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Abstract

There is considerable debate about the mode and age of formation of large (up to ~200 m long) hematite and goethite ironstone
bodies within the 3.2 to 3.5 Ga Barberton greenstone belt. We examined oxygen and hydrogen isotopes and Rare Earth Element
(REE) concentrations of goethite and hematite components of the ironstones to determine whether these deposits reflect formation from
sea-floor vents in the Archean ocean or from recent surface and shallow subsurface spring systems. Goethite §'%0 values range from —0.7
to +1.0%, and 8D from —125 to —146%,, which is consistent with formation from modern meteoric waters at 20 to 25 °C. Hematite §'%0
values range from —0.7 to —2.0%,, which is consistent with formation at low to moderate temperatures (40-55 °C) from modern meteoric
water. REE in the goethite and hematite are derived from the weathering of local sideritic ironstones, silicified ultramafic rocks, sideritic
black cherts, and local felsic volcanic rocks, falling along a mixing line between the Eu/Eu* and shale-normalized HREE o ,o/LREE A,
values for the associated silicified ultramafic rocks and felsic volcanic rocks. Contrasting positive Ce/Ce* of 1.3 to 3.5 in hematite and
negative Ce/Ce* of 0.2 to 0.9 in goethite provides evidence of oxidative scavenging of Ce on hematite surfaces during mineral precipi-
tation. These isotopic and REE data, taken together, suggest that hematite and goethite ironstone pods formed from relatively recent
meteoric waters in shallow springs and/or subsurface warm springs.
© 2005 Elsevier Inc. All rights reserved.

1. Introduction

Chemical sediments preserved in Archean rocks pro-
vide a valuable geochemical record of the conditions on
the surface of the early Earth. Many of these Archean
chemical sediments contain a high percentage of oxidized
iron, frequently found in discrete alternating iron and sil-
ica-rich bands or lenses, and commonly identified as
banded iron formations (BIFs). These iron-rich units are
generally interpreted to have formed in marine basins
where mixing of slightly oxidizing solutions with waters
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rich in reduced iron results in rapid precipitation and
accumulation of iron oxyhydroxides (Drever, 1974; Kast-
ing, 1987; Danielson et al., 1992). Because many of these
deposits are interpreted to have formed directly in the
marine environment, the geochemical record provided
by these sediments has been used to infer paleo-ocean
temperatures, depth, redox potential, chemical stratifica-
tion, and the rise of oxygen in the atmosphere (Fryer,
1977; Derry and Jacobsen, 1990; Towe, 1991; Danielson
et al.,, 1992; Alibert and McCulloch, 1993; de Ronde
et al., 1994; Channer et al., 1997; de Ronde et al., 1997;
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Kato et al., 1998; Bau and Dulski, 1999; Harrison, 1999;
Bjerrum and Canfield, 2002; Bolhar et al., 2004). Some
iron-rich formations within Archean units contain struc-
tural features suggestive of relict marine hydrothermal
vent structures (de Wit et al., 1982; de Ronde et al.,
1994). Specifically, large hematite- and goethite-rich
bodies identified by de Wit et al. (1982) and de Ronde
et al. (1994) which rest on the Onverwacht and Fig Tree
Groups of the 3.2-3.5 Ga Barberton greenstone belt, have
been interpreted to be remnants of hydrothermal vent sys-
tems formed on the Archean sea-floor (de Wit et al., 1982;
de Ronde et al.,, 1994). These ironstone deposits have
yielded potentially the oldest complex organic molecules
identified to date, and have been interpreted to show
microbial communities populating Archean vent systems
at least 3.2 Ga (de Ronde and Ebbesen, 1996). However,
recent examination of some ironstone pods suggests that
the ironstones found across portions of the southern part
of the Barberton belt are not marine hydrothermal vent
structures, but rather chemical precipitates formed in re-
cent shallow spring or low temperature hydrothermal sys-
tems (Lowe and Byerly, 2003).

BIFs and ironstones formed in the deep ocean during
the Archean period may provide one of the few well-pre-
served records of chemical conditions on the Early Earth
including the hydrothermal/continental flux to the oceans,
redox state of the ocean, and organic composition of early
life on Earth. In light of the controversy regarding the
mode of formation for the ironstone pods in the 3.2—
3.5 Ga Barberton greenstone belt, a potentially valuable
geochemical proxy for conditions in the Archean ocean,
it is critical that we are able to distinguish true Archean
deposits from recent chemical precipitates replacing origi-
nal ancient units. We present here a combined stable iso-
tope and Rare Earth Element (REE) data set that
suggests that the ironstone pods on Farm Mendon, Barber-
ton, South Africa formed as a result of recent remobiliza-
tion of iron from local Archean sideritic ironstones,
siderite-bearing chert units, ultramafic rocks, and felsic vol-
canics, and precipitation from surface and shallow subsur-
face waters and/or warm springs.

2. Geologic setting and ironstone pods

The Barberton greenstone belt contains some of the
best-preserved sequences of Archean marine and continen-
tally derived sediments. The stratigraphic succession con-
taining the ironstone pods within the Barberton
greenstone belt (3.2-3.5 Ga) consists of a predominantly
volcanic sequence (Onverwacht Group) overlain by the
dominantly sedimentary Fig Tree and Moodies groups
(de Wit et al., 1982; Lowe and Byerly, 1999). The classic
ironstone pods of de Ronde et al. (1994) on Farm Mendon
are associated with structurally complex outcrops of silici-
fied and serpentinized ultramafic volcanic rocks of the
Mendon Formation (Onverwacht Group) capping black
cherts and overlying BIFs, felsic pyroclastic deposits, and

interbedded clastic rocks of the Fig Tree Group (Lowe
and Byerly, 1999, 2003). Archean felsic porphyry locally in-
trudes ultramafic rocks of the Mendon Formation (de Wit
et al., 1982) but not the ironstone pods (Lowe and Byerly,
2003).

The ironstone pods occur as irregular, lense-shaped
bodies up to 200 m long and 60 m across in three major
localities along 15 km of strike in the south central portion
of the greenstone belt (de Wit et al., 1982; Lowe and Byer-
ly, 1999, 2003). They are composed primarily of dark
brown goethite (FeO(OH)), but the largest pod of the
group on Farm Mendon is composed mainly of hematite
(FeyO3). All show irregular, rotated chunks and masses
of coarsely crystalline cavity-fill quartz showing replace-
ment by iron oxides.

