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Abstract

It is generally agreed that decoupling of the Hf and Nd isotope systems in modern aqueous
systems is a result of incongruent release of Hf during terrestrial weathering of the continental
crust, although the mechanism(s) behind this process are not yet fully understood. We here
present Hf-Nd isotope data for the Neoarchean Krivoy Rog Banded Iron Formation (BIFs),
Ukraine, and combine observations on modern aqueous environments with those of the early
Earth to further evaluate the mechanism(s) behind Hf-Nd isotope decoupling in aqueous
systems.

The pure Late Archean Krivoy Rog chemical sediment endmember, representing the
dissolved pool of ancient seawater, shows decoupled eNd2eoGa-€Hf2.606a values of -2.3 and
+9.48, respectively, and suggests that decoupled Hf-Nd isotopes had been a global rather than
a local phenomenon in Neoarchean seawater. This further reveals that incongruent Hf release
via terrestrial weathering and erosion of emerged and evolved continental landmasses were
widespread geological processes by Late Archean time.

Impure Krivoy Rog BIF samples, composed of a mixture of seawater-derived and
detrital Nd and Hf, show systematically more positive €Ndaeoca values, but still reveal
decoupled eNd-eHf values relative to an associated schist that plots slightly below the
'terrestrial array'. This suggests that mineral sorting between a zircon-bearing sand-sized
fraction and fine-grained sediment particles occurred on/in Late Archean continents, rivers
and oceans, and had significant impact on the chemical compositions of the suspended and
dissolved element loads of Late Archean seawater. Less radiogenic Hf isotope compositions
in the Krivoy Rog seawater relative to detritus-contaminated BIFs further suggest a pathway
for high-temperature hydrothermal Hf into anoxic Archean seawater, that diluted the even
more radiogenic Hf isotopic composition of continental run-off, created by the mineralogical
composition of the continental hinterland and the 'zircon effect'. Alternatively, the less

pronounced decoupling of ¢Hf-eNd in Late Archean seawater may be related to a shorter
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residence time of Hf relative to Nd. Furthermore, systematically more positive initial eNd
values in detritus-contaminated Archean BIFs relative to respective dissolved seawater loads
suggest that weathered and eroded material of (ultra)mafic rock suites had significant impact

on the suspended and dissolved fractions in Archean seawater.

Keywords

Hf-Nd isotopes; Seawater; BIF; Zircon effect; Archean

1. Introduction

The Hf and Nd isotope systems are powerful proxies in high-temperature
geochemistry to gather precise information about metamorphic and depositional ages of
(meta-) igneous rock series, but also to unravel magma differentiation, fractional
crystallization and mixing processes occurring in early Earth mantle and crust (e.g. Hoffmann
et al., 2011; Szilas et al., 2015; Hoffmann et al., 2016; Szilas et al., 2016). While both isotope
systems are coupled in magmatic regimes (e.g. Vervoort et al., 1999), their behavior in low-
temperature environments such as natural waters is more complicated and the two isotope
systems behave differently (e.g. Patchett et al., 1984; Albarede et al., 1998; van de Flierdt et
al., 2004; Rickli et al., 2009; Stichel et al., 2012; Viehmann et al., 2014).

The residence time of particle-reactive elements such as rare earth elements (REE) and
Hf in modern oxidized oceans is shorter than the mixing time needed to homogenize global
seawater (Piepgras and Wasserburg, 1980; Tachikawa et al., 1999; Rickli et al., 2009).
Piepgras and Wasserburg (1980) and subsequent research applied Nd isotopes as reliable
tracers to determine the source of REE and to track movement of water masses of modern (e.g.
Piepgras and Wasserburg, 1980) and ancient seawater (e.g. Miller and O"Nions, 1985; Alibert
and McCulloch, 1993; Alexander et al., 2009; Viehmann et al., 2015a; 2015b; Viehmann et

al., 2016). It appears that Nd is weathered congruently from the continents and that the Nd
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isotopic composition of modern seawater resembles the Nd isotopic composition of the
terrigenous hinterland (for a recent compilation of Nd isotopes in modern seawater see van de
Flierdt et al., 2016 and Tachikawa et al., 2017). High-temperature hydrothermal vent sites
with their abundant black smokers are sinks rather than sources for REE in modern oxidized
oceans and, therefore, their REE contribution to the global seawater REE budget is rather
negligible (German et al., 1990). In contrast, there is strong evidence that high-temperature
hydrothermal fluids expelled Fe and other elements into the anoxic Archean seawater which
was the reservoir from which early Precambrian banded iron-formations (BIFs) precipitated
(e.g. Fryer et al., 1979; Danielson et al., 1992; Bau and Dulski, 1996; Bau and Alexander,
2009; Alexander et al., 2009; Bekker et al., 2010; Li et al., 2015; Viehmann et al., 2015a).
Due to analytical challenges, results of direct Hf isotope measurements of seawater
were first reported in 2009 (Godfrey et al., 2009; Rickli et al., 2009; Zimmermann et al.,
2009), but confirmed previous studies which used hydrogenetic Fe-Mn crusts as seawater
archives (e.g. Patchett et al., 1984; Albarede et al., 1998; van de Flierdt et al., 2004; van de
Flierdt et al., 2007). These studies reported a partial decoupling of the Hf and Nd isotope
systems in seawater, i.e. at given a eNd value, the corresponding ¢Hf value is more positive in
seawater than it is in ambient terrestrial rocks. Patchett et al. (1984) introduced the term
'zircon effect' to describe incongruent Hf release during weathering of continental crust due to
retention of unradiogenic Hf in weathering-resistant zircons. Hence, the easily weathered and
eroded element and isotope fraction of the continental crust that is transferred to seawater via
rivers or atmospheric dust shows more positive ¢Hf values than the weathered bulk rock,
resulting in more radiogenic eHf values of seawater (e.g. Patchett et al., 1984; Albarede et al.,
1998; Bayon et al., 2006; Rickli et al., 2009; Garcon et al., 2013; 2014; Bayon et al., 2016). In
detail, the slightly different residence times of Hf and Nd in modern seawater (Rickli et al.,
2014; Filippova et al., 2017) as well as the mineralogical composition of the weathered

