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Here we first present samarium (Sm)–neodymium (Nd) isotopic data for the �2.5 Ga Wangjiazhuang BIF
and associated lithologies from the Wutai greenstone belt (WGB) in the North China Craton. Previous
geochemical data of the BIF indicate that there are three decoupled end members controlling REE com-
positions: high-T hydrothermal fluids, ambient seawater and terrigenous contaminants. Clastic meta-
sediment samples were collected for major and trace elements studies in an attempt to well constrain
the nature of detrital components of the BIF. Fractionated light rare earth elements patterns and mild
negative Eu anomalies in the majority of these meta-sedimentary samples point toward felsic source
rocks. Moreover, the relatively low Th/Sc ratios and positive eNd(t) values are similar to those of the
�2.5 Ga granitoids, TTG gneisses and felsic volcanics in the WGB, further indicating that they are derived
from less differentiated terranes. Low Chemical Index of Weathering (CIW) values and features in the A-
CN-K diagrams for these meta-sediments imply a low degree of source weathering. Sm–Nd isotopes of
the chemically pure BIF samples are characterized by negative eNd(t) values, whereas Al-rich BIF samples
possess consistently positive eNd(t) features. Significantly, the associated supracrustal rocks in the study
area have positive eNd(t) values. Taken together, these isotopic data also point to three REE sources con-
trolling the back-arc basin depositional environment of the BIF, the first being seafloor-vented hydrother-
mal fluids (eNd(t) < �2.5) derived from interaction with the underlying old continental crust, the second
being ambient seawater which reached its composition by erosion of parts of the depleted landmass
(likely the arc) (eNd(t) > 0), the third being syndepositional detritus that received their features by weath-
ering of a nearby depleted source (likely the arc) (eNd(t) > 0).

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Banded Iron Formations (BIFs) are chemical sedimentary rocks
that precipitated throughout the Archean and early Paleoprotero-
zoic (James, 1954; Trendall, 2002; Bekker et al., 2010). The patterns
of trace element and isotopic abundances preserved in the BIFs
offer a chance to infer the chemical composition and oxidation
state of ancient seawater. In modern marine waters, the variation
in REE+Y distributions is dominated by vary degrees of carbonate
complexation and hydroxides precipitation, with REE+Y principally
sourced from weathering of continents (Frei and Polat, 2007;
Alexander et al., 2008), whereas, this may not have been the case
in early oceans. Numerous studies on ancient BIFs indicate that
hydrothermal solutions were the main source for REE and the
excess of Eu in Archean seawater (e.g., Derry and Jacobsen, 1990;
Shimizu et al., 1990; among others).

However, whether or not components of the BIFs were derived
from continental sources, or had its origin in hydrothermal alter-
ation of the oceanic crust has been a long-standing debate. Positive
Eu anomalies are widely considered to indicate that REE in the BIFs
had dominantly high-T (>350 �C) hydrothermal sources (Michard,
1989; Bau and Dulski, 1996, 1999). The high-T fluids are dis-
charged from basaltic, mid-ocean ridge sources. Neodymium (Nd)
isotopes have also been used to trace the continental vs. hydro-
thermal input to the BIFs (Derry and Jacobsen, 1990; Danielson
et al., 1992; Bau et al., 1997). Generally speaking, the mantle-type
Nd (eNd(t) > 0) was often considered to represent the hydrothermal
component derived from high-temperature basalt alteration,
whereas the continental-type Nd (eNd(t) < 0) was thought to
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represent the riverine/aeolian input from weathering of continen-
tal crusts.

The North China Craton (NCC) in China hosts large amounts of
�2.5 Ga Algoma-type BIFs within the Anshan-Benxi, eastern Hebei,
Wutai areas (Zhang et al., 2012; Zhai and Santosh, 2013). The
Wutai greenstone belt (WGB), as the best preserved granite–green-
stone terrane, is situated in the central part of the NCC (Fig. 1a)
(Bai, 1986). The WGB consists of a sequence of metamorphosed
ultramafic to felsic volcanic rocks, variably deformed granitoid
rocks, along with lesser amounts of siliciclastic and carbonate
rocks and BIFs. The distribution of REE and Y in these BIFs has been
described previously (Li, 2008; Li et al., 2010; Zhang et al., 2010;
Wang et al., 2014) and some significant information about the
source of the BIF components have also been acquired. In sum-
mary, these BIFs show striking geochemical similarities, that are
positive La, Eu and Y anomalies, a relative depletion of LREE and
MREE relative to HREE, and superchondritic Y/Ho ratios (>26).
These characteristics suggest that the primary chemical precipitate
is a result of solutions that represent mixtures of ambient seawater
and high-T hydrothermal fluids. However, considerably less infor-
mation is available on the Nd isotopic compositions of these BIFs
and other BIFs in China. In this regard, we report first Sm–Nd iso-
topic data for samples from the Wangjiazhuang BIF in the Wutai
Group. In addition, we also present the Sm–Nd isotopic data for
associated lithologies, including meta-basalts, meta-felsic volcanic
Fig. 1. (a) Regional geological sketch showing the location of the Hengshan–Wutai–Fupi
metamorphic complexes: CD, Chengde; DF, Dengfeng; FP, Fuping; HA, Huai’an; HS, Hen
Zanhuang; ZT, Zhongtiao. (b) Geological map of the Wutai greenstone belt (modified aft
rocks and meta-pelites. Major and trace elements whole-rock geo-
chemical analyses of meta-pelites have also been included in order
to draw an interpretation of their provenance. Combining with rel-
evant geological background and previous geochemical data
(Zhang et al., 2010; Wang et al., 2014), we can gain a comprehen-
sive understanding of source characteristics of the BIF and addi-
tional insight into the complex depositional mechanism of the BIF.

2. Geological setting

The Hengshan–Wutai–Fuping belt is located in the middle seg-
ment of the Trans-North China Orogen (TNCO) (Fig. 1a) and con-
sists of three distinct tectonic complexes: the upper amphibolite
to granulite facies Fuping and Hengshan complexes in the south-
east and northwest, respectively, separated by the greenschist- to
lower amphibolite-facies Wutai Complex (Fig. 1b), which is inter-
preted as a typical granite–greenstone belt (Bai, 1986; Tian,
1991; Bai et al., 1992). The WGB consists of Neoarchean to Paleo-
proterozoic granitic plutons and metamorphosed volcanic and sed-
imentary rocks, traditionally named the Wutai and Hutuo Groups
in the Chinese literature (Bai et al., 1992; Zhao et al., 2007). Based
on lithologies and metamorphic grades, the Wutai Group is subdi-
vided into three subgroups: Shizui, Taihuai and Gaofan subgroups
(Fig. 2). The Shizui Subgroup is composed of peridotite, oceanic
tholeiite, dacite, rhyolite, chert, BIFs, sandstone, siltstone and
ng belt in the North China Craton (revised after Zhao et al., 2005). Abbreviations for
gshan; LL, Lüliang; NH, Northern Hebei; TH, Taihua; WT, Wutai; XH, Xuanhua; ZH,
er Niu and Li, 2006).



