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Abstract

Middle Neoproterozoic carbonates are found in the western part of Shandong Pennisula (i.e., the Jiaobei terrane) that is located
in the northwestern part of the Sulu orogen in east-central China. For the first time, a successful SHRIMP U–Pb dating, coupled
with CL imaging, was conducted on two samples of impure marble from the Fenzishan Group in this tectonic unit. The results
yield consistent ages of 786± 67 and 240± 44 Ma for igneous and metamorphic zircons, respectively. Positive�13C values as high
as +5.6‰ are measured for both pure and impure marbles, consistent not only with the worldwide Neoproterozoic limestones in
connection with the Sturtian ice-age, but also with the marbles associated with UHP metamorphic eclogites in the Dabie orogen.
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O isotope fractionation between calcite and garnet from one sample gave a temperature of 680C, pointing to upper amphibolite-
facies metamorphic conditions. These results indicate that protolith of the marbles is a kind of limestone that was synchro
deposited with volcaniclastic rocks in the mid-Neoproterozoic rift basin of continental margin. Like the UHP metamorphic
in the Dabie-Sulu orogenic belt, both mid-Neoproterozoic magmatism and Triassic metamorphism are recorded in the
marbles. Therefore, protolith of the impure marbles corresponds to the sedimentary limestone of rift basin developed dur
mid-Neoproterozoic breakup of supercontinent Rodinia, but it was the sedimentary cover along the northern margin of the
China Block prior to its Triassic subduction. The occurrence of the mid-Neoproterozoic limestone with the Triassic metamor
in the southern margin of the North China Block thus indicates tectonic overthrust by a crustal detachment between the sedi
cover and the Precambrian basement during the continent subduction. As a result, the marbles in affinity to the South Chin
were northward thrusted over the basement of the North China Block.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Since the first successful Pb–Pb dating of stro
matolitic limestone byMoorbath et al. (1987), many
attempts to date carbonate rocks of Archean to Mes
zoic ages by the Pb–Pb and U–Pb isochron metho
have yielded significant results (Moorbath et al., 1987;
Jahn, 1988; Jahn et al., 1990; Taylor and Kalsbeek, 199
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Jahn and Cuvellier, 1994; Woodhead and Hergt, 1997;
Wang et al., 1998; F̈olling et al., 2000). Despite rela-
tively large age uncertainties compared to zircon dating,
the application of carbonate Pb–Pb and U–Pb chronol-
ogy has made an important contribution to the dating
of primary deposition of limestone or metamorphism
of marble. The validity of carbonate U–Pb and Pb–Pb
ages rests upon the close-system behavior of U and Pb.
Since the U–Pb isotopic system in carbonate rocks some-
times can be disturbed during diagenesis or retrograde
metamorphism, the aberrant ages have been obtained
occasionally. Therefore, the carbonate U–Pb or Pb–Pb
ages alone do not always provide a definite geologi-
cal meaning, thus a multi-chronometric approach has
to be taken for any critical age determination (Jahn and
Cuvellier, 1994).

Impure carbonate rocks sometimes contain detrital
zircons which deposit synchronously with carbonate
rocks. Because the behavior of U and Pb in zircon is more
inert than that in carbonate rock, the U–Pb dating on
the detrital zircons can provide reliable geochronological
constrains on the deposition timing for impure carbonate
rocks. Furthermore, the detrital zircons could experi-
ence recrystallization or overgrowth when the impure
carbonate rocks underwent high-grade metamorphism,
the U–Pb dating on such metamorphic zircons can pro-
vide metamorphic age for impure marble. On the other
hand, C isotope composition of sedimentary and meta-
morphic carbonates can be used to reconstruct their
deposition environments and tectonic affinity if no sig-

inal

signatures. In this study, a combination of the above two
approaches is attempted for the case of impure marbles
from the western part of Shandong Pennisula (i.e., the
Jiaobei terrane) in the Sulu orogen, east-central China.
The results provide insight not only into their protolith
nature and metamorphic event in a collisional orogenic
belt, but also into tectonic overthrust by a crustal detach-
ment between cover and basement during continent
subduction.

2. Geological settings and samples

The Jiaobei terrane is bounded to the northwest by
the Tanlu fault, to the south by the Jiaolai Basin, and to
the southeast by the Wulian-Yantai fault that marks the
northern margin of the ultrahigh-pressure (UHP) meta-
morphic zone in the Sulu orogen (Fig. 1a). It mainly
consists of Precambrian basement (TTG gneisses and
metasedimentary covers) as well as Mesozoic granitoids
and volcanics (Fig. 1b). The metasedimentary covers
are categorized into two sequences, the Paleoprotero-
zoic Fenzishan Group and the Neoproterozoic Penglai
Group (Faure et al., 2003). However, the precise loca-
tion for the Wulian-Yantai fault in the middle part of the
Shandong Peninsula is controversial due to the intensive
overprint by the Mesozoic tectono-magmatism (Wallis
et al., 1999; Zhai et al., 2000). A great deal of tectonic,
petrological and geochronological studies have demon-
strated that protolith of the UHP metamorphic rocks in
the Sulu orogen is responsible for igneous and sedimen-
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Fig. 1. Sketch geological map of the Sulu orogen in the
tary rocks in the northern margin of the South Ch

ong Peninsula (a) and the Jiaobei terrane (b) with sample locali
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Block (SCB), with middle Neoproterozoic ages for the
protolith of UHP metaigneous rocks (Zheng et al., 2003,
2004, 2005). Triassic UHP metamorphic event has been
well established for both metaigneous and metasedimen-
tary rocks in the Dabie-Sulu orogenic belt (Ames et al.,
1996; Hacker et al., 1998; Li et al., 1999; Zheng et al.,
2003). Early Cretaceous magmatism of ultramafic to fel-
sic compositions is also recognized in this orogenic belt
(Cong, 1996; Liou et al., 1996; Zhao et al., 2004, 2005).

The Precambrian basement in Jiaobei mainly con-
sists of Neoarchean-Paleoproterozoic TTG gneisses,
Paleoproterozoic Fenzishan Group and Neoproterozoic
(Nanhua-Sinian) Penglai Group. The TTG gneisses are
situated in the center region of Jiaobei terrane. Pro-
tolith of the TTG gneisses are dated by the TIMS zircon
U–Pb methods to be emplaced at 1.9–2.7 Ga (Wang
and An, 1996; Lu, 1998), while their metamorphic tim-
ing of amphibolite-facies to granulite-facies is about
1.7–1.8 Ga in terms of Sm–Nd and Ar–Ar dating (Zhai
et al., 2000; Faure et al., 2003). Therefore, the Jiaobei
terrane geotectonically belongs to the southern edge of
the North China Block (NCB) that is characterized by the
absence of mid-Neopproterozoic igneous rocks (Hacker
et al., 1998; Wan and Zeng, 2002; Wu et al., 2004).