Iron oxides were sampled from three ironstone pod
localities originally described by de Wit et al. (1982) and
more recently by Lowe and Byerly (1999, 2003) on Farm
Mendon within the Barberton greenstone belt of South
Africa (location map, Fig. 1). The samples analyzed in this
work represent surface and near-surface exposures of
hematite and goethite from an abandoned mine in the cen-
tral hematite pod on Farm Mendon (25°54.395'S,
31°01.367'E; samples SA574-1 to 6 and SAF495-6)
(Fig. 1), surface exposures of goethite boxwork exposed
in low road cuts through the easternmost pod
(25°54.383’S, 31°01.455'E; SAF495-10 and SAF495-3),
and goethite from the surface of the westernmost pod
(25°54.377'S, 31°01.077E; SAF495-1, SAF495-4, and
SAF495-7). In addition, goethite was analyzed from an
inactive modern surface spring deposit on Farm Avontuur
(25°55.749'S, 30°50.178'E; SAF492-18), described by Lowe
and Byerly (2003).

3. Analytical methods
3.1. Sample preparation and characterization

Goethite and hematite samples collected from the iron-
stone pods were reduced to coarse (2—4 cm) chips with a
rock hammer and cut with a water-cooled rock saw to
expose fresh surfaces and avoid chemical effects possibly
associated with weathered rinds. Goethite and hematite
powders were drilled from freshly cut surfaces using a
fine-tipped diamond dental drill. Drilled powders were
sieved to <63 pum prior to chemical treatment. Fine-grained
powders were heated to ~100 °C in 5 M NaOH solution
for 3 h and washed in 0.5 M HCI for 20 min at room tem-
perature to remove amorphous iron oxyhydroxides, gibb-
site, kaolinite, 2:1 phylosilicates, calcite, and siderite
(Kdmpf and Schwertmann, 1982; Yapp, 1991). Following
chemical treatment, samples were rinsed with de-ionized
water 4-5 times and dried in a vacuum oven for 24 h at
room temperature and at 80 °C for 1 h before X-ray dif-
fraction and isotope analyses.

X-ray diffraction patterns of both goethite and hema-
tite showed minimal or no change upon chemical treat-
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Fig. 1. Geologic map of ironstone pods on Farm Mendon, Barberton greenstone belt (modified from Lowe and Byerly, 2003). Hematite samples collected

from an abandoned mine in the central pod (1). Surface goethites collected

ment. In addition, oxygen and hydrogen isotope analyses
of several untreated samples that displayed the best X-ray
diffraction patterns and were likely to be the least contam-
inated (purest goethite and/or hematite), showed little
(<0.5%, for 8'80 and <6%, for D) to no isotopic differ-
ence between treated and untreated samples (Table 1).
These results suggest that chemical treatments resulted
in minimal goethite recrystallization or isotopic exchange
with chemical solutions. The lack of isotopic exchange
confirms the results of other studies, that this chemical
treatment does not affect the isotopic composition of iron
oxyhydroxides (Yapp, 1991; Poage et al., 2000; Sjostrom
et al., 2004).

Powdered mineral separates were mounted in glass hold-
ers and analyzed by X-ray diffraction. Diffraction patterns
of hematite and goethite revealed nearly “pure” mineral
separates (Figs. 2 and 3). One hematite sample and several
of the goethite samples display a weakly developed quartz
peak, indicating possible contamination induced by drilling
a portion of the minor quartz veins associated with some
oxide samples. However, diffraction patterns show that if
there were contamination by quartz, it is only at most a
few percent and, as such, will not significantly affect the iso-
topic or chemical analyses of these samples. We also used
an ammonium oxalate treatment (Jackson et al., 1982) to
determine the amount of amorphous or poorly crystalline
iron oxide phases, as these may not be detectable in X-
ray diffraction. Dissolved iron concentrations were mea-
sured at Stanford University using an inductively coupled
plasma spectrometer (ICP). All samples show less than
1.5% of dissolvable iron oxide phases (Table 1), confirming
our assessment that all samples are nearly pure goethite or
hematite.

Goethite and hematite samples were analyzed for Si, Al,
and Mn on a JEOL JXA-733A electron microprobe at
Stanford University. Multiple spot analyses of each sample

from the western pod (2) and the eastern pod (3).

show that all goethite samples have less than 2.5 weight%
Si0, and less than 0.8 weight percent Al,O3;. Hematite sam-
ples all have less than 1 weight% SiO, and less than 0.4
weight percent AlLO;. No samples showed a detectable
amount of Mn in the mineral matrix.

3.2. Isotope and chemical analyses

Ten to twenty milligrams goethite or hematite powder
were weighed and dried in a vacuum oven at 80 °C for
1 h. Samples were placed in a dry box in a nitrogen atmo-
sphere and loaded into nickel reaction vessels. Samples
were outgassed in reaction vessels under vacuum for 1h
at 100 °C and 2 h at room temperature prior to reaction.
Oxygen isotope analyses were conducted using fluorination
techniques following the method of Clayton and Mayeda
(1963), using BrFs as the oxidizing agent to liberate oxygen
gas from the goethite and hematite powders, and analyzed
on a Finnigan Delta Plus XL. All isotopic analyses of oxy-
gen and hydrogen are reported in standard &-notation,
which is defined as:

Rqam - R
5Y = (pl“‘) x 1000,
Rstd

where R is the ratio of heavy to light isotopes in the sample
and in the standard and Y is the isotope that appears in
the numerator of R. Delta values are reported relative to
V-SMOW (Vienna Standard Mean Ocean Water). Repeat
analyses of NBS-28 (quartz) and FCol-3 (goethite), a labo-
ratory standard provided by Dr. Crayton Yapp, yield a
precision of +0.39%..

Hydrogen isotopes were analyzed in a Temperature
Conversion Elemental Analyzer (TC/EA) following the
method of Sharp et al. (2001). Approximately 0.6-1.0 mg
of treated goethite powder was loaded in a silver crucible.
Weighed samples were placed in a vacuum oven at 80 °C
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Table 1

Oxygen and hydrogen isotope data for treated and untreated samples and weight% contaminants for goethite and hematite samples

