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Table 3 REE compositions of various rocks and minerals in the study area (%)

10.82
48.31

0.91
0.38
0.38
8.86
12.46
18.91
3.22
9.12
0.91
3.12
241
1.69
49.05

Series Sample Sample type Sample site Sample age
# ID
1 SL-05 Slate At the Liushapo Early and Middle Triassic
(T2
2 SD-56 Slate In ore body 1-10’s hanging wall
3 SL-11 Quartz from a tourmaline-bearing At the Liushapo
quartz vein
4 SL-18 Striped (banded) marble Near the Tizigou
5 SD-49 Striped (banded) marble At the #4 shaft’s portal
6 SD-69 Coarse-grained marble At Dashuigou ditch’s bottom
7 SL-03 Slate At the Heba Late PermianUpper black rock section
(P2) (P
8 SL-10 Metamorphosed basalt Near Miaoping Basalt)(P
9 SL-01 Granite At the Niubeishan, Xinchang Indosinian perieg)(
10 SL-26 Potassium feldspar granite At Sanxing, Fengle, Shimian 3The late ProteroZpic (P
Ck2’)
11 SL-22 Granite Beside Dadu River, The late Proterozoic (®
ShimianTownship’s west c)
12 SD-09 Quartz A quartz vein in ore body I-8 YanshanignKg)
13 SD-65-1 Dolomite A dolomite vein in ore body I-8
14 SD-55-  Pyrite (py) Ore body 1-10
py
15 SD-55-  Pyrrhotite (pr) Ore body 1-10
Pr
16 SD-57 Altered host rock Ore body I-10 ’s hanging wall
17 sD-59 Ore Ore body 1-10
Series# 9 10 9)
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er ™™ Yb Lu Y Sc
1 3181 5557 641 2515 453 1.04 487 0.67 290 0.59 1.49 0.18 1.20 0.19 13.27
2 11.88 2540 345 1570 3.79 164 467 0.67 4.14 0.83 1.79 0.22 132 0.17 16.39
3 0.17 0.46 0.04 0.11 0.02 0.02 0.03 0.01 0.03 0.00 0.040.002 0.01 <0.002 0.05 3.12
4 5.37 5.68 1.47 447 124 0.65 .970 0.30 1.76 0.35 1.10 0.12 0.77 0.12 10.70
5 0.91 157 0.22 0.78 0.16 0.05 0.19 0.03 0.20 0.04 0.65 0.01 0.06 0.01 0.86
6 0.66 1.01 0.16 058 0.13 0.04 015 0.02 0.15 0.02 0.05 0.01 0.05 0.01 0.59
7 2524 4444 528 1952 381 090 4.09 0.70 3.10 0.63 1.75 0.25 145 0.20 16.61
8 3043 5145 656 2470 470 1.16 4.89 0.68 292 058 151 0.20 1.22 0.17 1461
9 19.33 3588 4.18 1520 290 1.04 264 0.40 2.48 053 1.50 0.23 149 0.22 13.54
10 79.61 151.00 16.50 65.20 12.82 0.22 1520 2,53 1251 2.65 7.03 0.99 642 1.05 61.89
11 85.66 156.10 16.85 66.47 10.96 1.13 1153 1.68 6.96 140 3.71 051 3.15 0.51 32.56
12 0.39 1.23 0.12 0.38 0.08 0.06 0.10 0.02 0.01 0.02 0.03 0.01 0.04 0.01 0.26
13 1097 2835 455 2304 659 1.09 739 1200 7.06 152 381 0.44 264 0.41 34.43
14 0.32 0.77 0.10 0.37 010 0.04 0.11 0.03 0.18 0.03 0.06 0.01 0.07 0.01 0.46
15 0.34 0.79 0.10 0.38 0.10 0.02 0.11 0.02 0.12 0.02 0.04 0.01 0.06 0.08 0.31
16 1.59 470 0.73 239 073 044 075 0.14 0.68 0.13 0.27 0.04 0.36 0.06 1.94
17 0.23 0.77 0.09 0.36 0.13 0.08 0.13 0.02 0.12 0.02 0.03 0.00 0.03 0.00 0.21

Laboratory: China National Geological Test Center; Test method: Plasma Spectroscopy
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Table 4 Scandium abundance in different rock types (Li 1976; Liu et al. 1984; Yin 1996a). Note: ()* Number of samples in parentheses

