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Abstract The Dashuigou tellurium deposit is the world’s
only known independent tellurium deposit. By restoring
metamorphic rocks’ protolith, we seek to understand not
only the development and evolution trajectory of the region
but also the origin of the relevant deposits. While there are
many ways to restore metamorphic rocks’ protolith, we
take the host metamorphic rocks of Dashuigou tellurium
deposit and leverage various petrochemical eigenvalues
and related diagrams previously proposed to reveal the
deposit’s host metamorphic rocks’ protolith. The petro-
chemical eigenvalues include molecular number, Niggli’s
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value, REE parity ratio, CaO/Al,O5 ratio, Fe’"/(Fe**

+ Fe2+) ratio, chondrite-normalized REE value, loga-
rithmic REE value, various REE eigenvalues including
scandium, Eu/Sm ratio, total REE amount, light and heavy
REEs, 8Eu, Eu anomaly, Sm/Nd ratio, and silicon isotope
63OSiNBS_28%o, etc. The petrochemical plots include
ACMs, 100 mg-c-(al + alk), SiO,-(Na,O + K,0), (al +
fm)-(c + alk) versus Si, (FeO + Fe,O5; + TiO)-Al,03—
MgO, c-mg, Al,03—(Na,O + K,0), chondrite-normalized
REE model, La/Yb-REE, and Sm/Nd ratio, etc. On the
basis of these comprehensive analyses, the following con-
clusions are drawn, starting from the many mantle-derived
types of basalt developed in the study area of different
geological ages, combined with the previously published
research results on the deposit’s fluid inclusions and sulfur
and lead isotopes. The deposit is formed by mantle
degassing in the form of a mantle plume in the late Yan-
shanian orogeny. The degassed fluids are rich in nano-scale
substances including Fe, Te, S, As, Bi, Au, Se, H,, CO,,
N,, H,O, and CHy, which are enriched by nano-effect, and
then rise to a certain part of the crust in the form of mantle
plume along the lithospheric fault to form the deposit. The
ultimate power for tellurium mineralization was from H,
flow with high energy, which was produced through radi-
ation from the melted iron of the Earth’s outer core. The H,
flow results in the Earth’s degassing, as well as the mantle
and crust’s uplift.

Keywords Petrochemical diagrams and eigenvalue -

Protolith - Metamorphic rock - Independent tellurium
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1 Introduction

As the only identified independent tellurium deposit in the
world (Yin 19964, b), the Dashuigou tellurium deposit has
aroused widespread curiosity from domestic geologists in
China since its discovery in 1992. There exist divergent
opinions on the origin of both the ore-forming elements
and the Dashuigou tellurium deposit itself (Cao et al.
1994, 1995; Luo et al. 1994, 1996; Chen et al.
1994a, b, 1996; Yin 1996a, b; Yin and Shi 2019; Wang
et al. 2000).

Yin (19964, b), Yin and Shi (2019), one of the authors of
this paper, proposed that scattered elements including tel-
lurium and bismuth originated from the deep Earth, mainly
through the mantle’s degassing in the form of a mantle
plume or hot spot, and enriched through nano-effect.

This paper attempts to further prove the close relation-
ship between the upper mantle and the origin of the
deposit, that is, the causal relationship between its forma-
tion and mantle degassing in the form of a mantle plume,
from the perspective of the protolith’s origin of the
deposit’s metamorphic host rocks. More importantly, this
paper focuses on various petrochemical diagrams and
numerous eigenvalues for the protolith’s restoration of the
metamorphic rocks. The authors hope that this article’s
publication will aid in the efforts of others who are engaged
in similar metamorphic rock research.

2 Regional geology and geophysics
2.1 General

Nestling in the convergence between the Indian, Eurasian,
and Pacific Plates, the Dashuigou tellurium deposit is
located in the transitional belt between the Yangtze Plat-
form and Songpan-Ganzi folded belt (Fig. 1). Geophysical
data indicates that the upper mantle below the region
uplifts obviously (Luo et al. 1994, 1996; Yin 1996a). The
area possesses high heat flow. There is also a low-velocity
and low-resistivity zone in the middle crust that is inter-
preted as a decollement. It is also a gravity gradient zone
that controls not only the production and development of
earthquakes and tectonomagmatic events, but also the
distribution of a series of mineral deposits. The crust-
mantle structures and properties in the region are the result
of tectogenesis through various geological times. It implies
the turning boundary of the Earth’s crust’s thickness.