Goethite Untreated sample Treated sample Weight %  Weight% Weight % Calculated Source
18 18 SiO, Al1,05 oxalate temperature of
g Ogoethite 8])goelhite 3 Ogcethite 8])goelhite extractable formation (OC)H
SAF495-1 1.3 —127 0.6 —129 1.2 0.1 0.28 21 50 cm deep goethite
mound, western pod
SAF495-3 1.2 —122 1.0 —127 1.8 0.8 1.45 20 Exposed vein in chert,
eastern pod
SAF495-4 2.6 —115 0.9 —125 2.0 0.1 0.04 23 Surface spring deposit
SAF495-6 1.3 —140 1.0 —146 1.1 0.5 0.32 1 Surface, central pod,
mine
SAF495-7 -0.2 —130 —0.7 —135 1.5 0.1 0.39 25 Surface sample,
western pod
SAF495-10 —-0.2 —127 0.2 —130 2.5 0.1 0.38 23 Surface exposed
boxwork, eastern pod
SAF492-18 1.0 —116 0.5 —127 1.1 0.1 0.04 24 Surface terrace,
lower pod
Hematite Untreated  Treated Weight% Weight%  Weight% Calculated Calculated Source
sample sample Si0, Al,O4 oxalate temperature  temperature of
BlgOhem.‘,me 5180},6,“.d1ile extractable of formation formation
in eq. with in eq. with
meteoric Archean
waters (°C)°  ocean (°C)°
SAS574-1. — -1.0 1.0 0.4 0.60 44 90 Subsurface, mine,
central pod
SA574-2 — -2.0 0.1 0.2 0.71 54 107 Subsurface, mine,
central pod
SAS574-3 -1.1 -1.6 0.5 0.2 0.74 50 100 Subsurface, mine,
central pod
SA574-4 -1.3 -1.5 0.3 0.2 0.07 49 99 Subsurface, mine,
central pod
SAS574-5 — -0.7 0.1 0.1 0.16 41 87 Subsurface, mine,

central pod

4 Dagoethile—waler and lgagoelhite—water from Yapp (1987, 2001)
lsuhcmalile water from Yapp (1990"[5 2001) 818()water = _5%0'

c

for 1 h to remove adsorbed water, then rapidly transferred
to a sealed autosampler and flushed with dry helium at
room temperature for 2 h. Samples were then reacted in
the TC/EA at 1450 °C, producing H, gas, which was then
carried in a stream of helium and analyzed using a Finni-
gan Delta Plus XL. Repeat analyses of NIST standards
NBS-22 (hydrocarbon oil), PEF-1 (polyethylene foil), and
FCol-3 (goethite) yield a precision of +3.09,.

To test whether there was significant isotopic heteroge-
neity in our goethite and hematite samples we measured
hydrogen and oxygen isotope values of subsamples taken
from within different portions of a single rock sample.
We found that 8D and 'O values varied by less than
6%, and 0.5%,, respectively, within a single hand sample.

Rock chips were prepared and analyzed for a suite of 27
trace elements at Washington State University Geoanalyt-
ical laboratory. Approximately 250 mg of powdered sam-
ple was dissolved at 110 °C, using 2 mL concentrated
HCI, 6 mL HF, 2 mL HNO3, and 2 mL HCIO, in an open
Teflon vial. Samples were then evaporated to dryness, fol-
lowed by additional evaporation with 2 mL HCIO, at
165 °C. Three milliliters HNO3, 8 drops H,O,, and 5 drops

B i ematite_water from Yapp (1990a, 2001). (Using an Archaean ocean 8'%0 of —1%,).

HF, and internal standards of In, Re, and Ru were added
to the sample and diluted to a final volume of 60 mL.
Digested samples were analyzed on a Sciex Elan model
250 ICP-MS. Accuracy of these analyses is approximately
5%.

4. Results
4.1. Oxygen and hydrogen isotopes of goethite and hematite

We determined both the oxygen and hydrogen isotope
composition of goethite. 5'%0 values of goethite samples
range from —0.7%, to 1.0%,, with a mean 3'%0 value of
0.5%,+0.6 (lg). 0D wvalues of goethite range from
—125%, to —146%, with the mean 8D of these samples of
—131%, £+ 7 (1o). 3'%0 and 3D values of goethite co-vary
linearly (R? = 0.89) with a slope slightly lower than that
of the Global Meteoric Water Line (GMWL, Fig. 4).

We also measured the oxygen isotope composition of
hematite. These hematite samples have 5'*0 values ranging
from —2.0%, to —0.7%, (Table 1). The mean 3'*0 value of
these samples is —1.4%, £ 0.5 (1o). The oxygen isotope val-
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Fig. 2. XRD pattern for treated hematite samples from the central pod.
Included is a calculated diffraction pattern for a pure hematite. Hematite
XRD patterns show minimal contamination by other mineral species
(quartz) that is at most only a few percent and does not significantly affect
geochemical analyses.
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Fig. 3. XRD pattern for treated goethite samples from surface exposures
of all three ironstone pods. Diffraction patterns show minor contamina-
tion by other mineral species (quartz) which is not expected to significantly
effect geochemical analyses.

ues reported here are consistent with previous analyses of
similar hematite and goethite samples from the ironstone
pods (de Ronde et al., 1994), which showed a range of
0.7%, to —3.1%, (excluding one outlier at —6.79%,).

4.2. REE distribution in hematite and goethite

Hematite, goethite, and a suite of associated Archean
igneous and sedimentary units were analyzed for REE con-

centrations (Table 2). All REE concentrations reported
here are normalized to the Post Archean Australian Shale
(PAAS) (Taylor and McLellan, 1985). These data show
distinctive Rare Earth Element (REE) patterns, and Ce
and Eu anomalies (Fig. 5). The majority of the hematite
samples that we examined show a slight shale-normalized
HREE enrichment, which is consistent with REE patterns
in associated Archean black cherts and ultramafic and fel-
sic rocks (Figs. 7 and 8). These shale-normalized, HREE-
enriched hematite samples also show positive Ce and Eu
anomalies (Fig. 5; Table 2). Following McLennon (1989),
positive Ce and Eu anomalies are defined by shale normal-
ized Ce/Ce* and Eu/Eu* values greater than 1, where Ce/
Ce* = Cegn/(Lagn*Pron)* and Eu/Eu* = Eugn/
(Smgn*Gdgn)™°. Hematite samples show a range of posi-
tive Ce/Ce*, from 1.2 to 3.2 and positive Eu/Eu*, from
1.6 to 2.4. The two samples which do not display the
HREE enrichment fail to show anomalous Ce, although
they do have positive Eu anomalies (Fig. 5; Table 2).

Like hematite, the majority of goethite samples also show
shale-normalized enrichment of HREEs, and an overall
REE enrichment relative to hematite. These also have posi-
tive Eu anomalies (Eu/Eu* = 1.3-1.8) (Fig. 6; Table 2). Un-
like hematite however, most goethites display no or negative
Ce anomalies, with Ce/Ce* values ranging from 0.2 to 1.1.
One sample (SAF492-18), however, has a strong positive
Ce anomaly (Ce/Ce* = 9.9), which may be due to an inclu-
sion of a Ce-rich mineral within the goethite. Three of the
goethite samples, SAF495-1, SAF494-3, and SAF495-4,
bear strong similarities to the REE patterns observed in
locally associated silicified ultramafic rocks (Figs. 6 and 8).
The REE patterns of the remaining goethites bear a greater
resemblance to associated sedimentary (sideritic ironstone
and black cherts) and felsic volcanic units (Fig. 7).

goethite

oD

goethite

Fig. 4. Using the equations outlined in Yapp (2001) it is possible to
generate a set of isotherms representing the temperature of formation of
goethites with a range of measured oxygen and hydrogen isotope
compositions. A plot of the measured 3D versus the §'%0 of goethites
from the ironstone pods shows that samples plot in an array along the
calculated 22 °C line. The range of temperatures of formation for the
goethites sampled are in good agreement with the mean annual temper-
ature of the Barberton region (20-22 °C) with the exception of one outlier
which falls below the 5 °C isotherm.



