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The occurrence of ferric oxides in Archean rocks has played an important role in discussions on the amount of
free oxygen in the atmosphere of the ancient Earth. Recognizing that post-Archean weathering may also pro-
duce oxide minerals, drill cores have been used to obtain samples beneath the depth of Phanerozoic weath-
ering. The first core of the Archean Biosphere Drilling Project (ABDP-1) documented hematite as alteration
products in 3.4 Ga basalts from the Marble Bar area of the Pilbara Craton, NW Australia, and this has been
used to infer the presence of an O,-bearing atmosphere in the Archean. It is possible, however, that despite
recovery of samples from >100 m depth, oxidation of the basalts occurred much younger than the deposi-
tional age. In this study, the age of oxidation of the Apex Basalt from the ABDP-1 drill core at Marble Bar is
constrained by U-Th-Pb geochronology. Lead and U concentrations of the basalts from the ABDP-1 drill
core vary greatly, between <1-58 ppm and 0.08-1.04 ppm, respectively, whereas Th contents are more re-
stricted (0.24-0.71 ppm). 2°°Pb/2%*Pb ratios are non-radiogenic and vary from 12.44 to 14.69. The linear
array in terms of 2°6Pb/204pPb—-207Pb/2%4Pb variations does not reflect an age but reflects two-component mix-
ing between a non-radiogenic “ore lead” end member and a radiogenic “basalt lead” end member. The sam-
ples do not form isochrons on 238U/2%4Pb-2%6ph/204ph, 235U/2%4Pb-27Pb/294Pb, or 222Th/2°4Pb-208Pb/204Ph
diagrams, indicating post-formation U and Pb addition. Comparison of measured U/Th ratios with “model”
U/Th ratios calculated based on 2°8Pb/2%4Pbh-2%6pb/2%4ph variations indicates that U enrichment most likely
occurred in the last 200 Ma. The degree of U enrichment in the samples is correlated with Fe""/Fery ratios,
indicating that U addition and oxidation were related, most likely reflecting penetration of oxygenated sur-
face waters in the Phanerozoic along bedding planes and shear zones. These results, therefore, indicate
that oxidation of the Apex Basalt did not occur in the Archean, and therefore cannot be used to infer an ox-
ygenated atmosphere at that time.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

than 2.45 Ga (Farquhar et al., 2000, 2007), although the interpreta-
tion of MIF-S as an indicator of atmospheric O, level has been ques-

Evolution of Earth's early atmosphere is critical to understanding tioned (Ohmoto et al, 2006; Watanabe et al, 2009). The

the geologic history of the Earth, as well as the origin and evolution
of life (e.g., Canfield, 2005). There is extensive literature on the evolu-
tion of Earth's atmosphere (e.g., Berkner and Marshall, 1965; Cloud,
1972; Dimroth and Kimberley, 1976; Garrels et al., 1973; Holland,
1984; Kasting, 1993; Walker and Brimblecombe, 1985), yet the levels
of oxygen in Earth's atmosphere in the Archean continue to be debat-
ed (Holland, 1999; Ohmoto, 1997). A common model proposes that
oxygen in the atmosphere was absent or very low until the Great Ox-
idation Event between 2.45 Ga and 2.22 Ga (e.g., Holland, 2006). Evi-
dence supporting this model includes large mass-independent
fractionation of sulfur isotopes (MIF-S) in geological samples older
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mineralogical record has also been used to constrain early Earth's at-
mospheric O, levels, where, for example, preservation of detrital ura-
ninite and siderite in Archean samples has been used to infer low
oxygen contents prior to the Great Oxidation Event (e.g., Rasmussen
and Buick, 1999). Contrasting arguments have been put forth for he-
matite that occurs in chert (jasper) from the 3.4 Ga old Marble Bar
Chert Member (MBC) in the Pilbara Craton, Western Australia,
which has been used to argue that Earth's early atmosphere con-
tained significant amounts of oxygen (Hoashi et al., 2009).

A key issue in using iron oxide minerals in Archean rocks to infer
high O, levels in Earth's early atmosphere is whether the oxides
were produced by recent oxidation. Hoashi et al. (2009) interpreted
hematite from the MBC to have formed 3.4 Ga ago, in part because
the samples were recovered from depths greater than 100 m beneath
the present land surface by the Archean Biosphere Drilling Project
(ABDP-1). The goal of ABDP was to obtain samples below surface
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weathering zones. The widespread use of drill core to recover fresh
samples from Archean terranes is well documented in the literature,
and so it was certainly a reasonable expectation that the ABDP-1
core would be free of the effects of recent weathering. In addition,
Kato et al. (2009) studied the same drill core and obtained a 2.76 Ga
Re-0Os age for pyrite hosted in the oxidized Apex Basalt that overlies
the MBC. Kato et al. (2009) argued that the co-existence of some py-
rite grains with hematite in the drill core indicates oxidation occurred
before pyrite formation. They therefore, interpreted the hematite to
reflect high-O, levels prior to 2.76 Ga, an interpretation that requires
that the samples escaped post-Archean weathering. The Australian
continent has been exposed since the Triassic (Anand, 2005), which
has produced deep weathering in Western Australia (Anand and
Paine, 2002). Although samples from ABDP-1 generally lie below
the zone of intense Phanerozoic weathering, deep penetration of
groundwater in the Phanerozoic remains a possibility.

In this study, we revisited the same ABDP-1 drill core studied by
Hoashi et al. (2009) and Kato et al. (2009), who argued that the
core preserves Archean oxidation products. We applied U-Th-Pb
geochronology to the Apex Basalt samples to determine if oxidation
can be confidently constrained to Archean time in the ABDP-1 drill
core. Because the Pb-Pb method may produce ambiguous results,
we have analyzed U, Th, and Pb concentrations by isotope dilution
mass spectrometry, allowing construction of 233U-296pb,
235-207ph, and 232Th-2°8Pb isochrons to separate mixing relations
from geochronologic relations. Our results show that the U-Th-Pb
isotope system has been disturbed by U and Pb addition, that U addi-
tion correlates with iron oxidation, and that this probably occurred in
the last 200 Ma. These results bear on the confidence that drill core
escaped recent weathering, and also bear on the interpretation that
oxidation of the Apex Basalt occurred in the Archean.

