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Geochemistry of early M esozoic potassium-rich diorites-granodiorites

in southeastern Hunan Province, South China:
Petrogenesis and tectonic implications
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The diorites-granodiorites emplaced at ca. 175 Main southeastern Hunan tectonic-magmatic belt (SHB),
South China Block (SCB), are high-K calc-alkaline. They are characterized by LREE-LILE enrichment
and HFSE depletion with slight or no Eu anomalies. Age-corrected initial 87Sr/%Sr ratio spans a narrow
range of 0.707962~0.710396 and &,4(t) of —6.98~-2.30. These features are significantly different from
those of the neighboring other Mesozoic granitic plutons (Ew/Eu* = 0.30-0.70; 87Sr/%6Sr > 0.710; gy =
—12 to —16) in South China, which have been interpreted as the remelting products of Precambrian base-
ment. The crust anatexis cannot account for the geochemical characteristics of these diorites-granodiorites
in the SHB. The partial melting of an enriched lithosphere mantle directly produced mafic-intermediate
rather than acid magma, and can also not explain the geochemical and isotopic variations exhibited by
these diorites-granodiorites. These diorites-granodiorites likely represent partial melting products of man-
tle-derived basaltic rocks, which were underplated and hybridized with old crust material at lower/middie
crust level. Theoretical modeling further suggests that this hybridized source consisted of 15-30% of the
lower/middle crust and 70-85% of depleted mantle-derived basaltic rocks. The occurrence of these diorite-
granodiorites in southeastern Hunan province therefore marked a major intra-lithospheric extension epi-

sode during early Mesozoic.

INTRODUCTION

The South China Block (SCB) was intruded
by voluminous Mesozoic granitic plutons, some
of which are closely associated with large to gi-
ant multi-metal deposits (e.g., Chen and Jahn,
1998) (Fig. 1(a)). Over the past 20 years, anumber
of models have been postulated to explain the
petrogenesis of these Mesozoic granites in SCB
(e.g., Hsl et al., 1990; Zhou and Li, 2000; Li,
2000). An extensional regime is now favored for
the late Mesozoic tectonic evolution in the SCB
(e.g., Li, 2000). However, the tectonic setting dur-
ing early Mesozoic in this region remains hotly
debated. Some hypotheses, such as Andean-type
active continental margin, Alps-type collision belt,
lithosphere subduction with underplating of mafic

magma, suggested that the petrogenesis of the
granitesin SCB wasrelated to the subduction/col -
lision regime (e.g., Hsl et al., 1990; Faure et al.,
1996; Zhou and Li, 2000, and reference therein).
Others considered that they were originated from
the lithospheric extension and thinning in responds
to theintra-plate tectonic setting during M esozoic
(Guo et al., 1997a; Li, 2000, and reference
therein).

Recent studies on the Mesozoic granites have
revealed that there is a Mesozoic northeast-
trending high-potassium, low-T,, magmatic zone
(“Shi-Hang” zone, Gilder et al., 1996; Li et al.,
1999), which is cut by Zhuguangshan Mountains
intheinterior of SCB (Chen and Jahn, 1998) (Fig.
1(a)). Mesozoic granodiorites-granitesin the Shi-
Hang zone are characterized by significantly high
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Fig. 1. (a) Asimplified tectonic map of South China, showing the distribution of Mesozoic high-K, high &y, zones
(after Chen and Jahn, 1998; Zhuang et al., 1988; Li et al., 1999; Li, 2000). (b) Geologic map of southeastern
Hunan tectonic-magmatic belt (SHB). The boundary between the Yangtze and Cathysian blocks is defined by the
occurrence of Meso- and Neoproterozoic Banxi Group (Chen and Jahn, 1998). Mafic lavas of 170-180 Ma are
from Zhao et al. (1998). The location of late Mesozoic xenoliths-bearing basalts refers to Guo et al. (1997a, b).
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Sm (>8 ppm) and Nd contents (>45 ppm) with
relatively high gy,(t) values (-4 to -8) and are
interpreted as a result of mantle upwelling along
a*“paleo-rift” (Gilder et al., 1996). The southeast-
ern Hunan tectonic-magmatic belt (SHB) belongs
to the southern part of the Shi-Hang geochemical
anomaly zone. Being an intensively deformed
intracontinental belt between the Yangtze and
Cathaysian blocks during Mesozoic (e.g., Hsl et
al., 1990), this belt is also an important M esozoic
geochemical anomaly zonein theinterior of SCB.
In addition to voluminous Mesozoic granites in
this belt (e.g., HBGMR, 1986; Chen and Jahn,
1998) (Fig. 1(a)), some early Mesozoic high-K
diorites-granodiorites and mantle xenoliths-bear-
ing mafic volcanics are present in this zone (Guo
etal., 1997a; Zhao et al., 1998; Wang et al., 2001)
(Fig. 1(b)). The magmatism might be related in
temporal and spatial to underplating event identi-
fied by gabbro xenoliths (ca. 224 Ma) hosted by
late Mesozoic basalts (Guo et al., 1997a). The
SHB, therefore, is a crucial area for understand-
ing early Mesozoic tectonic evolution in the SCB.

With aims to better characterize the
petrogenesis and tectonic implications of early
Mesozoic geochemical anomaly zone, we con-
ducted a set of zircon U-Pb geochronological,
mineralogical and geochemical studies on the
diorites-granodioritesin the SHB. These diorites-
granodiorites with 3-25% calcic amphibole, A/
CNK =0.79-1.19 depicted as bel ow could be clas-
sified as |-type granitoids. They are
compositionally favorablefor distinguishing from
the neighboring other Mesozoic granites that are
predominately characterized by S-type. These
diorites-granodiorites may have resulted from
partial melting of underplated basaltic rocks hy-
bridized with old crustal material at ca. 175 Ma.
The important thermal and material transfer from
mantle to crust during early Mesozoic suggests
an intra-lithospheric extension setting in the SCB
at that time.

GEOLOGICAL SETTING AND PETROGRAPHY

Thehigh-K diorites-granodiorites are predomi-

nately distributed in the SHB. They constitute a
NE-trending tectono-magmatic zone between
Chenzhou-Linwu and Hengyang-Shuangpai faults
(Fig. 1(b)). Spatially, these diorites-granodiorites
are closely associated with large to giant copper
multi-metal deposits (e.g., HBGMR, 1986;
Zhuang et al., 1988). From north to south in the
SHB, the typical dioritic-granodioritic intrusions
include Shuikoushan diorites, Baoshan and
Tongshanling granodiorites. Generally, these
diorites-granodiorites are of small volume and
occur as veins, laccoliths, knobs and batholiths
with 2004600 m in length and 150-1600 m in
width. Most of them intruded into late Paleozoic
sedimentary sequences (Fig. 1(b)). For instance,
Shuikoushan diorite and Baoshan granodiorite
intruded into early Carboniferous sedimentary
sequence, while Tongshanling granodiorite into
late Permian limestone. Amphibolite, gneiss and
diorite enclaves are found in Tongshanling, but
absent in other two intrusions.

Lithologically, Baoshan and Tongshanling in-
trusions comprise predominately biotite
granodiorites whereas Shuikoushan intrusion con-
tains biotite diorites and quartz diorites. These
diorites-granodiorites show subhedral granular
textures of mediate grain sizes (2-5 mm) with
partial porphyritic fabrics in some samples. The
phenocrysts are commonly constituted by
plagioclase, quartz and alkali feldspar, and the
matrix is mainly composed of fine-grained
plagioclase, quartz and a few biotite, amphibole
and opague oxides. The rocks contain 35-50%
plagioclase, 5-25% alkali feldspar, 10—-35%
quartz, 5-15% biotite, 3—-25% amphibole and mi-
nor amounts of euhedral sphene, apatite, zircon,
Fe-Ti oxides and all anite. Plagioclase phenocrysts
display optical zonation, and tend to be euhedral
to subhedral with the size of 2-5 mm. The alkali
feldspar is microcline, and contains abundant
perthite as blebs and stringers. Hornblende exhib-
its brown-light and green subhedral-anhedral
polychroism. Variation in mineral contents is
somewhat correlated with that of SiO, contentsin
these intrusions. Shuikoushan diorites-
granodiorites (SiO, = 60.0-65.1%) have higher
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proportion of biotite and hornblende but less K-
feldspar and quartz than that of Baoshan and
Tongshanling granodiorites (SiO, = 63.3—68.2%).

