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ABSTRACT

Impure calcite marbles from the Precambrian metamorphic basement of the Wuhe
Complex, southeastern margin of the North China Craton, provide an exceptional
opportunity to understand the depositional processes during the Late Archean and the
subsequent Palaecoproterozoic metamorphic evolution of one of the oldest cratons in
the world. The studied marbles are characterized by the assemblage calcite +
clinopyroxene + plagioclase + K-feldspar + quartz + rutile + biotite = white mica.
Based on petrography and geochemistry, the marbles can be broadly divided into two
main types. The first type (type 1) is rich in REE with a negative Eu anomaly, whereas
the second type (type 2) is relatively poor in REE with a positive Eu anomaly. Notably,
all marbles exhibit remarkably uniform REE patterns with moderate LREE/HREE
fractionation, suggesting a close genetic relationship.

Cathodoluminescence imaging, trace elements and mineral inclusions reveal that
most zircons from two dated samples display distinct core-rim structures. Zircon cores
show typical igneous features with oscillatory growth zoning and high Th/U ratios
(mostly in the range 0.3-0.7) and give ages of 2.53-2.48 Ga, thus dating the
maximum age of deposition of the protolith. Zircon rims overgrew during
granulite-facies metamorphism, as evidenced by calcite + clinopyroxene + rutile +
plagioclase + quartz inclusions, by Ti-in-zircon temperatures in the range 660-743 °C
and by the low Th/U (mostly < 0.1) and Lu/Hf (<0.001) ratios. Zircon rims from two
samples yield ages of 1839 + 7 Ma and 1848 + 23 Ma, respectively, suggesting a
Palaeoproterozoic age for the granulite-facies metamorphic event. These ages are
consistent with those found in other Precambrian basement rocks and lower-crustal
xenoliths in the region, and are critical for the understanding of the tectonic history of
the Wuhe Complex.

Positive Eu anomalies and high Sr and Ba contents in type 2 marbles are ascribed
to syn-depositional felsic hydrothermal activity which occurred at 2.53-2.48 Ga. Our
results, together with other published data and the inferred tectonic setting, suggest
that the marbles protolith is an impure limestone, rich in detrital silicates of igneous
origin, deposited in a back-arc basin within an active continental margin during the
late Archean and affected by synchronous high-T hydrothermalism at the southeastern

margin of the North China Craton.
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1. Introduction

Marbles have been widely used to characterize metamorphic P-T evolution and
fluid regime in metamorphic terrains (e.g., Boulvais et al., 2000; Castelli et al., 2007;
Proyer et al., 2014). Nevertheless, it is often difficult to constrain their timing of
formation and age of metamorphism because of the lack of appropriate
geochronometers and/or the failure of datable minerals to grow during diagenesis or
metamorphism. Although detrital zircons are ubiquitous in continental clastic
sediments, they are rare in marbles. Under certain circumstances, however, marbles
may contain few zircons; for example, zircons may be deposited synchronously with
carbonate-rocks or they may form due to magmatic hydrothermal activity coeval to
the formation of the marble protoliths. Because U and Pb are less mobile in zircon
than in carbonate rocks, U-Pb dating on zircon can provide reliable geochronological
constrains on the deposition timing of impure carbonate rocks. Furthermore, zircon
rims of metamorphic origin (e.g., Rubatto et al., 2001; Méller et al., 2002; Rubatto,
2002; Whitehouse & Platt, 2003; Liu et al., 2004a, 2006, 2007a,b, 2009b) allow in situ
U-Pb dating of metamorphic events as defined and characterized by inclusions of
metamorphic minerals in zircon.

The North China Craton (NCC) is one of the oldest cratons in the world and there
are numerous U-Pb zircon geochronological data on its Precambrian metamorphic
basement. These data show that, except for minor >3.6 Ga components (Liu et al.,
1992; Zheng et al., 2004; Wu et al., 2008), basement rocks have U-Pb zircon ages
mainly clustering around 1.8-1.9 and ~2.5 Ga (e.g., Zhao et al., 2000, 2001, 2005;
Wilde et al., 2002; Zheng et al., 2004; Guo et al., 2005; Wan et al., 2006; Tang et al.,
2007; Liu et al., 2009a,b, 2011a, 2013; Tam et al., 2011; Zhai & Santosh, 2011; Zhang
etal., 2012; Wang et al., 2012, 2013). The 2.5 Ga age was considered to coincide with
a stage of major crustal growth of the NCC (Liu et al., 2009a, 2013). In addition, the
basement rocks show a large range of Nd and Hf model ages with a peak at ~2.7 Ga,
which is also considered to be a major crustal growth period in the NCC (Jiang et al.,
2010). Based on Nd model ages, Wu et al. (2005) suggested that 2.8 Ga is the best
estimate of the major mantle extraction age for the basement of the NCC. Zhai et al.
(2005) considered that the 2.9-2.7 Ga age corresponds to the main crust-forming
episode in the NCC, and that the ~2.5 Ga age reflects a high-grade metamorphic event.

However, very few geochronological studies have focused on the Precambrian of the
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southeastern margin of the NCC.

In the southeastern margin of the NCC, the Precambrian metamorphic basement
is exposed in the Bengbu and neighboring areas (Xu et al., 2006b; Guo and Li, 2009;
Liu et al., 2009b; Wan et al., 2010; Yang et al., 2012; Wang et al., 2013) (Fig. 1), and
mainly includes the Huoqiu Complex and the Wuhe Complex. The Huoqiu Complex
consists mainly of biotite-plagioclase gneiss, quartzite, mica schist, marble, banded
iron formation and amphibolite, and the meta-sedimentary rocks contain abundant
~3.0 and ~2.7 Ga detrital zircons with metamorphic overgrowths at ~1.85 Ga (Wan et
al., 2010). The Wuhe Complex consists of Precambrian metamorphic mafic and felsic
rocks of igneous origin and supracrustal rocks intruded by Mesozoic granitoids (Fig.
1). The intrusive contacts between the Mesozoic granitoids and the country rocks of
the Wuhe Complex are still observable in the field, and the Mesozoic granitoids have
been extensively investigated (Xu et al., 2005; Wang et al. 2009; Yang et al., 2010;
Liu et al., 2012; Li et al., 2014).

The main rock types in the Wuhe Complex are garnet-granulite,
garnet-amphibolite, mica schist, quartzite, meta-sandstone, marble and various
gneisses; this rock association is similar to that of the Houqiu Complex, west of
Bengbu (Wan et al., 2010). Due to the poor outcrop exposure, the Wuhe Complex has
not received much attention as concerning its geochronology and petrogenesis, and
only sparse geochronological data have been published so far. The formation time of
the Wuhe Complex was previously considered to be late Archean on the 1:200000
regional geological map of the Bureau of Geology and Mineral Resources of Anhui
Province (1979). Tu (1994) obtained zircon U-Pb ages of 2408 + 13 — 2455 + 10 Ma
by conventional isotope dilution multigrain or single zircon analysis for
biotite-plagioclase gneisses, and considered these ages as representative of the
protolith age. Recently, several precise U-Pb geochronological data were reported for
the Wuhe Complex. Xu et al. (2006b) reported LA-ICP-MS zircon U-Pb ages from a
garnet-plagioclase pyroxenite and interpreted the obtained 1833 + 8 Ma age to
represent the timing of formation of the Wuhe Complex; they further proposed that
the Wuhe Complex experienced metamorphism shortly after its formation. Guo and Li
(2009) reported a metamorphic age of 1870 + 10 Ma for the granulite-facies stage
from a garnet-amphibolite by zircon SHRIMP dating. Liu et al. (2009b) and Wang et
al. (2013) yielded 1839 + 31 Ma and 1876 + 18 Ma ages through SHRIMP zircon
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dating of a garnet-amphibolite and a garnet-granulite, respectively, and interpreted
these ages as representative of the timing of the high-pressure (HP) granulite-facies
metamorphism, in combination with zircon trace-element, mineral inclusion and
petrological evidence.

Altogether, these studies suggest that the Wuhe Complex experienced
granulite-facies metamorphism at 1.83—-1.88 Ga, defined by a homogeneous
metamorphic zircon population devoid of igneous core relics in most of the
meta-basic rocks. However, the timing of protoliths formation is still a matter of
debate.

In this paper, a successful SHRIMP U-Pb dating coupled with CL imaging, trace
elements and mineral inclusions study and thermodynamic modeling, was conducted
for the first time on zircons of two samples of impure marble from the Wuhe Complex.
Our aim is to provide new insights on the age and tectonic setting of the Precambrian
metamorphic basement at the southeastern margin of the NCC, with special emphasis
on the protolith’s nature and age. The results yield tight constraints on the maximum
depositional age of the marble’s protolith, as well as on the minimum (or retrograde)
age of the granulite-facies metamorphic event. This study also provides evidence
supporting the use of refractory zircons as provenance indicators, and provides insight

into the petrogenesis and element mobility of the marbles.

2. Geological setting

The NCC is one of the largest and oldest cratonic blocks in the world, as
evidenced by the presence of >3.6 Ga ancient crustal remnants occurring as
metamorphic terrains or lower crustal xenoliths (Liu et al., 1992; Song et al., 1996;
Zheng et al., 2004; Wu et al., 2008; Zhang et al., 2012). The NCC is bounded by
faults and younger orogenic belts (Fig. 1): the early Palaeozoic Qilianshan orogen and
the late Palacozoic Tianshan—Inner Mongolia—Daxinganling orogen bound the NCC to
the west and to the north, respectively, whereas to the south the Mesozoic
Qinling—Dabie—Sulu high- to ultrahigh-pressure belt separates the NCC from the
Yangtze Craton. The NCC underwent a series of tectonothermal events in the late
Archean and Paleoproterozoic (e.g., Zhai et al., 2000; Zhao et al., 2000, 2001; Wilde
et al., 2002; Kusky and Li, 2003; Zhai and Liu, 2003; Guo et al., 2005; Kroner et al.,
2005; Wan et al., 2006, 2011, 2014; Hou et al., 2006, 2008; Tang et al., 2007; Guo and
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Li, 2009; Liu et al., 2009a,b, 2011a, 2013; Jiang et al., 2010; Tam et al., 2011; Zhai
and Santosh, 2011; Zhang et al., 2012; Wang et al., 2012, 2013), and was stabilized
during the late Paleoproterozoic (e.g., Zhai et al., 2000).

Based on ages, lithological assemblages, tectonic evolution and P—T—t paths, the
NCC can be divided in the Eastern Block, the Western Block and the Trans-North
China Orogen or Central Orogenic Zone in between (e.g., Zhao et al., 2000, 2001;
Kusky and Li, 2003; Zhai and Liu, 2003). The study area is located in the Eastern
Block along the southeastern margin of the NCC, which is bounded by the Tan-Lu
fault zone to the east and the Dabie orogen to the south (Fig. 1).

As briefly stated before, the Precambrian metamorphic basement exposed here
consists predominantly of the Huoqiu Complex (Wan et al., 2010) and the Wuhe
Complex (Xu et al., 2006b; Liu et al., 2009b; Wang et al., 2013). The deformed
Neoproterozoic to late Paleozoic cover and the late Archean to Paleoproterozoic
metamorphic basement are intruded by small Mesozoic intrusions (Fig. 1b),
composed mainly of granite and dioritic porphyry. The Precambrian metamorphic
basement in the study area is mainly located around Bengbu (Xu et al., 2006b; Liu et
al., 2009b; Wan et al., 2010; Wang et al., 2013) (Fig. 1a); in contrast, the Precambrian
metamorphic basement is not exposed in the Xuzhou-Suzhou area, where abundant
deep-seated enclaves or xenoliths occur within the Mesozoic intrusions (Xu et al.,
2006a; Liu et al., 2009b, 2013; Wang et al., 2012).

