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a b s t r a c t

The ca. 1.8 Ga Duck Creek Formation, Western Australia, preserves 1000 m of carbonates and minor
iron formation that accumulated along a late Paleoproterozoic ocean margin. Two upward-deepening
stratigraphic packages are preserved, each characterized by peritidal precipitates at the base and iron
formation and carbonate turbidites in its upper part. Consistent with recent studies of Neoarchean basins,
carbon isotope ratios of Duck Creek carbonates show no evidence for a strong isotopic depth gradient,
but carbonate minerals in iron formations can be markedly depleted in 13C. In contrast, oxygen isotopes
covary strongly with depth; �18O values as positive as 2‰ VPDB in peritidal facies systematically decline
to values of −6 to −16‰ in basinal rocks, reflecting, we posit, the timing of diagenetic closure. The
xygen
ron formation

icrofossils

Duck Creek Formation contains microfossils similar to those of the Gunflint Formation, Canada; they are
restricted to early diagenetic cherts developed in basinal facies, strengthening the hypothesis that such
fossils capture communities driven by iron metabolism. Indeed, X-ray diffraction data indicate that the
Duck Creek basin was ferruginous throughout its history. The persistence of ferruginous waters and iron
formation deposition in Western Australia for at least several tens of millions of years after the transition

uren
chron
to sulfidic conditions in La
waters was globally asyn

. Introduction

When the Paleoproterozoic Era (2500–1600 million years ago;
a) began, Earth’s atmosphere and ocean contained little free oxy-

en (Holland, 2006). By the time it ended, however, sulfidic water
asses commonly lay beneath an oxygenated atmosphere and sur-
ace ocean (Canfield, 1998; Shen et al., 2002, 2003; Brocks et al.,
005; Scott et al., 2008). Accumulating evidence suggests that Pale-
proterozoic environmental transition was episodic, with an initial
nflux of O2 near the beginning of the interval followed nearer to

∗ Corresponding author at: California Institute of Technology, Division of Geolog-
cal and Planetary Sciences, 1200 E California Blvd, MC 100-23, Pasadena, CA 91125,
SA.

E-mail address: jpwilson@caltech.edu (J.P. Wilson).

301-9268/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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tia suggests that the late Paleoproterozoic expansion of sulfidic subsurface
ous.

© 2010 Elsevier B.V. All rights reserved.

its end by a resurgence of iron formation and subsequent long term
loss of ferruginous deep waters (Poulton et al., 2004; Johnston et al.,
2006). Available paleobiological data are consistent with hypothe-
sized environmental changes. For example, distinctive microfossil
assemblages of the type first reported from cherts of the Gunflint
Formation, Canada (Barghoorn and Tyler, 1965; Cloud, 1965), occur
broadly in successions deposited after the initial rise of atmospheric
oxygen and before the long term loss of ferruginous deep waters. To
date, however, there have been only limited attempts to integrate
paleobiological, biogeochemical, and environmental geochemical
data within a tightly constrained framework of sequence stratigra-

phy and geochronology.

To better understand the relationship between evolving ocean
chemistry and Paleoproterozoic life, we examined the Duck
Creek Formation, a late Paleoproterozoic carbonate platform pre-
served in the Ashburton Basin of Western Australia. The Duck

http://www.sciencedirect.com/science/journal/03019268
http://www.elsevier.com/locate/precamres
mailto:jpwilson@caltech.edu
dx.doi.org/10.1016/j.precamres.2010.02.019
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reek succession contains more than 1000 m of well preserved
arbonate-dominated stratigraphy. Early mapping (e.g., Daniels,
970) facilitated reconnaissance level studies of microfossils (Knoll
nd Barghoorn, 1976; Schopf, 1983; Knoll et al., 1988) and carbon
sotopes (Schopf, 1983; Veizer et al., 1992a; Lindsay and Brasier,
002), as well as detailed investigations of stromatolites (Walter,
972; Grey, 1985; Grey and Thorne, 1985) and sequence stratigra-
hy (Thorne, 1983; Grey and Thorne, 1985) through at least part of
he succession. Moreover, SHRIMP U–Pb dates for zircons in inter-
alated volcanic rocks now constrain depositional ages for Duck
reek and succeeding Ashburton strata (see below). This study
ocuments sequence development for the entire Duck Creek suc-
ession and uses this framework to interpret carbon and oxygen
sotopes at high stratigraphic resolution, in addition to mineralog-
cal and paleobiological data from the same samples.

. Geologic setting

In the northwestern corner of Western Australia, Paleoprotero-
oic sediments are preserved in the Ashburton Basin, a 12 km
ackage of siliciclastics, carbonates, volcanics, and iron forma-
ion distributed over 30,000 km2 (Fig. 1). Accommodation space
esulted from crustal loading associated with collision of the Pilbara
nd Yilgarn cratons during the Capricorn Orogeny, creating the Ash-
urton foreland (Thorne and Seymour, 1991). The Paleoproterozoic
yloo Group lies disconformably above modestly to moderately
etamorphosed iron formations, carbonates and other lithologies

f the Neoarchean–Paleoproterozoic Mount Bruce Supergroup. The
yloo Group contains two carbonate platforms capped by vol-

anics and a thick siliciclastic succession, and was itself deformed
uring subsequent Capricorn events, with the metamorphic grade

ncreasing toward the south. Because deformation is basically lim-
ted to thin-skinned folding and thrusting, the degree of structural
otation is, in most places, low (30–40◦), and overlying Ashburton
ormation mudstones and iron formation have experienced only
ub-greenschist metamorphism. This is in contrast with the rocks
f the Earaheedy Group to the southeast, deposited on the southern
argin of the orogen (Halilovic et al., 2004; Jones et al., 2000).
Though clearly present throughout the fold-and-thrust belt (and

isible from air and satellite photos), outcrops of the middle Wyloo
roup, including siliciclastic and carbonate sediments of the Mount
cGrath Formation and Duck Creek Dolomite, are discontinu-

usly exposed. However, just north of Wyloo Dome in the heart
f the Duck Creek Syncline, Duck Creek Gorge offers near contin-
ous exposure of the Duck Creek Formation on both sides of the
rainage; this is the location of data presented here. Near Parabur-
oo, farther to the southeast along the outcrop belt, another nearly
omplete Duck Creek Formation section is exposed. The formation
s thinner there and appears to contain a slightly different facies
uccession (Thorne, 1983).

