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Summary

The Haiyangsuo Complex in the NE Sulu ultrahigh-pressure (UHP) terrane has dis-
continuous, coastal exposures of Late Archean gneiss with amphibolitized granulite,
amphibolite, Paleoproterozoic metagabbroic intrusives, and Cretaceous granitic dikes
over an area of about 15km?. The U-Pb SHRIMP dating of zircons indicates that
the protolith age of a garnet-biotite gneiss is >2500 Ma, whereas the granulite-
facies metamorphism occurred at around 1800 Ma. A gabbroic intrusion was dated at
~1730Ma, and the formation of amphibolite-facies assemblages in both metagabbro
and granulite occurred at ~340-460 Ma. Petrologic and geochronological data in-
dicate that these various rocks show no evidence of Triassic eclogite-facies meta-
morphism and Neoproterozoic protolith ages that are characteristics of Sulu-Dabie
HP-UHP rocks, except Neoproterozoic inherited ages from post-collisional Jurassic
granitic dikes. Haiyangsuo retrograde granulites with amphibolite-facies assemblages
within the gneiss preserve relict garnet formed during granulite-facies metamorphism
at ~1.85 Ga. The Paleoproterozoic metamorphic events are almost coeval with gab-
broic intrusions. The granulite-bearing gneiss unit and gabbro-dominated unit of the
Haiyangsuo Complex were intruded by thin granitic dikes at about 160 Ma, which is
coeval with post-collisional granitic intrusions in the Sulu terrane. We suggest that
the Haiyangsuo Complex may represent a fragment of the Jiao-Liao-Ji Paleoproter-
ozoic terrane developed at the eastern margin of the Sino-Korean basement, which
was juxtaposed with the Sulu terrane prior to Jurassic granitic activity and regional
deformation.
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Introduction

Petrochemical and geochemical studies over the last decade have documented the
world’s largest Triassic ultrahigh-pressure (UHP) terrane between the Sino-Korean
and Yangtze cratons in east-central China (e.g., Zhang et al., 1994; Liou et al.,
1997a; Hacker et al., 2000). Numerous eclogites and subordinate garnet peridotites,

E== Haiyangsuo Complex

Granitoids D T '
[T Gneissic migmatite oty =£ @ Coesite

Sinian-Paleozoic sediments
Marble—amphibolite
XYY Sulu terrane

T @ Coesite

) ﬂ’ N pseudomorph
P

i

9

. L
|Iq\4"h
il ||..‘|.?__é___?

== )

eetiifin -
%

X s
\\\\\v SO AN ta//:a
J\\\‘: \\\\\\\’\\}\\\\\% u

=<LSiyang Fauit

——-—-

100 200 km

C
O Nanhong
03HY7A
03HY6C
O Xiaoshikou
03HY1H
1km 03HY1A 03HY5N

Fig. 1. a A simplified geologic map of the Shandong Peninsula, showing the distribution of
major lithologic units, localities of coesite and coesite pseudomorphs (Zhai et al., 2000;
Yang et al., 2003; Zhang et al., 1995), and the locality of the Haiyangsuo Complex (mod-
ified after Faure et al., 2003); b Schematic geological map of the eastern Shandong
Peninsula, showing the location of the Haiyangsuo region, localities of coesite and coesite
pseudomorphs, metamorphic age of UHP metamorphism and intrusion age of granitic
pluton at Rushan. ¢ Schematic geological map of the Haiyangsuo region in the Jiaodong
Peninsula, showing distribution of 2 major rock units and sample localities
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marbles, jadeite-quartzites and metapelites occur in country rock gneisses in this
terrane. Petrological studies indicate that these rocks were subjected to in-situ UHP
metamorphism during Triassic subduction of the Yangtze craton beneath the Sino-
Korean craton (Wang and Liou, 1993; Liu et al., 2002; Hirajima and Nakamura,
2003). However, primary sedimentary and igneous structures including unconfor-
mity, pillow lava and gabbroic structures, and igneous minerals such as plagioclase,
orthopyroxene and biotite have been documented in the Dabie-Sulu UHP terrane
(Hirajima et al., 1993; Zhang and Liou, 1997; Dong et al., 2002; Oberhansli et al.,
2002; Schmidt et al., 2003). These relict structures and minerals were preserved in
UHP rocks as fluid activities during the UHP and subsequent retrograde recrystalli-
zation are suggested to be extremely low (e.g., for detailed summary see Jahn et al.,
2003; Rumble et al., 2003; Zheng et al., 2003). However, non-UHP orthogneisses
were recently documented from 1100 metre continuous drill cores based on detailed
examinations of mineral inclusions in zircon separates from these gneissic rocks (Liu
et al., 2002). The Chinese Scientific Drilling site in Donghai, SW Sulu is about
300 km southwest of the studied region in Haiyangsuo.

The Haiyangsuo Complex (HYC) in NE Sulu (Fig. 1) contains massive bodies
and thin dikes of amphibolitized metagabbro discontinuously occurring in country
rock felsic gneiss along the coast over an area of about 15 km?. Our petrologic
investigations indicate that no coesite, omphacite or other UHP index minerals oc-
curs in either gneiss or metagabbro and no eclogite-facies assemblage has been
documented in this region (Liou et al., 1997b; Chu, 2005; Zhang et al., 2006). Is the
absence of UHP index minerals and eclogite-facies assemblage due to the lack of
fluid activity suggested above, or is the HYC an exotic terrane from the Sulu (e.g.,
Liou et al., 1997b)?