2. Geological background and samples

The Archean Pilbara craton is a granite-greenstone terrane located
in northwestern Australia that has been little affected by subsequent
metamorphism (Fig. 1A), in which the East Pilbara Terrane is one of
the best preserved segments of early Archean crust. The 3.52-
3.17 Ga East Pilbara Terrane is composed of granitic intrusions and
volcano-sedimentary rocks of the Pilbara Supergroup (Van
Kranendonk et al., 2002, 2007b). The Warrawoona Group comprises
the lowest stratigraphic part of the Pilbara Supergroup (Fig. 1B),
and is the subject of this study. Pillow basalts and well-layered cherts
within the Warrawoona Group indicate that at least some sedimenta-
tion took place in a deep marine environment (Van Kranendonk et al.,
2007b). The Marble Bar Chert (MBC) is the most prominent chert unit
in the Warrawoona Group. It is generally 100-200 m thick, and in
outcrop stretches north-south over 30 km, west of the town of Mar-
ble Bar (Fig. 1A). The MBC is underlain by basalt of the Duffer Forma-
tion and overlain by the Apex Basalt (Fig. 1A, B). A bedding-parallel
shear zone developed at the contact between the MBC and the less
rigid Apex Basalt (Kato et al., 2009), possibly reflecting multiple
stages of tectonic deformation between 3.3 Ga and 2.9 Ga (van
Haaften and White, 1998; Van Kranendonk et al., 2007b).

The samples analyzed in this study, as well as by Hoashi et al.
(2009) and Kato et al. (2009), are from the first diamond drill core
of the Archean Biosphere Drilling Project (ABDP-1). The ABDP-1 dril-
ling site is located about 4 km southwest of the town of Marble Bar
(Fig. 1A). The 260 m deep drill core of ABDP-1 intersects basalts of
the 3.474-3.463 Ga Duffer Formation, the MBC, and the 3.46 Ga
Apex Basalt (Fig. 1B, C). In the drill core, the Apex Basalt that is
close to the contact with the MBC contains bedding-parallel
hematite-rich bands, whereas the basalt of the Duffer Formation
near the contact with the MBC contains bedding-parallel goethite-
rich bands (Kato et al,, 2009; Fig. 1C). These reddish hematite- or
goethite-rich basalts are interbedded with less oxidized, green-

colored basalts. These relations are well illustrated in surface outcrops
(Appendix 1), which indicate that the Apex Basalt was not pervasive-
ly oxidized, but preferentially altered along flow margins and defor-
mation zones. The samples analyzed in this study, selected and
provided by Prof. Hiroshi Ohmoto and Dr. Yumiko Watanabe from
Pennsylvania State University, cover a wide range of oxidation state
(Fe™)/Ferora = 0.09-1.00; Table 1). Twelve of the thirteen samples
analyzed are from the Apex Basalt and include both red hematite-
bearing and green non-oxidized samples at core depths of
190-262 m. In addition, one sample of non-oxidized basalt from the
Duffer Formation at 42.6 m core depth was analyzed (Fig. 1C).

3. Methods

The drill core was cut and powdered at the Pennsylvania State
University. Sample preparation was done to avoid metal contamina-
tion, and followed methods used in Hoashi et al. (2009) and Kato et
al. (2009). Briefly, core samples ~5x1x0.5 cm were cut and cleaned
in distilled water in an ultrasonic bath, and inspected under a binoc-
ular microscope for surface contamination. Core sections were ana-
lyzed by an XRF core scanner, and samples for whole-rock chemical
and U-Th-Pb isotope analysis were powdered in an agate mill. Ana-
lyses of U, Th, and Pb isotope ratios were carried out at the University
of Wisconsin-Madison Radiogenic Isotope Laboratory. Approximately
100 mg of each powdered sample was dissolved in a capped Teflon
beaker using a mixture of 4 ml of double-distilled 29 M HF and 1 ml
of Optima® grade 14 M HNOs at 130-150 °C for 2 days and then
dried overnight. This process was repeated to ensure complete diges-
tion. The samples were subsequently dissolved in 5 ml double-
distilled 5M HCl and each sample was divided into two aliquots;
one aliquot was used for Pb isotope analysis and the other was spiked
with a mixed 2*°U-22°Th-2%8Pb tracer to determine U, Th, and Pb
concentrations by isotope-dilution mass spectrometry.

Solutions were chemically purified by anion-exchange chroma-
tography (Appendix 2). Total procedural blanks for Pb chemistry
was 50-80 pg, which was less than 0.05% of the amount of Pb in the
samples. Total procedural blanks for Th and U were <50 pg, which is
less than 1% of the amount of Th and U in the samples.

Lead isotope ratios were determined on a VG Instruments Sector
54 thermal ionization mass spectrometer using a static multi-
collector routine and a 2°®Pb jon signal of 1.7-2.0x 10~ '! A. Lead
was loaded onto single Re filaments and run using the Si-gel H3PO,4
technique. Lead isotope ratios were corrected for mass fractionation
by +0.105%/amu, as constrained by long-term measurement of the
207pp/295ph ratio of NIST SRM-981 and the 2°®Pb/2°®Pb ratio of NIST
SRM-982. External precision of Pb isotope analysis was +0.057%/
amu (2 relative standard deviation, n=34), based on repeat mea-
surement of SRM-981 and SRM-982 during the analytical session.

Isotopic ratios of 22°U/?38U and 22°Th/?*2Th were simultaneously
measured using a Micromass IsoProbe MC-ICP-MS. Instrumental
mass bias was corrected by a sample-standard bracketing technique,
using mixtures of Ames Th mixed with NBL-114 natural U (?38U/
235U =137.88) as bracketing standards. The samples were diluted to
match the total ion intensity of the standards. There were no memory
effects during analysis, as on-peak zero measurements of U and Th
remained unchanged after washout between samples. Tailing effects
were negligible, and correction for abundance sensitivity did not
shift the results outside analytical error.

