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Formation in the study area was deposited in a succession of rocky
coastal to isolated peritidal marine carbonate platform reef environments
during transgression of previously emergent crust, followed by a period
of clastic and volcaniclastic sediment





control over the extent of fluid–rock interaction; the complexation of
trace elements by ligands; the precipitation and separation of
secondary phases (Klinkhammer et al., 1994; Douville et al., 1999),
and (in mid ocean ridge and back arc spreading centre environments)
diagenetic redox reactions at the sediment–basalt interface (Wheat
et al., 2002). Clearly, of all REE sources to the sedimentary envi-
ronment of interest in this study, hydrothermal fluids are the least
well understood, even in the present Earth. However, some common
factors of high temperature hydrothermalfluids (N250 °C) are recognized.
In diagrams normalized to mid ocean ridge basalt (MORB), high T
hydrothermal fluids are enriched in LREE and Eu; have higher concentra-
tions of REE overall when compared to seawater; and have chondritic Y/
Ho ratios (e.g. Klinkhammer et al., 1994; Bau and Dulski, 1999). Low T
hydrothermal solutions (b250 °C) are not as well studied as high T
solutions, but essentially share REE characteristics with high T solutions.
However, Wheat et al. (2002) argue that REE in low T solutions undergo
fractionation due to the formation of secondary oxides and carbonates,
mobilization of some elements in the sediment pile and formation of
albite in basalt. Thus, a LREE-enriched pattern with chondritic Y/Ho ratios
would be consistent with origins in a high T hydrothermal system
comparable to modern mid ocean ridge or back arc spreading centre
systems. But there is scope for diversity among REE patterns of hydro-
genous sediments formed in ancient hydrothermal systems.

In sedimentary basins affected by terrigenous influx (i.e. crustal or
shale contamination) the composition of hydrogenous sediments is a
mixture of originally colloidal and particulate components. If parti-
culate components are significant, they have a strong effect on the
trace metal concentrations. Strictly terrigenous contamination is best
recognized by increased trace element concentration, and covariation
trends between REE features and Th, Zr, Ga or Sc (all elements
concentrated in continental detritus by several orders of magnitude
compared to seawater and hydrothermal fluids). Clastic contamina-
tion has a strong tendency to flatten the shale-normalized REE
patterns, provided that the shale composite is a valid approximation
of terrigenous input into the particular environment of the studied
rocks. In that regard, recent studies have demonstrated the impor-
tance of understanding the trace element composition of the crust in
the hinterland area and – by implication – the trace element
chemistry of terrigenous influx to the basin (Kamber et al., 2004). In
the present study, a modern alluvial sediment composite from north
eastern Australia (Mud of Queensland, “MuQ”) was used as the
normalization factor. These sediments reflect a bi-modal erosion
source in NE Australia composed of strongly weathered basaltic rocks
and Proterozoic granitoids. For this reason MuQ has some validity as
an approximation of the composition of sedimentary deposits formed
in Early Archean granite-greenstone terrains. In addition, the data for
MuQ (Kamber et al., 2005) were obtained with exactly the same
analytical method as this dataset and MuQ also contains accurate and
precise data for mono-isotopic Pr, Tb, Ho and Tm, which facilitate
accurate assessment of La, Eu, Y and Gd anomalies.

3. Sedimentary context and mineral paragenesis

3.1. Underlying unit, member 1, member 3 and member 4 chert samples

The underlying Panorama Formation strata consist of a thin (up to
5 m thick), bedded unit that thickens, thins and pinches out along
strike in the study area. The unit has a variable character but is typified
by thinly bedded to laminated volcaniclastics and chert showing
graded bedding (volcaniclastics grading up into chert) and cross
lamination (Fig. 3i). The sampled outcrop also has metre-thick beds of
massive black chert (Fig. 3j) and coarse conglomerate layers. Samples
were collected from the thick black chert beds, and from chert clasts in
the conglomerate layer. Some of the chert clasts in the conglomerate
layers have jasper banding, indicating erosion from a unit that locally
subcrops the Panorama Formation in the area, and is most likely the
Marble Bar Chert.
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parts that exhibit well preserved relict sedimentary textures, away
from veins and late diagenetic silicification.