ANALYTICAL TECHNIQUES

Zircons were finally separated and concen-
trated by heavy liquid, and isodynamic magnetic
separators and were then handpicked under a bin-
ocular microscope. Only those idiomorphic zir-
con grainsfree of inclusions and cracks have been
selected for U-Pb dating. Zircon grains were di-
gested in a 0.25-ml Teflon capsule and spiked by
the combination-bombs with 2°°Pb-2*5U-spike
mixture. Four to ten grains for each separate sam-
ple were selected for U-Pb isotopic analyses. The
procedureisafter Krogh's (1973). Theinitial com-
mon Pb is corrected by model of Stacey and
Kramers (1975) and whole procedure blank was
0.050 ng for Pb and 0.002 ng for U. U-Pb abun-
dance and their isotopic ratios were determined
using a mass-spectrometer VG 354 at Tianjin In-
stitute of Geology and Mineral Resources, Chi-
nese Ministry of Land and Resources (MLR). All
U-Pb analyses were done using an ion-counting
Daly detector in peak hopping mode. Data pro-
cession was performed using the PBDAT and plot-
ted by ISOPLOT software. The results are given
in Table 1.

The chemical compositions of single minerals
were performed on a JCXA-733 Microscan Mi-
croprobe (0.2 pA, 20 kV) at the Institute of
Geochemistry, Chinese Academy of Sciences
(CAS). Representative mineral compositions are
givenin Table 2. The hornblende and biotite com-
positions listed in Table 2 are the mean values of
3-5 individual spots from several neighboring
grains.

Major oxide contents were analyzed at the
Hubei Institute of Geology and Mineral Resource,
MLR, by a wavelength X-ray fluorescence
spectrometry with analytical errors better than 2%.
FeO content in sampleissolely analyzed by awet
chemical method. Trace element analysiswas per-
formed at the Guangzhou Institute of
Geochemistry, CAS by an inductively coupled

plasma mass spectrometry (ICP-MS). Detailed
analytical procedure is referred from Liu et al.
(1996). Reproductivity is better than 95% with
general analytical error less than 5%.

Sr and Nd isotopic ratios were measured by a
VG 354 mass-spectrometer at Institute of Geol-
ogy and Geophysics, CAS. The ratios were nor-
malized to 8Sr/88sr = 0.1194 and “6Nd/***Nd =
0.7219, respectively. The whole procedure blanks
are lower than 5 x 10%¢g for Srand 5 x 10! g
for Nd. Thirteen analyses of standard La Jollagave
143N d/1*4Nd = 0.511962 + 10, and two analyses of
BCR-1 gave “3Nd/***Nd ratios of 0.512626 + 9.
Six analyses of NBS 987 gave 8'Sr/8sr =
0.710265 + 12, and two analyses of NBS607 gave
875r/85r = 1.20032 + 3 (1 s.d.). 8Rb/%Sr and
1475m/*“Nd ratios were calculated using the Rb,
Sr, Sm and Nd abundances measured by ICP-MS.
During the course of this study within-run errors
of precision are estimated to be better than
0.000015 for 86Sr/88Sr and 146N d/***Nd in the 95%
confidence level. 3Nd/**Nd and 4’Sm/***Nd
ratios of CHUR at the present time used for cal-
culating &g value are 0.512638 and 0.1967 re-
spectively. Mgjor, trace elements and Sr-Nd iso-
topic ratios are listed in Table 3.

RESULTS

Zircon U-Pb dating

All zircon grains for U-Pb dating are light
brown, prismatic and transparent with well-devel -
oped crystal faces, indicating that they are pre-
dominately magmatic (Wang et al., 2001). Four
zircon grainsfrom aBaoshan granodiorite are plot-
ted on the concordia line with a mean 2%6Pb/2%8U
apparent age of 173.3 + 1.9 Ma (MSWD = 0.051)
(Fig. 2(a)). Three zircon grains from a
Shuikoushan diorite are also on the concordialine
(Fig. 2(b)), yielding a mean 2%°Pb/238U apparent
age of 172.3 + 1.6 Ma (MSWD = 0.181). These
diorites-granodiorites in SHB were generated at
800-850°C discussed in Subsection 4.2, whereas
the closure temperature of zircon U-Pb isotopic
system isgenerally 650-700°C. Therefore thisage
is considered as the best estimate of its crystalli-
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Table 1. U-Pb isotopic analyses of grained zircon from the diorites-granodioritesin SHB

Sample description Concentration ~ Com. Pb Isotopic atom ratio Apparent age (Ma)
(ng)
Samp]e NO. Welgh[ U Pb 206Pb 208% 206Pb 207Pb 207Pb ZOﬁPb 207Pb 107Pb
(,llg) (#gg_l) (ugg—l) /.’0-0Pb /106Pb F}SU /.’35U /206l)b /.’SEU /.’JSU /206Pb
Tongshanling granodiorite
1 15 1248 37 0.041 839 0.08139 0.02818 0.1938 0.04987 179.1 179.8 189.1
(40) (48) (93) (25) 4.3) (43)
2 20 942 28 0.025 1339 0.11060 0.02810 0.1927 0.04973 178.7 178.9 182.2
(38) (40) (71) 24) G4 (33)
3 20 1577 52 0.087 727 0.08027 0.03086 0.2386 0.05608 1959 2173 455.6
(23) (26) 41) (14) (2.1) (16)
4 20 979 46 0.044 1205 0.07523 0.04584 0.4701 0.07438 289.0 391.3 1052
37 (48) 41) 23) 34 (11)
5 20 755 45 0.017 2848 0.09760 0.05603 0.8280 0.10720 351.4 6125 1752
(32) (52) 3) 20 G2 (4)
6 20 1930 60 0.059 1274 0.07157 0.03050 0.2214 0.05265 193.7 203.1 313.8
(19) 21 (33) (1.0) (1.7 (14)
7 20 861 28 0.010 3659 0.08119 0.03256 0.2466 0.05492 206.5 2238 409.2
(26) (28) 39 (1.6) (2.3) (16)
8 20 1374 47 0.029 2033 0.08255 0.03359 0.2648 0.05717 213.0 2385 498.0
32) 45) (78) 20 @37 (30)
9 15 2542 97 0.096 848 0.09088 0.03603 0.2931 0.05899 2282 2610 566.9
(22) (28) (42) (14) 2.2 (16)
10 15 670 27 0.008 2691 0.1206 0.03821  0.4069 0.07725 241.7 346.7 1128
(44) (57) (54) 2.8) (4.0 (14)

Shuikoushan diorite

1 20 997 31 0.049 715
2 10 1536 59 0.150 195
3 20 484 18 0.081 222
4 20 992 37 0.120 324

Baoshan granodiorite

1 20 247 9 0.038 242
2 20 560 17 0.013 1505
3 20 744 27 0.130 220

4 20 455 14 0.015 1046

0.1782 0.02708 0.1850  0.04955 1722 1724 174.0

(35) (38) (78) 23) (3.2 (33)
0.1888 0.02716  0.1861 0.04970 172.7 1733 180.8
(43) (48) 91) 28 4.7 (43)
0.1810 0.02700 0.1846 0.04958 171.8 1720 175.5
(69) (75) (143) (4.4) (6.5) (67)
0.1570 0.03007 0.2560 0.06176 191.0 2315 666
(35) (46) a7 22) 3.7 27)

0.1671 0.02714  0.1858  0.04964 172.7 1730 178.0

(135) (148) (280) (8.6) (12.6) (130)
0.1686 0.02711  0.1853  0.04957 1724 172.6 174.9
(51) (54) (100) 33) @7 47)
0.1426 0.02734  0.1887 0.05006 173.9 1755 198.0
(48) (75) (167) (3.0) (64) a7
0.1451 0.02733  0.1872  0.04968 173.8 1743 180.3
(63) (66) (119) (4.0) (5.6) (56)