Rock type Scg 10 9 Data source
Igneous rocks Ultrabasic 5, 15, 30
Basic 20, 24, 40
Medium 25,4.0
Acid 2, 3, 7 (poor calcium), 14 (rich calcium)
Alkaline 3
Sedimentary rocks Limestone 0.49 1.50
Sandstone (22-sample average) < 0.00n%
Sandstone 1
Paci c manganese nodules (5)* F 15
American bauxite ore 4< 10
Clay (2,886-sample average) 12
Argillaceous rock (32-sample average) 10 Li 1976
Metamorphic rocks Marble 0.47 0.97 Liu et al. 1984
Quartzite 1.00* 3.20 Yin 1996a, b
Metamorphosed shale (10)* 20
Schist 1>~ 3,10> 20
Green schist 206~ 30
Gneiss 12
Amphibole 10%~ 50
Amphibole schist 15
Serpentine 10
Amphibole (16)* 57
The Crust 10
Continental crust 22
30
Meteorite Chondrite 5.0 9.4
Achondrite 17> 78
Basalt of Lunar Maria 39~ 75

Jiangguanshan alkaline syenite may be the differentiate8iberian platform in Table 6, and to the Middle and Lower
product of mantle-derived magma. The Jiangguanshaiiriassic metabasalts in the area. The Xinchang granite’s
quartz diorite is adjacent to the eastward JiangguanshaREE parity ratio, namely its EREE/OREE value, is 2.395,
alkaline syenite, and the two are in a gradual transitiorwhich is much lower than the average value for granite.
relationship. The Xinchang granite stock is exposed in a’he REE distribution curve of Xinchang granite is close to
triangle area to the east of the deposit, with an area of 1€hat of Permian granite in this region (Fig. 2). Thi®
km?. Osmow% of quartz from Xinchang granite is 8.5, which is
The chemical composition of Xinchang granite is showndifferent from that of S-type granitet®Ogyow% C 10.0)
in Table 2. Compared with Xiaoshui ordinary granite andand just falls within the range of I-type granite (Fig. 4). Its
potassium feldspar granite, Xinchang granite is obvioushd®**Siygs 26% is - 0.30, which is different from the
low in silicon, high in aluminum, and rich in calcium and aforementioned Xiaoshui granite, but within the range of
magnesium. In terms of REE composition (Tables 3, 5 & 9the d*%Siygs. 26% values of granite-like rocks (Table 8 &
and Fig. 2), theRREE of Xinchang granite is extremely Fig. 3). Xinchang granite has its particularities. The above
low, and Eu shows an insigni cant negative anomaly. petrochemical and geochemical characteristics show that
The Xinchang granite has a high Sc content of 18.91the formation of this stock is either closely related to basalt,
which is much higher than the average value of mediumer evolved from basalt magma, or formed by the remelting
acid rocks in Table 4. The Eu/Sm of Xinchang granite isand metasomatism of the Late Archean-Early Proterozoic,
0.359, which is close to both the trachybasalt of the
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Table 5 REE eigenvalues of different rocks in the study area

Series Sample RREE@ 10 ®) RREE? Y RLREE/ EREE/ Sm/  Eu/ (La/ (Cel Eu* dEu

# ID (9 10 5 RHREE OREE Nd Sm  Yh)y Yb)y

1 SL-05 136.60 149.87 10.30 2.34 0.18 0.23 15.74 9.36 19.18 0.74
2 SD-56 75.67 92.06 4.48 3.01 024 043 534 3.89 17.01 1.32
3 SL-11 0.91 0.96 9.55 2.76 0.21 0.63 17.00 15.16 0.11 1.88
4 SL-18 25.37 36.07 291 2.03 0.28 052 4.14 1.49 6.28 1.42
5 SD-49 4.28 5.15 6.16 2.39 0.21 0.313 931 5.48 0.71 0.97
6 SD-69 3.05 3.64 5.48 231 022 030 7.72 4.03 0.56 0.92
7 SL-03 111.36 127.97 8.15 2.35 020 0.24 10.34 6.20 16.12 0.77
8 SL-10 131.13 145.74 9.81 2.30 0.19 025 1481 8.52 19.64 0.81
9 SL-o1 88.02 101.56 8.28 2.40 019 036 7.70 4.87 1151 1.24
10 SL-26 373.73 438.62 6.73 2.61 0.20 0.02 7.36 4.75 56.57 0.05
11 SL-22 366.62 399.18 11.45 2.40 0.17 0.10 16.15 10.02 46.00 0.34
12 SD-09 2.48 2.74 9.75 3.04 021 0.72 5.90 6.37 0.36 2.18
13 SD-65-1 99.06 133.49 3.05 3.91 0.29 017 247 217 28.40 0.53
14 SD-55- 2.19 2.65 3.48 3.14 0.27 0.36 294 241 043 1.15

