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Abstract

This paper presents new petrographic observations and electron microprobe analyses of sulfide and oxide melt inclusions trapped
within amphibole and clinopyroxene in xenoliths and host rocks (HRs) from the Late Jurassic-Early Cretaceous Laomiaocjishan, Xiao-
tongguanshan and Xiaotaojia intrusions in Tongling area, Anhui Province. The plutons vary in composition from quartz monzonitic
diorite to granodiorite, and contain mafic clots (MFCs), hornblende cumulates (HCs), and microgranular mafic enclaves (MMEs)
with gabbroic to dioritic compositions. Compositions of sulfide inclusions correspond to pyrrhotite, chalcopyrite, single sulfide solution
and pentlandite in MFCs, and pyrrhotite and chalcopyrite in MMEs and HRs. Ni and Cu content of the sulfide phases, except for
chalcopyrite in single blebs, is averagely 6.91 % and 0.44 %, 0.44 % and 0.07 %, and 0.09 % and 0.42 % in MFCs, MMEs,
and HRs, respectively. Compositions of oxide blebs correspond to Cr-magnetite (averagely 4.44 % CpO;) in MFCs, and magnetite
with an average Cr,Os content of 0.44 % in MMEs and 0. 07 % in HRs, while compositions of oxide grains are Cr-magnetite
(averagely 6.58 % Cr,O;) in MFCs, magnetite and Cr-magnetite (averagely 0.86 % Cr,O;) in MMEs, and magnetite (averagely
0.34 % Cr,O5) in HRs. Paragenetic associations of (1) mono sulfide solution + pyrrhotite, (2) mono sulfide solution + chalcopy-
rite, and (3) pyrrhotite and pentlandite + chalcopyrite exist within single blebs in MFCs, while paragenetic associations of pyrrhotite
+ chalcopyrite and pyrrhotite + magnetite occur within single blebs in MMEs and HRs, respectively. Crystallization temperatures of
hornblendes in HCs and hornblendes and plagioclases in MMEs and HRs are 860~865C , 714~811C and 614~733C, respective-
ly, based on Al and Ti in calcic amphibole and amphibole-plagioclase geothermometers. The pressures recorded by these phases indi-
cate that they were formed at a depth of 26~27 km, 7~16 km, and 3~6 km, respectively, based on Al and Ti in calcic amphibole
and Al-in-hornblende geobarometers. The present petrographic observations and microprobe analyses combined with the published
geochemical and mineralogical data of the pyroxene cumulates, HCs, MMEs and HRs support an origin of sulfide and oxide melt in-
clusions in MFCs and HCs, MMEs, and HRs from crystallization products of sulfide and oxide melts immiscibly separated from alka-
line basaltic and somewhat evolved underplated alkaline basaltic magmas from the upper mantle to the lower crust, the gabbroic to
dioritic magmas in the middle to upper crust, and the pyroxene (or quartz) monzodioritic to granodioritic magmas in the upper crust,
respectively. The variations in the oxide and sulfide assemblage and the sulfide and oxide paragenetic association within single blebs
presented above correspond to the increase in the amount of the hybridized lower and middle to upper crustal material in the magmas
and the decrease in crystallization temperature and depth of the magmas in the formation process of MFCs and HCs, MMEs, and
HRs.

Key words: geochemistry, Mesozoic, sulfide and oxide inclusions, electron microprobe analysis, xenolith, intermediate-acidic in-