hinterland (Bayon et al., 2006; Chen et al., 2013; Garcon et al., 2014b; Bayon et al., 2016,
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Garcon et al.,, 2017; Rickli et al., 2017), mineral sorting during aeolian processes (e.g.
Albarede et al., 1998, Pettke et al., 2002; Chen et al., 2013) and in rivers (Garcon et al., 2013;
2014b), ambient weathering conditions in the continental hinterland (Rickli et al., 2013;
Bayon et al., 2016; Rickli et al., 2017), and the abundance of nanoparticles and colloids in
river water (Merschel et al., 2017b) are factors which control the decoupling of the Hf-Nd
isotope systems in modern rivers and oceans. The weathering of accessory minerals such as
phosphates, carbonates or garnets with high Lu/Hf ratios (Bayon et al., 2006; Rickli et al.;
2013; Garcon et al., 2014b; Rickli et al., 2017), the water-rock interaction time during
weathering (Rickli et al., 2017) and hydrodynamical mineral sorting between 'heavy' zircon-
bearing sand-sized fractions (i.e. bedload material) and smaller zircon-poor, fine-grained
fractions that remain in the suspended particle load (> 0.2 pm) of rivers with higher bulk eHf
values (Garcon et al., 2013; 2014b), respectively, already fractionate the Hf isotope
composition in rivers on the continents and finally increase the ¢Hf value of the suspended
and "dissolved" fractions (< 0.2 pum) entering the estuarine system of modern oceans. A
similar relationship between e¢Hf and e€Nd is also observed between ultra-filtered (“truly
dissolved”) and 0.2 pm-filtered (“dissolved”) river waters, suggesting that decoupling of Hf
and Nd isotopes between the truly dissolved and the dissolved (i.e. nanoparticulate) Hf and
Nd fraction in river water is also significant and that the difference between the truly
dissolved and the suspended particle fraction is even more pronounced than that between the
dissolved (i.e. nanoparticulate) and the suspended fraction (Merschel et al., 2017b).
Furthermore, Viehmann et al. (2014) observed decoupling of Hf-Nd isotopes in very pure
chemical sediments (cherts and BIFs) from the ~2.7 Ga old Temagami greenstone belt, which
represent the dissolved fraction of Late Archean Temagami seawater, and concluded that
incongruent weathering and erosion processes of zircon-bearing, emerged continental crust
were already operating in the Neoarchean. We here present high precision Hf and Nd isotope

data supported by trace element analyses of pure and detritus-contaminated BIF samples from
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the Neoarchean Krivoy Rog BIF, Ukraine, to combine observations made in modern aqueous
environments with those on early Earth to further evaluate the mechanism(s) which cause the

decoupling of Hf and Nd isotopes in Late Archean seawater.

2. Geological overview of the Neoarchean Krivoy Rog BIF

The greenschist- to amphibolite-facies Krivoy Rog Supergroup is located in the
western part of the Middle Dnieper granite-greenstone terrain of the Ukrainian Shield, Central
Ukraine. Clastic and chemical metasediments discordantly overlie Mesoarchean basement of
the Konka and Belozerka Supergroups and are described in more detail elsewhere (e.g. Kulik,
1991; Kulik and Korzhnev, 1997; Bibikova et al., 2010). The up to 1400 m thick BIF of the
Saxagan Group is defined as Superior-type BIF, i.e. Fe-rich and Si-rich banded chemical
sediments alternate with clastic sedimentary units that were deposited during cycles of
transgression and regression periods of the Krivoy Rog sea (Kulik et al., 1991). The
depositional age of the chemo-clastic Krivoy Rog Supergroup was bracketed between 2.7 and
2.0 Ga (Shcherbak et al., 1984; 1989). More recently, Viehmann et al. (2015a) favored a Late
Archean rather than a Proterozoic depositional age, because of the omnipresence of large
positive Eu anomalies in chondrite-normalized REE patterns of Krivoy Rog BIFs. While such
anomalies are common in Archean marine chemical sediments, they are extremely rare in

Proterozoic ones and may thus be used as qualitative dating tool.