Py

15 SD-55-Pr  23,116.00 2.46 4.57 3.09 0.261 0.20 3.64 2.86 0.42 0.65
16 SD-57 13.02 14.97 4.35 3.15 031 060 262 2.64 3.05 1.98
17 SD-59 2.02 2.23 4.68 3.51 0.37 0.60 4.24 4.88 0.54 2.04
Series #  Ce* dCe (La/Lu)y  (La/Sm) (Gd/Lu)y  Sm/Eu La/Yb  La/Sm Sm*  dSm (Gd/Yby

1 76.412 0.77 16.22 4.39 2.56 4.36 26.51 7.02 28.08 0.81 2.49

2 32.938 0.82 6.77 1.96 2.75 231 9.00 3.14 24.32 0.78 217

3 0.435 1.12 8.43 453 1.50 1.60 29.00 7.25 0.20 0.61 3.03

4 14.516 0.42 4.34 271 1.64 191 6.97 4.33 8.18 0.76 1.57

5 2.323 0.72 8.80 3.55 1.90 3.20 15.66 5.68 0.99 0.81 2.01

6 1.701 0.63 9.16 3.28 2.20 3.32 12.98 5.25 0.75 0.85 1.85

7 61.438 0.77 12.23 4.14 2.05 4.23 17.41 6.63 22.53 0.85 1.73

8 74.881 0.73 17.34 4.05 2.88 4.05 24.94 6.47 28.53 0.82 2.46

9 47.620 0.80 8.51 4.17 1.20 2.79 12.97 6.67 19.79 0.73 1.09

10 193.141 0.83 7.35 3.88 1.45 58.27 12.40 6.21 55.84 1.15 1.45

11 204.053 0.81 16.27 4.89 2.26 9.70 27.19 7.82 63.13 0.87 2.24

12 1.105 1.18 4.69 2.99 1.25 1.40 9.92 4.78 0.71 0.57 1.58

13 36.099 0.84 2.59 1.04 1.80 6.05 4.16 1.67 26.67 1.24 1.72

14 0.912 0.90 2.84 2.03 1.03 2.75 4.95 3.25 0.56 0.89 1.07

15 0.950 0.89 4.17 217 1.33 4.95 6.14 3.48 0.45 1.09 1.16

16 5.528 0.90 2.40 1.35 1.18 1.67 4.41 2.16 3.03 1.21 1.28

17 0.740 111 3.68 1.07 212 1.66 7.13 1.71 0.85 0.78 2.44

@® RHREE does not contain Y EREE/OREE is parity ratio, namely, (Ce Nd? Sm? Gd? Dy ? Er? Yb)/(La? Pr? Eu? Tb?
Ho ? Tm); @Sample theoretical value Eu* = (St Gd)\/2, dEu = (Eu)\/Eu*, Ce* = (La? Pr)/2,dCe = (Cep/Ce*, Sm* = (Nd? Eu)/2,
dSm = (Smy/Sm*

Permian, or Middle-Lower Triassic metabasalt in theages. No Yanshanian intrusive bodies were exposed in the
region. study area.