206pp/204pp s corrected for the whole procedure laboratory

blank (Pb = 0.050 ng and U = 0.002 ng) and diluent. Other Pb

isotopic ratios are radioactive Pb isotopic ratio in these expressions. The common Pb was corrected by the Stacey and Kramers'
(1975) method. The number in bracket (20) in the column of isotopic atom ratio and of apparent age (Ma) is the analytical
errors for U and Pb isotopic ratios and errors to the apparent ages, respectively. e.g.: 0.1861(48) in the column of isotopic
atom ratio shows 0.1861 + 0.0048(20), and 179.1(2.5) in the column of apparent age (Ma) is179.1 + 2.5 Ma.

zation age. The fourth zircon is plotted below the
concordia line with a 2’Pb/?%Ph apparent age of
666 + 27 Ma. It isunclear for the exact geol ogical
meaning of the older apparent age. It is inferred
that the zircon has possibly rudimental core from

crust basement. Two zircon grains from a
Tongshanling granodiorite are plotted on the
concordialine and yield amean 2°6Pb/?38U appar-
ent age of 178.9+ 1.7 Ma (MSWD = 0.181). The
others from the Tongshanling sample are plotted
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Table 2. Representative microprobe analyses of hornblende, plagioclase and biotite

Intrusion Mineral  Si0, TiO, ALO, FeO* MnO MgO CaO Na,0O K,0 Total Si  AI'Y' AI'Y Asite Pressure

TSHL  Hbc 486 073 719 175 062 11.6 996 114 051 979 720 080 045 0.31 2.96
Hbr 481 086 660 173 068 113 110 098 064 975 7.8 082 034 034 251
Hb 475 085 657 184 095 L.l 987 117 045 969 7.6 084 033 036 255
Hb 467 114 745 193 065 116 877 133 043 973 7.02 098 034 043 327
Hb 499 048 830 195 091 117 755 133 019 971 721 079 062 022 371

BSH Hb 485 063 877 191 102 110 744 L1l 018 978 7.6 084 068 030 425
Hb 474 105 709 198 079 115 707 148 024 966 7.5 085 041 032 299

SHKSH Hb 488 078 875 181 087 116 725 134 027 979 7.7 083 068 019 419
Hb 491 092 751 192 104 108 659 152 027 970 731 069 062 0.17 3.26
Hb 5.1 044 705 179 085 121 7.3 082 0.0 976 745 055 067 009 276

Intrusion Mineral SiO, TiO, ALO, FeO* MnO MgO CaO NaO K,0 Total Si AIf An Ab Or

TSHL Pl 609 006 223 016 002 00l 796 723 029 990 275 119 037 062 002
Plrl 617 002 222 014 015 nd 703 742 042 991 278 118 033 064  0.02
Plr2 628 nd. 219 009 007 015 612 810 034 995 281 115 029 069  0.02
Plc 627 006 215 nd. nd.  nd. 532 951 027 994 281 114 023 076 00l
Plrl 615 nd. 226 013 nd nd 564 9.2 014 992 277 120 025 074 001
PIr2 625 003 219 031 011 003 529 934 010 97 28 116 024 076 001
Plr3 618 005 217 010 nd. 038 504 957 019 991 278 115 022 077 001
Plc 576 nd. 261 044 005 007 7.8 701 009 99.1 261 139 038 062 001
Plr1 585 005 245 009 00l nd 709 701 002 974 268 132 036 064 000
PIr2 590 nd. 258 030 003 nd. 757 692 007 996 264 136 037 062 000
PIr3 588 nd. 255 028 nd. 015 756 7.0 0.6 995 264 135 036 063 001
Plr4 603 003 249 021 000 00l 739 756 0.18 101.0 268 130 034 065 001
o] 605 nd. 251 036 nd. nd. 669 689 009 997 27 132 034 065 001

SHKSH Ple 599 nd. 262 016 nd. nd 727 683 009 1000 265 137 037 063 001
Plrl 625 003 227 008 002 003 429 934 010 9.1 281 121 024 078 001
PIr2 638 nd. 235 003 nd. nd 426 783 010 998 281 122 023 077 001
PIr3 624 003 236 000 nd. nd 463 813 009 988 278 124 024 076 001
Pird 626 006 235 010 006 005 446 881 002 997 278 123 022 078  0.00
o] 624 nd. 245 009 nd. 004 429 774 014 994 277 128 023 076 00l

Intrusion Mineral  SiO, TiO, ALO, FeO* MnO MgO CaO Na,0 K,0 Total Si Al

TSHL Bt 388 267 119 265 039 952 004 nd 73 970 954 222
Bt 374 420 119 220 042 112 002 nd. 971 970 945 217

BSH Bt 371 340 122 231 053 105 003 029 878 960 939 223

SHKSH Bt 388 277 122 260 044 911 006 0.8 805 966 9.46 225
Bt 377 353 127 249 043 116 002 037 411 953 961 228

FeO* isthe total content of FeO + Fe,O,. c refer to coreand rl, r2, r3 and r4 to rims of minerals from core to edge. n.d. not
determined. Hb, Pl and Bt are hornblende, plagioclase and biotite, respectively. TSHL, BSH and SHKSH are for Tongshanling,
Baoshan and Shuikoushan intrusions, respectively. Pressure estimates using the equation from Schmidt (1992).

below the concordialine but constitute awell-de-
fined regression line (MSWD = 5.5) with the up-
per intercept age of 1746 + 197 Ma and the lower
intercept age of 181.7 + 8.8 Ma (Fig. 2(c)).
Collectively, the emplacement of these stud-
ied diorites-granodioritestook place within alim-
ited time interval between 172-182 Ma, and they
have an identical crystallization age within error
bar. Some of zircon grains from the Tongshanling
granodiorite give the upper intercept age of
1746 + 197 Ma (and 2°’Pb/?°Pb apparent ages),
significantly greater than 182 Ma. This age is

somewhat similar to the metamorphic age of the
gneiss xenoliths (1964 + 164 Ma) inthe SHB (Guo
et al., 1997b) and thus can be attributed to the in-
herited zircons extracted from Precambrian lower/
middle crust (LC/MC). The occurrence of inher-
ited zirconsimpliesthat the dioritic-granodioritic
magmain the SHB might have been contaminated
by old crust material during magma ascent. Alter-
natively, the metamorphic basement had an im-
portant contribution to their source (Wang et al.,
2001).
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Sample TSD-1 TSD-2 TSD-4 TSD-9  JYT-3 JYT-10 JYT-14 TSX-1 TSX-5 TSX-6 TSX-7
Sio, 66.58 65.52 67.20 65.42 68.16 66.85 68.18 67.18 66.18 67.02 64.78
TiO, 041 0.48 0.42 0.49 0.42 0.45 043 0.45 0.45 0.47 0.48
Al O, 15.86 15.70 14.97 15.84 14.36 14.86 1451 15.26 15.70 15.26 15.99
FeO 254 2.86 221 3.08 2.53 3.13 3.03 2.98 333 3.38 3.62
Fe,0, 0.38 0.62 0.48 0.30 0.33 0.31 0.21 0.32 0.14 0.18 0.18
CaO 4.06 4.47 3.93 4.61 2.90 3.37 324 3.66 4.20 4.47 4.61
MgO 1.30 1.39 1.11 1.39 1.09 1.33 1.32 2.19 1.58 1.86 1.81
K,0 4.01 3.54 4.02 420 437 3.75 4.29 4.08 4.21 3.34 352
Na,O 294 3.12 3.02 3.18 2.50 2.86 2.78 2.96 321 3.12 323
P,04 0.13 0.17 0.16 0.19 0.16 0.17 0.17 0.14 0.15 0.15 0.17
MnO 0.06 0.06 0.06 0.02 0.08 0.10 0.09 0.09 0.09 0.09 0.04
LOS 1.82 1.92 2.12 1.04 2.88 2.59 154 0.98 0.70 1.10 1.30
Total 100.09 99.85 99.70 99.76 99.78 99.77  99.79 100.29 99.94 100.44 99.73
Sc 6.93 8.06 7.04 7.64 7.99 8.88 7.96 9.01 8.52 9.04
Co 8.39 10.1 8.51 7.83 572 8.11 821 1.1 8.75 8.92
Ni 4.77 5.05 5.22 5.22 6.96 13.0 524 5.83 6.50 6.61
Rb 187 127 163 203 211 184 196 165 151 135