At Duck Creek Gorge (22◦29′00′′S, 116◦19′10′′E), carbonates
over a 4.5 km transect as exposed in map view; over approximately
alf of that distance, vegetation and alluvium prevent identification
f bedrock (Fig. 1). Within the gorge, basal Duck Creek Dolomites
ie conformably above siltstones of the Mount McGrath Formation.
o the north of Duck Creek Gorge, the Duck Creek succession is
verlain conformably by basalt and tuffs of the June Hill Volcanics,
hereas the southwestern portion of the dolomite in the core of

he Duck Creek Syncline is capped by the highly cleaved and foli-
ted fine-grained siliciclastics and iron formation of the Ashburton

ormation. The onset of Duck Creek sedimentation is constrained
y a 2209 ± 15 Ma SHRIMP U–Pb date on the Cheela Springs Basalt,
ound lower in the Wyloo succession (Martin et al., 1998). Its end
s constrained by a series of ca. 1800 Ma SHRIMP U–Pb ages on
une Hill Volcanic rocks, including a new U–Pb SHRIMP date on a
search 179 (2010) 135–149

tuff approximately 5 km northwest of the study site, reported here
(Nelson, 2002; Sircombe, 2003; Evans et al., 2003; see below). From
the points of view of sedimentary patterns and basin analysis, the
age of the Duck Creek Formation lies relatively close to the mini-
mum age constraint provided by overlying June Hill tuffs (discussed
below).

3. Methods

Rock samples were sectioned using a diamond saw and micro-
drilled following methods of Kaufman et al. (1990) to obtain fresh
powders. Carbonate �13C and �18O values for 418 samples were
measured concurrently on a VG Optima dual inlet mass spec-
trometer fed by an Isocarb preparation device in the Harvard
University Laboratory for Geochemical Oceanography. Carbonate
samples (∼1 mg) were dissolved in a common anhydrous phos-
phoric acid (H3PO4) bath kept at 90 ◦C for 8 min. Carbon dioxide
gas was purified cryogenically and subsequently measured against
an in-house reference gas (CO2). Analytical uncertainty was ±0.1‰
(sample:standard ratio of 8:1); results are reported on a Vienna Pee
Dee Belemnite scale.

Mineralogical composition was measured for 18 samples dis-
tributed throughout the formation. Constituent minerals were
characterized by X-ray diffraction (XRD) with a Scintag, Inc. XDS
2000 diffractometer, using Cu K�1 radiation at 40 kV and 30 mA
according to methods described by Tosca et al. (2004). For all sam-
ples, data were collected at 0.02◦2� steps, between 5◦ and 65◦2�.
Peak matching of XRD patterns was done using Crystallograph-
ica Search-Match®, an iterative phase identification program used
for multiphase powder diffraction patterns. Multiphase patterns
were matched against the Powder Diffraction File with restrictions
on phase chemistry that limited searches to minerals containing
common rock-forming elements (H, C, O, Na, Mg, Al, Si, P, S, Cl, K,
Ca, Mn, or Fe). Phases with best fits were removed from the spec-
trum and the search was iterated for less-abundant phases. Mineral
abundances were quantified using XRD data and the publicly avail-
able RockJock spreadsheet (maintained by the USGS and available
at ftp://brrcrftp.cr.usgs.gov/pub/ddeberl). RockJock matches mea-
sured XRD peaks to a database of mineral XRD peaks in order
to quantify percent abundances. Measured peaks were matched
against a database of 22 carbonates and rock-forming minerals and
17 clay minerals. In order to identify any expandable clays that may
have been present, a sample of the clay fraction from mid-Duck
Creek iron formation was saturated in ethylene glycol.

Zircons were separated from a tuffaceous ash bed within the
overlying June Hill Volcanics (Fig. 1C) using conventional heavy liq-
uid and magnetic techniques followed by hand-picking by MinSep
Laboratories, and mounted in epoxy with the BR266 zircon refer-
ence standard (206Pb/238U age of 559 Ma and 903 ppm U). The epoxy
mount was polished to expose grain cores in section, imaged using
a scanning electron microscope and gold coated prior to SHRIMP
(sensitive high resolution ion microprobe) analysis. The SHRIMP
analytical procedures follow Compston et al. (1984) and Smith et
al. (1998).

4. Duck Creek sequence stratigraphy

Thorne (1983; see also Grey and Thorne, 1985) provided detailed
sedimentological and sequence stratigraphic interpretation of a
220 m section of the lower Duck Creek Formation prominently

exposed in a canyon wall at Duck Creek Gorge. This work builds
on that framework and extends it to cover the entire Duck Creek
stratigraphy. In addition to the peritidal to shallow subtidal facies
recognized by Thorne (1983), major developments of subtidal stro-
matolitic bioherms, mound-and-channel systems, deeper-water

ftp://brrcrftp.cr.usgs.gov/pub/ddeberl
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ig. 1. Tectonic map of Western Australia showing the location of the Capricorn Oro
howing field relationship between units. Sections described in the text are marked

imestones interbedded with dolomitic turbidites, and iron for-
ation are present. These observations allow definition of the full

uite of system tracts within the Duck Creek sequences, with the
esult that a broader range of paleowater depths can be recon-
tructed.

The Duck Creek Formation contains one complete depositional
equence, and parts of two others; the base of the formation is
arked by the highstand of an underlying sequence, and the top

f the formation is marked by the transgressive system tract of an
verlying sequence. This formation-capping transgressive system
ract defines the terminal drowning of the Duck Creek carbonate
latform. The Duck Creek sequences are defined on the basis of a
ingle measured section, shown in Fig. 2.

.1. Sequence 1

Highstand system tract [0–142 m]. The lower part of the Duck
reek Formation comprises the upper, shallowing part of a high-
tand system tract. Lithostratigraphically, the highstand is first
ecorded by the conformable contact with the underlying Mount
cGrath Formation, exposed at the eastern edge of Duck Creek
orge. Across this contact, black, tabular-bedded (∼10 cm beds)

ount McGrath siltstones grade upward into a fine-grained, white

iltstone, capped in turn by hummocky- and swaly-cross-stratified
olomite. Within the dolomite, large-amplitude (>20 cm) sym-
etric ripples (Fig. 3B), teepee structures (Fig. 3C), and imbricate

at-pebble conglomerates occur, along with late diagenetic cherts.
nd related sedimentary basins. Map of Wyloo Group exposed at Duck Creek Gorge,

The lowermost 40 m, from the Mount McGrath contact, is the only
part of the Duck Creek Formation that exhibits sedimentary struc-
tures other than stromatolites.

The presence of hummocky cross-stratification (HCS), as well
as sedimentary structures that include rip-ups, wave ripples,
teepee structures and imbricate flat-pebble conglomerates, indi-
cates a moderate- to high-energy outer shoreface environment.
HCS is commonly associated with deposition above storm wave
base (Einsele, 2000). Imbricate clasts are more characteristic of
storm-dominated, shallow-water environments near or within the
intertidal zone. Overall, the lower 38 m (section G, Fig. 2) is inter-
preted as a shallow marine dolostone, punctuated by deepening (as
recorded by HCS) to storm wave base.

