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Fig.1 (a) The simplified geological map of southern Hunan Province and (b) the distribution of the Tongshanling granitic pluton

(modified from Wang, et al. 4] and Lu, et al. '®'). Granodioritic pluton in southeast Hunan Province ( South China)
emplaced at the junction between Cathaysia and Yangize bocks. The Tongshanling pluton is located in the south of southeast

Hunan Province, and is composed of three small plutons I, Il and Ill. The studied samples were collected from No. I pluton.
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Fig.2 Characteristics of mafic microgranular enclave and hosted granodiorite, and photomicrographs of accessory mineral titanite.
a—The major mineral assemblages of granodiorite; b—The mafic microgranular enclave hosted by granodiorite;
c—Photomicrograph of the representative granodiorite; d—Photomicrograph of amphibole; e—Photomicrograph of titanite
under transmission light; f—Black scatter electric image of titanite. The granodiorites are mainly composed of amphibole,
feldspar, quartz, and biotite. Accessory mineral titanite grains in the MME and host granodiorite of the Tongshanling granitic

pluton show little or no intra—grain concentric zoning in transmission and BSE images.
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Fig.3  Chondrite —normalized REE patterns for titanite from
the Tongshanling granitic pluton. Titanite from MME
is characterized by Eu positive anomaly. The titanite
from granodiorite has REE content higher than those
from MME and shows weak positive or negative Eu
anomaly on REE pattern. It is indicate that the
granitic melts of the Tongshanling are characterized by

high oxygen fugacity ( The chondrite values are from

Sun and McDonough'*' ).
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Table 1 Representative EPMA data of titanite in granodiorite and mafic microgranular enclave of the Tongshanling pluton

JLER/ W G (%) FERINEA (%)

ST AL TSLA-1 TSL4-2 TSL4-3 TSLA-4 TSL4-5 TSL5-1 TSL5-2 TSL5-3 TSL5-4 TSL5-5 TSL5-6
Na, O 0.014 0.013 - 0. 056 0. 009 - - 0. 003 - - -
K,0 0. 009 0. 004 0. 001 0. 006 0.008 - - - - - -