The Fenzishan Group, which is distributed in the
southern and northern peripheries of Jiaobei terrane,
uncomformably lies on the TTG gneisses. It mainly
consists of paragneisses, schists, amphibolites and mar-
bles. The sedimentary environments for the Fenzishan
Group are littoral facies to shallow-sea facies with sev-
e
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lies on the TTG gneisses or the Fenzishan Group, and
it mainly consists of crystalline limestones, slates and
quartzites that only experienced lower greenschist-facies
deformation-metamorphism (Faure et al., 2001, 2003).

The Fenzishan Group in the Nanshu and Lugezhuang
areas is composed of sillimanite-garnet-bearing biotite
schists, sillimanite-garnet-bearing biotite paragneisses,
garnet-cordierite paragneisses, and marbles. The marble
layers that are 300–500 m in thickness were subjected
to intensive deformation and were locally truncated
by faults (Shandong, 1991). The marbles are located
northeast of the Wulian-Yantai fault in tens of kilo-
meters (Fig. 1) and occur as both pure and impure
ones in these two areas that are normally classified as
the Zhanggezhuang Formation of the Fenzishan Group
(equivalent to the Lugezhuang Formation of the Jinshan
Group) (Wang, 1995).

Carbonate minerals in the pure marbles are calcite
and dolomite, with calcite content exceeding 80%. The
impure marbles contain variable amount of silicate min-
erals which include olivine, clinopyroxene, garnet, mus-
covite and serpentine (Fig. 2), with minor amounts of
zircon, magnetite, pyrite and pyrrhotite. The mineral
contents in marbles are listed inTable 1. Microscope
observations indicate that the silicate minerals are basi-
cally of metamorphic genesis (Fig. 2). The olivine occurs
in two forms, one is the granular crystal that has almost
replaced by serpentine (Fig. 2a), and the other is the
banded aggregate that underwent relatively weak ser-
pentinization (Fig. 2b). Relicts of clinopyroxene and
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001, 2004b). The Penglai Group also uncomforma

able 1
ineral content (wt.%) for marbles from the Jiaobei terrane in th

ample number Rock type Locality Cc

2SD06a Marble Nanshu 80–85
2SD07b Impure marble Nanshu 36
2SD08a Marble Nanshu 80–85
4SD07b Impure marble Nanshu 48
4SD08a Olivine aggregate Nanshu
4SD11a Impure marble Nanshu 55–60
2SD16b Impure marble Lugezhuang 41
2SD17a Marble Lugezhuang 80–85

bbreviations: Cc, calcite; Cpx, clinopyroxene; Dol, dolomite; G
a Content estimated in thin section.
b Content calculated by CIPW method (relevant major elemen
us (2K2O·8Al2O3·8SiO2·H2O); (2) excess Al2O3 is partitioned into

4) excess MgO is partitioned into Dol (CaO·MgO·2CO2); (5) exces
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t; Mus, muscovite; Mt, magnetite; Py, pyrite; Pyr, pyrrhotite; Ol,e.

s are listed inTable 2) in following procedures: (1) K2O is partitioned into
aO·Al2O3·3SiO2); (3) excess SiO2 is partitioned into Ol (2MgO·SiO2);
is partitioned into Cc (CaO·CO2).
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Fig. 2. Photomicrograph (polarized light) of impure marble at Nanshu in the Jiaobei terrane. (a) Sample 02SD07: serpentine pseudomorph after
olivine which occurred as granular crystal in the impure marbles. (b) Sample 04SD08: cataclastic texture within banded olivine aggregate, serpentine
occurred only along the cracks in olivine aggregate. (c) Sample 02SD07: clinopyroxene relict with cleavage that occurred as granular crystal in
the impure marbles and surrounded by secondary serpentine. (d) Sample 04SD07: clinopyroxene relict with cleavage that occurred as granular
crystal in the impure marbles and was replaced by muscovite in the margin, suggesting fluid activity during retrograde metamorphism. (e) Sample
02SD07: relicts of garnet and olivine within serpentine. (f) Sample 02SD07: muscovite that replaced clinopyroxene in the margin has curved plane of
cleavage and undulatory extinction, suggesting intensive deformation. Abbreviations: Cc, calcite; Cpx, clinopyroxene; Gt, garnet; Mus, muscovite;
Ol, olivine; Sep, serpentine.

micro-texture characteristics of the impure marbles in
question are shown inFig. 2.

3. Analytical methods

Mineral separation was conducted at Institute of
Geochemical and Geophysical Prospecting of Hebei
province at Langfang city, by using a combination of
magnetic, heavy liquid, and hand-picking techniques
which ensure the separate purity better than 98%. The
zircons were picked up under binocular microscope for
cathodoluminescence (CL) imaging and U–Pb dating.
They are colorless, transparent, and have no fracture and
mineral inclusion. Whole-rock powder (200 meshes) of

marbles for major and trace element, C and O isotope
analyses is processed in agate mortars in order to mini-
mize potential contamination.

Major element oxides and trace elements analyses
were carried out at the Guangzhou Institute of Geo-
chemistry, using a Varian Vista PRO ICP-AES for major
element oxides and a Perkin-Elmer Sciex ELAN 6000
ICP-MS for trace elements. Analytical procedures for
major element analysis using ICP-AES are similar to
those described byRamsey et al. (1995), and the ana-
lytical precisions for major element oxides are better
than 1–2% (Li et al., 2003). Analytical procedures for
trace element analysis using ICP-MS are similar to those
described byLi (1997), and the analytical precisions for
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Table 2
Major and trace element compositions for impure marbles from the Jiaobei terrane in the Sulu orogen

Sample number 02SD07 02SD16 04SD07

Rock type Whole-rock Silicates Whole-rock Silicates Whole-rock Silicates

SiO2 13.11 42.37 13.10 41.93 17.63 41.07
TiO2 0.02 0.06 0.01 0.03 0.03 0.07
Al2O3 0.93 3.01 0.71 2.27 1.58 3.68
Fe2O3 0.01 0.03 0.44 1.41 0.62 1.44
FeO Trace Trace Trace
MnO 0.01 0.03 0.01 0.03 0.01 0.02
MgO 22.67 49.42 21.46 50.55 23.21 51.45
CaO 30.32 4.95 30.77 3.74 29.06 1.57
Na2O 0.03 0.10 0.00 0.00 0.03 0.07
K2O 0.00 0.00 0.00 0.00 0.25 0.58
P2O5 0.01 0.03 0.01 0.03 0.02 0.05