Fig. 2. Stratigraphic column showing Group and formation names for different rock assemblages in the Wutai greenstone belt (modified after Kusky and Li, 2003).
Abbreviations for formation names: BYK, Banyukou Formation; JGK Jingangku Formation; ZW, Zhuangwang Formation; WX, Wenxi Formation; BZY, Baizhiyan Formation;
HMY, Hongmenyan Formation.
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minor limestone metamorphosed in amphibolite facies (Zhao et al.,
2007). The Wangjiazhuang BIF, as one of representative BIFs in the
Wutai Group, is located in the lower part of the Jingangku Forma-
tion in the Shizui Subgroup.

The Wangjiazhuang BIF is distributed nearly in a E–W direction,
extending 8 km in length and 0.5 km in width, and dips to the SE
with a steep angle of 60–80� (Fig. 3). Most of the BIF is deformed
and primary layering is extensively transposed into a new tectonic
layering or extended parallel to the plunge of the regionally dom-
inant folds and associated lineations (Fig. 3). Laminations of the BIF
have a width of ca. 7–10 mm, with greater thickness occurring in
the Shenyanhe area due to tight homoclinal folding. Amphibolites
were identified as meta-basalts intercalated with the Wangjiazhu-
ang BIF, and other associated rocks include meta-felsic volcanic
rocks (leptynite), metapelites (mica schist). Zhao et al. (1999)
suggested that the Wutai amphibolites have undergone four meta-
morphic stages on the basis of petrological evidence, and the peak
P–T conditions for amphibolites were estimated at 10–12 kbar and
600–650 �C. Qian et al. (2013) proposed a clockwise P–T path for
the mica schist, with a peak pressure of >9.0 kbar at 615–645 �C
and a peak temperature of 660 �C at �7.5 kbar.

The Wangjiazhuang BIF is found interbedded with meta-basalts
(amphibolites). Based on previous SIMS zircon U–Pb analyses of
these meta-basalts, they were formed at �2.54 Ga, representing
the formation age of the Wangjiazhuang BIF (Wang et al., 2014).
This zircon age reveals no difference among volcanic rocks occupy-
ing different stratigraphic levels within the Wutai Group (seen
from Fig. 2). The age of the Wutai Group was previously con-
strained by SHRIMP zircon dating of the meta-intermediate and
felsic volcanic rocks at �2530–2515 Ma (Wilde et al., 2004, 2005).

3. Sample description and analytical methods

All samples are collected from the least altered and deformed
outcrops, including bulk-BIF samples and associated rocks
(amphibolites, leptynite, mica schist). These samples were



Fig. 3. Geological map of the Wangjiazhuang BIF (modified after Li, 2008).
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described in detail by Wang et al. (2014) who also obtained their
geochemical characteristics. Amphibolites usually exhibit a
moderate- to weakly developed foliation and, in some instances,
a mineral lineation (Fig. 4a). They are composed predominantly
of amphibole (60–65%), plagioclase (25–30%), and lesser amounts
of quartz (<5%) and biotite (<5%). Leptynites are typically dark grey,
and display a fine-grained lepido-granoblastic texture and weakly
developed foliation (Fig. 4b), whereas mica schist displays strong
schistosity and comprises quartz (35–45%), biotite (15–20%),
muscovite (15–20%), feldspar (15–20%), and minor garnet (<5%)
(Fig. 4c). The poikiloblastic garnet (up to 2.5 mm) contains
inhomogeneously distributed quartz, biotite and opaque mineral
inclusions (Fig. 4d). The iron formation consists of alternating
fine-grained Fe-rich and Si-rich micro- and mesobands ranging
from less than 1 mm to 4 mm in width (Fig. 4e). The iron-rich
bands are black, highly magnetic, whereas the Si-rich bands are
white and generally finely laminated with a few bands of magne-
tite. The mineralogy of the Wangjiazhuang BIF varies both in con-
tents and proportions. The modal mineral abundances are quartz
(40–50%), magnetite (20–30%), amphibole (25–30%), minor garnet
(1–5%), calcite (<2%) and pyrite (<1%) (Fig. 4f).

Geochemical analyses of meta-pelites were conducted at the
Institute of Geology and Geophysics, Chinese Academy of Sciences
in Beijing. Major element oxides were analyzed using XRF-1500 X-
ray fluorescence (XRF) with RSD between 0.1% and 1%. Trace ele-
ment concentrations were analyzed with an inductively coupled
plasma-mass spectrometer (ICP-MS) (Element, Finnigan MAT)
using solution methods. The accuracy on the measured concentra-
tions is within 5–10%.

Nd isotope compositions of the BIF and associated rock samples
were also determined at the Institute of Geology and Geophysics,
Chinese Academy of Sciences. About 150–300 mg of powder was
weighed into 7 ml SavillexTM Teflon beakers, and appropriate
amounts of mixed 149Sm–150Nd spikes were added. The samples
were dissolved using a mixed acid of 2 ml HF and 0.2 ml HClO4 on a
hotplate at 120 �C for more than 1 week. After the samples were
completely dissolved, the solutions were dried on hotplate at
130–180 �C to remove the HF and HClO4. The sample residues were
re-dissolved in 4 ml of 6 M HCl, and then dried down again. Finally,
the samples were dissolved in 5 ml of 3 M HCl. The procedures for
chemical separation and isotopic measurement followed Chu et al.
(2009).
The Sm–Nd isotopic analyses were conducted using a Finnigan
MAT 262 thermal ionization mass spectrometer. Measured
143Nd/144Nd ratios were corrected for mass-fractionation using
146Nd/144Nd = 0.7219. During the period of data collection, the
measured values for the JNdi-1 Nd standard was
143Nd/144Nd = 0.512113 ± 11 (2r, n = 4). The USGS reference mate-
rial BCR-2 was measured for Sm–Nd isotopic composition to mon-
itor the accuracy of the analytical procedures.

The age used for calculating the initial 143Nd/144Nd values was
the U–Pb zircon age of 2543 ± 4 Ma obtained by Wang et al.
(2014) for the interbedded amphibolites. TDM ages were calculated
according to DePaolo (1981).
4. Results

4.1. Major and trace elements

Whole-rock major, trace and REE element compositions of rep-
resentative samples from the meta-pelites are given in Table 1.
Table 1 also presents a compilation of reported data for the
meta-pelites (Zhang et al., 2010; Wang et al., 2014). These data,
coupled with ours, would be discussed together below, in order
to conveniently obtain a total understanding of their
characteristics.