We address this question through the U-Pb SHRIMP dating of zircons from
representative rocks in the HYC. If the zircon separates from granulite, metagabbro
and gneissic rocks do not yield Triassic metamorphic ages nor Neoproterozoic
protolith ages, the HYC must have experienced a different P—7-t evolution than
adjacent Sulu UHP rocks. If the HYC is not part of the Sulu UHP-HP terrane, a
tectonic contact must occur between the two terranes. In addition, the boundary
and the size of the Sulu UHP terrane must be redefined in order to better constrain
the modeling of the exhumation process in the UHP terrane.

Preliminary geochronological data of the HYC rocks are included in Chu
(2005). Mineral abbreviations are after Kretz (1983) and the term ‘hornblende
(Hbl)’ is used to describe Ca-amphibole with dominantly pargasitic, tschermakitic
and edenitic compositions throughout this paper.

Geologic outline

The Haiyangsuo region situated to the south of Rushan County in the Shandong
Peninsula at the northeastern end of the Sulu UHP terrane is part of the Paleo- to
Mesoproterozoic Jiaodong group (Li et al., 1994) (Fig. la, b). Along the coast,
amphibolites and metagabbros and their enclosing gneissic rocks of the HYC
are widely exposed. Ye et al. (1999) describe granulite relics within amphibolite
displaying garnet coronas between plagioclase and mafic minerals. They named
such rock with the assemblage of Grt+ Cpx (Jd<2y) +P1+Zo+ Hbl + Ky + Rt a
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“transitional eclogite.”” They further suggested that the HYC could be correlated
with the “cold eclogite” belt in Dabie, and represents a southern HP belt of the
Sulu UHP metamorphic terrane. As granulite-facies protoliths are rare for Dabie-
Sulu UHP rocks, their findings motivated us to investigate the lithology, P—T paths
and geochronology of the Haiyangsuo rocks. Our results for parageneses and com-
positions of minerals from granulite, amphibolite and metagabbro and P-T paths
are presented in Zhang et al. (2006).

A small peninsula to the south of Nanhong can be subdivided into two map
units (Fig. 1c): a granulite-bearing gneiss unit (Unit I), and a metagabbro-domi-
nated unit (Unit II). Both units are cross-cut by granitic dikes. Since this area is flat
and heavily farmed, the lithologic characteristics and contact relations of these
units were observed only along the coast.

Granulite-bearing gneiss (Unit 1)

This unit is most abundant and consists of over 90% felsic gneiss with less than 10%
mafic rocks. The gneiss shows distinct compositional layers of various thicknesses
(Fig. 2a); some layers show pinch-and-swell structures and are refolded, and others are
homogeneous and massive. Poly-phase deformation with tight to isoclinal folds is
characteristic of this unit. At least two stages of deformation were identified. Felsic
dikes cross-cutting both gabbroic intrusives and the host gneiss are apparent in many
outcrops. Dark, garnet-free amphibolite layers are concordant with the host gneiss.
Minor granulite layers were identified in this unit; these include biotite-bearing two-
pyroxene granulite, pargasite-bearing two-pyroxene mafic granulite, and garnet clino-
pyroxenite (see Zhang et al., 2006, for detailed descriptions). All granulites are
weakly deformed and variably retrogressed. Parageneses and compositions of miner-
als from mafic granulites indicate these mafic layers record two distinct stages of
metamorphic recrystallization: (a) an early HP granulite-(Grt 4+ Opx + Cpx + Pl 4
Hbl [pargasitic] +Rt/Ilm) to amphibolite-facies metamorphism and (b) a later
amphibolite-facies overprint (Pl 4+ Hbl &+ Grt + Ttn &= Ep 4 Qtz) (Zhang et al., 2006).
In some samples, the later amphibolite-facies paragenesis is characterized by fine-
grained (0.05—-0.1 mm) garnet coronas along grain boundaries between plagioclase
and pyroxene or between earlier porphyroblastic garnet and pyroxene.

Metagabbro-dominated unit (Unit 1)

The southwestern part of the peninsula is covered by one undifferentiated unit con-
sisting of more than 60% amphibolitized gabbroic intrusives and about 40% rocks of
gneissic Unit I. Along the coast near Xiaoshikou (Fig. 1), both gneiss and metagabbro
are well exposed (Fig. 2). The field relations of gneiss and metagabbroic intrusives
can be easily observed: metagabbro discordantly intruded into gneiss. The metagab-
bros occur as discontinuous bodies of less than 1 metre to more than 50 metre size,
and are most common in the Xiaoshikou region. Some metagabbroic dikes cross-cut
the gneiss and show distinct chilled margins; others are concordant with the foliation
of gneissic units and are difficult to differentiate from amphibolite layers.

Gabbroic rocks exhibit various extents of amphibolite-facies recrystallization
(for details see Zhang et al., 2006). Fine-grained pale reddish coronal metagabbro
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™ Granitic dike
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Fig. 2. Photographs showing field view. a Banded gneiss of Unit I cross-cut by granitic
dike; b massive amphibolitized metagabbro of Unit II cross-cut by various granitic dikes
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occurs at the core of metagabbro bodies or in the central part of mafic dikes. Coronal
metagabbro contains relict igneous minerals, Opx 4+ Cpx + Pl + Amp + Ilm £ Qtz;
the common sequences of corona layers between pyroxene and plagioclase are Cpx
(or Opx) | Amp, + Qtz | Grt | P1, with zoisite and kyanite needles, or Opx | Amp, +
Qtz + Di| Ab | Grt | Pl, with zoisite and kyanite. Coronal metagabbro is easily mis-
identified as fine-grained eclogite because of its reddish color and the presence of
garnet and clinopyroxene. Reddish metagabbro cores vary in size; most range from 1
to 10 metre in diameter. Toward the margins of mafic bodies, the rock color gradually
changes to dark green due to amphibolite-facies recrystallization.