3. Analytical Methods
The homogenous sample powders of the Krivoy Rog BIF described in Viehmann et al.
(2015a) and the BIF standard IF-G were analyzed in two subsequent batches together with
BIF samples of Viehmann et al. (2014). Approximately 200 mg of BIF and 100 mg of schist
powder were spiked with mixed '%9Ta-'8Hf-""°Lu-**Zr and a '**Sm-'"Nd tracers and digested

in HF-HNO; mixture in Parr® bombs at 180°C for 75h. After subsequent dry down the
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residues were immediately treated with HCLO4 to ensure complete digestion, followed by
further dry down steps with conc. HNO3 + trace HF and overnight sample-spike equilibration
in 6 N HCI + 0.06 HF at 120°C. The analytical procedures follow protocols that are described
in more detail elsewhere (Pin and Zalduegui, 1997; Miinker et al., 2001; Weyer et al., 2002;
Alexander, 2008; Viehmann et al., 2014; Viehmann et al., 2015a).

After ion exchange separation of the isotope aliquots, the isotope compositions and the
concentrations of Lu, Hf and Sm, Nd were determined by isotope dilution technique and
Finnigan® Neptune MC-ICPMS analyses in the joint Cologne-Bonn facility at the University
of Bonn. Detailed information about mass bias correction methods, internal standards, the
reference standard IF-G, external reproducibility and blanks measured during the course of
study have already been published in Viehmann et al. (2014) and Viehmann et al. (2015a). In
short, Hf isotope data were mass bias corrected to a !"’Hf/'’Hf ratio of 0.7325 using the
exponential law, and are given here relative to the "Hf/'""Hf ratio of 0.282160 of the
Miinster AMES standard with an external reproducibility of +40 ppm (2c), that is
indistinguishable from the JMC-475. The typical external reproducibility was £0.2% (2c) for
1761 11/ TSHE.

For calculation of initial eHf and eNd values, the '"°Lu decay constant of 1.876 * 107!
(Scherer et al., 2001; Soderlund et al., 2004), the '*’Sm decay constant of 6.54 * o
(Lugmair and Marti, 1978) and the CHUR (CHondritic Uniform Reservoir) parameter of
Bouvier et al. (2008) were applied. Error bars of Lu-Hf isochron calculations were calculated
using the error propagation method based on uncertainties of minimum and maximum blank

concentrations.

4. Results
The Lu-Hf and Sm-Nd isotope data of the Krivoy Rog BIF are listed in Table 1. Ratios

of 7SLu/!""Hf range from 0.02007 in the Krivoy Rog schist to 0.23046 and 0.30650 in the
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pure chemical sediment endmember of BIF samples (for a definition of the endmember, see
Viehmann et al., 2015a). Initial eHf values of the Late Archean Krivoy Rog BIF samples are
very heterogeneous and considerably more positive than their respective eNd2.60Ga values
which fall in the range between -2.3 + 0.4 to +0 + 0.4; the purest BIF sample which preserved
the isotope composition of seawater, shows the most negative eNd2 60Ga value (Viehmann et
al., 2015a, Table 1). The eHf260Ga values of pure and impure Krivoy Rog BIF samples range
from almost chondritic (-0.91 + 1.2) to strongly positive (up to +60.6 £ 1.0; Table 1). A
combined Lu-Hf isochron of pure and impure Krivoy Rog BIF samples yields 2775 £160 Ma
(Figure 1) and overlaps within error with the proposed Late Archean depositional age
(Viehmann et al., 2015a), indicating only very minor to negligible post-depositional
alterations or reset of the Hf isotope system during up-to-amphibolite facies metamorphic
events around 2.0 Ga (Shcherbak et al., 1984). However, the geochronological significance of
this Hf isochron has to be questioned due to the fact that the isochron is spanned between a
pure chemical sediment endmember with high 7°Lu/!""Hf and '"Hf/!"’Hf ratios and detritus-
contaminated samples with lower '"°Lu/!"’Hf and '"®Hf/!""Hf ratios, respectively. In contrast
to coupled Sm-Nd and Lu-Hf isochrons of ultrapure BIF from the Late Archean Temagami
Greenstone Belt that overlap with the published depositional age and provide valuable
geochronological information (Viehmann et al., 2014), the Hf “isochron” of the Krivoy Rog
BIFs rather represents a mixing line between detrital and seawater Hf, which is further
supported by mixing calculations between the chemical sediment and the schist sample
(Figure 2). This observation is further strengthened by REY and HFSE relationships of the
same sample set, that were used to distinguish between pure and impure BIF samples and to
determine endmember for the detrital fraction and for the seawater-derived fraction

(Viehmann et al., 2015a).

