view that the ‘distinctive array

639

of petrologic, structural and stratigraphic features that
characterise Phanerozoic convergent-plate systems . . .
have no viable analogues in Archean terrains’. Large
coherent depositional basins reflect the geodynamic
processes operating at the time of their formation, and
one general stimulus for the work reported in the present
paper was to establish the depositional chronology of the
Hamersley Basin as a basis for its comparison with
younger depositories.
The Hamersley Basin is, for its age, one of the bestpreserved ancient depositional basins on Earth. Parameters such as the total thickness of stratified rocks
present, the time required for their accumulation, and
the depositional rates of its components, summarised in
Figures 3, 9, are now sufficiently well established for viable
comparison with similar parameters of much younger
depositories. For depositional rates Sadler (1981 p. 570)
presented an analysis of ‘nearly 25,000 depositional rates
compiled from over 700 references’. Although these are not
listed, there is an implication that the great majority are
from young (Phanerozoic) basins. The Sadler (1981)
figure 1, which shows a log/log plot of these data, underpins one of his main theses: that measured accumulation
rates show a strong inverse relationship to the length of the
time interval over which the rates are measured. Thus
values as high as 108 m per million years are reported for
rates measured over a single day, whereas for time intervals of 106–108 years, rates decline to between ~100 m per
million years and 103 m per million years. Both the
Fortescue Group and Hamersley Group fall within the
general range of the Sadler (1981) data. Figures 3, 9 show
a thickness of 5600 m for the Fortescue Group over
151 million years, to give an IDR of 37 m per million years,
while the corresponding figures for the Hamersley Group
are 1908 m over 180 million years, to give an IDR of 11 m per
million years. The two groups combined give an IDR of
23 m per million years. All these figures fall centrally
among the Sadler (1981) plotted data for rates measured
over long time intervals in Phanerozoic basins. In short,
there is nothing in the depositional chronology of the
Hamersley Basin that differentiates it from Phanerozoic
basins.
Another theme of the Sadler (1981) work, refined by
Anders et al. (1987), was the comparative use of long-term
vs short-term accumulation rates to estimate the degree of
depositional continuity in basins. The data for the
Hamersley Basin are still insufficient for this, and the
question of continuity of deposition, or stratigraphic
completeness, needs a different approach, which has
already been discussed. The SHRIMP U–Pb data reported
in the present paper, in conjunction with previously
published SHRIMP results (Figures 3, 9), are consistent
with a model in which deposition in the Hamersley Basin
was continuous from the base of the Fortescue Group to the
top of the Hamersley Group; in this context, ‘continuous’
means that there was no depositional hiatus longer than
1 million years.
A different approach to the comparison of ancient and
modern basin formation was taken by McKenzie et al.
(1980). Following an extensional basin model originally put
forward by McKenzie (1978), and noting that that the
subsidence history of such basins was importantly related
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to the thickness of the lithosphere, McKenzie et al. (1980)
argued that any secular thickening of the lithosphere due
to cooling of the Earth should give rise to characteristically
different depositional chronologies in basins of different
ages. They reviewed the relevant data for a number of
ancient basins, including the Hamersley Basin, for which
they relied on the review of Button (1976). They concluded
that neither Archaean nor Proterozoic lithosphere thickness could be shown to differ from that of the present day,
but emphasised that, for a distinction to be recognised,
better radiometric dating data were necessary. Bickle and
Eriksson (1982) later examined the application of the idea
of McKenzie et al. (1980) to the major Precambrian basins
of South Africa, and concluded that no difference between
early Precambrian and present lithosphere thickness
could be detected. However, they also emphasised the need
for precise estimates of the duration of subsidence, as well
as the wide uncertainties in other parameters affecting the
extension model. Full discussion of the model in the light
of our data is not appropriate here, but the conclusion is
clear that the depositional chronology we present for the
Hamersley Basin provides no support for a lithosphere
differing in thickness from that of the present; the wider
implications of this are outside the scope of the present
paper.
Another area of debate for which the results reported
here are significant is the comparative chronology of the
Hamersley Basin with that of the Cape Province–Transvaal
Basin of South Africa; a proper discussion of this would be
too long for inclusion in the present paper.
It is worth noting that the Archaean–Proterozoic
boundary, at present arbitrarily designated at 2500 Ma,
must lie somewhere between DS2 of the Dales Gorge
Member and the Bee Gorge Member of the Wittenoom
Formation. Barley et al. (1992) suggest that this boundary
is probably represented by the lacuna of ~130 million years,
which they believe to exist between the Wittenoom Formation and the overlying Mt Sylvia Formation; however, it is
not clear whether this suggestion is based on a traditional
concept of the Archaean–Proterozoic as a global unconformity, or whether they believe the lacuna contains the
2500 Ma boundary. Our data indicate that this time
boundary is more likely to lie either within the lower
macrobands of the Dales Gorge Member or the Mt McRae
Shale. Further work should enable its precise stratigraphic
position to be determined.
It is evident from the preceding discussion that an
understanding of the later thermal history of the Hamersley Group is essential for accurate SHRIMP zircon dating,
in that non-zero-age Pb loss may in some circumstances
have a significant effect on interpreted ages, and may also
not be easy to detect. Recent Pb loss, presumed to be related
to a fall in overburden pressure caused by erosion, is
commonly used by geochronologists to explain discordant
zircon analyses. It is possible that the non-zero-age Pb loss
present in some of the samples used in the present study,
may be related to the inversion history (‘unroofing’) of the
Mt Bruce Supergroup. The samples are distributed widely
over the area (Figure 1), and it may be the case that Pb loss
occurred at different times in different locations. The study
reported on in the present paper is insufficiently extensive
to resolve this problem.