These shallow water dolostones grade upward into ∼100 m
of m-scale parasequences characterized by imbricated flat-pebble
conglomerates, teepee structures, and mitten-shaped stromatolitic
precipitates. These peritidal facies mark the top of the highstand
system tract. The boundary between Sequence 1 and Sequence 2 is
not associated with karst or other evidence of subaerial exposure.
Consequently, it is likely that subsidence rates were sufficiently
high to prevent long-term exposure.
4.2. Sequence 2

Sequence 2 is the only identified stratigraphic sequence con-
tained entirely within the lithostratigraphically defined Duck Creek
Formation.
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ndicate samples from section F, capturing a local slumped and brecciated unit (se
ract; MFI = maximum flooding interval; HST = highstand system tract.

Transgressive system tract [142–258 m]. The transgressive sys-
em tract of Sequence 2 is marked by grainstones that are
ntercalated with three m-scale bioherms (at 150–152, 163–164,
nd 232–238 m), composed of close-packed, columnar stromato-
ites. In plan view, the bioherms consist of circular- to elliptical
olumns with regular mm-scale laminae and well-defined inter-
olumnar spacing, usually 1.1 ± 0.2 cm. Mound-and-channel facies
re present, as well, at 212–224 and 224–232 m in the measured
ection (Fig. 3D). The channel fills contain thin lenses of wrin-
led, low-relief (<2 cm), heavily silicified stromatiform precipitates.
ocally, stromatolite initiation is marked by tungussiform shapes
hat grade upward into vertical columns (Fig. 3D).

Maximum flooding interval [258–260 m]. The uppermost bio-
erm is capped by a thin iron formation at 258 m that represents a
aximum flooding interval (Fig. 3E). This ∼1 m thick bed is the

ower of two iron formations identified within the Duck Creek
ormation. (A third iron formation unit occurs in overlying beds
f the lower Ashburton Formation.) Hematite grains and dark
lue early diagenetic chert nodules containing rare detrital pyrite
rains occur in two discrete layers within the Fe-rich unit. Indeed,

hile late diagenetic silica is widely distributed in Duck Creek

arbonates, early diagenetic (pre-compaction) chert nodules occur
nly in the deeper facies that also host iron formation. Above the
ron formation, ∼10 cm thick beds of imbricate flat-pebble con-
lomerate occur within fine- to coarsely-laminated beds. These
ent. Oxygen isotope values (�18O) follow deepening-upward sequences. Red values
5A). Sequence stratigraphic interpretations are shown: TST = transgressive system

beds alternate on the meter scale with domal, silicified dolomite
precipitates.

Highstand system tract [260–440 m]. This is the Duck Creek
interval investigated by Grey and Thorne (1985). The first ∼200 m
above the MFI iron formation represent shallowing to peritidal
water depths and the formation of repetitive, stacked peritidal
parasequences (Figs. 3A,F and 4A,B). Here 1–1.5 m parasequences
of shallow-water carbonates initiate with stromatolites of low syn-
optic relief draped by dolomitic laminites, with locally extensive
development of sub-cm-scale microdigitate, precipitated stroma-
tolites. Within this interval, parasequences are commonly capped
by beachrock that records sea level shallowing to exposure. Pre-
cipitated stromatolites include domal structures up to 0.5 m high,
laterally linked conical structures with 3–4 cm of synoptic relief,
and fan-shaped domes truncated by flat-pebble conglomerates.
Precipitated stromatolite paraesquences are topped by a massive
dolomitic grainstone. No chert nodules were found in association
with the precipitate units, but diffuse, late diagenetic silicification
is extensive. Under polarized light, precipitates contain rhomboidal
dolomite crystals with minimal bed-to-bed variability, only trace

amounts of organic matter, and some iron staining. Lamination is
visible in hand samples, but not in thin section.

In agreement with previous investigators (Thorne, 1983; Grey
and Thorne, 1985; Lindsay and Brasier, 2002), the repeated pattern
of low-relief stromatolites truncated by beach rock is interpreted to
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ig. 3. (A) outcrop photo of Duck Creek Dolomite at Duck Creek Gorge, approximate
lanar-bedded carbonates suggestive of intertidal environments, section A; (D) mo
raping needle-like crystal fans, section B.

ecord inter- to supratidal deposition along the margin of a carbon-
te ramp. Grainstones are rare, but truncation surfaces that record
ubaerial exposure are common. It is possible that the uppermost
f these exposed, peritidal parasequences represents the boundary

etween Sequence 2 and Sequence 3. Similar to what was observed
t the top of Sequence 1, this boundary is not marked by a single
omplex exposure surface. Instead, it appears that accommoda-
ion was substantial enough to allow deposition throughout this
ime interval, making the distinction between highstand and low-
m of relief; (B) giant wave ripple, section G; (C) laminated precipitates truncated by
nd-channel, section A; (E) iron formation, section A; and (F) peritidal precipitates

stand systems tracts difficult without further study of parasequence
stacking trends.

4.3. Sequence 3
Transgressive system tract [440–640 m]. The peritidal strata of
the Sequence 2 Highstand are overlain by massive dolomitic
grainstones interbedded with occasional <1 m beds of columnar
stromatolites. These grainstones constitute the transgressive sys-
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Fig. 4. (A) Low-relief domal precipitates, section B; (B) conical precipitates, section B; (C) early diagenetic chert nodule in iron formation, section C; (D) ironstone within
section C; and (E) calcite-rich carbonate within iron formation, section C.
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em tract of Sequence 3. The grainstones grade upward into a ∼20 m
hick stromatolitic bioherm composed of columnar stromatolites
ith regular and well-defined intercolumnar spacing. And, like the

equence 2 bioherms, this biohermal unit is succeeded by a grad-
al transition to iron formation marking the further flooding and
ackstepping of the platform to greater water depths.

Maximum flooding interval [640–660 m]. The Sequence 3 maxi-
um flooding interval is distinctive in containing a significant iron

ormation, approximately 20 m thick (Fig. 4C,D). This iron forma-
ion unit contains abundant early diagenetic chert and carbonate
odules, in contrast to the much thinner iron formation in the
FI of Sequence 2. Carbonates containing increasing abundances of

otassium feldspars and hematite grade into thin-bedded to lami-
ated iron formation containing carbonate- and silica-rich phases.
uff-weathering carbonate-rich beds alternate with hematite-rich
eds near the base of the iron formation, but bedded carbon-
tes decrease in abundance through the ironstone. In thin section,
arbonates within the iron formation unit consist mostly of iron-
tained ankerite euhedra. The iron formation grades upward into a
ore carbonate-rich, white- to brown-weathering unit composed

f subangular iron-stained quartz grains mixed with rhombohe-
ral carbonate crystals (Fig. 4E). This, in turn, is capped by a minor
urther development of hematitic ironstone and buff-weathering
olomite, similar to those found below the carbonate.