4. Results

The whole-rock Pb isotope compositions and U, Th, Pb concentra-
tions determined by isotope dilution are reported in Table 1. Lead
concentration varies from less than 1 ppm to 58 ppm, and U concen-
tration varies between 0.08 ppm and 1.04 ppm, but the majority of
samples have less than 0.5 ppm U. In contrast, Th concentrations



W. Li et al. / Earth and Planetary Science Letters 319-320 (2012) 197-206

.
Marble Bar 3325- / 2
Pilbara 3315Ma g
Craton (3
Western >
Australia 3350%3 Ma‘E
252, ¥ raonmrn
2426 Ma QT Panorama Fm
o
]
o
2
]
34653 Ma-® g
3468t3Ma® §
1)
=
3481%3 Ma® g
&

3515:3 Ma® =

119°45'

100m

350m 300m

NS

F -50m
- non-oxidized basalt

200z 1®

- hematite-rich basalt

r -100m
[ ] goethite-rich basalt
I vedded chert L -150m
# Sample location
+ -200m

199

Fig. 1. Geological background of the samples analyzed in this study. Panel A shows the geological map at Marble Bar and the location of the ABDP-1 drill core (modified from Hoashi
et al., 2009). Panel B shows the simplified stratigraphic column of the lower part of the Pilbara Supergroup, with ages constrained by zircon U-Pb geochronology (modified from
Van Kranendonk et al., 2007b). Panel C shows a schematic cross section of the ABDP-1 drill core (modified from Kato et al., 2009), bedding plane is marked by dash lines along cross

section.

Table 1

U-Th-Pb isotopic data of basalt samples from ABDP-1 drill core, Marble Bar, NW Australia.
Sample name Rock type Y Fe,0; Fe™/ Zr? Pb U Th 206pp, 207pp, 208pp,  238y;  1SE 235y/ 1SE 2%2Th/  1SE
: : (Wt%) *  Ferow® (ppm) (ppm) (ppm) (ppm) *°*Pb 2%4Pb %b 2pb (%) *¥Pb (%) ™Pb (%)
ABDP-42.60°  Tholeiite 13.82 0.25 88 3.14 0224 0.694 14.661 14.505 34229 4.002 0.32 0.0290 032 12.749 034
ABDP-190.26  Tholeiite 7.69 0.90 38 2097 0401 0331 13.730 14319 33455 1.043 0.09 0.0076  0.09 0.884 0.13
ABDP-193.28  Tholeiite 1.03 0.64 38 6.73 0255 0279 13273 14.163 32.878 2.030 0.84 0.0147 0.84 2278 084
ABDP-194.17  Tholeiite 1.70 0.84 48 9.82 0352 0370 13.662 14.267 33368 1.950 1.09 0.0141  1.09 2102 112
ABDP-194.44  Tholeiite 9.87 0.98 33 56.01 0.616 0233 13.303 14.233 33.137 0592 0.01 0.0043  0.01 0.230 0.08
ABDP-211.40  Tholeiite 9.49 0.75 46 407 0240 0412 13425 14.190 33.171 3.182 0.09 0.0231  0.09 5.606 0.13
ABDP-214.13  Tholeiite 28.46 0.58 49 740 0375 0.555 13.011 14.107 32.851 2.700 0.49 0.0196 049 4.100 0.50
ABDP-214.18  Tholeiite 34.45 0.93 43 8.50 1.030 0431 13.203 14.196 33.141 6.517 0.7 0.0473  0.17 2.797 0.19
ABDP-217.80  Tholeiite 19.75 0.09 48 0.77° 0.112 0473 13954 14.272 33.962
ABDP-223.25  Tholeiite 7.74 0.12 32 4255 0083 0399 12413 13.973 32263 0.102 0.07 0.0007 0.07 0502 0.06
ABDP-229.45 Tholeiite 19.03 0.66 52 1646 0.289 0.586 12.560 14.005 32406 0.920 0.10 0.0067 0.10 1913 0.11
ABDP-229.60 Tholeiite 4.83 1.00 64 30.08 0362 0.669 12493 13.979 32276 0.629 0.19 0.0046 0.19 1.191  0.19
ABDP-261.45 Tholeiite ~ 11.45 0.27 73 230 0.116 0.568 13.742 14.254 34.030 2.785 0.03 0.0202 0.03 13939 0.26

2 Provided by Prof. Hiroshi Ohmoto.
b Basalt sample from Duffer Formation; other samples are all from the Apex Basalt.
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vary little in the samples, ranging from 0.24 ppm to 0.71 ppm
(Table 1; Fig. 2B). In general, as Fe"Y/Ferq, ratio increases, U and
Pb concentrations increase and become more scattered (Fig. 2A, C),
although sample ABDP-1_223.25 m plots off this trend for Pb, where
it has a high Pb concentration but low Fe"™)/Fero ratio. In contrast,
Th content is not correlated with Fe")/Fer ratios, but is positively
correlated with the concentration of immobile elements such as Zr
(Fig. 2E) and Ti (not shown). Lead and U contents are not correlated
with Zr (Fig. 2D, F), although samples that have low Zr contents
tend to have high Pb and U contents. There are no correlations be-
tween Pb, Th, or U concentrations with sample depth or major-
element compositions such as SiO, or Fere, (not shown).

Relative to average crust (Stacey and Kramers, 1975), the samples
analyzed in this study have very low 2°°Pb/2°4pb, 207Pb/2%4Pb and
208pp,204pp ratios (Fig. 3A, B). In addition, the Pb isotope ratios are rel-
atively non-radiogenic compared to other Warrawoona Group basalts,
as analyzed by Dupré and Arndt (1990) (Fig. 3). The Warrawoona
Group basalts have Pb isotope compositions that reflect p (233U/2°4Pb)
value ranges of 4-25, which reflects primary igneous values produced
by melting and crystallization processes for fresh basalts (White,
1993). The basalt sample from the Duffer Formation (ABDP-
1_42.60 m) has a Pb isotope composition that overlaps with some of
the Warrawoona Group basalts, but the Apex Basalt samples have
lower 2°°Pb/2%Pb ratios that nearly extend to the very non-radiogenic
isotope compositions measured in galena from mineral deposits hosted
in the Warrawoona Group (Huston et al., 2002; Fig. 3).