Granitic dikes

Granitic dikes cross-cut both Units I and II (Fig. 2). These granitic dikes have
thickness of decimetres to metres and contain K-feldspar, quartz and plagioclase.
Some K-feldspar grains are extremely coarse (up to 4 cm) and pink in color. Euhe-
dral coarse-grained garnet is also present in some granitic rocks. At some outcrops,
granitic dikes are highly deformed and show mylonitic texture.

Previous geochronologic studies

Although the Haiyangsuo region has been considered to be part of the Sulu terrane
(e.g., Regional Geology of Shandong Province, 1991), only a few geochronological
studies are available. Li et al. (1994) reported conventional U-Pb ages of zircons in
amphibolites from this region. Zircon xenocrysts of their samples gave a weighted
mean age of 2149 Ma and magmatic euhedral zircons yielded an upper intercept age
of 1784 4+ 11 Ma. They interpreted the lower intercept age of 448 + 13 Ma as the
result of lead loss. Wallis et al. (2005) dated a strongly deformed K-feldspar-rich
dike in this region. Seven U-Pb SHRIMP analyses of zircon yield a wide range of
206pp / 238U ages, 155.2-755.7 Ma. Although they suggested that these dikes ori-
ginated from partial melts of the dominant felsic Sulu gneiss at 200—-230 Ma, these
analyses in the Tera-Wasserburg concordia diagram did not yield a meaningful
weighted mean 206Pb/ 238U age or define a regression trend. Zhang et al. (2006)
dated a mafic HP granulite from Unit I. Their zircon U-Pb SHRIMP ages yielded
an upper intercept age of 1846 4+ 26 Ma and a lower intercept age of 373 £+ 65 Ma.

Petrologic characteristics of dated samples

In this study, representative rocks were carefully selected for dating on the basis of
detailed petrogeneses and P-T estimates (Chu, 2005; Zhang et al., 2006). Gneiss
and retrograde granulite from Unit I, and a metagabbro, an amphibolite and a
granitic dike from Unit II were dated. All samples were collected at outcrops along
the coast; sample localities are shown in Fig. 1c.

Gneiss of Unit I (sample 03HY7A)

Sample 03HY7A is a quartz-rich biotite-garnet gneiss consisting mainly of quartz,
biotite, and subordinate amounts of garnet and plagioclase with minor muscovite
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and rutile. Monazite and apatite occur as accessory minerals. Garnet porphyro-
blasts (<5 mm) contain inclusions of quartz, rutile and rare biotite. Matrix rutile is
partly rimmed by ilmenite. The mineral assemblage Qtz + P1 + Bt + Grt + Rt 4 [Im
suggests amphibolite-facies conditions.

Retrograde granulite of Unit I (sample 03HY6C)

Sample 03HY6C is the retrograded equivalent of a mafic HP granulite (03-R14)
described by Zhang et al. (2006). Although relict garnet and brown pargasitic horn-
blende are locally preserved as porphyroblasts, clinopyroxene is completely re-
placed by fine-grained aggregates of greenish hornblende; plagioclase is also
replaced by fine-grained aggregates of zoisite/clinozoisite. The assemblage Grt
(relic) + brown Hbl (relic) + “Cpx” pseudomorph + “PI”” pseudomorph + Rt + Qtz
characterizes the granulite-facies stage. In contrast, the assemblage green Hbl +
Grt + Zo/Czo + Qtz represents the amphibolite-facies overprint; coronitic garnet oc-
curs at grain boundaries of relict granulite-facies minerals. Zhang et al. (2006) esti-
mated 7>750°C and P =0.9—-1.1 GPa for the granulite-facies stage and suggested a
nearly isobaric P-T trajectory to regional amphibolite-facies metamorphism.

Metagabbro of Unit Il (sample 03HYI1H)

Sample O3HY1H is a partially amphibolitized metagabbro preserving the original
mineral assemblage of noritic gabbro, brown Hbl (relic) 4+ “Pl” pseudomorph +
“Cpx” pseudomorph = “Opx” pseudomorph + Ilm. These igneous relics are partly
replaced by greenish hornblende, rare cummingtonite and zoisite/clinozoisite; coro-
nitic garnet occurs along grain boundaries of primary igneous phases; the assemblage
green Hbl + Grt + Zo/Czo + Qtz represents amphibolite-facies recrystallization.

Amphibolitic layer of Unit Il (sample 03HY1A)

Sample 03HY1A is from a concordant amphibolitic layer within biotite-garnet
gneiss. It consists mainly of greenish hornblende, plagioclase and quartz with minor
epidote, biotite, and titanite. The assemblage Hbl + Pl + Qtz + Ep + Bt + Ttn repre-
sents amphibolite-facies recrystallization.

Granitic dike of Unit Il (sample O3HY5N)

Sample O3HYSN is a strongly deformed granitic dike showing mylonitic texture;
porphyroclasts (8 mm) of K-feldspar, plagioclase and quartz occur in fine-grained
matrix consisting mainly of recrystallized quartz (<0.2 mm).