In a word, the region exhibits geophysical characteris-
tics of high velocity, high density, high resistance, high
geothermal flow, and high magnetism.
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It is believed that there exists an abnormal mantle under
the crust in the region, which has properties of geosyncline,
platform, and its own special characteristics. The belt is a
geo-tectonically active zone with very complicated igneous
rock structures. In summary, this region is both geologi-
cally active and a very important south-north trending
tectonomagmatic-mineral belt (Luo et al. 1996; Yin
1996a).

2.2 Strata

Generally, the strata, which are low-grade metamorphic
rocks of the Silurian, Devonian, and Permian systems and
middle-lower Triassic series, igneous rocks, and structures
trend south-northward. A large amount of Archaean
metamorphic rocks of the Kangding Group emerge to the
southeast of the deposit (Table 1, Yin 1996a).

2.3 Igneous rock

The well-developed igneous rocks in the region include
ultrabasic, basic, neutral, acid, and alkaline produced dur-
ing different geological times. Large neutral, acid, and
alkaline intrusive bodies exist beyond 10 km of the deposit
(Fig. 1). These intrusive rocks are briefly described as
follows (Yin 1996a):

2.3.1 The Archean-Early Proterozoic Jiziping-Caluo
granite

Located 10 km east of the study area, comprised of mainly
quartz diorite and diorite extending north—south, covering
an area of 55 km>. These intrusive rocks are alkali-poor,
sodium-rich, low-potassium, SiO, supersaturated-strongly
supersaturated, with medium-low abundance XREE, rich
2LREE, weak or insignificant negative europium anomaly,
initial Sr*’/Sr® ratio of 0.704, and 3'®Osnow%e of
6.00-9.11. The diagenetic material mainly comes from the
upper mantle, and the original silico-alumina crustal
material is mixed to varying degrees locally (Yin 1996a).

2.3.2 The Late Proterozoic Xiaoshui granite

Widely exposed in the eastern portion of the study area and
is distributed in a north—south direction across a huge area
of 950 km®”. It is primarily ordinary granite, with some
flesh-red alkaline granite, which has different lithofacies
and is most widely distributed in transition lithofacies. Its
isotopic age is 6.64-7.24 Ma (Yin 1996a). The average
chemical compositions of the ordinary granite and feldspar
granite in this granite batholith are 74.25% and 75.53% for
Si0,, 12.81% and 12.19% for Al,O3, and 4.44% and 4.06%
for Na,O (Yin 1996a), which are consistent with the results
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Fig. 1 Regional geology (Yin
1996a). 1. The Lower and
Middle Triassic metamorphic
rocks; 2. The Permian
metamorphic rocks; 3. The
Devonian metamorphic rocks;
4. Metamorphic rocks of the
Sinian system; 5. The
metamorphic base complex of
the Archean Kangding group; 6.
Plutonic granite of the
Indosinian orogeny; 7. Plutonic
alkaline syenite of the
Indosinian orogeny; 8. Plutonic
monzonitic granite of the
Indosinian orogeny; 9.
Hypabyssal sillite of the
Indosinian orogeny; 10. The
Late Hercynian basic-ultrabasic
rocks; 11. The Late Proterozoic
plutonic granite; 12. The Early
Proterozoic-Archean plutonic
quartz diorite; 13. The deep and
large fault; 14. The geological
boundary; 15. Village and/or
town; 16. The tellurium deposit

of this study (Table 2). The batholith is a typical orogenic
product. The formation depths of ordinary granite and
potassium feldspar granite are 3.0-6.5 km and 2.0-6.0 km,
respectively (Yin 1996a). Iron, tin, and tungsten ore bodies
are produced in some parts of the batholith, and Ta, Nb,
and Y mineralization occur in the alkaline granites.