On a 2%6pb/294ph-207ph/204pp plot, the Apex Basalt samples scatter
about a line that has a slope equivalent to an age of 3067 + 220 Ma and
an MSWD of 8.2 (all best-fit lines calculated using Isoplot v2.49 (Ludwig,
1999), where 2-0 errors for Pb isotope ratios are + 0.057%/amu). If the
Duffer Formation sample is included in this regression, the fit improves
slightly, where the slope of the line is equivalent to an age of 3085
=+ 220 Ma (subfigure of Fig. 3B) and an MSWD of 7.6. The age uncertain-
ty can be improved if all the Warrawoona Group basalts are included in
the regression; this produces a best fit line that has a slope equivalent to
an age of 3209431 Ma and an MSWD of 16. It is important to note,
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Fig. 2. Concentrations of Pb, Th, and U relative to Fe("

however, that despite the apparent improvement in the slope precision
from addition of all data to the regression, the increase in MSWD indi-
cates a poorer fit relative to analytical uncertainties. In contrast to the
apparent 2%7Pb-2%ph ages, the minimum depositional age of the War-
rawoona Group is 3426 Ma based on a U-Pb zircon age from the Pano-
rama Formation, which occurs at the top of the section (van
Kranendonk et al., 2007b; Fig. 1B).

5. Discussion

The scatter about the best-fit lines on a 2°°Pb/2°4Pb-2°7Pbh/2%4Pb di-
agram (Fig. 3B), as marked by the high MSWD, precludes the samples
from representing true 2°’Pb-2%Ppb isochrons in the strictest sense, in
that the samples could not have evolved from a common source that
had the same initial Pb isotope composition, nor remained a closed sys-
tem with respect to U and Pb. This interpretation is consistent with the
fact that the 2°’Pb—2%Pb ages are younger than the depositional age of
the basalts based on U-Pb zircon ages. Open-system behavior is well il-
lustrated on plots of 2°°Pb/2%4Pb-238U/2%4Pb and 2°8Pb/2°4Pb-232Th/
204ph (Fig. 4), which show that the samples do not define linear rela-
tions, as would be the case if the samples remained closed since forma-
tion. The scatter in the U-Pb and Th-Pb isochron plots can be
interpreted to represent U addition and/or addition of Pb of variable iso-
topic composition (Fig. 4). The mobility of U and Pb in the ABPD-1 sam-
ples is well illustrated relative to their Th concentrations, an element
that is typically considered immobile, and this is confirmed by the
good correlation between Th and Zr contents. The samples analyzed
in this study have Th concentrations that are typical for basalts, but
their U and Pb concentrations are much higher; for example, typical ba-
salts and komatiites have U/Th and Pb/Th ratios of 0.2-0.3 and 1-6, re-
spectively (Faure, 1986). In contrast, the ABPD-1 samples have U/Th
and Pb/Th ratios that range from 0.2 to 2.6 and 2 to 240, respectively
(Table 1). Because the U and Pb concentrations increase and become
more scattered as Fe™/Ferq, ratios increase, we infer that the U and
Pb mobilization is associated with the processes that oxidized the
Apex Basalt samples. This raises the question: does the linear array for
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Fig. 3. 2°°Pb/2%4Pb-208pPh294ph (A) and 2°°Pb/2°*Pb-207Pb/2%Pb (B) variations for basalt samples from ABDP-1 drill core (this study), the Warrawoona Group basalt samples near
Marble Bar (Dupré and Arndt, 1990), and ore lead hosted in the Warrawoona Group (complied by Huston et al., 2002). The details of the dashed box are shown in the inset in the
lower-left corner of each diagram. For reference, a single-stage Pb growth curve for Earth is shown using an initial Pb isotope composition of Canon Diablo Troilite and a j; value of
7.94. This Pb growth curve fits reasonably well with the ore lead isotope data from the Warrawoona Group, and intercepts the best-fitting isochrons for the basalts from Marble Bar
at 3.4 Ga, which is the approximate formation age of these basalts. Secondary Pb growth curves were made using the Pb isotope composition of the primary Pb growth curve at
3.4 Ga as the starting point, and illustrated for i, values between 4 and 25, the same range inferred for the basalts studied by Dupré and Arndt (1990); such a range in p values
matches that of primary (unaltered) basalts (White, 1993). By contrast, the 1, values for samples from the ABDP-1 drill core are all below 5.

Apex Basalt samples on a 2°Pb/2%4pb-297Pb/2%4Pb diagram constrain
the age of oxidation or is this simply a mixing line that has no age signif-
icance? We explore these two possibilities based on two-component
mixing calculations and U-Th-Pb isotopic evolution models in the sec-
tions below.

5.1. 207pp/?04ph—296ph/204ph mixing array

We interpret the linear array of 2°°Pb/2%4Pb-297Pb/24Pb data of
basalt samples analyzed in this study to be a mixing trend between

two Pb end members that have distinct isotopic compositions, rather
than an age for oxidation or U-Pb mobilization. Two features of the
basalt samples bear on this interpretation. First, compared with ba-
salts of the Warrawoona Group sampled from 40 km south of Marble
Bar (Dupré and Arndt, 1990), the Pb in ABDP-1 drill core samples is
remarkably less radiogenic (lower in 2°6Pb/2%4pb, 207pp/204pb;
Fig. 3), requiring p values less than 4, significantly lower than those
of fresh basalts (White, 1993). The non-radiogenic nature of this Pb
cannot be a result of ancient U depletion, because these samples
have high measured U/Th ratios relative to a typical basaltic rock.
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Second, Pb contents in the basalts from ABDP-1 drill core are consis-
tently higher than those that are typical for basaltic rocks (typically
0.1-2 ppm; e.g., Hofmann et al., 1986), and, in general, samples that
have higher Pb concentration have lower 2°°Pb/2°Pb ratios
(Table 1; Fig. 5). The anomalously high Pb contents in basalts from
the ABDP-1 drill core cannot be solely produced by in situ redistribu-
tion of U, Th, and Pb, as would be required for the 2°7Pb-2%Pb array
to be an isochron. We therefore conclude that addition of Pb from ex-
ternal reservoirs must have occurred.