The SiO2, Al2O3, and MgO contents of these meta-pelites vary
between 63.71% and 74.61%, 14.20% and 17.31%, 0.56% and
1.95%, respectively. There is no correlation between SiO2 and
Al2O3, indicating that the feasible mineralogical control on major
and trace elements cannot be evaluated based on a single popula-
tion. Al and Ti are both immobile in nature, thus they are tending
to be enriched in residual sediments with different Al/Ti ratios
(Young and Nesbitt, 1998). The strongly positive correlation
between Al2O3 and TiO2 infers a highly weathered condition of
provenance and the average Al2O3 content (15.89 wt.%) is slightly
greater than those of Archean and post-Archean crust (15 wt.%)
(Rudnick and Fountain, 1995), suggesting that average source
material was subject to excessive weathering. In addition, the sam-
ples have lower SiO2/Al2O3 (<5) and K2O/Na2O ratios (<1.5), not
reflecting secondary silicification and K-metasomatism.

Key trace element abundances in the meta-pelites are Zr
(142.11–300 ppm), Hf (3.5–5.94 ppm), Rb (55.47–99.50 ppm), Ba



Fig. 4. Micro-photographs of the Wangjiazhuang BIF and associated lithologies showing the mineralogy and typical textures. (a) Amphibolites composed of anhedral to
subhedral amphibole (Am), unaltered plagioclase (Pl) and minor quartz (Q) (plain-polarized light). (b) Biotite leptynite comprising angular to sub-angular quartz, fresh
feldspar (Fs), tabular biotite (Bi) and minor garnet (Ga), showing weakly developed foliation defined by biotite (plain-polarized light). (c) Mica schist comprising quartz,
feldspar, biotite, muscovite (Mu) (between crossed polarizers). Flexural mica shows a preferred crystallographic orientation. (d) Diablastic garnet in mica schist containing
quartz, biotite and opaque mineral inclusions (plain-polarized light). (e) BIF consisting mainly of alternating Fe-oxide (magnetite) (Mt) and quartz bands. Not magnetite
closely associated with ferro-pargasite (FP) (plain-polarized light). (f) Scattered garnet grains with some magnetite inclusions, replaced by surrounding ferro-pargasite (plain-
polarized light). Not grunerite (Gru) closely intergrown with magnetite.
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(340–717.7 ppm). Average Nb/Ta (13.8) and Zr/Hf (37.27) ratios
are similar to those for Archean continental crust (ACC) (12 and
40) (Rudnick and Fountain, 1995), suggesting that secondary
fractionation processes are negligible (Bau, 1996). Thus, HFSE sys-
tematics can be a powerful tool for distinguishing metasomatically
modified trace element compositions from sedimentary composi-
tions (Bolhar et al., 2005).

Chondrite-normalized REE patterns are shown in Fig. 5a. All
samples show variable enrichment of the light rare earth elements
(LREEs) relative to the middle and heavy REE (La/SmN = 2.29–7.01
and La/YbN = 3.52–57.16). Gd/YbN ratios (1.27–5.07) are also quite
variable, indicating significant HREE depletion. Samples also exhi-
bit negative to negligible Eu anomalies (0.69–0.96).

4.2. Nd isotopes

Sm–Nd isotopes and concentrations of these elements for the
Wangjiazhuang bulk-BIF samples and associated supracrustal
rocks are presented in Table 2. One of amphibolite samples
(meta-basalts) (WJZ2-2) displays a high positive eNd(0) (+19.1)
and a low TDM age (2.24 Ga). There is no reasonable explanation
for this, therefore, the Sm–Nd isotope data of this sample is
excluded from the discussion below.

Neodymium and Sm concentrations in the Wangjiazhuang BIF
samples range from 3.307 to 5.196 ppm (average of 4.461 ppm)
and from 0.750 to 1.182 ppm (average of 0.955 ppm), respectively.
143Nd/144Nd ratios are relatively uniform defining an average sub-
chondritic value of �0.511710. The Nd model ages (TDM) range
from 2.73 to 4.01 Ga (average of 3.16 Ga). There is some variation
in eNd (t = 2540 Ma) values (from �2.58 to +2.22) (Table 2).

The Sm–Nd isotope data of volcanic rocks from the Wutai
Group, including 27 samples from Wang (2009) and 6 samples
from our study, are clearly different from the Wangjiazhuang BIF
in that the initial eNd values recalculated using �2540 Ma are con-
sistently positive varying from 0 to +3.9 (Fig. 6). This indicates a
depleted mantle source for formation of these volcanic rocks. In
addition, all Sm–Nd isotope data of volcanic rocks plot along a cor-
relation line in a conventional isochron diagram (Fig. 7) with an
apparent age of 2624 ± 87 Ma (MSWD = 1.9). The initial eNd value
is 0.509334 ± 0.000096. Considering that previous trace element



Table 1
Major and trace element compositions of meta-pelites from the Wangjiazhuang BIF.

Sample WJZ5-1a WJZ5-2a WJZ5-3a WJZ5-4b WJZ5-5b WJZ5-6 WJZ5-7 WJZ5-8

wt.%
SiO2 74.61 63.71 67.13 66.29 66.96 69.32 68.54 70.16
TiO2 0.19 0.70 0.48 0.27 0.82 0.36 0.75 0.41
Al2O3 14.20 17.07 16.46 14.57 17.31 14.83 17.10 15.57
MnO 0.05 0.07 0.02 0.08 0.13 0.04 0.06 0.07
MgO 0.56 1.95 1.66 1.80 0.71 1.02 0.86 1.36
CaO 2.07 2.66 1.95 2.62 2.66 1.97 2.02 2.39
Na2O 2.61 3.29 2.37 2.47 5.49 2.52 3.67 4.12
K2O 2.04 2.75 3.21 1.89 2.52 1.95 2.23 2.69
P2O5 0.07 0.15 0.08 0.08 0.03 0.09 0.12 0.10
TFe2O3 2.39 6.42 4.35 7.40 3.14 7.20 4.25 2.23
LOI 1.26 1.16 2.60 1.72 0.34 1.05 0.85 1.29
Sum 100.05 99.93 100.31 99.19 100.11 100.35 100.45 100.39