Table 2
Elemental concentrations (ppm)

Hematite Goethite

SA574-1  SAS574-2  SAS574-3  SAS574-4  SAS74-5  SAS574-6  SAF495-1  SAF494-3  SAF492-4  SAF495-6  SAF495-7  SAF495S-10 SAF492-18
La 0.47 0.13 1.79 0.22 0.38 4.86 3.65 3.17 5.44 0.80 2.28 3.79 6.65
Ce 2.86 1.26 3.16 0.57 0.72 6.82 8.85 9.35 132.39 1.71 4.14 1.06 7.45
Pr 0.18 0.05 0.28 0.05 0.07 0.62 0.91 1.60 1.73 0.20 0.55 0.40 1.55
Nd 0.78 0.15 1.04 0.16 0.27 222 3.52 7.82 7.97 0.84 2.39 1.62 8.29
Sm 0.33 0.05 0.23 0.05 0.07 0.52 0.77 2.54 2.44 0.21 0.64 0.32 3.53
Eu 0.15 0.03 0.06 0.02 0.02 0.16 0.20 0.87 1.07 0.06 0.22 0.09 2.24
Gd 0.45 0.06 0.20 0.06 0.07 0.50 0.54 2.50 3.31 0.20 0.64 0.32 8.06
Tb 0.09 0.01 0.03 0.01 0.01 0.07 0.07 0.43 0.56 0.03 0.10 0.05 1.60
Dy 0.51 0.04 0.18 0.07 0.08 0.34 0.36 2.69 3.57 0.14 0.56 0.26 11.75
Ho 0.09 0.01 0.03 0.01 0.02 0.06 0.07 0.55 0.74 0.03 0.12 0.05 2.68
Er 0.21 0.02 0.08 0.03 0.05 0.13 0.22 1.52 1.98 0.09 0.31 0.15 7.24
Tm 0.03 0.00 0.01 0.01 0.01 0.02 0.03 0.24 0.27 0.01 0.05 0.02 0.98
Yb 0.15 0.02 0.07 0.03 0.05 0.10 0.25 1.63 1.64 0.10 0.31 0.12 6.07
Lu 0.02 0.00 0.01 0.01 0.01 0.01 0.04 0.27 0.26 0.02 0.05 0.02 0.93
Ba 29 5 12 8 4 11 6 3 16 2 5 1 25
Th 0.04 0.06 0.02 0.01 0.17 0.06 0.64 0.08 0.11 0.09 0.84 0.01 0.05
Nb 0.36 0.08 0.15 0.05 0.32 0.05 0.72 0.10 0.11 0.29 0.59 0.16 0.44
Y 3.39 1.70 1.23 1.89 1.51 1.58 2.38 12.91 29.02 1.25 3.70 2.92 96.40
Hf 0.12 0.11 0.03 0.11 0.13 0.05 0.23 0.04 0.04 0.05 0.32 0.02 0.04
Ta 0.00 0.03 0.00 0.00 0.02 0.01 0.02 0.00 0.00 0.00 0.07 0.00 0.01
U 2.79 0.09 0.25 0.77 0.41 1.41 0.27 0.35 1.54 0.06 0.29 0.15 1.41
Pb 2.27 1.36 1.02 1.53 0.89 2.24 1.47 1.99 2.06 0.54 1.47 0.68 98.68
Rb 0.52 0.24 0.34 0.20 0.07 0.21 0.54 0.10 0.24 0.03 0.61 0.04 0.10
Cs 0.20 0.05 0.05 0.06 0.03 0.11 0.03 0.05 0.11 0.00 0.03 0.00 0.01
Sr 5 2 2 1 1 2 3 1 2 0 9 0 5
Sc 49 1.7 1.5 0.8 1.1 1.9 7.0 7.9 20.8 1.9 3.8 3.0 23.7
Zr 7 6 1 6 6 3 9 1 1 2 12 1 2
Ce/Ce* 2.19 343 1.01 1.33 1.01 0.87 1.12 0.89 9.85 0.99 0.85 0.18 0.54
Eu/Eu* 1.8 2.4 1.3 1.7 1.4 1.5 1.5 1.6 1.7 1.4 1.6 1.3 1.8

HREEA,o/LREE ¢ 2.8 1.4 0.9 2.0 1.8 0.7 0.8 2.4 2.7 1.3 1.5 0.9 7.4

(<41

OLPI=LSFI (900C) 0L [V 12 o4 LW



Table 2 (continued)

Chert/sandstone  Felsic tuff Sideritic ironstone  Ultramafics and silicified ultramafics

SAF170- 2  SAF17-K SAF170-3  SAF181-1 SAF495-33  SAF276-1 SAF495-32

Black chert
SAF495-37 SAF516-1 SAF517-1  SAF172-2

La 0.04 0.44 1.25 7.72 59.35 15.60 0.11 5.79 1.20 0.75 1.92
Ce 0.07 0.77 222 11.51 78.36 29.81 0.24 4.33 1.76 1.86 4.36
Pr 0.01 0.08 0.25 1.38 11.42 3.32 0.03 0.82 0.21 0.27 0.75
Nd 0.03 0.32 1.07 5.36 40.45 13.35 0.16 4.47 0.98 1.38 3.81
Sm 0.01 0.09 0.32 1.31 7.63 3.25 0.14 1.68 0.29 0.53 1.47
Eu 0.01 0.02 0.08 0.39 1.83 1.05 0.08 0.64 0.13 0.27 0.61
Gd 0.01 0.08 0.32 1.38 6.72 3.24 0.30 2.62 0.38 0.72 1.74
Tb 0.00 0.01 0.04 0.25 0.95 0.54 0.04 0.44 0.08 0.14 0.33
Dy 0.02 0.08 0.24 1.66 5.02 3.35 0.19 2.71 0.56 0.90 2.04
Ho 0.00 0.02 0.05 0.35 0.89 0.72 0.03 0.53 0.14 0.19 0.40
Er 0.01 0.05 0.13 0.97 2.02 2.00 0.08 1.19 0.38 0.51 1.05
Tm 0.00 0.01 0.02 0.15 0.27 0.30 0.01 0.13 0.06 0.07 0.15
Yb 0.01 0.05 0.11 0.92 1.60 1.83 0.07 0.69 0.35 0.43 0.87
Lu 0.00 0.01 0.02 0.15 0.24 0.29 0.01 0.09 0.05 0.07 0.14
Ba 71 2505 294 1081 1390 811 7 116 25 11 49
Th 0.02 0.17 0.36 2.61 5.38 4.86 0.05 0.19 0.06 0.08 0.13
Nb 0.03 0.28 0.43 3.21 8.70 6.64 0.17 1.42 0.41 0.55 1.04
Y 0.11 0.47 1.27 9.61 23.86 18.49 0.80 27.16 4.60 4.79 9.40
Hf 0.03 0.11 0.22 1.52 3.69 2.52 0.07 1.28 0.34 0.37 0.73
Ta 0.00 0.02 0.05 0.29 0.77 0.60 0.01 0.10 0.03 0.04 0.07
18] 0.05 0.30 0.13 0.68 1.41 1.08 0.01 0.03 0.03 0.02 0.35
Pb 0.24 4.27 0.23 1.51 5.40 3.59 0.13 0.44 0.25 0.46 1.54
Rb 0.58 1.52 6.30 40.28 152.59 266.21 0.73 146.67 1.09 4.94 0.60
Cs 0.08 0.20 0.53 0.84 4.74 14.90 0.08 2.03 0.07 11.88 0.24
Sr 6 13 6 3 11 16 2 7 1 28 3