The two end members involved in mixing can be conveniently re-
ferred to as “basalt lead”, defined as the Pb isotope composition of the
basalt sample without disturbance, and a non-radiogenic component
that is characterized as “ore lead”. “Ore lead” is envisioned to be Pb
that was separated from the mantle by hydrothermal mineralization
events that accompanied magmatic activity during formation of the
Warrawoona Group, and was stored in the crust in the form of sul-
fides, as discussed by Huston et al. (2002). Because ore lead is effi-
ciently separated from U and Th in ore-forming process, the Pb
isotope compositions of ore lead are generally taken to be
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Fig. 5. Mixing relations between 2°°Pb/2**Pb and 1/Pb (ppm~') for basalt samples
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representative of the mantle from which the basalts were derived
(Doe, 1970; Doe and Stacey, 1974), which, for the Marble Bar rocks,
would be ~3.4 billion years ago. Addition of ore lead at some later
time can produce the isotopic compositions of the Apex Basalt sam-
ples, including those that have been oxidized, with their characteris-
tic high Pb concentration yet low 2°Pb/24Pb ratio.

206pp,204ph_1/Pb relations for the ABDP-1 basalt samples are
shown in Fig. 5, along with fields for ore and basalt lead end mem-
bers. Two-component mixtures in Fig. 5 are straight lines, and thus
components that could have variable Pb isotope compositions or con-
centrations would define a wedge-shaped mixing field. The field for
the ore lead isotope composition is defined by the isotopic composi-
tion of galena samples from mineral deposits hosted in the Warra-
woona Group (Huston et al., 2002). The Pb concentration was set to
be 1000 ppm for the ore lead component, and, at this scale, changes
in Pb concentration by a factor of 2-5 do not change the 2°Pb/
204pph—1/Pb relations (Fig. 5). The field for basalt lead is based on the
Pb isotope compositions measured in the Warrawoona Group basalts
by Dupré and Arndt (1990), and the basalt lead component is arbi-
trarily portrayed by a field of 2-3.5 ppm Pb. As depicted by the dash
line in Fig. 5, the majority of the data can be explained by mixing, be-
tween ore lead of p~0, and basalt lead that had a normal p value
(12~ 8) and normal Pb concentrations (<2 ppm). The lower lead con-
centration limit of the basalt field could be much lower than por-
trayed, yet still encompass the range of Pb concentration and
isotope composition measured for most of the Apex Basalt samples.
High Pb concentration or high pvalue for the basalt lead field is need-
ed to explain the high Pb concentration of samples at 190.26, 194.17,
and 194.44 m core depth.

We conclude that the linear array of Pb isotope data on the 2°7Pb/
204pp_206pp /204ph djagram is not an isochron, but a mixing line be-
tween “ore lead” and “basalt lead”. The Pb-Pb array, therefore, has
no age meaning. It is important to stress that because the mixing re-
lation lies along the 2°7Pb/2%4Pb-2%Pb/2°4Pb array measured for all
Pb sources (ore lead, basalt lead), mixing along the array could have
occurred at any time since eruption of the basalts at 3.4 Ga. In other
words, “ore lead” addition in the early Archean, or even the Phanero-
zoic would produce similar Pb-Pb arrays. The timing of “ore lead” ad-
dition (mixing), therefore, cannot be constrained from the Pb-Pb
isochrons alone.

5.2. Identification of post-depositional processes

The 238U/204Pb_206pb/204pb and 232Th/204pb_208pb/204pb dia-
grams (Fig. 4) are further explored to constrain the events of
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disturbance of U, Th, and Pb in the samples. The reference isochrons
plotted in Fig. 4 reflect an “age” of 3085 Ma, as derived by regression
of the 2°7Pb-2%Pb array, and the uncertainty envelope incorporates
an age error of 4+-220 Ma, as well as a variation of +-0.18 and 4-0.38
for initial 2°°Pb/2°*Pb and 2°%Pb/2%4Pb ratios, respectively. The uncer-
tainty in initial 2°6Pb/2%4Pb ratio was determined by projection of the
isotopic data on the 2°6Pb/2%4Pb-207Ph/294Ph diagram in a direction
parallel to the best fit line (isochron of 3085 Ma), to the axis corre-
sponding to an initial 2°’Pb/?%Pb ratio of 13.85. This initial Pb com-
position is based on a single-stage Pb evolution with a p of 7.98 and
an age of 3.4 Ga; this composition overlaps with the Pb isotope com-
position of Warrawoona galena samples (Huston et al., 2002). The
uncertainty in the initial 2°®Pb/2%*Pb ratio was determined by a sim-
ilar approach using a 2°8Pb/2%4Pb-2%6ph/294ph diagram and a single-
stage growth curve. This approach produces a conservative error en-
velope with which to judge samples that record element
mobilization.

Samples that lie within the uncertainty envelops of the reference
isochrons in terms of the 2°”Pb-2°Pb “age” may be explained by mix-
ing between end members that have Pb isotope compositions that lie
within the uncertainties noted above (Fig. 4). Because the “ore lead”
end member has a Pb isotope composition that is close to the initial
Pb isotope composition and 238U/2%‘Pb and 232Th/?°*Pb ratios of
zero, addition of “ore lead” produces a mixing trend that is sub-
parallel to the reference isochron on 238U/2%4Pb-2%6Ph/2%4Pb or
232Th/204pp-298ph204ph djagrams (Fig. 4); such trends may remain
within the isochron error envelope. Samples that lie outside of the
isochron error envelopes require a process in addition to Pb-Pb
mixing.