While the chronological record of deposition in the
Hamersley Basin is now far better understood than at the
time of the Trendall (1983) review, the work reported here
still leaves major problems and unanswered questions that
further SHRIMP zircon work might fruitfully address.
Apart from the need for continuous filling of stratigraphic
intervals from which no data have yet been obtained, these
include the issue of non-zero-age Pb loss, the effects on
zircons of events associated with iron-ore formation, and
sampling designed to test the presence of non-depositional
gaps longer than 1 million years. This last task presents
particular challenges, which must be met before the
depositional chronology of the Hamersley Basin is
properly understood. All future SHRIMP work should
include cathodoluminescence imaging of analysed zircons,
a technique that came into general use during the progress
of the present work, and which it was not, regrettably,
possible to include in mid-stream.
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APPENDIX 1: SUPPLEMENTARY INFORMATION ON SAMPLES

Woongarra Rhyolite: 94739 and W101
Sample 94739, a laminated green tuffaceous shale, was
collected from the eastern side of Woongarra Gorge, ~17 m
above the top of the upper unit of the Woongarra Rhyolite,
within a ~23 m-thick stratified band between the upper
unit and the base of the overlying Boolgeeda Iron Formation. The location is shown in Trendall (1995) figure 3:
94739 came from a point ~1.5 cm to the right of the black
circle near the centre of the photograph (as measured on
the photograph, not on the ground).
A point of stratigraphic nomenclature should be
clarified here. MacLeod (1966) included within the Woongarra Volcanics all the acid volcanic rocks, both lavas and
associated pyroclastic rocks, between the topmost banded
iron-formation (BIF) of the Weeli Wolli Formation and the
lowermost BIF of the overlying Boolgeeda Iron Formation;
the type section (as the Woongarra Dacite) had earlier
(MacLeod et al. 1963) been designated as Woongarra Gorge.
The Trendall (1995) demonstration that the non-pyroclastic
rocks of the (renamed) Woongarra Rhyolite, accepted by
MacLeod (1966) as lavas, were almost certainly intrusive,
created a nomenclatural problem that remains unresolved:
should the name Woongarra Rhyolite be restricted to the
intrusive units only, or continue to be used for both the preexisting non-BIF host rocks and the later intrusions? For
present purposes the MacLeod (1966) lithostratigraphic
definition is maintained, and both sample 94739 and W101
are accepted as within the Woongarra Rhyolite.
Sample W101, a massive flinty quartz–feldspar porphyry typical of the upper unit, was collected by R. C.
Horwitz close to the track on the western side of the gorge
at the same locality. Pidgeon and Horwitz (1991) estimated
an age of 2439  10 Ma for the Woongarra Rhyolite from
single-grain and small multigrain zircon thermal ionisation mass spectrometric (TIMS) analyses from this sample.
For the SHRIMP analyses reported here we used zircons
from the ‘-135+105NM1’ fraction (i.e. least magnetic zircons
passing a 135 m mesh sieve but retained on a 105 m
sieve).
The abundant zircons of this fraction consist predominantly of sharply euhedral zircons with well formed,
brilliantly reflective faces, although most contain unusual
vermiform inclusions; the crystals are typically rather
stumpy, with length/breadth ratios of between 2 and 3.
Approximately 100 of these were hand-picked for
mounting, together with ~10 of the well-rounded, ovoid,
zircons that were found to occur rarely among the main
population. By contrast, the sparse yield of zircons from
sample 94739 were all small (<50 µm long), and of very
mixed character, varying markedly in colour, development
of zoning, and shape; most show some rounding.
These two samples were analysed (in 1996), first, to
compare the rhyolite age obtained by SHRIMP analysis
with that reported by Pidgeon and Horwitz (1991); and
second, to determine whether the suggestion of Trendall
(1995) that the Woongarra Rhyolite was intrusive could be
tested by showing that stratified rocks overlying the upper
unit were older, rather than younger, than it.

