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The Taiping-Huangshan composite intrusion is a unique complex with characteristics changing from
calc-alkaline (Taiping intrusion) to alkaline (Huangshan intrusion). Huangshan intrusion samples show
a spectacular tetrad effect in their REE distribution patterns as well as non-CHARAC (charge-and-
radius-controlled) trace element behavior, indicating a highly evolved late-stage magma component.
This composite intrusion provides a rare opportunity to investigate the variance of tectonic setting and
lithospheric thinning of the southeastern Yangtze Craton in late Mesozoic era. Zircon SHRIMP U-Pb
analyses yield an emplacement age of 140.6%1.2 Ma for the Taiping intrusion, and ages of 127.7%#1.3,
125.741.4, 125.1%1.5, and 125.2+5.5 Ma for four samples from the Huangshan intrusion respectively. The
ages for four different phases of the Huangshan intrusion agree within their small analytical errors,
indicating that the emplacement was in a short time. The Taiping and Huangshan intrusions are inti-
mately associated, but there is about 15 Ma interval between their intrusion, and the magma characters
change from calc-alkaline to alkaline without transition. This probably corresponds to lithospheric
thinning of the southeastern Yangtze Craton. This event possibly happened from about 141 Ma (the
emplacement age of the Taiping intrusion), to 128 Ma (start of emplacement of the Huangshan intru-
sion). The thinning mechanism is dominantly delamination.

SHRIMP U-Pb dating, lithospheric thinning, Huangshan intrusion, Taiping intrusion, Yangtze Craton, Mesozoic

In the last twenty years, one of the important develop- been generally accepted that they are emplaced at an

19-23]

ments in lithosphere research of eastern China is the extensional or non-compressional tectonic setting' ,

discovery of large scale thinning of the continental
[1-16]

with their petrogenesis mostly attributed to upwelling of

lithosphere during the Mesozoic and Cenozoic eras hot asthenospheric mantle. Generally, thinning of ex-

The idea was first raised from east part of the North
China Craton. This research work is still mainly focused
on the North China Craton, with seldom reference to
other areas of eastern China, although some geologists
hold that the lithosphere of southeastern China had also
undergone huge thinning!"'"'®). Although there are still
many debates about the genesis of A-type granite, it has

tended crust is closely associated with thermal activity
(e.g., upwelling of asthenospheric mantle or infusing of
basic magma). Upwelling of asthenospheric mantle not
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only provided heat and material necessary for the gene-
sis of A-type granitic magma, but it also facilitated wide
regional partial melting of continental crust. Therefore,
A-type granites in a continental setting may indicate the
time, process, and dynamic mechanism of lithospheric
thinning and asthenospheric upwelling.

The Taiping-Huangshan composite intrusion in
southern Anhui Province is one of the representatives of
Cretaceous large scale platonism in the lower Yangtze
River region of China. Our research on the geochemistry
of the composite intrusion discovered that the Huang-
shan intrusion has typical characteristics of A-type gran-
ite, and its REE chemistry exhibits a pronounced “tetrad
effect”, which represents a highly evolved late-stage
magma composition®. But the Taiping intrusion is a
typical I-type granite. Geochemical characteristics thus
change from calc-alkaline (the Taiping intrusion) to al-
kaline (the Huangshan intrusion), which gives a rare
chance to study late-Mesozoic tectonic environments,
and the timing and mechanism of lithospheric thinning
of the southeastern Yangtze Craton. Until now, there has
been little work on the composite intrusion.

There are some isotopic datings mainly obtained in
1980°s of mostly poor quality; some are even erronous,
which led some researchers ascribed the Taiping intru-
sion to the Indo-Chinese event (about 230 Ma)®* 7.
This paper reports some newly gained precise zircon
SHRIMP ages, which constrains the timing of magma-
tism and the initiation of the lithospheric thinning, based
on the time of change from calc-alkaline to alkaline
geochemical affinity.

1 Geological background

1.1 Regional interpretations

The Taiping-Huangshan composite intrusion is located
in the Jiangnan uplift belt of the southeastern Yangtze
Craton. Tectonic style of the uplift belt remains in dis-
pute. It was initially called the “Jiangnan old continent”
or “Jiangnan-Xuefeng old continent”®!. Guo et al.*”)
considered it as a fold belt comprising Neoproterozoic
island arc rocks. Zhu®” considered that this uplift belt is
a nappe formed by Indo-Chinese event delamination
within continental lithosphere. Xu et al.®!" considered
that the so-called Jiangnan uplift belt is an Alpine-style
nappe from the Huaxia block (South China). Qiu et al.*?
proposed that the Jiangnan uplift belt exposed in the
Xuefeng Mountain area was a complex intracontinental

orogenic unit developed since the Caledonian. Zhu and
Liu®¥ considered that the Jiangnan uplift belt exposed
in southern Anhui Province is a intracontinental oro-
genic unit of Indo-Chinese to early Yanshan timing
(from about 230 to 170 Ma), formed under conti-
nent-continent collision between the North China plate
plus the Yangtze Plate in the north, and South China
Plate in the south.