In thin section, carbonate and chert are intimately associated, and
there are almost no pure chert or carbonate laminae, only chert-rich
and carbonate-rich laminae. Significantly, the lower contact of
member 2 marks a sudden complete disappearance of any clastic
material: this has been interpreted as evidence of the drowning of a
low-relief isolated landmass and onset of fully marine conditions
away from any significant source of erosional (terrigenous) input
(Allwood et al., 2006a, 2007a, b).

The carbonate is almost entirely dolomite, although small in-
clusions of calcite are present in the chert-rich laminae. The dolomite
consists mainly of roughly equigranular, anhedral crystals in a sutured
mosaic (Fig. 5a, d), which is consistent with moderate to advanced
dolomite recrystallization. Very fine grained (∼2 μm) dolomite is
locally abundant, occurring around the margins of some crystals and at
contacts between chert and dolomite laminae (Fig. 5c, d). The fine
grained dolomite is closely associated with organic matter, suggesting
that organic matter may have played a role in its formation. Cross-
cutting relationships indicate that these latter two dolomite fabrics
developed multiple times during diagenesis. A third type of dolomite
occurs locally, and consists of equigranular, euhedral dolomite
rhombs, or partial rhombs, with crystal growth zones (Fig. 5b). The
rhombs commonly occur at the margins of chert-filled laminoid
fenestrae, protruding into the chert in a manner that suggests they are
non-replacive, early diagenetic overgrowths, and that they have not
been overprinted by recrystallization since their formation. In
summary, most of the dolomite is neomorphic and possibly replacive
after calcite or aragonite and some dolomite (D3) probably formed as a
non-replacive, early diagenetic precipitate, but there appears to have
been no significant replacement of non-carbonate phases.

The term chert is used broadly here, to include lithologies
containing microcrystalline quartz as well as mesocrystalline quartz.
The microfabric of chert laminae is variable but consists mainly of
mesocrystalline quartz with undulose extinction and crenulate crystal
boundaries (Fig. 4c). Many chert laminae in the lower part of bed 1/
member 2 show void-fill fabric with wall-coating isopachous
cements, megaquartz or chalcedony infill (Fig. 4f).

Van Kranendonk and Pirajno (2004) proposed that cherts in the
Strelley Pool Formation are hydrothermal in origin, and the finely
laminated chert in member 2 formed when hydrothermal silica
intruded along laminae, replacing carbonate. However, field observa-
tions made in this study indicate that this latter interpretation cannot



areas free of weathering. At least one thin section was made for each
field sample and examined under a petrographic microscope to
determine mineralogy and diagenetic history. Sub-samples for trace
element analysis were extracted from the slabs by two different
techniques. Most samples were acquired by shattering the slab, or
part of the slab, with a 70 ton low-contamination rock press at the
ACQUIRE laboratory, University of Queensland, and then retrieving
rock shards from the desired part of the slab with clean tweezers. Care
was taken to avoid surfaces that had been touched by the diamond
saw. Where more precise targeting of sub-samples was required, a
low-contamination stainless steel scalpel was used to scrape away the
surface of the sample. The new surface was then cleaned and some
more sample material was scraped from the fresh rock beneath. Using
this technique we were able to collect microgram-sized samples from
individual laminae and other millimetre-scale targets with high
precision. The samples were prepared for solution ICPMS analysis in
the following manner.