Sc 0.1 0.4 1.1 12.0 20.4 18.1 6.6 96.6 8.3 15.1 28.5
Zr 1 4 7 55 128 88 2 45 12 13 27
Ce/Ce* 0.9 0.9 0.9 0.8 0.7 1.0 1.0 0.5 0.8 0.9 0.8
Eu/Eu* 4.4 1.1 1.2 1.4 1.2 1.5 2.0 1.4 1.8 2.1 1.8
HREE,/LREE A, 3.9 1.5 1.3 1.8 0.7 1.6 4.2 2.5 3.5 3.7 2.9
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5. Discussion

5.1. "0 and dD in goethite and 5% O of hematite as a proxy

for temperature of formation and isotopic composition of
waters

Because iron deposits are found over a wide range of

environments and have been shown to persist over millions
of years with minimal or no isotopic exchange (Yapp, 1993,
1998), numerous studies have used the oxygen, and to a
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Fig. 5. Plot of the Rare Earth Element (REE) composition of hematites
normalized to the Post Archean Australian Shale (PAAS). Hematite REE

patterns show a range of Ce/Ce* from 0.9 to 3.4 and Eu/Eu* from 1.3 to
2.4.
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Fig. 6. Plot of Rare Earth Element (REE) composition of goethites
normalized to the Post Archean Australian Shale (PAAS). Goethite REE
patterns show a range of Ce/Ce* from 1.1 to 0.2 with the exception of one

sample which shows strong Ce enrichment and a Ce/Ce* of 9.9. Eu/Eu*
values range from 1.3 to 1.8.
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lesser extent, the hydrogen isotope composition of iron oxi-
des (hematite—3'%0 only; and goethite—3'%0 and 3D) to
interpret paleoenvironmental conditions of formation
(Yapp and Pedley, 1985; Yapp, 1987, 1993, 1997, 2000; Gir-
ard et al., 1997; Bao and Koch, 2000; Poage et al., 2000;
Girard et al., 2002; Sjostrom et al., 2004). Although there
are relatively few isotopic data for iron oxides from Arche-
an and Proterozoic rocks, several have used stable isotopes
of iron oxides to constrain depositional environment, tem-
perature range, and 5'%0 value of water in equilibrium with
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Fig. 7. Plot of the Rare Earth Element (REE) composition of associated
sedimentary and felsic volcanic units. These units show no Ce enrichment
and generally low Eu/Eu* values from 1.1 to 1.5. One black chert stands in
sharp contrast with a strong positive Eu/Eu* enrichment of 4.4.
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Fig. 8. Plot of the Rare Earth Element (REE) composition of associated
ultramafic and silicified ultramafic rocks. These units show significant
HREE enrichment and a range of Eu/Eu* values from 1.4 to 2.0.
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chemically precipitated minerals (Perry et al., 1973; Perry
and Ahmad, 1983; Becker and Clayton, 1976; Hoefs et al.,
1987; de Ronde et al., 1994). One of these (de Ronde
et al., 1994) examined the oxygen isotopes of iron oxides
(both hematite and goethite) and quartz veins from the
ironstone pods at Barberton and concluded that these iron
oxides formed from Archean hydrothermal vents in disequi-
librium with surrounding waters. However, based on com-
bined oxygen and hydrogen isotope analyses of the iron
oxides, we show that these iron oxides formed from modern
surface waters and the weathering of local bedrock.

All of the arguments concerning conditions of formation
require that hematite and goethite retain their original iso-
topic composition upon formation and do not undergo lat-
er isotopic exchange. Some iron oxide precipitates such as
ferric oxide gels and poorly ordered ferrihydrite may isoto-
pically exchange with ambient water during dissolution—
reprecipitation transformations to goethite and hematite
(Bao and Koch, 1999). As a result, the isotopic composi-
tion of some crystalline ferric oxides may reflect a long-
term average isotopic composition of local water. Howev-
er, numerous studies show that once crystallized, goethite
and hematite may retain oxygen isotope values over thou-
sands (Yapp, 1987, 1997, 2000; Girard et al., 1997, 2000,
2002; Poage et al., 2000; Sjostrom et al., 2004) to hundreds
of millions of years (Yapp, 1990b, 1991, 1993, 1998; Hein
et al., 1994). Likewise, it has been shown that the hydrogen
isotope values of goethite do not exchange over thousands
(Yapp, 1987; Poage et al., 2000; Sjostrom et al., 2004) to
millions of years (Yapp and Pedley, 1985; Yapp, 1987; Gir-
ard et al., 2000). We, therefore, assume minimal or no iso-
topic exchange between oxides and post-depositional fluids
and operate under the assumption that isotope values of
goethite and hematite reflect an average isotopic composi-
tion of ambient waters at the time of formation.

The calculation of temperatures of formation of goethite
is based on the methods and equations defined by Yapp
(1987, 1990a, 2001). This calculation is possible because
the magnitude of the fractionation of 'O between goe-
thite/hematite and water is temperature dependent, while
the fractionation of deuterium between goethite and water
is independent of temperature. The method to calculate
temperature of formation described here follows that of
Yapp (2001) and involves the following steps: First, using
the temperature independent fractionation factor for
hydrogen (o), it is possible to calculate the hydrogen iso-
tope composition of ambient waters. Second, barring sig-
nificant evaporative effects, from the calculated hydrogen
isotope composition of water it is possible to calculate
the oxygen isotope composition of water, using the well-es-
tablished equation that relates hydrogen and oxygen iso-
topes of meteoric water where, 3D = 85'%0 4 10 (Craig,
1961; Dansgaard, 1964; Rozanski et al., 1993). Third, be-
cause the fractionation of oxygen between goethite and
water is dependent upon temperature, it is possible to cal-
culate the temperature of formation based on the measured
8'80 of goethite and the calculated 3'*0 of water.