ppm
Li 10.04 30.82 25.78 27.10 20.70 20.56 15.67 23.36
Be 2.31 1.22 1.57 1.70 2.30 1.34 2.21 1.47
Sc 3.94 14.15 8.58 10.86 7.52 5.12
V 22.24 113.84 74.00 18.90 44.30 35.23 40.63 67.89
Cr 349.70 322.42 243.50 10.10 18.70 11.20 17.52 19.25
Co 6.72 21.59 13.74 9.80 6.60 10.23 16.49 15.38
Ni 19.44 61.72 35.45 10.00 11.10 12.32 9.89 13.46
Cu 12.25 31.40 15.45 32.20 51.90 12.24 20.13 22.33
Zn 24.18 78.50 72.31 66.50 60.70 25.36 46.62 72.35
Ga 18.73 21.83 21.37 19.16 20.02 21.26
Rb 65.69 64.76 55.47 99.50 72.30 58.92 64.39 58.37
Sr 198.68 211.67 203.22 167.00 320.00 254.65 202.98 206.45
Y 13.16 12.92 10.59 37.10 4.40 11.47 10.54 13.65
Zr 142.11 149.83 209.20 144.00 300.00 167.56 183.26 148.62
Nb 15.92 7.29 10.69 12.90 6.70 8.99 10.41 13.78
Cs 2.77 6.92 3.35 9.40 1.90 4.02 5.69 7.01
Ba 689.74 479.33 717.70 340.00 603.00 503.49 603.27 654.69
La 21.92 21.10 25.24 22.60 25.50 21.21 23.42 25.78
Ce 50.70 42.43 50.01 78.20 48.20 50.82 44.56 50.54
Pr 4.25 5.37 6.30 6.80 5.07 4.30 5.42 6.50
Nd 14.00 20.05 23.93 27.00 16.50 16.32 20.01 25.12
Sm 2.40 4.02 4.17 6.36 2.35 3.20 4.12 4.06
Eu 0.66 1.07 1.03 1.52 0.69 0.89 1.12 1.26
Gd 2.01 3.35 3.43 7.04 1.96 2.46 3.57 3.56
Tb 0.32 0.49 0.48 1.12 0.18 0.32 0.52 0.62
Dy 2.02 2.61 2.50 6.86 0.84 2.34 2.78 2.34
Ho 0.42 0.49 0.47 1.50 0.14 0.50 0.54 0.57
Er 1.26 1.32 1.24 4.64 0.37 1.27 1.36 1.42
Tm 0.20 0.19 0.18 0.68 0.05 0.21 0.19 0.18
Yb 1.44 1.25 1.23 4.60 0.32 1.54 1.33 1.43
Lu 0.22 0.19 0.20 0.69 0.03 0.24 0.21 0.33
Hf 4.13 4.22 5.94 3.50 5.90 4.34 5.62 4.98
Ta 2.55 0.54 0.86 0.80 0.50 0.49 0.78 0.81
Tl 0.26 0.41 0.43 0.33 0.42 0.39
Pb 14.89 9.52 7.78 10.00 12.10 6.99 7.65 8.29
Bi 0.81 0.26 0.23 0.10 0.10 0.35 0.33 0.44
Th 24.06 6.19 10.38 4.90 8.90 7.12 6.35 7.96
U 3.47 1.41 2.41 1.30 1.80 1.78 2.35 1.69
K2O/Na2O 0.78 0.84 1.35 0.77 0.46 0.77 0.61 0.65
SiO2/Al2O3 5.25 3.73 4.08 4.55 3.87 4.67 4.01 4.51
Nb/Ta 6.24 13.50 12.43 16.13 13.40 18.35 13.35 17.01
Zr/Hf 34.41 35.50 35.22 41.14 50.85 38.61 32.61 29.84
La/YbN 9.88 12.63 12.93 10.92 12.11 14.72 3.52 57.16
Gd/YbN 1.32 2.22 2.06 1.15 2.22 2.31 1.27 5.07
Eu/Eu* 0.93 0.87 0.99 0.89 0.87 0.81 0.69 0.96
CIA 58.01 56.32 60.09 57.23 51.03 60.09 58.49 52.57
CIW 68.57 67.03 69.04 70.44 59.53 70.31 66.91 61.62

a Data from Wang et al. (2014).
b Data from Zhang et al. (2010).
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geochemistry of these volcanic rocks likely reflect an interaction
between depleted mantle-derive (MORB-like) and subduction
zone-derived melts or fluids (Wang et al., 2004), the correlation
line represents a mixing line. Data of the BIF and associated
sedimentary rocks also scatter along the correlation line. The
meta-pelites (mica schist) are all characterized by positive eNd

values and display very similar TDM ages of 2.78, 2.76 and
2.75 Ga, respectively.
5. Discussion

5.1. Nature of the detrital aluminosilicate source

Wang et al. (2014) compared the PAAS-normalized REY pat-
terns of the six Wangjiazhuang BIF samples to that of modern
seawater, present-day low-temperature and high-temperature
hydrothermal fluids, and other typical iron formations, and



Fig. 5. Chondrite-normalized diagrams showing REE patterns of (a) meta-pelites
(for data sources see Table 1) and (b) average basalts and felsic volcanics from the
WGB, and Hengshan and Fuping TTG gneisses (data sources from Liu et al. (2004),
Wang et al. (2004), Zhao (2012) and Wang et al. (2014)). Normalizing values after
Sun and McDonough (1989).

Table 2
Sm–Nd isotopic data and selected major elements of the Wangjiazhuang BIF and associat

Sample Sm
(ppm)

Nd
(ppm)

147Sm/144Nd 143Nd/144Nd ±2rm eN

BIF
WJZ1-1 0.799 4.472 0.1390 0.511737 0.000013 �
WJZ1-2 1.182 5.101 0.1400 0.511802 0.000013 �
WJZ1-3 0.750 4.51 0.1085 0.511196 0.000012 �
WJZ1-4 0.927 5.196 0.1078 0.511241 0.000011 �
WJZ1-5 1.071 4.752 0.1362 0.511557 0.000010 �
WJZ1-6 0.967 3.307 0.1768 0.512173 0.000008 �
WJZ1-6rb 0.960 3.320 0.1761 0.512140 0.000010 �
WJZ1-7 1.113 4.838 0.1592 0.511962 0.000009 �
WJZ1-8 0.834 3.562 0.1658 0.512014 0.000010 �

Assoc. rocks
WJZ2-2/

Amphibolite
2.672 6.594 0.2453 0.513618 0.000012

WJZ2-3 1.432 4.308 0.2012 0.512911 0.000011
WJZ2-4 2.675 7.745 0.2091 0.513044 0.000011
WJZ2-5 2.914 8.498 0.2076 0.512985 0.000011
WJZ3-1/