1.2 Geology and samples of the intrusion

The Taiping-Huangshan composite intrusion is elon-
gated N-S and about 350 km” in area. The outcrop area
of the Taiping intrusion in the northwest is about twice
that of the Huangshan intrusion, and shows relatively
low relief. The Huangshan intrusion has rugged moun-
tainous relief, and forms the southeastern part of the
composite intrusion. Clear intrusive relationship occurs
between the two components showing that the Taiping
intrusion is older than the Huangshan intrusion. The
country rocks are Late-proterozoic to Precambrian
metamorphosed sedimentary-volcanic rocks and car-
bonates, including sandstone, siltstone, mudstone, slate,
carbonaceous limestone, tuff, and rhyolite.

Internally, the Taiping and Huangshan intrusions are
composite plutons with several pulses of magma. The
Taiping intrusion can be divided approximately into
three stages, based on relation of lithofacies in field; the
rocks are medium-grained porphyritic monzogranite,
fine-grained monzogranite and medium-grained grano-
diorite respectively. The main part of the Huangshan
intrusion is porphyritic alkali feldspar granite, which
forms >90% of the outcrop, including coarse-grained
porphyritic alkali-feldspar granite and medium- to
fine-grained porphyritic alkali-feldspar granite, with a
gradual transitional relationship in the field. There is
minor medium-grained monzogranite, outcropping at the
south margin of the intrusion, with some also outcrop-
ping at the northwest part of the intrusion in the vicinity
of contact with the Taiping intrusion.

The samples prepared for age analysis were collected
from medium-grained granodiorite of the Taiping intru-
sion (sample TP-1) and different stages or phases of the
Huangshan intrusion (samples HS-1, HS-2, HS-3 and
HS-4). Locations of sampling are shown in Figure 1(b),
and their geochemical and Sr-Nd isotopic compositions
are presented in Table 1.

Granodiorite sample TP-1 has a medium-grained
equigranular to granitic texture. The rock is composed
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mainly of plagioclase (~45%), K-feldspar (~25%),
quartz (~15%), and biotite (~15%); with zoning in some
plagioclase crystals.

Coarse-grained porphyritic alkali-feldspar granite
sample HS-2 has phenocrysts of large perthitic K-feld-
spar (~25%) up to 1 cm long. They bear many small
inclusions of plagioclase (albite) and biotite. The matrix
has a coarse-grained granulitic texture, and is composed
of albite (~30%), perthite (~30%), quartz (~30%) and
biotite (~10%).

Samples HS-1 and HS-3 are porphyritic alkali-
feldspar granites. The groundmass of HS-1 is
finer-grained than in HS-3. The phenocrysts of both
samples are perthite and comprise about 15% of both
samples; the size are usually 0.3 cmx0.5 cm, the maxi-
mum is 0.5 cmx1.0 cm. The matrix comprises of
perthite (~40%), albite (~30%), quartz (~20%), with

minor biotite (~5% or so). Sample HS-4 is medium-
grained monzogranite, with a homogeneous granulitic
texture. It comprises plagioclase (albite-oligoclase),
K-feldspar and quartz (~30% respectively) and biotite
(~10%).

1.3 Geochemical characters

The Taiping intrusion shows large variations in chemical
compositions (with Si0,=65.47%—76.96%); and in
terms of CIPW norms they are mostly monzogranite, but
some samples grade to syenogranite on the QAP dia-
gram (Figure 2(a)). The Huangshan intrusion displays a
limited range in chemical composition, and is character-
ized by high SiO; contents (Si0,>75%), low CaO
(0.51%—0.86%), poor in MgO and is rich in alkalis
(Na,0+K,0=6.95%—7.37%), and high FeO*/MgO ra-
tios (8.28—87.20). Thus it is a typical A-type granite.
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Figure 1 Schematic geological map of the Taiping-Huangshan composite intrusion (modified from 1:50000 scale geological maps of Taiping County and

Tangkou).

1758 Xue H M et al. Sci China Ser D-Earth Sci | Nov. 2009 | vol. 52 | no. 11 | 1756-1770



Table 1 Major (wt%) and trace element (ppm) abundances and Sm-Nd and Rb-Sr isotopic data of representative samples from the Taiping-Huangshan
composite intrusion”