The Wuhe Complex comprises a variety of lithologies, among which the most
studied are meta-basic rocks. Previous studies documented that meta-basic rocks in
the region have experienced HP granulite- and amphibolite-facies metamorphic events
(Liu et al., 2009b; Wang et al., 2013). Metamorphic peak conditions have been
preliminary estimated in the range 670-850 °C, 1.0-1.2 GPa on the basis of
conventional thermobarometry applied to mineral assemblages observed in
garnet-amphibolite (Liu et al., 2009b). Metamorphic peak has been inferred at 1839 +
31 Ma on the basis of zircon geochronology on the same lithology (Liu et al., 2009b).
This study focuses on impure calcite marbles enclosing these meta-basic rocks; the

samples were collected at Fengyang near Bengbu (Figs. 1 and 2).

3. Petrography of samples

Five marble samples from the Precambrian basement of the Wuhe Complex were
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selected for this study. All the samples are impure calcite marbles with similar
paragenesis but different mineral modes. Beside calcite, they contain variable
amounts of silicates and accessory minerals, in particular clinopyroxene, plagioclase,
K-feldspar, quartz, hornblende, white mica, biotite, epidote, titanite, magnetite
(partially replaced by limonite), apatite, tourmaline, barite and rare rutile (Figs. 3 and
4; Table 1). The impure marbles host lenses or boudins of garnet-amphibolite and
garnet-granulite, variable in size from a few centimeters to several tens of meters (Fig.
2a) (Liu et al., 2009b; Wang et al., 2013; this study). Except for Wm (white mica),
other mineral abbreviations in figures and tables are after Whitney and Evans (2010).

The studied samples can be classified into two main types: silicate-rich (Type 1)
and silicate-poor (Type 2) marbles. Type 1 is weakly deformed or undeformed (Fig.
3a—d), whereas Type 2 is strongly foliated (Fig. 3e—h).

3.1. Type 1 marble

The silicate-rich Type 1 marble (samples 12FY1-1 and 12FY 1-2) consists mainly
of calcite, quartz, clinopyroxene and minor biotite, plagioclase and K-feldspar (Fig.
3a-c); hornblende and epidote are secondary phases. Titanite, rutile, apatite, opaque
minerals (magnetite, replaced by limonite), and barite occur as accessory minerals
(Figs 3a—d & 4a,b). Plagioclase locally occurs as inclusion in clinopyroxene (Fig. 3c
& 4a) and it is preserved in the overgrowth rim domains of zircon; it locally shows a
discontinuous rim of K-feldspar (Fig. 4a). K-feldspar is mostly microcline; it locally
contains few vermicular quartz inclusions (Fig. 3b), this microstructure being
compatible with partial melting (Zhou et al., 2004). Hornblende partially replaces
clinopyroxene at its rim (Fig. 3d). White mica is lacking in the matrix, but it has been
observed as inclusion in the zircon metamorphic rims, thus suggesting that it was a

stable phase during the prograde metamorphic evolution of this marble type.

3.2. Type 2 marble

The silicate-poor Type 2 marble (samples 12FY2, 12FY3-1 and 12FY4) consists
mainly of calcite and white mica, minor plagioclase, K-feldspar and quartz and rare
biotite and clinopyroxene. Hornblende and epidote are secondary minerals. Titanite,
rutile, opaque minerals, tourmaline and apatite occur as accessory phases (Figs. 3e—h

and 4c—f). Porphyroblastic K-feldspar is locally partially replaced at its rim by late
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Ba-rich K-feldspar associated with quartz and plagioclase (Fig. 4c—e). Plagioclase
porphyroblasts are sometimes replaced by K-feldspar, epidote and calcite (Fig. 4f).
All the investigated marbles show a consistent peak assemblage of calcite +
clinopyroxene + quartz + plagioclase + K-feldspar + biotite (type 1) £ white mica
(type 2), with accessory rutile and titanite. In addition, based on petrographic
observations, at least two generations of retrograde mineral assemblages can be
locally recognized: (i) calcite + plagioclase + hornblende + white mica + biotite +
titanite + ilmenite; (ii) epidote + chlorite + calcite + magnetite. These assemblages are
representative of amphibolite- and greenschist-facies metamorphism, respectively.
Following the metamorphic pressure peak (>1.0 GPa; Liu et al., 2009b), fluid
access must have been very limited thus explaining the lack of complete retrograde
reactions and the preservation of small-scale compositional gradients in feldspar.
Furthermore, early K-feldspar porphyroblasts are often rimmed by late Ba-rich
fine-grained K-feldspar together with quartz and plagioclase (Fig. 4c,e) or replaced by
Ba-rich K-feldspar (Fig. 4d; Table 1). These microstructures are compatible with late
K-feldspar being formed from a melt (Vernon and Collins, 1988; Holness and Sawyer,

2008; Sawyer, 2010; Holness et al., 2011).

4. Analytical methods
Zircons were extracted from two samples (12FY1-1 and 12FY4) by crushing and

sieving, followed by magnetic and heavy liquid separation and hand-picking under
binoculars. The zircon grains were mounted in epoxy, together with a zircon U-Pb
standard TEM (417 Ma) (Black et al., 2003). The mount was then polished until all
zircon grains were approximately cut in half. The internal zoning patterns of the
crystals were observed by CL imaging at Beijing SHRIMP Center, Chinese Academy
of Geological Sciences (CAGS).

Zircon was dated using a SHRIMP II at the Beijing SHRIMP Center.
Uncertainties in ages are quoted at the 95% confidence level (26). A spot size of about
30um was used. Common Pb corrections were made using measured 2**Pb. The
SHRIMP analyses followed the procedures described by Williams (1998). Both
optical photomicrographs and CL images were taken as a guide to select the U-Pb
dating spots. Five scans through the mass stations were made for each age

determination. Standards used were SL13, with an age of 572 Ma and U content of
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238 ppm, and TEM, with an age of 417 Ma (Williams, 1998; Black et al., 2003). The
U-Pb isotope data were treated following Compston et al. (1992) with the ISOPLOT
program of Ludwig (2001). The representative CL images for the studied zircons are
presented in Figs. 5 and 6. The U-Pb data for zircon dating are listed in Table 2.

Zircon trace element analyses were conducted by the laser ablation ICP-MS at the
State Key Laboratory of Continental Dynamics, Northwest University in Xi’an, China.
The Geolas Pro laser-ablation system was used for the laser ablation experiments. The
Laser wavelength is 193 nm and ablation spot size is 32 um. The laser frequency and
beam energy are 10 Hz and 140 mJ respectively. The ICP-MS used was an Elan
DRCII from PerkinElmer Sciex. Detailed analytical procedure was reported by Yuan
et al. (2004). Element concentrations of zircons were calculated using Pepita software
with the zircon SiO2 contents as internal standard and the NIST610 as external
standard. The simultaneous analysis data on NIST612 show that the accuracy and
precision of trace elements are better than 10%. The limit of detection for the different
REE varied from 0.02 to 0.09 ppm. The analytical data are listed in Table 3 and
chondrite-normalized REE patterns are presented in Fig. 7.

Mineral inclusions in zircon were identified by a Nicolet FT Raman 960-ESP
spectrometer with a 532 nm Ar laser excitation at CAS Key Laboratory of
Crust—Mantle Materials and Environments at University of Science and Technology
of China, Hefei. The beam size for Raman spectroscopy was 1~3 um. Monocrystalline
silicon was analyzed during the analytical session to monitor the precision and
accuracy of the Raman data. The representative Raman spectra of mineral inclusions
in zircon are shown in Figs. 8 and 9. Furthermore, minerals relevant for this study
were analyzed with a JEOL JXA-8800R EMPA at the Institute of Mineral Resources,
Chinese Academy of Geological Sciences (CAGS) in Beijing (operating conditions:
15 kV accelerating voltage; 20 nA beam current; 50 s counting time).

Whole-rock major and trace elements were determined by X-ray fluorescence
spectrometry (XRF) and by ICP-MS, respectively, at the Langfang Laboratory, Hebei
Bureau of Geology and Mineral Resources. Analytical uncertainties range from +1 to
+5% for major elements and £5% to +10% for trace elements. Whole-rock analytical

data are given in Table 4.

5. Resaults

10
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5.1. CL images, trace elements and mineral inclusionsin zircon

On the basis of CL images, mineral inclusions and trace elements, core-rim
domains with sharp boundaries have been clearly recognized in zircons from the dated
samples 12FY1-1 (Type 1) and 12FY4 (Type 2) (Figs. 5-9). Most of the cores exhibit
oscillatory growth zoning with high Th/U ratios (mostly in the range 0.3-0.7), which
is typical of igneous zircon (e.g., Hanchar and Rudnick, 1995; Gebauer et al., 1997;
Corfu et al., 2003). Rare older inherited/xenocrystic zircons were occasionally found
(Fig. 5j). However, some cores are truncated, embayed or irregularly shaped (Figs. 5a,
h, 1 and 6a, c, e, h), suggesting that they were partially or completely resorbed,
probably in the presence of a hydrous melt or fluid (e.g., Corfu et al., 2003). As shown
in Fig. 7 and Tables 2 & 3, the igneous cores and overgrowth domains of zircons are
characterized by distinctly high and low REE contents, and high (> 0.3) and low (<
0.2, mostly < 0.1) Th/U ratios, respectively. Generally, metamorphic zircons have
Th/U ratio < 0.1-0.2, whereas igneous zircons have high Th/U ratio (> 0.2) (e.g.
Rubatto et al., 1999; Hoskin and Schaltegger, 2003). Hence, the rim domains of the
zircons are interpreted as metamorphic overgrowths on detrital igneous cores. This
interpretation is supported by the clinopyroxene, plagioclase, white mica, rutile and
quartz inclusions preserved within metamorphic zircon domains (Figs. 5c, h, i and 6b,
g, 1), compatible with medium- to high-grade metamorphic conditions (e.g., Indares,
2003; Pattison, 2003 and see the following Section 5.2).

In type 1 sample 12FY1-1, igneous cores in zoned zircons contain quartz +
calcite + plagioclase + apatite + white mica, whereas white mica, calcite, quartz,
clinopyroxene, rutile and plagioclase are included in metamorphic rims (Figs 5 & 8).
In type 2 sample 12FY4, igneous zircon cores contain quartz + plagioclase + white
mica + graphite + apatite, whereas white mica, calcite, quartz, graphite, clinopyroxene,

rutile, plagioclase and biotite are included in metamorphic rims (Figs. 6 and 9).

5.2. P-T-X(CO2) metamor phic evolution

The P-T-X(CO2) evolution of the studied marbles has been qualitatively
constrained by calculating two isobaric T-X(CO2) pseudosections, using the bulk
compositions of samples 12FY1-1 (Type 1) and 12FY3 (Type 2) (Table 4), because of
their highest SiO2 content (i.e. these are the most “impure” marbles) among the

studied samples for each marble type. Pressure was fixed at 15 kbar, following

11
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previous estimate on meta-basic rocks associated to the marbles (Liu et al., 2009);
results obtained at lower pressures are briefly discussed in the following. The two
pseudosections allow to broadly interpret the prograde- to peak nature of the observed
mineral assemblages, and to qualitatively discuss the fluid composition evolution. A
more quantitative reconstruction of the P-T-X(CO2) evolution of the studied marbles
is beyond the aim of this work.