Thus, by using both 3'0 and 8D values of goethite it is
possible to determine both the temperature and isotopic
composition of source water from which goethite formed
(Yapp, 2001). The equations relating oxygen and hydrogen
isotopes of goethite are

Dy, Dy
6Dminera1 =38 (@) Blgomi"eral + 1000 |:8 (%) B 1:|

—6990°a  (Yapp, 1987, 2000), (1)

where mineral-water fractionation factors are defined by

(D/H), oo

D goethite

W= = ), 2

YN T D/ H) e 0-20% 2
(180/160) sethite

180(G—W :WOZ‘;TH :f(temperature) (Yapp, 1990.’:1)

(3)
The goethite-water hydrogen fractionation factor (Pa) is
~0.905 Eq. (2), shows minimal variation over a tempera-
ture range of 25-145°C (Yapp and Pedley, 1985; Yapp,
1987), and applies to goethite formed in a range of natural
environments (Yapp, 1987, 1997, 2000, 2001; Girard et al.,
2000). Several studies have examined the effect of tempera-
ture on the fractionation of oxygen isotopes between goe-
thite and waters of formation (Yapp, 1987, 1990a; Zheng,
1998; Bao and Koch, 1999). For the purposes of this study,
the oxygen fractionation factor equation Eq. (4) defined by
Yapp (1990a) will be used for both goethite and hematite
because it has been found to be consistent with several
other studies (Girard et al., 2000; Poage et al., 2000; Yapp,
2001; Sjostrom et al., 2004). The following equation de-
scribes the relationship between temperature and the goe-
thite-water oxygen isotope fractionation factor:

6
1000 In 8o = % —12.3 (Yapp, 1990a). (4)
Using Eq. (1) and the methods highlighted above, the vast
majority of the goethite samples yield a calculated temper-
ature of formation between 20 and 25 °C, with a mean cal-
culated temperature of 22 4+ 2 °C (Table. 1; Fig. 4). This
estimated temperature is in agreement with the modern
mean annual temperature range for the Barberton region,
at 20-22 °C. One outlier falls well out of this temperature
range, with a calculated temperature of formation of
1°C. This sample has the lowest 8D wvalue
(8D = —146%,) and one of the heaviest 5'%0 values
(3'%0 = 1.0%,). If this goethite formed from meteoric water
at 22 °C, it would be expected to have a 880 of —2.0%,. It
is possible the disproportionately heavy oxygen value may
result from quartz contamination, which would have the
affect of producing a heavy 5'0 value while the 8D would
remain unaffected. However, the 3'0 of quartz in the iron-
stone pods range from 12.4%, to 18.29, (de Ronde et al.,
1994). This sample would have to contain 10-15% quartz
with this range of isotopic compositions to shift the mea-

sured 8'%0 value from the expected value of —2.0%, to
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the observed value of 19,,. This degree of contamination is
not evidenced in the XRD spectrum or microprobe analysis
and suggests quartz contamination is not responsible for
the oxygen value observed here. Given the low SiO, con-
tent of goethites, potential quartz contamination is not
expected to alter 3'0 values by more than 0.35-0.5%, in
all but the single most contaminated sample and in most
cases is within the 0.39, error of the oxygen isotope mea-
surement. As a result, calculated temperatures for goethite
are most consistent with formation from near surface
waters not hydrothermal systems or hot (55-85 °C) Arche-
an ocean waters (Knauth and Lowe, 2003).

In addition to the calculated temperatures of formation,
hydrogen isotopes further support formation from modern
meteoric waters rather than Archean ocean water. The
range of 0D values of goethite observed here
(0D = —1259%, to —1469,) is lower than the 8D value of
a goethite in equilibrium with the Archean ocean, which
would be approximately —1119,. This calculation is based
on the assumption that the 8D of the Archean ocean was
no lighter than 8D ~ —189,, which is supported by mass-
balance estimates of hydrogen loss through time and stable
isotope analyses of ancient marine rocks (Sheppard and
Epstein, 1970; Harper et al., 1988; Yui et al., 1990; Lécuyer
et al., 1996, 1998). Instead, the goethite values are more
consistent with formation from modern meteoric waters
for this area and elevation that have an estimated mean
annual 6D value of ~—249  (Bowen and Wilkinson,
2002), and would form goethite with a 6D value of
~—117%,.

This analysis underscores the utility of using combined
hydrogen and oxygen isotopes of goethite to determine
conditions of formation. Oxygen isotope analyses alone
give ambiguous results. On the basis of oxygen isotope
analyses alone, the 8'%0 from the Barberton ironstone
pods (—0.7%, to 1.0%,) could indicate an ancient origin.
These 3'®0 values are consistent with formation from a
hot (~60-65 °C) Archean ocean (estimated to be between
55 and 85 °C by Knauth and Lowe, 2003) with a 8'30 value
of —19%, (Shackleton, 1967). Taken together however, oxy-
gen and hydrogen isotope analyses of goethite from the
ironstone pods strongly suggest that goethite formed in
surface or shallow subsurface spring systems from recent
meteoric waters. All but one goethite sample plot parallel
to the Global Meteoric Water Line along a 20-25 °C iso-
therm (Fig. 4). This result is important because it is unlike-
ly that post crystallization hydrogen exchange would
produce 3D values that pair with unexchanged oxygen to
produce an array parallel to the Meteoric Water Line.
These data suggest goethite formation: (1) over a narrow
range of temperatures of 20-25 °C that are similar to the
modern mean annual temperature of 20-22 °C for the
Mendon Farm, Barberton area; and (2) from isotopically
light meteoric waters with a 8'%0 of ~—59%,, which is sim-
ilar to the calculated mean annual 8'®0 values (—4.6%,) for
modern precipitation for the Mendon Farm, Barberton re-
gion (Bowen and Wilkinson, 2002).