Hornblende
leptynite

3.399 19.26 0.1069 0.511185 0.000011 �

WJZ4-1/Biotite
leptynite

8.993 38.33 0.1420 0.511901 0.000011 �

WJZ4-2 9.706 41.77 0.1407 0.511858 0.000009 �
WJZ5-1/Mica schist 2.756 16.70 0.0999 0.511072 0.000010 �
WJZ5-2 4.234 21.76 0.1178 0.511404 0.000009 �
WJZ5-3 4.415 25.19 0.1061 0.511202 0.000011 �
BCR-2c 6.746 29.831 0.1367 0.512646 0.000011

a Major oxides contents from Wang et al. (2014) except for WJZ1-7 and WJZ1-8; tota
b r in sample name denotes a replicate digestion and analysis of the same sample.
c Average of 2 separate digestions of BCR-2 Columbia River basalt reference material
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argued that the Wangjiazhuang BIF displays clear seawater-like
REY patterns strongly influenced by very limited (<1%) high-T
hydrothermal fluids. In addition, the Wangjiazhuang BIF samples
have higher REY abundances and lower Y/Ho ratios than those of
other typical BIFs such as the Isua BIF (Bolhar et al., 2004),
which are attributed to different degrees of terrigenous contam-
ination in the BIF. This significant terrigenous input is also
reflected by high and variable concentrations of Al2O3 (>0.5%)
(Table 2) and high modal contents of garnet and ferro-pargasite
in the BIF (Fig. 4e–f). From above it can be concluded that three
decoupled sources control the REE compositions of the BIF: high-
T hydrothermal fluids, seawater and terrigenous input. To dis-
criminate the source of contaminants, immobile element pairs
can be used (McLennan et al., 1993). It is generally accepted that
Al and Ti do not fractionate during weathering, transportation
and deposition (Sugitani et al., 1996). The average Al2O3/TiO2

ratio for the BIF is 27.79, which is much higher than that of
meta-basalts (average of 13.6) but lower than those of meta-
felsic volcanic rocks (average of 45.5) and meta-pelites (average
of 38.81) (Table 2). In addition, the Sm–Nd isotopic data of the
BIF samples plot close to that of felsic volcanic and sedimentary
rocks, except for four samples (from WJZ1-5 to WJZ1-8) with
lower Al2O3 contents (<1%) (Fig. 7). These features collectively
suggest that the aluminosilicate fraction in the iron formation
was mainly derived from a source similar to that of associated
clastic sediments (likely derived from pre-existing salic
basement).

Terrigenous input represents a significant source of dissolved
Fe(II) as a fraction of the total Fe of the Wangjiazhuang BIF. Clastic
metasediments (meta-pelites) associated with the meta-basalts
and BIF are regarded as products of sedimentary detritus, and thus
can be used to well constrain the provenance of syn-depositional
detrital contaminants.
ed lithologies.

d(0) eNd(t)
(t = 2.54 Ga)

fSm/Nd TDM Al2O3
a

(wt.%)
TiO2

a

(wt.%)
TFe2O3

a

(wt.%)
SiO2

a

(wt.%)

17.6 1.27 �0.29 2.87 1.20 0.04 47.99 43.67
16.3 2.22 �0.29 2.78 4.78 0.16 31.67 55.19
28.1 0.71 �0.45 2.82 1.00 0.06 44.65 44.93
27.3 1.82 �0.45 2.73 2.44 0.07 35.50 54.79
21.1 �1.31 �0.31 3.12 0.87 0.04 47.82 46.11

9.1 �2.58 �0.10 4.01 0.62 0.02 49.43 45.70
9.7 �3.00 �0.10 4.07

13.2 �0.94 �0.19 3.31 0.89 0.03 47.20 46.42
12.2 �2.09 �0.16 3.60 0.57 0.02 50.30 47.17

19.1 3.25 0.25 2.24 13.21 1.33 14.66 52.83

5.3 3.87 0.02 2.94 14.39 0.65 11.82 48.45
7.9 3.89 0.06 3.60 13.66 1.19 15.24 50.07
6.8 3.23 0.06 4.16 13.97 1.27 15.62 49.94

28.4 1.01 �0.46 2.80 14.46 0.50 6.46 66.62

14.4 3.52 �0.28 2.65 12.51 0.26 7.98 69.90

15.2 3.11 �0.28 2.69 12.48 0.21 6.53 69.86
30.5 1.09 �0.49 2.78 14.20 0.19 2.39 74.61
24.1 1.73 �0.40 2.76 17.07 0.70 6.42 63.71
28.0 1.59 �0.46 2.75 16.46 0.48 4.35 67.13

l Fe reported as Fe2O3.

(United States Geologic Survey).



Fig. 6. Initial eNd(t) values between the Wangjiazhuang BIF and other Archean BIFs
including the 2.9 Ga Pongola BIF (Alexander et al., 2008), the 2.7 Ga Tati BIF
(Døssing et al., 2009), the 2.9 Ga Itilliarsuk BIF (Haugaard et al., 2013). Data of
associated volcanic rocks and clastic sediments are also included for comparison
(Wang, 2009; Mukasa et al., 2013).

Fig. 7. Sm–Nd isochron diagram with data from the Wangjiazhuang BIF and
associated rocks in the WGB. Data are from Wang (2009) and this study.

Fig. 8. Plot of the meta-pelite samples in a La–Th–Sc ternary diagram. Data sources:
Hengshan TTG gneisses (Zhao, 2012), Fuping TTG gneisses and Wutai granitoids (Liu
et al., 2004), meta-basalts and meta-felsic volcanic rocks from the WGB (Wang
et al., 2004, 2014).

Fig. 9. (a) Source rock discrimination diagrams for the meta-pelite samples on La/
Th vs. Hf (modified after Floyd and Leveridge, 1987). Average reference composi-
tions are from Condie (1993). (b) eNd(2.5 Ga) vs. Th/Sc diagrams of the meta-pelite
samples. End members compositions are from McLennan et al. (1993). Data sources
are same to Fig. 8.
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5.1.1. Provenance of meta-pelites
Intense metamorphism and deformation renders conclusive

identification of the origin for these sediments problematic with-
out reliance on geochemical fingerprints. Clastic sedimentary rocks
with various geochemical features can be produced by mixing of
different source rocks (Arndt and Goldstein, 1987). REE patterns
are generally accepted as among the most reliable indicators of
sediment provenance (Taylor and McLennan, 1985). Chondrite-
normalized REE patterns of meta-pelites and potential source
lithologies from the Wutai greenstone belt are shown in Fig. 5.
All the meta-pelite samples are characterized by moderately to
highly fractioned REE patterns with the La/YbN rations varying
from 3.52 to 57.16. The presence of slight negative Eu anomalies
(Eu/Eu* = 0.69–0.99) (Table 1) for these samples indicates that
intracrustal igneous processes such as partial melting or fractional
crystallization of plagioclase probably did not affect the prove-
nance rocks to a large degree (McLennan et al., 1995). Most of
the volcanic sequences in this area are of bimodal character with
LREE-depleted mafic volcanics and relatively LREE-enriched felsic
volcanics; plutonic rocks are mostly LREE enriched and a wide
range in composition (Wang et al., 2004; Liu et al., 2004; Zhao,
2012). Thus, we conclude that the meta-pelite samples are derived
predominantly from a felsic source.

Moreover, incompatible to compatible element ratios, such
as La/Sc and Th/Sc, have been proven to be useful tools for
discriminating felsic and mafic materials (Taylor and McLennan,
1985; Cullers and Podkovyrov, 2000). In the La–Th–Sc ternary dia-
gram (Fig. 8), all samples except one cluster in compositions of
meta-felsic volcanic rocks from the WGB and plot away from the
meta-basalt end member. In addition, on the plot of La/Th vs. Hf
(Fig. 9a), most data show a mixing trend between felsic and recy-
cled old sedimentary sources, mainly indicative of felsic sources.