Unfortunately, the iron formation is followed by ∼100 m of
over where Duck Creek is broken along strike, possibly as the
esult of a fault (Fig. 1c, indicated by dashed line). Where out-
rop resumes, the strata consist of monotonous, buff-weathered,
hickly laminated dolostones (rhythmites) with fossiliferous early
iagenetic chert nodules and soft-sediment deformation struc-
ures (most commonly dm-scale slumps and convolute bedding)
Fig. 5B). These facies contain well-developed interbeds of tabular-
last, matrix-supported breccias. Breccia clasts are derived from
acies equivalents of the interbedded rhythmites. This facies asso-
iation is classically known from deeper-water carbonate slope
nvironments (Grotzinger, 1986).

It is possible the Sequence 3 MFI iron formation is immediately
verlain by shallower-water carbonate facies (not exposed), thus
orming a highstand to Sequence 3. However, the simplest inter-
retation of the covered interval is that it represents resumption of
arbonate production on the Duck Creek platform, but with trans-
ort into deeper water environments. In this case it could still be a
ighstand deposit—albeit a depositionally downdip, deeper water

acies. Regardless, this covered interval contains the transition to
eeper water facies marking the onset of terminal flooding and
rowning of the Duck Creek platform.

Above the iron formation is a 40 m slumped interval captured in
ection F, overlapping the intact stratigraphy captured in section C
Fig. 5A). This slumped unit has discrete margins that can be traced
round the outcrop. It contains convolute bedding, and abundant
reccia, composed of imbricate, tabular buff-weathering dolomitic
lasts up to 20 cm thick, set in a dark, rust-weathering carbonate
atrix. This coarser breccia deposit is provisionally interpreted as a

lump facies (Fig. 5). Where preserved, bed orientation is discordant
o the regular strike of the beds in the principal section. In thin
ection, lower beds of this unit contain abundant and localized iron
taining. Given the anomalous isotopic compositions found within
he off-section breccia; this unit is discussed in more detail below.

[660–1000 m]. Continuing upward in our primary section (from
60 to 942 m), ferruginous limestone rhythmites are interbed-
ed with dolomitic turbidites, displaying well-defined Bouma

equences (Fig. 5C,D). Dolomitic turbidites occur approximately
very 9 m. Limestones are heavily silicified and pervasively styloli-
ized, and contain dolomite nodules that are oblate to bedding and
xhibit differential compaction. The limestones commonly contain
tylolites, often marked by high concentrations of iron miner-
search 179 (2010) 135–149 141

als. In thin section, limestones contain calcite crystals with small
amounts of hematitic coating, but the majority of iron is concen-
trated within stylolites, suggesting that the limestones contained
substantial amounts of iron at the time of stylolite development.
The presence of rhythmites and dolomitic turbidites, together with
the absence of wave-influenced sedimentary structures, suggests
deposition in an iron-rich environment well below wave base and
punctuated by turbidity currents. Near the top of the unit, two
∼1 m thick beds of black, highly cleaved siltstone (Fig. 5E) presage
a change in sedimentary regime, and following another ∼150 m
of cover the iron-rich, highly cleaved siltstones of the Ashburton
Formation begin.

In summary, the 1000 m Duck Creek Formation preserves
a sequence stratigraphic architecture similar to that of other
late Paleoproterozoic carbonate platforms (e.g., Grotzinger, 1986,
1989; Grotzinger and James, 2000): multiple sequences that
grade upward from shallow subtidal grainstones and stromatolitic
bioherms to peritidal carbonates with conspicuous precipitated
microdigitate stromatolites. Maximum flooding intervals contain
iron formation and other authigenic carbonate/silicate precipitates
(see below), and slope/basinal facies are marked by (dolo)micrite
and limestone rhythmites, rhythmite breccias, block breccias, and
carbonate turbidites. Based on the presence of turbidites and slump
features distal to peri- to supratidal precipitates, the overall plat-
form architecture is that of a distally steepened carbonate ramp.
The repetitive sequence architecture enables us to differentiate
between geochemical and paleobiological patterns that reflect
environment and those recording secular change in a late Paleo-
proterozoic ocean.

5. Mineralogy and geochemistry

5.1. Mineralogical clues to paleoenvironmental history

The Duck Creek Formation has long been characterized as
dolomitic, with almost no development of siliciclastic lithologies.
X-ray diffraction (XRD) data, however, shows that many Duck Creek
carbonates are distinctly more iron-rich than this would suggest.
In peritidal and shallow subtidal facies, sampled carbonates are
predominantly ferroan dolomite [Fe,Mg(CO3)2] and Mg- and Mn-
rich ankerite [Ca(Mg0.27,Fe0.66,Mn0.05)(CO3)2] (Fig. 6, Appendix 2),
with lesser amounts (<10%) of dolomite, quartz (as diffuse diage-
netic silica), and, locally, clay minerals. Samples associated with
iron formation are distinctly different. Carbonate in these sam-
ples ranges from a few to about 70% by weight, with dolomite,
ankerite, and calcite in approximately equal proportions. The iron
formations contain up to 15% hematite and magnetite, as well as
chert (i.e. microcrystalline quartz) abundances much higher than
those of other facies. Clays and potassium feldspars, both authi-
genic, also reach their greatest abundances in this facies. These
potassium feldspars are probably diagenetic products of preex-
isting zeolites and clays (Bish and Guthrie, 1993) based on their
absence from hand samples and petrographic thin sections. The
lack of visible evidence for feldspars, but their presence in XRD
spectra, suggests that these minerals consist of small grains, which
would be expected from alteration of preexisting clay minerals.
Deep water carbonates in the upper part of the section differ again,
consistently predominantly of calcite.

Silica and iron are closely correlated in Archean and Paleopro-
terozoic iron formations (see Fischer and Knoll, 2009, for recent

discussion), and in the Duck Creek Formation, they covary on a
sub-cm as well as outcrop scale. Throughout the formation, siderite
(FeCO3) is present only in low abundances (<5%); this is not sur-
prising given the tendency of siderite to become dolomitized to
ankerite (Klein and Beukes, 1989; Han, 1978) or to decompose to
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ig. 5. (A) Slumped and brecciated unit with iron-stained matrix, section F; (B) ear
D) dolomitic turbidite in stylolitic limestone, section E; and (E) limestones, dolomi

agnetite (Fe3O4; Yui, 1966) during burial diagenesis. Although
are pyrite grains were observed in thin sections of early diagenetic
hert nodules, sulfide minerals are absent from bulk diffraction
atterns throughout our sample set.