Isochemical phase diagrams in the NKCFMAST-HC
(Na20-K20-CaO-FeO-MgO-Al203-S102-Ti02-H20-CO2)  system were calculated
using Perple X (version 6.7.1, Connolly 1990, 2009) and the thermodynamic dataset
and equation of state for H2O—CO: fluid of Holland and Powell (1998, revised 2004).
The following solid solution models were used: dolomite (Holland and Powell, 1998),
garnet (Holland and Powell, 1998), amphibole (Wei and Powell, 2003; White et al.,
2003), biotite (Tajcmanova et al., 2009), white mica (Coggon & Holland, 2002;
Auzanneau et al., 2010), clinopyroxene (Holland and Powell, 1996), plagioclase
(Newton et al., 1980) and scapolite (Kuhn, 2004), in addition to the binary H2O-CO-
fluid. Calcite, quartz, microcline, zoisite, rutile and titanite were considered as pure
end-members.

The T-X(CO2) pseudosection for Type 1 marbles is dominated by tri- and
four-variant fields, with few five-variant fields. The most relevant features of the
pseudosection are (Fig. 10): (i) calcite-bearing, dolomite-absent, mineral assemblages
are limited to relatively high-T (> 700 °C), except for low X(COz) values; (ii) quartz
is completely consumed at T > 800 °C; (iii) the clinopyroxene + K-feldspar
assemblage is only stable in dolomite-absent fields, i.e. at T > 700 °C for X(COz2) >
0.2; (iv) plagioclase is stable in the whole T-X(CO:) region of interest; (v) biotite
mainly occurs in a narrow stability field at 700—-800 °C, together with calcite, quartz
and clinopyroxene, whereas white mica is stable at T < 750 °C; (vi) garnet occurs at
relatively high-T, only for low X(COz) values; zoisite and amphibole stability fields
are also limited to low X(CO2) values; (vii) rutile is stable up to T of 700—-800°C,
depending on X(COz2), whereas titanite appears at higher T. The observed mineral
assemblage in Type 1 marbles (Cal + Cpx + Pl + Kfs + Qz + Bt) is modeled by a
narrow four-variant field at 775—-820 °C and 0.4 < X(COz2) <0.8.

The P-T pseudosection for Type 2 marbles is dominated by tri-, four- and

five-variant fields. The most relevant features of this pseudosection (Fig. 11) are
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similar to those described for Type 1 marbles as concerning the stability of carbonate
minerals, clinopyroxene, quartz and white mica. A small amount of K-feldspar is
stable at low-T conditions, biotite is stable at T > 700—750 °C, and the stability field
of titanite is limited to very low or very high X(COz) values. The observed mineral
assemblage in Type 2 marbles (Cal + Wm + Cpx + Pl + Kfs + Qz + Bt) is modeled by
a very narrow four-variant field at 730-750 °C and 0.25 < X(COz2) < 0.42, limited
toward high-T by the disappearance of white mica.

The observed mineral assemblages in both marble types thus define
granulite-facies high-T conditions of 730-800°C (at 15 kbar), and relatively high
X(CO2) values of the coexisting fluid. These peak P-T conditions are in agreement
with those estimated for the associated garnet-amphibolite using conventional
thermobarometry (670-850 °C, 10-12 kbar; Liu et al., 2009b). The occurrence of Rt
(and Wm for Type 1 marbles) included in zircon rims suggest that these zircon
domains grew at T slightly lower than peak-T conditions (because these phases are not
stable at peak-T conditions); on the other hand, the Cpx included in the same domains
point to T > 700°C. Microstructural evidence thus constrains the growth of zircon
rims at 700-750°C, for P = 15 kbar. However, neither micro-structural evidence nor
the results of thermodynamic modeling allow to clarify if the zircon rims grew before
or after the peak of metamorphism (i.e. if zircon rims are prograde or retrograde). In
fact, any prograde T-X(CO2) internally buffered path crossing the Cpx-in and Dol-out
curves (Figs. 10 and 11) may explain the mineral inclusions preserved in the
overgrowth rims of zircon, as well as any retrograde path in the opposite direction.

It is worth noting that the results of pseudosection modelling (i.e. growth of
zircon rims at 700-750°C, for P = 15 kbar) are in very good agreement with the
independently estimated Ti-in-zircon temperatures obtained from the zircon rims (i.e.
660-743 °C; see the following section 5.3; Figs. 10b and 11b), thus confirming that
15 kbar is a reliable estimate for peak P conditions. Conversely, pseudosections
modelled at lower pressures (i.e. 10 kbar; Supplementary Figs. 1 and 2) for the same
bulk compositions yielded results not compatible with: (i) the independently estimated
Ti-in-zircon temperatures: at P = 10 kbar, in fact, white mica is predicted to be stable
at T < 630-640°C, and this is not compatible with the occurrence of white mica
inclusions in zircon rims yielding Ti-in-zircon temperatures of 660-743°C; (ii) the

peak P-T conditions inferred for the associated metabasic rocks: at P = 10 kbar, in fact,
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the observed peak mineral assemblages are modeled at 600-730°C, whereas peak-T
for the garnet-amphibolite coexisting with marbles were constrained at 670-850 °C
using conventional thermometers (Liu et al., 2009) and at 700-739 °C using the

Ti-in-zircon thermometer (Wang et al., 2013).

5.3. Ti-in-zircon temperatures

Ti-in-zircon temperatures were calculated following the revised calibration of
Ferry and Watson (2007) at artio2 = 0.6 and 1, respectively. Quartz is present in all the
studied samples; the activity of SiO2 thus was considered as 1. The activity of TiO2
for zircons coexisting with rutile inclusions was set to be 1 whereas for the others it
was considered as 0.6 as suggested by Watson and Harrison (2005). The Ti contents in
zircons and the corresponding calculated temperatures are listed in Table 3 (using
minimum temperature estimations at arioz = 1 for discussion in the text). Core and rim
domains in the analyzed zircons have Ti contents of 4.67-43.5 ppm and 3.69-9.73
ppm respectively (Table 3), yielding Ti-in-zircon temperatures of 679-906 °C (detrital
igneous cores) and 660—743 °C (metamorphic rims), respectively.

Concerning zircon cores, recent studies (Liu et al., 2010, 2015; Timms et al., 2011)
suggest that the highest temperature values defined by Ti-in-zircon and Zr-in-rutile
may be the closest to the real temperatures, indicating the condition of zircon
growth/crystallization, whereas the lower temperatures might be the consequence of
re-equilibration. Hence, the higher temperatures (such as 906 °C estimated from one
zircon igneous core domain) may represent the formation temperature of igneous
zircon, while the lower ones probably represent the late re-equilibration temperature.

Concerning zircon rims, similar metamorphic temperatures of 700-739 °C have
been estimated by Ti contents in zircons from the garnet-amphibolite coexisting with
marbles (Wang et al., 2013). Moreover, these Ti-in-zircon temperatures are in very
good agreement with the results of thermodynamic modeling (see Section 5.2), which
suggest a T of 700-750 °C for the growth of metamorphic zircon rims. These
temperatures are lower than those estimated for the peak assemblages based on the
T-X(COz2) pseudosections (i.e. 730-820°C) as well as the temperatures of 670—-850 °C
estimated for the HP granulite-facies metamorphism on the basis of
garnet-clinopyroxene pairs and Zr-in-rutile thermometers for the garnet-amphibolite

coexisting with marbles (Liu et al., 2009b). Both microstructural and
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thermo-barometric data thus suggest that zircon rims grew at temperatures slightly
lower than peak-T conditions, most likely during early retrograde evolution of the
studied marbles (see also Section 6.1). In this regard, the ages obtained from the
overgrowth rims of zircon should therefore be considered as minimum-peak ages at

granulite-facies conditions (Liu et al., 2016) (see the following Discussion).

5.4. Zircon U-Pb ages

Twenty-six U-Pb spot analyses were made on 21 zircon grains from sample
12FY1-1 (Table 2 and Fig. 12a), including 2 inherited/xenocrystic, 12 detrital igneous
cores and 12 rims. Except for 5 spot analyses, the remaining 21 analyses of both
igneous cores (10 spots) and metamorphic rim domains (11 spots) define a discordia
line with an upper intercept age of 2498 + 86 Ma and a lower intercept age of 1780 +
66 Ma, corresponding to the Neoarchean crystallization ages of detrital zircons and
late Paleoproterozoic metamorphism, respectively (Fig. 12a). The upper intercept age
of 2498 + 86 Ma is in good agreement with one near-concordant igneous core age of
2489 + 13 Ma within error. Eight metamorphic rim domains of zircon record
206ph/238U concordant ages ranging from 1807 to 1878 Ma with a weighted mean age
of 1835 + 6 Ma, consistent with the upper intercept age of 1839 + 7 Ma defined by 11
spot analyses of rim domains within error. In addition, one inherited igneous zircon
with a Th/U ratio of 0.34 defines a 2°°Pb/>**U concordant age of 2680 = 13 Ma.

Twenty-eight U-Pb spot analyses were made on 15 zircon grains from sample
12FY4 (Table 2; Fig. 12b). Except for 4 spot analyses, the 24 analyses of both detrital
igneous cores (13 spots) and metamorphic rim domains (11 spots) define a discordia
line with an upper intercept age of 2407 £ 64 Ma and a lower intercept age of 1683 +
67 Ma, corresponding to the Neoarchean crystallization and the late Paleoproterozoic
metamorphism, respectively (Fig. 12b). One near-concordant igneous core age is 2533
+ 11 Ma. Three metamorphic rim domains of zircon record °Pb/?*3U concordant ages
ranging from 1843 to 1864 Ma with a weighted mean age of 1850 £+ 28 Ma, consistent
with the upper intercept age of 1848 + 23 Ma defined by 12 spot analyses of rim
domains within error.

In summary, zircon from the two dated samples exhibit clear core-rim patterns
evidenced by CL images, trace elements and mineral inclusions, each one with a
discrete age record. All the rim domains of zircon from the two dated samples define

identical 2°°Pb/**®*U concordant ages within analytical uncertainty, i.c. 1835 + 6 Ma
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(sample 12FY1-1, Type 1) and 1850 + 28 Ma (sample 12FY4, Type 2), respectively.
In addition, detrital igneous cores of zircon preserved in the samples record 2489 + 13
Ma and 2533 + 11 Ma concordant ages. Only two inherited zircon cores were found in
sample 12FY1-1 and one of them records a ~ 2.7 Ga concordant age (Fig. 12a; Table
2). The inherited igneous zircon has a Th/U ratio of 0.34 and includes plagioclase (Fig.
5j, k), both features suggesting a felsic origin (Amelin, 1998; Fedo et al., 2003).