L.O.I. 32.78 33.86 27.68
Total 99.87 100.00 100.37 100.00 100.12 100.00

Trace element (ppm)
Cs 0.026 0.035 0.532
Rb 0.241 0.236 7.961
Ba 65.16 183.5 56.87
Th 0.454 0.646 7.089
U 0.166 0.183 0.997
Nb 0.133 0.034 1.138
Ta 0.011 0.002 0.074
Sr 129.5 101.1 182.4
P 43.66 43.66 87.32
Zr 7.84 1.478 6.921
Hf 0.255 0.042 0.176
Y 1.416 1.539 4.345

REE (ppm)
La 4.369 1.922 12.52
Ce 7.522 4.024 22.19
Pr 0.803 0.483 2.564
Nd 2.532 1.66 8.566
Sm 0.379 0.319 1.333
Eu 0.053 0.064 0.234
Gd 0.27 0.238 0.977
Tb 0.043 0.047 0.153
Dy 0.24 0.26 0.84
Ho 0.044 0.059 0.162
Er 0.114 0.157 0.407
Tm 0.016 0.023 0.065
Yb 0.1 0.15 0.387
Lu 0.014 0.02 0.063
∑

REE 16.499 9.426 50.461
(La/Yb)N 31.34 9.19 23.21

Note: Major elements for silicates are recalculated after carbonates are extracted from whole-rock.

most of the trace elements are better than 2% (Li et al.,
2003). The analytical results are presented inTable 2.

The zircons from two impure marble samples in the
Nanshu area are separated for CL imaging and U–Pb
dating. The CL imaging was completed at the Institute
of Mineral Resource, Chinese Academy of Geological
Sciences at Beijing. Zircon U–Pb isotope dating was

accomplished by means of SHRIMP II at Beijing whose
instrumental conditions and data acquisition were gen-
erally described byCompston et al. (1992)andWilliams
(1998). The U–Pb isotope data were collected in sets of
five scans throughout the masses and a reference zircon
TEM (417 Ma) was analyzed every fourth analysis. The
measured U, Th and Pb abundances as well as Pb isotope



6 J. Tang et al. / Precambrian Research 144 (2006) 1–18

ratios were normalized using the reference zircon SL13
(572 Ma) values. Common Pb for the samples was cor-
rected using the measured204Pb, and errors are reported
with 1σ errors; error for the standard calibration was
0.33% (not included in above errors but required when
comparing data from different mounts). Common Pb iso-
tope compositions for both the reference TEM and the
samples are following the model ofStacey and Kramers
(1975)at 417 Ma. All the analyzed results are listed in
Table 3. The data were treated followingCompston et al.
(1992)with the ISOPLOT program ofLudwig (2001),
and places on the conventional Wetherwill-type Concor-
dia diagram in206Pb/238U versus207Pb/235U space.

The pure and impure marbles from both the Nanshu
and Lugezhung areas were analyzed by the phospho-
ric acid method for C and O isotopes. CO2 from calcite
was extracted by reaction with phosphoric acid at 25◦C
(McCrea, 1950). The selective acid extraction technique
proposed byAl-Aasm et al. (1990)was employed when
both calcite and dolomite coexisted. C and O isotopic
ratios were measured in a Delta+ mass spectrometer at
Hefei. The results are reported in the�13C notation rela-
tive to VPDB and the�18O notation relative to VSMOW.
The reproducibility of replicate analyses is better than
±0.1‰ for both�13C and�18O values. Two reference
materials of carbonate were used in the isotopic analyses,
with �13C =−6.06‰ and�18O = 5.99‰ for the National
Standard of China GBW04417, and�13C = 1.95‰ and
�18O = 28.59‰ for the International Standard NBS-19
(Zheng et al., 1998). The results are listed inTable 4.
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O isotope analysis of silicate and metal oxide f
impure marbles in the Nanshu area was conducte
the laser fluorination technique using a 25W MIR
CO2 laser at Hefei (Zheng et al., 2002). O2 was directly
transferred to the Delta+ mass spectrometer for the
surement of18O/16O and17O/16O ratios. O isotope da
are reported as parts per thousand differences (‰)
the reference standard VSMOW in the�18O notation
Two reference minerals were used:�18O = 5.8‰ for
UWG-2 garnet (Valley et al., 1995) and �18O = 5.2‰
for SCO-1 olivine (Eiler et al., 1996). Reproducibility
for repeated measurements of each standard on a
day was better than±0.1‰ (1σ) for �18O. The result
are also listed inTable 4.

4. Results

4.1. Major and trace elements

The major and trace element data for three im
marble samples, 02SD07 and 04SD07 from N
shu and 02SD16 from Lugezhuang, are presente
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Table 4
Oxygen and Carbon isotope compositions of mineral separates from marbles from the Jiaobei terrane in the Sulu orogen

Sample number Host rock Locality Mineral �18O (‰)
(VSMOW)

�13C(‰)
(VPDB)

Mineral
pair

O isotope
temperature
(◦C)

02SD06
Marble Nanshu Dolomite 14.31 1.00

Calcite 12.86 3.93 Dol–Cc Equilibrium

02SD07
Impure marble

Nanshu
Dolomite 20.20 2.30 Dol–Cc Equilibrium
Calcite 18.92 1.76 Cc–Gt 680
Garnet 15.82

02SD08 Marble Nanshu Calcite 13.13 −0.93

04SD07 Impure marble Nanshu
Calcite 19.32 1.08 Cc–Mus 165
Muscovite 14.27

04SD08 Olivine aggregate Nanshu Magnetite 7.45

04SD11 Impure marble Nanshu
Calcite 17.24 −0.23 Cc–Mus 280
Muscivite 13.37

02SD16 Impure marble Lugezhuang
Dolomite 18.60 4.18
Calcite 20.03 3.60 Dol–Cc Disequilibrium

02SD17 Marble Lugezhuang
Dolomite 23.44 5.56
Calcite 23.82 5.06 Dol–Cc Disequilibrium

Abbreviations: Cc, calcite; Dol, dolomite; Gt, garnet; Mus, muscovite.Note: Calculation of calcite–garnet or calcite–muscovite O isotope tempera-
tures is based on the calibration ofZheng (1993a,b); Equilibrium or disequilibrium judgement of dolomite–calcite O isotope fractionation is based
on the calibration ofZheng (1999).