Clay minerals occur as minor components of most samples, but
omprise up to 20% of iron formation lithologies. Iron formation
amples show XRD peaks at 6.4◦, 12.5◦, and 26.6◦2�, indicating the

resence of chlorite, berthierine, and 1 M illite, respectively (Fig. 7).
lauconite is also found in lithologies associated with Duck Creek

ron formation, and, in a glycolated sample, a small break in slope at
.54◦ suggests minor occurrence of chaotically ordered expandable
lay precursors, possibly smectite.
genetic and fossiliferous black chert, section C; (C) stylolitic limestones, section D;
bidites, and siltstone unit at arrows, section E.

Berthierine [(Fe,Al)3(Si,Al)2O5(OH)4] and glauconite
[K(Al,Fe,Mg)2(Si,Al)4O10(OH)2] are particularly informative
about Duck Creek environments. These iron-rich, aluminum-
poor clay minerals form in marine environments at or near the
sediment–water interface, in the presence of reduced iron and
commonly associated with organic matter. Glauconite precipitates
slowly, commonly under low rates of sedimentation which allow

potassium to diffuse from the overlying marine water column
into its structure during formation (Meunier, 2005). Today, glau-
conite typically forms below the thermocline, at water depths of
125–250 m (10–15 ◦C). Berthierine typically occurs in nearshore
settings associated with relatively warm temperatures (for favor-
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ble precipitation kinetics), corresponding to 10–50 m water depth
25–27 ◦C) in the modern ocean, above the thermocline.

The Duck Creek succession records this slight separation, as
erthierine peaks at ∼642 m, within the carbonate-rich ironstones,
hereas glauconite peaks within the iron formation at approx-

mately 658 m and is present in the deeper-water limestones.
ecause both berthierine and glauconite form through redox reac-
ions near the sediment–water interface, rather than through

etasomatism, they corroborate the evidence of Fe-rich carbonates
n indicating an iron-rich marine setting. 1-M illite in Duck Creek
amples probably reflects the digenetic transformation of original
mectite clays. Chlorite also occurs, but this mineral is typically the
roduct of moderate metamorphism.

Heavily silicified samples from the lower part of the formation
ontain up to 7% goethite. Like the possible smectite noted above,
oethite in this section may have originated relatively recently
ue to recent surface weathering. Goethite also provides a finger-
rint for zones of secondary alteration, and a possible indicator
f areas where iron minerals may be present due to present-day
eathering elsewhere on the Pilbara Craton. In the absence of core
aterial, stratigraphic correlation between hematite and goethite

rovides the most direct test of whether iron minerals formed from
econdary alteration. As noted above, hematite and other iron min-
rals reach their peak abundance within the iron formation, rather
han in the lower samples that have the highest concentrations of
oethite; this suggests at least some of the hematite in the iron
ormation is depositional. That being said, it is clear from observa-
ions and hand samples that the entire sedimentary sequence has
een influenced by multiple episodes of diagenesis, most obviously
ilicification.

In short, while iron formation provides the most obvious litho-
ogical manifestation of ferruginous bottom-water conditions, both
arbonate and clay mineralogy indicate that the Duck Creek basin
as iron-rich throughout the interval recorded by our section. In

oastal environments, continental run-off probably supplied iron
n oxidized form, which was reduced to Fe2+ within accumulat-
ng carbonates and incorporated into Fe-dolomite and ankerite
y dolomitizing fluids. Basinal iron formations and associated Fe-
arbonates more likely contain iron introduced from anoxic deep
aters.

That carbonates deposited during maximum flooding remain
alcitic may principally reflect the fact that basinal carbonates in the
uck Creek succession were emplaced mechanically, transported

rom shallower sites of precipitation. Ferrous iron would have been
enerated within anoxic deep waters and pore waters, but in the
bsence of dolomitization – known to be less prevalent in basinal
nvironments (e.g., Grotzinger, 1989; Knoll and Swett, 1990) – it
as not readily incorporated into accumulating carbonates.

.2. Carbon isotopes

High resolution carbon isotope data for the Duck Creek carbon-
tes display a wide range of variability, from −8.08 and +1.94‰,
ubstantially greater than that reported by earlier workers (Veizer
t al., 1992b; Lindsay and Brasier, 2002). Despite the broad overall
ange, however, a strong majority of measured values fall between
1.0 and −0.5‰. The shallowest carbonates displaying precipitated
extures exhibit the most positive �13C values, averaging nearly
‰, in contrast to subtidal stromatolites that average 0‰. Similarly
odest 13C-enrichment of peritidal carbonates has previously been

ecorded from Paleo- and Mesoproterozoic carbonates in other

asins (e.g., Burdett et al., 1990; Knoll et al., 1995; Hotinski et al.,
004). The Duck Creek succession preserves carbonates deposited
cross a depth gradient likely to have exceeded 100 m, but there
s no further 13C-depletion recorded in basinal limestones and
olomites. As noted above, at least some deep water Duck Creek
search 179 (2010) 135–149 143

carbonates (breccias and turbidites) reflect basinward transport
of carbonates precipitated in shallower water. However, for finer-
grained facies this must be inferred.

That noted, the most negative �13C values in the Duck Creek
succession do occur in maximum flooding intervals within the suc-
cession, clustered into three sharp excursions (Fig. 2; see Appendix
1). Two of these are closely tied to the iron formations developed in
each major sequence; the third is contained within the megabrec-
cia appearing at 820–828 m in the upper part of the section (i.e.
section F).

A number of studies have reported large differences in carbonate
carbon isotope composition of shallow-water dolomitic carbonates
(�13C ∼0‰) and coeval carbonates associated with basinal iron for-
mation (�13C ∼ −5 to −7‰) (e.g., Becker and Clayton, 1972; Beukes
and Klein, 1990; Beukes et al., 1990; Kaufman et al., 1990). To
explain this gradient, conventional models invoke a stronger bio-
logical pump and a globally stratified ocean capable of producing
and maintaining a carbon isotope depth gradient (Derry et al., 1992;
Given and Lohmann, 1985; Hotinski et al., 2004; Kaufman et al.,
1990; Kennedy, 1996; Surge et al., 1997). However, careful analysis
of seafloor carbonate precipitates deposited along a depth gradi-
ent in the late Paleoproterozoic Pethei Group, Canada, detected no
strong C-isotopic variation with depth (Hotinski et al., 2004). More
recently, detailed C-isotopic investigation of carbonates deposited
along the margin of the Neoarchean Campbellrand–Kuruman plat-
form not only corroborated the absence of a discernable C-isotopic
depth gradient in seafloor precipitates formed across a paleodepth
range of several hundred meters, but also showed that siderites in
basinal iron formation differ from sub- and suprajacent CaCO3 pre-
cipitates in recording variable, but commonly strong 13C-depletion
(Fischer et al., 2009).