Zircon U-Pb geochronology

Analytical methods

U-Th-Pb analyses were performed with the SHRIMP-RG in the USGS-Stanford
Ion Probe Laboratory. Instrumental conditions and data acquisition are similar to
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Table 1. Ion-probe U-Th—Pb isotope data of zircon in major rock types of the Haiyangsuo Complex

U Th  Th/ Rad. Comm. *°°Pb/ error 2°’Pb/ error *°’Pb/  error 2°°Pb/  error

(ppm) (ppm) U 200py, 206py, 28y () 206p, (%)  206pp 238y
(%) age (Ma) age (Ma)

Gneiss (3HY7A) of Unit I

TA-1 643 362 0.58 197 —-0.011 0.357 0.891 0.150 0.443 2347 7.6 1967 15.1
TA-2 218 6 0.03 58 0.019 0.307 1.006 0.111 0.882 1824 16.0 1727 15.2
TA-3 2129 543 0.26 789 0.040 0432 0.806 0.154 0.370 2395 6.3 2313 16.8
TA-4 1885 55 0.03 67 0.586 0.041 0.880 0.053 2.059 333 46.7 260 2.2
TA-5 1301 21 0.02 462 0.000 0.413 0.858 0.149 2.224 2331 38.1 2229 16.2
TA-6 335 304 0.94 33 0.282 0.113 0995 0.091 1.401 1445 26.7 689 6.5
TA-7 678 24 0.04 189 0.016 0.325 0.889 0.113 0.674 1856 12.2 1816 14.1
TA-8 774 351 0.47 105 0.043 0.159 0.892 0.105 0.550 1708 10.1 949 7.9
TA-9 206 106 0.53 56 0.043 0315 1.083 0.147 1.134 2308 19.5 1764 16.7
TA-10 497 39 0.08 118 0.000 0.276 00915 0.108 0.572 1771 104 1572 12.8
TA-11 379 116 032 152 0.000 0.466 0.929 0.172 0.363 2580 6.1 2465 19.0
TA-12 222 103 0.48 17 0.548 0.087 1.091 0.066 2.546 817 53.2 537 5.6
TA-13 624 294 0.49 182 0.013 0.339 0.894 0.141 0.541 2245 9.4 1884 14.6
TA-14 772 104 0.14 312 0.011 0470 0.894 0.163 3.592 2489 60.5 2485 18.4
TA-15 1746 60 0.04 343 0.011 0.228 0.863 0.102 2.370 1666 439 1326 10.3
TA-16 100 89 0.92 35 0.102 0405 1.265 0.159 1.889 2449 32.0 2190 23.5
TA-17 298 129 045 130 0.018 0.507 0.992 0.169 0.797 2549 13.3 2642 21.5
7A-18 534 329 0.64 127 0.038 0.277 0.933 0.136 0.785 2172 13.7 1574 13.0
7A-19 271 121 0.46 46 —0.043 0.198 0.998 0.118 1.276 1932 229 1165 10.6
TA-20 3899 82 0.02 1140 0.009 0.340 0.933 0.113 0.177 1850 3.2 1888 15.3
TA-21 471 233 0.51 143 —-0.012 0.353 0911 0.145 1.046 2282 18.0 1950 15.3
TA-22 476 109 024 194 0.000 0474 0938 0.173 1.354 2591 22.6 2502 194
TA-23 209 47 0.24 60 0.019 0.334 1.068 0.115 0.682 1874 12.3 1856 17.2
7A-24 1077 589 0.56 265 0.236 0.286 0.878 0.142 0.499 2249 8.6 1620 12.6
TA-25 528 22 0.04 180 0.017 0.396 0902 0.135 1.725 2169 30.1 2149 16.5
TA-26 258 4 0.02 76 0.034 0342 0977 0.112 1.210 1833 21.9 1896 16.1
TA-27 686 164 0.25 279 0.022 0472 0.885 0.181 0.486 2660 8.1 2494 18.3
Retrograde granulite (3HY6C) of Unit I

6C-1 70 18 0.26 176 0.141 0.294 0.726 0.109 1.284 1787 234 1661 10.6
6C-2 29 8 0.28 197 0.000 0.080 1.723 0.074 4.506 1042 90.9 497 8.2
6C-3 2386 744 0.32 361 0.003 0.176 0.169 0.096 1.040 1546 19.5 1046 1.6
6C-4 37 7 0.21 911 0.693 0.284 1.059 0.103 2.903 1682 53.6 1611 15.1
6C-5 1711 306 0.18 554 0.039 0.038 0.247 0.053 0.844 311 19.2 238 0.6
6C-6 31 6 0.20 287 0.694 0.107 1.356 0.077 5.224 1132 104 656 8.5
6C-7 1077 166 0.16 129 —-0.002 0.139 0.266 0.086 0.460 1349 8.9 840 2.1
6C-8 1594 282 0.18 433 0.000 0.316 0.194 0.114 1.817 1863 32.8 1770 3.0
6C-9 1311 224 0.18 277 0.022 0.246 4.130 0.110 3.936 1799 71.6 1419 52.6
6C-10 29 5 0.19 354 0.000 0.140 1.255 0.094 2.441 1507 46.1 844 9.9
6C-11 234 30 0.13 661 0.033 0.329 0439 0.114 0.786 1857 14.2 1835 7.0
6C-12 1353 238 0.18 306 0.010 0.263 0.587 0.106 1.232 1728 22.6 1504 7.9
6C-13 30 8 0.27 642 0.000 0.253 1.098 0.105 1.712 1712 31.5 1455 14.3

6C-14 29 5 018 736 0.000 0291 1.102 0.112 1.725 1835 31.3 1646 16.0

(continued)



Protolith and metamorphic ages of the Haiyangsuo Complex 215

Table 1 (continued)

U Th Th/ Rad. Comm. *°°Pb/ error *°’Pb/ error *’Pb/  error 2°°Pb/  error

(ppm) (ppm) U  2pp 209pp 238y ()  206p,  (qp) 206py, 238y

(%) age (Ma) age (Ma)