The positive correlation between Th and Zr contents in the basalts
(Fig. 2) suggests that Th is immobile. This indicates that data points
that plot to the left of the isochron envelope in the 232Th/
204pp_208pp 204ph diagram (Fig. 4B) are best explained by addition
of Pb that is more radiogenic than the “ore lead”, rather than “Th
loss”. Such radiogenic compositions correspond to “basalt lead”
(Fig. 3). Data points that fit this model include samples ABDP-
1.190.26 m, ABDP-1_194.17 m, and ABDP-1_194.44 m, and these
samples correspond to those that have either high Pb contents or
very radiogenic Pb isotope ratios, as shown in Fig. 5. If the average
208pp,204ph ratio of the “basalt lead” component is close to the
lower end of the range measured for the Warrawoona Group basalts
by Dupré and Arndt (1990), Pb addition would have been relatively
young. To the degree that the present-day 2°®Pb/?°Pb ratios of the
“basalt lead” component are higher, the age of Pb addition would
need to increase to account for radiogenic in-growth.

On the 238U/204pb-2%6ph/2%4ph diagram (Fig. 4A), there are data
points that plot to the left and right of the isochron envelop. The
three samples that plot to the right of the isochron envelop demon-
strate that U addition has occurred, because no significant Pb loss is
indicated on the 232Th/2%4Pb-2°8Pb/2%4Pb diagram. The two data
points that lie to the left of the isochron envelop indicate that the ef-
fect of possible U addition was exceeded by “basalt lead” addition
(decreasing U/Pb ratios) for the two samples. In summary, the timing
of Pb mixing is difficult to constrain, but the timing of U mobility is
better constrained through comparison of measured and modeled
U/Th ratios, which is discussed in the next section.

5.3. Uranium addition and Fe oxidation

The constraints on the time of U addition provide the strongest ev-
idence for recent U mobilization and oxidation of the Apex Basalt.
Given the evidence that Th was immobile, the timing of U mobility
may be estimated by comparing the measured U/Th ratios with
those required to produce the measured 2°%Pb/2%4Pb-2°6ph/204ph
variations. It is important to note that, because the measured 2°8Pb/
204pp,_206pp 204ppy yariations for the samples that reflect mixing

between “ore lead” and “basalt lead” essentially lie along the same
array (Fig. 3), any mixing trend due to addition of “ore lead” or “basalt
lead” will not change the information that may be inferred from the
U/Th ratio of the system. We calculate a “model U/Th ratio” for each
sample to provide a basis for comparison later with the measured
U/Th ration, where the model ratio assumes the sample has remained
closed to U and Th since basalt formation at 3.4 Ga. The “model U/Th
ratio” therefore is that required to produce the 2°®Pb/2%4Pb and 2°°Pb/
204pp ratios measured in the samples. This calculation shows that in
many cases the measured U/Th ratios are greater than those inferred
based on the 208Pb/204Pb-296pb/294ph relations (Fig. 6A).

A plot of model U/Th ratio vs. measured U/Th ratio (Fig. 6B) dem-
onstrates that significant U addition has occurred in 9 of the 13 basalt
samples. The model U/Th ratios were calculated in two ways to eval-
uate the sensitivity of necessary assumptions. One model U/Th ratio is
calculated assuming derivation from initial Pb isotope compositions
at 3.4 Ga that corresponds to the single-stage growth curve previous-
ly noted. A second set of model U/Th ratios was calculated assuming
isotopic evolution since 2.7 Ga, corresponding to the Re-Os age deter-
mined by Kato et al. (2009) on the same core. The 2.7 Ga model U/Th
ratio required a Pb growth curve between 3.4 and 2.7 Ga that had ap
value of 2 to match the non-radiogenic present-day isotopic composi-
tions of the samples; this is an unusually low p value. Despite the
widely different approaches for calculating the model U/Th ratios,
the results are quite similar (Fig. 6B), indicating that this is a robust
approach.

In Fig. 6B, four of the samples plot along a 1:1 line, regardless of
use of a 3.4 or 2.7 Ga model, indicating that these samples have likely
remained closed to U and Th since formation. These four samples all
have Fe""/Fero. ratios less than 0.3 (Table 1), indicating that they
are relatively free of oxidation, confirmed by their green color. Impor-
tantly, the 1:1 relation of these four samples holds despite the fact
that these samples experienced Pb addition, as discussed above.
Moreover, the four samples that have matching model and measured
U/Th ratios have 2°8Pb/2°4Pb and 2°6Pb/2%4Pb ratios that span the en-
tire range measured in this study (Fig. 6A), which indicates that this
result is not an accidental function of some specific isotopic
composition.

In contrast, the nine samples that plot at high measured U/Th ra-
tios relative to their model U/Th ratio (Fig. 6B) all have Fe"/Ferocal
ratios greater than 0.5, indicating that these samples have been oxi-
dized, confirmed by their red color. Fig. 6B, therefore, provides the
most powerful evidence in our study that the processes that involved
Fe oxidation correspond to U addition. Below we discuss the time
constraints on oxidation and U enrichment.

5.3.1. Age of U addition and Fe oxidation

The relatively restricted range in Th/U ratios of mafic igneous
rocks, which lies between 3 and 5 (e.g., Faure, 1986; Galer and
O'Nions, 1985; Larsen and Gottfried, 1960; Tatsumoto, 1978), allows
us to constrain the time of U enrichment that lowered the Th/U ratios
of the Fe"-rich Apex Basalt samples (Fig. 6B). A reference reservoir
that has a Th/U ratio greater than 5 is highly unlikely, and this is illus-
trated on a 2%8pb/2%4pPb-2%5Ph/204Pb diagram (Fig. 7) as an “Unlikely
zone”. Note that in Fig. 7, we cast the discussion in terms of Th/U ra-
tios (rather than U/Th ratios as noted earlier), because this is tradi-
tional when discussing Pb-Pb diagrams. A similar “Unlikely zone”
can be defined for a Th/U ratio less than 3, although this lower bound-
ary is unimportant because none of the Pb isotope evolution curves in
Fig. 7 intersects it. The maximum possible boundaries for Th/U ratios
for the reference reservoirs are Th/U = infinity (vertical line in Fig. 7)
and Th/U=0 (horizontal line in Fig. 7). Beyond these boundaries, so-
lutions are not possible because the reservoir would involve de-
creases in 2%6Pb/2%4Pb or 2°8Pb/2%4Pb ratios, and these fields are
labeled “Forbidden zones”.
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version of this article.)