5. Discussion
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5.1 Decoupled Hf-Nd isotopes in the dissolved and the suspended fractions of Late Archean
seawater

The pure chemical sediment endmember of the Krivoy Rog BIF (FUMS57),
representing the dissolved fraction (< 0.2 um) of Krivoy Rog seawater that is composed of a
mixture of seawater- and of hydrothermally-derived elements (Viehmann et al., 2015a),
corroborates the findings of Viehmann et al. (2014) for Late Archean Temagami seawater.
The Hf and Nd isotope systems in the dissolved fraction of the Krivoy Rog seawater are
decoupled (Figure 3), suggesting that incongruent Hf release from the Krivoy Rog hinterland
led to decoupling of Hf-Nd isotope systems in ambient Neoarchean seawater similar to
modern Earth in which the ‘seawater array’ (after Albarede et al., 1998; Figure 3) resembles
the Hf-Nd isotopic compositions of modern seawater and modern to Cenozoic seawater
precipitates. Because decoupling of Hf-Nd isotopes in Late Archean seawater is now
observed in marine chemical sediments from two near-contemporaneous deposits, we suggest
that Hf-Nd decoupling in Late Archean seawater was a global rather than a local phenomenon
in Neoarchean oceans. This observation further confirms that incongruent Hf weathering of
zircon-bearing emerged crust was already a common process on Neoarchean Earth.

The Krivoy Rog schist, i.e. the most likely detrital endmember, is dominated by TTGs
from the Krivoy Rog hinterland with a minor amphibolite component (Viehmann et al., 2015a)
and shows a Zr concentration (138 ppm) which is two orders of magnitude higher than that of
the Krivoy Rog BIF samples. The schist plots in eNd-gHf space slightly below the terrestrial
array (‘terrestrial array' after Vervoort et al., 1999, Figure 3). This relationship is commonly
observed in (meta) igneous rocks of Phanerozoic and Precambrian age and indicates that the
analyzed schist most closely resembles the average geochemical composition of the
continental hinterland in the Krivoy Rog area.

The initial eNd and €Hf values of impure BIFs, representing the geochemical budget

composed of terrigenous and seawater-derived elements, are expected to plot along a
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conservative two component mixing line between the detrital endmember (schist) with
eNdrsoga and eHfr606a of -4.0 and -8.06, respectively, and the pure chemical sediment
endmember with eéNd2.606. and eHf2 606 of -2.3 and +9.5, respectively. However, the éNd2.60Ga
and €eHf> 60Ga values of the impure Krivoy Rog BIFs do not plot between these endmember
(Figure 3), show no correlation between their €éNd2.60ca and eHf: 6062 values (r>= 0.05), and
yield systematically more positive eNd2e0Ga (and to some extend eHf>606.) values than the
pure chemical sediment endmember (Figure 3, Table 1). Hence, this eHf-¢eNd decoupling in
impure BIFs suggests that average clastic material from the Krivoy Rog hinterland does not
predominantly control the isotope budget of the detrital component present in the impure
Krivoy Rog BIF samples. Viehmann et al. (2014) used the relationship of Zr/Hf ratios in
ancient marine chemical sediments as analogue to modern seawater because Zr/Hf ratios
typically increase from coastal to open ocean seawater due to preferential sorption of Hf over
Zr onto particulate Fe- and Mn-(oxyhydr)oxide surfaces (e.g. Godfrey et al., 1996; Schmidt et
al.,, 2014) to distinguish impure, aluminosilicate-contaminated 2.7 Ga old Temagami BIF
samples with near-chondritic Zr/Hf ratios (Zr/Hfchondrie = 34.3; after Miinker et al., 2003)
from pure chemical sediments with sub- and super-chondritic Zr/Hf ratios, which carry
exclusively seawater-derived Hf. The impure BIF samples show sub-, super- and near-
chondritic Zr/Hf ratios independent of their mineralogy (Table 1). Lack of correlations
between Zr/Hf ratios with Hf concentrations (Figure 4, r* = 0.12) and with eHf> 60ca (Figure 5,
12 = 0.32) in the BIFs corroborates that simple two-component mixing between a detrital and
chemical sediment endmember (i.e. seawater endmember) cannot explain the eHf> 60Ga values
in the Krivoy Rog BIF. Furthermore, the individual Krivoy Rog BIF sample mineralogy is
also not suitable to explain the specific Zr-Hf relationship similarly to reported alternating Si-
and Fe-rich Temagami BIF samples with sub- and super-chondritic Zr/Hf ratios (Viehmann et
al., 2014) and to Si-rich clastic sediments from the ~ 3.2 Ga old Barberton Greenstone Belt

with strong radiogenic eHf> 60ca values (Garcon et al., 2017), respectively.
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5.2 The origin of Nd and Hf in Krivoy Rog BIFs

The Nd isotopic composition of the Krivoy Rog schist, i.e. detrital endmember,
represents a mixture dominated by basement TTGs with minor amphibolites, while the
chemical sediment endmember represents a mixture of dissolved terrigenous, continental
crust-like, and mantle-like Nd hydrothermally derived from the oceanic crust, which shifts the
eNd2s0Ga value of the chemical sediment to more positive values relative to the schist
(Viehmann et al., 2015a). However, impure Krivoy Rog BIF samples show even more
positive €Nd260Ga than ambient seawater, suggesting that a more radiogenic, possibly more
(ultra)mafic, detrital component with éNd>.6oGa >0 additionally contributed to the geochemical
budget of the marine chemical sediments (Viehmann et al., 2015a).