Sr 198 299 299 299 291 334 317 335 293 317

Y 21.2 21.7 19.3 245 19.3 26.1 205 25.7 234 21.8
Zr 112 129 127 133 140 147 86.1 138 133 126
Nb 15.6 16.9 16.8 17.1 16.7 17.8 154 15.7 16.0 16.9
Ba 505 614 632 546 728 575 720 698 475 658
Hf 3.87 424 421 4.36 4.76 491 3.11 4.66 4.49 4.16
Ta 1.83 1.67 1.84 1.72 1.79 2.00 1.60 1.84 1.63 1.63
Th 11.7 223 20.3 16.3 14.3 15.0 15.7 10.7 13.5 14.5
U 5.27 7.87 6.83 5.15 551 7.69 6.80 6.35 1.73 425
La 149 35.8 37.1 335 29.4 25.2 21.6 19.3 19.1 338
Ce 28.7 66.9 68.1 64.9 55.5 48.7 413 36.9 37.8 61.5
Pr 3.70 7.82 8.03 7.57 6.13 5.70 5.19 4.79 4.76 7.33
Nd 139 284 27.7 27.1 22.8 21.1 193 18.3 18.1 26.0
Sm 3.36 5.39 5.16 5.35 424 4.94 4.16 428 4.16 4.98
Eu 0.87 1.21 1.09 1.18 1.06 1.11 1.14 1.19 1.08 1.30
Gd 3.31 4.75 429 4.87 3.45 4.14 3.85 429 4.16 444
Tb 0.53 0.67 0.62 0.69 0.57 0.67 0.58 0.67 0.63 0.63
Dy 3.41 3.98 3.59 427 3.24 4.23 3.59 432 4.02 3.82
Ho 0.72 0.80 0.71 0.86 0.61 0.79 0.73 0.90 0.84 0.80
Er 221 2.35 2.07 2.58 1.74 243 2.18 2.76 2.47 2.38
Tm 0.34 0.34 0.30 0.38 0.26 0.41 0.32 0.42 0.37 0.35
Yb 2.33 2.35 2.00 2.57 1.79 2.60 2.19 2.94 2.55 2.34
Lu 0.36 0.34 0.29 0.39 0.29 0.42 0.33 0.44 0.38 0.34
La/Sm 442 6.64 7.19 6.27 6.93 5.11 5.19 4.15 4.95 6.79
Ce/Yb 12.3 285 34.0 253 31.0 18.7 18.9 12.6 14.8 26.3
147Sm/! 44N d 0.160 0.126 0.124 0.131 0.143 0.156 0.152 0.127
87Rb/A ST 2.730 1.227 1.615 1.972 1.794 1.429 1.498 1.240
144Nd/'3Nd(i) 0512314 0512219 0512277 0.512371 0.512458 0.512421 0.512437 0.512350
(20 ()] (8) (©)) ©® (10) (10) (10) (12)
87Sr/4 ¢S (i) 0.715813 0.713520 0.714480 0.713249 0.712528 0.712142 0.712439 0.712108
(20) (19) (13) (13) (1) (20) (20) (15) (16)
14Nd/'*3Nd(r) 0.512126 0.512071 0.512132  0.512217 0.512290 0.512239 0.512258 0.512201
Endl®) -5.49 -6.57 -5.37 -3.71 -2.30 -3.30 -291 -4.04
87Sr/36Sr(r) 0.708866 0.710396 0.710370 0.708229 0.707962 0.708506 0.708627 0.708952
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Table 3. (continued)

Sample JHT-2 JHT-8 JHT-13 BSH-1 BSH-2 BSH-3 BSH-4 BSH-5 BSH-6  BSH-7
Sio, 66.67 6587 6676 6658 6540 6801 6446 6880  64.50 63.28
TiO, 050 053 045 037 0.41 036 045 0.43 0.48 0.44
ALO, 1514 1502 1514 1439 1461 1367 1468 1373 1512 15.19
FeO 307 347 290 193 225 1.83 2.63 197 273 2.10
Fe,0, 062 024 043 038 075 0.71 0.66 0.70 1.05 0.56
Ca0 369 384 359 465 3.75 3.68 2.89 233 3.57 5.96
MgO 146 162 136 114 2.23 129 2.76 155 3.06 221
K,0 379 420 391 420 442 461 422 481 439 444
Na,0 289 281 301 262 2.81 275 2.82 2.83 2.99 222
P,0; 019 020 017 018 0.14 0.17 0.15 0.15 0.16 0.15
MnO 009 009 009 013 0.05 0.11 0.04 0.08 0.06 0.10
LOS 168 18 198 325 3.18 252 372 2.40 2.04 3.78
Total 99.79 9978 9979  99.82 10000 9971 9964 9978  100.15  100.48
Sc 9.18 101 109 7.78 9.18 7.71 5.99 779 104 2,67
Co 944 105 983 698 5.47 475 7.69 5.42 8.20 6.62
Ni 104 186 111 7.19 2.58 2.88 378 143 3.39 3.06
Rb 183 201 188 165 183 201 189 207 186 173

Sr 362 387 363 115 798 129 651 107 74.8 79.7
Y 298 263 298 244 238 24.4 229 18.7 218 133
Zr 162 160 139 107 111 108 107 105 134 113
Nb 20.1 190 189 160 16.3 16.7 17.3 169 18.7 16.4
Ba 541 803 594 563 682 591 520 639 753 493
Hf 541 494 406 3388 3.47 3.98 3.97 401 4.84 401
Ta 203 153 181 133 1.45 1.56 145 1.47 1.49 135
Th 157 1.5 142 140 1467 162 154 154 17.9 1621
U 750 413 637 498 325 2.90 4.48 3.28 463 3.29
La 280 270 222 323 27.1 32.1 28.7 29.4 35.6 25.8
Ce 518 509 417 608 53.0 62.5 61.1 57.0 66.1 58.5
Pr 616 58 490 671 6.72 7.03 7.05 6.37 8.01 6.65
Nd 237 235 187 252 248 26.6 258 24.1 28.6 243
Sm 493 521 437 527 5.11 5.12 5.19 450 5.46 4383
Eu 124 125 094 122 1.28 115 L15 0.94 122 1.17
Gd 467 454 416 456 4.67 461 4.54 381 451 427
Tb 081 075 066  0.68 0.69 0.63 0.66 0.50 0.65 0.62
Dy 490 438 405 4.8 4.26 434 3.98 335 3.83 3.72
Ho 097 08 084 085 0.87 0.83 0.81 0.61 0.79 0.74
Er 295 261 260 244 2.68 2.57 2.46 2.03 2.42 223
Tm 042 037 036 040 0.40 0.40 0.38 034 037 0.33
Yb 287 241 254 2578 294 272 2.64 2.16 2.62 228
Lu 043 035 038 037 045 0.40 0.40 033 0.40 034
La/Sm 568 518 507 613 531 6.27 552 6.53 651 533
Ce/Yb 181 211 164 220 18.0 230 232 26.4 25.2 25.7
1475 y/144Nd 0.137 0.134 0.127 0.132
$7Rb/A6Sr 6.633 8.401 7.207 6301
144N/ 3Nd (i) 0512213 0.512253 0512227 0512263
(20) (12) ® ® )
87S1/46S1(i) 0.725834 0.730297 0727253  0.725769
(20) (14) (15) (13) (12)
144N/ 43Nd (1) 0.512058 0512101 0512084 0512113
Ena(d) -6.98 -6.13 -6.47 -5.90

87Sr/A%Sr (1) 0.709519 0.709635 0.709526  0.710272
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Table 3. (continued)