trusion, Lower Yangtze River Valley
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Fig. 2 Microphotographs of mafic clots and sulfide and oxide inclusions within amphibole and clinopyroxene of host rocks
microgranular mafic enclaves and mafic clots in Tongling area
A. Locally concentrated mafic clots in microgranular mafic enclave Laomiaojishan transmitted light ~B. A mafic clot in microgranular mafic enclave
indicating occurrence of residual diopside grains in the light-colored principal core consisting of actinolite and enclosed by a dark-colored thin shell Xiao-
tongguanshan transmitted light ~ C. A mafic clot in microgranular mafic enclave showing occurrence of residual hornblende grains in the light-colored
principal core consisting of tremolite and enclosed by a dark-colored thin shell Laomiacjishan transmitted light ~D. Cr-magnetite grains occurring in
the light-colored principal core of a mafic clot Laomiacjishan transmitted light ~E. Pyrrhotite and chalcopyrite blebs within hornblende in granodior-
ite Xiaotaojia transmitted light F. Independent Cr-magnetite and pyrrhotite blebs within tremolite in a mafic clot Laomiaojishan reflective light
G. A paragenetic bleb of pyrrhotite core + chalcopyrite outer ring within amphibole in a microgranular mafic enclave Xiaotaojia reflective light
H. A paragenetic bleb of single sulfide solution core + pyrrhotite outer ring and independent single sulfide solution and pyrrhotite blebs within
clinopyroxene as well as Cr-magnetite grains between clinopyroxene and actinolite in a mafic clot Xiaotongguanshan reflective light 1. A paragenetic
bleb of mono sulfide solution core + chalcopyrite outer ring within tremolite and Cr-magnetite grains among tremolite grains in a mafic clot Xiao-

tongguanshan reflective light ~ J. A paragenetic bleb of pyrrhotite and pentlandite core + chalcopyrite outer ring and an independent pyrrhotite

bleb within single actinolite grains as well as Cr-magnetite among actinolite grains in a mafic clot Xiaotaojia reflective light . MFC—Mafic clot Di—
Diopside  Hb—Hornblende Tre—Tremolite Act—Actinolite Cr-Mt—Cr-magnetite Cr-Mt®—Cr-Magnetite grains Po—Pyrrhotite Cp—Chal-

copyrite Mss—Single sulfide solution Pn—Pentlandite
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Table 1 Major oxide composition of clinopyroxene amphiboles and plagioclases in host rocks from Laomiaojishan

Xiaotongguanshan and Xiaotaojia plutons in Tongling area Anhui Province

LM] LMJ] LM] LMJ LMJ] XTGS XTGS XTGS XTGS XTGS XTGS XTJ XTJ XTJ XTJ XTJ XTJ
-5 34" 35* 511 512 43 42" 681 682 13-1-3 13-1-4 1-1-5 1-1-7 13-1-1 13-1-2 24-1-1 24-12
Di Ct Oc Ct Oc Ct As Ct Oc Ct Oc Ct As Ct Oc Ct Oc
w B %
SO, 51.06 48.73 60.77 47.32 61.25 49.15 59.99 50.70 60.87 50.33 60.52 48.23 59.19 49.95 61.67 51.15 61.49
TiO, 0.00 1.22 0.06 1.47 0.01 1.10 1.04 0.05 1.13 0.09 1.26 0.03 1.04 0.10 1.22
ALO; 0.27 5.17 23.77 5.39 22.64 4.76 24.71 5.12 23.78 4.77 24.36 4.88 25.62 6.02 24.48 5.44 23.93
Cr,05 0.00 - - - 0.14 - 0.24 - - 0.18 - 0.10 -
FeO 14.45 14.04 0.22 12.53 0.35 14.65 0.17 12.94 0.26 15.05 0.19 15.36 0.14 13.31 12.57 0.26
MnO 0.34 0.27 0.46 0.43 0.13 0.77 0.11 0.64 0.50 0.57 0.07 0.49 0.10
MgO 10.95 14.55 15.38 15.09 14.04 12.93 14.39 13.34 14.07
CaO 23.80 11.87 5.88 11.53 5.36 11.72 7.06 11.53 6.07 10.58 6.07 11.89 8.00 11.67 6.03 11.55 5.67
NayO 0.14 1.44 7.88 1.51 8.78 1.39 6.98 0.53 8.24 0.90 8.06 0.76 6.86 0.36 7.56 0.48 7.81
KO 0.03 0.58 0.61 0.81 0.21 0.52 0.55 0.75 0.28 0.46 0.27 0.56 0.31 0.70 0.32 0.58 0.52
P,Os 0.00 - - 0.06 0.44 - - 0.13 - -
101.04 97.87 99.19 96.46 99.04 98.81 99.59 97.69 99.66 97.03 99.56 97.83 100.15 97.14 100.23 97.65 99.78
AV 0.012 0.864 0.938 0.809 0.625 0.593 0.838 0.697 0.5%4
A" 0.000 0.026 0.000 0.000 0.252 0.234 0.000 0.340 0.334
Mg* 0.66 0.68 0.74 0.72 0.69 0.65 0.72 0.67 0.69
Wo 47
En 30
Fs 23
Or 4 1 3 2 1 2 2 3
Ab 68 74 62 70 70 60 68 69
An 28 25 35 28 29 38 30 28
ps 10%Pa 1.28 1.45 0.84 1.16 0.93 0.98 1.93 1.41
d km 4 5 3 4 3 3 6 5
tgy C 663 691 716 617 614 733 640 614
* Cao et al.  2009" —" Di— Ct— Oc— As— Mg*
=Mg Mg+Fe" p— Schmidt 1992 d— tp— -