Table 2. They are high in SiO2 (13.10–17.63%), MgO
(21.46–23.21%) and CaO (29.06–30.77%), but low
in Al2O3 (0.71–1.58%), Fe2O3 (0.01–0.62%), Na2O
(0.00–0.03%), K2O (0.00–0.25%), TiO2 (0.01–0.03%)
and P2O5 (0.01–0.02%). The calculated composition of
major elements for the impure materials (Table 2) within
the marbles suggests that they may be highly magne-
sian and moderately siliceous. Because of high mobility
for some elements during metamorphism and hydrother-
mal alteration, the observed composition of major ele-
ments may not truly represent their protolith limestone
or impure limestone. For example, the contents of FeO
for the impure marbles are extremely low, which can be
ascribed to significant Fe2+ loss during intensive serpen-
tinization for olivine (Bucher and Frey, 2002).

With respected to the composition of REE and trace
elements, the impure marbles generally have similar
REE partition patterns showing variable LREE enrich-
ment with (La/Yb)N of 9.19–31.34, weakly Eu nega-
tive anomaly and significant HREE depletion with gen-
tle slope (Fig. 3). This is somewhat similar to com-
monly observed patterns for sedimentary carbonates
(e.g.,Boulvais et al., 2000). On the primitive-mantle-
normalized spider diagram, the trace elements display
similar LILE-rich patterns with variable abundances,
significant positive anomalies in Th, U and Sr but pro-
nounced negative anomalies in Nb, Ta and Ti (Fig. 4).

In general, samples 02SD07, 02SD16 and 04SD07 are
similar in the composition of major and trace elements,
suggesting similar protoliths for the impure marbles at
Nanshu and Lugezhuang. Furthermore, 04SD07 that has
more silicate contents (Table 1) is relatively higher in
REE and trace elements (Table 2), indicating that the
observed REE and trace element patterns (Figs. 3 and 4,
respectively) are principally controlled by the presence
of silicate minerals within the impure marbles. How-

Fig. 3. Diagram of chondrite-normalized REE for impure marbles
from the Jiaobei terrane in the Sulu orogen. Chondrite values are after
Sun and McDonough (1989).
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Fig. 4. Diagram of primitive mantle-normalized trace elements for
impure marbles from the Jiaobei terrane in the Sulu orogen. Primitive
mantle values are afterSun and McDonough (1989).

ever, the positive Sr anomaly may be caused by mixing
between the silicate and carbonate minerals, and the vari-
able LILE abundances may be the result of metamorphic
disturbance.

4.2. Zircon U–Pb dating

Zircons from sample 02SD07 are generally colorless,
transparent, and anhedral to subhedral. Crystal lengths
range from ca. 80 to 150�m, with ratios of length/width
ranging from 1:1 to 2:1. CL imaging reveals that most
grains have clear core-rim structure (Fig. 5a). The cores
show oscillatory zoning, weakly zoning or patched zon-
ing, which are magmatic but have differently been mod-
ified by metamorphism. The rims exhibit no zoning or
cloudy zoning, and some have irregular boundaries trun-
cating the primary oscillatory zoning cores, which are
typical for metamorphic zircons. A few grains wholly
show similar internal structures as the rims, indicating
their metamorphic genesis.

A total of eight U–Pb isotope analyses were made
on seven zircons from sample 02SD07 (Fig. 6a), three
of which were on igneous zircons that clearly show
the magmatic zoning, and five of which were on meta-
morphic zircons that either suffered intensive recrys-
tallization or are new growth. The three igneous zir-
con spots give the207Pb/206Pb ages of 682± 160 to
763± 180 Ma with Th/U ratios of 0.62–0.90, the five
metamorphic zircon spots give the206Pb/238U ages of
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Zircons recovered from sample 04SD07 are light yel-
low, transparent and subhedral. The lengths of these
grains scatter between 80 and 200�m, with length/width
ratios of 1.5:1 to 2:1. In CL images, most grains
preserve oscillatory zoning, which is disrupted by
patched or weakly zoning domains with stronger bright-
ness that cut oscillatory zoning (Fig. 5b). Resorption
structures are preserved around some grains. These
results suggest that they are magmatic zircon and suf-
fered different degrees of metamorphic recrystalliza-
tion in the presence of fluid. Thin and not zoned
rims occasionally occur around some grains with dark
CL, which are interpreted as metamorphic domains.
A few broken grains show no zoning, which may
be inherited detrital zircons that suffered metamorphic
recrystallization.

A total of 10 U–Pb isotope analyses were made on
10 zircons from sample 04SD07 (Fig. 6b), eight of
which were on igneous zircons with magmatic zon-
ing, and two of which were on metamorphic zircons
with significant recrystallzation. As listed inTable 3,
six igneous zircon spots give the207Pb/206Pb ages of
703± 78 to 865± 78 Ma with Th/U ratios of 0.28–0.79,
and two igneous zircon spots give207Pb/206Pb ages
of 1399± 200 to 1591± 30 Ma with Th/U ratios of
0.52–0.85, and two metamorphic zircon spots give
the 206Pb/238U ages of 257± 9 to 374± 12 Ma with
Th/U ratios of 0.20–0.49. These 10 analysis spots
define two discordia chords inFig. 6b. The discor-
dia chord that has eight spots gives intercept ages
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218± 5 to 312± 6 Ma with Th/U ratios of 0.17–0.8
(Tang et al., 2004). As shown inFig. 6a, all eight spot
define a discordia chord which intercepts the conco
curve at 769± 48 and 215± 48 Ma (MSWD = 0.081)
respectively, corresponding to the Neoproterozoic c
tallization and the Triassic metamorphism.
of 813± 37 and 238± 75 Ma (MSWD = 3.4), respec
tively. The upper intercept age of 813± 37 Ma is
consistent with the weighted mean207Pb/206Pb age
of 767± 38 Ma (MSWD = 1.6) of the five concorda
spots within analytical error, suggesting the Neoprot
zoic crystallization for the igneous zircons. Meanwh
the lower intercept age of 238± 75 Ma is responsibl
for the Triassic metamorphism. The discordia ch
which has only three spots gives intercept age
1587± 32 and 249± 20 Ma (MSWD = 0.076), respe
tively (Fig. 6b). The upper intercept age of 1587± 32 Ma
is consistent with a concordant207Pb/206Pb spot-ag
of 1591± 30 Ma (spot 1.1 inTable 3) within ana-
lytical errors and is the best estimate for the c
tallization of Paleoproterozoic igneous zircon. L
U contents of 83–106 ppm are also associated
the two oldest zircons (Table 3), suggesting a dif
ferent population from the other zircons. The low
intercept age of 249± 20 Ma, consistent with the fo
mer lower intercept age within analytical errors,
also correspond to the same Triassic metamor
overprint.
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Fig. 5. CL images and U–Pb ages for zircons from impure marble at Nanshu in the Jiaobei terrane.