The source of dissolved Hf in seawater is more difficult to track due to analytical
difficulties of Hf geochemistry in aqueous systems and the resulting scarcity of available
studies. White et al. (1986) and Bau & Koschinsky (2006) described a potential hydrothermal
pathway for dissolved Hf into seawater to explain Hf-Nd isotope decoupling, as riverine
particulate and dissolved Hf would quantitatively be scavenged during estuarine processes.
Most recent studies (Merschel et al., 2017a) revealed that riverine truly dissolved particle-
reactive elements and those associated with organic (nano)particles may pass the estuarine
system and may effectively contribute to the geochemical budget of the oceans, which
supports the hypothesis that the 'zircon effect' may be responsible for the partial decoupling of
both isotope systems in modern (e.g. Rickli et al., 2009; Zimmermann et al., 2009, Stichel et
al. 2012), Cenozoic (e.g. van de Flierdt et al., 2004) and Late Archean oceans (Viehmann et
al., 2014). Although from mass balance considerations, the ‘zircon effect’ has the highest
impact on incongruent Hf release from continents (e.g., van de Flierdt et al., 2007), accessory
minerals with high Lu/Hf ratios such as garnets, carbonates or phosphates may also have

significant impact on the Hf isotopic composition of freshwaters in specific environments as
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observed in sub-glacial rivers with low water-rock interaction times in West Greenland
(Rickli et al., 2017), for example. Garcon et al. (2013; 2014b) observed a fractionation of
eNd-eHf in bedload and suspended load in modern river systems on the continental hinterland.
Similar to aeolian sorting which allows for long transportation distances for the finest
sediment particles (e.g., Albarede et al., 1998; Pettke et al., 2002), hydrodynamical mineral
sorting separates sand-sized zircon-bearing fractions that settle early into the bedload from
finer grained particles that remain in the suspended load and may travel over longer distances
(Garcon et al., 2013). Hence, the sand-sized fraction with high abundance of zircons and
unradiogenic Hf isotope composition is mostly deposited close to the drainage area and
proximal to the river outflow, while suspended material (e.g., phyllosilicates such as clay
minerals, mica, and chlorite) with more radiogenic Hf isotopic compositions may reach more
distal deltaic or estuarine parts. In systems rich in organic particles only a small fraction (e.g.
Boyle et al., 1977; Merschel et al., 2017b) of the suspended particles and colloids gets trapped
in the estuary due to the 'salting out effect' (surface charge transformation of colloids due to
increasing salinity leads to coagulation and flocculation), while the remaining ones may enter
the oceans. In marked contrast, in systems dominated by inorganic particles, which are the
most likely analogue for Archean settings, more than 98% of the suspended material gets
trapped in the estuary (Pokrovsky et al., 2014; Tepe and Bau, 2016). However, the impact of
particles which are exported across the estuary and enter the open ocean, on the Hf isotopic
composition of the dissolved fraction of (ancient) seawater is barely understood yet. Although
some studies suggest that boundary exchange processes between sediment and seawater are a
possible mechanism to explain the radiogenic Hf isotopic composition of seawater (e.g., Chen
et al., 2013; Rickli et al., 2014), the mechanisms behind these processes are not known. Hence,
as long as these mechanisms are not understood, we have to presume that suspended Hf and
its isotope composition should be only be relevant for detrital material based on the high

particle-reactivity and short residence time of Hf in seawater.
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While the ‘zircon effect’ and significant weathering of accessory minerals with high
Lu/Hf (e.g., garnets, phosphates, carbonates) may result in decoupling of Hf-Nd isotopes in
local seawater and heterogeneous ¢Hf values that are controlled by the individual mineralogy
and composition of the weathered continental hinterland, the slightly different residence times
of Hf and Nd in seawater may also decouple both the Hf and Nd isotope systems. In modern
seawater, the residence time of Hf is slightly shorter than that of Nd with less than 500 years
which is shorter than time which is needed to homogenize the isotopic compositions of the
global oceans (Tachikawa et al., 1999; Siddall et al. 2008; Filippova et al., 2017). For the
Archean time, however, the residence times of Hf and Nd in predominantly anoxic seawater
are not well constrained. Because the Archean oceans were likely in Fe?*-rich,
Fe(oxy)hydroxides should have been the main scavenger for particle reactive elements in
local water masses from which the BIFs precipitated. Different residence times of Hf and Nd
had of course only an impact on their isotopic compositions in Archean seawater, if particle
reactive elements have not been quantitatively scavenged from water masses during oxidation,
which is one proposed model to explain the deposition of BIFs (e.g., Morris, 1993). However,
it has been reported that the residence time of Nd was probably somewhat longer in Archean
seawater relative to modern oceans, but it was shorter than the mixing time which is needed to
homogenize the global Archean oceans (Alexander et al., 2009; Viehmann et al., 2015a).
Since the same process would have affected the behavior of particle reactive Hf, it can be
expected that the residence time of Hf in Archean seawater was also shorter than that of Nd.
Hence, we speculate that a true decoupling of the Hf-Nd isotope systems in particle- and
Fe(oxy)hydroxide-rich Archean seawater may have been produced independently from the
‘zircon effect’ and the mineralogy of the continental hinterland.