Holland et al. 1994
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Table 3 Major oxide composition of clinopyroxenes and amphiboles in mafic clots from Laomiaojishan Xiaotongguanshan
and Xiaotaojia plutons in Tongling area Anhui Province

LM]J LM]J XTGS XTGS XTGS XTGS XTGS XTGS XT]J XTJ
1-7-2 1-8-5 3-1-7-7  3-1-7-15  3-1-7-8  3-1-83 5-1-1 52 3-2-5 3-3-3
Ac Ac Di Di Ac Ac Pa” Pa” Ac Tr
wB %
SiO, 56.38 55.95 53.54 53.14 54.16 53.62 42.19 42.28 54.35 53.42
TiO, 0.19 0.12 0.00 0.01 0.05 0.03 2.12 2.26 0.18 0.26
ALO; 0.41 1.08 0.18 0.22 1.25 1.45 13.36 13.29 1.27 1.80
Cr,05 0.22 0.00 - - 0.12 0.44 0.09 0.00 0.00
FeO 5.41 4.14 8.23 8.56 9.34 9.66 10.42 9.38 9.67 10.32
MnO 0.00 0.28 0.33 0.29 0.38 0.04 0.59 0.74
MgO 23.06 23.17 13.60 13.97 19.33 19.12 13.49 14.59 18.56 18.78
Ca0 11.64 11.99 23.13 22.90 11.43 12.06 11.92 12.11 11.73 11.81
Na,O 0.00 0.00 1.08 0.64 0.00 0.00 2.39 1.61 0.00 0.00
K,O 0.08 0.20 0.00 0.06 0.29 0.17 1.60 1.58 0.16 0.22
P,05 0.45 0.00 0.00 0.00 0.45 0.16 0.25 0.20 0.44
97.84 96.93 100.09 99.79 96. 80 96.75 97.49 97.44 96.71 97.79
A 0.066 0.175 0.008 0.010 0.208 0.242 1.766 1.822 0.212 0.299
Al" 0.000 0.000 0.000 0.000 0.000 0.000 0.558 0.465 0.000 0.000
Mg” 0.96 0.98 0.83 0.81 0.90 0.89 0.70 0.77 0.86 0.90
ps 10%Pa 8.05 7.88
d km 27 26
: C 860 865
x “ Ac— Di— Pa— Tr— Mg® =Mg Mg+
Fet  pe— Schmidt 1992 d— r— ALTi Ernst
etal. 1998
4 wg %

Table 4 Representative analyses wg %

Xiaotongguanshan and Xiaotaojia plutons in Tongling area Anhui Province

of sulfide phases in sulfide inclusions from host rocks of Laomiaojishan

S Fe Co Ni Cu Ag Sb As Se Te
Ct LMJ5-1-1 Po LMJ5-1-1-1  38.99 59.65 0.63 0.21 0.06 99.54
Ct XTGS6-8-1 Po XTGS6-8-4  39.53 57.46  0.25 1.48 0.13 0.55 99.4
Ct XTGSI13-1-3 Po XTGS13-1-5 39.43  58.06 1.26 0.14 0.02 0.07 0.1 99.08
Ct XTGSI13-1-3 Cp XTGSI3-1-6 34.3  30.53 0.54  34.18 0.12 99.67
Ct XTJ13-1-1 Po XTJ13-1-4 39.13  58.17 1.17 0.5 0.22 0.07 0.34 99.6
Ct XTJ24-1-1 Po XTJ24-1-3 37.11  60.81 0.73 0.26 0.09 0.07 0.22  99.29
Ct— Po— Cp—
5 wg %