Brockman Iron Formation, Joffre Member: P1, P4
and P5
Three of the porcelanite bands of the Joffre Member were
sampled: P1 (not numbered) in May 1989, and P4 (103285)
and P5 (103286) in October 1989; it is convenient to refer to
these samples by the band numbers rather than the sample
numbers. The purpose of collection was to determine the
depositional rate of BIF of the Joffre Member. P1, P4 and P5
were recorded by Trendall (1969) to occur 113.4 m, 137.8 m
and 171.9 m above the base of the member respectively. All
three samples were unweathered, and had the characteristic lithology already described. They were collected from
the base of the near-vertical cliffs of Joffre Gorge.
All three samples yielded abundant zircons, with very
similar characteristics. Most grains selected for analysis
were sharply euhedral bipyramidal prisms, 100 µm long or
less, with length/breadth ratios between 3 and 4. Many
show oscillatory zoning.

Brockman Iron Formation, Whaleback Shale
Member: 120058
This sample was supplied by Hamersley Iron in 1996, and
collected from the Southern Ridge of Mt Tom Price Mine.
It was taken from WS1, a ~2 m-thick shale band at the base
of the Whaleback Shale Member (Harmsworth et al. 1990).
In unweathered core the shale is dark, thinly laminated
and stilpnomelane-rich, but the sample used was intensely
weathered and consisted of soft, cream-coloured, laminated kaolinitic material. Darker discoidal bodies ~1 cm in
diameter concentrated in some bands suggested ignimbritic texture, but there was no other evidence of volcanic
affinity. The sample was nevertheless accepted as a
possible tuff with a depositional age that might constrain
the age of the top of the underlying Dales Gorge Member.
There was a poor yield of small zircons in the least
magnetic fraction, and ~100 grains were picked for the
mount. By comparison with samples from the Joffre
Member and Dales Gorge Member, the zircons appeared
variable in both shape (from rounded to sharply euhedral),
size (<100 to >250 µm long), and degree of zoning (absent to
strong); in particular, the generally euhedral zircons
appeared opaque and cloudy, with dull rather than brilliant
faces, and were rather fragile, some disintegrating during
handling. After polishing they had a dark, cracked, look in
transmitted light, and a blotchy appearance in reflected
light.