In essence and independent of very local mineralogical controls, the initial eHf values
in aqueous systems increase from (i) zircon-bearing, coarse-grained sediment to (ii) zircon-

free, fine-grained sediment/particulates to (iii) the dissolved fraction (nanoparticles and
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colloids) to (iv) the truly dissolved fraction. Applying this relationship to the Krivoy Rog
samples, the schist should most closely represent the (i) zircon-bearing coarse grained
sediment, while the impure BIF samples should represent a mixture between the (ii) and (iii)
fractions, and the pure chemical sediment endmember should fall into the range between the
(ii1) and (iv) fractions. However, this expectation is not met by the Krivoy Rog data set in
which the g¢Hf2606. values of the chemical sediment endmember are similar to or less
radiogenic than those of most impure BIF samples (Figure 3). We, therefore, suggest that the
very positive and variable ¢Hf2606. values of impure Krivoy Rog BIFs are the result of
contamination by very fine-grained particles with very radiogenic Hf isotope compositions
relative to the eroded bulk material and were controlled by the mineralogy of the contaminant.
The most likely source for the fine-grained particles are young volcanic ashes or wind-blown,
zircon-free (ultra)mafic aeolian particles (see illustration in Figure 3). We further propose that
wind-blown particles provide the most likely explanation for the decoupling of the Hf-Nd
isotope systems in the impure Krivoy Rog BIFs, because:

1. Suspended riverine particles with radiogenic Hf isotopic compositions as observed
in modern systems (Garcon et al., 2013) are an unlikely contaminant for the impure Krivoy
Rog BIF, because almost all dissolved (colloidal + nanoparticulate) and particulate particle-
reactive elements (including Hf) get quantitatively trapped in inorganic estuarine systems
(Tepe and Bau, 2016) which are the most likely modern analogues to Archean settings.

2. In contrast to other Archean BIFs that show sedimentological and/or geochemical
evidence for a near-shore or 'shallow-water' depositional environment such as the Pongola or
Witwatersrand BIFs (e.g., Beukes & Cairncross, 1991; Alexander et al. 2008; Smith et al.,
2013; Viehmann et al., 2015b), there is no such evidence for the Krivoy Rog BIFs.
Sedimentology and trace element geochemistry combined with Nd isotopes rather suggest

that the Krivoy Rog BIF depositional environment was a restricted basin comparable to the
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modern Baltic Sea (Kulik and Korzhnev, 1997) that had only limited connection to global
Late Archean oceans (Kulik 1991; Viehmann et al., 2015a).

3. The offset in eNd260Ga values in impure BIFs relative to the detrital and chemical
sediment endmember can also only be explained by a contaminant characterized by a more
radiogenic component with very positive eNdz.6oGa values.

The less radiogenic eHf2.60ca value in the chemical sediment endmember relative to
impure BIF samples (see illustration in Figure 3) can be explained by two different scenarios
or a combination of both. First, a hydrothermal Hf pathway via black smoker-style, high-
temperature hydrothermal fluids into ancient Krivoy Rog seawater, analogous to the
hydrothermal REY pathway that is commonly reported for Archean BIFs (e.g., Danielson et
al., 1991; Viehmann et al., 2015a), also existed in Late Archean oceans. In this scenario,
direct Hf scavenging processes in anoxic Archean seawater close to the venting sites was
prevented and the hydrothermal Hf could travel longer distances than in the oxidized modern
oceans. Hence, this hydrothermal Hf should also have had a significant impact on the
dissolved Hf budget of Archean seawater. Second, the Hf-Nd isotope systems in the dissolved
fraction of Krivoy Rog seawater are truly decoupled based on different residence times of Hf
and Nd, i.e. independently of the mineralogical composition of the weathered hinterland rocks.
However, the decoupling of the eHf-eNd values in Krivoy Rog seawater of both (combined?)
scenarios is less pronounced than the ¢Hf-eéNd decoupling due incongruent Hf weathering of
the continental hinterland and the 'zircon effect' which produced even more radiogenic, but
heterogeneous Hf input into ancient seawater. These combined effects resulted in less positive
eHf> 6062 values of the truly dissolved and the dissolved Hf fractions of Archean seawater

(represented by the pure chemical sediment endmember).