4.3. Marble C and O isotopes

The C and O isotope compositions of carbonate min-
erals (calcite and dolomite) from the marbles at Nanshu
and Lugezhuang show wide variations (Table 4). The
values of�13C (relative to VPDB) are−0.9 to 5.1‰
for calcite and 1.0–5.6‰ for dolomite; the values of
�18O (relative to VSMOW) are 12.9–23.8‰ for calcite
and 14.3–23.4‰ for dolomite. Relatively, the marbles at
Lugezhuang have higher values of�13C and�18O than

those at Nanshu. The samples contain insufficient fresh
olivine to allow for O isotope analysis. However, the
other silicate separates from the impure marbles have
high�18O values, 13.4–14.3‰ for muscovite and 15.8‰
for garnet, respectively (Table 4).

In general, there is a positively correlated trend
between�13C and �18O values for the marbles in
question (Fig. 7a), indicating variable magnitudes of
rock–fluid interaction at high temperature for the mar-
ble protolith (limestone) at Nanshu. The metamorphic
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Fig. 6. U–Pb Concordia diagram for zircons from impure marble at
Nanshu in the Jiaobei terrane. Data source: 04SD07 (this study) and
02SD07 (Tang et al., 2004).

garnet from sample 02SD07 has the high�18O value of
15.8‰, and is in O isotope equilibrium with calcite at the
high-grade metamorphic conditions (680◦C in Table 4),
suggesting that the high temperature rock–fluid interac-
tion took place prior to the high-grade metamorphism.
However, the highest values of�13C and�18O for the
marbles at Nanshu, 3.93 and 20.20‰, respectively, are
close to those of marbles at Lugezhuang, suggesting that
the marble protoliths in these two areas probably have
the similar C and O isotope compositions.

5. Discussion

5.1. U–Pb radiometric system of carbonate and
zircon

Application of carbonate Pb–Pb and U–Pb dating
has contributed a lot to timing of limestone deposition

Fig. 7. (a) Carbon and oxygen isotope diagram for marbles from the
Jiaobei terrane in the Sulu orogen. (b)�18O–�13C diagram for marble
at Nanshu and Lugezhuang in the Jiaobei terrane.

or marble metamorphism (Moorbath et al., 1987; Jahn,
1988; Jahn et al., 1990; Taylor and Kalsbeek, 1990; Jahn
and Cuvellier, 1994; Woodhead and Hergt, 1997; Wang
et al., 1998; F̈olling et al., 2000). However, difficul-
ties were encountered in obtaining reasonable isochrons
because the U–Pb isotopic system of carbonate rocks is
prone to disturb by diagenesis or retrograde alteration.
As illustrated in this study, zircon SIMS U–Pb dating
coupled with CL imaging can be a successful way to
constrain the impure marble on its ages of both protolith
deposition and metamorphism.

As shown in Table 3, the Triassic metamorphic
zircons from our samples of impure marble generally
have relatively lower Th/U ratios relative to the Neo-
proterozoic igneous zircons, but Th/U ratios in most
of the metamorphic zircons are >0.2. It is known that
metamorphic zircon generally has Th/U ratio of less
than 0.1–0.2 (e.g.,Rubatto et al., 1999; Hoskin and
Schaltegger, 2003), but the Th/U ratios up to 0.70 were
also observed in some metamorphic zircons (e.g.,Vavra
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et al., 1999). Therefore, the Th/U ratio alone cannot be
a valid reference to distinguish the metamorphic zircon
from igneous zircon in this study.

On the other hand, the morphology, CL imaging and
U–Pb age for our samples (Fig. 5 andTable 3) suggest
that most of the zircons in question are the Neoprotero-
zoic igneous zircons which have magmatic zoning with
relatively higher Th/U ratios, but some of the igneous
zircons that have unzone or patchy zone CL patterns
with relatively lower Th/U ratios indicate recrystalliza-
tion during the Triassic metamorphism. A few meta-
morphic zircons have the concordant Triassic ages with
the unzoning CL patterns (such as 02SD07 spot 7.1
in Table 3), suggesting either complete recrystalization
or new growth during the Triassic metamorphism. The
upper intercept age of 769± 48 Ma from 02SD07 is con-
sistent with the concordia age of 767± 38 Ma and the
upper intercept age of 813± 37 Ma from sample 04SD07
within the analytical error, and is regarded as the crystal-
lization age of the Neoproterozoic igneous zircons. The
lower intercept age of 215± 48 Ma from 02SD07 is also
consistent with the two lower intercept ages of 238± 75
and 249± 20 Ma from sample 04SD07 within analytical
error, and is regarded as the Triassic metamorphism age.
Meanwhile, the two Paleoproterozoic igneous zircons
found in sample 04SD07 also experienced the Triassic
metamorphism.

5.2. Marble C and O isotope systems
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each other (Fig. 7b). The equilibrium C isotope frac-
tionations between dolomite and calcite indicate that the
C isotope system of marbles was not disturbed by the
later metamorphism and thus the positive�13C values
for the marbles are inherited from their precursor lime-
stone. In contrast, the disequilibrium C but equilibrium
O isotope fractionations between dolomite and calcite
in sample 02SD06 may suggest that rates of carbonate
precipitation have kinetic effects on C isotope fractiona-
tion between precipitated CaCO3 and dissolved HCO3−
(Turner, 1982; Romanek et al., 1992).

The marbles at Nanshu are at O isotopic equilibrium,
but those at Lugezhuang are obviously at O isotopic dise-
quilibrium (Fig. 7b). The O isotopic disequilibrium rela-
tionship between dolomite and calcite can be ascribed
to one of the following three processes: (1) interaction
between marble and low-�18O fluid at relatively lower
temperatures (<300◦C) at shallow levels during retro-
grade metamorphism. In this case, the rate of O diffusion
in calcite is faster than that in dolomite (O’Neil, 1987),
causing greater depletion of18O in calcite than that
in dolomite; (2) polymorphic transformation of arago-
nite into calcite during diagenesis. The component of
CaCO3 can deposit as aragonite in sedimentary envi-
ronment, the�18O value of aragonite is 1–3‰ lower
than that of calcite when aragonite is in O isotope equi-
librium with coexisting calcite at anhydrous medium
(Zheng, 1999). However, the aragonite is unstable and
will transform quickly into calcite (Zhou and Zheng,
2001, 2002, 2003, 2005), and the calcite can inherit the O
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The normal marine limestone has the�13C values o
± 2‰ and�18O values of >+28‰ (Hoefs, 2004), the
etamorphic devolatilization can only result in decre
f a few per mil in both�13C and�18O in the absence
xternal fluid infiltration (Valley, 1986; Hoefs, 2004).
owever, the interaction with H2O-dominant fluid a
igh temperature can dramatically change both�13C and
18O values for the limestone (e.g.,Guerrera et al., 199
heng et al., 1998). Because there is no geochemical p
ess to enrich carbonate in13C during regional metamo
hism (e.g.,Valley, 1986; Hoefs, 2004), the observatio

hat more than a half of our marble samples have�13C
alues >2‰ (Table 4) undoubtedly reflect a positive
sotope anomaly for the marble protolith (limestone