In calculating the time when the measured Th/U ratios of the sam-
ples diverged from various reservoirs, we assume closed-system evo-
lution back in time to intersection with one of the reference Th/U
ratios. The Pb isotope evolution trajectory for individual samples on
a 208pp204pp_204p}, /204ph djagram therefore uses the measured U-
Th-Pb isotope compositions (Fig. 7). For the four samples that have
low Fe"/Fere ratios and matching modeled and measured Th/U ra-
tios (samples ABDP_42.60 m, ABDP_217.80 m, ABDP_223.25 m, and
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ABDP_261.45 m; “1:1 line” in Fig. 6B), the 2°°Pb/2°4Pb-208pb/204ph
evolution trajectories are parallel to the Th/U trends that are typical
of the crust (Appendix 3). In contrast, for the nine samples that
have high Fe"™/Fero ratios and were enriched in U (Fig. 6B), the
208ppy /204pp,_206p}, 204ph eyolution trajectories lie at a lower angle
than that of typical crustal Th/U ratios (Fig. 7), and this is exactly
what would be expected for recent U enrichment. All the Pb isotope
evolution trajectories intersect the boundary of the “Unlikely zone”
(Th/U=5), and the time of intersection varies between 0.2 Ga and
2.6 Ga (Fig. 7). Three of these nine trajectories intersect the boundary
of the “Forbidden zone” (Th/U = infinity) at 1.2-2.5 Ga (Fig. 7).

The samples that have Fe"/Ferq, ratios greater than 0.5 are
interpreted to have had variable U enrichment (Fig. 6B), and there-
fore will contain present-day Pb isotope compositions that reflect
variable contributions from Pb that predates the enrichment, and
any isotopic response over time after U enrichment. This suggests
that the age of U enrichment is best constrained by the highest U/
Th samples (samples ABDP_194.44 m and ABDP_214.18 m), for
which we calculate a maximum U enrichment age of 2.5 Ga and
0.2 Ga, respectively, assuming a reference reservoir that had a Th/U
ratio of 5. It is important to note, however, sample ABDP_194.44 m
has the highest Pb concentration, indicating that this sample has a
significant ore lead contribution that strongly obscures the isotopic
response from U enrichment. We therefore interpret the 0.2 Ga U-
enrichment age from sample ABDP_214.18 m to be the maximum
age of U enrichment; it is important to note that, this age is a maxi-
mum one, because there is no guarantee that we analyzed the sam-
ples that experienced the greatest U enrichment and contained the
least ore lead component. If samples were analyzed that had higher
U/Th ratios, these would produce younger U enrichment ages (in
the absence of a large ore lead component) than those measured in
this study.

5.4. Implications

5.4.1. Oxidation of the Apex Basalt at ABDP-1 and relations to oxygena-
tion in atmosphere

Uranium was mobilized by oxygen-bearing fluids, given the high
solubility of UY! species relative to reduced species (Langmuir,
1978). We infer that UY' was sorbed to the Fe® "-bearing minerals
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(hematite and goethite) that are found in the samples, given the high
sorption capacity of iron oxides for UY! species in fluids (e.g., Bargar et
al., 1999, 2000; Waite et al., 1994; Zeng et al., 2009). Therefore, oxida-
tion of the basalt samples and iron oxide formation were most likely
coupled with U enrichment, as demonstrated by the elemental rela-
tions in Fig. 6B.

As discussed in the previous section, the most likely maximum age
for U enrichment is 0.2 Ga, based on intersection of the Pb isotope
growth curves for the high-U/Th, low-Pb sample with a reference res-
ervoir that had a Th/U ratio of 5. A highly conservative, although un-
likely age for U enrichment would be <2.5 Ga, based on intersection
of the Pb isotope growth curves of three basalt samples (ABDP-
1_211.40 m, ABDP-1_214.13 m, and ABDP-1_214.18 m) with the For-
bidden zone boundary (Fig. 7). Such old ages, however, are improba-
ble not only because they assume an initial Th/U ratio of infinity, but
also because the Apex Basalt at Marble Bar was buried to at least 3 km
deep since 2.7 Ga until exposure to air in the Phanerozoic (Thorne,
2001; Van Kranendonk et al., 2007a). In addition, it seems unrealistic
to interpret the variable ages in Fig. 7 as reflecting many “events” of U
enrichment. Instead, the variable ages are more likely to reflect vari-
able mixtures of end members of U enrichment that is best con-
strained at <0.2Ga based on the high-U/Th, low-Pb sample
ABDP_214.18 m. Nevertheless, even the highly conservative U-
enrichment age estimates based on intersection of the growth curves
with the Forbidden zone (Th/U = infinity) are <2.5 Ga, younger than
the age estimate for an oxygenated atmosphere of >2.7 Ga, as pro-
posed by Kato et al. (2009).

The Australian continent has been exposed since the Triassic
(Anand, 2005), and the weathering processes initiated since then
resulted in weathering profiles commonly of 50-100 m deep in West-
ern Australia. Clear weathering profiles up to 150 m have also been
reported in the Yilgarn craton (Anand and Paine, 2002). Weathering
may extend to deeper levels along structures such as shear zones
and faults, which have been shown to greatly increase fluid mobility
(Fourcade et al., 1989; Goldblum and Hill, 1992; Huntoon and
Lundy, 1979) and enhance weathering (Anand and Paine, 2002;
Hickman et al., 1992; Lidmar-Bergstrom, 1995). Weathering profiles
along faults have been reported to reach a depth of 300 m (Olesen
et al,, 2007). The multi-stage regional deformation history of the Mar-
ble Bar area (van Haaften and White, 1998) includes bedding-parallel
shear zones near the contact between the Marble Bar Chert and the
Apex Basalt, and oxidation of Apex Basalt is commonly localized to
shear zones (Kato et al,, 2009). In addition, the present bedding of
the MBC has an almost vertical orientation (Fig. 1C), which may also
facilitate downward infiltration of recent O,-rich groundwater from
the surface. Oxidation of pyrite that occurs in the shear zones (Kato
et al., 2009) may provide acidity and porosity that could further en-
hanced weathering. Such positive feedback by oxidative dissolution
of sulfides has been attributed to weathering profiles up to 1 km
deep in many Carlin-type deposits (Phillips et al., 1998). It seems pos-
sible, therefore, that the Apex Basalt recovered by the ABDP-1 drill
core has been partially influenced by recent fluid flow. Weathering
that is widespread in the Pilbara craton, which has been exposed to
sub-aerial conditions since 0.2-0.5 Ga (Anand, 2005; Dammer et al.,
1999; Ostwald, 1993; Weber et al., 2005), seems the most likely
cause for iron oxidation and U enrichment in the samples studied.
The young oxidation age indicates that these samples do not place
constraints on atmospheric oxygenation in the Early Archean.