5.5. Whole-rock major and trace elements

Five impure marble samples have been analyzed in this study and the results
show a broad range in major- and trace-element compositions (Table 4; Figs 13 & 14).
To facilitate the identification and understanding of geochemical trends, the samples
are divided into two groups based on SiO:2 contents and rare earth element (REE)
concentrations. This subdivision is consistent with the aforementioned petrographic
classification based on the silicate assemblages. The first group (Type 1, samples
12FY1-1 and 12FY1-2) has high SiO2 (37.22-45.17 wt%), Na20 (2.26-2.59 wt%)
and ALOs3 (7.66-9.40 wt%) contents, and is rich in REE (ZREE = 55.05~80.14 ppm)
with a marked negative Eu anomaly (Eu/Eu*= 0.59-0.63). By contrast, the second
group (Type 2, samples 12FY2, 12FY3-1 and 12FY4) has low SiO2 (4.63—-12.63 wt%),
Na20 (0.06-0.44 wt%) and Al2O3 (0.86—1.82 wt%) contents, and it is relatively poor
in REE (ZREE = 8.56-18.77 ppm) with a weak to strong positive Eu anomaly
(Euw/Eu* = 1.05-1.71). Type 1 samples have relatively high Zr and Nb contents
(135-161.4 ppm and 8.62—-10.1 ppm, respectively), and low Sr contents (306.4—401.1
ppm) opposite to Type 2 (low Zr and Nb contents of 22.8-46.5 ppm and 0.38-0.87
ppm, respectively, and high Sr contents of 750.6—1276 ppm). These features reflect
the silicate mineral assemblages, because Type 1 marbles contain more clinopyroxene,
titanite, ilmenite and zircon than Type 2 marbles. However, the two marble types have
similar Nb/Ta, Zr/Hf, Er/Nd, Y/Ho, Sc/Y and Th/U ratios (Table 4), and near-identical
REE patterns with moderate LREE/HREE fractionation (Lan/Ybn= 7.19-9.96 and
9.64-13.79) (Fig. 13). In addition, the samples have high Ba and Sr contents of
172.6—1062 ppm and 306.4—1276 ppm, respectively (Table 4) and mostly display

primitive-mantle normalized negative Nb— Ta and Ti anomalies (Fig. 14).

6. Discussion
6.1. Protolith and metamor phic ages of impure marbles
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Dating the unfossiliferous Precambrian sedimentary rocks is often a difficult task
(Nelson, 2001). The most reliable methods for directly determining depositional
sedimentary ages are: (i) dating the interstratified volcanic rocks, such as those near
the Precambrian—Cambrian boundary (e.g., Bowring et al., 1993; Bowring and
Schmitz, 2003), or (ii) dating the time-of-deposition of authigenic xenotime
overgrowths on detrital zircon grains (e.g., McNaughton et al., 1999).

Under certain circumstances, however, the age of the youngest detrital zircon in a
population can approach the age of deposition (Nelson, 2001). Furthermore, the
youngest U—Pb ages of zircon grains in a population of detrital zircons have been used
to constrain maximum depositional ages of stratigraphic units (Rainbird et al., 2001;
Brown and Gehrels, 2007; Dickinson and Gehrels, 2009). This approach is especially
valuable for Precambrian strata lacking biostratigraphic age control (Jones et al., 2009)
and for metamorphosed Phanerozoic strata lacking preserved fossils (Barbeau Jr et al.,
2005). Therefore, U-Pb geochronology applied on detrital zircons may be a powerful
method for constraining the depositional ages of carbonate rocks (Fedo et al., 2003;
Tang et al., 2006). However, difficulties are often encountered in obtaining reasonable
isochrones because the U-Pb isotopic system of carbonate rocks is prone to be
disturbed by diagenesis or alteration.

Most of the zircons in the studied samples consist of a late-Archean core
surrounded by a Palacoproterozoic metamorphic rim (Figs. 5 and 6). The zircons in
both dated samples define a discordia (Fig. 12):

- The two upper-intercept ages are similar (in the relatively narrow range of
2.53-2.48 Ga) and consistent (within analytical uncertainties) with the 2489 + 13
Ma and 2533 + 11 Ma ages obtained from concordant igneous zircon cores from
the two samples. The two concordant ages have been obtained from the magmatic
zircons that were not significantly subjected to Pb loss. In view of rare ~ 2.7 Ga
inherited zircons (only two grains) in the dated samples, this is a good evidence
that the zircons were predominantly derived from a single igneous source with or
without rare contribution of terrigenous materials during deposition of the
marble’s protolith. The calcite, quartz and plagioclase inclusions within the
igneous core domains of zircon and the tectonic setting mentioned above, both
suggest that the 2.53-2.48 Ga igneous zircon grains should come from the

adjacent arc (see below in detail), and are considered to represent the maximum
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age of deposition of the marble’s protolith.

The two lower-intercept ages are similar to the ages of 1835 = 6 Ma and 1850 =+
28 Ma obtained from concordant metamorphic overgrowth rims of zircons from
the two samples. In addition, granulite-facies mineral inclusions such as
clinopyroxene, rutile, quartz and plagioclase (Figs. 5h, i and 6b, g, i) were found
in the overgrowth rim domains. The zircon rims are further characterized by low
REE contents, low Th/U and Lu/Hf ratios of < 0.2 and 0.001, and absent or
slightly negative Eu anomalies (Tables 2 and 3; Fig. 7), indicating that they grew
in the presence of garnet and plagioclase (e.g., Rubatto, 2002; Whitehouse and
Platt, 2003; Liu et al., 2006, 2011b). Therefore, the ages of 1835 + 6 Ma and 1850
+ 28 Ma should record the age of granulite-facies metamorphism. These results
are very similar to the previously reported granulite-facies ages of 1839 + 31 Ma
from the garnet-amphibolite lenses associated to the marbles (Liu et al., 2009b);
however, they are younger than the 1876 + 18 Ma age from garnet-granulite in a
nearby locality (Wang et al, 2013) and the 1.88-1.95 Ga age of peak
metamorphism (Liu et al., 2016). This suggests that the 1.83—1.85 Ga ages should
be interpreted as early-retrograde ages, and that zircon rims grew soon after the
peak of metamorphism, still under granulite-facies conditions. This conclusion is
also supported by mineral assemblages and compositions observed in zircon
domains of both 1.88—1.95 Ga and 1.80—-1.85 Ga from the garnet-amphibolites and
garnet-granulites associated to the studied marbles (Wang et al., 2013; Liu et al.,
2016). In these metabasic rocks, low-Na clinopyroxene (Na2:O < 0.7 wt%),
plagioclase and garnet occur as common mineral inclusions with minor biotite
within the 1.80-1.85 Ga metamorphic zircons, whereas garnet, rutile, quartz and
plagioclase are occasionally discovered to be present in the 1.88-1.95 Ga
metamorphic zircon domains. Based on thin-section observations and EMP
analysis, the clinopyroxene inclusions in garnet contain high NaO contents
(mostly 1.25-1.6 wt%), and generally coexist with rutile and quartz in the garnet
amphibolite and garnet granulite, suggesting HP granulite metamorphism (Liu et
al., 2009, 2013).

In addition, rare C. 2.7 Ga inherited zircons exhibit oscillatory zoning with Th/U

ratios of 0.34—0.36 and plagioclase inclusions (Fig. 5j, k), probably suggesting a

proximal earlier episode of felsic magmatism. This is in agreement with the zircon
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U-Pb dating and Hf-isotope investigations of the lower-crustal xenoliths from the
same region (Liu et al., 2013).

In summary, the zircon geochronological data combined with the petrological
investigations in this study support a scenario in which the Wuhe Complex formed in
the late Archean, consistent with data already obtained from the Precambrian granulite
terrains and lower-crustal xenoliths in the NCC (Zhai and Santosh, 2011; Wang et al.,
2012; Zhang et al., 2012; Liu et al.,, 2013). The Wuhe Complex subsequently
experienced peak HP granulite-facies and early-retrograde metamorphism at 1.8—1.9
Ga, corresponding to the Paleoproterozoic collisional orogenic event along the

Jiao-Liao-Ji belt (Liu et al., 2016).

6.2. Petrogenesis and element mobility of impure marbles

In detrital zircon analysis, the interpreted provenance of the zircon is commonly
used to reconstruct the geological history of sedimentary basins and their surrounding
source regions (Fedo et al., 2003). Zircon chemistry has been considered a potential
provenance indicator because it is sufficiently variable in different source rocks to
enable their identification (Amelin, 1998; Wilde et al., 2001; Fedo et al., 2003).

In this study, the igneous zircon cores showing late Archaean ages preserved in
the impure marbles could be interpreted as deriving from either terrigenous detritus or
volcaniclastic rocks that were deposited synchronously with the marble’s protolith (i.e.
limestone). The investigated igneous zircon cores mostly show prismatic and
pyramidal faces and oscillatory growth zoning (Figs. 5a.f,j and 6c¢,e) while only a few
exhibit poorly-rounded grains (Fig. 5d,i), indicating that they did not experience
abrasion by long-distance mechanical transportation. Except for two older inherited
grains, these zircon cores have similar ages and trace-element characters (Fig. 7).
Therefore, we suggest that the zircon cores were derived from volcaniclastic deposits
with a single igneous source, rather than from terrigenous detritus. A terrigenous
origin is also ruled out by the lack of complex age-patterns and pitted surfaces and
micro-fractures related to long distance mechanical abrasion (Fedo et al., 2003). The
Ti-in-zircon thermometric results show that the investigated igneous zircon cores
crystallized at high-T (up to 906 °C) conditions (Table 3), thus supporting the
possibility that the igneous zircon cores might be formed in an arc system related to

the late Archean (C. 2.5 Ga) oceanic subduction as previously proposed by Liu et al.
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(2013).

This interpretation is also supported by the positive Eu anomalies observed for
some of the analyzed marbles (Fig. 11), because the positive Eu anomalies in ancient
marine sediments might be attributed to coeval magmatism and high-temperature
(>250 °C) hydrothermal activity during the deposition of the marble’s protolith
(Michard and Albaréde, 1986; Mitra et al., 1994; Mills and Elderfield, 1995; Bau and
Dulski, 1996; Craddock et al., 2010). Such a hydrothermal activity has been described
so far in mid-ocean ridge settings (e.g., Michard and Albarede, 1986; Campbell et al.,
1988; Mitra et al., 1994; Bau and Dulski, 1999; Douville et al., 1999) and back-arc
basins (Fouquet et al., 1993; Douville et al., 1999; Craddock and Bach, 2010; and
references therein). On the other hand, the breakdown of K-feldspar during melting
and minor silicate minerals may provide an alternative explanation for the positive Eu
anomalies, low LREE and HREE.

In the two dated samples the igneous zircon cores with Th/U ratios of 0.2-0.8
(Table 2) possibly crystallized in a felsic melt, because zircons with Th/U > 1 and < 1
crystallize in mafic and felsic melts, respectively (Amelin, 1998). This hypothesis is
further supported by the quartz and plagioclase inclusions (Figs. 5 and 6) preserved
within igneous zircon cores (Wilde et al., 2001), and by the survival of the zircon
cores themselves (Figs. 5 and 6), that was probably related to their originally large
size (e.g. >120 um radius; Watson, 1996), which is consistent with zircons
crystallized in a felsic melt related to a coeval back-arc magma activity.

Owing to the northward oceanic subduction and the consequent arc magma
activity reported in the region in the late Archean (C. 2.5 Ga), we therefore suggest
that the growth of zircon cores was related to a high-T hydrothermal activity coeval
with the deposition of carbonate sediments in a deep-sea back-arc setting. Therefore,
the impure marble’s protolith likely formed in a back-arc basin within a convergent
plate margin. This hypothesis is also supported by the occurrence of the late Archean
(C. 2.5 Ga) subduction-related magma activity in the region (Liu et al., 2013).