Theoretically, the values of equilibrium fractionat
or �13C and �18O between dolomite and calcite a
oth ≥0‰ (Zheng, 1999). Except for sample 02SD0

rom Nanshu that shows a negative dolomite–ca
ractionation of−2.93‰ (Table 4) and thus sugges

isotope disequilibrium, the rest three sample
arble have positive dolomite–calcite fractionation
.50–0.58‰ and thus are at C isotopic equilibrium w
isotope composition from aragonite during the polym
phic transformation without dissolution–reprecipitat
(Zheng, 1999; Zhou and Zheng, 2005); (3) hydrother
mal alteration for calcite by an18O-rich fluid during
diagenesis and metamorphism. As a result, the�18O
value for calcite became greater than that for coexis
dolomite.

The occurrences of the secondary muscovite (Fig. 2f)
and olivine serpentinization (Fig. 2a) in the impure ma
bles in the Nanshu and Lugezhuang areas undoub
indicate fluid activity during retrograde metamorphi
and both18O-depleted and enriched fluids were involv
Therefore, the rock–fluid interaction during retrogr
metamorphism is likely responsible for the O isoto
disequilibrium between dolomite and calcite for the m
bles at Lugezhuang. However, the preservations
isotopic equilibrium between calcite and dolomite
well as the high�18O values for muscovite imply th
the rock–fluid interaction has an insignificant influe
on the values of both�13C and�18O for the marbles du
ing the retrograde metamorphism. This implies tha
C content in the retrograde fluid is very limited or th
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and O isotopic compositions of the fluid are similar to
those of the marbles.

5.3. Marble metamorphism

It is generally known that the olivine-rich marble
is the metamorphic product, usually occurred within
either contact zones between marbles and intrusions
or high-grade regional metamorphic massifs (Holness
et al., 1991; Bucher and Frey, 2002). There are no
intrusion outcropped near the impure marbles at Nan-
shu and Lugezhuang, the possibility of contact meta-
morphism is precluded. Previous petrologic investiga-
tions suggest that the Fenzishan Group underwent the
upper amphibolite-facies to granulite-facies metamor-
phism (Wang, 1995; Zhai et al., 2000; Zhou et al., 2001,
2004a,b), therefore, the impure (olivine-rich) marbles in
question are likely related to high-grade metamorphism.
The O isotope temperature of 680◦C for the calcite-
garnet pair from sample 02SD07 (Table 4) just indicates
the metamorphic conditions of upper amphibolite-facies
for the impure marble.

The zircon SHRIMP U–Pb dating for the impure mar-
ble gave the discordia lower-intercept ages of 215± 48,
238± 75 and 249± 20 Ma (Fig. 6). Because of the
occurrence of sector or no zoning in the dated zircons
(Fig. 5), a weighted mean age of 240± 44 Ma is obtained
with MSWD = 1.5 (Fig. 8a), clearly reflecting the Tri-
assic metamorphism for the impure marble. This age is
consistent with the UHP metamorphic ages in the Dabie-
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Fig. 8. Weighted mean age of metamorphic (a) and igneous (b) zircons
from impure marble at Nanshu in the Jiaobei terrane.

tic rocks that were deposited synchronously with the
limestone. The banded segregates of olivine in marbles
imply that the sialic material originally occurred as thin
layers within marbles. In the light of zircon morphol-
ogy and zircon internal structure as well as zircon U–Pb
ages (see detailed discussion in Section5.2), we suggest
that the thin layers of sialic material were probably the
subwater volcaniclastic rocks that were deposited syn-
chronously with the limestone (see arguments below).

5.4. Nature of marble protolith

The igneous zircons of mid-Neoproterozoic age in
the impure marbles could be derived from either terrige-
nous detritus or volcaniclastic rocks that were deposited
synchronously with the limestone, marble protolith. The
other silicate minerals also occur in the impure marble,
but they are of metamorphic genesis (Fig. 2). We pro-
pose that the zircons and other silicates were derived
from the volcaniclastic deposits according to the fol-
lowing observations: (1) most of the zircons are of
Sulu orogenic belt (e.g.,Ames et al., 1996; Li et al., 199
Zheng et al., 2003, 2004), and provide the geochron
logical evidence for the influence of SCB–NCB collis
on the Jiaobei terrane.

Theoretically, the components of SiO2 and Al3O2 in
metamorphic reaction with dolomite for garnet, clino
roxene or olivine, can come from either sialic mate
in impure marbles or external H2O-dominant fluids tha
immigrate along the faults or contact boundaries (Bucher
and Frey, 2002). The depths of the high-grade me
morphism (upper amphibolite-facies to granulite-fac
for the Fenzishan Group were more than 30 km (Wang
and Lin, 1991; Zhou et al., 2001), at which no externa
H2O-dominant surface fluids can reach. The garne
muscovite in question both have the high�18O values
and are in O isotope equilibrium with calcite (Table 4).
These observations indicate that the components of2
and Al3O2 in the marbles were likely derived from t
impure marbles itself rather than external H2O-dominan
surface fluids which typically have lower�18O values
of ∼0‰. Therefore, the sialic material in the marb
was either terrigenous deposits or subwater volcan
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igneous origin with clearly prismatic and pyramid faces
(Fig. 5), indicating that the zircons did not experience
abrasion by long-distance mechanical transportation.
Although some of the zircons have rounded shape, the
CL images and the U–Pb ages demonstrate that these
grains were principally of fluid infiltrated during Triassic
metamorphism rather than abrasion origin; (2) the long-
distance transportation would cause the detrital zircons
of terrigenous origin in marine strata to not only have
complicated U–Pb age-pattern responsible for multi-
terrigenous provenances, but also have pitted surface
and micro-fracture by mechanical abrasion (Fedo et al.,
2003). The igneous zircons in our samples mostly gave
the consistent mid-Neoproterozoic ages (except for two
grains), suggesting that the zircons were predominantly
derived from a single igneous source; (3) the occurrence
of banded olivine segregates (Fig. 2b) indicates that the
silicate material originally occurred as thin layers within
the limestone, probably corresponding to volcaniclas-
tic layers; (4) the sedimentary facies analyses for the
Fenzishan Group suggested several times of marine vol-
canic activity during the sedimentation of the Fenzishan
limestone in the rift basin (Lin et al., 1998). Therefore,
the mid-Neoproterozoic zircons in the impure marble
were derived from the product of rift volcanism that has
been demonstrated for the UHP metaigneous rocks in
the Dabie-Sulu orogenic belt (Zheng et al., 2003, 2004).