Table 5 Representative analyses wg %

of Laomiaojishan Xiaotongguanshan and Xiaotaojia plutons in Tongling area Anhui Province

of sulfide phases in sulfide inclusions from microgranular mafic enclaves

S Fe Co Ni Cu Zn Ag As Se Te
Mh LMJ3-10-2 Po LM]3-10-1 37.89  59.09  0.49 0.35 0.44 0.6 0.15 0.16 99.17
Mh LMJ3-10-2 Po LM]J3-11-1 38.4 59.45 0.42 0.83 0.02 0.42 0.15 99.69
Ct XTJ1-1-12-3 Po XTJ3-1-1-12-1 39.71 58.33  0.69 0.43 0.07 0.44 0.21 99.88
Ct XTJ1-1-12-3 Cp XTJ3-1-1-12-2 34.91 29.36 0.14 0.26 34.04 0.5 0.12 99.33
Ct XTJ3-1-3 Po XTJ3-1-1 39.8 58.4 0.6 0.31 0.21 0.05 0.11 99.48
Ct XTJ3-1-3 Cp XTJ3-1-2 35.31 29.89 0.28 0.29 32.96 0.05 0.17 0.36 0.12 99.43
Mh— Ct— Po— Cp—
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Table 6 Representative analyses wg %

6

W %

of sulfide phases in sulfide inclusions from mafic clots of Laomiaojishan

Xiaotongguanshan and Xiaotaojia plutons in Tongling area Anhui Province

S Fe Co Ni Cu Pb Zn Ag Sb As Se Te
Ac LMJ1-7-2 Po LMJ1-7-1 39.48 57.15 0.7 3.21 0.11 0.16 100. 81
Ac LMJ1-8-5 Mss LMJ1-8-1 38.19 52.68 0.75 9.13 0.12 0.09 100. 96
Ac LMJ1-8-5 Mss LMJ1-8-2 39.4 52.83 0.84 6.62 0.006 0.15 0.14 100.04
Ac LMJ1-8-5 Po LM]J1-8-3 38.75 57.54 0.62 2.23 0.43 0.06 0.22 99.85
Ac LMJ1-8-5 Mss LMJ1-8-4 38.55 53.09 0.53 6.11 0.38 0.22 0.12 0.28 99.28
Di XTGS3-1-7-7 Mss XTGS3-1-7-1 36.36 44.7 1.13 16.88 99.07
Di XTGS3-1-7-7 Mss XTGS3-1-7-2 36.47 49.42 1.15 11.48 0.06 0.38 0.16 99.12
Di XTGS3-1-7-7 Mss XTGS3-1-7-3 38.52 58.3 0.75 1.76 0.17 0.15 0.11 99.76
Ac XTGS3-1-8-3 Po XTGS3-1-8-1 38.11 59.04 0.64 0.68 0.1 0.27 0.17 99.01
Ac XTGS3-1-8-3 Mss XTGS3-1-82 34.14 43.05 2.12 13.66 4.28 0.21 1.49 98.95
Ac XTJ3-2-5 Po XTJ3-2-1 40.19 55.18 0.79 3.32 0.19 0.07 99.74
Ac XTJ3-2-5 Cp XTJ3-2-2 34.92 29.98 0.36 0.86 33.51 0.01 0.09 0.26 0.05 100.04
Ac XTJ3-2-5 Pn XTJ3-2-3 36.16 27.32 1.66 34.3 0.35 0.56 0.26 0.08 100.69
Ac XTJ3-2-5 Po XTJ3-2-4 40.09 56.27 0.95 2.08 0.2 0.09 0.15 99.83
Tr XTJ3-3-3 Po XTJ3-3-1 39.24 57.06 0.77 1.62 0.07 0.48 0.17 0.33 99.74
Tr XTJ3-3-3 Po XTJ3-3-2 39.17 56.02 0.2 2.56 0.22 0.55 0.13 0.07 98.92
Tr XTJ3-3-3 Po XTJ3-4-1 39.5 57.88 0.97 1.18 0.16 0.09 0.16 0.24 100.18