It could be argued that goethite is a modern weathering
product of Archean-age hematite within the ironstone
pods. Unfortunately, oxygen isotope analyses of hematite
cannot discriminate between an Archean hydrothermal or
modern meteoric origin. In the case of hematite from the
ironstone pods, the calculated oxygen isotope value of
waters of formation could range from ~—19, for the
Archean ocean, to —39, to —6%, for modern meteoric
waters for the Barberton region (Bowen and Wilkinson,
2002), and depend upon the assumed temperature of for-
mation of hematite. If hematite formed at temperatures
of 90-110 °C, like those near a hydrothermal vent, its
3'%0 values are consistent with formation from an Archean
ocean, which in the absence of ice sheets, may have a 5'%0
value of approximately —19, (Shackleton, 1967). If hema-
tite formed at temperatures between 40 and 55 °C, which is
consistent with the interpretation of Lowe and Byerly
(2003) that hematite in ironstone pods formed in subaerial
warm springs, then they would be in equilibrium with mod-
ern meteoric waters with a 8'*0 ~ —5%, (Bowen and Wil-
kinson, 2002), and similar to the calculated 3180 of water
in equilibrium with measured goethites.

In light of the uncertainty provided by oxygen isotope
analyses of hematite alone, we provide REE data that, in
our view, demonstrates that both hematite and goethite
from the ironstone pods are derived from recent remobili-
zation of iron and REE in subaerial spring systems from
surrounding rock units.

5.2. REE systematics of goethite and hematite

Our understanding of the Archean ocean, in part, is
based upon REE patterns of preserved Archean sediments.
These REE patterns reflect hydrothermal inputs to the ear-
ly ocean (Derry and Jacobsen, 1990; Danielson et al., 1992;
Gao and Wedepohl, 1995; Bau and Dulski, 1999), chemical
stratification of marine waters (German et al., 1991; Moller
and Bau, 1993; Schijf et al., 1994; Kuhn et al., 1998), the
rise of an oxidizing atmosphere (Fryer, 1977; Towe,
1991), as well as later chemical weathering and diagenetic
effects. As such, we examined REE patterns in goethite
and hematite from the ironstone pods in the Fig Tree
and Onverwacht groups, Barberton greenstone belt, as well
as a suite of eleven locally associated silicified ultramafic
rocks, black cherts, felsic tuff, sideritic ironstone, and
chert/sandstone, to address the origin of ironstone-forming
solutions. The REE patterns of goethite and hematite from
the ironstone pods are consistent with formation in shallow
subaerial spring systems from iron-rich solutions resulting
from the weathering of local bedrock, rather than Archean,
hydrothermal vent structures. This conclusion is based
upon the following observations.

First, positive Eu anomalies for hematite and goethite, a
common marker for high-temperature hydrothermal inputs
in ocean precipitates, average ~1.7, which is similar to that
of subjacent bedrock, and lower than expected for Archean
iron oxyhydroxides formed directly at hydrothermal vents.
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The abundance of Eu relative to other REEs in iron oxyhy-
droxides provides a measure of the relative influence of
high-temperature hydrothermal fluids and marine waters.
At low temperatures, Eu exists in the Eu®" state; however
in hot, reducing solutions typical of oceanic hydrothermal
plumes (>250 °C), Eu exists primarily in the Eu®" state.
High-temperature hydrothermal alteration of primary min-
erals discriminates against divalent Eu resulting in highly
Eu-enriched fluids (Sverjensky, 1984). While modern sea-
water does not display any enrichment of Eu relative to
shale abundances (Elderfield and Greaves, 1982), fluids
emanating from mid-ocean ridges, black smokers, and
closely associated chemical precipitates show significant
Eu enrichment, with Eu anomalies in fluids typically be-
tween Eu/Eu* = 6.3-19.7 (Michard and Albarede, 1986)
and as high as Eu/Eu* = 72.9 (Derry and Jacobsen, 1990;
Edmonds and German, 2004). Because of the high Eu con-
centrations in hydrothermal fluids, the relative shale-nor-
malized abundance of Eu in Archean BIFs and other
chemical sediments has been used to address the degree
of hydrothermal inputs to the ocean and show that Fe-rich
Archean water was characterized by a positive Eu anomaly
(Dymek and Klein, 1988; Derry and Jacobsen, 1990; Dan-
ielson et al., 1992; Moller and Bau, 1993; Bau and Dulski,
1996). Hematite and goethite samples from the ironstone
pods, however, have only slightly positive shale-normalized
Eu anomalies, with hematite having an average Eu/Eu*of
1.7 and goethite an average Eu/Eu* of 1.6 (Table 2). These
values are lower than expected for chemical precipitates be-
lieved to be forming in direct contact with hydrothermal
vent fluids and comparable or slightly less than the mea-
sured Eu/Eu* for associated ferruginous sediments and
silicified ultramafic rocks.

Second, hematite and goethite fall along a mixing line
between the measured shale-normalized HREE,,/
LREE,,, and Eu/Eu* of locally associated Archean felsic
volcanic rocks and silicified ultramafic rocks, suggesting
that the REE within these oxides are derived from post-de-
positional weathering of local bedrock units. To test
whether the goethite and hematite formed as a result of re-
cent weathering of bedrock or hydrothermal activity in the
Archean we examined the HREEA,,/LREE,, (defined as
the ratio of the average shale-normalized HREE value,
including Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu and the
average shale-normalized LREE value, including La, Pr,
Nd, and Sm) and Eu/Eu* systematics of iron oxides and
a suite of adjacent bedrock types. Although oxidative scav-
enging of REEs in the relatively oxygen-rich conditions of
the modern ocean may result in non-conservative REE
mixing behavior between ocean waters and hydrothermal
solutions (Bau and Dulski, 1999), chemical precipitates
forming at and around hydrothermal vent structures in
the chemically stratified or low-oxygen conditions of the
Archean ocean (Drever, 1974; Derry and Jacobsen, 1990)
should record a REE distribution of some mixture of
hydrothermal and marine waters. Precipitates formed in
this fashion should fall on a mixing line between the chem-

ical composition of hydrothermal vents that have strong
positive Eu anomalies and no or relatively low HREE
enrichment (Mitra et al., 1994; Douville et al., 1998; Bau
and Dulski, 1999) and normal marine waters which display
a general HREE enrichment and no Eu anomaly (Elder-
field and Greaves, 1982; Sholkovitz et al., 1999). On a plot
of Eu/Eu* versus HREEA,,/LREE,,, this conservative
mixing line between purely hydrothermal and purely marine
fluids has a steep negative slope where even dilute hydro-
thermal-marine mixtures can be distinguished from strictly
marine waters (Fig. 9). Because of the strong enrichment of
Eu in deep-ocean hydrothermal solutions, fluids comprised
of only 1% hydrothermal solutions and 99% ocean water
will still display Eu/Eu* values of approximately 9, and
HREE4,,/LREE4,, of nearly 2.5, and can be clearly distin-
guished from modern seawater, which has Eu/Eu* values of
1.1 and HREE5,o/LREE4,, of nearly 3.4. As a result, iron-
oxides formed in association with deep-marine Archean
hydrothermal systems should display REE evidence of the
addition of a hydrothermal component, even with only very
small additions of hydrothermal solutions.