Sample BSH-8  SKS-1  SKS-3 SKS-5 SKS-6 SKS-7 SKS-8  SKS-9 Gneiss(4) 97Hu-30
Si0, 6342 6026 6000 6467 6505  60.88 6453 6148 68.65 4556
TiO, 050 0.78 0.81 068 070 0.77 0.70 0.74 0.60 0.49
ALO, 1548 17.00 1751 1591 1568 1628 1567 1643 1341 14388
FeO 2.48 2.96 3.00 257 263 2.62 253 2.41 0.74 1.90
Fe,0, 171 2.29 236 232 1.82 2.20 2.39 2.01 3.60 5.50
Ca0 5.42 430 298 277 273 427 2.73 422 180 1613
MgO 2.53 339 3.29 234 259 3.01 2.59 3.05 272 8.58
K,O 4.66 3.94 336 330 330 3.48 335 3.84 373 1.01
Na,0 221 2.14 267 292 2380 2.98 272 2.90 1.77 1.45
P,0, 0.19 0.41 035 038 038 0.37 0.38 0.36 0.13 0.06
MnO 0.08 0.06 0.05 004 005 0.06 0.05 0.07 0.07 0.14
LOS 1.84 2.68 3.40 185 205 2.54 2.17 1.82 2.42 4.01
Total 100.52  100.21 99.78 9975 9978  99.46 9981  99.33 9940  99.83
Sc 119 13.0 16.0 16.9 189 16.6 19.2 12.9

Co 134 19.4 113 10.6 10.1 116 9.48 16.0 418
Ni 13.2 119 149 14.1 11.8 153 9.89 16.4

Rb 136 189 142 137 840 138 77.6 124 35.5
Sr 78.6 996 399 401 309 379 306 279 654

Y 143 126 146 18.1 19.3 189 19.6 34.1 116
Zr 146 126 111 130 139 133 133 219 33.0
Nb 159 162 16.6 16.4 142 17.1 143 13.8 3.30
Ba 276 400 465 492 257 491 392 909 284
Hf 7.48 4.10 392 458 5.79 4.49 4.29 6.42 1.70
Ta 097 0.99 1.01 1.04 0.89 1.06 0.89 1.13 0.43
Th 105 849 157 15.0 13.1 15.4 12.5 17.9 133
U 327 2.18 316 315 2.70 329 2.43 2.40 0.40
La 21.1 31.8 488 544 469 489 46.5 423 424
Ce 54.9 63.4 86.5 101 88.2 92.0 84.1 82.8 105
Pr 5.52 7.80 943 113 10.7 104 10.4 9.32 1.39
Nd 209 28.5 348 427 38.2 383 37.8 375 6.20
Sm 436 5.07 607 797 8.61 6.99 8.66 6.93 1.73
Eu 1.07 1.25 1.78 1.94 2.32 1.95 2.43 1.44 0.72
Gd 395 4.02 454 580 5.79 5.66 5.99 6.19 2.08
Tb 0.52 051 0.61 0.75 0.73 0.73 0.77 0.96 034
Dy 2.98 2.79 291 3.90 3.88 395 4.06 5.76 2.13
Ho 0.58 0.53 053 064 0.74 0.73 0.76 1.34 041
Er 1.70 1.53 1.48 171 2.08 1.95 2.08 3.09 1.17
Tm 0.24 021 020 026 0.27 0.27 027 051 0.18
Yb 1.59 1.40 1.22 1.44 1.74 1.64 1.79 3.33 1.06
Lu 025 - 021 018 021 0.26 027 0.26 0.53 0.16
La/Sm 4.80 627 763 682 5.45 6.99 5.35 6.10 245
Ce/Yb 345 453 709 700 50.7 56.1 470 249 59.9
1475 my/144Nd 0.138 0.118 0.150 0.152 0.1808
$TRb/ASSr 5.013 5516 0.785 0.735

44N/ 3N () 0512253 0.512219 0.512272 0.512280 0.512267
(20) 8) (12) (10) an

875/ 6Sr(i) 0.721045  0.723729 0.711467 0.711527

(20) (20) (25) (20) (14)

44N/ 3N (r) 0.512097  0.512086 0.512103 0.512109

0 -6.23 -6.46 -6.12 -6.01

87SeA4Sr(r) 0.708787  0.710239 0.709548 0.709729

TSD, TSX, JYT and JHT are from Tongshanling granodiorites (t = 179 Ma). BSH and SKS are from Baoshan (t = 172 Ma) and
Shuikoushan diorites-granodiorites (t = 173 Ma), respectively. Gneiss (4) refers to the average of four gneiss xenoliths (from
Guo et al., 1997b; Li, 1990) and 97Hu-30 is granulite xenolith in SHB (from Kong et al., 2000).
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Fig. 2. Grain zircon U-Pb dating of Shoukoushan
diorite and Banshan and Tongshanling granodiorites
in the SHB.

Mineralogy

Plagioclases in diorites and/or granodiorites
from different plutons have uniform chemical
compositions (Table 2). They generally show a
high SiO, (57.6~63.8 wt%), Al,O5 (21.7~26.7
wt%) and Na,O (5.9~9.6 wt%) contents and alow
CaO (4.3~8.4 wt%), K,O (<1.0 wt%) contents

6
5 I
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2 g | |
Low-K ca\c-a\ka\me series
1F ow-
Tholeiitic series
0 | ; I : . 1 ! 1 1 1 1
50 54 58 po - i |
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& 2.
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35 0 P

Fig. 3. (a) SO, vs. K,O plots (after Morrison, 1980)
and (b) QAP diagram (after Steckeisen, 1973). Q, A, P
are quartz, alkali feldspar and plagioclase contentsin
thin section, respectively. The symbols in (b) are ap-
plied to (a).

(Table 2). Subsequently, they arelow inAn (An=
22~38). Some plagioclase phenocrysts show nor-
mal zoning with arelatively low An percentagein
rim.

Amphibole and biotite are the most common
mafic minerals in these rocks. Biotite is highly
aluminous [Al/(Al+Si+Mg+Fe) = 0.22-0.24] and
ferrous[Fe/(Fe+tMg) = 0.50-0.62]. The TiO, con-
tent ranges from 2.63% to 3.57% (Table 2). The
amphiboles are mainly hornblendes with a few
artinolitic hornblendes on the A site versus SiV!
diagram (no shown). Amphiboles show (Ca +
Na) > 1.34 and Nag < 0.37 and thus are calcic
amphibole according to Leake's (1978) classifi-
cation. The mg number [mg = Mg?*/(Fe#*+Mg?")]
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Fig. 4. Variation of major and trace elements against SO, for the diorites-granodiorites in the SHB. Symbols as

in Fig. 3(b).

in amphiboles ranges from 0.35 to 0.44. Most
hornblendes have a Ti content (cation per 23
oxygens) of <0.15. The mineral assemblage and
amphibole composition from the SHB are suitable
for the application of the Al-hornblende barom-
eter (e.g., Schmidt, 1992). The calculation result
shows that the pressure from these diorites-
granodiorites in SHB is in the range of 2.9-4.2
kb, corresponding to a depth of ca. 10-13 km un-

der the static pressure condition. The temperatures
of ca. 800-850°C are obtained using the thermom-
eter of Holland and Blundy (1994) with estimates
from Schmidt's geobarometer as pressure input.
These results are consistent with the formation
temperature of diorites-granodiorites obtained by
the application of saturation equations for Zr,
LREE and P,O; (e.g., Watson and Harrison, 1983;
Montel, 1993).
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Fig. 5. Chondrite-normalized REE patterns (a)—(c) and primitive mantle-normalized spidergrams of these diorites-
granodiorites in the SHB (d)—(f). Normalized values for primitive mantle are from Sun and McDonough (1989)

and chondrite from Taylor and McLennan (1985).