Brockman Iron Formation, Dales Gorge Member:
DS13, DS9, DS5 and DS2
This set of four samples [from DS13 (not numbered), DS9
(120051), DS5 (120052) and DS2 (not numbered)] are, like
the samples from the Joffre Member, most conveniently
referred to by their macroband numbers.
The large DS13 sample collected came from unweathered material at the base of a cliff on the eastern side of
Wittenoom Gorge; the material came from the thicker of
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the two shale bands present in DS13 (Trendall & Blockley
1970 p. 63), and consisted of fine-grained massive darkgreen to black compact rock consisting almost solely of
stilpnomelane. Evidence for the ash-fall origin of DS13 has
already been referred to. The DS9 macroband has the
largest thickness of stilpnomelane shale of any of the S
macrobands of the Dales Gorge Member (Trendall &
Blockley 1970 figure 14 & p. 64). In unenriched sections of
the Dales Gorge Member this consists of fine-grained
massive dark-green to black compact rock consisting
almost solely of stilpnomelane. However, the sample used
was collected from within the Tom Price high-grade
orebody. It consisted largely of kaolinite, and was a
compact buff-coloured chalk-like material, in which buff
lamination reflected the primary stratification. The DS5
sample also consisted, like DS9, of soft, pale-brown
kaolinitic material within iron ore, but without clear
indication of relict bedding. The DS2 sample was collected
at the old Yampire Mine site (Trendall & Blockley 1970
plate 8), from unweathered rock exposed in the spur gorge
immediately north of the abandoned adits on the eastern
side of the main gorge. Although DS5 and DS9 were
collected primarily to provide additional controls on Dales
Gorge Member depositional chronology, an additional
purpose was to examine whether zircons in the grossly
altered S macrobands within a high-grade hematite orebody retained their U/Pb isotopic compositions sufficiently for use in high-precision geochronology; because
zircons can be extracted more easily from this altered
material than from unoxidised stilpnomelane shale.
The abundant zircons of DS13 are mainly small (70–
100 m long), sharply euhedral, pink to brown bipyramidal
prisms with a length/breadth ratio of ~3. However, there is
a small proportion of more elongate clear crystals, and
fewer well-rounded clear grains. Samples DS9 and DS5 both
gave good yields of small (<75 µm long), sharply euhedral
zircons. Sample DS2 gave a poor yield of mainly small
(<75 m long) zircons of mixed morphology, including
almost equant euhedral crystals, broken grains, and
zircons with corroded outlines.

Wittenoom Formation, Bee Gorge Member: 120056
Sample 120056 was collected from the Spherule Marker Bed
of the Bee Gorge Member, in the Wittenoom Formation
(Figure 3). This informally named bed (Simonson et al.
1993a) is an individual clastic turbidite bed, between 12
and 130 cm thick, identifiable in the lower part of the
member. The bed contains abundant sand-sized spherules
resembling silicified ooliths in outcrop, but which consist
mainly of potassium feldspar, variably replaced by
carbonate. Simonson (1992) interpreted the spherules as

SUPPLEMENTARY PAPER
Table 2 SHRIMP analytical results for 13 samples from
the Hamersley Group and uppermost Fortescue Group.

silicate melt droplets derived from a major bolide impact.
The Spherule Marker Bed may result from the incorporation of these in a debris flow associated with an impactrelated tsunami. At the collection locality (Bacon Bore:
Simonson et al. 1993a) the spherules are restricted to discontinuous thin lenses at the base of the bed. The sample
processed consisted of slightly weathered pieces of green
argillite with abundant spherules. The sample was
analysed to explore whether a study of the zircons within
it would provide evidence concerning the origin of the
Spherule Marker Bed and its contained spherules.
Fifty zircons were hand-picked from the small yield
obtained from this sample. All were small (<75 µm long)
and there was great variation in elongation, colour, and
shape, which varied from well rounded to euhedral. Many
were strongly cracked, to the degree where extreme care
was needed in manipulating them during sorting and
mounting.

Jeerinah Formation, Roy Hill Shale Member: 120048
and 120049
These two samples were collected during detailed mapping
of areas in the northwestern corner of the Newman
1:250 000 geological sheet carried out in the course of ironore exploration. In this area the base of the lowest unit
(Nammuldi Member) of the Marra Mamba Iron Formation
(Figure 2) is precisely marked by a thick chert band,
informally called the ‘contact chert’. Sample 120048, a
slabby bleached tuff with altered feldspar phenocrysts up
to 3 mm wide, was taken from ~20 cm below the contact.
The stratigraphic status of sample 120049, which was
collected ~7 km southwest of 120048, is almost identical: it
was taken ~1 m below the base of the contact chert, from a
weathered tuff with feldspar and quartz phenocrysts up to
3 mm across. Both samples formed coarser tuffaceous
layers within the uniformly fine-grained material of the
Roy Hill Shale Member of the Jeerinah Formation. It is
assumed that both samples come from the same tuff band,
because the presence of a tuff immediately below the
contact chert, and above the top of the uppermost of the
dolerite sills that are abundant in the Roy Hill Shale of this
vicinity, is a characteristic demonstrated by detailed BHP
Iron Ore mapping. The relationship of this tuff band to the
layer of probable impact melt spherules, reported by
Simonson et al. (2000) from 2.7 m below the top of the Roy
Hill Shale Member in CRA Exploration core from drillhole
FVG-1, is not known.
Neither sample contained abundant zircons, but handpicking of 120048 yielded 45 small (<100 µm long) euhedral
crystals and a few larger grains; only 10 could be picked
from 120049.