Huangshan intrusive Taiping intrusive
HS-1 HS-2 HS-3 HS-4 TP-1
Si0, 75.25 76.75 75.41 76.3 68.95
TiO, 0.19 0.11 0.07 0.03 0.48
AlLO; 12.81 11.61 13.32 13.12 14.74
Fe,0; 0.48 0.65 0.64 0.08 0.93
FeO 1.07 0.74 0.47 0.8 1.85
MnO 0.04 0.04 0.04 0.03 0.06
MgO 0.17 0.16 0.06 0.01 1.14
CaO 0.75 0.86 0.51 0.54 2.94
Na,O 3.36 3.44 3.97 438 3.46
K,0 53 3.96 4.59 428 3.78
P,0s 0.03 0.01 0.01 <0.01 0.15
H,0 0.62 0.6 0.6 0.5 0.76
CO, 0.18 0.71 0.27 0.14 03
Total 100.25 99.64 99.96 100.21 99.54
Rb 434 510 696 759 181
Sr 45.9 20.9 13.5 14.2 358
Ba 166 412 33 14.9 367
Zr 208 181 113 125 148
Hf 7.56 8.59 6.25 9.18 4.62
Sc 2.57 242 225 1.22 5.81
Nb 349 77 49.8 68 15.4
Ta 5.99 8.71 13.1 142 1.62
Ga 223 23.2 26.4 29.7 18.4
Th 56.1 71.8 41.1 55.9 19.00
U 8.46 18.3 12.8 15.2 4.44
Y 713 147 126 218 14.6
La 715 45.6 25.3 235 29.00
Ce 157 107 55.9 64.2 55.5
Pr 18.5 13.8 8.35 9.42 6.47
Nd 64.6 53.4 33.4 40.8 243
Sm 12.8 14.8 11.2 15.9 445
Eu 0.54 0.22 0.14 0.04 0.99
Gd 11.2 14.4 103 16.1 3.85
Tb 1.83 3.05 241 3.68 0.51
Dy 10.8 20.9 16.7 252 261
Ho 2.18 4.47 3.6 5.4 0.48
Er 7.04 14.6 12.6 17.5 1.51
Tm 1.08 2.28 22 274 0.2
Yb 7.62 15.6 16.3 18.7 1.43
Lu 1.12 2.28 2.44 277 0.23
YREE 373.81 312.40 200.84 245.95 131.53
(La/Yb)y 6.87 1.98 1.05 0.85 11.70
Eu/Eu* 0.13 0.05 0.04 0.01 0.71
(Nb/La)y 0.44 1.66 1.94 2.95 0.52
Rb/Sr 9.46 24.40 51.56 53.45 0.51
Zr/Hf 27.51 21.07 18.08 13.62 32.03
K/Rb 101.33 64.43 54.72 46.79 173.29
TE, 5 1.03 1.10 1.09 1.08 0.96
8Rb/*Sr 30.80 86.02 206.7 200.7 1.460
¥1S1/*Srt2 0 0.765539+15 0.872459+15 1.085563+14 1.094434+15 0.713491+15
(*Sr/*Sr); 0.707 0.710462
S m/*Nd 0.1237 0.1740 0.2055 0.2455 0.1154
Nd/'"*Nd+ 20 0.512338+13 0.512391+13 0.512411£13 0.512436=12 0.512245+13
ana(?) —4.66 —4.45 —4.57 —4.74 —-6.21
Toma/Ga 1.30 1.28 1.24 1.33 1.44

a) Degree of the tetrad effect TE,;=(T\xT3)*°, T)=(Ce*xPr*)*, Ty=(Tb*xDy*)*, Ce*=Cew/(Lac>"*Nde' ), Pr#*=Pre/(Lac, **xNde>?), Tb*=
Tbcn/(Gdcnz/3 xHoe, ), Dy*:Dycn/(Gdcn” 3xHoe 3), Ln,=chondrite-normalized lanthanide concentration. The initial isotopic data are recalculated for 128
Ma and 141 Ma for the Huangshan and Taiping intrusion respectively. Chondritic uniform reservoir: '’Sm/"*Nd=0.1967, '*Nd/'**Nd=0.512638. Model
age of two stage Tome=Tomi—(Tomi—t)(fee—fs)/(fee—fom), fo=—0.4, fom=0.08592, r=emplacement ages of granitic intrusion. Depleted mantle:
¥Sm/"**Nd=0.2137, "*Nd/"*Nd=0.513151.
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Aluminum saturation indices of the Taiping intrusion
are mainly metaluminious; with a few being peralumi-
nous (Figure 2(b)). In contrast the Huangshan intrusion
grades from metaluminious to peraluminous, and locally
strongly peraluminous. The Taiping intrusion corre-
sponds to the “I-type granite” field on the discrimination
diagram (Figure 2(c)) and “syncollisional and/or vol-
canic-arc granite” field on the Y-Nb tectonic discrimina-
tion diagram of Pearce et al.*¥ (Figure 2(d)). On the
other hand, all samples of the Huangshan intrusion fall
in the field of A-type granite (Figure 2(c)) and the
“within-plate granite” field (Figure 2(d)). They have the
characteristics of A,-type granite formed in a post-
orogenic setting*.

The Huangshan intrusion exhibits a strong “tetrad
effect” of REE distribution patterns (Figure 2(e)), which
is infrequent partition model of REE, only seen in
highly evolved magmatic differentiates with strong

35738 or in non-hydrothermal

hydrothermal interactions
settings in the deep crust™, and can be interpreted as
transitional between the end-members of magmatic and

3538 or in the

high-temperature hydrothermal systems
setting has undergone strong fractionation of plagio-
clase”!. Corresponding to the “tetrad effect” of REE
distribution patterns, behaviors of many trace elements
of the Huangshan granite also show obvious aberrance,
termed by Bau®™ as non-CHARAC behavior: K/Rb ra-
tios are usually low (except one or two samples at about
100, but most are less than 65, while K/Rb ratios of or-
dinary granitoid are usually greater than 150), high K/Ba
ratios (among 265 —2384, while K/Ba ratios of ordinary
continental rocks are less than 50), low Zr/Hf ratios
(only 27.5—13.6, while Zr/Hf ratios of most continental
rocks are 38 =2). Besides these, the Huangshan intru-
sion exhibits strong negative Eu anomalies (0Eu=0.01—
0.13) and strong depleted Ba, Sr (Figure 2(f)). In sharp
contrast, the Taiping intrusion shows stronger enrich-
ment of the LREE over the HREE, has only slight nega-
tive Ba and Sr anomalies (Figure 2(h)), weak negative
Eu anomalies; and therefore has no “tetrad effect” (Fig-
ure 2(g)).