6C-15 275 46 0.17 375 0.003 0.159 1.383 0.095 0.800 1529 151 949 12.2
6C-16 1625 287 0.18 401 0.004 0.287 0.576 0.108  0.864 1769 15.8 1626 8.3
6C-17 1497 352 0.24 391 0.019 0304 0.321 0.112  1.096 1830 19.9 1711 4.8
6C-18 36 19 0.55 749 0.155 0.244 1.167 0.107 1.679 1753 30.7 1409 14.8
6C-19 36 8 022 997 —-0.228 0320 0.990 0.120 1.594 1955 28.5 1791 15.5
6C-20 184 65 0.36 354 0.127 0.223 0.484 0.104  0.837 1700 15.4 1299 5.7
6C-21 179 20 0.12 407 0.065 0.265 0.821 0.105  0.707 1719 13.0 1513 11.1
6C-22 191 80 0.43 551 0.035 0.336 0.485 0.114  0.811 1862 14.6 1867 7.9
6C-23 2839 635 0.23 786 0.000 0.322 2.090 0.109 1.133 1783 20.7 1801 32.8
6C-24 79 12 0.16 231 1.660 0.034 1.446 0.049 16.421 143 385 214 3.0
6C-25 2101 302 0.15 191 0.007 0.106 2.015 0.084  2.815 1296 54.7 649 12.4
6C-26 35 6 0.19 724 0.031 0.237 1.030 0.107 1.665 1742 30.5 1373 12.7
6C-27 1875 379 0.21 514 0.008 0.319 0.711 0.113  1.121 1841 20.3 1786 11.1
6C-28 2299 587 0.26 275 0.016 0.139 0.285 0.099 5.794 1609 108 840 2.2
Metagabbro (3HY1H) of Unit II
1H-1 227 43  0.20 181 0.110 0.093 0.499 0.063 1.539 719 3277 574 2.7
1H-2 308 306 1.03 804 0.031 0.304 0.390 0.106  0.503 1731 9.2 1711 59
IH-3 689 990 1.49 183 0.015 0309 0.234 0.106  0.326 1727 6.0 1738 3.6
1H-4 1284 1312 1.06 341 0.018 0.309 0.186 0.106  0.359 1734 6.6 1737 2.8
IH-5 909 1012 1.15 213 0.014 0.273 0.237 0.105 0.358 1719 6.6 1557 33
IH-6 520 633 1.26 136 0.002 0.305 0.264 0.106 0.376 1740 6.9 1716 4.0
1H-7 147 225 1.58 213 0.000 0.169 0.601 0.096  0.976 1542 18.4 1004 5.6
1H-8 2651 3310 1.29 710 0.000 0.312 0.148 0.106  0.217 1730 4.0 1749 23
IH-9 647 557 0.89 164 0.032 0.294 0.370 0.106  0.356 1733 6.5 1663 54
1H-10 321 346 1.12 806 0.000 0.293 0.714 0.106  0.482 1723 8.9 1655 104
Amphibolitic layer (3HY1A) of Unit II
IA-1 686 770 1.16 183 0.029 0.311 0.893 0.106 0.417 1726 7.7 1745 13.7
1A-2 80 38 049 11 0.205 0.162 1.323 0.096 1.770 1539 333 965 11.9
1A-3 528 469 092 129 0.026 0.285 0.909 0.104 0.486 1702 9.0 1615 13.0
1A-4 67 28 043 8 1.194 0.133 1.441 0.087  4.320 1365 832 804 10.9
1A-5 728 711 1.01 191 0.032 0.306 0.887 0.106  0.396 1731 7.3 1721 134
1A-6 411 339 0.85 101 0.057 0.287 0.933 0.104  0.561 1705 10.3 1625 134
1A-7 365 155 044 26 0.389 0.082 1.006 0.075 2.014 1067 40.5 509 49
1A-8 129 73 059 34 0.059 0.304 1.135 0.105 0.987 1707 18.2 1710 17.0
1A-9 101 49 050 24 0.227 0.279 1.194 0.105 1.228 1708 22.6 1588 16.8
1A-10 177 104 0.61 45 0.025 0.296 1.052 0.105  0.823 1710 15.1 1669 15.5
1A-11 153 89 0.60 37 0.042 0.281 1.080 0.105  0.908 1713 16.7 1596 15.3
1A-12 677 743 1.13 168 0.011 0.289 0.892 0.105 0.423 1719 7.8 1636 12.9
1A-13 837 819 1.01 219 0.020 0.305 0.879 0.106  0.367 1733 6.7 1717 132
1A-14 827 789 099 209 —0.019 0.294 0.879 0.106  0.380 1736 7.0 1660 12.9
1A-15 164 78 049 43 0.037 0302 1.066 0.105 1.327 1709 244 1702 15.9
1A-16 364 291 0.83 96 0.068 0.307 0.943 0.106  0.578 1739 10.6 1726 14.3

(continued)
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Table 1 (continued)

U Th Th/ Rad. Comm. 206py, / error 207py, / error 207py, / error  2°°Pb / error
(ppm) (ppm) U 206pp 20py 238y ()  20pp, (g5)  20%py, 238
(%) age (Ma) age (Ma)