Further insights into the petrogenesis and element mobility of the studied marbles
are provided by their REE abundances and patterns. It is commonly observed that the
relative REE abundance in ancient marine limestones is not significantly modified by
extensive diagenetic alteration (Banner et al., 1988). Elements with high charge

density, especially the high field strength elements (HSFE; Nb, Ta, Zr and Hf) but also
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Th and REE, are thought not to be easily transported by the fluid phase (e.g., Tatsumi
et al., 1986; Keppler, 1996; Elliott et al., 1997; Kessel et al., 2005; Hermann and
Rubatto, 2009). Therefore these elements (and/or related pairs) can be used as
petrogenetic tracers of the marble protoliths (Plank and Langmuir, 1998; Boulvais et
al., 2000; Tang et al., 2006; Liu et al., 2013). The studied marbles show similar
constant values for “fluid-immobile” element ratios such as Nb/Ta, Zr/Hf, Er/Nd and
Y/Ho (Table 4), thus suggesting a submarine hydrothermal sedimentary origin,
because Nb—Ta, Zr-Hf and Y—Ho are considered analog element pairs, and their ratios
are fairly constant in marine sediments (Nb/Ta ~14 and Zr/Hf ~35) (Plank &
Langmuir, 1998) and high-T hydrothermal sediments/fluids (Y/Ho 26-34 and Zr/Hf
26—46) (Bau, 1996; Bau and Dulski, 1996; Bolhar and Van Kranendonk, 2007; and
references therein). High major-element and REE abundances in the Type 1 are
unlikely to be related to the influx of seawater from which the chemical sediment
precipitated, but they are typical of clastic detritus instead (Boulvais et al., 2000). In
other words, high or low major-element and REE abundances in marbles chiefly arise
from the variable modal amount of silicates and accessory phases. The similar REE
patterns and related element ratios are in good agreement with both similar precursor
and metamorphic ages, indicative of a common formation and metamorphic process.
In this regard, the positive Eu anomalies are largely derived from syn-depositional or
closely coeval hydrothermal activity (Michard and Albaréde, 1986; Bau and Dulski,
1996; Lewis et al., 1997) in the back-arc deep-sea basin at 2.53—-2.48 Ga, whereas the
negative Eu anomalies might be the result of dissolution of Eu-enriched minerals
(feldspar) or of a progressive metasomatic overprint during hydrothermal alteration or
post-sedimentation processes as suggested by Fulignati et al. (1999) and Boulvais et al.
(2000). It could be argued that variable Eu anomalies may reflect fluctuations of the
mixing ratios of high-T and low-T hydrothermal fluids as proposed by Bau and Dulski
(1996). However, in that case, Eu anomalies should be either positive (strong high-T
component) or absent (strong low-T hydrothermal component). This explanation is
therefore not applicable to the investigated marbles, because they were collected from
the same locality at Fengyang (Fig. 1b) and share a common formation and evolution
history as mentioned above. Most of the samples show exceptionally high Ba and Sr
contents, up to 1062 ppm and 1276 ppm, respectively (Table 4), and significant Ba

and Sr enrichment in a spider diagram (Fig. 14), indicative of the occurrence of barite-
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and plagioclase-bearing assemblages (Figs. 3 and 4) as the possible result of the
aforementioned syn-depositional felsic hydrothermal activity at 2.53-2.48 Ga and
partial melting at the Palacoproterozoic.

In addition, the HP granulite-facies metamorphism, and the subsequent LP
granulite and amphibolite-facies retrogression might have modified to some extent the
element and isotope zircon composition. On the one hand, these processes could have
significantly re-equilibrated the Ti contents in both zircon cores and rims, resulting in
a large spread of Ti concentrations which define a wide range of temperatures as
stated before. Some zircon cores also underwent a pervasive recrystallization, as
suggested by the young ages (e.g., 1853 + 8 Ma and 1857 + 12 Ma for analytical spots
12FY1-1-5.2 and 12FY4-9.1) statistically indistinguishable from the age of
granulite-facies metamorphic rims. However, these zircon cores still preserve the
elemental signatures of the protolith, characterized by high REE and P contents and
high Lu/Hf ratios (> 0.001) (Tables 2 and 3; Figs. 7 and 12) and are commonly called
recrystallized zircons (Hoskin and Black, 2000; Corfu et al., 2003).

In conclusion, the formation and evolution of the impure marbles was a
multistage process involving a syn-depositional high-T hydrothermal alteration event
of a calcareous sediment in a back-arc basin during late Archean, and a
granulite-facies peak and  early-retrograde = metamorphic event during
Palaeoproterozoic. Furthermore, the results presented in this paper combined with
those previously published, indicate that the different lithologies from the Wuhe
Complex experienced a common metamorphic evolution after 1.95 Ga, albeit with

different protolith environments.

7. Conclusions

The integrated studies on zircon geochronology, petrology and geochemistry of
impure marbles from the Precambrian metamorphic basement of the Wuhe Complex,
provide new insights on the depositional processes and subsequent HP-HT
metamorphic evolution that affected the southeastern margin of the NCC during the
Late Archean and Paleo-Proterozoic. More in detail, the following conclusions can be
drawn:

(1) The protolith of the impure marbles is a limestone rich in detrital silicates of

igneous origin with a single source that was deposited in the late Archean (2.48—2.53
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Ga) in a back-arc basin setting within an active continental margin and was affected
by synchronous high-T hydrothermalism.

(2) The impure marbles together with the associated rocks such as
garnet-amphibolite and garnet-granulite experienced 1.83—1.88 Ga granulite-facies

metamorphism in the lower crust, and possibly a nearly coeval partial melting.

Acknowledgements

This research was financially supported by the National Basic Research Program
of China (2015CB856104), the PhD Foundation of the Ministry of Education of
China (20133402130008) and the National Natural Science Foundation of China
(41273036). We thank D.-Y. Liu and C. Yang for their help in SHRIMP U-Pb dating
on zircon, X.-M. Liu for trace-element analysis on zircon, F.-K. Chen for the Raman
analysis and Z.-Y. Chen for electron microprobe analysis. H.P. Schertl provided a
constructive review of a previous version of the manuscript. Constructive comments
and suggestions by the Editor Marco Scambelluri, Xue-Ming Yang and one

anonymous reviewer have greatly improved the final presentation of the paper.

23



706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738

References

Amelin, Y.V., 1998. Geochronology of the Jack Hills detrital zircons by precise U-Pb
isotope dilution analysis of crystal fragments. Chemical Geology 146, 25-38.

Auzanneau, E., Schmidt, M.W., Vielzeuf, D., Connolly, J.A.D., 2010. Titanium in
phengite: a geobarometer for high temperature eclogites. Contributions to
Mineralogy and Petrology 159, 1-24.

Banner, J.L., Hanson, GN., Meyers, W.J., 1988. Rare earth element and Nd isotopic
variations in regionally extensive dolomites from the Burlington-Keokuk
Formation (Mississippian): Implications for REE mobility during carbonate
diagenesis. Journal of Sedimentary Petrology 58, 415-432.

Barbeau Jr., D.L., Ducea, M.N., Gehrels, GE., Kidder, S., Wetmore, P.H., Saleeby,
J.B., 2005. U-Pb detrital-zircon geochronology of northern Salinian basement and
cover rocks. Geological Society of America Bulletin 117, 466—481.

Bau, M., 1996. Controls on the fractionation of isovalent trace elements in magmatic
and aqueous systems: evidence from Y/Ho, Zr/Hf, and lanthanide tetrad effect.
Contributions to Mineralogy and Petrology 134, 17-32.

Bau, M., Dulski, P., 1996. Distribution of yttrium and rare-earth elements in the Penge
and Kuruman iron-formations, Transvaal Supergroup, South Africa. Precambrian
Research 79, 37-55.

Bau, M., Dulski P., 1999. Comparing yttrium and rare earths in hydrothermal fluids
from the Mid-Atlantic Ridge: implications for Y and REE behaviour during
near-vent mixing and for the Y/Ho ratio of Proterozoic seawater. Chemical
Geology 155, 77-90.

Black, L.P., Kamo, S.L., Allen, C.M., Aleinikoff, J.K., Davis, D.W., Korsch, R.J.,
Foudoulis, C., 2003. TEMORA 1: A new zircon standard for Phanerozoic U-Pb
geochronology. Chemical Geology 200, 155-170.

Bolhar, R., Van Kranendonk, M.J., 2007. A non-marine depositional setting for the
northern Fortescue Group, Pilbara Craton, inferred from trace element
geochemistry of stromatolitic carbonates. Precambrian Research 155, 229-250.

Boulvais, P., Fourcade, S., Moine, B., Gruau, G, Cuney, M., 2000. Rare-earth
elements distribution in granulite-facies marbles: a witness of fluid—rock
interaction. Lithos 53, 117-126.

Bowring, S.A., Grotzinger, J.P., Isachsen, C.E., Knoll, A.H., Pelechaty, S.M., Kolosov

24



739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771

P., 1993. Calibrating rates of Early Cambrian evolution. Science 261, 1293—1298.

Bowring, S.A., Schmitz, M.D., 2003. High-precision U-Pb zircon geochronology and
the stratigraphic record. Reviews in Mineralogy and Geochemistry 53, 305-326.

Brown, E.R., Gehrels, GE., 2007. Detrital zircon constraints on terrane ages and
affinities and timing of orogenic events in the San Juan Islands and North
Cascades, Washington. Canadian Journal of Earth Scences 44, 1375-1396.

Campbell, A.C., Palmer, M.R., Klinkhammer, G.P., Bowers, T.S., Edmond, J.M.,
Lawrence, J.R., Casey, J.F., Thompson, G., Humphris, S.E., Rona, P., 1988.
Chemistry of hot springs on the Mid-Atlantic Ridge. Nature 335, 514-519.

Castelli D., Rolfo F., Groppo C., Compagnoni R., 2007. Petrogenesis of impure
marbles from the UHP Brossasco-Isasca Unit (Dora-Maira Massif, Western Alps):
evidence for Alpine equilibration in the diamond-stability field and evaluation of
pre-Alpine vs Alpine X(CO3) fluid evolution. Journal of Metamorphic Geology
25, 587-603.

Coggon, R., Holland, T.J.B., 2002. Mixing properties of phengitic micas and revised
garnet-phengite thermobarometers. Journal of Metamorphic Geology 20,
683—-696.

Compston, W., Williams, 1.S., Kirschvink, J.L., Zhang, Z., Ma, G., 1992. Zircon U-Pb
ages for the early Cambrian time-scale. Journal of the Geological Society
(London) 149, 171-184.

Connolly, J.A.D., 1990. Multivariable phase diagrams: an algorithm based on
generalized thermodynamics. American Journal of Science 290, 666—718.

Connolly, J.A.D., 2009. The geodynamic equation of state: what and how.
Geochemistry, Geophysics, Geosystems 10, Q10014.

Corfu, F., Hanchar, J.M., Hoskin, PW.O. & Kinny, P., 2003. Altas of zircon textures:
Reviews in Mineralogy and Geochemistry 53, 469-500.

Craddock, PR. & Bach, W., 2010. Insights to magmatic—hydrothermal processes in
the Manus back-arc basin as recorded by anhydrite. Geochimica et
Cosmochimica Acta 74, 5514-5536.

Craddock, P.R., Bach, W., Seewald, J.S., Rouxel, O.J., Reeves, E., Tivey, M.K., 2010.
Rare earth element abundances in hydrothermal fluids from the Manus Basin,
Papua New Guinea: Indicators of sub-seafloor hydrothermal processes in

back-arc basins. Geochimica et Cosmochimica Acta 74, 5494-5513.

25



772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804

Dickinson, W.R., Gehrels, GE., 2009. Use of U-Pb ages of detrital zircons to infer
maximum depositional ages of strata: A test against a Colorado Plateau Mesozoic
database. Earth and Planetary Science Letters 288, 115—125.

Douville, E., Bienvenu, P., Charlou, J.L., Donval, J.P., Fouquet, Y., Appriou, P., Gamo,
T., 1999. Yttrium and rare earth elements in fluids from various deep-sea
hydrothermal systems. Geochimica et Cosmochimica Acta 63, 627-643.