Carbonate samples: The samples were submersed in Milli Q water
and heated overnight. The water was decanted and samples were
triple-rinsed in Milli Q water. The carbonate fraction was dissolved
with 2% double-sub-boiling distilled nitric acid on a hotplate at
around 130 °C for about 6 h. The carbonate solution was then
temporarily decanted into centrifuge tube and a couple of drops of
water were used to get remnant solution off the solid chert
residue. The chert solids were removed from the beaker, then
dried and weighed to determine the amount of carbonate
removed. The decanted carbonate solution was then returned to
the Teflon beaker and left on the hotplate overnight to dry down
the nitrates. The solid was then diluted to the desired volume in 2%
nitric acid with internal standards.
Chert samples: After heated washing (as above) and complete
carbonate digestion (where carbonate was present in the sample)
the chert was rinsed 3 times in Milli Q water, oven dried at 60 °C
for 1 h and then weighed. The chert was then dissolved in ultra-
clean hydrofluoric acid on a hot plate at around 130 °C for half a
day (including 10 min in an ultrasound bath to disturb fluorite
precipitates, which can form a protective gel over the sample and
hinder complete dissolution). The digests were then dried down
on a hotplate (around 120 °C) overnight. Aliquots of 6% HNO3 were
added to the solids at approximately half hour intervals (allowing
the sample to dry on hotplate at 110 °C between each aliquot), to
convert to nitrates and drive off Si as the tetrafluoride. This yielded
a small solid residue whose physical size was used as an ap-
proximate guide to the desired dilution in 2% HNO3 (i.e. attempting
to dilute with as little 2% HNO3 as possible to improve detection
limits).

The general ICPMS experimental procedure is an adaptation of that
of Eggins et al. (1997), with modifications detailed in Kamber et al.
(2003). The instrument used was a Thermo Electron X Series, operated
with Xs cones, yielding a sensitivity of 0.3 to 0.4 GHz ppm−1 in the REE
mass range. Long-term reproducibilities for the period of this study
(2004–



data are first reported in stratigraphic context, then discussed in the
following sections.

5.1. Underlying cherts

Beds of laminated and massive black chert underlying the Strelley
Pool Formation are typified by: 1) light REE (LREE) depletion; 2) a
positive Eu anomaly that persists with normalization to MuQ, PAAS
and a mafic pelite composite; and, 3) a negative Y anomaly (although
AA12 and AA14 have a very small positive Y anomaly). Four of the five
samples show a positive La anomaly (Fig. 6a).

5.2. Member 1

Chert clasts within member 1 show similar REE characteristics to
the underlying cherts (Fig. 6b), particularly the LREE depletion,
positive Eu anomaly, negative Y anomaly and absent or slightly
positive La anomaly. The patterns of the clasts are particularly similar
to one of the underlying cherts, AA13. The carbonate matrix of
member 1 (Fig. 6c) is depleted in LREE and has a weak positive Eu
anomaly and high MREE/HREE. Notably, the concentrations of REE+Y
in the carbonate matrix (particularly AA8) are very high and approach
those of MuQ.

5.3. Member 2

All carbonate and chert samples analyzed from member 2 beds and



Fig. 6. MuQ-normalized abundances of REE+Y in cherts of the Strelley Pool Formation and underlying rocks.
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Fig. 7. Strelley Pool Formation samples plotted against the theoretical mixing hyperbolae. (a–g) Chert samples plotted with mixing hyperbola between marine and hydrothermal endmembers for a variety of metals vs. Y/Ho. (h) Dolomite
samples of member 2 plotted with mixing hyperbola between marine and terrigenous endmembers. Increasing terrigenous contamination to the right. The two data point furthermost to the right are samples from the matrix of member 1
conglomerate.
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Fig. 8. Correlation trends among chert and dolomite samples from member 2. Abundances in parts per billion.
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dolomite is the matrix of a poorly-sorted siliciclastic rock. Notably,
however, the ‘shale’ could consist of siliciclastic or volcaniclastic
debris, and – as with the chert mixing hyperbola – the steep curve
indicates that only a small amount of contamination was required to
suppress the seawater characteristics. Therefore, the variable Y/Ho
ratios among the carbonate samples probably represent only a very
small degree of siliciclastic or volcaniclastic contamination.

Whereas shale contamination can account for most of the REE+Y
variability, the scatter around the two endmember mixing hyperbolae
and the variability of Y/Ho (and other REE+Y characteristics) in chert
and dolomite samples suggests that there were additional minor inputs
to chemistry of chert and carbonate in member 2. In particular, the



Jet Propulsion Laboratory, California Institute of Technology, under a
contract with the National Aeronautics and Space Administration.
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.chemgeo.2009.11.013.
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