Geochemistry

All these samplesare high in K,O content (3.26
to 4.81%) with K,O/N&,O ratio of 1.07~2.01. In
the SiO,-K,0 plot, they plotted in the high-K calc-
alkaline rock field (Fig. 3(a)) (Morrison, 1980).
Baoshan and Tongshanling samples are
metaluminous (A/CNK = 0.79-1.01) whereas
Shuikoushan samples are slightly peraluminous
(A/CNK = 0.98-1.19) in terms of classification
schema of Maniar and Piccoli (1989). In the QAP

diagram (Fig. 3(b)), Shuikoushan samples lie
within diorite and quartz diorite field, whereas
Tongshanling and Baoshan samples are almost
within granodiorite field (Steckeisen, 1973).
FeO + Fe,0;, MgO, CaO and Al,O5 contents
of these diorites-granodiorites in SHB decrease
regularly with increasing SiO,. TiO, and P,Os
have little varieties in each intrusion (Figs. 4(a)—
(f)). However, Shuikoushan samples have rela-
tively lower SiO, but higher MgO, FeO + Fe, O,
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Fig. 6. 87Sr/%s(t) vs. gy4(t) diagram of early Mesozoic diorites-granodiorites in the SHB, showing that these
samples are isotopically different from their neighbouring early Mesozoic S-type granites. Data sources: LC/MC
in SCB (Guo et al., 1997b; Li, 1990); early Mesozoic S-type granites (Chen and Jahn, 1998; Shen et al., 1998);
lower crust of the Yangtze block represented by Kongling TTG rocks (Gao et al., 1999); depleted mantle-derived
mafic magma in SHB (224-170 Ma) (Guo et al., 1997a; Zhao et al., 1998). Symbols asin Fig. 3(b).

Al,0, TiO,, P,Og and compatible element con-
tents (Ni, Co and Sc) than Baoshan and
Tongshanling samples (Table 3). For Shuikoushan
samples, HFSEs (e.g., Zr, Nb) have limited varia-
tions (Zr = 111~245 ppm and Nb = 14.2~17.1
ppm), but LILEs (e.g., Th, Ba) have arelatively
largerangein concentration and generally increase
with increasing SiO, (Figs. 4(g)—(j), Table 3). In
contrast, Baoshan and Tongshanling samples have
asmall range of HFSEs and LILEs abundance ir-
respective of SiO, contents (e.g., Th, Ba, La, Sr,
Zr, Nb), suggesting that magma differentiation
plays aless important role during magma evolu-
tion.

All these samples have LREE-enriched
chondrite-normalized REE patterns and show a
slightly HREE fractionated with weakly negative
or inappreciable Eu anomalies (Figs. 5(a)—(c)). It
is noted that Shuikoushan samples have higher
(La/Yb)g, and (Gd/Y b)., (L&Y b)g, = 8.96~27.0,
(Gd/Yb)., = 2.01~3.26) than those for Baoshan
and Tongshanling granodiorites ((La/YDb)., =
4.31~12.53, (Gd/Yb), = 1.15~1.74). This pattern
is significantly different from that of neighbour-

ing Mesozoic S-type granites that show moderate
HREE fractionation but strongly negative Eu
anomalies (Zhuang et al., 1988).

In the primitive mantle-normalized
spidergrams (Figs. 5(d)—(f)), these samples have
strong negative Ba, Nb and Taanomalies and sig-
nificant enrichment in Rb and LREE. Negative P,
Ti and Sr anomalies are also present but extent of
the anomalies varies greatly. Negative Sr anomaly
in Baoshan samples is more obvious than that in
Shuikoushan and Tongshanling samples. Negative
Pand Ti anomaliesfor Baoshan and Tongshanling
samples, are more significant than those for
Shuikoushan samples.

Theinitial Sr and Nd isotopic ratios have been
corrected using an average age of 175 Ma. Asil-
lustrated in Fig. 6, all studied samples are plotted
in the enriched mantle quadrant. They are
isotopically distinct from Indo-Sinian to early
Yanshanian granites, metamorphic basement rocks
in the SCB and the lower crust in the Yangtze block
(Chen and Jahn, 1998; Shen et al., 1998; Guo et
al., 1997b; Li, 1990; Gao et al., 1999).
Shuikoushan and Baoshan samples have similar
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isotopic composition with 87Sr/%Sr ratios rang-
ing from 0.708787 to 0.710272 and &4 valuefrom
—6.98 10 —5.90. Tongshanling samples show arela-
tively wide range of 8/Sr/8Sr ratio
(0.707962~0.710396) and £y, value (—6.57~
—~2.30).

PETROGENESIS

Negative Nb-Ta anomalies are usually re-
garded as a signature of subduction-related and/
or crust-derived magmas (Whalen et al., 1996).
The SHB magmas are characterized by significant
negative Nb-Ta anomaly (Nb/La = 0.30-0.85),
high abundance of incompatible elements, low &4
(&ng = —6.98 to —2.30) and relatively high 8/Sr/
863y ratio (0.707962—0.710396). These character-
istics are therefore indicative of involvement
crustal components either in the source region of
magmas or assimilated by crustal material during
its ascent to the surface. Three petrogenetic mod-
els can be put forward to explain the elemental
and isotopic composition of the diorites-
granodioritesin SHB. These include (1) anatexis
of crustal rocks (e.g., McDermott et al., 1996);
(2) derivation from amantle source, subsequently
by assimilation-fractional crystallization (AFC)
processes, and (3) partial melting of underplated
basalts hybridized by old crust materials. Evalua-
tion of these alternatives will be the focus of the
following discussion.

Anatexis of crustal rocks?

High-K calc-alkaline diorites-granodiorites
can be generated by anatexis of the metapelitic
assemblage and crustal rocks due to unrooting of
athickened lithosphere or slab break-off (e.g., von
Blanckenburg et al., 1998; Altherr et al., 2000).
Compositional differences of magmas produced
by partial melting of different source rocks under
variable melting conditions could be visualized in
term of Al,05/(MgO+FeO*) and CaO/
(MgO+FeO) ratios (e.g., Altherr et al., 2000).
Generally, mantle-derived melts have lower Al,O4/
(MgO+FeO*) but higher CaO/(MgO+FeO*) than
those from metapelitic rocks. As shown in Fig. 7,

6 [ Partial melts
from metapelitic
sources

Partial melts from
metagreywackes

artial melts from
metabasaltic and
metatonalitic soirces
nA ‘ -

=¥

Al((Mg+Fe) (mol)
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0.0 02 04 06 08 10 1.2 14 1.6
Ca/(Mg+Fe) (mol)

Fig. 7. Al/(Mg+Fe, in molecular ratio) vs. Ca/
(Mg+Fe,, in molecular ratio) plots of the diorites-
granodioritesin SHB, indicating basaltic rocks astheir
melting source rather than metapelitic rocks. The vari-
ation ranges of different sources are from Altherr et al.
(2000). Symbols asin Fig. 3(b).

most of diorites-granodioritesin SHB are plotted
in the range of melts derived from a basaltic
source.

The geochemical signatures and isotopic ra-
tios of these diorites-granodiorites from the SHB
(e.9., 8"Sr/Sr(t) = 0.707962~0.710396, £y4(t) =
—6.98~-2.30 and 6'%0 = +8.6~+10.7%o) are dif-
ferent from Precambrian metamorphic basement
and their derivative S-type granitesin SCB (¥7Sr/
83r(t) = 0.7100~0.7250, gy4(t) = —12~-16 and
580 = +11.4~+15.0%0) (Zhuang et al., 1988; Li,
1990; Shen et al., 1998). This means that these
diorites-granodiorites from the SHB cannot di-
rectly originate from Precambrian metamorphic
rocks. Hornblende-titanite granodiorites derived
from a non-pelitic source would have generally
lower Rb/Ba (<0.33) and Rb/Sr (<1.1) ratios than
those from metapelitic rocks (Jung et al., 2000).
Thediorites-granodioritesin the SHB have Rb/Sr
and Rb/Ba ratios of 0.80-1.2 and 0.25-0.35, re-
spectively. These observations rule out the upper/
middle crustal rocks as sole source for the SHB
magmas.