Elliott, T., Plank, T., Zindler, A., White,W., Bourdon, B., 1997. Element transport
from slab to volcanic front in the Mariana arc. Journal of Geophysical Research
102, 14991-15019.

Fedo, C.M., Sircombe, K.N., Rainbird, R.H., 2003. Detrital Zircon Analysis of the
Sedimentary Record. Reviews in Mineralogy and Geochemistry 53, 277-303.
Ferry, .M., Watson, E.B., 2007. New thermodynamic models and revised calibrations
for the Ti-in-zircon and Zr-in-rutile thermometers. Contributions to Mineralogy

and Petrology 154, 429-437.

Fouquet, Y., Von Stackelberg, U., Charlou, J.L., Erzinger, J., Herzig, P.M., Miihe, R.,
Wiedicke M., 1993. Metallogenesis in back-arc environments: the Lau Basin
example. Economic Geology 88, 2154-218]1.

Fulignati, P., Gioncada, A., Sbrana, A., 1999. Rare-earth element (REE) behaviour in
the alteration facies of the active magmatic—hydrothermal system of Vulcano
(Aeolian Islands, Italy). Journal of Volcanology and Geothermal Research 88,
325-342.

Gebauer, D., Schertl, H.-P., Brix, M., Schreyer, W., 1997. 35 Ma old
ultrahigh-pressure metamorphism and evidence for very rapid exhumation in the
Dora Maira Massif, Western Alps. Lithos 41, 5-24.

Guo, J.H., Sun, M., Chen, F.K., Zhai, M.G., 2005. Sm—Nd and SHRIMP U-Pb zircon
geochronology of high-pressure granulites in the Sanggan area, North China
Craton: timing of Paleoproterozoic continental collision. Journal of Asian Earth
Sciences 24, 629—-642.

Guo, S., Li, S., 2009. SHRIMP zircon U-Pb ages for the Paleoproterozoic
metamorphic-magmatic events in the southeast margin of the North China Craton.
Science in China Series D—Earth Sciences 52, 1039-1045.

Hanchar, J.M., Rudnick, R.L., 1995. Revealing hidden structures: The application of

cathodoluminesscence and back-scattered electron imaging to dating zircons from

26



805
806
807
808
809
810
811
812
813
814
815
816
817
818
&19
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837

lower crustal xenoliths. Lithos 36, 289-303.

Hermann, J., Rubatto, D., 2009. Accessory phase control on the trace element
signature of sediment melts in subduction zones. Chemical Geology 265,
512-526.

Holland, T., Powell, R., 1996. Thermodynamics of order-disorder in minerals. 2.
Symmetric formalism applied to solid solutions. American Mineralogist 81,
1425-1437.

Holland, T. J. B. & Powell, R. (1998). An internally consistent thermodynamic data
set for phases of petrologic interest. Journal of Metamorphic Geology 16,
309-343.

Holness, M.B., Sawyer, E.W., 2008. On the pseudomorphing of melt-filled pores
during the crystallization of migmatites. Journal of Petrology 49, 1343—1363.
Holness, M.B., Cesare, B., Sawyer, E.W., 2011. Melted rocks under the microscope:

Microstructures and their interpretation. Elements 7, 247-252.

Hoskin, PW.O., Black, L.P., 2000. Metamorphic zircon formation by solid-state
recrystallization of protolith igneous zircon. Journal of Metamorphic Geology 18,
423-439.

Hoskin, P.W.O., Schaltegger, U., 2003. The composition of zircon and igneous and
metamorphic petrogenesis. Reviews in Mineralogy and Geochemistry 53, 27-62.

Hou, G, Liu, Y., Li, J., 2006. Evidence for ~1.8 Ga extension of the Eastern Block of
the North China Craton from SHRIMP U-Pb dating of mafic dyke swarms in
Shandong Province. Journal of Asian Earth Sciences 27, 392-401.

Hou, G, Li, J., Yang, M., Yao, W., Wang, C., Wang, Y., 2008. Geochemical constraints
on the tectonic environment of the Late Paleoproterozoic mafic dyke swarms in
the North China Craton. Gondwana Research 13, 103-116.

Indares, A.D., 2003. Metamorphic textures and P-T evolution of high-P granulites
from the Lelukuau terrane, NE Grenville Province. Journal of metamorphic
Geology 21, 35-48.

Jiang, N., Guo, J.H., Zhai, M.G,, Zhang, S.Q., 2010. ~2.7 Ga crust growth in the
NorthChina craton. Precambrian Research 179, 37-49.

Jones 111, J.V., Connelly, J.N., Karlstrom, K.E., Williams, M.L., Doe, M.F., 2009. Age,
provenance, and tectonic setting of Paleoproterozoic quartzite successions in the

southwestern United States. Geological Society of America Bulletin 121,

27



838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871

247-264.

Keppler, H., 1996. Constraints from partitioning experiments on the composition of
subduction zone fluids. Nature 380, 237-240.

Kessel, R., Schmidt, M.W., Ulmer, P., Pettke, T., 2005. Trace element signature of
subduction-zone fluids, melts and supercritical liquids at 120-180 km depth.
Nature 437, 724-727.

Kroner, A., Wilde, S.A., Li, J.LH., Wang, K.Y., 2005. Age and evolution of a late
Archean to early Palacozoic upper to lower -crustal section in the
Wautaishan/Hengshan/Fuping terrain of northern China. Journal of Asian Earth
Sciences 24, 577-595.

Kuhn, B., 2004. Scapolite stability: phase relations and chemistry of impure
metacarbonate rocks in the central Alps. PhD Thesis, pp. 257.

Kusky, T.M., Li, J.H., 2003. Paleoproterozoic tectonic evolution of the North China
Craton. Journal of Asian Earth Sciences 22, 383-397.

Lewis, A.J., Palmer, M.R., Sturchio, N.C., Kemp, A.J., 1997. The rare earth element
geochemistry of acid-sulphate and acid-sulphate-chloride geothermal systems
from Yellowstone National Park, Wyoming, USA. Geochimica et Cosmochimica
Acta 61, 695-706.

Li, S.G, Wang, S.J., Guo, S.S., Xiao, Y.L., Liu, Y.-C., Liu, S.A., He, Y.S., Liu, J.L.,
2014. Geochronology and geochemistry of leucogranites from the southeast
margin of the North China Block: Origin and migration. Gondwana Research 26,
1111-1128.

Liu, D.-Y., Nutman, A.P., Compston, W., Wu, J.S., Shen, Q.-H., 1992. Remnants
of >3800 Ma crust in the Chinese part of the Sino-Korean craton. Geology 20,
339-342.

Liu, FL., Xu, Z.Q., Liou, J.G, Song, B., 2004a. SHRIMP U-Pb ages of
ultrahigh-pressure and retrograde metamorphism of gneisses, south-western Sulu
terrane, eastern China. Journal of Metamorphic Geology 22, 315-326.

Liu, F.L., Gerdes, A., Liou, J.G., Xue, H.M., Liang, F.H., 2006. SHRIMP U-Pb zircon
dating from Sulu-Dabie dolomitic marble, eastern China: constraints on prograde,
ultrahigh-pressure and retrograde metamorphic ages. Journal of Metamorphic
Geology 24, 569-589.

Liu, F., Guo, J.H., Lu, X.P., Diwu, C.R., 2009a. Crustal growth at ~2.5 Ga in the

North China Craton: evidence from whole-rock Nd and zircon Hf isotopes in the

28



872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904

Huai’an gneiss terrane. Chinese Science Bulletin 54, 4704—4713.

Liu, S.A., Li, S.G, Guo, S.S., Hou, Z.H., He, Y.S., 2012. The Cretaceous
adakitic—basaltic—granitic magma sequence on south-eastern margin of the North
China Craton: Implications for lithospheric thinning mechanism. Lithos 134-135,
163-178.

Liu, S.J., Li, J.H., Santosh, M., 2010. First application of the revised Ti-in-zircon
geothermometer to Paleoproterozoic ultrahigh-temperature granulites of
Tuguiwula, Inner Mongolia, North China Craton. Contributions to Mineralogy
and Petrology 159, 225-235.

Liu, S.W., Santosh, M., Wang, W., Bai, X., Yang, P., 2011a. Zircon U-Pb chronology
of the Jianping Complex: Implications for the Precambrian crustal evolution
history of the northern margin of North China Craton. Gondwana Research 20,
48-63.

Liu, Y.-C, Li, S., Gu, X., Xu, S., Chen, G, 2007a. Ultrahigh-pressure eclogite
transformed from mafic granulite in the Dabie orogen, east-central China. Journal
of Metamorphic Geology 25, 975-989.

Liu, Y.-C, Li, S., Xu, S., 2007b. Zircon SHRIMP U-Pb dating for gneiss in northern
Dabie high T/P metamorphic zone, central China: Implication for decoupling
within subducted continental crust. Lithos 96, 170—185.

Liu, Y.-C., Wang, A., Rolfo, F., Groppo, C., Gu, X., Song, B., 2009b.
Geochronological and petrological constraints on Palacoproterozoic granulite
facies metamorphism in southeastern margin of the North China Craton. Journal
of Metamorphic Geology 27, 125-138.

Liu, Y.-C., Gu, X,, Li, S., Hou, Z., Song, B., 2011b. Multistage metamorphic events in
granulitized eclogites from the North Dabie complex zone, central China:
evidence from zircon U-Pb age, trace element and mineral inclusion. Lithos 122,
107-121.

Liu, Y.-C., Wang, A., Li, S., Rolfo, F., Li, Y., Groppo, C., Gu, X, Hou, Z., 2013.
Composition and geochronology of the deep-seated xenoliths from the
southeastern margin of the North China Craton. Gondwana Research 23,
1021-1039.

Liu, Y.-C., Deng, L.-P., Gu, X.-F., Groppo, C., Rolfo, F., 2015. Application of

Ti-in-zircon and Zr-in-rutile thermometers to constrain high-temperature

29



905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937

metamorphism in eclogites from the Dabie orogen, central China. Gondwana
Research 27, 410-423.

Liu, Y.-C., Zhang, P.-G., Wang, C.-C., Nie, J.-Z., 2016. Paleoproterozoic multistage
metamorphic ages registered in the Precambrian basement rocks at the
southeastern margin of the North China Craton, and their geological implications.
Acta Geologica Sinica 90, 801-802.

Ludwig, K. R., 2001. User’s Manual for Isoplot/Ex (rev. 2.49): a Geochronological
Toolkit for Microsoft Excel. Berkeley Geochronology Center, Berkeley, CA,
Special Publication, No. 1a, 55 pp.

McNaughton, N.J., Rasmussen, B., Fletcher, [.R., 1999. SHRIMP uranium-lead dating
of diagenetic xenotime in siliciclastic sedimentary rocks. Science, 285, 78—80.
Michard, A., Albaréde, F., 1986. The REE content of some hydrothermal fluids.

Chemical Geology 55, 51-60.

Mills, R.A., Elderfield, H., 1995. Rare earth element geochemistry of hydrothermal
deposits from the active TAG Mound, 26°N Mid-Atlantic Ridge. Geochimica et
Cosmochimica Acta 59, 3511-3524.

Mitra, A., Elderfield, H., Greaves M.J., 1994. Rare earth elements in submarine
hydrothermal fluids and plumes from the Mid-Atlantic Ridge. Marine Chemistry
46, 217-235.

Moller, A., O’Brien, P.J., Kennedy, A., Kroner, A., 2002. Polyphase zircon in
ultrahigh-temperature granulites (Rogaland, SW Norway): constraints for Pb
diffusion in zircon. Journal of Metamorphic Geology 20, 727-740.