Such observations suggest that the 13C-depletion observed in
iron formation carbonates must reflect processes other than a
hyperactive biological carbon pump. Fischer et al. (2009) proposed
that carbon isotope depletion associated with siderite, a carbonate
mineral often associated with iron formation, reflected complex
interactions among iron oxide minerals, soluble silica, and iron-
reducing bacteria. In this model, complexes of iron oxides and
adsorbed silica were transported from surface waters to the deep
seafloor, where anaerobically respiring bacteria used the ferric iron
as a terminal electron acceptor. This resulted in the precipitation
of mixed valence and reduced iron minerals, including siderite.

Iron respiration is a heterotrophic process, oxidizing organic
matter back to carbon dioxide. Five analyses of organic carbon in
Duck Creek carbonates yielded �13C values of ca. −25‰; a single
measurement of organic carbon in a Duck Creek chert yielded a
value of −31.7‰ (Schopf, 1983). Such fractionation is typical of
ecosystems fueled by RUBISCO-based autotrophy (House et al.,
2000; Robinson and Cavanaugh, 1995). The depleted �13C signa-
ture from the oxidized or respired organics can contribute to the
dissolved inorganic carbon pool that feeds local precipitation of
carbonate. Thus, accumulating carbonates can contain markedly
depleted �13C values, similar to those observed in the Duck Creek
Formation. Simple mass-balance would suggest that in the most
extreme of cases (−8‰; 658 m), 25–33% of the carbonate carbon
came from remineralized organic matter. The general expectation
is that carbonates precipitated on or within the seafloor in associ-
ation with iron oxide minerals should record more depleted �13C
values than overlying or underlying iron oxide-poor facies. This is
exactly what is observed within the Duck Creek, and as such, pro-
vides a reasonable interpretation for the lower two negative carbon

isotope events.

As noted above, the uppermost negative carbon isotope anomaly
is not associated with iron formation. Carbonate minerals in this
horizon are similar to those found in shallow-water facies, com-
prising dolomite, ankerite, and Fe-dolomite. This unit contains
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ery little calcite and even less quartz, unlike other deeper-
ater samples above the iron formation. Certain samples, however

specifically F0 and F6; Appendix 1), exhibit significant iron staining
n carbonate grains (Fig. 9B). This staining suggests that pore fluid
ron played a role in the diagenetic environment of these highly
ermeable breccias. Percolating fluids could have supported a sim-

lar microbial iron-cycling community to that found in association
ith the iron formation, resulting in a similar �13C signal.

.3. The ı18O record

Oxygen isotope ratios (�18O) in ancient carbonates can provide
measure of post-depositional water–rock interaction. Given that
vast majority of Precambrian carbonates have been recrystallized,
nd secondary fluids are rich in O (from water), but poor in C, the
xygen isotope composition of carbonates is differentially vulner-
ble to resetting. The result is that carbonates commonly acquire a
18O composition similar to that of diagenetic waters, which com-
only deviate from �18O composition of seawater (Veizer et al.,

992a,b). Although this classic interpretation has been challenged

y recent work exploring carbonate diagenesis through the lens
f clumped isotope paleothermometry, suggesting that diagnetic
lteration can either enrich (via high-temperature fluids) or deplete
via meteoric water) carbonates in 18O (Came et al., 2007), the sim-
le claim that the �18O of carbonate is susceptible to alteration

ig. 6. Carbon isotope chemostratigraphy versus mineral abundances (determined by X-
uch as dolomite, ankerite, and Fe-dolomite (due to ferrous dolomitizing fluids). Deep-w
ron formations are rich in silica, iron, and clays. Potassium feldspars peak in abundance w
search 179 (2010) 135–149

holds. This is our point of entrance to the interpretation of Duck
Creek �18O chemostratigraphy (Figs. 2 and 6).

�18O values of the Duck Creek carbonates range from −14
to +5‰ VPDB (Fig. 2). Perhaps surprisingly, O isotopes show
strong bathymetric coherence; shallow-water sections are rela-
tively enriched in 18O (∼0 to 4‰; mean = 0.8‰), whereas deeper
water sections, including iron formation carbonates, are com-
monly more 18O-depleted (mostly −6 to +3‰; mean = −4.5‰).
It has been suggested that a common mode of isotopic behav-
ior during diagemesis leads to covariation of carbon and oxygen
isotope ratios (Knauth and Kennedy, 2009). In the Duck Creek
Formation sections, �13C and �18O values do not covary, either
through the section as a whole (Fig. 8A) or within the section at
600–700 m, an interval marked by successive 13C-depleted sam-
ples in iron formation and 18O-depletion in underlying carbonates
(Fig. 8B). The 18O-depleted carbonates contain carbon isotope val-
ues similar to shallow-water carbonates throughout the section;
13C-depleted ironstone samples contain oxygen isotope values sim-
ilar to intermediate to shallow carbonates throughout the section.
The heaviest �18O values recorded in our sample set occur in the

18
megabreccia unit described earlier; comparable � O values have
been interpreted as reflecting late-stage alteration by basinal fluids
at relatively elevated temperatures (50–70 ◦C) (Came et al., 2007).

The pronounced stratigraphic pattern recorded by Duck Creek
carbonates reflects the relative timing of cementation, dolomiti-

ray diffraction abundances). Shallow-water sections contain iron-rich carbonates,
ater sections are dominated by iron-poor carbonates, such as calcite and aragonite.

ithin the iron formation.
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ig. 7. X-ray diffraction trace, both glycolated and unglycolated, from a hematite-
ich iron formation sample, showing the presence of berthierine, illite, and chlorite.

ation and recrystallization processes that collectively determine
he extent to which sediments can interact with diagenetic fluids.
n peritidal environments, rapid cementation and penecontempo-
aneous dolomitization commonly preserved least-altered stable
sotopic signals (Burdett et al., 1990). In deeper subtidal settings,
owever, cementation and dolomitization commonly occur later,

f at all, allowing calcium carbonate minerals to recrystallize in con-
inuing contact with diagenetic fluids depleted in 18O (Burdett et
l., 1990; Schidlowski et al., 1983; Zempolich et al., 1988).
Like many Precambrian carbonates, petrographic examination
f Duck Creek thin sections suggests wholesale recrystallization.
his is supported by the widely variable oxygen isotope com-
osition seen in the dataset. The stratigraphic pattern shows
repeating monotonic trend through two deepening-upward

ig. 8. (A) Crossplot of �13C and �18O values from the complete section. (B) Crossplot o
epleted in 13C are enriched in 18O.
search 179 (2010) 135–149 145

cycles—specifically, small first differences in �18O between strati-
graphically contiguous samples. Shallow water samples are
typically enriched in 18O (∼2‰), whereas deep-water samples are
18O-depleted (−6‰). There is a general, but not one-to-one, corre-
lation between percent calcite and 18O-depletion, suggesting that
oxygen isotope variation is controlled by the vulnerability of cal-
cite (compared to dolomite) to alteration during burial diagenesis.
Deeper-water sediments (e.g., limestones from sections D and E)
have a higher proportion of calcite and were cemented later (made
clear from the differentially compacted dolomite nodules in lime-
stone matrix). Because mineralogy is a function of depth, this gives
the illusion of a depth gradient in oxygen isotope composition.