1A-17 135 84 0.64 25 —0.013 0.217 1.133 0.100 1.138 1622 21.2 1265 13.0
1A-18 458 384 0.87 121 0.051 0.308 0.921 0.105 0.502 1723 9.2 1733 14.0
1A-19 522 399 0.79 99 0.028 0.220 0.915 0.103 0.638 1680 11.8 1281 10.6
1A-20 112 61 0.57 28 0.107 0.294 1.155 0.105 1.129 1720 20.7 1661 16.9
Granitic dike (3HYS5N) of Unit II1
5N-1 197 146 077 19.0 0.092 0.112 1.111 0.062 1.851 676 39.6 685 7.2
5N-2 248 155 0.65 27.3 0.138 0.128 1.042 0.063 1.689 714 35.9 777 7.6
5N-3 199 166 0.86 10.2 0.804 0.059 1.253 0.053 5.928 337 134 372 4.5
5N-4 173 139 0.83 12.7 0.452 0.085 1.163 0.058 2.880 546 62.9 527 59
5N-5 185 218 1.22 9.7 0.688 0.061 1.213 0.055 4.752 427 106 381 4.5
5N-7 738 7 0.01 21.9 0.109 0.034 0973 0.052 1.854 270 425 218 2.1
5N-8 43 22 0.52 4.1 0.544 0.111 1.709 0.059 3934 581 854 677 11.0
5N-9 189 107 059 153 0.074 0.095 1.116 0.064 1.878 733 398 583 6.2
5N-11 893 243 028 43.7 0.062 0.057 0.914 0.058 1.176 537 257 357 3.2
5N-14 518 276 0.55 50.2 0.105 0.113 0931 0.065 1.254 758 264 688 6.1
5N-15 474 78 0.17 10.1 0225 0.025 1.114 0.048 5.169 120 122 158 1.7
5N-16 63 32 0.53 6.3 0.893 0.117 1.508 0.057 5.047 498 111 711 10.2
5N-17 2218 526 0.24 48.6 0.807 0.025 0.899 0.047 3.254 50 777 161 1.4
5N-18 934 118 0.13 19.8 0.117 0.025 0.969 0.049 2.008 141 47.1 157 1.5

All errors are 1 sigma of standard deviation; error in standard calibration was 0.19% (not included in above errors)
A negative value indicates that the number of ion counts was indistinguishable from background; in such case no
common Pb correction is made

* Percentage of common 206ph, in total measured 2°°Pb; common Pb corrected using measured 204pp

those described by Williams (1998). Analytical spots, ~40 um in diameter, were
sputtered using an ~5nA O, primary beam. The data were collected in sets of six
scans through 9 mass spectra. The primary beam was rastered across the analytical
spot for 120 seconds before analysis to reduce surficial common Pb resulting from
sample preparation and Au-coating. Concentration data were calibrated against
CZ3 zircon (550 ppm U), and isotope ratios were calibrated against zircon R33
(419 Ma, Black et al., 2004). Data reduction followed Williams (1998), and utilized
the Squid software (Ludwig, 2001). Isoplot 3 (Ludwig, 2003) was used to calculate all
ages, which are reported here at the 95% confidence level. Cathodoluminescence
(CL) images were obtained using a JEOL 5600LV Scanning Electron Microscope
(SEM) equipped with a HAMAMATSU photo multiplier tube. The dating results
are summarized in Table 1.

Zircon morphology and internal texture

Zircon separates (~50-200 pm) from Unit I gneiss (03HY7A) have rounded and
stubby morphology and exhibit internal structures. Most crystals have thick cores
exhibiting oscillatory zoning mantled by extremely thin rims (Fig. 3a). These rims
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a. Gneiss (03HY7A) b. Retrograde c. Metagabbro d. Amphibolite e. Granitic dike
- . granulite (03HY1H) layer (03HY5N)
(03HYBC) (OSHY1A]

1835 + 7 /
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1738+ 4

= 50 micron

Fig. 3. Cathodoluminescence image of representative zircon separates from various rock
types of the Haiyangsuo Complex. Ellipses within crystal represent primary beam pits for
SHRIMP dating

have highly luminescent and homogeneous CL colors characteristic for meta-
morphic zircons.

Zircon separates (~100-300 pm) from retrograde granulite of Unit I (03HY6C)
have relatively smooth and elliptical to rounded shapes (Fig. 3b). Cores are highly
luminescent. The internal growth structure is characterized by a faintly patchy
pattern.

Zircon separates (~30—100 pm) from metagabbro (03HY 1H) and amphibolitic
layer (O3HY1A) of Unit I do not show obvious internal zoning (Fig. 3c and d).
However, most zircon grains show strips of different luminescence characteristic
for zircons of mafic rocks.

Zircon separates (~50-300 um) from granitic dike of Unit II (03HY5N) show
distinct inherited cores and oscillatory zoned rims. They have prismatic and euhe-
dral shape, clearly exhibiting the internal growth zoning of magmatic origin in
outer domains (Fig. 3e); these textures suggest the granitic melt may have resulted
from partial melting of gneissic rocks.

Th—U chemistry of zircons

Th and U concentrations of zircon crystals are shown in Fig. 4. Zircons from
gneiss of Unit I (03HY7A) have highly variable Th/U ratios, spanning a range of
2 orders of magnitude. Zircons from retrograde granulite of Unit I (03HY6C)
have constant Th/U ratios with an average value of about 0.3. Zircons of meta-
gabbro (O3HY1H) and amphibolitic layer (O3HY1A) of Unit II have constant
Th/U ratios around the value of 1 except for some analyses with lower Th/U
ratio. In the granite dike of Unit IT (03HY5N), igneous rims have lower Th/U
ratios (<0.35) than the cores.
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Fig. 4. Th and U abundance (ppm) of zircon spots analyzed by SHRIMP. For explanation
see text

Age of inherited zircon and older metamorphism

In the gneiss of Unit I (03HY7A), the group of the oldest apparent *°’Pb / 206pp,
ages has a mean value >2500 Ma (Fig. 5, Table 1), which is the oldest age obtained
in the HYC. In terms of the whole sample, apparent ages scatter largely in excess
of their analyses, thus, the U-Pb system of zircons became complex by one to
several of the following mechanisms: multiple growth of new zircon, multiple epi-
sodic Pb-loss events, and partially continuous Pb-loss. It is observed that in the
upper part, the zircon data are concordant or very close to the concordia (Fig. 5a).
A mixing line is drawn to fit these near concordant data. The upper intercept might
represent the protolith age of about 2650 Ma. The lower intercept of the mixing
line yields an age of about 1800 Ma; this age may represent the first metamorphic
event. Li et al. (1994) suggested that a gabbroic intrusive event at about 1800 Ma
might be coeval with this metamorphic event.