There are a large number of quartz, carbonate, and Different types of mineral resources in the region are
diabase veins, as well as a small amount of granitoid apliteyery rich; many of these are well known, including Ti, V,
granite pegmatite, and lamprophyre dikes, etc. in the studZu, Pb, Zn, SM (scattered metals), REE, coal, asbestos, and
area’s various metamorphic and intrusive rocks of differenthe Panzhihua vanadium titano-magnetite deposit (Luo

et al. 1996; Yin 1996a).
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Table 6 Eu/Sm ratios of different rock types around the world (Li 1976; Liu et al. 1984; Yin 1996a)

Rock type  Oceanic Siberian platform Bulgaria The crust Granite Europe & Japan Paleozoic shale Sedimentary rock

Olive basalt Basalt Trachybasalt

Eu/Sm 0.44 0.32 0.36 0.28 0.16 0.16 0.17 0.20

Table 7 EREE/OREE ratios of different rocks around the world

Rock type Chondrite Chondrite Chondrite Ultrabasic rock Gabbro Basalt Diorite Andesite Granite
EREE/OREE 3.91 3.88 3.79 3.44 3.22 2.83 2.46 2.14 2.71
Rock type The crust Sedimentary rocks Paleozoic shale Shale

Australia Northern Guangxi, China Europe Russian platform North America
EREE/OREE 2.70 2.61 2.52 2.61 2.59 2.80

200

80
40+
20+
10

SL-26

- SL-22 | |>,<l‘

SL-01

. : : ~ &"Sings-28(%o)
-0.2 -04 0 0.2 04

. L1 P12 s s s

La Pr Sm Gd Dy Er Yb

Fig. 3 Silicon isotope histograms of different rocks and minerals in
Fig. 2 The chondrite-normalized REE diagram of granites inthe study area. 1-schist/slate; 2-quartz; 3-biotite; 4-muscovite;
different geological ages in the region 5-granite

Table 8 Silicon isotopic content of different rocks and minerals in the study area. (Note: Chemical compositions of the samples series # are
shown in Table 2)

Series # Sample ID Sample type Sample location d*°Siygs.o% Note
1 SL-19 Schist Near Tizigou outside the deposit_GJ - 0.2

2 SD-38 Plate In the footwall of #I-1 ore body (T1-2) 0.1 Protolith: Basalt
3 SD-60 Plate In the footwall of #1-10 ore body (T1-2) - 02

4 SL-11 Quartz From a toumaline-quartz vein at Liushapo - 0.4

5 SD-26 Quartz Orebody |-4 - 03

6 SD-67 Quartz Orebody |-7 - 03

7 SD-20 Biotite Pyrrhotite vein 111-3 - 03

8 SD-23 Muscovite Orebody I-4 0.3

9 SL-01 Granite ¢sY) Niubeishan, Xinchang - 03 | type
10 SL-22 Granite (R} Beside the Dadu river - 01 S type
11 SL-26 Granite (R} Sanxing village, Fengle township 0.2
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Table 9 Chondrite-normalized REE values of different minerals and rocks from the study area

Series # Sample ID La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er ™™ Yb Lu

1 SL-05 99.41 59.12 5342 4192 2265 1425 1571 1340 936 808 7.10 546 632 6.13
2 SD-56 37.13 27.02 28.75 26.17 18.95 2247 15.07 13.40 13.36 11.37 852 6.67 6.95 5.48
3 SL-11 054 049 033 019 012 021 010 010 010 0.06 0.03 0.06 0.03 0.07
4 SL-18 16.78 6.04 1225 745 620 890 6.36 6.00 568 4.80 524 364 4.05 3.87
5 SD-49 284 167 181 130 080 069 061 066 063 048 031 033 031 0.32
6 SD-69 207 108 133 097 063 052 050 048 048 033 026 021 027 0.23
7 SL-03 78.88 47.28 4400 3253 19.05 12.33 13.19 14.00 10.00 8.63 833 758 7.63 6.45
8 SL-10 95.09 54.73 54.67 41.17 2350 1589 1577 1280 942 7.95 7.19 6.06 6.42 548
9 SL-01 6041 38.17 34.83 2533 1450 1425 852 800 800 726 7.14 697 7.84 7.10
10 SL-26 248.78 160.64 137.50 108.67 64.10 3.01 49.03 50.60 40.36 36.30 33.48 30.00 33.79 33.87
11 SL-22 267.69 166.06 140.42 110.78 54.80 1548 37.19 33.60 2245 19.18 17.67 1546 16.58 16.45
12 SD-09 121 131 100 063 041 080 032 036 003 023 016 018 021 0.26
13 SD-65-1 3428 30.16 37.92 3840 3295 1493 23.84 2400 22.77 20.82 1814 13.33 13.90 13.23
14 SD-55-Py 1.01 082 082 062 050 049 037 050 058 038 028 027 0.34 036
15 SD-55-Pr 108 085 083 063 050 027 034 038 039 027 021 024 030 0.26
16 SD-57 496 500 610 399 367 6.03 243 276 219 181 127 133 190 207
17 SD-59 071 08 077 061 067 110 041 044 039 021 013 018 0.17 0.19
Chondrites 032 094 012 060 020 0.07 031 0.05 031 007 021 0.03 019 0.03
2.4 Structure Located within the southwest of the Xiyoufang annular