The initial *’St/**Sr ratio of the Huangshan granite
is about 0.707, lower than that of Taiping intrusion,
which is about 0.710. The eng(r) values are —4.45 to
—4.87, higher than that of the Taiping intrusion, which
are —6.21 to —6.40. The Nd two-stage model age (Tpm2)
of the Huangshan intrusion is 1.24 to 1.33 Ga (average

1.29 Ga), lower than that for the Taiping intrusion
(1.44—1.45 Ga).

2 Zircon morphology and analysis
methods

2.1 Zircon morphology

The zircon crystals from the Taiping intrusion are eu-
hedral prisms with aspect ratios of 1/2 to 1/3. Most zir-
con grains exhibit clear oscillatory zoning, indicating a
magmatic origin. Some zircons contain relicts of inher-
ited zircon in their inner parts.

The zircons from the Huangshan granite have very
high U contents. Except the sample HS-1, the outermost
of the zircon crystals from the other samples have de-
veloped characteristic black rims in CL images (very
high U content). Many zircon grains suffered strong
damage due to radioactivity, and exhibiting abundant
fissures in the inner parts of the grains. Some zircons are
entirely metamict. As shown in Figure 3, zircons from
the Huangshan granite are euhedral prisms with aspect
ratios usually 1/4—1/2. Prismatic faces are much more
developed than pyramidal terminations. These zircon
grains exhibit clear oscillatory zoning, indicating a
magmatic in origin. Many zircon grains include small
inclusions of biotite and potassium feldspar, indicating
that zircons crystallized at the same time or slightly later
than the crystallization of essential minerals. Most zir-
con grains have a black rim in CL images corresponding
with inner oscillatory zoning, and some black rims are
enlarged (e.g., sample HS-3), and in some cases cuts
oscillatory zoning (e.g., sample HS-3). This shows that
the black rim formed later than the main time of zircon
grains, and also indicates clear U enrichment in the late
stage of magma evolvement. We consider that the black
rims of zircons were formed by interaction of highly
evolved magmatic differentiates with high-temperature
hydrothermal fluids, consistent with the whole rock “tet-
rad effect” REE distribution patterns and the non-
CHARAC behavior of some trace elements.

2.2 Analysis methods

Major and trace element abundances were determined at
the National Research Center for Geoanalysis, Chinese
Academy of Geological Sciences, and major and most
trace elements were determined by the X-ray fluores-
cence (XRF) method using a Japanese 3080 spectrome
ter and Rigaku-2100 respectively. Analytical errors
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—————— 100 um

Figure 3 CL images of dated zircon crystals from the Taiping-Huangshan composite intrusive. Bi, Bi inclusions.

(RSD) are <0.5% for major elements, ~5% for Ba, <3%
for other trace elements. Rare earth elements and V, Cr,
Ni, Co, Cu, Pb, U, Th, Ta and Hf were measured using
ICP-MS (TJA-PQ-ExCell), the uncertainties vary from
<5% to <10% depending on the concentration levels. All

Sm-Nd and Rb-Sr isotopic data were obtained at the
isotope laboratory, Institute of Geology and Geophysics,
Chinese Academy of Sciences using standard techniques,

which are broadly the same as described by Jahn et
al.l*¥,
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Zircons for isotopic analysis were processed using
conventional mineral separation techniques from about
10 kg rock samples, and finally hand-picked under a
binocular microscope according to shape, homogeneity,
transparency and color. The zircon grains, together with
standard zircon crystals of SL13 and several TEM
grains, were mounted and polished to expose their mid
sections. The mounts were then rigourously cleaned and
gold coated. U-Pb zircon analyses for sample HS-4 was
performed using the sensitive, high-resolution ion mi-
croprobe (SHRIMP II) at the Beijing SHRIMP Center,
Institute of Geology, Chinese Academy of Geological
Sciences (CAGS). The other four samples were under-
taken on a SHRIMP-II instrument at Curtin University
of Technology, Western Australia. The instrument was
controlled and data acquired from a remote control cen-
ter in the Beijing SHRIMP center, Institute of Geology,
CAGS, Beijing. The SHRIMP spots were selected ac-
cording to CL images, combined with reflected and
transmitted light photographs, in order to avoid mineral
inclusions and internal imperfections such as cracks.
Instrumental conditions and data acquisition were
broadly the same as described by Williams'**. During
routine zircon analysis, the data were collected over five
cycles through the mass stations. The beam was focused
to a spot of about 25—30 pm in diameter and the
analyses with a 4.5 nA secondary beam at a mass reso-
lution of about 5000. A zircon of known composition
(SL13, 572 Ma, 238 ppm U) was used to determine the
U, Th, and Pb content of unknown zircons, and the zir-

con TEM standard (with a 206pp 23y age of 417 Ma)
was used to correct instrumental U-Pb elemental frac-
tionation. The formula used for Pb-U calibration is
Pb/U=A(UO/U)*™!. The ***Pb method was employed
for the common lead correction. Uncertainties are re-
ported at the 1o level (isotope ratios; cf. Table 2) and at
the 95% confidence level in the text. The data were re-
duced and assessed using the SQUID and Isoplot pro-
grams of Ludwig'*”.