5.3 Influence of weathered and eroded (ultra)mafic material on the Nd isotopes in Archean

waters
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Neodymium isotopes in clastic sediments are a reliable tracer for provenance studies
due to congruent Nd weathering on the continents and rather similar Nd isotope compositions
of different grain-size fractions of clastic sediments (e.g. Patchett et al., 1984; Garcon et al.,
2013; Garcon et al., 2017). However, Garcon et al. (2014a) studied particles of the suspended
and bedload fractions in modern rivers that drain crystalline continental basement and high
amounts of basaltic floodplains. The authors observed a shift of up to 6 éNd units between the
bedload which is dominated by coarse-grained crystalline material (e.g., quartz, zircons), and
the suspended load that is predominantly comprised of fine-grained weathered basaltic
material (e.g., phyllosilicates). This results in an overestimate of the importance of the
suspended basaltic components in the riverine input into the estuarine system, relative to bulk
weathering products. The presence and overrepresentation of (ultra)mafic terrigenous material
is also reflected in the eNd260ca values of impure Krivoy Rog BIFs with higher eNd260Ga
values that are 1 to 2 units higher than the chemical sediment endmember and 3 to 4 units
higher than the weathered bulk material. Similar to the observation in the Krivoy Rog BIF,
detritus-contaminated Archean BIF samples of the 'shallow-water' Witwatersrand BIF
(Viehmann et al., 2015b) also show initial éNd values that are more positive than the
associated seawater endmember. Based on the observation of Garcon et al. (2014a) made in
modern river systems, we suggest that the more positive initial eNd values reported for
impure Archean BIF samples may be related to the overrepresentation of weathered and
eroded, fine-grained (ultra)mafic material that shifts the eNd values of impure Archean BIFs
to more positive values. This observation is in agreement with the widely accepted view that
the composition of the emerged Archean crust which was exposed to subaerial weathering
and erosion processes, consisted of higher abundances of (ultra)mafic rocks relative to
modern continental crust (e.g. Kamber, 2010; Kamber, 2015). However, the
overrepresentation of weathered (ultra)mafic terrigenous material in Archean rivers and

oceans is based on the assumption that both (ultra)mafic and more evolved rocks were present
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in the river catchment areas to separate weathering-resistant, sand-sized ‘felsic’ minerals and
(ultra)ymafic fine-grained minerals (e.g., phyllosilicates). Thus, weathering of (ultra)mafic
Archean crust did not only have a major impact on the dissolved seawater chemistry and on
the trace element systematics of Archean oceans (Kamber et al., 2010), but also on the
suspended loads delivered by rivers to Archean estuaries and coastal seas and by dust-blown
particles into open-ocean settings. Over-representation of fine grained suspended (ultra)mafic
loads relative to bulk weathering products that were delivered into ancient seawater via rivers
or aeolian processes may further lead to misinterpretation of Nd isotope provenance studies of
Archean clastic sediments that are exclusively based on very fine-grained, zircon-free loads.
These findings also highlight the importance of careful evaluation of detrital contamination in
marine chemical sediments for their use as reliable seawater archives, because even small
amounts of fine-grained clastic material may have significant impact on the isotope budget of

chemical sediments.

6. Conclusions

The unique potential of coupled Hf-Nd isotope studies of pure and impure Archean
marine chemical sediments allows us to evaluate weathering and erosion processes on early
Earth. Pure and impure (i.e. detritus-rich) BIF samples from the Neoarchean Krivoy Rog BIF
yield calculated Sm-Nd and Lu-Hf ages that overlap within the error of the published
depositional age, suggesting negligible post-depositional alterations of both isotope systems.
However, both isochrons represent mixing lines between a detrital and a seawater endmember,
and yield only limited geochronological information.

The pure BIF samples which represent the local Krivoy Rog seawater endmember,
confirm decoupling of the Hf-Nd isotope systems in the dissolved pool of Late Archean
seawater and corroborate the findings of Viehmann et al. (2014) who observed similar

decoupling of the Hf-Nd isotope systems in ~2.7 Ga Temagami seawater. This suggests that



442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

incongruent release of Hf during terrestrial weathering and erosion of zircon-bearing emerged
crust were probably a global and not only a local phenomenon during the Late Archean.
Impure BIFs from Krivoy Rog, which are composed of a mixture of detrital and
seawater-derived components, show a similar decoupling of the Hf-Nd isotope systems. We
here showed for the first time that hydrodynamical and aeolian mineral sorting and separation
of unradiogenic zircon-bearing sand-sized fractions from fine-grained zircon-free fractions
and/or accessory minerals with high Lu/Hf ratios already operated on/in Late Archean
continents, rivers and oceans. The very positive, but variable eHf> s0Ga values of impure BIFs
result from a mineralogical control of the weathered continental material, i.e. from the co-
deposition of radiogenic zircon-free fine-grained suspended particles and marine chemical
sediments. Less positive eHf2 606a values in the dissolved seawater fraction relative to impure
BIF samples point either towards a hydrothermal Hf pathway via black smoker-style high-
temperature hydrothermal fluids into anoxic Archean seawater and/or Hf-Nd isotope
decoupling in Archean seawater based on different residence times of Hf and Nd in
Neoarchean oceans. Furthermore, the generally more positive eéNd; values of impure Archean
BIFs relative to pure ones (representing seawater) support the idea that weathering and
erosion of (ultra)mafic material (e.g., phyllosilicates (clay minerals, mica, and chlorite)) made
a significant impact on the suspended loads and the overall seawater chemistry of Archean

oceans.
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Figure Captions
Figure 1. Lutetium-Hf isochron of Krivoy Rog BIF samples. The Lu-Hf isochron of pure and
impure BIF samples from the Neoarchean Krivoy Rog Supergroup overlaps within the error
with the published Late Archean depositional age (Viehmann et al., 2015), strongly
supporting negligible post-depositional alteration of the Hf isotope system. However,
geochronological information are hampered due to the fact that the isochron is built up by
pure BIFs with high '7°Lu/!""Hf and '"Hf/"7"Hf ratios and impure BIFs with respective lower
ratios. This relationship indicates two component mixing rather than provides reliable
information about the BIF depositional age. Note that the age calculation of the isochron was
calculated without the shale. Error bars of individual samples are calculated by error

propagation method.