Tr XTJ3-3-3 Cp XTJ3-4-2 35.31 29.87 0.37 34.61 0.2 0.07 0.02 100.45
Ac— Di— Tr— Po— Mss— Cp— Pn—
7 L4 %
Table 7 Major oxide composition of oxide inclusions wy % in host rocks microgranular mafic enclaves
and mafic clots from Laomiaojishan Xiaotongguanshan and Xiaotaojia plutons in Tongling area Anhui Province
SO,  TiO, ALO; Cr,O; FeO Fe,O3 MnO MgO CaO NaO  K,O  P,Os
Ct XTGS6-8-1 Mt XTGS6-8-3 1.18 0.16 0.17 B\ 91.82 0.08 0.34 0.56 0.29 94.6
Ct XTGSI13-1-3 Mt XTGS13-1-2 0.68 37.34 0.03 - 57.55 1.99 0.25 0.55 98.39
Ct XTJ13-1-1 Mt XTJ13-1-3 0.34 0.19 0.32 0.09 — 90.91 0.18 0.36 0.11 92.5
Ct XTJ13-1-1 Mt XTJ13-2 0.36 0.19 0.33 - 90.52 0.25 0.39 92.04
Di XTGSI1-1-4 Mt XTGS1-1-10-4 0.32  0.33 0.29 0.41 90.14 - 0.07 0.23 0.21 0.12 92.12
Ct XTJ1-1-12-3 Mt XTJ1-1-9-1 0.18 0.19 0.35 0.47 88.58 - 1.33 0.1 0.67 0.15 0.16 92.18
Ac LMJ1-7-2  Cr-Mt LMJ1-7-3 0.06 4.55 - 87.93 0.03 0.22 0.42 0.07 0.16 93.44
Ac LMJ1-7-2 Cr-Mt LMJ1-7-4 0.43 0.11 3.25 - 88.7 0.38 0.52 0.15 93.54
Ac LMJ1-7-2  Cr-Mt LMJ1-7-5 0.06 0.1 7.6 - 84.37 0.26 0.67 0.28 93.34
Ac LMJ1-8-5 Cr-Mt LMJ1-8-6 0.31 8.52 - 83.84 0.38 0.23 0.4 0.03 93.71
Ac LMJ1-8-5 Cr-Mt LMJ1-8-7 0.42 6.93 - 83.58 1.34 0.82 0.5 93.59
Pa XTGS5-1-1 Cr-Mt XTGS5-1-2 0.22  0.26 0.52  2.79 90.47 - 0.17 0.02 94.45
Pa XTGS5-1-1 Cr-Mt XTGS5-1-3 0.33 0.42 2.13 92.42 - 95.3
Tr XTJ3-3-3 Gr-Mt XTJ3-3-4 0.32 0.18 2.05 - 89.22 0.05 0.21 0.01 92.04
Tr XTJ3-3-3 Cr-Mt XTJ3-3-5 0.33 2.79 - 89.24 0.31 0.28 0.23 93.18
R Ct— Di— Ac— Pa— Tr— Mt— Cr-Mt—
8 Wwg %

Table 8 Major oxide composition of oxide grains wgy %

plutons in Tongling area Anhui Province

in host rocks from Laomiaojishan Xiaotongguanshan and Xiaotaojia

S0, T,  AbO;  CpO;  FeO; MgO  CaO  NaO KO  P,0s
Di LMJ1-5 Mt LMJ1-10-1  0.04 0.16  0.59  92.92 0.24  0.11 94.06
Di LMJ1-5 Mt LMJ1-102  0.33  0.37 0.19 0.45 90.97 0.1  0.17 0.32  0.05 92.95
Ct LMJ34 Mt LMJ3-16-1  0.37  43.99 0.38 54.37  0.21  0.48  0.32 100. 12
Ct LMJ3-4 Mt LMJ3-162 0.3 0.14 0.12  93.05 0.01  0.09 93.75
Ct XTI1-155 Mt XTJ1-1-161  0.46  0.09 0.2 0.36  91.15 0.16 0.15 92.57
Ct XTJI-1-5 Mt XTJ1-1-162  0.28  0.01  0.11  0.23  91.81 0.03 0.02  92.49