3 Results

The SHRIMP zircon U-Pb analytical results are listed in
Table 2. The zircons all have high Th/U ratios, mostly
larger than 0.5; which combined with their morphology
and internal structure, it can be ascertained that they are
all magmatic in origin.

Table 2 shows that the apparent ages of the zircons

2%pp) from the Taiping

(common Pb is corrected by
intrusion are concentrated between 138—146 Ma. In the
206pp/23¥J-29pp/35U concordia diagram, all samples are
located on or close to concordia (Figure 4), with
weighted mean “Pb/*U age of 140.6 + 1.2 Ma
(MSWD=0.97). Excluded is analysis point 5.1, in which
206pb/>*8U apparent age is as high as 240+4 Ma and is
probably inherited zircon.

For the Huangshan intrusion, **°Pb/***U apparent
ages of zircons from sample HS-1 are 124—146 Ma,
with a weighted mean age of 127.7+1.3 Ma (MSWD=
0.84); the **°Pb/***U apparent ages of zircons from sam-

Table2 Zircon U-Pb SHRIMP dating results of Taiping-Huangshan composite intrusive”

Ratio (£% Age (Ma
Point Pb* Conter;t](ug/g) Th ThU (%) 206py# /2387 2°7Pb*(/235/3 207py# 206py* 206ppy 238 g Eosps* 22T

Taiping intrusion

TP-1-1.1 19.8 1051 704 0.67 0.43 0.02186 (1.5) 0.1460 (4.1) 0.0484 (3.8) 139.4+2.1 136.4+3.7
TP-1-2.1 16.5 854 460 0.54 0.74 0.02233 (1.5) 0.1447 (4.8) 0.0470 (4.6) 142.4+2.1 137.9+5.0
TP-1-3.1 9.99 521 188 0.36 0.79 0.02214 (1.5) 0.139 (7.6) 0.0455 (7.4) 141.1£2.2 135+10
TP-1-4.1 4.98 256 171 0.67 1.06 0.02243 (1.7) 0.201 (9.8) 0.0650 (9.6) 143.0+2.4 158+12
TP-1-5.1 10.9 333 65 0.20 0.55 0.03788 (1.6) 0.389 (4.8) 0.0746 (4.6) 239.743.7 196+32
TP-1-6.1 21.1 1103 990 0.90 0.41 0.02220 (1.5) 0.1512 (3.3) 0.0494 (2.9) 141.5£2.0 134.94+2.8
TP-1-7.1 15.8 843 458 0.54 0.77 0.02171 (1.5) 0.1378 (4.7) 0.0461 (4.5) 138.4+2.0 129.3+4.6
TP-1-8.1 15.6 834 382 0.46 0.12 0.02175 (1.6) 0.1540 (2.9) 0.0514 (2.5) 138.7+2.1 142.6+3.7
TP-1-9.1 16.2 861 557 0.65 0.54 0.02184 (1.5) 0.1361 (4.7) 0.0452 (4.4) 139.3+2.0 141.7+4.3
TP-1-10.1 13.5 715 296 0.41 0.49 0.02190 (1.5) 0.1515 (4.6) 0.0502 (4.3) 139.6+2.1 142.1+6.0
TP-1-11.1 134 677 265 0.39 0.60 0.02283 (1.5) 0.1498 (4.8) 0.0476 (4.5) 145.5+2.1 140.7+6.5
TP-1-12.1 19.3 1027 572 0.56 0.20 0.02188 (1.5) 0.1470 (5.6) 0.0487 (5.4) 139.5+2.0 136.4+5.7
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(Continued)

Point Content (ng/g) THU %) Ratio (%) Age (Ma)
Pb* U Th 206py# 2387 7 2072357 207ppy% 206py 200pyk 2387 7 208pp# 22T