5.4. Geochronology

Zircon morphology. The morphology of zircons separated from
sample JVT includes typical tuffaceous sizes and shapes: i.e.
30–100 �m in size, aspect ratio typically 1.5–2.0 with fine concen-
tric euhedral internal zoning and euhedral to subhedral external
morphology. Several such grains show evidence of abrasion with
chipped external surfaces which crosscuts the internal euhedral
zoning visible on cathodoluminescence (CL) images. A minority
of zircon grains are fragments of larger grains, and also have the
30–100 �m size range and 1.5–2.0 aspect.

Age of the June Hill Volcanics. The U–Pb isotopic data for the
June Hill Tuff sample are presented in Appendix 3. The 207Pb/206Pb
age data shows considerable scatter and reflects a complex zir-
con inventory in the tuffaceous sample. There is one dominant age
population (11 of 24 analyses <10% discordant) which comes exclu-
sively from finely zoned, euhedral to subhedral zircons typical of
magmatic growth. All except one of these analyses are ≤3% dis-
cordant (Appendix 3) and they represent a single statistical age
population (MSWD = 0.84) which yields a pooled 207Pb/206Pb age
of 1795 ± 7 Ma (95% c.l.; Fig. 11). This age is within analytical error
of other estimates of the June Hill Volcanics (discussed below) and
given the zircon morphologies is considered to date the tuffaceous
event.

Other zircons in the sample are both older and younger. Five of
the six older zircons are within 1% of concordant and yield ages of
1834–3470 Ma (Appendix 3). These grains are mostly fragments of
larger grains with the external surface crosscutting internal zona-
tion in CL images. Most grains have rounded corners typical of
detrital grains and together with similar, although less severe, tex-

tures in the magmatic population the tuff is interpreted to have
been reworked. The age range of the older grains corresponds to
components of the underlying stratigraphy and granitoids and is
compatible with a hinterland of known Pilbara and Yilgarn Craton
rocks at the time of tuffaceous volcanism.

f �13C and �18O values from samples between 600 and 700 m. Samples which are
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teria are commonly found in early diagenetic cherts. Adsorption on
iron oxides, however, provides another means of removing silica
from seawater, and one that would have been important in Archean
and Paleoproterozoic basins where iron formation was deposited
(Fischer and Knoll, 2009).

Fig. 10. Marine cross-section showing a summary of mid-Paleoproterozoic micro-
fossil distributions. Previous Gunflint-type microbiotas occur in cherty stromatolites
deposited in relatively shallow water (Amard and Bertrand-Sarfati, 1997; Barghoorn
and Tyler, 1965; Knoll and Simonson, 1981; Walter et al., 1976; Tobin, 1990),
whereas fossiliferous cherts from from the Belcher Islands contain coccoidal
ig. 9. (A) Chert 25 at 40×, showing Eoastrion, Gunflintia, and Huroniospora and (B)

The younger grains found in the sample range in age from 1765
o 1185 Ma (Appendix 3). All except one of these nine analyses
re ≤2% discordant, which is unusual if the normal explanations
f diffusional Pb-loss and resetting are considered to explain ages
ounger than the rock formation age. The three oldest grains of this
roup (i.e. 1742–1765 Ma; Appendix 3) are morphologically simi-
ar to the 1795 Ma magmatic population and are interpreted to be
art of this group and suffered minor diffusional Pb-loss prior to
ecent times. Including these with the eleven magmatic analyses
roduces unexceptably high scatter in the population for a single
ge (i.e. MSWD = 1.8 for n = 14) and validates their omission from
he magmatic group for the purposes of an age calculation.

The ages for the remaining six youngest analyses (Appendix 3)
o not cluster to indicate a discrete resetting event, and are mostly
utside the age range of known events to affect the rocks (e.g.,
he Capricorn Orogeny). Further, their shape and size are largely
ndistinguishable from the other zircons in the rock. Although not
efinitive, this suggests they were 1795 Ma or older zircon grains

ncorporated into the rock at its time of formation and thereafter
ost Pb by diffusion to fortuitously remain close to concordant.
ther explanations of partial resetting during unknown or poorly
haracterized events after 1795 Ma remain possible but cannot be
ested without more extensive studies, which are outside the aim
f determining the age of the tuffaceous volcanic event.

. Micropaleontology

The modern era of Precambrian micropaleontology began with
he discovery of fossils in the ca. 1900 Ma Gunflint Formation,
anada (Tyler and Barghoorn, 1954; Barghoorn and Tyler, 1965;
loud, 1965). Carbonaceous cherts associated with Gunflint iron

ormation contain dense concentrations of microfossils, preserved
s organic remains or iron oxide replicas. Gunflint-like assemblages
ere subsequently recorded from other late Paleoproterozoic iron

ormations, including the Sokomon Formation in Labrador, Canada
Knoll and Simonson, 1981), and the Frere Formation, Australia
Walter et al., 1976; Tobin, 1990). Gunflint-type assemblages differ

arkedly from the cyanobacterial fossils found in silicified periti-
al carbonates of comparable age from the Belcher Islands, Canada
Hofmann, 1976; Golubic and Hofmann, 1976), suggesting that they
ay record environmentally and/or metabolically distinct commu-
ities.

The sizes and shapes of Duck Creek microfossils are closely
imilar to those found in Gunflint chert, including 1–2 �m fila-
ents assigned to the genus Gunflintia, small cocci assignable to
raphic thin section of sample F0 at 40× showing iron staining on carbonate grains.

Huroniospora, and asteriform microfossils placed within Eoastrion,
as well as rare larger trichomes comparable extant oscillatorian
cyanobacteria or sulfur-oxidizing bacteria (Knoll and Barghoorn,
1976; Knoll et al., 1988; Fig. 9A). Microfossils in cherts collected
within the measured section are similar to those reported previ-
ously.

Early work on Duck Creek microfossil assemblages demon-
strated their taxonomic affinity to the Gunflint biota (Knoll and
Barghoorn, 1976; Knoll et al., 1988) but lacked the sequence strati-
graphic context needed to facilitate environmental comparisons
with Canadian assemblages. Our stratigraphic investigation now
provides a unique framework to test the proposal (Knoll, 2003)
that Gunflint-like biotas record iron-metabolizing bacteria that
lived close to the oxycline in ferruginous Paleoproterozoic oceans
(Fig. 10).