Mafic granulite xenoliths from late Mesozoic
alkaline basalts in SHB (Fig. 1(b)) are the direct
samples of the lower crust in the SHB (Kong et
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granodioritesin the SHB. Symbols asin Fig. 3(b).

al., 2000). They have g4 value (&4 = —5.8~6.0
at 175 Ma) (Kong et al., 2000) similar to
Shuikoushan and Baoshan sampl es but lower than
Tongshanling samples (Fig. 11). Even if such
granulite xenoliths are assumed as source materi-
als, and Ca-plagioclase and hypersthene were re-
tained in source during melting, the melting prod-
ucts would possess significantly negative Eu
anomalies. However, only weakly negative to in-
appreciable Eu anomalies are observed in the
diorite-granodioritesin the SHB. In addition, ex-
perimental studies (e.g., Rushmer, 1991; Sen and
Dunn, 1994; Rapp and Watson, 1995) have shown
that, regardless of the degree of partial melts,
metaluminous to slightly peraluminous interme-
diate melts, even some mafic melts, by dehydra-
tion melting of mafic granulites under extremely
high temperature are generally characterized by
low K,O and high Na,O concentrations
(>4.3wt%). However these characteristics are not
observed in these diorites-granodiorites in the
SHB. On the other hand, most of diorites-
granodiorites from the SHB show weakly
fractionated HREE, and high Y contents (>18
ppm) as well as relatively low ratios of Sr/Y (3—
16). In thisregards, they are completely different

from the adakitic rocks derived from lower crust,
further suggesting that residual garnet was not be
involved during the melting process (Martin,
1999). Therefore, derivation of these diorites-
granodiorites from mafic granulites alone seems
unlikely.

Mantle-derived magma?

As illustrated in Fig. 6, Sr-Nd isotopic com-
positions of the SHB dioritic-granodioritic mag-
mas can be explained by mixing between the de-
pleted mantle and the middle/lower crust. It isthus
possible that these dioritic-granodioritic magmas
were derived from an asthenosphere mantle and
were subsequently affected by AFC processes
during its ascent to the surface. This hypothesis
seems to be consistent with the covariance be-
tween incompatibl e elements and elemental ratios
(e.g., Rb vs. Rb/Nb) (Figs. 8(a) and (b)) as well
as between elemental ratios (e.g., La/Ybvs. Ce/lY
and Rb/Lavs. Nb/La) (e.g., Langmuir et al., 1978;
Figs. 8(c) and (d)). One component that exhibits
low Labut high Nb/La, Rb/Nb ratiosis of similar
affinity to that of a depleted mantle source or its
derivative melts. Another component has high La
contents but low Nb/La, Rb/Nb ratiosand it might
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berelated to the crust or its derivative melts. Con-
tamination by SiO,- and K,O-rich crust materials
or mixing by a crust-derived melt during magma
ascent would lead to theincreasein K,0O/TiO, and
K,0/P,05 in magmas. Since Precambrian base-
ment rocks and their derivative melts have higher
87Sr/88Sr, Zr/Nb and lower &4 value, Zr/Nb and
87Sr/83r(t) of magmas are expected to increase
with increasing SiO, during crustal contamination
(DePaolo, 1981). However, the facts asfollowing
do not support the significant crustal contamina-
tion: (1) the samples from each intrusion show a
very limited variation in K,O/P,05 and K,O/TiO,
(Table 3); (2) theincompatible element ratios, e.g.,
ZrINb, are also relatively constant irrespective of

Cal/Na (molar, plagioclase)

Ca/Na (molar, whole rock)

Fig. 10. Plagioclase Ca/Nay,q vs. Whole-rock Ca/Na
(molar) from the diorites-granodiorites in the SHB.
Symbols asin Fig. 3(b).

SiO, contents (Fig. 9(a)); (3) there is no signifi-
cantly regular correlation for the samples from
each intrusion, as illustrated in the plot of 8Sr/
863r and £y4 vs. SiO, (Figs. 9(b) and (c)).
Compositions of plagioclase and whole rock
are shown in Fig. 10. K,°*N2 values for
plagioclase-melt exchange equilibrium defined as
(CalNa) o4/ (Ca/Na);q by Sisson and Grove (1993),
has a narrow variation (KN = 0.95 in aver-
age), similar to the experimental works at 8-10
kb that carried out by Sisson and Grove (1993).
This suggests that whole-rock composition is in
equilibrium with phenocryst and the system was
in a relatively undisturbed state during magma
evolution (Hunter and Bleak, 1995). The narrow
compositional variations, together with thelow An
number and normal zoning patterns within
plagioclase phenocrysts areinconsistent with mix-
ing between a hot mafic and a cool felsic melts.
Alternatively, the crustal signaturesinthe SHB
magmas may directly inherit from that of an en-
riched lithospheric mantle. In this case, the rela-
tively high SiO, contents (60-68 wt%) and low
Mg# (0.40-0.59) in the SHB magmas require a
significant fractionation of mafic minerals in
magma evolution. However, the common mafic
phases in mantle-derived magmas such as olivine
and pyroxene are not observed in these diorites-
granodiorites from the SHB. Moreover, the
slightly fractionated REE patterns and limited
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variationsin compatible elements (i.e., Ni, Co, Sc
and V) argue against a significant fractionation of
hornblende in Shuikoushan samples, although a
small amount fractionation of hornblende did take
place for Baoshan and Tongshanling samples
given the negative correlation between SiO, and
MgO, FeO. A minor role of biotite and alkaline
feldspar during the fractionation is inferred from
the fact that Ba, Th and Rb increase with increas-
ing SiO, for Shuikoushan samples and that the Sr,
Ba, Rb, Th concentrations irregular varied with
theincreasing SiO, for Baoshan and Tongshanling
samples. On the other hand, the contemporane-
ous mafic lavas in the SHB has a g4 value of
+3~+6 (Zhao et al., 1998), and a few gabbro
xenoliths with age of ca. 224 Ma and peridotite
xenoliths have g4 value of +5~+8 and +10~+13,
respectively (Guo et al., 1997a). This suggests that
lithospheric mantle might be depleted rather than
enriched before or during the formation of early
Mesozoic diorites-granodioritesin the SHB. It is
therefore concluded that the geochemical and Sr-
Nd isotopic variation for the diorites-granodiorites

from the SHB cannot be viably accounted for by
crust contamination (or magma mixing) of
asthenospheric melts nor by crystal fractionation
of an extensive enriched lithospheric mantle-de-
rived melt.

Melting of a hybridized source between
underplated basalts contaminated by old crust
material ?

Whilethe possibility of mantle-derived magma
petrogenesisis ruled out, the mixing trends illus-
trated in Figs. 6 and 8 strongly suggest participa-
tion of a mantle component in the genesis of the
SHB magmatism. The simplest interpretation is
that these dioritic-granodioritic magmas in the
SHB were derived from a hybridized source be-
tween a mantle-derived magma and an old crust
basement. The early Mesozoic mantle-derived
magma poorly outcropped in the SHB exclusively
exhibit the geochemical characteristics of depleted
mantle-derived magma (MORB/OIB) (Guo et al .,
1997a; Zhao et al., 1998). The gabbro xenoliths
hosted by alkali basalts in the SHB, the important
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element of early Mesozoic mantle-derived magma,
have lower La but higher Nb/La (0.80-1.20) and
Eng Value (ca. +5~+8), similar to those of MORB/
OIB (Guo et al., 1997a; Kong et al., 2000). The
gneiss xenoliths hosted by alkali basalts in the
SHB, which is usually considered to be equiva-
lent with the component of the LC/MC in South
China (Guo et al., 1997b; Li, 1990), have lower
Nb/Laratio (0.15-0.48, average of 0.30), &y value
(ca. —13) but higher La content (e.g., Guo et al.,
1997b; Kong et al., 2000; Wang et al., unpublished
data). Therefore, to define the respective contri-
bution to the crustal and mantle-derived compo-
nentsin the dioritic-granodioritic melt generation,
mixing cal cul ations have been performed using the
gabbro and gneiss xenoliths in the SHB as two
potential components.

Themodeling results, shownin Fig. 11(a), sug-
gest that addition of about 25-30% crust compo-
nent into depleted mantle-derived mafic melts can
nicely account for the Sr-Nd isotopic variation for
Shuikoushan and Baoshan samples. A slightly low
percentage of crustal material (15-30%) was in-
volved for Tongshanling granodiorites. Similar
results were obtained by mass balance calculation
(Fig. 11(b)). Aninvolvement of ca. 15-30% crust
material could also better explain the arc-type
trace element signatures for these diorites-
granodiorites. For example, the variation of Nb/
La ratio (0.30-0.85) for these diorites-
granodioritesinthe SHB could be arrived by those
of 15-30% gneiss (Nb/La = 0.15-0.48) and 70—
85% gabbro xenoliths (Nb/La = 0.80-1.20).