Potassium feldspar granite and ordinary granite contain
322 x 107% and 9.12 x 107® scandium respectively
(Table 3), which is slightly higher than the average abun-
dance of scandium in acid rocks (Table 4). Their Eu/Sm
ratios are 0.017 and 0.103 respectively (Table 5), which are
lower than the average values for granite (Table 6). Their
REE parity ratios, namely EREE/OREE values, are 2.609
and 2.403 respectively (Table 5), which are lower than the
average values for granite, but close to that of the sedi-
mentary rocks in northern Guangxi, the European Paleo-
zoic shale, and the Russian platform shale (Table 7, Hu
et al. 1990), showing the origin of the Earth’s crust.

In general, these two types of granites have high XREE
(Table 5), in addition to moderate enrichment of LREE and
strong depletion of Eu, both of which show a seagull-like
curve gently sloping to the right (Fig. 2), indicating that the
two different granites from the same batholith are of the
same origin.

The ordinary granite’s BISOSMOW and initial Sr®7/Sr%¢
ratio are respectively 11.89%o and 0.718, indicating that the
diagenetic material originates from the crust and belongs to
S-type granite. The 5°°Sings%o of ordinary granite and
potassium feldspar granite are —0.1 and 0.2 respectively
(Table 8 & Fig. 3), which is within the average range of
8**Sings%o variation for granite. According to Ding et al.
(1994), the world’s existing granites’ 6305iNBS%0 are
between —0.4 ~ 0.4, with a peak value of —0.1 and an
average value of —0.12.
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Table 1 Summary of the regional stratigraphic sequence, sedimentary formation, and lithology in the study area

Geological time Tectonic Sedimentary formation and lithology Note
layer
Era Code System
Cenozoic Q Quaternary Himalayan  The upper part is the alluvial layer, the middle part is the glacial Unconformity
tectonic layer, and the lower part is the mixed sedimentary layer of Contact
layer alluvial, slope and glacial deposits
Mesozoic  T;, Lower-Middle Cover Marine carbonate and basic volcanic rock sedimentary Conformity or fault
Triassic formations, which have been metamorphosed to marble, slate contact
and schist
Paleozoic P Permian The upper part is formed by clastic rocks, marine carbonate and Conformity or fault
basic volcanic rocks, and the lower part is formed by marine contact
carbonate; it has been metamorphosed into slate, marble and
schist respectively
D Devonian The upper part is formed by marine carbonate, and the lower  Fault or/and
part is formed by clastic rock and marine carbonate, which pseudoconformity
has been metamorphosed to marble and slate, etc contacts
Proterozoic Z Sinian Formation of marine carbonate and clastic rocks, which have
been metamorphosed to marble and slate, etc
Ptl
Archean Ar Kangding Group  Crystalline  Basic, medium and acid volcanic rock formations and flysch- ~ Angular
metamorphic basement like formations; have been subjected to regional dynamic unconformity and
complex metamorphism, becoming high greenschist facies and fault contact

amphibole facies metamorphic rocks

Table 2 Chemical compositions of the Late Proterozoic Xiaoshui and Late Paleozoic Xinchang granites (%)

Series # Sample ID Sample type SiO, Al,O3 TiO, Fe,O3 FeO CaO MgO K>,O

9 SL-01 Granite (ys') 65.78 14.62 0.43 1.46 3.18 4.76 2.26 1.86
10 SL-26 K-granite (Yo%) 75.92 11.66 0.12 0.36 1.96 0.45 0.16 5.49
11 SL-22 Granite (y,>) 71.34 13.72 0.30 1.52 1.48 1.52 0.36 4.74
Series # Sample ID Sample type Na,O MnO P,Os CO, H,0" H,O0™ Organic carbon Total
9 SL-01 Granite (ys') 3.55 0.07 0.08 0.29 0.72 0.12 0.00 99.29
10 SL-26 K-granite (Y2 2.78 0.03 0.00 0.49 0.54 0.32 0.29 100.54
11 SL-22 Granite (y,%) 3.59 0.06 0.05 0.21 0.62 0.20 0.09 99.80