F 1.45 0.48 1.45 1.69 1.23 1.84 0.255 1.57 1.10 1.09 1.07
MgO - 0. 003 0. 001 - 0. 005 0. 031 0. 001 0.017 - - 0. 002
Al,O4 3.62 2.70 3.60 4.14 3.31 5.61 1.81 4.68 3.03 3.37 2.48
S5i0, 31.7 31.4 31.2 31.3 30.7 31.3 31. 1 31.4 31.6 31.0 31.6
Cl 0.017 - 0. 008 0.012 0.002 0. 005 - - 0. 007 - 0. 004
CaO 29.4 29.3 30.0 29.9 29.4 29.9 29.6 29.0 29.6 29.5 29.4
TiO, 33.9 35.7 35.1 33.7 34.0 30.6 38.2 32.9 35.0 34.2 36.8
MnO 0. 059 0.043 0.024 0. 045 0. 061 0. 028 0. 044 0.053 0. 066 0. 024 0. 027
FeO 0.220 0.356 0.366 0.190 0.184 0. 465 0.378 0. 191 0. 606 0.456 0.432
Bt 100 99.9 102 101 98.9 99.7 101 99.8 101 99.7 102
PhO=5 151 HEF 14 (afpu)
Na 0. 001 0. 001 - 0. 003 0. 001 - - - - - -
Mg - - - - - 0. 001 - 0. 001 - - -
Al 0. 069 0.052 0. 068 0.078 0. 064 0. 107 0.034 0. 089 0. 057 0. 065 0. 047
Si 1.021 1.020 0. 996 1. 004 1. 008 1.013 1. 001 1.015 1.016 1.010 1.007
Ca 1.013 1.020 1. 026 1.025 1.032 1.038 1.020 1.002 1. 020 1.030 1. 006
Ti 0. 822 0.872 0. 841 0.812 0. 840 0.745 0.925 0. 800 0. 847 0. 839 0. 883
Mn 0. 002 0.001 0. 001 0.001 0.002 0.001 0.001 0. 001 0. 002 0.001 0.001
Fe 0. 006 0.010 0.010 0. 005 0. 005 0.013 0.010 0. 005 0.016 0.012 0.012
F 0. 008 0. 003 0. 008 0. 009 0. 007 0.010 0. 001 0.008 0. 006 0. 006 0. 006
FAICl 0.001 - - 0. 001 - - - - - - -
Al+Fe 0.075 0.061 0.078 0.083 0. 069 0.120 0. 044 0. 094 0.074 0.077 0.058
=" ARE TR, TR,
262 GALLI AE G N A A fA B £ B e 3R AR
Table 2 Trace element compositions of titanite in granodiorite and mafic microgranular enclave of the Tongshanling pluton
JLR/ B LA (ng/g) ERINE (ne/g)
ST A TSLA-1 TSL4-2 TSL4-3 TSLA-4 TSL4-5 TSL5-1 TSL5-2 TSL5-3 TSL5-4 TSL5-5 TSL5-6
Li 0.431 0.565 0. 141 0.264 0.050 1.17 - 0. 082 0.260 0.942 -
v 1461 571 610 1317 701 781 553 643 687 795 717
Ni 0.178 0. 560 0.417 0.032 0.619 0. 042 0. 185 0.431 - 0.338 -
Cu 0.532 0.510 0.589 0.329 0.761 0. 648 0.596 0.265 0.357 0.347 0. 651
Zn 2.22 2.36 3.49 1.91 2.59 1.76 1.02 2.94 1.15 2.21 1.31
Ga 8.27 6.41 6.58 7.61 6.31 3.56 3.88 7.71 7.68 2.23 6.38
As 0.776 2.36 0.632 0. 365 2.66 7.54 1.51 2.63 3.80 3.25 0.796
Rb 0. 063 0.742 0.088 - 0.003 0.242 0.051 0.033 0.137 0. 087 0.099
Sr 4.66 6.61 6.16 4.74 6.29 7.23 7.51 6.22 7.62 11.3 6.42
Y 270 74.0 131 32.4 90.9 118 872 333 1706 74.9 906
Zr 16.5 143 26.8 59.4 486 11. 1 154 190 536 474 67.0
Nb 384 584 354 306 1489 650 625 1069 1455 1217 963
Sn 861 4116 3960 1353 6594 90 1162 3503 1233 829 651
Cs 0.112 0.320 0.038 0.039 0. 004 0.317 0.002 0. 005 0. 044 0.110 0.011
Ba 0. 093 0.342 0.055 0. 108 0. 053 1.323 - 0. 080 0.033 1.263 0. 048
La 5.33 9.87 8.07 4.19 5.92 16.5 4.37 14.1 15.8 15.7 2.75
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JCE/ W AR (ng/g) RN A (pe/g)

ST TSL4-1 TSL4-2 TSL4-3 TSL4-4 TSL4-5 TSL5-1 TSL5-2 TSL5-3 TSL5-4 TSL5-5 TSL5-6
Ce 24.8 43.1 48. 4 16.6 21.5 63.9 43.2 73.9 98.1 51.4 25.7
Pr 5.45 6.39 9.19 2.58 3.91 11.9 15.5 15.8 27.0 7.02 9.56
Nd 37.6 29.6 49.9 13.1 24.9 69.8 135.2 97.8 214 32.6 86.8
Sm 19.8 7.79 13.2 4.95 10.7 22.2 86.8 35.8 135 26.4 68.5
Eu 8.94 10.9 13.4 5.71 15.7 10.2 46.0 17.4 32.5 28.8 20.3
Gd 29.7 9.59 16.2 5.09 13.8 22.6 118 42.2 192 25.9 108
Th 5.95 1.58 2.85 0.84 2.18 3.50 21.7 7.20 37.03 1.42 21.3
Dy 42.7 10.5 19.8 5.3 13.3 20. 1 143 47.5 259 9.8 151
Ho 9.84 2.45 4.44 1.12 3.05 4.20 30.2 10.9 55.4 2.14 31.2
Er 29.0 7.2 13.5 3.3 9.0 11.0 85.5 33.9 166. 4 6.5 89.3
Tm 4.63 1.18 2.21 0.51 1.40 1.58 13.73 5.69 26.6 1.12 13.6
Yb 32.1 10.3 17.2 3.5 9.8 10. 1 103 47.5 206 10.8 100
Lu 4.52 1.97 3.38 0.52 1.29 1.49 17.3 9.48 33.0 1.91 14. 1
Hf 0.639 5.09 0. 849 2.10 19.0 0.387 7.36 6.77 21.0 16.4 2.13
Ta 28.4 52.1 34.0 24.7 109.5 56.0 56.2 85.7 104.8 91.0 80.3
w 10.2 167 50.5 13.3 173 11.1 3.24 609 366 144 6.15
Pb 0. 495 1.386 0.502 0.280 1.14 5.52 0. 540 1.43 1.39 1.68 0.427
Th 2.13 3.76 1.44 6. 40 2.52 2.35 5.04 63.5 62.0 6.92 2.41
U 17.2 52.8 16.9 18.2 19.8 4.39 18.0 262 205 45.4 10. 1