Di— Ct— Mit—
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Table 9 Major oxide composition of oxide grains wg %

wg

%

Xiaotongguanshan and Xiaotaojia plutons in Tongling area Anhui Province

in microgranular mafic enclaves from Laomiaojishan

SO, TiO, ALO; Cr,0O; FeO MnO MgO CaO NaO K,O P,0Os
Mh LMJ3-10-2 Mt LMJ3-15-1 0.18 45.13 0.36  53.61 0.2 0.13 99.61
Mh LMJ3-10-2 Cr-Mt LMJ3-15-2 0.23  0.22  0.29 1.02 91.36 0.14 0.5 0.09 93.81
Ed XTGS3-1-2 Mt XTGS3-1-10-1 0.19  0.31 0.2 0.34 92.19 0.18 0.24  0.12 93.77
Ed XTGS3-1-2 Mt XTGS3-1-10-2 0.22 0.11  0.01 0.43 91.44 0.16 0.15 0.28 0.12 92.92
Ct XTJ1-1-12-3 Cr-Mt XTJ1-1-13-1 0.28 1.27  91.87 0.01 0.18 93.61
Ct XTJ1-1-12-3 Cr-Mt XTJ1-1-13-2 0.26 0.05 1.04 90.49 0.21 0.31 0.08 92.44
Ct XTJ3-1-3 Cr-Mt XTJ3-5-1 0.27 0.4 0.26  1.51 91.26 0.78 0.15 0.1 0.01 0.1 94.84
Ct XTJ3-1-3 Mt XTJ3-5-2 0.6 0.22  0.87 90.75 0.74 0.25 0.07 0.16 93.66
Mh— Ed— Ct— Mt— Cr-Mt—
10 wg %

Table 10 Major oxide composition of oxide grains wy %

in mafic clots from Laomiaojishan Xiaotongguanshan and

Xiaotaojia plutons in Tongling area Anhui Province

SiO, TiO, ALO; Cr,O; Fe,0O3 MnO MgO CaO Na,0O  K,O
Ac LMJ1-8-5 Cr-Mt  LMJ1-9-1 0.1 0.81 0.18 10.98 80.07 1.12 0.22 0.1 93.58
Ac LMJ1-8-5 Cr-Mt LMJ1-9-2 0.24 0.53 0.2 8.95 83.39 0.92 0.09 94.32
Ac LMJ1-85 Cr-Mt LMJ1-93  0.27  0.06 0.15 4.41 88.53 0.27  0.23 93.92
Ac LMJI1-8-5 Cr-Mt LMJ1-9-4 0.42 0.23 0.04 6.2 85.99 0.8 0.2 93.88
Ac LMJ1-8-5 Cr-Mt LMJ1-9-5  0.32  0.83 0.62 33.77 60.31 3.05 1.35 0.12 0.45 100. 82
Ac XTGS3-1-8-3 Cr-Mt XTGS3-1-8-4 0.13 0.24 3.19 88.75 0.09 0.44 0.17 0.12  93.13
Ac XTGS3-1.83 Cr-Mt XTGS3-1-8-5 0.32  0.16 1.59 89.89 0.29  0.42 0.11 0.03 92.81
Ac XTGS3-1-8-3 Cr-Mt XTGS3-1-8-6  0.29 0.04 0.22 4.93 89.38 0.23 95.09
Ac XTJ3-2-5 Cr-Mt  XTJ3-2-6 0.47 0.03 0.11 3.23 87.58 0.26 0.28 0.1 0.14 92.21
Ac XTJ3-2-5 Cr-Mt XTJ3-2-7 0.19 4.04 86.96 0.62 0.21 0.08 0.04 92.14
Ac— Mt— Cr-Mt—
Cr Ni
1 100C 860~ -
865C
Cr Ni
710 ~
810C - Cr Ni
Cr Ni Cr Ni
610 Cr Ni
~730C - -
Ni
+ +
5 + +
Ni + Ni
Cr +
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