structure and as one of the sub-rings of the Xiyoufang
Remote sensing interpretation shows that linear andnnular structure, the Dashuigou annular structure inter-
annular structures develop in the study area. Linear strucsects with NE, EW, SN, and NW trending linear structures,
tures can be divided into the following groups: NW, NNE, forming a characteristic @-shaped structure and controlling
NS, NWW, and NEE. These linear structures include thehe Dashuigou tellurium deposit and the nearby Majiagou
following two important ductile shear zones, the Daduhetellurium showing, as well as several Au and Bi geo-
ductile shear zone, and the Xiyoufang ductile shear Zone chemical anomalies.

The identi cation of annular structures is helpful for the  The perfectly circular Jinhuadong annular structure is
discovery of deep hidden magmatic activities or structurablso a sub-ring of the Xiyoufang annular structure. It
thermal anomalies, which in turn help to determine theintersects with NWW, NNW, and SN-trending linear
metallogenic mechanism. As the largest known annulastructures, forming a characteristic @-shaped structure, and
structure in the area, the Xiyoufang annular structure is
concentric with the Xiyoufang as the center, at a diameter
of about 8 km. Its southern point can reach the Dashuigo
deposit. The Xiyoufang annular structure is a composite
ring. In addition to the concentric composite ring of the
large ring itself, there are two small annular structures witr
a diameter of about 2 km inside the large ring. It is also
accompanied by two other small rings around it.

The annular structure is strongly intersected by lineal
structures with different directions and different mechani-
cal properties, forming the @-shaped structures that ar
very favorable for mineralization. The Xiyoufang annular
structure is closely related to mineralization. Nearly 20
tellurium mineralization showings and the Dashuigou tel-
lurium deposit, as well as more than 10 Au-Bi composite
geochemical anomalies and some gold geochemiceFig. 4 The d%0%