Itisnoted from Fig. 11 that all of the rocksin
the SHB are plotted along partial melting trend
rather than the mixing curve. Therefore, the sim-
ple mixing could not produce these diorites-
granodiorites in the SHB. Either partial melting
to various extents or fractional crystallization con-
trolled redistribution of Nd, SiO, and other ele-
ments between melt and relict phases. Due to an
insignificant role of fractional crystallization proc-
ess during magma evolution as discussed previ-
ously, various degrees of partial melting of a hy-
bridized source may play animportant rolein gen-
erating the major and trace element variations.

Usually, the extent of LREE and REE
fractionation (e.g., La/Sm, Ce/Yb) is sensitive to
variable degrees of partial melting and to source
difference. The shiftsin 8Sr/%Sr and 43N d/***Nd
ratios may berelated to the variation of the source
compositions (e.g., Giannetti and Ellam, 1994).
Shuikoushan samples exhibit higher Ce/Y b (34.5—
70.9) than other intrusions (12.3-34.0) but simi-
lar La/Sm ratio (4.15-7.63). However, the gener-
ally positive correlation for each intrusion between
875r/86Sr and La/Sm, Ce/Yb ratios clarify that
source heterogeneity has a more important con-
tribution to compositional variation in the dioritic-
granodioritic magma(Table 3). Therefore thetrace
elemental and isotopic variation of these diorites-
granodioritesin the SHB should be inherited from
heterogeneities within the hybridized source re-
gion, combined with variable degrees of partial
melting. For example, Tongshanling sampleswith
higher &4 value have smaller the addition of crust
in the source, and their melts contain relatively
lower SiO,, LREE, LILE but high MgO and com-
patible element contentsin comparison with those
lower g4 Samples (Table 3).

TECTONIC IMPLICATIONS

The early Mesozoic tectonic evolutionin SCB
has been long debated. Some hypotheses, such as
Andean-type active continental margin, Alps-type
collisional belt, and lithosphere subduction with
underplating of mafic magma (e.g., Hsl et al.,
1990; Faure et al., 1996; Zhou and Li, 2000), have
been proposed. These hypotheses emphasize the
role of either westward subduction of ancient Pa-
cific plate or of the closure of the oceanic basinin
theinterior of SCB. However, paleomagnetic evi-
dence showed that the westerly-dipping subduc-
tion of Pacific plate existed no earlier than 25 Ma
(e.g., Engebretson et al., 1985). The westward
thrust-fault and younger granitoids from west (east
of Yangtze Block) to coastal zone (Zhejiang-Fujian
provinces) with more than 1000 km in width in
theinterior of SCB cannot also be solely explained
by the westward subduction of ancient Pacific
plate (e.g., Li, 2000). The oceanic- or arc-conti-
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nental subduction/collision model has also been
challenged by the absence of contemporaneous
Alps-type tectonic nappes, ophiolite suites, oce-
anic sedimentary basins and typical arc-island
granitoidsaswell asrelated pal eobiol ogic assem-
blage during early Mesozoic. Additionally,
geochemical and isotopic data of Mesozoic
magmatism indicate an intra-plate tectonic evo-
lution since early Mesozoic, probably Paleozoic
(e.g., Rowley et al., 1989; Li, 2000; Guo et al.,
1997a; Zhao et al., 1998; Chen and Jahn, 1998).
The NE-trending potassium-rich calc-alkaline
diorites-granodiorites in the SHB have arc-type
trace element signature and relatively high &Sr/
85r and lower &y4. They may have originated from
partial melting of a hybridized source of
underplated basalts with old crust material. We
therefore suggest that the high-K diorites-
granodiorites in the SHB were generated by
asthenospheric upwelling in response to the
lithospheric extension/thinning under a tensional
regime rather than in a subduction zone. This
model is similar to those proposed for high-po-
tassium cal c-alkaline magmatism in North Ameri-
can and Lachlan fold zone in southeast Australia
(e.g., Leat et al., 1988; Hawkesworth et al., 1995).
Li et al. (1999) documented some intra-plate
shoshonites with emplacement age of 160-170 Ma
from southeastern Guangxi Province, which have
no Nb-Taanomalies and relatively high gy, value
(=2~+3). Therefore, there may exist an important
high-£y4 and low-Tp,, potassium-rich zone within
the SCB, of which diorites-granodiorites in the
SHB and shoshonites in southeastern Guangxi
Province are theimportant constituents (Fig. 1(a)).
It isnoted that extension-related mafic magmatism
is sporadically distributed in the interior of South
China. This includes 170-180 Ma OIB-type ba-
salt inthe SHB, intra-plate shoshonites (~165 M a)
in southeastern Guangxi and western Guangdong
Provinces and the bimodal volcanic rocks (~175
Ma) in southern Jiangxi Province (e.g., Wang et
al., 2001; Zhao et al., 1998; Li et al., 1999). It is
thus inferred that an important intra-continental
extensional event occurred not only in SHB, but
also in other areasin SCB during early Mesozoic.

These diorites-granodiorites with age of ca.
175 Main the SHB were derived from a hybrid-
ized source as discussed previously. Thisimplies
that the generation of dioritic-granodioritic
magmatism took place in two consecutive steps
that might be closely related to extensional epi-
sodes during early Mesozoic.

In the first stage, the basaltic melts were
underplated into the lower/middle crust under
lithospheric extension setting. A hybridized source
of depleted mantle-derived magmaswith old crust
basement was generated. Given therelatively im-
portant volume of these intermediate magmas in
the SHB, thermal and material transfer from the
mantle to surface during early Mesozoic was prob-
ably considerable. If this underplating event took
place synchronously with the dioritic-granodioritic
magmatism (175 Ma), some contemporaneous
eruptive rocks are expected to see in the surface
unless the middle/lower crust behaved as a very
effective density filter. On the other hand, trans-
fer of important volume of hot mantle-derived
magma into middle/lower crust may induce
anatexis of crust to generate contemporaneous S-
type granitic rocks. To our surprise, however, such
rocks are poorly documented in the SHB from late
Paleozoic to early Yanshanian (Zhuang et al.,
1988; HBGMR, 1986). The only exception is the
rare outcrops of early Mesozoic gabbro xenolithes
(ca. 224 Ma) in Daoxian County (Guo et al.,
1997a; Zhao et al., 1998). Most S-type granites
resulting from anatexis of the crust in SHB were
emplaced during late Indo-Sinian (200~230 Ma,
87Sr/88Sr(t) = 0.7180~0.7270 and g4(t) = —11~
—-17) (Zhuang et al., 1988; HBGMR, 1986), sig-
nificantly older than the dioritic-granodioritic
magmatism (175 Ma) in the SHB. We therefore
deduce that the basaltic underplating might have
occurred at ca. 224 Ma.

Lithosphere extension persistently developed
till ca. 175 Ma. As a consequence, the thermal
gradient of the crust became high enough for a
hybridized source formed during previous episode
started to melt partially. The process gave rise to
the formation of these diorites-granodiorites that
are highly enriched in LILE and LREE.
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CONCLUSIONS

The early Mesozoic dioritic-granodioritic
rocks in the SHB were emplaced at 172-179 Ma
at a depth of 10-13 km. They show high-K-calc-
alkaline characteristics, LREE, LILE enrichment
and HFSE depletion as well as slightly enriched
Sr and Nd isotopic compositions (initial 87Sr/
865y = 0.707962 to 0.710396 and &y4(t) = —6.98~
—2.30). These geochemical and isotopic features
are remarkably different from their neighboring
Mesozoic S-type granitic plutons with signifi-
cantly negative Eu anomalies and highly enriched
Sr-Nd isotopic composition, which were inter-
preted as the remelting products of Precambrian
basement. They might be derived from a hybrid-
ized source between 70-85% underplated basalts
with 15-30% old crust material rather than
anatexis of crustal rocks or melting of an enriched
lithospheric mantle. The petrogenesis requests
extensive thermal and mass transfer from mantle
to crust in response to asthenospheric upwelling
and lithospheric extension in SHB. In combina-
tion with the occurrence of contemporaneous
mafic lavas and shoshonites at other areasin SCB,
it should be reasonable that an important intra-
continental lithospheric extension event occurred
in the SHB, even in SCB during or even before
early Mesozoic.
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