Fig. 10. Ternary plot of molecular proportions Al2O3(A)–CaO*+Na2O(CN)–K2O(K) for
the meta-pelite samples associated with the Wangjiazhuang BIF (after Nesbitt and
Young, 1989) (for data sources see Table 1). Also shown are idealized mineral and
igneous rocks compositions: Ka = kaolinite, Gi = gibbsite, Chl = chlorite, Il = illite,
Mus = muscovite, Ksp = K-feldspar, Sm = smectite, Pl = plagioclase, Cpx = clinopy-
roxene, Hbl = Hornblende, Bas = basalt, Kom = Komatiite, Ultramafic = unltramafic
rock, Bon = boninite, Ton = tonalite, Felsic = felsic volcanic rocks (Wang et al., 2004).
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These above imply again that felsic rocks were an important com-
ponent to the provenance.

Radiogenic isotopes in combination with geochemical data can
be instrumental in understanding the nature of sediment sources
(McLennan et al., 1990; Tran et al., 2003). It was suggested that
sedimentary rocks with relatively low Th/Sc ratios and high eNd(t)
values are likely to be derived from less differentiated, young
source terranes, whereas high Th/Sc ratios and low eNd(t) values
probably imply an upper crustal source (McLennan et al., 1990,
1993; Wang et al., 2012). Fig. 9b plots eNd (calculated at the time
of sedimentation, 2.5 Ga) values against Th/Sc ratios. Shown for
reference is the location of typical upper crust, intermediate island
arc compositions, and MORB at 2.5 Ga. Samples of meta-felsic vol-
canic rocks and granites in the WGB and the Hengshan and Fuping
TTGs are also plotted. All the meta-pelite samples scatter between
the late Archean felsic-volcanics and TTG gneisses and granitoids
fields, indicating that felsic igneous rocks from the older or coeval
less differentiated terrane contributed the major source. Zhao et al.
(2010) argued that the Wutai granitoids cannot be generated
directly from a mantle source but must have been derived by par-
tial melting of juvenile crust, which provide another support for
the existence of less differentiated terrane.

In summary, the meta-pelites appear to be derived entirely
from fairly well mixed contemporaneous or aged felsic igneous
rocks, similar in composition to felsic volcanic rocks presently
exposed in the WGB region. The eNd at the time of sedimentation
(+1.1 to +1.7) values are much lower than the average mantle at
that time (eNd = +4.5), which may simply reflect the less depleted
mantle sources of the volcanic arcs (McLennan et al., 1993). Work
is in progress to ascertain whether these sources are penecontem-
poraneous with the metasediments or whether they also contain
an older component.
5.1.2. Source weathering
Weathering in source areas can cause relative depletion of alkali

and alkaline earth elements and corresponding enrichment of
Al2O3 (and TiO2) in terrigenous sedimentary rocks (Bolhar et al.,
2005). The extent of source area weathering can be quantified with
the Chemical Index of Alteration (CIA: Nesbitt and Young, 1989) or
the Chemical Index of Weathering (CIW: Harnois, 1988). Unweath-
ered basalts and granitoids are characterized by CIA values of 30–
45 and 45–55, respectively, while average shales have CIA values of
45 (ACC) to 70 (PAAS) (Fig. 10). The meta-pelites have CIA values of
51–60, which are less than for PAAS. Moreover, the meta-pelite
samples have mean CIW values of 67 (60–70), which are also lower
than those of PAAS (83). These suggest a relatively modest weath-
ering history affecting the source of these samples as indicated by
the very small variations of K2O/Na2O (0.5–1.4). However, the
strong linear correlation between Al2O3 and TiO2 (R2 = 0.94) sug-
gests severe weathering in the source rocks (Young and Nesbitt,
1998).

Data are plotted on a ternary diagram of molecular proportions
A (Al2O3)–CN (CaO* + Na2O)–K(K2O), where CaO* is the CaO in the
silicate fraction only (Fig. 10). Plotted for reference are several ide-
alized mineral compositions (Nesbitt and Young, 1984). The meta-
pelite samples define a trend parallel to the A–CN join and extend
towards the A apex, essentially similar to the trends for surface
weathering of felsic rocks. Interestingly, meta-pelites reflecting
the lowest degrees of source weathering have major element com-
positions comparable to average TTG and felsic volcanic rocks. This
is in line with above trace element systematics, indicating that the
latter lithologies qualify as potential source components. No
apparent enrichments in K are also observed to rule out the possi-
bility of the secondary addition of K+.
5.2. Inferences for sources of the BIF

It is necessary to examine the possibility that primary Nd isoto-
pic signals recorded in BIFs may be disturbed by post-depositional
processes. The Na- and Fe-bearing amphibole riebeckite was found
to accompany disturbed Sm–Nd isotopic compositions in the
Hamersley IFs (Alibert and McCulloch, 1993). However, the Wan-
gjiazhuang BIF samples display very low Na content (<0.5%)
(Wang et al., 2014), indicating the absence of only minor amounts
of riebeckite. Generally speaking, the Sm–Nd isotopic system is
resistant to metamorphism. And for the BIFs that have experienced
a wide range of metamorphic overprint, consistent Nd isotopic
results are obtained (Shimizu et al., 1990; Bau et al., 1997;
Alexander et al., 2009). Bau et al. (1997) reported Sm–Nd data
for the Kuruman and Penge BIFs of the Transvaal Supergroup in
South Africa, which are stratigraphically equivalent. Although dif-
ferent degrees of metamorphism covering the Kuruman (<200 �C)
and Penge (>500 �C) BIFs, both BIFs yield very similar Sm–Nd iso-
topic ratios and REE patterns.

The Wangjiazhuang BIF samples contain high Al2O3 content
(>0.5%), which renders them unsuitable as proxies for the marine
water that precipitated them. But these samples do provide Nd iso-
topic information regarding the material source of the BIF.
eNd(2.54 Ga) of the BIF samples varies as a function of Al content
(Fig. 11a), with samples containing more than 1% Al2O3 displaying
relatively uniform positive eNd(2.54 Ga) between +0.71 and +2.22.
Samples containing less than 1% Al2O3 are significantly less radio-
genic, displaying negative eNd(2.54 Ga) between �0.94 and �2.58.
The difference between these two groups of eNd(2.54 Ga) values
exceeds the analytical error of the measurements. The positive cor-
relation between Al2O3 and eNd(t) suggests that the aluminum con-
tent is derived by sources with positive eNd(t) of approximately
+1.5, similar to those of the above meta-pelites, and seawater
responsible for deposition of the BIF was less radiogenic with
eNd(2.54 Ga) values similar to or less than �2.6. This relationship
also reveals the detrital component was well-mixed and that the
sediment source did not change dramatically during the time of
BIF deposition. However, this relationship is in direct contrast to
the �2.95 Ga BIF from the Pietersburg greenstone belt in the South
Africa (Alexander et al., 2009). They argued that negative eNd(t)



Fig. 11. The relationship between (a) the initial eNd and Al and (b) the initial eNd and
Fe2O3/SiO2 ratios for the Wangjiazhuang bulk-BIF samples (for data sources see
Table 2).
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values are sourced from nearby old enriched continental crust,
which thus resulted in a negative Al–eNd(t) relationship. Taking
these into consideration, nature of the Al-rich detritus in BIFs
was of significance for producing various Al–eNd(t) relationships.