The zircons that show the oscillatory zoning typical of
igneous origin (Fig. 5) yielded the U–Pb discordia upper-
intercept ages of 769± 48 and 813± 37 Ma as well as the
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2005). In particular, the positive�13C anomaly in Neo-
proterozoic limestones (900–570 Ma) has been found
to be global events, which are presumably related to
the Sturtian glaciation (750–710 Ma) and the Marinoan
glaciation (660–635 Ma) in the snowball Earth hypoth-
esis (Hoffman et al., 1998; Hoffman and Schrag, 2002;
Kennedy et al., 1998; Prave, 1999; Fanning and Link,
2004; Hoffmann et al., 2004). There are two equivalent
glacial horizons, called the Gucheng (or Chang’an) and
the Nantuo tillites, respectively, occurring on the South
China Block (Ma et al., 1984; Zhang and Piper, 1997;
Evans et al., 2000; Yin et al., 2003; Wang and Li, 2003;
Zhou et al., 2004a; Chu et al., 2005; Condon et al., 2005;
Zhang et al., 2005). The predominantly positive�13C
values of−0.9 to 5.6‰ are also obtained for the marbles
from the Jiaobei terrane (Fig. 7a). This is not only con-
sistent with positive�13C values for the Doushantuo and
Dingying Formations of Sinian limestones on the South
China Block (Lambert et al., 1987; Shen, 2002), but
also in agreement with positive�13C values for the UHP
metamorphosed marbles in the Dabie orogen (Zheng et
al., 1998; Rumble et al., 2000).

In view of the U–Pb ages of 786± 67 Ma for the vol-
canogenic zircons from the impure marbles (Fig. 8b),
therefore, the sedimentary timing of Fenzishan limestone
(marble protolith) can reasonably be constrained to occur
during the middle Neoproterozoic, a possible period
of 761± 8 to 663± 4 Ma for the Sturtian glaciation in
South China (Zhou et al., 2004a). The high�18O values
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eighted mean age of 767± 38 Ma (Fig. 6). A weighted
ean of these three ages yields an age of 786± 67 Ma
ith MSWD = 1.8 for the impure marble (Fig. 8b), which

s in agreement with the protolith ages of 700–800 Ma
he UHP metaigneous rocks in the Dabie-Sulu orog
elt (e.g.,Ames et al., 1996; Hacker et al., 1998; Zhen
l., 2003, 2004). It appears that the mid-Neoproteroz
ges represent the timing of zircon crystallization f

he magmas that were emplaced along the northern
f the South China Block in response to the breaku
odinia supercontinent. The two zircon grains with
iscordia intercept ages of 1587± 32 and 249± 20 Ma
Fig. 6b) are also consistent with the known dates f
ew eclogite and paragneiss in the Dabie-Sulu orog
elt (e.g.,Ames et al., 1996; Zheng et al., 2003; Li et
004), suggesting the presence of few older detritu

he impure marble with the same influence by the Tria
etamorphism.
The C isotope composition of marbles can be u

o trace the sedimentary environment of their proto
e.g.,Wickham and Peters, 1993; Boulvais et al., 19
heng et al., 1998; Rumble et al., 2000; Melezhik e
of 13.4–15.8‰ for the garnet and muscovite from
impure marble indicate that the silicates were depo
chemically rather than detritally together with the lim
stone. If protolith of the impure marble is assume
be a kind of impure limestone, the occurrence of m
Neoproterozoic zircons together with the other silic
indicate an incorporation of volcaniclastic rocks dur
the limestone deposition at the mid-Neoproterozoic.
indicates that the sedimentary environment of the
zishan Group is more close to the South China B
rather than the North China Block.

6. Implication for tectonic affinity

The Jiaobei terrane is a critical region to locate
Triassic suture boundary between the South China B
and the North China Block. Geotectonically, the Jiao
terrane is ascribed to the southern edge of NCB (Cong
and Wang, 1999; Wallis et al., 1999; Zhai et al., 20
Zhao et al., 2001), and thus the NCB–SCB suture zo
is generally considered along the Wulian-Yantai f
(Cong and Wang, 1999; Zhai et al., 2000), responsibl
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for the northern margin of the Sulu UHP metamorphic
belt (Fig. 1b). On the basis of structure analysis and
petrological study, however,Faure et al. (2001)argued
that the suture should lie north of the Penglai Group
rather than the Wulian-Yantai fault (Fig. 1). Because of
its importance in studying the geodynamic evolution of a
collisional orogenic belt, debate on the suture location in
the Sulu orogen has attracted much attention (e.g.,Cong
and Wang, 1999; Faure et al., 2001, 2002, 2003; Zhai
et al., 2000; Zhai, 2002; Wu et al., 2004; Zheng et al.,
2005).

The Fenzishan Group uncomformably underlies the
Penlai Group, both of them being equally important
with respect to their tectonic affinity between SCB and
NCB. Due to lacking of precisely geochronological data,
however, the protolith and metamorphism ages of the
Fenzishan Group were poorly understood (Wang, 1995;
Zhao et al., 1995). The occurrence of Neoproterozoic
igneous rocks is a critical reference for discriminating
SCB from NCB (Hacker et al., 1998; Wan and Zeng,
2002; Wu et al., 2004), especially for the petrotectonic
units close to the NCB–SCB suture zone (Zheng et al.,
2005). On the basis of our combined study of zircon
U–Pb dating, CO isotopes and petrography of impure
marble, the occurrence of mid-Neoproterozoic carbon-
ates with the Triassic metamorphism and the positive C
isotope anomaly is identified in the Fenzishan Group.
This demonstrates that both mid-Neoproterozoic mag-
matism and Triassic metamorphism are recorded in the
studied targets. Therefore, the Fenzishan marbles geo-
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northeastern part of the Sulu region (Fig. 1). However,
this postulation is in conflict with the common consensus
that the Wulian-Weihai fault marks the northern margin
of the UHP metamorphic zone and thus represents the
collision suture between the two plates east of the Tanlu
fault (e.g.,Wang and Cong, 1998; Cong and Wang, 1999;
Zhai et al., 2000; Zhai, 2002; Yang, 2002).