SREE 258 152 222 67 136 269 864 459 1498 187 742

Lay/Yby 0.12 0.69 0.34 0.85 0.43 1.17 0.03 0.21 0.06 1.04 0.02

T(C) 762 878 786 828 956 743 883 895 963 954 834

EwEu” 1.13 3.86 2.80 3.48 3.94 1.39 1.39 1.37 0. 62 1. 10 0.72

Ce/Ce” 1.13 1.33 1.38 1.24 1.09 1.12 1.29 1.22 1.17 1.20 1.23

Zr/Hf 25.9 28.1 31.5 28.3 25.6 28.7 21.0 28.0 25.5 29.0 31.4

Nb/Ta 13.5 11.2 10. 4 12.4 13.6 11.6 11.1 12.5 13.9 13.4 12.0

Y/Ho 27.4 30.2 29.6 28.8 29.8 28.0 28.9 30.7 30.8 35.0 29.0

3.2 HiA Sm-Nd [RIfr EHHE

3 ANFE AR A B RLX A Sm—-Nd R 43
Mras SR L2 3, PRISUREAR A A9 Sm—Nd [A] 43 2 41 A%
B — W AL o A 9 Sm/ N HAE
0.2399 ~0. 4026, "“Nd/"*Nd 2 fk3E Fl A 0. 512321
~0.512675, &, (t)HH-3.5~-8.9,FH{HHN-7.2

+2. 4, R INK A PR AYSm/ N L E N
0.2850 ~ 1. 4020, "*Nd/"*Nd ZE{k 1 Hl A 0. 512269
~0.513399, &, (1) {EH A-5.4~-9.9 FHH K-6.9
2.4, FERINK A P A B Sm-Nd [R47 2 AR
AR I T 5 8 AL R Al A7 ) Sm—Nd [ 7 3K L
{H, (AW 01 bR Nd [R R AL AR R HHRL(E 4) .

%3 WAL Sm-Nd R RADR

Table 3 In—situ Sm—Nd isotope compositions in titanite from granodiorite and mafic microgranular enclave of the Tongshanling pluton

W R PR BT 7 Sm/ 1 Nd 20 Nd/ M Nd 20 ena(1) 20 Ssmna 20
T4TNdO7 0.3415 0. 0099 0.512337 0. 000442 -8.9 0.6 0.736 0.050
T4TNd09 0.3894 0.0010 0.512392 0. 000095 -8.8 1.9 0.980 0. 005
T4TNd10 0. 4026 0.0026 0.512675 0. 000057 -3.5 1.1 1.047 0.013
T4TNd11 0.2416 0.0048 0.512321 0. 000283 -7.1 1.5 0.228 0. 024
T4TNd12 0.2399 0. 0072 0. 512504 0. 000744 -3.5 1.5 0.220 0.037
T4TNd13 0.2626 0.0018 0.512346 0. 000509 -7.0 0.9 0.335 0. 009

AERINICE A | Y Sm/ ' Nd 20 N/ Nd 20 ena(1) 20 Ssmna 20
T3TNdO1L 1. 4020 0. 0098 0.513399 0. 000267 -9.9 1.2 6.127 0. 050
T5TNdO1 0. 4059 0.0026 0.512580 0. 000166 -5.4 1.2 1.063 0.013
T5TNd02 0. 5917 0. 0046 0. 512761 0. 000140 -5.7 0.7 2.008 0.023
T5TNdO5 0.3743 0. 0047 0. 512404 0. 000270 -8.2 1.3 0.903 0.024
T3TNdO3 0.2850 0.0048 0.512269 0. 000693 -9.0 3.5 0. 449 0. 024
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Fig. 4

The Sm—Nd isotope compositions of titanite from the Tongshanling granitic pluton. All titanite grains have coincident negative

initial Nd isotopic compositions. (a) Plot of ""Sm/"*Nd against "“Nd/"*Nd for titanite; (b) Plot of 'Sm/'**Nd against

&xa( 1) for titanite; (c) Weighted mean &y, value(¢) for titanite; (d) Histogram of &y,(t) value for titanite. Titanite from

MME has homogenous Nd isotope compositions. Their present "“*Nd/'**Nd ranges from 0. 512321 to 0. 512675, corresponding

to &y, (#) value from —=3.5 to —8. 9 with an average of =7.2+2.4 (N=6).