Nelson, D.R., 2001. An assessment of the determination of depositional ages for
Precambrian clastic sedimentary rocks by U-Pb dating of detrital zircon.
Sedimentary Geology 141-142, 37-60.

Newton, R.C., Charlu, T.V.,, Kleppa, O.J., 1980. Thermochemistry of the high
structural state plagioclases. Geochimica et Cosmochimica Acta 44, 933-941.
Pattison, D.R.M., 2003. Petrogenetic significance of orthopyroxene-free garnet +
clinopyroxene + plagioclase = quartz-bearing metabasites with respect to the

amphibolite and granulite facies. Journal of metamorphic Geology 21, 21-34.

Pearce, J.A., Peate D.W., 1995. Tectonic implications of the composition of volcanic

arc magmas. Annual Review of Earth and Planetary Sciences 23, 251-285.

Plank, T., Langmuir, C.H., 1998. The chemical composition of subducting sediment:

30



938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970

implications for the crust and mantle. Chemical Geology 145, 325-394.

Proyer, A., Rolfo, F., Castelli, D., Compagnoni, R., 2014. Diffusion-controlled
metamorphic reaction textures in an ultrahigh-pressure impure calcite marble
from Dabie Shan, China. European Journal of Mineralogy 26, 25—40.

Rainbird, R.H., Hamilton, M.A., Young, GM., 2001. Detrital zircon geochronology
and provenance of the Torridonian, NW Scotland. Journal of the Geological
Society, London 158, 15-27.

Rubatto, D., Gebauer, D., Compagnoni, R., 1999. Dating of eclogite-facies zircons:
the age of Alpine metamorphism in the Sesia-Lanzo zone (western Alps). Earth
and Planetary Science Letters 167, 141-158.

Rubatto, D., Williams, L.S., Buick, L.S., 2001, Zircon and monazite response to
prograde metamorphism in the Reynolds Range, central Australia. Contributions
to Mineralogy and Petrology 140, 458—468.

Rubatto, D., 2002. Zircon trace element geochemistry: partitioning with garnet and
the link between U-Pb ages and metamorphism. Chemical Geology 184,
123-138.

Sawyer, E.W., 2010. Migmatites formed by water-fluxed partial melting of a
leucogranodiorite protolith: Microstructures in the residual rocks and source of
the fluid. Lithos 116, 273-286.

Sawyer, E.W., Cesare, B., Brown, M., 2011. When the continental crust melts.
Elements 7, 227-232.

Song, B., Nutman, A.P., Liu, D.Y., Wu, J.S., 1996. 3800 to 2500 Ma crustal evolution
in the Anshan area of Liaoning Province, northeastern China. Precambrian
Research 78, 79-94.

Sun, S.S., McDonough, W.F., 1989. Chemical and isotopic systematic of oceanic
basalts: implications for mantle composition and process. In: Saunders, A.D.,
Norry, M.J. (Eds.), Magmatism in the Ocean Basin. Geological Society of
London, London, pp. 313-345.

Tajcmanova, L., Connolly, J.A.D., Cesare, B., 2009. A thermodynamic model for
titanium and ferric iron solution in biotite. Journal of Metamorphic Geology 27,
153-164.

Tam, P.Y., Zhao, GC., Liu, F.L., Zhou, X.W., Sun, M., Li, S.Z., 2011. Timing of
metamorphism in the Paleoproterozoic Jiao-Liao-Ji Belt: New SHRIMP U-Pb

31



971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004

zircon dating of granulites, gneisses and marbles of the Jiaobei massif in the
North China Craton. Gondwana Research 19, 150-162.

Tang, J., Zheng, Y.-F., Wu, Y.-B., Gong, B., 2006. Zircon SHRIMP U-Pb dating, C
and O isotopes for impure marbles from the Jiaobei terrane in the Sulu orogen:
Implication for tectonic affinity. Precambrian Research 144, 1-18.

Tang, J., Zheng, Y.-F., Wu, Y., Gong, B., Liu, X., 2007. Geochronology and
geochemistry of metamorphic rocks in the Jiaobei terrane: Constraints on its
tectonic affinity in the Sulu orogen. Precambrian Research 152, 48—82.

Tatsumi, Y., Hamilton, D.L., Nesbitt, R.W., 1986. Chemical characteristics of fluid
phase released from a subducted lithosphere and origin of arc magmas: Evidence
from high pressure experiments and natural rocks. Journal of Volcanology and
Geothermal Research 29, 293-309.

Timms, N.E., Kinny, P.D., Reddy, S.M., Evans, K., Clark, C., Healy, D., 2011.
Relationship among titanium, rare earth elements, U-Pb ages and deformation
microstructures in zircon: Implications for Ti-in-zircon thermometry. Chemical
Geology 280, 3346.

Tu, YJ., 1994. On the late Archean TTG-gneiss in the northern Jianghuai area.
Geology of Anhui 4 (4), 15-23 (in Chinese with English abstract).

Vernon, R.H., Collins, W.J., 1988. Igneous microstructures in migmatites. Geology 16,
1126-1129.

Vigouroux, N., Wallace, PJ., Williams-Jones, G, Kelley, K., Kent, A.J.R,
Williams-Jones, A.E., 2012. The sources of volatile and fluid-mobile elements in
the Sunda arc: a melt inclusion study from Kawah Ijen and Tambora volcanoes,
Indonesia. Geochemistry  Geophysics Geosystems, 13, Q09015,
http://dx.doi.org/10.1029/2012GC004192.

Wan, Y.S., Wilde, S.M., Liu, D.Y., Yang, C.X., Song, B., Yin, X.Y., 2006. Further

evidence for ~1.85 Ga metamorphism in the Central Zone of the North China
Craton: SHRIMP U-Pb dating of zircon from metamorphic rocks in the Lushan
area, Henan Province. Gondwana Research 9, 189-197.

Wan, Y.S., Dong, C.Y., Wang, W., Xie, H.Q., Liu, D.Y., 2010. Archean basement and
a Paleoproterozoic collision orogen in the Huoqiu area at the southeastern margin
of North China Craton: evidence from sensitive high resolution ion micro-probe
U-Pb zircon geochronology. Acta Geologica Sinica 84, 91-104.

Wan, Y.S., Liu, D.Y., Wang, S.J., Yang, E.X., Wang, W., Dong, C.Y., Zhou, H.Y., Du,

32



1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038

L.L., Yang, Y.H., Diwu, C.R., 2011. ~ 2.7 Ga juvenile crust formation in the
North China Craton (Taishan-Xintai area, western Shandong Province): Further
evidence of an understated event from U-Pb dating and Hf isotopic composition
of zircon. Precambrian Research 186, 169—180.

Wan, Y., Xie, S., Yang, C., Kroner, A., Ma, M., Dong, C., Du, L., Xie, H., Liu, D.,
2014. Early Neoarchean (~2.7 Ga) tectono-thermal events in the NorthChina
Craton: A synthesis. Precambrian Research 247, 45-63.

Wang, A.D., Liu, Y.-C., Gu, X.F,, Li, S.G, Xie, H.Q., 2009. Zircon SHRIMP U-Pb
dating for garnet-bearing gneissic granite at Laoshan, Bengbu: implications for
recycling of the subducted continental crust of the South China Block. Journal of
Mineralogy and Petrology 29(2), 38—43 (in Chinese with English abstract).

Wang, A., Liu, Y.-C., Gu, X., Hou, Z., Song, B., 2012. Late-Neoarchean magmatism
and metamorphism at the southeastern margin of the North China Craton and
their tectonic implications. Precambrian Research 220-221, 65-79.

Wang, A., Liu, Y.-C., Santosh, M., Gu, X., 2013. Zircon U-Pb geochronology,
geochemistry and Sr—Nd-Pb isotopes from the metamorphic basement in the
Wuhe Complex: implications for Neoarchean continental margin along the
southeastern North China Craton and constrains on the petrogenesis of Mesozoic
granitoids. Geoscience Frontiers 4, 57-71.

Watson, E.B., 1996. Dissolution, growth and survival of zircons during crustal fusion:
kinetic principles, geological models and implications for isotopic inheritance.
Transactions of the Royal Society of Edinburgh: Earth Sciences 87, 43-56.

Watson, E.B., Harrison, T.M., 2005. Zircon thermometer reveals minimum melting
conditions on earliest earth. Science 308, 841-844.

Wei, C.J., Powell, R., 2003. Phase relations in high-pressure metapelites in the system
KFMASH (K20-FeO-MgO-Al203-S102-H20) with application to natural rocks.
Contributions to Mineralogy and Petrology 145,301-315.

White, R.W., Powell, R., Phillips, GN., 2003. A mineral equilibria study of the
hydrothermal alteration in mafic greenschist facies rocks at Kalgoorlie, Western
Australia. Journal of Metamorphic Geology 21, 455—-468.

Whitehouse, M.J., Platt, J.P.,, 2003. Dating high-grade metamorphism—constraints
from rare-earth elements in zircons and garnet. Contributions to Mineralogy and
Petrology 145, 61-74.

Whitney, D.L., Evans, B.W., 2010. Abbreviations for names of rock-forming minerals.

33



1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071

American Mineralogist 95, 185-187.

Wilde, S.A., Valley, J.W., Peck, W.H., Graham, C.M., 2001. Evidence from detrital
zircons for the existence of continental crust and oceans on the Earth 4.4 Gyr ago.
Nature 409,175-178.

Wilde, S.A., Zhao, GC., Sun, M., 2002. Development of the North China Craton
during the Late Archean and its final amalgamation at 1.8 Ga; some speculations
on its position within a global Paleoproterozoic Supercontinent. Gondwana
Research 5, 85-94.

Williams, LS., 1998. U-Th—-Pb geochronology by ion microprobe. Reviews in
Economic Geology 7, 1- 35.

Wu, E.Y., Zhao, G.C., Wilde, S.A., Sun, D.Y., 2005. Nd isotopic constraints on crustal
formation in the North China Craton. Journal of Asian Earth Sciences 24,

523-545.

Wu, F.Y., Zhang, Y.B., Yang, J.H., Xie, L.W., Yang, Y.H., 2008. Zircon U-Pb and Hf
isotopic constraints on the Early Archean crustal evolution in Anshan of the North
China Craton. Precambrian Research 167, 339-362.

Xu, W., Wang, Q., Yang, D., Liu, X., Guo, J., 2005. SHRIMP zircon U-Pb dating in
Jingshan “migmatitic granite”, Bengbu and its geological significance. Science in
China Series D—Earth Sciences, 48, 185-191.

Xu, W.L., Gao, S., Wang, Q., Wang, D., Liu, Y., 2006a. Mesozoic crustal thickening
of the eastern North China craton: Evidence from eclogite xenoliths and
petrologic implications. Geology 34, 721-724.

Xu, W.L., Yang, D.B., Pei, F.P,, Yang, C.H., Liu, X.M., Hu, Z.C., 2006b. Age of the
Wuhe complex in the Bengbu uplift: evidence from LA-ICP-MS zircon U-Pb
dating. Geology in China 33, 132—137 (in Chinese with English abstract).

Yang, D.B., Xu, W.L., Wang, Q.H., Pei, F.P., 2010. Chronology and geochemistry of
Mesozoic granitoids in the Bengbu area, central China: Constraints on the
tectonic evolution of the eastern North China Craton. Lithos 114, 200-216.

Yang, X., Wang, B, Du, Z., Wang, Q., Wang, Y., Tu, Z., Zhang, W., Sun, W., 2012. On
the metamorphism of the Huoqiu Group, forming ages and mechanism of BIF
and iron deposit in the Huoqiu region, southern margin of the North China craton.
Acta Petrologica Sinica 28, 34763496 (in Chinese with English abstract).