Some data of the present study were found to be grossly discordant. To fit all
these discordant points, Pb-loss lines can be drawn starting from the mixing line. It
seems that all the Pb-loss lines converge and lead to an age of about 600 Ma.
Because this Archean gneiss could be affected by several thermal events, hence
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more than one Pb-loss events, no unique lower-intercept ages were obtained. Multi-
ple-stage Pb-loss can account for the complexity of the concordia diagram, there-
fore the lower-intercept age of 600 Ma may be geologically meaningless.

Most zircon data of the retrograde granulite of Unit I (03HY6C) are discordant,
indicating significant Pb loss (Fig. 5b); such an effect may have resulted in large
analytical errors for this sample shown in Table 1. The early Proterozoic age is
similar to the age of 1846 +26 Ma obtained by Zhang et al. (2006) on another
granulite sample (03-R14) from the same locality; they may correspond to the HP
granulite-facies growth of zircon grains. The lower-intercept age overlaps on errors
of the lower-intercept age of 373 =65 Ma for a less retrograde granulite from the
same locality (for details see Zhang et al., 2006). Although these lower-intercept
ages have large error ranges, these Paleozoic ages may represent the timing of
amphibolite-facies overprint when the fine-grained secondary garnet corona formed.

In Unit II, the metagabbro (O3HY1H) cross-cuts Unit I gneiss, hence has a
younger age. Li et al. (1994) suggested that the gabbroic intrusion occurred during
the granulite- to amphibolite-facies metamorphic event producing gneiss and gran-
ulite. The concordia diagram for 03HY 1H has upper and lower intercept ages of
1734.2 + 5.1 and 339 4+ 59 Ma, respectively (MSWD = 1.5) (Fig. 5c). Most zircon
data are near concordant at 1650—1750 Ma. Only two spots show very obvious
Pb-loss of up to 55 percent. It is likely that gabbroic magma intruded regionally in
the HYC at about 1730 Ma. This event may have been coeval with regional amphib-
olite-facies metamorphism of late Archean/early Proterozoic granulite-bearing
gneissic terranes as indicated in Fig. 5a. The lower intercept ages imply that a sec-
ond regional amphibolite-facies metamorphic event occurred in this region in the
middle Paleozoic.

The amphibolitic layer of Unit II (03HY1A) has an upper intercept age of
1731 £ 6 Ma, representing the intrusive age of gabbroic magma (Fig. 5d). On the
other hand, the lower intercept age of 338 + 28 Ma is identical to the metamorphic
age of metagabbro O3HY 1H mentioned above, indicating that the second regional
amphibolite-facies metamorphic event affected all older rocks including gneiss,
granulite and gabbroic intrusive. All the zircon data fit the discordant line well.
Most zircons did not experience significant Pb-loss; they are very close to con-
cordia within the range of 1600—1800 Ma. Five zircon data show obvious Pb-loss
and lie on the discordant line.

Age of youngest granitic intrusions

As described above, distinct metamorphic core and magmatic oscillatory over-
growths can be seen in zircons extracted from the granite dike of Unit II
(O3HYSN) (Fig. 3e). The 206Pb/238U ages of igneous growth are 157-161 Ma,
whereas the inherited core ages range from 680 to 780 Ma. These data suggest
that granitic magma was formed by partial melting of metamorphic rocks; some
may have metamorphic zircons of 680—780Ma. The Jurassic intrusive age is coe-
val with the reported U-Pb SHRIMP zircon age of Kunyushan monzogranite,
160 =3 Ma, in the Rushan region (Hu et al., 2004) about 35km to the west
(Fig. 1). Numerous post-collisional granitic plutons of 160 Ma occur in the Su-—
Lu region (e.g., Guo et al., 2001) (Fig. 1).
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Some spots also yielded discordant 218-580 Ma ages. However, CL. images
revealed that most of these spots are on the boundaries between core and rim,
representing the mixtures of igneous and metamorphic ages (Fig. 5). Triassic ages
of 220-240 Ma were not obtained for the granitic dike.

Discussion

The Haiyangsuo Complex is exotic to the Sulu terrane

The Sulu terrane consists of the fault-bounded coesite eclogite UHP belt and the
eclogite-free HP belt in southern Sulu (e.g., Zhang et al., 1994; Liu et al., 2004). The
rock association and metamorphic evolution of the HYC documented by Zhang et al.
(2006) and the present paper are different from Sulu UHP and HP rocks. Ye et al.
(1999) correlated the Haiyangsuo ““transitional eclogite” with the ““cold eclogite™ of
south Dabie, and interpreted the HYC as an equivalent to the Dabie “cold eclogite
belt”. Widespread quartz eclogite in the Dabie Mountains, especially in the Hong’an
block, occurs to the south of the coesite-bearing eclogite belt, and has been con-
sidered to be “the cold eclogite belt” (e.g., Eide and Liou, 2000).

However, Zhang et al. (2006) revealed two distinct periods of metamorphic
recrystallization for the HYC; early HP granulite- to amphibolite-facies metamor-
phism and later amphibolite-facies overprint. The relict HP granulite assemblages
(Grt + Opx + Cpx + P1 4+ Hbl + Bi £ Qtz) formed at >750°C and 0.9-1.1 GPa and
were overprinted by amphibolite-facies phases characterized by well-developed
corona layers of Grt and Hbl + Qtz; these textures indicate a near-isobaric cooling
history of the granulite-bearing gneissic terrane. Metagabbro preserves a relict igne-
ous assemblage in the intrusive core, but has metamorphic corona texture similar to
that in granulite; garnet amphibolite at the margins was recrystallized at ~600—
700°C and 0.7-1.0 GPa. The P-T paths established for the mafic rocks from the
HYC together with the lack of eclogitic assemblages suggest that the Haiyangsuo
granulite-amphibolite-gneiss complex has not been subjected to Triassic subduction-
zone metamorphism, hence this complex is different from Sulu-Dabie UHP-HP rocks.