Titanite from granodiorite overall have

“Nd/'"*Nd ratio ranging from 0. 512269 to 0. 513399. Their time—corrected initial &y,(¢) value vary between —5. 4 and

=9.9 with an average of —6.9+2.4 (N=5). All titanite grains have negative initial Nd isotopic compositions.
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elements of titanite were completely controlled by ion radius and charge, and not affected by late hydrothermal alteration.
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Fig. 6  Nd isotopic evolution diagrams for titanite from the

Tongshanling granodiorite. All titanite grains have
negative initial Nd isotopic compositions, which is
consistent with the evolution trend of Nd isotopes of
the middle—lower continental crust of South China. It
is indicated that granodiorites from the Tongshanling
pluton were probably formed by the amphibole —
dehydration melting of a mafic source in the middle—
lower crust beneath South China. All the initial ratios
were corrected to 159+ 1Ma. The Nd isotopic data of
middle/lower crust are from Yu, et al™’ and Kong,
et al'®. The data of Proterozoic metamorphic rocks
are from Yuan, et al'®’. Nd isotopic evolution

diagram was modified after Chen, et al®'!,
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Petrogenesis of the Mesozoic Tongshanling Granodiorite in Southern
Hunan Province, South China: Clues from in — situ Nd Isotopes and
Elements of the Titanite

WANG Dan, FU Yong "
(College of Resource and Environmental Engineering, Guizhou University, Guiyang 550025, China)

HIGHLIGHTS

(1) The elemental composition of Tongshanling titanite is controlled by the crystal structure, which records the
initial information of magma.

(2) The granitic melts of the Tongshanling are characterized by high temperature and oxygen fugacity.

(3) The granodiorite of the Tongshanling pluton was produced by the amphibole—dehydration melting of a mafic

source in the middle—to—lower crust.

ABSTRACT

BACKGROUND:; The compositions of the bulk—rocks are commonly modified by hydrothermal alteration or merely
represent the magmatic information of snapshot during evolution. Hence, use of the chemical compositions of bulk—
rocks makes it difficult to trace the source and evolution of granitic magmas. The petrogenesis of the granitic rock is
therefore difficult to decipher. In the face of these difficulties, an alternative new approach is to trace the magmatic
source and evolution by in—situ analyzing elements and isotope compositions of accessory minerals in granitic rocks.
This new approach can significantly improve the spatial resolution of the magmatic processes. Titanite ( CaTiSiO5)
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is a common accessory mineral of granitic rocks and contains a large amount of elements, including Al, Fe, Nb,
Ta, Zr, Cr, V, Sn in the Ti site, and rare earth elements (REEs) Y, Na, Mn, Pb, U, Th, Sr and Ba in the Ca
site. REEs and high field strength elements (HFSEs, i.e. , Nb, Ta, Zr, Th and U) in titanite are sensitive to the
changes of temperature, pressure, oxygen fugacity ( foz) , water fugacity and melt composition. Additionally,
titanite has high Nd concentration and low Sm/Nd ratio and is suitable for in—situ Nd isotope analyses. Therefore,
titanite is an ideal accessory mineral to be used to investigate the magmatic source and evolution of granitic rocks.
OBJECTIVES: To trace the magmatic source and evolution, and to decipher the petrogenesis of the granitic rock.
METHODS:: Titanite from mafic microgranular enclave ( MME) and hosted granodiorite of the Tongshanling
granitic pluton were checked by transmission light and back - scattered electron ( BSE). BSE images were
performed at the Institute of Geochemistry, Chinese Academy of Sciences (IGCAS) in Guiyang, on carbon —
coated, polished epoxy blocks using JSM—-7800F field emission scanning electron microscopy (SEM) operated at
20kV accelerating voltage and a beam current of 10nA. Their in—situ major element compositions were analysed by
electron probe microanalyzer (EPMA) at IGCAS. An accelerating voltage of 25kV and a probe current of 10nA
were applied. Well—characterized Kaersutite (Na, K, Mg, Al, Si, Ca, Mn, and Fe), apatite (F), and rutile
(Ti) were used as standards. The trace elements of titanite were analysed in—situ by an Agilent 7900 ICPMS
equipped with GeoLasPro 193nm ArF laser ablation system (LA-ICP-MS) at IGCAS. Analytical conditions were
as follows: a fluence of 5]/cm’, at a repetition rate of SHz and laser spot of 44pum. Ca ( determined by EPMA)
was chosen as the internal standard and the reference glasses NIST610 and NIST612 were used to calibrate relative
element sensitivities. In—situ Nd isotope of titanite were analyzed by a Nu Plasma I multi —collector ( MC)
equipped with RESOlution— 155 ArF 193nm laser ablation system ( LA-MC-ICP-MS) at IGCAS. Titanite was
ablated in a mixture of helium (350ml/min) and nitrogen (2ml/min) atmosphere using the following parameters ;
30s baseline time, 40s ablation time, 72pm spot size, 6Hz repetition rate and 6]/cm’ energy density. The
interference of "*Sm on '"“Nd was derived from the '’Sm intensity with a natural "*Sm/""’Sm ratio of 0. 205484.
The mass bias factor of Sm was calculated from the measured isotopic ratio of "“Sm/'’Sm and its true value
1.08680. The mass bias of "*Nd/'"*Nd was normalized to “*Nd/"*Nd =0. 7129 with an exponential law. The
reference materials MAD, Otter Lake, LAP and SAP were chosen as the external standards.