Early diagenetic silica provides an important taphonomic win-
dow on Proterozoic life, and the processes that remove silica from
seawater and redistribute it locally within sediments to form nod-
ules will strongly influence the types of communities seen through
this window. For much of Proterozoic time, silica left the oceans pri-
marily as an early stage evaporite, deposited along ocean margins
(Maliva et al., 1989). For this reason, peritidal mats rich in cyanobac-
cyanobacteria from the shallowest water depths (Hofmann, 1976; Golubic and
Hofmann, 1976). The occurrence of a Gunflint-type assemblage in early diage-
netic Duck Creek Formation cherts is useful because its stratigraphic context places
Gunflint-type microfossils in an iron-rich deep water paleoenvironment. This rela-
tionship lends support to the proposed identification of these organisms as bacteria
with iron-based metabolisms, as suggested by Cloud (1965).
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assistance, G. Eischeid for mass spectrometry assistance, N. Tosca
ig. 11. UP–PB SHRIMP concordia plot of the magmatic zircons from the ash bed in
he June Hill Volcanics. Error elipses are 1�.

In the Duck Creek Formation, early diagenetic chert is essen-
ially absent from peritidal parts of the succession, but abundant
n deeper facies associated with iron formation. Not surprisingly,
hen, Duck Creek cherts contain no assemblages comparable to that
f the Belcher Islands, but abundant Gunflint-like fossils. Because
eritidal carbonates in the Duck Creek succession do not contain
arly diagenetic cherts, we cannot be certain about microbial com-
unities in that setting. That said, comparable facies throughout

he Proterozoic contain assemblages dominated by cyanobacteria
nd cyanobacteria-like microfossils (Knoll, 2003).

The presence of early diagenetic nodular cherts associated
ith iron deposition suggests that the Duck Creek microbiota

xisted near (or slightly below) the sediment–water interface,
ossibly close to a redoxcline. A redox interface would both pro-
ide a chemical source of harvestable energy and ferrous iron
or the iron formation. As early as 1965, Cloud (1965) com-
ared Gunflint filaments and asteriform microfossils with iron
acteria found in modern ferruginous environments. Sequence
tratigraphic interpretation of Duck Creek microfossils supports
uch an interpretation and provides a simple explanation for the
pparent restriction of Gunflint-type assemblages to Paleoprotero-
oic strata deposited after the initial rise of oxygen but before the
emise of Fe-rich deep waters (Knoll, 2003).

. Redox conditions in the Ashburton Basin

More than a decade ago, Canfield (1998) proposed that the
emise of Paleoproterozoic iron formations resulted not from the
xpansion of oxygenated deep waters but rather by the establish-
ent of sulfidic chemistry in anoxic subsurface water masses. In

his hypothesis, the initial rise of oxygen in the atmosphere and sur-
ace ocean resulted in an expanding sulfate reservoir. The presence
f pyritic shales in latest Paleoproterozoic rocks is hypothesized to
epresent an expansion of bacterial sulfate reduction that resulted
n the titration of ferrous iron from anoxic deep waters. The global
ature of redox conditions in late Paleoproterozoic deep waters
emains uncertain, although dysoxic, non-sulfidic water masses
learly existed (Slack et al., 2009). Water masses immediately

eneath the oxygenated mixed layer, however, were commonly
noxic and sulfidic in latest Paleoproterozoic and Mesoproterozoic
ceans (e.g., Shen et al., 2002, 2003; Brocks et al., 2005; Scott et al.,
008).
search 179 (2010) 135–149 147

In the late Paleoproterozoic Animike Basin of northwestern
Ontario, hematitic iron formation is overlain by sulfide-rich shales
and siltstones. On the basis of Fe-speciation studies, Poulton et al.
(2004) proposed that this stratigraphic pattern captures the tran-
sition from ferruginous to sulfidic subsurface waters, completed
before ca. 1840 Ma. By itself, however, the Animike record can-
not tell us (1) whether Paleoproterozoic iron formations record
the persistence or resurgence of Fe-rich deep waters, (2) whether
Paleoproterozoic ferruginous waters developed regionally or glob-
ally, or (3) whether the transition to sulfidic subsurface waters
occurred synchronously throughout the oceans. Paleoproterozoic
successions from Western Australia, including the Ashburton Basin,
provide perspective on these questions.

In Australia, iron formation occurs in a siliciclastic-dominated
succession within the Earaheedy Basin, on the conjugate side
of the orogen associated with the Yilgarn Craton (Halilovic et
al., 2004). Commonly interpreted as correlative with Duck Creek
rocks, Earaheedy iron formation is constrained to be older than
1790–1760 Ma, the timing of regional deformation (e.g., Halilovic
et al., 2004). U–Pb SHRIMP dates on detrital zircons in sandstones
of the Yelma Formation deposited before the onset of iron depo-
sition indicate a depositional age younger than 1983 ± 51 and
2032 ± 27 Ma; detrital zircons in sandstones that overlie the iron
formation include grains as young as 1808 ± 36 Ma (Halilovic et al.,
2004).

As noted earlier, the age of the Duck Creek Dolomite is con-
strained U/Pb dates on overlying June Hill Volcanics of 1806 ± 9 Ma
(Nelson, 2002) and 1799 ± 8 Ma (Evans et al., 2003). The new U–Pb
date reported here is consistent with earlier determinations, but is
significant because the sampled ashbed lies directly on top of upper
Duck Creek Formation carbonates and below hematite iron for-
mation of the overlying Ashburton Formation in the same section
(Thorne and Seymour, 1991). Thus, the 1795 ± 7 Ma age reported
here provides direct confirmation that ferruginous waters persisted
in the Ashburton foreland basin until ca. 1800 Ma or later, a min-
imum of tens of millions of years after they disappeared in North
America.

8. Conclusions

The Paleoproterozoic Duck Creek carbonate platform developed
in a basin characterized by ferruginous bottom waters. Stromato-
lites in tidal flat to shallow subtidal environments probably record
benthic microbial communities fueled by cyanobacterial photo-
synthesis (Grey, 1985). Deeper in the basin, however, an oxycline
existed, with moderately oxygenated waters above and anoxic
ferruginous waters below. Near this interface, iron metabolism
played a major role in microbial ecosystems, with chemotrophs
and, possibly, phototrophs fixing carbon while iron-respiring bac-
teria returned carbon dioxide to the environment. Gunflint-type
microfossils preserved in basinal Duck Creek cherts provide a fossil
record of this community. The Duck Creek Formation testifies to
the presence of distinctive Proterozoic ecosystems whose distribu-
tion in time and space waxed and waned with the distribution of
iron-rich water masses beneath oxic surface oceans.
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