TP-1-13.1 10.4 553 201 0.36 0.24 0.02188 (1.5) 0.1525 (4.6) 0.0505 (4.4) 139.6+2.1 143.0+6.7
Huangshan intrusion
HS-1-1.1 4.97 292 213 0.73 0.00 0.01995 (1.6) 0.1524 (3.8) 0.0554 (3.4) 127.4+2.0 132.843.9
HS-1-2.1 4.19 237 119 0.50 1.81 0.02024 (1.7) 0.1187 (8.3) 0.0425 (8.2) 129.2+42.1 109.9+7.1
HS-1-3.1 2.84 161 105 0.65 0.00 0.02065 (1.7) 0.1769 (4.6) 0.0621 (4.3) 131.7+2.3 149.6+5.5
HS-1-4.1 2.71 156 97 0.62 3.97 0.01940 (2.2) 0.089 (35) 0.033 (35) 123.9+2.7 97+18
HS-1-5.1 4.49 255 143 0.56 2.16 0.02004 (1.8) 0.113 (16) 0.0407 (16) 127.94£2.3 11312
HS-1-6.1 1.76 99 58 0.59 5.25 0.01955 (2.8) 0.089 (54) 0.033 (54) 124.8+3.5 92429
HS-1-7.1 3.34 193 230 1.19 1.26 0.01984 (1.8) 0.134 (10) 0.0489 (10) 126.6+2.2 120.8+5.1
HS-1-8.1 3.80 220 143 0.65 1.96 0.01973 (1.9) 0.106 (20) 0.0389 (19) 125.9+2.3 119+12
HS-1-9.1 6.03 349 269 0.77 1.78 0.01976 (1.7) 0.122 (15) 0.0450 (15) 126.1+2.2 118.0+8.8
HS-1-10.1 3.81 221 176 0.80 0.76 0.01991 (1.7) 0.1384 (5.7) 0.0504 (5.4) 127.1£2.1 125.7+4.4
HS-1-11.1 15.8 907 379 0.42 0.05 0.02032 (1.5) 0.1415 (2.9) 0.0505(2.4) 129.7+1.9 129.5+3.8
HS-1-12.1 3.79 214 117 0.55 2.20 0.02015 (2.3) 0.108 (28) 0.039 (28) 128.6+3.0 112420
HS-2-1.1 2.82 167 97 0.58 1.45 0.01938 (2.1) 0.138 (18) 0.0516 (17) 123.7£2.5 126£15
HS-2-2.1 10.3 600 296 0.49 0.82 0.01975 (1.5) 0.1240 (5.2) 0.0455 (4.9) 126.1£1.9 119.6+4.5
HS-2-3.1 4.78 294 193 0.66 1.39 0.01866 (1.6) 0.1328 (7.1) 0.0516 (6.9) 119.2+1.9 104.6£5.4
HS-2-4.1 2.04 116 88 0.76 3.54 0.01973 (2.0) 0.103 (23) 0.0378 (23) 126.0+2.5 114+11
HS-2-5.1 8.70 496 225 0.45 2.20 0.02000 (1.6) 0.108 (13) 0.0393 (13) 127.6+2.0 94+11
HS-2-6.1 1.48 84 53 0.63 0.00 0.02080 (2.3) 0.220 (14) 0.077 (14) 132.74£3.1 177+19
HS-2-7.1 2.47 142 80 0.56 491 0.01932 (2.3) 0.053 (64) 0.020 (64) 123.4+2.8 7722
HS-2-8.1 1.87 100 93 0.93 8.82 0.01990 (4.0) 127.0+£5.0 83+25
HS-2-9.1 1.77 104 98 0.94 6.36 0.01860 (3.5) 0.077 (82) 0.030 (82) 118.8+4.2 114424
HS-2-10.1 9.42 547 503 0.92 0.76 0.01990 (1.5) 0.1328 (6.4) 0.0484 (6.2) 127.0£1.9 120.1+4
HS-2-11.1 5.22 296 146 0.49 3.28 0.01985 (1.8) 0.079 (27) 0.0290 (27) 126.7+2.3 81x16
HS-2-12.1 32.1 1918 1311 0.68 1.28 0.01926 (1.5) 0.1248 (4.7) 0.0470 (4.5) 123.0+1.8 118.8+3.6
HS-3-1.1 15.6 570 350 0.61 7.47 0.02947 (2.1) 0.099 (51) 0.024 (51) 187.24£3.9 125431
HS-3-2.1 7.48 437 212 0.49 1.57 0.01964 (1.7) 0.141 (11) 0.0522 (11) 125.4+2.1 117+12
HS-3-3.1 4.05 233 129 0.55 1.81 0.01986 (1.8) 0.104 (12) 0.0381 (11) 126.8+2.2 103.2+7.9
HS-3-4.1 4.99 290 94 0.32 4.73 0.01914 (2.2) 0.109 (29) 0.041 (29) 122.242.6 109+36
HS-3-5.1 3.43 203 125 0.62 1.79 0.01930 (1.8) 0.125(13) 0.0469 (13) 123.3+£2.2 115.9£9.9
HS-3-6.1 11.9 693 287 0.41 0.55 0.01984 (1.5) 0.1382 (5.8) 0.0505 (5.6) 126.6+1.9 122.0+6.5
HS-3-7.1 1.82 106 79 0.75 5.83 0.01890 (3.7) 120.7+4.6 83+34
HS-3-8.1 2.58 151 106 0.70 3.15 0.01929 (2.2) 0.106 (23) 0.0399 (23) 123.1+£2.8 10613
HS-3-9.1 5.68 330 205 0.62 6.17 0.01881 (2.0) 0.105 (26) 0.040 (26) 120.2+2.4 86+17
HS-3-10.1 9.30 533 256 0.48 0.00 0.02032 (1.5) 0.1564 (3.0) 0.0558 (2.6) 129.7£1.9 136.0£3.6
HS-3-11.1 1.73 108 120 1.11 8.81 0.01708 (3.4) 0.106 (53) 0.045 (53) 109.1+£3.8 108£19
HS-3-12.1 1.21 67 54 0.81 2.71 0.02048 (3.4) 0.154 (41) 0.054 (41) 130.7+4.5 133429
HS-4-1.1 261 224 6 0.86 0.33 0.0195 (15) 0.129 (22) 0.0478 (70) 12549 122.9+20
HS-4-2.1 222 167 5 0.75 0.38 0.0196 (9) 0.121 (31) 0.0447 (109) 125+5 115.6+£28
HS-4-3.1 6498 1638 120 0.25 0.37 0.0196 (26) 0.057 (62) 0.0211 (223) 125+16 56.2+57
HS-4-4.1 844 376 18 0.45 1.17 0.0213 (15) 0.144 (24) 0.0489 (69) 13649 136.2+21
HS-4-6.1 208 156 4 0.75 0.25 0.0193 (18) 0.142 (27) 0.0533 (82) 123+11 134.7+£24
HS-4-7.1 1723 1412 35 0.82 0.48 0.0184 (25) 0.055 (60) 0.0218 (229) 118+15 54.8+55
HS-4-8.1 197 150 4 0.76 0.29 0.0191 (18) 0.110 (21) 0.0418 (66) 122411 105.9£19
HS-4-9.1 3410 2396 67 0.70 0.64 0.0181 (15) 0.116 (19) 0.0465 (64) 11649 111.5+17
HS-4-10.1 92 60 2 0.65 0.58 0.0190 (15) 0.105 (29) 0.0401 (102) 12149 101.4+26
HS-4-11.1 169 94 4 0.56 0.47 0.0213 (20) 0.134 (23) 0.0457 (59) 136+12 127.6+20
HS-4-13.1 13319 4530 272 0.34 0.93 0.0206 (17) 0.126 (13) 0.0443 (26) 131£10 120.1+12
HS-4-14.1 366 328 8 0.90 0.13 0.0188 (33) 0.090 (57) 0.0348 (203) 120+21 87.7+£54