A two-component mixing between a detrital source and the
pure seawater might adequately model the Nd isotopic data. How-
ever, considering that pure BIFs are best described already as mix-
tures of two-components based on characteristics of their major
and trace elements: high-T hydrothermal fluids and ambient sea-
water (Wang et al., 2014), this simple mixing actually reflects three
end members.

The Fe2O3/SiO2–eNd(t) relationship is shown in Fig. 11b. Previous
studies have shown that the Fe component of BIFs has a depleted
Nd isotopic signature suggesting that mid-ocean ridges and/or hot-
spot activity were the major source of iron (e.g., Holland, 1973;
Morris and Horowitz, 1983; Jacobsen and Pimentel-Klose, 1988;
Bau et al., 1997; Frei and Polat, 2007). For example, for the 3.7 Ga
Isua BIF, Frei and Polat (2007) reported a positive relationship
between the eNd(t) and iron content. They argued that there are
two distinct REE sources, one being seafloor-vented hydrothermal
fluids (iron-rich) (eNd(t) = +3.1), the other being ambient seawater
(iron-poor) (eNd(t) = +1.6). However, this is not the case for the
Wangjiazhuang BIF. There is no obvious correlation between
Fe2O3/SiO2 ratios and eNd(t). Close examination of the samples con-
taining Al2O3 less than 1% suggests that the Fe-rich source is asso-
ciated with a more enriched source (eNd(t) = �2.58). Nevertheless,
before attempting to constrain the source of iron using Nd isotopic
information, a significant premise should be taken into account that
the Fe/Nd ratios did not change significantly in the ancient ocean.
Some processes controlling the different geochemical behaviors of
Fe and Nd in the Archean ocean have been recently discussed by
Alexander et al. (2008), for example, pyrite precipitation close to
hydrothermal vent sites fractionated Fe and Nd. Thus, definite
statements are not allowed to be made regarding the Fe source to
BIFs based upon Nd isotope systematics.

Regardless of the Fe source to BIFs, the use of Sm–Nd isotopes
for discerning the relative impact of hydrothermal vs. continentally
derived REE fluxes should be possible. The above interpretation of
Sm–Nd characteristics implies that for the pure BIF samples the
material source is associated with a low Sm/Nd source and at the
same time with a source that is significantly enriched (eNd(-
t) � �2.6). Three explanations for the unusual relationship can be
put forward:

(1) The source reservoir is the subaerial weathering of an
enriched continental crust exposed in the hinterland. Within
the framework of this model, the continental-type Nd was
thought to represent the riverine/aeolian input. But it is
not known whether these continent-derived REE were trans-
ported into seawater in dissolved form (as ‘‘free’’ REE3+ ions
and dissolved REE(III) complexes or in solid form (incorpo-
rated into minerals or absorbed onto particle surfaces)
(Bau et al., 1997). Clastic metasediments (meta-pelites)
associated with the volcanics and BIF in the WGB indicate
only incipient source weathering, and show geochemical
features similar to felsic rocks. They are sedimentary erosion
products of detrital components from a chemically evolved
landmass consisting mainly of felsic igneous rocks. It
appears likely that ambient seawaters (at least in the depo-
sitional basin of the WGB) could have been chemically dom-
inated by continental riverine input from weathering of this
depleted landmass. This is compatible with positive Al–eNd(t)
relationships for the BIF samples (Fig. 11a). Thus, for the rel-
atively pure BIF samples, the traditionally inferred high-T
hydrothermal fluids could be responsible.

However, the �2.9 Ga Pongola iron formation in South Africa
records consistently negative eNd(t) values (Alexander et al.,
2008) (Fig. 6). By obtaining equivalent negative eNd(t) values for
interbedded shales and different REE+Y patterns with distinctly
MREE-enriched humps for the BIF samples, they argued against
mid-ocean hydrothermal systems as the dominant REY sources
but instead proposed that the REY content in the BIF was primarily
derived from weathering of the adjacent enriched continental
crust. Moreover, in this particular case, these REY contents are
not coupled with Al-rich detritus as indicated by compositions of
the BIF. But recently, Mukasa et al. (2013) carried out a detailed
geochronological and geochemical research on the volcanic
sequence of the Pongola Supergroup. Although trace element dis-
tributions for these volcanics show characteristics similar to those
of modern arcs, including negative anomalies in Th, Ta, Nb, Ce and
P, they argued that these features may have been inherited from
previously formed crust. Based on evidence of rapid deposition, a
preponderance of intermediate lavas, discordance of bounding
crustal blocks and consistent structural trends in this area, they
proposed a continental arc basin setting rather than a passive con-
tinental margin for formation of the Pongola Supergroup. Interest-
ingly, eNd(t) values of volcanics range from �2.55 to �4.20 (Fig. 6),
showing a striking similarity with those of above-mentioned
shales and the BIF. Thus, it can be concluded that submarine
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hydrothermal fluids derived from aged enriched mantle litho-
spheric materials, rather than weathering of the continental crust,
exerted much effects on controlling the REE source of the BIF. In
this regard, so far, the scenario that the solutes in ambient seawa-
ter were primarily from weathering of continental crust still
remains controversial.