In contrast, hematite and goethite from the ironstone
pods fall along a mixing line between local Archean felsic
volcanic rocks and silicified ultramafic rocks (Fig. 9). The
Eu/Eu* and HREE,,o/LREE,,, values of hematite and
goethite are intermediate between the end member values
of ferruginous strata and silicified ultramafic rocks
(Eu/Eu* = 2.1; HREEA,o/LREE4, ~ 3.4) and felsic vol-
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Fig. 9. Mixing-model for goethite and hematite samples from the
ironstone pods. A plot of the HREEA,,/LREE,,, (HREE defined as
the average shale-normalized value of Gd, Tb, Dy, Ho, Er, Tm, Yb, and
Lu; LREE defined as the average shale-normalized value of La, Pr, Nd,
and Sm) versus the Eu/Eu* value shows the degree of mixing between bulk
ocean water and hydrothermal vent fluids. A mixing line shows the
hypothetical coordinates of solutions with varying degrees of hydrother-
mal and marine inputs. Hematites and goethites from the Barberton
ironstone pods fall along a mixing line between silicified ultramafic rocks
and local felsic volcanoclastic sands.



1468 M.T. Hren et al. 70 (2006) 1457-1470

canic rocks (Eu/Eu* =1.2; HREE,,,/LREEA,, =0.7),
and plot closely to associated sandstone and sideritic iron-
stones. Since no significant fractionation of Eu from other
trivalent REEs is expected to occur during chemical weath-
ering processes and formation of secondary minerals (Sver-
jensky, 1984), the position of hematite and goethites along
this mixing line suggests varying degrees of REE input
from different locally associated bedrock. In total, these
data suggest that the REE in the goethite and hematite
samples are derived primarily from weathering of the side-
ritic ironstones and cherts, ferruginous strata, and ultra-
mafic and felsic volcanic rocks and do not reflect an
Archean hydrothermal origin.

Third, the presence of variable Ce anomalies in goethite
and hematite components of the ironstone pods provides
evidence of post-depositional terrestrial weathering pro-
cesses involving oxidative scavenging of Ce on hematite
and precipitation of goethite from an evolved near-surface
fluid. Several hematites have a positive Ce anomaly (Ce/
Ce* = 1.3-3.4) and several goethites have a negative Ce
anomaly (Ce/Ce* =0.2-0.5) which contrasts with REE
patterns for locally associated Archean units that have
slightly negative or no Ce anomalies (Table 2). Hematites
and goethites formed in the Archean ocean in a near-hy-
drothermal vent environment should lack a Ce anomaly
since, in the absence of an oxygen-rich environment,
Ce’* oxidation to relatively insoluble Ce*" will not readily
occur, and Ce will fractionate similar to the trivalent REE.
This has been shown to be the case in the 3.2-3.3 Ga near-
hydrothermal vent iron oxide deposits at Pilbara, Austra-
lia, which lack a significant Ce anomaly (Kato et al.,
1998). While several of the hematite and goethite samples
from the Barberton ironstone pods similarly show no
anomalous Ce, this in itself does not provide any indication
of the age or mode of depositional processes. However, the
presence of variable Ce anomalies in several of the iron
oxide samples strongly suggests mobilization and oxidation
of iron- and REE-bearing solutions after the initial deposi-
tion of stratigraphically associated cherts, ultramafic units,
and felsic volcanic rocks. We prefer an explanation that in-
volves oxidative scavenging of Ce on the surface of iron
oxides from REE-rich solutions derived from the chemical
weathering of local bedrock units.

In general, abiotic Ce oxidation at the Earth’s surface
proceeds at a slow rate. However, the surface of iron oxyhy-
droxides catalyze the oxidation of the dissolved Ce*" form
to the less soluble Ce*" phase at the low pH (pH < 5) con-
ditions of oxide precipitation (Bau, 1994, 1999) resulting in
Ce precipitation and the generation of positive Ce anoma-
lies in iron oxyhydroxides. If the Ce in hematite is derived
from the weathering of local sideritic ironstones and ultra-
mafic and felsic volcanic rocks and the resultant oxidation
of REE and iron-bearing solutions, the positive Ce anomaly
seen in some hematite, and the overall enrichment of Ce in
hematite relative to goethites and stratigraphically associat-
ed units, may be generated by (1) initial precipitation of
hematite, followed by (2) continued growth of hematite

where at the surface of the growing hematite, Ce®" oxidizes
to Ce*", becoming relatively insoluble and remaining with
oxide precipitates (Bau, 1999). The negative Ce anomaly
observed in goethite could result from oxide precipitation
from solutions in which oxidative scavenging of Ce on
hematite has already occurred, resulting in iron-rich solu-
tions that are depleted in Ce with respect to other REE.
Goethite precipitation may also be expected to be accompa-
nied by an increase in the pH of solutions, relative to hema-
tite formation, because iron and manganese oxides display
greater sorption of REE at higher pH (Koeppenkastrop
and De Carlo, 1992; Bau et al., 1998; Bau, 1999). As a re-
sult, iron oxides precipitated from Ce depleted solutions
at higher pH will be expected to display negative Ce anom-
alies and general REE enrichment over oxides precipitated
at lower pH (Koeppenkastrop and De Carlo, 1992; Bau
et al., 1998; Bau, 1999), which is consistent with the REE
distribution observed in Barberton iron oxides.

6. Conclusion

In light of the significance of Archean ironstone bodies as
possible geochemical proxies for the chemical composition
of the ancient ocean, it is important to distinguish ancient
sediments from relatively recent formations. The combined
stable isotope and Rare Earth Element approach used here
provides a valuable technique for analyzing iron-oxide
bodies of questionable age. Specifically, stable isotope and
REE data for hematite and goethite from ironstone pods
resting on the rocks of the Fig Tree and Onverwacht
Groups on Mendon Farm in the Barberton greenstone belt,
show that these large iron-rich bodies are relatively recent,
shallow, subaerial spring deposits derived from the remobi-
lization of iron and REE in surrounding host rock.

The oxygen and hydrogen isotope and REE data for
hematite and goethite are consistent with the interpretations
of Lowe and Byerly (2003) that the Barberton ironstone pods
formed through deposition from modern surface and shal-
low subsurface spring waters which derived their iron
through leaching of surrounding iron-rich Archean units.
The present results are consistent with the following para-
genesis: (1) migration of modern meteoric-derived, acidic,
warm (40-55 °C) solutions through surrounding Archean
sideritic sedimentary layers resulting in Fe dissolution; (2)
precipitation of hematite from ascending iron and REE-
bearing fluids in the shallow subsurface; and (3) precipitation
of goethite in the shallow subsurface and as surface spring
deposits as a result of further iron oxidation and pH change
at ambient surface temperatures of ~20-25 °C.
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