Instead, the occurrence of the Fenzishan marbles with
both mid-Neoproterozoic igneous and Triassic metamor-
phic zircons on the Jiaobei terrane does not mean that
the Jiaobei terrane belongs to SCB. A tectonic decou-
pling is suggested to occur between the Fenzishan mar-
bles and the underlying basement during the Triassic
continent–continent collision. Therefore, we present a
crustal detachment model to explain the unusual occur-
rence by northward thrust of the SCB marbles over the
NCB basement. It is inferred that during the Triassic
continent subduction, the cover limestone in the north-
ern margin of SCB was not only detached from the SCB
basement, but also northward thrusted for tens of kilo-
meters over the NCB southern margin (Fig. 9a). At the
same time, it experienced the amphibolite-facies meta-
morphism to result in the formation of impure marbles.
Emplacement of Early Cretaceous igneous rocks brought
about the outcrop of the different grades of metamorphic
rocks in the Sulu orogen and its adjacent NCB southern
margin. As a result, the Fenzishan marbles in SCB affin-
ity occurs above the NCB southern margin and thus north
of the Wulian-Yantai fault (Fig. 9b).

The crustal detachment, essentially similar to flake
dur-
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tectonically belong to SCB, and its protolith correspo
to the sedimentary limestone that was deposited in th
basin during the mid-Neoproterozoic along the nort
margin of SCB.

It is usually assumed that the Wulian-Yantai fa
marks the SCB northern margin in the Sulu orogen
the Jiaobei terrane geotectonically belongs to the
southern edge of NCB. The occurrence of the Fe
han marbles with the SCB affinity, however, seem
challenge this assumption. In other words, the Jia
terrane could be interpreted as the SCB northern
rather than the NCB southern edge. If the Fenzishan
bles and their underlying basement would bond toge
since the Neoproterozoic, the Jiaobei terrane would
tectonically correspond to the northern edge of SCB
this regard, the Wulian-Yantai fault would not be
NCB–SCB suture boundary in the Sulu orogen. Acc
ing to the similarity of petrologic and structural featu
in the north zone between the Dabie and Sulu region
the lack of oceanic basin lithologies in the Sulu reg
Faure et al. (2001, 2002)postulated that the NCB–SC
suture boundary lies north of the Penglai Group in
tectonics or tectonic wedging, is a common feature
ing continental collisions (e.g.,Oxburgh, 1972; Price
1986; Ellis, 1988; Stockmal et al., 1990; Li, 1994; L
et al., 1994; Zheng et al., 2005). Because sedimenta
cover of the upper crust is relatively buoyant and t
resists continuing subduction of continental lithosph
it is split from the underlying basement to form
thin-flake. It can not only thrust above the overrid
plate as observed in this study, but also accumula
a deformed passive-margin accretionary wedge a
the suture zone between two collided continents (Zheng
et al., 2005). A crustal detachment model was a
proposed byLi (1994) to explain the decoupling th
the surface suture occurs in the Sulu orogen but a
suture lies much southwards in Nanjing, parallel to
Lower Yangtze Valley fault zone. Nevertheless, the h
O isotope temperature of 680◦C from the calcite–garn
pair in the impure marble at Nanshu implies that
detached cover may experience shallow subduction
the upper amphibolite-facies conditions. Because o
buoyancy relative to the basement, the subducted c
would be detached from the basement for exhuma
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Fig. 9. A crustal detachment model to explain the occurrence of the Fenzishan marbles with geotectonic affinity to the South China Block overlying
the southern margin of the North China Block in the Sulu orogen. (a) Triassic subduction of SCB beneath NCB brought about a crustal detachment
of sedimentary cover from crystalline basement to result in northward thrusting over the NCB southern margin, whereas the SCB basement
and underlying mantle lithosphere were further subducted to mantle depths along the suture marked by the Wulian-Yantai fault. Deformation-
metamorphism is expected to occur not only in the overthrusted cover (a part of passive-margin accretionary wedge as defined byZheng et al.,
2005), but also in its front responsible for the NCB southern margin. (b) Emplacement of Early Cretaceous igneous rocks caused outcrop of
metamorphic rocks in the Sulu orogen and the NCB southern margin, resulting in the present observation that the Fenzishan marbles with the SCB
affinity unusually occur above the NCB basement in the Jiaobei region.

along subduction channel. It was then thrusted over the
southern margin of the North China Block due to the
continuing subduction of the South China Block.

The tectonic overthrust by the crustal detachment
between cover and basement can well explain the
unusual occurrence of the Fenzishan marbles in the SCB
affinity above the NCB southern margin in the Jiaobei
terrane. This sheds light on the previous debates con-
cerning the suture location between SCB and NCB in the
east-central China (e.g.,Cong and Wang, 1999; Faure et
al., 2001, 2002, 2003; Zhai et al., 2000; Zhai, 2002; Wu
et al., 2004; Zheng et al., 2005). The occurrence of mid-
Neoproterozoic magmatic products in this region does
not negate the contention that the suture location lies
along the Wulian-Yantai fault that marks the northern
margin of the UHP metamorphic belt. More important
is that both metamorphism and deformation are asso-
ciated with the overthrusting process. This may be the
reason why the similar features of structural deforma-
tion to those in the northern part of the Dabie orogen
were observed byFaure et al. (2001, 2002, 2003)in the
Wulian–Penglai Groups low-grade metamorphic rocks
and some basement rocks in the northern part of the Sulu

orogen (i.e., the Jiaobei terrane, the northern part of the
Shandong Pennisula). A large-scale overthrust over 200
to 300 km distance could be brought about by the crustal
detachment during the Triassic subduction of the South
China Block beneath the North China Block. This may
provide a resolution to the controversy concerning the
decoupling in the suture boundary between surface and
depth in the northern part of the Shangdong Peninsula.

7. Conclusions

A successful zircon SHRIMP U–Pb dating for the
impure marbles from the Fenzishan Group in the Jiaobei
terrane demonstrates that it is a powerful means to date
the deposition and metamorphism for impure carbonates
if the zircons deposit synchronously with them. Based on
a combined study of zircon U–Pb dating and CL imaging,
petrology and CO isotopes, the mid-Neoproterozoic
limestone with the Triassic metamorphism are found
in the Jiaobei terrane. It appears that the protolith of
the Fenzishan marbles is the impure limestone that was
deposited in the mid-Neoproterozoic rift basin of SCB
continental margin. The positive�13C values for the
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limestone would probably form prior to the Sturtian
glaciation. Therefore, the Fenzishan marbles geotecton-
ically belong to the South China Block, corresponding to
the sedimentary cover along the northern edge of South
China Block. But it was detached from the Precambrian
basement during the Triassic continent subduction, with
a tectonic thrust for tens of kilometers over the southern
margin of the North China Block. As a result, the mar-
bles in affinity to the South China Block unusually occur
overlying the basement of the North China Block.
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