Figure 2. Two component mixing of the Hf system between Krivoy Rog BIFs and the
associated schist. Impure BIFs of the Krivoy Rog Supergroup plot between the chemical
sediment and the detritus endmember, revealing a mixture of seawater-derived and detritus-

derived Hf in the Late Archean marine chemical sediments.

Figure 3. Clastic and chemical sediments of the Krivoy Rog BIF in eHfi;) vs. eNd) space
relative to the 'terrestrial' and 'seawater' arrays, the Temagami BIF and Asian eolian dust.
While the Krivoy Rog schist shows a coupled behavior of the Hf-Nd isotope systems that is

commonly observed in terrestrial magmatic systems, both the pure and detritus-contaminated
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BIF samples of the Late Archean Krivoy Rog Supergroup yield a decoupling of both isotope
systems that is reported from modern aqueous systems and the Late Archean Temagami BIF
(Viehmann et al., 2014). The inlet illustrates a schematic explanation for the eHf;) and. eNd;
values found in the pure and impure Krivoy Rog BIF samples. Data for the terrestrial array,
seawater array, Asian eolian dust and Temagami BIF are taken from Vervoort et al. (1999),
Albarede et al. (1998), Pettke et al. (2002) and Viehmann et al. (2014), respectively. Error

bars are 206.

Figure 4. Plot of Zr/Hf ratios versus Hf concentrations of the BIFs relative to clastic
sediments from the Krivoy Rog area, the ~2.7 Ga old Temagami BIF and worldwide modern
river and seawater samples. The Zr/Hfchonarite Tatio is taken from Miinker et al. (2003). Note

that Hf concentrations of seawater and river water data are multiplied by 10°.

Figure 5. Plot of Zr/Hf ratios versus ¢Hfj;) of the Krivoy Rog BIFs and schist relative to the
~2.7 Ga old Temagami BIF, chondrite, modern seawater and Asian eolian dust. Insignificant
correlations between Zr/Hf with Hf concentrations (Fig. 4, r’=0.12) and eHf} values (12 = 0.32)
indicate that sample mineralogy and simple two-component mixing between a detrital and
chemical sediment endmember are not viable to explain the eHf2.606a values of the pure and

impure Krivoy Rog BIF. Errors are 26 and smaller than the symbol size.
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TABLE 1. Lu-Hf AND Sm-Nd ISOTOPIC COMPOSITIONS OF THE ~2.6 Ga KRIVOY ROG BIF

Sample  Material Type Sm Nd Lu Hf “Tsm/"Nd  "*3Nd/'**Nd Zr/Hf 78U/ HE 784/ 7T HE eHf(2.6) eNd(2.6)
[opm] [ppm] [ppm] [ppm]
FUM57  Fe-band pure 0.143 0.634  0.0354  0.0218 0.1367  0.511497 6 - 0.23046  0.292844 +21 +9.48+1.1 -23+04
FUM54  Fe-band almostpure 0.609 2.96 0.0916  0.0425 0.1244 05113376  35.3 0.30650  0.296334+17 -091+12 -1.3+04
FUM53  Fe-band impure 0.302 1.67 0.0621 0.101 0.1096 051114949 476 0.08695  0.285469+19 +1.04+0.7 +0.0+0.4
FUM55  Fe-band impure 0.739 3.75 0.0654 0.137 0.1190  0.511229+6  34.1 0.06757  0.284780+11 +10.9+0.5 -1.6+0.4
FUM56  Fe-band impure 0.581 2.81 0.0982  0.0604 0.1251 05113968  28.8 0.23125  0.293344+09 +259+0.9 -04+0.4
FUM 58 chert impure 0.397 1.98 0.0443 0.195 0.1209 05112269  35.9 0.03234  0.282725+08 +0.08+0.3 -23+0.4
FUM 59 chert impure 0.159 0.968  0.0222  0.0490 0.09938  0.510933+7  25.1 0.06427  0.2845667 +14 +9.08+0.5 -0.8+0.4
FUM 60 chert impure 0.318 1.41 0.0601 0.0427 0.1359  0.511553 +8 - 0.20030  0.292782+20 +60.6+1.0 -0.9+0.4
FUM 61 schist 4.35 28.3 0.524 3.70 0.09290 0.510659+7  37.3 0.02007 0.281886+13 -8.06+0.5 -4.0+0.4

Note: Lu- Hf data are obtained by isotope dilution and MC-ICPMS, Zr and Nd isotope data are from Viehmann et al. (2015a). Errors are 2c.