Please refer to Table 3 for the sampling location

2.3.3 Late Paleozoic basic-ultrabasic intrusive rocks

There are seven basic-ultrabasic intrusive rocks, which are
exposed in the form of rock beds, sheets, and dykes in the
eastern and northwestern parts of the study area. The
exposed areas are less than 1 km? each and most trend
north—south with certain differentiation characteristics: the
core is pure peridotite, and outwards are pyrolite, peri-
dotite, olivine pyroxenolite, pyroxenite, and gabbro, where
peridotite is more common. Tremolite and asbestos are
often enriched in certain kinds of intrusive rocks, magnetite
is enriched in other intrusive rocks, and some intrusive
rocks have copper and nickel mineralization. Among them,
there are two relatively large rock stocks, namely the
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Binduo and the Shaoyaocao stocks. The Binduo stock is an
iron-bearing ultrabasic rock, rich in asbestos in the north-
east and magnetite in the southwest, accompanied by a
small amount of pyrrhotite, nickel, and cobalt. Tremolite
and asbestos were found within the Shaoyaocao stock.
Geological and geochemical data show that these basic-
ultrabasic intrusive rocks originated in the upper mantle,
which is directly related to the Xiaojinhe lithospheric fault
zone (Yin 1996a).

2.3.4 Mesozoic neutral, acidic and alkaline intrusive rocks

Includes Jiangguanshan alkaline syenite, Jiangguanshan
quartz diorite, and Xinchang granite. Among them, the
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Table 3 REE compositions of various rocks and minerals in the study area (%)

Series Sample  Sample type Sample site Sample age
# ID
1 SL-05 Slate At the Liushapo Early and Middle Triassic
(T1-2)
2 SD-56 Slate In ore body I-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 Permian  Upper black rock section
(Py) (Py*)
8 SL-10 Metamorphosed basalt Near Miaoping Basalt (P,")
9 SL-01 Granite At the Niubeishan, Xinchang Indosinian period ('\/51)
10 SL-26 Potassium feldspar granite At Sanxing, Fengle, Shimian The late Proterozoic (P,
Ti2’)
11 SL-22 Granite Beside Dadu River, The late Proterozoic (Pl3,
ShimianTownship’s west yf)
12 SD-09 Quartz A quartz vein in ore body I-8 Yanshanian (J,-K5)
13 SD-65-1 Dolomite A dolomite vein in ore body I-8
14 SD-55-  Pyrite (py) Ore body I-10
py
15 SD-55-  Pyrrhotite (pr) Ore body I-10
Pr
16 SD-57 Altered host rock Ore body I-10 ’s hanging wall
17 sD-59 Ore Ore body I-10
Series # (x 1079
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Sc
1 31.81 5557 641 25.15 453 1.04 487 0.67 290 0.59 149 0.18 1.20 0.19 13.27 10.82
2 11.88 2540 345 1570 379 1.64 4.67 0.67 4.14 0.83 1.79 022 132 0.17 1639 4831
3 0.17 046 0.04 0.11  0.02 0.02 0.03 0.01 0.03 0.00 0.01 <0.002 001 <0.002 005 3.12
4 5.37 5.68 147 447 124 0.65 1.970 0.30 1.76  0.35 1.10 0.12  0.77 0.12 1070 091
5 0.91 1.57 0.22 078 0.16 0.05 0.19 0.03 0.20 0.04 0.65 0.01  0.06 0.01 0.86 0.38
6 0.66 1.01 0.16 0.58 0.13 0.04 0.15 0.02 0.15 0.02 0.05 0.01  0.05 0.01 0.59  0.38
7 2524 4444 528 1952 381 090 4.09 0.70 310 0.63 1.75 025 145 020 16.61 8.86
8 3043 5145 656 2470 470 1.16 4.89 0.68 292 0.58 1.51 020 1.22 0.17 1461 1246
9 19.33 3588 4.18 1520 290 1.04 2.64 040 248 0.53 1.50 023 149 022 13.54 1891
10 79.61 151.00 16.50 65.20 12.82 0.22 1520 2.53 1251 265 7.03 099 642 1.05 61.89 3.22
11 85.66 156.10 16.85 6647 10.96 1.13 11.53 1.68 696 1.40 3.71 051  3.15 051 3256 9.12
12 0.39 1.23 0.12 038 0.08 0.06 0.10 0.02 0.01 0.02 0.03 0.01  0.04 0.01 026 091
13 1097 2835 455 23.04 659 1.09 7.39 1200 7.06 1.52 3.81 044  2.64 041 3443 312
14 0.32 0.77 0.10 037 0.10 0.04 0.11 0.03 0.18 0.03 0.06 0.01  0.07 0.01 046 241
15 0.34 0.79 0.10 038 0.10 0.02 0.11 0.02 0.12 0.02 0.04 0.01  0.06 0.08 031 1.69
16 1.59 4.70 0.73 239 073 044 075 0.14 0.68 0.13 0.27 0.04 036 0.06 1.94  49.05
17 0.23 0.77 0.09 036 0.13 0.08 0.13 0.02 0.12 0.02 0.03 0.00 0.03 0.00 021 3.78