The coexistence of U-enriched, oxidized basalts with non-oxidized
basalts in the ABDP-1 drill core suggests that oxidative fluid flow was
heterogeneous. The non-pervasive behavior of oxidation of the Apex
Basalt, in outcrop (Appendix 1) or in drill core, may explain the pres-
ervation of the 2.76 Ga pyrite grains that coexist with hematite in the
ABDP-1 drill core. Juxtaposition of oxides and sulfides is common in
weathering profiles of mineral deposits (Phillips et al., 1998, and ref-
erence therein), and therefore co-existence of pyrite and hematite

may not necessarily imply pyrite formed before hematite, as sug-
gested by Kato et al. (2009). Therefore, the 2.76 Ga Re-Os age of py-
rite cannot be used to constrain the age of oxidation.

5.4.2. Pb-Pb versus U-Th-Pb whole-rock geochronology

Whole-rock Pb-Pb geochronology is a widely used technique be-
cause it is relatively simple, and may “see through” recent Pb loss
and U mobilization (e.g., Faure, 1986). We wish to emphasize that
in the case of the Apex Basalt, the Pb-Pb “age” does not reflect the
age of oxidation because Pb was added to the rocks. Indeed, it is not
uncommon that Pb-Pb geochronology produces ages that are not in
accord with the geology of the rocks (e.g., Dupré and Arndt, 1990).
This study demonstrates that Pb addition can result in a linear mixing
trend on a 2°°Pb/2%4pPb-2°7Pb/2%4Pb diagram that may be misinter-
preted as an isochron, and a full U-Th-Pb isotope analysis is required
to fully understand the source, process, and timing of post-
depositional alteration. This study emphasizes that a full U-Th-Pb
isotope analysis is an essential approach for understanding old rocks
that have had complex histories. We note that this is particularly im-
portant with the developing new field of stable U isotope geochemis-
try. Recent discussions on oceanic anoxia using U contents and
isotope compositions in sedimentary rocks (e.g., Brennecka et al.,
2011) may be complemented by a full U-Th-Pb isotope analysis to
determine whether the U signature is syngenetic or not.

6. Conclusions

Uranium, Th, and Pb isotope analyses of the 3.4 Ga Apex Basalt and
Duffer Formation constrain the timing of post-formation oxidation.
The whole-rock samples have a wide range in U and Pb concentra-
tions, but comparatively restricted Th contents: <1-58 ppm Pb,
0.08-1.04 ppm U, and 0.24-0.71 ppm Th. The sample suite records
various extents of oxidation, as recorded by color and Fe ™ /Feroc) ra-
tios, which vary from 0.1 to ~1.0. Samples that have high Fe""/Ferqa
ratios contain abundant goethite and hematite as alteration products.
The Pb and U concentrations are generally higher than those of typical
basaltic rocks, and they correlate positively with the Fe™/Ferq ra-
tios of the samples. In general, these samples are characterized by
non-radiogenic Pb isotope compositions, where 2°°Pb/?°“Pb ratios
vary between 12.44 and 14.69. This contrasts with fresh basalts
from the Warrawoona Group (Dupré and Arndt, 1990), which are
more radiogenic and have p (2*8U/2%4Pb) values of ~8 to 25, similar
to the range found in modern unaltered basalts that record igneous
(melting, crystallization) processes (White, 1993).

Although the Pb isotope compositions of the samples define a lin-
ear array in terms of 2°6Pb/2%4Pb-2°7Pb/2°*Pb variations, the slope of
which is equivalent to a ~3.1 Ga age, this relation is interpreted as a
mixing trend between a radiogenic “basalt lead” end member and a
non-radiogenic “ore lead” end member. The samples do not form iso-
chrons in terms of 238U/2%4Pb-296ph/294ph, 235U/204Pb-207Pb/204Pb,
and 232Th/?%Pb-2%8Pb/20*Pb variations, indicating that the samples
have not remained a closed system since formation. Correlated Th-
Zr contents indicate that Th was relatively immobile during weather-
ing, as is commonly observed in weathered igneous rocks. The scatter
in the U-Pb and Th-Pb isochron diagrams therefore reflect mobiliza-
tion of U and Pb. The timing of U addition that accompanied oxidation
of the samples can be constrained through comparison of the mea-
sured U/Th ratios with those required to produce the measured
208ppy /204pp._206p}, /204ph jsotope compositions. The modeled U/Th ra-
tios calculated from the Pb isotope compositions are correlated with
the extent of oxidation, where samples that have Fe("")/Fer,. ratios
> 0.5 underwent the most significant U addition. In contrast, samples
that have Fe™/Fery., ratios <0.3 have similar measured and mod-
eled U/Th ratios, indicating negligible U addition. These relations indi-
cate that U addition and basalt oxidation were coupled in the Apex
Basalt in the ABDP-1 drill core at the Marble Bar locality.
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Based on modeling of Pb isotope evolution trajectories for individ-
ual samples using the measured U-Th-Pb isotope data, U addition
was most likely to have occurred within the last 200 Ma, which is
consistent with the age range for deep weathering of the Pilbara Cra-
ton. These results, therefore, do not support the proposal of Kato et al.
(2009) that the Apex Basalt was oxidized in the Archean and there-
fore recorded high atmospheric oxygen at that time. We note that
this study places no constraints on the age of jaspers from the Marble
Bar Chert that underlies the Apex Basalt. Despite recovery of drill core
samples from >200 m depth, our results show that this was not suf-
ficient to avoid oxidation by fluid/rock interaction in the Phanerozoic.
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