RESULTS:: Titanite grains in the MME, and host granodiorite of the Tongshanling granitic pluton have similar
major element compositions. All titanite are characterized by high SiO, (31. 0% to 31. 7%), CaO (29. 0% -
30.0%) , TiO,(30.6%—38.2%), and low Al,O0,(1.81%-5.61%), FeO (0. 184%-0.606% ), F (0. 48% -
1.84%) contents. The MnO concentrations vary between 0. 024% and 0. 066%. The MgO concentrations range
from 0.001% to 0. 031%. Compositional zoning among single titanite grains were not observed. The crystallo—
chemical formulae were calculated on the basis of 5 oxygen atoms. The calculated results indicate that the Al+Fe
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(apfu) is negatively correlated with Ti (apfu) in all titanite grains. The analysed titanite grains have high rare
earth element (REE) contents (67-1498ug/g). The REE were incorporated into titanite lattice by substituting for
Ti and Ca site with Al and Fe and the substituted mechanism is ( Al,Fe’* ) +REE=Ti**+0*. On the REE patterns,
the titanite from granodiorite has REE contents higher than that from MME and shows weak positive or negative Eu
anomaly (Eu/Eu” from 0. 62 to 1. 39). On the contrary, titanite from MME is characterized by Eu positive
anomaly (Eu/Eu” from 1. 13 to 3.94). These titanite contain high content of HFSEs such as Zr (11. 1-536
pe/g), HE (0.639-21pg/g), Nb (306-1489mg/g) and Ta (24.7-109. Spg/g). The variation of Zr/Hf,
Nb/Ta and Y/Ho ratios of titanite grains range from 21.0 to 31.5, 10.4 to 13.9 and 27. 4 to 35.0, respectively.
These trace element ratios are consistent with those of normal crust and are not fractionated. Therefore, the trace
elements of titanite were completely controlled by ion radius and charge and not affected by late hydrothermal
alteration. Titanite Zr thermometer shows that the temperature of titanite formation is between 762°C and 963°C.
Titanite from MME has homogenous Nd isotope compositions. Their present '“Nd/'“Nd ranges from 0. 512321 to
0.512675, corresponding to £y, (t) value from =3.5 to —8. 9 with an average of =7.2+2.4 (N=6). Titanite from
granodiorite overall have "*Nd/'*Nd ratio ranging from 0. 512269 to 0. 513399. Their time—corrected initial &,()
value vary between —=5.4 and -9.9 with an average of =6.9+2.4 (N=5). All titanite grains have negative initial
Nd isotopic compositions, which is consistent with the evolution trend of Nd isotopes of the middle — lower
continental crust of South China.

CONCLUSIONS:; Titanite grains in the MME and host granodiorite of the Tongshanling granitic pluton show little
or no intra — grain concentric zoning in BSE images and display similar element and isotopic geochemical
characteristics. Crystal chemical exerts a first—order control on elemental compositions of titanite. Titanite survived
during hydrothermal alteration and faithfully recorded the information of granitic melts. The granitic melts of the
Tongshanling are characterized by high temperature and oxygen fugacity. Granodiorites from the Tongshanling
pluton were probably formed by the amphibole —dehydration melting of a mafic source in the middle —lower crust

beneath South China.

KEY WORDS: LA-MC-ICP-MS; in-situ isotope analysis; Nd isotope; trace elements; titanite; granodiorite;
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