Laboratory: China National Geological Test Center; Test method: Plasma Spectroscopy

@ Springer



108

Acta Geochim (2023) 42(1):103-124

Table 4 Scandium abundance in different rock types (Li 1976; Liu et al. 1984; Yin 1996a). Note: ()* Number of samples in parentheses

Rock type Sc (x 107%) Data source
Igneous rocks Ultrabasic 5, 15, 30
Basic 20, 24, 40
Medium 25,40
Acid 2, 3, 7 (poor calcium), 14 (rich calcium)
Alkaline 3
Sedimentary rocks Limestone 0.40 ~ 1.50
Sandstone (22-sample average) < 0.00n%
Sandstone 1
Pacific manganese nodules (5)* 7 ~ 15
American bauxite ore 4 ~ 10
Clay (2,886-sample average) 12
Argillaceous rock (32-sample average) 10 Li 1976
Metamorphic rocks Marble 047 ~ 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 20 ~ 30
Gneiss 12
Amphibole 10 ~ 50
Amphibole schist 15
Serpentine 10
Amphibole (16)* 57
The Crust 10
Continental crust 22
30
Meteorite Chondrite 50 ~ 94
Achondrite 17 ~ 78
Basalt of Lunar Maria 39 ~ 75

Jiangguanshan alkaline syenite may be the differentiated
product of mantle-derived magma. The Jiangguanshan
quartz diorite is adjacent to the eastward Jiangguanshan
alkaline syenite, and the two are in a gradual transition
relationship. The Xinchang granite stock is exposed in a
triangle area to the east of the deposit, with an area of 10
km?.

The chemical composition of Xinchang granite is shown
in Table 2. Compared with Xiaoshui ordinary granite and
potassium feldspar granite, Xinchang granite is obviously
low in silicon, high in aluminum, and rich in calcium and
magnesium. In terms of REE composition (Tables 3,5 & 9,
and Fig. 2), the XREE of Xinchang granite is extremely
low, and Eu shows an insignificant negative anomaly.

The Xinchang granite has a high Sc content of 18.91,
which is much higher than the average value of medium-
acid rocks in Table 4. The Eu/Sm of Xinchang granite is
0.359, which is close to both the trachybasalt of the
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Siberian platform in Table 6, and to the Middle and Lower
Triassic metabasalts in the area. The Xinchang granite’s
REE parity ratio, namely its EREE/OREE value, is 2.395,
which is much lower than the average value for granite.
The REE distribution curve of Xinchang granite is close to
that of Permian granite in this region (Fig. 2). The 8'%
Osmow %o of quartz from Xinchang granite is 8.5, which is
different from that of S-type granite (3" 0smow%o > 10.0)
and just falls within the range of I-type granite (Fig. 4). Its
33%Sings_os%o is — 0.30, which is different from the
aforementioned Xiaoshui granite, but within the range of
the 8**Sinps_os%o values of granite-like rocks (Table 8 &
Fig. 3). Xinchang granite has its particularities. The above
petrochemical and geochemical characteristics show that
the formation of this stock is either closely related to basalt,
or evolved from basalt magma, or formed by the remelting
and metasomatism of the Late Archean-Early Proterozoic,
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Table 5 REE eigenvalues of different rocks in the study area