: A diagram of different types of granites from
anomalies, are spatially related to the annular structure. different regions
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5.3 Geochemistry of silicon isotope pyrrhotite, lead—zinc, copper, pyrite, tellurium, bismuth,
and gold-silver mineralizations are also very developed.
Silicon isotope geochemistry is a relatively new branch of The protolith of the host rock, namely the schist and
stable isotope geochemistry (Ding et al. 1994). Relevanplate, is a set of basalt with complex genesis and compo-
studies have shown that metamorphic rocks such as slasition. This set of basalts was formed under severe tectonic
and schist can preserve the protolith’s silicon isotopicchange and the upper mantle was in a severe non-equilib-
composition during the metamorphic process. Accordinglyrium state.
this paper attempts to restore the protolith of the deposit's The change of the marble’s facies in the deposit is more
metamorphic host rocks by using the host rock’s siliconobvious, indicating that the lithofacies and paleogeo-
isotope. The silicon isotope results of three host rockgraphical environment at the time of its formation were
samples and one quartz sample from the tourmaline-quarzomplex. Moreover, this set of marbles has been subjected
vein are shown in Table 8. to more than one tectonic thermal disturbance after its
According to Ding et al. (1994), the®°Siygs.» of  formation, resulting in anomalies in its geochemical char-
intermediate-basic igneous rocks distribute betweermcteristics, such as a certain degree of similarity between
- 1.0-0.3. Thed®*Siygs.»% values of the three rock its REE composition and that of the overlying basalt. In
samples from the study area just fall into this range, indi-addition, the black streaks in the banded marble are mainly
cating that their protolith is an intermediate-basic volcaniccomposed of magnetite rather than carbonaceous argilla-
rock. ceous rocks. This is worthy of further study in the future.
In addition, the d*°Siygs.od% of the two amphibole Quantitative chemical analyses of Te, Bi, Se, As, Au,
schist samples from the Qingchengzi lead—zinc deposit ilg, Cu, Pb, and Zn were conducted on different rock
Liaoning China are- 0.1 and- 0.3 respectively, while samples including granite dykes, metamorphic rocks,
that of the plagioclase amphibole schist and amphibolaltered rocks, and carbonate veins of different geological
schist from Gongchangling in Liaoning China are0.1  times. The main ndings are summarized below (Yin et al.
and 0.1 respectively. All these rocks’ protolith has been1994b, 1996b; Yin 1996a).
proven to be basalt. The®**Siygs of the deposit's The Te content in the granites is unde®110 ’, which
schist and slate samples is also in the range ofs similar to its Clark value in the Earth’s crust (Yin et al.
- 0.37 0.1, again indicating that the protolith is basalt. 1995). Te in the metamorphic rocks is slightly higher than
The d*°Siygs.2% of quartz samples from the tourma- in the granites and varies slightly between metamorphic
line quartz vein in this area is 0.4, which should be rocks of different geological times, while being relatively
within the d*°Siygs.d% range of granitoid rocks. higher in the Triassic metamorphic rocks. Of the meta-
According to Ding et al. (1994), thel*°Siygs.6 of morphic rocks in the same geological time, the Te content
granitoid rocks varies in the range of 0.4 % 0.4, with a in the slate and schist is higher than in the marble. Te
peak value of 0.1 and an average value of 0.12. content in rocks of the same stratohorizon of the same
geological time also varies; namely, it is higher in rocks
within the deposit than in those beyond the deposit. Te
6 Discussion content is closely related to the alteration intensity; that is,
the ore-forming elements are not derived from the country
Combining the aforementioned host rock’s geological,and/or host rocks, but instead from the mantle.
petrochemical, REE, and silicon isotope characteristics of The numerous basalts of different geological ages
the Middle and Lower Triassic metamorphic rocks in thedeveloped in the area also indicate that this area is a very
study area, it can be seen that: popular area for mantle materials to settle down. This
The deposit’'s hosts rock schist and slate are a set gfroves from one side that the ore-forming elements of this
regional low-temperature dynamic metamorphic rocks indeposit originate from the mantle.
the Indosinian period with low greenschist facies. The The sulfur isotope results from the dominant ore mineral
lithology and lithofacies change signi cantly, and the telluride in this deposit (Yin et al. 1994b, 19964, b; Yin and
alteration intensity is different; the alteration within the Shi 2020), as well as results of uid inclusions rich in Fe,
deposit area is strong, and gradually weakens and disafe, S, As, Bi, Se, B CO,, N2, and CH etc. in the
pears as it moves away from the deposit. coexisting gangue minerals dolomite and quartz as well as
The host rock has undergone multiple geological tecore mineral tellurides (Yin et al. 1994b, 1996a, b; Yin
tonic movements, in which fault structures are developed 996a), all indicate that the ore-forming materials originate
and various alterations such as dolomitization, tourmalinfrom the upper mantle.
ization, muscovitization, silici cation, sericitization, and Considering the widespread existence of mantle mate-
chloritization are commonly seen in the region. In addition,rials such as various basalts of different geological ages in
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this area, it is reasonable that the deposit is formed byrof. J. Zhou of Chinese Academy of Geological Sciences, and Prof.
mantle-derived material richer in tellurium and bismuth R- Pei of Chinese Academy of Geological Sciences, also an Aca-

| ts. in the f f " | hot t demician of Chinese Academy of Engineering, both of whom pro-
elements, In the form of mantié plumes or not Spots,iyeq insightful discussions and critical reviews of this manuscript.

through the mantle degassing in the late Yanshanian orofhe measurements and chemical analyses, including the silicon and
geny (Yin et al. 1995). Its enrichment mechanism waspxygen isotopes included in this article, were carried out in the labs of

these nanometer-level gaseous substances from the mantiginese Academy of Geological Sciences in Beijing, China. The
authors very much appreciate the time invested respectively by D.S.

enrllched into ore bod|e§ through the unique nano—effe.cl;ﬁn’ Mr. M. Storey, M.Eng. and P.Eng. with APEGBC of Canada,
which was then brought into the crust to form the depositand J. Sparling, P.Geo. with APEGBC of Canada, for their review and
editorial work on this contribution.
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