a) Errors are 10; Pb* indicates the radiogenic portions; f2°°(%) is percent of common Pb in whole Pb.
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Figure 4 Concordia diagram showing SHRIMP analytical results for zircons from the Taiping granodiorite.

ple HS-2 are 119—133 Ma, with a weighted mean age
of 125.7+ 1.4 Ma (MSWD=1.30); the’Pb/**U appar-
ent ages of zircons from sample HS-3 are 119—133 Ma,
with a weighted mean age of 125.1 + 1.5 Ma
(MSWD=1.80); 2*°Pb/***U apparent ages of zircons from
sample HS-4 are 116—136 Ma, with a weighted mean
age of 125.2+ 5.5 Ma (MSWD=0.39). These four ages
are consistent within error, indicating different stages or
phases of the Huangshan intrusion were intruded in a
short time. In ***Pb/**U-*’Pb/***U concordia diagram,

all analyses are located on or close by concordia (Figure
5).

4 Discussions and conclusions

4.1 Emplacement ages of the composite intrusion

In the early literature, the emplacement of the Taiping
intrusion was ascribed to the Indo-Chinese event!**")
2727 still
claimed the Indo-Chinese event in their later papers.
Zhou et al.”” doubted an Indo-Chinese age of magma-

tism for the whole of Anhui Province, and obtained a

without any isotopic age evidence. Zhao et al.!

biotite “’Ar-*’Ar spectrum age of 137.1 Ma for grano-
diorite of the Taiping intrusion, which prior to this study
is the only relatively precise age for it. The zircon
SHRIMP U-Pb age of 140.6+ 1.2 Ma for the granodio-

rite we report here is interpreted as the emplacement
time of the Taiping intrusion.

As for the emplacement age of the Huangshan intru-
sion, Zhou et al.”” obtained a biotite “’Ar->’Ar spectrum
age of 125 Ma for the coarse- to medium-grained por-
phyritic granite. Using whole rock samples from differ-
ent stages and phases of the Huangshan intrusion, Zhao
et al.® obtained a Rb-Sr errochron of 124 Ma. In the

1:200000 scale geological map of Jingde, the Huang-
shan intrusion was divided into two generations of gran-
ite (main generation) and porphyritic granite; whereas in
the 1:50000 scale geological maps of Taiping County
and Tangkou, the Huangshan intrusion was divided into
four units: the first is medium-grained monzogranite
(Wenquan unit), the second is coarse-grained porphyritic
granite (Yungusi unit), the third is medium-grained por-
phyritic granite (Shizifeng unit), and the fourth is
fine-grained porphyritic granite (Gongyangshan unit).
This was not supported by isotopic dating evidence, and
in the field these units appear transitional into each other
rather than having an intrusive relationship. Our ana-
Iytical results indicate that the zircon U-Pb SHRIMP
ages of different units or phases of the Huangshan intru-
sion are from 125 to 128 Ma, and consistent with each
other within analytical errors. Therefore the “units” can
be regarded as facies changes of the same intrusion.
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Figure 5 Concordia diagram showing SHRIMP analytical results for zircons from the Huangshan intrusive.

There is an interval of about 15 Ma from the em-
placement of calc-alkaline Taiping intrusion to that of
alkaline Huangshan intrusion. This suggests important
changes happened in the tectonic setting of the south-
eastern Yangtze Craton and magma sources during this
short time.

4.2 Temperature of the composite magma

U experimental obtained a func-

tion between Zr saturation and magma temperature:
T7=12900/[2.95+0.85M+1n(496000/Z1me11)],
M=(Na+K+2Ca)/(AlxSi) (unit: mol%),
where Zry,; represents Zr content.