Yuan, H.-L., Gao, S., Liu, X.-M., Li, H.-M., Gunther, D., Wu, F.-Y., 2004. Accurate

34



1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104

U-Pb age and trace element determinations of =zircon by laser
ablation-inductively coupled plasma mass spectrometry. Geostandards and
Geoanalytical Research 28, 353—-370.

Zhai, M.G,, Bian, A.G., Zhao, T.P., 2000. The amalgamation of the supercontinent of
North China craton at the end of the Neoarchaean, and its break-up during the late
Palaeoproterozoic and Mesoproterozoic. Science in China (Series D) 43
(Supplement), 219-232.

Zhai, M.G,, Liu, W.J., 2003. Palaeoproterozoic tectonic history of the North China
Craton: a review. Precambrian Research 122, 183-99.

Zhai, M.G,, Guo, J.H., Liu, W.J., 2005. Neoarchean to Paleoproterozoic continental
evolution and tectonic history of the North China Craton. Journal of Asian Earth
Sciences 24, 547-561.

Zhai, M., Santosh, M., 2011. The early Precambrian odyssey of the North China
Craton: a synoptic overview. Gondwana Research 20, 6-25.

Zhang, H.F., Ying, J.F., Santosh, M., Zhao, G.C., 2012. Episodic growth of
Precambrian lower crust beneath the North China Craton: A synthesis.
Precambrian Research 222— 223, 255-264.

Zhao, G.C., Cawood, P.A., Wilde, S.A., Sun, M., Lu, L., 2000. Metamorphism of
basement rocks in the Central Zone of the North China craton: implications for
Palaeoproterozoic tectonic evolution. Precambrian Research 103, 55-88.

Zhao, G., Cawood, P. A., Wilde, S. A., Lu, L., 2001. High-pressure granulites
(Retrograded Eclogites) from the Hengshan Complex, North China Craton:
petrology and tectonic implications. Journal of Petrology 42, 1141-1170.

Zhao, G.C., Sun, M., Wilde, S.A., Li, S.Z., 2005. Neoarchaean to Palacoproterozoic
evolution of the North China Craton: key issues revisited. Precambrian Research
136, 177-202.

Zheng, J., Sun, M., Lu, F., Pearson, N., 2003. Mesozoic lower crustal xenoliths and
their significance in lithospheric evolution beneath the Sino-Korean Craton.
Tectonophysics 361, 37-60.

Zheng, J.P., Griffin, W.L., O’Reilly, S.Y., Lu, F.X., 2004. 3.6 Ga lower crust in central
China: new evidence on the assembly of the North China Craton. Geology 32,
229-232.

35



1105

1106

1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130

1131
1132

1133
1134
1135
1136
1137
1138

Figure captions

Figure 1 (a). Geological sketch map of the Qinling - Dabie - Sulu collision zone and
adjacent portions of the North China Craton (modified after Xu et al., 2006a). (b).
Geological sketch map of the Bengbu area. The inset shows the major tectonic
division of China. YZ: Yangtze Craton; SC: South China Orogen. Also shown are the
tectonic subdivisions of the North China Craton (Zhao et al., 2005), where WB,
TNCO and EB denote the Western Block, Trans-North China Orogen and Eastern
Block, respectively.

Figure 2 Field occurrence of garnet amphibolite lens within marble (a) and impure
marble with thin black layering (b) in the Wuhe complex of the Precambrian

metamorphic basement at Fengyang.

Figure 3 Photomicrographs of impure marbles from the Wuhe complex at Fengyang
in southeastern margin of the North China Craton. (a) Clinopyroxene + calcite +
titanite + K-feldspar + quartz assemblage (sample 12FY1-1), plane-polarized light
(PPL); (b) same view of (a) with microcline underlined by “tartan” twinning,
cross-polarized light (CPL); (c) Plagioclase inclusion in clinopyroxene and calcite
inclusion in hornblende (sample 12FY1-1), PPL; (d) Clinopyroxene partially replaced
by hornblende at its rim (sample 12FY1-2), PPL; (e) Calcite and white mica
porphyroclasts (sample 12FY2), PPL; (f) Tourmaline + calcite + titanite + hornblende
assemblage and calcite porphyroblasts surrounded by fine-grained secondary calcite
(sample 12FY3-1), PPL; (g) Clinopyroxene + calcite + titanite assemblage and calcite
porphyroblasts surrounded by fine-grained aggregates of secondary calcite with
evidence of deformation (sample 12FY3-1), PPL; (h) Foliation defined by oriented
calcite and white mica porphyroclasts (sample 12FY4), PPL.

Figure 4 Back scattered clectron (BSE) images showing characteristic mineral
textures. (a) Plagioclase with quartz inclusions surrounded by a thin rim of K-feldspar
in clinopyroxene, sample 12FY1-1; (b) K-feldspar + limonite + barite + epidote +
Plagioclase + calcite assemblage, sample 12FY1-1; (c) K-feldspar porphyroblast with
Ba-rich Kfs and Qz rim, sample 12FY2; (d) K-feldspar porphyroblast with
replacement of Ba-rich Kfs, Qz and Mus, sample 12FY2; (e) K-feldspar
porphyroblast with replacement of Ba-rich Kfs, Pl and Qz, sample 12FY3-1; (f)
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Plagioclase porphyroblast with replacement of Kfs and Ep, sample 12FY3-1.

Figure 5 Cathodoluminescene (CL) images (a, b, d, f, h, j and 1) and plane-polarized
light (PL) images (c, e, g, 1 and k) of zircons from sample 12FY1-1. Zircons (b) and
(¢), (d) and (e), (f) and (g), (h) and (i), and (j) and (k) are the same grain, respectively.

The open circles are spot analysis with available 2°°Pb/>*3U ages.

Figure 6 Cathodoluminescene (CL) images (a, c—f and h) and plane-polarized light
(PL) images (b, g and 1) of zircons from sample 12FY1-1. Zircons (a) and (b), (f) and
(g), and (h) and (i) are the same grain, respectively. The open circles are spot analysis

with available 2°°Pb/?*8U ages.

Figure 7 Chondrite-normalized REE patterns of zircons from samples 12FY1-1 (a)
and 12FY4 (b). Black and red solid circles denote metamorphic overgrowth rim and
igneous core domains of zircon, respectively; red open circles denote recrystallized

zircons. Chondrite values are after Sun & McDonough (1989).

Figure 8 Representative Raman spectra of mineral inclusions in zircon from sample
12FY1-1. (a) Calcite; (b) white mica; (c) plagioclase; (d) clinopyroxene and calcite; (e)
quartz; (f) rutile. These spectra also contain host zircon peaks at 201, 224-227,
354-358, 438-439, 972-975 and 1010 cm ..

Figure 9 Representative Raman spectra of mineral inclusions in zircon from sample
12FY4. (a) Calcite; (b) plagioclase and quartz; (c) clinopyroxene; (d) biotite and
clinopyroxene; () white mica and graphite; (f) rutile and graphite. These spectra also
contain host zircon peaks at 201-204, 223-227, 353-359, 437-441, 972-976 and
1000-1010 cm ™.

Figure 10 (a) Isobaric T-X(CO2) pseudosection for Type 1 marbles (bulk composition
12FY1-2), calculated at P = 15 kbar in the NKCMAST-HC system. White, light-,
medium- and dark-grey fields are di-, tri-, quadri- and quini-variant fields,
respectively. The peak assemblage field is reported in red; mineral phases observed as
inclusions in zircon rims are reported in italic. The two white dashed arrows are

internally buffered T-X(CO2) paths compatible with both the observed peak
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assemblage and the observed mineral inclusions within zircon rims. (b) Stability fields
of quartz, clinopyroxene, rutile and white mica as predicted by the T-X(CO2)
pseudosection reported in (a); the colored dotted lines are the phase-in boundaries,
and the arrows point in the direction of increasing modal amount for each phase.
These minerals are observed as inclusions within the metamorphic zircon rims; their
predicted stability fields are consistent with the independently estimated Ti-in-zircon

temperatures (i.e. zircon growth occurred in the presence of these mineral phases).

Figure 11 (a) Isobaric T-X(COz2) pseudosection for Type 2 marbles (bulk composition
12FY3), calculated at P = 15 kbar in the NKCMAST-HC system. White, light-,
medium-, dark- and very dark-grey fields are di-, tri-, quadri-, quini-and esa-variant
fields, respectively. The peak assemblage field is reported in red; mineral phases
observed as inclusions in zircon rims are reported in italic. The two white dashed
arrows are internally buffered T-X(CO2) paths compatible with both the observed
peak assemblage and the observed mineral inclusions within zircon rims. (b) Stability
fields of quartz, clinopyroxene, rutile, biotite and white mica as predicted by the
T-X(COz2) pseudosection reported in (a); the colored dotted lines are the phase-in
boundaries, and the arrows point in the direction of increasing modal amount for each
phase. These mineral phases are observed as inclusions within the metamorphic
zircon rims; their predicted stability fields are consistent with the independently
estimated Ti-in-zircon temperatures (i.e. zircon growth occurred in the presence of

these mineral phases).

Figure 12 Zircon SHRIMP U-Pb dating for impure marbles from Bengbu. (a) Sample
12FY1-1 and (b) Sample 12FY4. Purple, red and black symbols denote U-Pb data

from inherited, primary igneous and metamorphic domains of zircon, respectively.

Figure 13 Chondrite-normalized rare earth element patterns for the studied impure
marbles. Normalization values are from Sun & McDonough (1989). Red and black
symbols denote Type 1 and Type 2 samples, respectively. See the text for detailed

explanation.

Figure 14 Primitive-mantle-normalized spider patterns for the studied impure marbles.

Normalization values are from Sun & McDonough (1989). The symbols are the same
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as Figure 13.

Supplementary Fig. 1 (a) Isobaric T-X(COz2) pseudosection for Type 1 marbles (bulk
composition 12FY1-2), calculated at P = 10 kbar in the NKCMAST-HC system.
White, light-, medium- and dark-grey fields as in Fig. 10. The peak assemblage field
is reported in red; mineral phases observed as inclusions in zircon rims are reported in
italic. (b) Stability fields of quartz, clinopyroxene, rutile and white mica as predicted
by the T-X(CO:2) pseudosection reported in (a); the colored dotted lines are the
phase-in boundaries, and the arrows point in the direction of increasing modal amount
for each phase. These mineral phases are observed as inclusions within the
metamorphic zircon rims; their predicted stability fields are not consistent with the
independently estimated Ti-in-zircon temperatures (i.e. zircon growth occurred

outside the stability field of white mica and rutile).

Supplementary Fig. 2 (a) Isobaric T-X(COz2) pseudosection for Type 2 marbles (bulk
composition 12FY3), calculated at P = 15 kbar in the NKCMAST-HC system. White,
light-, medium-, dark- and very dark-grey fields as in Fig. 11. The peak assemblage
field is reported in red; mineral phases observed as inclusions in zircon rims are
reported in italic. (b) Stability fields of quartz, clinopyroxene, rutile, biotite and white
mica as predicted by the T-X(COz2) pseudosection reported in (a) ); the colored dotted
lines are the phase-in boundaries, and the arrows point in the direction of increasing
modal amount for each phase. These mineral phases are observed as inclusions within
the metamorphic zircon rims; their predicted stability fields are not consistent with the
independently estimated Ti-in-zircon temperatures (i.e. zircon growth occurred

outside the stability field of white mica and rutile).
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