(2) Another possible scenario is that high-T hydrothermal fluids,
as a significant component of source materials, were derived
from interaction with an enriched mantle source (explaining
the negative eNd(t) values) and then to different degrees
mixed with ambient seawater and terrigenous contaminants
that obtained their signatures through weathering of a pre-
dominantly depleted source (explaining the positive eNd(t)
values). A similar conclusion has been put forward by
Døssing et al. (2009) for the BIFs from the Tati greenstone
belt (TGB) in the northeast of Botswana. In their study, there
exists a negative correlation between Fe2O3 and Sm–Nd iso-
topes of the TGB BIFs. The iron-rich source is associated with
a source that is significantly enriched (eNd(t) = �2.5) relative
to the Si-source (eNd(t) = �0.4). Combining with negative
eNd(t) values measured for associated volcanic rock (average
of �1.3) and the less negative eNd(t) values defined by sedi-
mentary rocks (average of �0.4) (Fig. 6), they proposed that
mixing of two essential sources can explain the features of
the TGB BIFs, namely seafloor-vented hydrothermal fluids
that received their Sm–Nd isotopic signature from enriched
mantle lithospheric materials, and ambient surface basin
waters whose REE signature was controlled by solutes
derived from weathering of nearby enriched continental
landmasses. However, unlike the TGB BIFs, volcanic and sed-
imentary rocks associated with the Wangjiazhuang BIF in
the WGB display consistently positive eNd(t) values (Fig. 6).
Fig. 12. Schematic diagrams showing (a) a speculative tectonic setting for the WGB (mod
in a Neoarchean back-arc basin. See text for details.
Moreover, the Hengshan and Fuping TTG gneisses and Wutai
granitoids are also characterized by positive eNd(t) values,
indicating that they were originated from depleted sources
(Liu et al., 2002, 2004; Zhao, 2012). There is no evidence to
support that the mantle source in the Hengshan–Wutai–
Fuping belt had experienced an earlier enrichment (Zhao
et al., 2007; Zhao and Zhai, 2013).

(3) Another interpretation is that interaction of hydrothermal
fluids with underlying older terrigenous clastic sediments
or enriched continental crust generated aqueous fluids with
continent-type Nd isotopic composition. Interestingly, this
idea is similar to the conclusion of Holland (1984), who sug-
gested that iron in the BIFs was remobilized from terrige-
nous sediments. It appears that the high-T hydrothermal
input indicated by positive Eu anomalies in the BIF did not
overwhelm the terrestrial flux in terms of the Nd isotope sig-
nature. Similar examples of the lack of correlation between
mantle-like Nd isotopic signatures and positive Eu anoma-
lies in high-T hydrothermal fluids have been found in mod-
ern submarine hydrothermal systems (Piepgras and
Wasserburg, 1985; German et al., 1995; Klinkhammer
et al., 1994). For example, Piepgras and Wasserburg (1985)
reported Nd isotopic data for a hydrothermal system devel-
oped on a sediment-covered ridge in the Guaymas Basin,
Gulf of California. The vented hydrothermal fluid
(T > 300 �C) migrated through a sedimentary package several
hundred meters thick. In contrast to solutions from sedi-
ment-starved ridges, which show positive Eu anomalies
and positive eNd(t) values (Klinkhammer et al., 1994), this
solution possesses similar Eu anomalies but displays nega-
tive eNd(t) values (eNd(0) = �11.4), indicating that the Nd iso-
topic signatures of marine fluids are controlled by
compositions of host rocks (Alexander et al., 2008).
ified after Zhao et al., 2007) and (b) a sedimentary model for the Wangjiazhuang BIF
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Similar explanation can be also utilized to Sm–Nd isotopic data
of the 2.9 Ga Itilliarsuk BIF in the West Greenland (Haugaard et al.,
2013). The Al–eNd(t) and Fe–eNd(t) relationships of the BIF samples
obtained in their study show a similarity with those of the Wan-
gjiazhuang BIF. But, especially, subchondritic eNd(t) values are
found for the Fe-bands (average of �1.29) and positive eNd(t) val-
ues are observed within the silica-bands (average of +1.35). Addi-
tionally, the associated supracrustal rocks, including mta-pelites,
shales, greywackes, and acidic metavolcanics, have significantly
positive eNd(t) values (Fig. 6). Surprisingly, they concluded that
the negative eNd(t) values found in the iron-rich layers are attrib-
uted to the submarine hydrothermal source influenced by an
enriched mantle. However, it is not compatible with above positive
eNd(t) values of volcanic and sedimentary rcoks. Therefore, we are
more inclined to consider the interaction of submarine hydrother-
mal fluids with clastic sediments covering older oceanic spreading
centers in terms of the inferred juvenile ocean island arc setting
(Haugaard et al., 2013).

In most early models, the WGB was considered to have formed
in an intra-oceanic system on the basis of geochemical features of
associated volcanic rocks (Bai et al., 1992; Wang et al., 1996, 2004,
2014; Wang, 2009). However, this model is not supported by the
widespread existence of remnants of 2.66–2.82 Ga older continen-
tal crust in the Wutai area (Guan et al., 2002; Zhao et al., 2002,
2007; Wilde et al., 2004). These data not only confirm the existence
of �2.7 Ga old continental crustal components in the Hengshan–
Wutai–Fuping region, but also suggest that the WGB was not
formed in an intra-oceanic arc but more likely to have developed
on a continental margin. Based on the presence of MORB-type bas-
alts and adakite-featured felsic volcanic rocks in the Wutai Group
(Wang et al., 2004, 2014), the WGB appeared to be located in a
back-arc basin and/or an inter-arc basin (Fig. 12a). At about
2540 Ma, subduction of oceanic lithosphere and further release of
fluids caused partial melting in the overriding mantle wedge, lead-
ing to widespread mafic to felsic volcanism, which ultimately
resulted in the formation of the WGB. At the same time, extension
driven by widespread mafic to felsic volcanism led to the develop-
ment of a back-arc basin or marginal sea with formation of newly
formed oceanic crusts.

In conclusion, the negative eNd(t) characteristics of the Wan-
gjiazhuang BIF were assumed to be related to the high-T hydro-
thermal fluids mainly derived from submarine volcanism. A
possible scenario is that REE and iron (?) were obtained through
long-term interaction between these fluids and the underlying
old continental crust (eNd(t) < 0), which then periodically mixed
with ambient seawater and syn-depositional detritus that received
REE through weathering of a predominantly depleted source (likely
the arc) (eNd(t) > 0). Taken together, these processes are ultimately
responsible for the Nd isotopic features observed in the Wan-
gjiazhuang BIF (Fig. 12b).
6. Conclusion

The 2.54 Ga Wangjiazhuang BIF, situated in the Wutai green-
stone belt, is associated with lithologies including meta-basalts,
meta-felsic volcanics, and meta-pelites, which have undergone
amphibolite-facies metamorphism.

The associated meta-pelites are of significance for providing a
good understanding of nature of terrigenous contamination in
the BIF. The REE patterns of meta-pelite samples reveal that they
are obviously derived from a felsic source. Moreover, trace element
ratios and eNd(t) values of them further indicate that felsic igneous
rocks, as primary components of the provenance, are derived from
less differentiated terranes. The degree of source weathering was
incipient without secondary K addition.
The Sm–Nd isotope systematics of the Wangjiazhuang BIF sup-
port mixing of REE+Y from different end members. These decou-
pled sources represent, respectively (1) seafloor-vented
hydrothermal fluids that received their Sm–Nd isotopic signatures
through interaction with the underlying old continental crust in
terms of the inferred tectonic setting of the BIF, and (2) ambient
basin waters and terrigenous contaminants in the BIF whose REE
signatures were controlled by solutes derived from weathering of
nearby landmasses (likely the arc) with a depleted feature.
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