Considering our new geochronology, the first HP granulite- to amphibolite-
facies metamorphic event occurred at around 1800 Ma and second regional amphi-
bolite-facies overprinting happened around 340—370 Ma, which is supported by the
lower-intercept ages of zircons from granulite, metagabbro and an amphibolitic
layer. This younger metamorphic event recrystallized most mafic rocks in this
region to the amphibolite-facies assemblage of Hbl+ Grt + Zo/Czo + Pl + Qtz.
Based on our new age data described above and the previous geochronologic data
by Li et al. (1994) and Zhang et al. (2006), there is no geochronologic evidence of
a Triassic metamorphic event at 210-230 Ma, nor 650-850 Ma ages of protoliths
common for Sulu UHP/HP rocks, except Neoproterozoic inherited ages from post-
collisional Jurassic granitic dikes.

<

Fig. 5. U-Pb SHRIMP analyses of zircons from the Haiyangsuo Complex. Data are plotted
on concordia diagram (*°°Pb / 238U versus 2'Pb/**U) except for granitic dike that uses a
Tera-Wasserburg diagram (**’Pb/?°°Pb versus 2**U/?*°Pb). Errors are 1 sigma. For expla-
nation see text
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Tectonic implications

Where does the HYC fit and correlate with petrotectonic units in NE China and the
Korean Peninsula? The geochronological and petrological facts indicate that the
HYC is exotic to the Dabie-Sulu UHP-HP terrane. The Archean protolith age of
gneissic rocks suggests that this region may be genetically related to the Sino-
Korean craton (Wilde et al., 2004; Zhao et al., 2004, 2005; Zhai, 2002, 2004)
(Fig. 6). In addition, the HYC also records 1.7—1.85 Ga metamorphic events with
mafic intrusions; such Paleoproterozoic metamorphic and igneous events occurred
in the Sino-Korean craton. The Trans-North China Orogen has been considered to
be the largest Paleoproterozoic metamorphic terrane resulting from a Paleoproter-
ozoic collision between the Western and Eastern Blocks of the Sino-Korean Craton
(Zhao et al., 2004, 2005) (Fig. 6). This terrane consists of tonalite—trondhjemite—
granodiorite (TTG), gneiss, granite-greenstone, and granulite; some granulites have
petrologic features and metamorphic ages similar to the HYC granulite (Zhang
et al., 2006; this study) in spite of more than 800 km separation from the HYC.
Another Paleoproterozoic terrane, the Jiao-Liao-Ji Belt, occurs at the northwestern
part of the Shandong Peninsula and consists mainly of Late Archean to Paleopro-
terozoic gneissose and igneous rocks with rare HP granulite-facies rocks (Fig. 6)
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(Zhai et al., 2000; Faure et al., 2003; Zhao et al., 2005). The Jiao-Liao-Ji Belt has
been thought of as a Paleoproterozoic rift system (Zhao et al., 2005) or a conti-
nental arc-continent collisional zone (Bai and Dai, 1998; Hacker et al., in press).
Considering available petrotectonic information together with petrologic and geo-
chronologic similarities and geography, the HYC may originally be part of the
Paleoproterozoic metamorphic terrane developed at the eastern margin of the
Sino-Korean craton; the HYC moved and displaced into the northeastern part of
the Sulu UHP terrane. Given the fact that no Triassic ages of the Sulu UHP-HP
terrane are recorded in the HYC, this tectonic transport must have occurred after
the Triassic collision between the Yangtze and Sino-Korean cratons. However, the
~160 Ma age of granites in both the Haiyangsuo and Rushan regions within 50 km
distance indicate that the HYC exotic terrane was juxtaposed to the Sulu UHP
terrane by mid-Jurassic time.

Where does the HYC extend to the Korean Peninsula? Paleoproterozoic HP
granulites (1.88—1.86 Ga) of the Gyeonggi Massif (Lee et al., 2000; Lee and Cho,
2003; Cho et al., 2004) contain Paleoproterozoic zircons with rare Archean inher-
ited cores (2.5-2.0 Ga SHRIMP U-Pb) (Cho et al., 2004). Furthermore, zircon
SHRIMP geochronology of gneiss from the Hida Belt of SW Japan confirmed
the Sino-Korean affinity including both Archean (2.7-2.5 Ga) and Paleoproterozoic
(1.84 Ga) events (Sano et al., 2000). Rare mafic HP granulites and abundant Jur-
assic granitic intrusions have been documented in the Hida Belt (Kunugiza et al.,
2001). The eastern limb of the Sulu UHP terrane has been suggested to extend
across the Korean Peninsula eastward to SW Japan (Ernst and Liou, 1995; Isozaki,
1997; Ishiwatari and Tsujimori, 2003; Tsujimori and Liou, 2005; Tsujimori et al.,
2006). We postulate a similar geotectonic configuration for the Archean-Paleopro-
terozoic granulite-bearing terrane. The Paleoproterozoic HP granulite-bearing ter-
rane including the HYC may be continuous from the present Shandong Peninsula
through Yellow Sea northeastward to the Korean Peninsula and SW Japan. Sys-
tematic petrologic and geochronologic correlations among these terranes in eastern
China, the Korean Peninsula and SW Japan are needed to confirm this suggestion.
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