Watson and Harrison

The Taiping intrusion and the Huangshan intrusion all
have inherited zircon, indicating Zr saturation when the
melts crystallized. The Zr saturation temperature of the
Taiping intrusion sample is 768°C, and temperatures of
the Huangshan intrusion samples are 811 —764°C (811,
802, 764 and 768°C respectively, with an average of

1766

786°C). The Zr saturation temperature of central unit of
the Huangshan intrusion (sample HS-1) is 40°C above
the Taiping intrusion. Given the Huangshan intrusion
comprises highly evolved magmatic differentiates and
represents the transitional product from a magmatic sys-
tem into a high-temperature hydrothermal system, its
original magma should have been hotter. Therefore
temperatures were raised after the crystallization of the
Taiping intrusion, resulting in the formation of high
temperature Huangshan A-type granitic magma, and a
large amount of heat and material from asthenospheric
mantle contributed to the magma formation.

4.3 Rock genesis

The Taiping-Huangshan composite
formed in a post-orogenic tectonic setting**!. There are

intrusion was

similar calc-alkaline to alkaline composite intrusions in
the southeastern Yangtze Craton, such as Qingyang
(calc-alkaline)-Jiuhuashan (alkaline) composite intrusion,
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Leihu (calc-alkaline)-Guniujiang (alkaline) composite
intrusion, Jiaocun (calc-alkaline)-Maotianshan (alkaline)
composite intrusion etc. The mechanisms of magmatism
in a post-orogenic setting include delamination”*),
lithosphere convective removal™*!, and slab break offi>>.
All these mechanisms can result in upwelling of as-
thenospheric mantle, which in turn results in decom-
pression melting of the upper asthenosphere or partial
melting of subcontinental lithospheric mantle, and par-
tial melting of lower crust caused by underplating of
mantle derived magma. Mixing of these magmas from
different sources can form many kinds of hybrid magma.
Davies et al.””! proposed that subcontinental lithospheric
mantle would melt if the depth of delamination hap-
pened at less than 50 km, whereas decompression melt-
ing of asthenospheric mantle would happen if delamina-
tion occurred at a greater depth. In any mechanism, heat
and material from the mantle have crucial influence on
magmatism in a post-orogenic setting. In recent decades,
large amounts of Sm-Nd and Rb-Sr whole rock isotopic
data also indicate that mantle source material occupies a
dominant role in the genesis of A-type granites™® ',
Generally, A-type granites include alkaline granite
with alkaline supersaturated and aluminous A-type gran-

(62765] " The Huangshan intrusion is classified geo-

ite
chemically as aluminous A-type granite. For the genesis
of aluminous A-type granites, King et al.®”! considered
that it came from partial melting of felsic lower crust

with normal H,O contents. Poitrasson et al.l®%% 150

proposed that the aluminous A-type granite came from
partial melting of lower crust material, but considered
that the source component was predominantly mafic;
whereas Anderson et al.l® considered that aluminous
A-type granite came from partial melting of peralumi-
nous sedimentary rocks in the lower crust. The basement
of the Yangtze Craton where the Taiping-Huangshan
composite intrusion is located includes high-grade
metamorphic crystalline rocks and low-grade metamor-
phic folded rocks. Their eng(?) values (corrected to the
time of the Taiping-Huangshan intrusion) are usually
below —201*+¢°!. On the other hand, lithospheric mantle
under ancient cratons is generally enriched”®®, and
research on the lithospheric mantle under the Yangtze
Craton indicates a metasomatic enriched character'® 7",
The Sr, Nd isotopic composition of the Taiping intrusion
can be simulated by a mixture of Yangtze Craton lower
crust and depleted mantle then contaminated by upper
crust (Figure 6). In contrast to the Taiping intrusion, the
Huangshan intrusion has a lower initial *’Sr/**Sr ratio
(about 0.707) and higher &vq(?) value (—4.45 to —4.87),
similar to lithospheric mantle under the Yangtze Craton
(Figure 6). Its relatively young depleted mantle Nd iso-
tope model age (1.24—1.33 Ga) indicates that much
depleted mantle material contributed to the source
magma.

Until now, Mesozoic lithospheric thinning mecha-
nisms proposed for eastern China are mainly delamina-

[1-4,6-8] [9-14

tion and thermal erosion ! The former em-
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Figure 6 Diagram of syu(£)-(*’Sr/**Sr); Taiping-Huangshan intrusive.
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phasizes dense lithospheric material “suddenly” sinking,
whereas the latter emphasizes low density asthenosphere
“gradually” upwelling. The Taiping and the Huangshan
intrusions are intimately associated and constitute a
composite intrusion, but there is an interval about 15 Ma
between their emplacement, and the magma changed
from calc-alkaline to alkaline, without transition. This
probably indicates that the lithosphere was mainly
thinned by mechanical delamination. It may be assumed
that during the Indo-Chinese to early Yanshan stage, the
region underwent far-field intra-continental orogenesis
under the regional dynamic background of convergence
of the North China Craton in the north and the South
China Plate (the Cathaysian Block and South China
Caledonian fold belt) in the south. This caused the
lithosphere of the eastern Yangtze Craton to be thick-
ened. During the post-orogenic stage, the thickened
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