Series  Sample SREE(x 107%) ZREE + Y YLREE/ EREE/ Sm/ Euw/ (La/ (Ce/ Eu*  O8Eu
# D (x 1079 SHREE OREE Nd Sm  Ybx  Yby

1 SL-05 136.60 149.87 10.30 2.34 0.18 023 1574 9.36 19.18 0.74
2 SD-56 75.67 92.06 4.48 3.01 024 043 534 3.39 17.01 1.32
3 SL-11 091 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 2.91 2.03 028 052 414 1.49 628 1.42
5 SD-49 4.28 5.15 6.16 2.39 0.21 0.313 9.31 5.48 0.71 097
6 SD-69 3.05 3.64 5.48 2.31 022 030 772 4.03 056 0.92
7 SL-03 111.36 127.97 8.15 2.35 020 024 1034 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-ol 88.02 101.56 8.28 2.40 0.19 036 7.70 4.87 11.51 1.24
10 SL-26 373.73 438.62 6.73 2.61 020 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 0.21 072 590 6.37 036 2.18
13 SD-65-1  99.06 133.49 3.05 391 029 0.17 247 2.17 28.40 0.53
14 SD-55- 2.19 2.65 348 3.14 027 036 294 241 043 1.15

Py

15 SD-55-Pr  23,116.00 2.46 4.57 3.09 0.261 020 3.64 2.86 042 0.65
16 SD-57 13.02 14.97 4.35 3.15 0.31 0.60 2.62 2.64 3.05 198
17 SD-59 2.02 223 4.68 3.51 037 0.60 424 4.88 054 2.04
Series # Ce* oCe (La/Lu)n (La/Sm)y (Gd/Lu)y Sm/Eu La/Yb La/Sm Sm?* oSm (Gd/Yb)n
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 2.31 9.00 3.14 24.32 0.78 2.17

3 0.435 1.12 8.43 4.53 1.50 1.60 29.00 7.25 0.20 0.61 3.03

4 14.516 0.42 4.34 2.71 1.64 1.91 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 2.20 332 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 2.17 1.33 4.95 6.14 348 0.45 1.09 1.16

16 5.528 0.90 2.40 1.35 1.18 1.67 441 2.16 3.03 1.21 1.28

17 0.740 1.11 3.68 1.07 2.12 1.66 7.13 1.71 0.85 0.78 2.44

® ZHREE 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* = (Sm 4+ Gd)n/2, 0Eu = (Eu)n/Eu*, Ce* = (La 4 Pr)n/2, 8Ce = (Ce)n/Ce*, Sm* = (Nd + Eu)n/2,

6Sm = (Sm)n/Sm*

Permian, or Middle-Lower Triassic metabasalt in the
region.

There are a large number of quartz, carbonate, and
diabase veins, as well as a small amount of granitoid aplite,
granite pegmatite, and lamprophyre dikes, etc. in the study
area’s various metamorphic and intrusive rocks of different

ages. No Yanshanian intrusive bodies were exposed in the
study area.

Different types of mineral resources in the region are
very rich; many of these are well known, including Ti, V,
Cu, Pb, Zn, SM (scattered metals), REE, coal, asbestos, and
the 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 391 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
ol SL-26
20 F
2 lleeteee ST-20
o - : : : | |>,<I — 6"Sings-28(%o)
4t -0.2 -04 0 0.2 0.4
(1 Pl s [« [

La Pr Sm Gd Dy Er Yb

Fig. 2 The chondrite-normalized REE diagram
different geological ages in the region

Fig. 3 Silicon isotope histograms of different rocks and minerals in

of granites in the study area.

5-granite

1-schist/slate; 2-quartz;

3-biotite; 4-muscovite;

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 33Sinps.28%o0 Note

1 SL-19 Schist Near Tizigou outside the deposit (T;_5) - 02

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 #I-10 ore body (T1-2) - 02

4 SL-11 Quartz From a toumaline-quartz vein at Liushapo - 04

5 SD-26 Quartz Orebody 1-4 - 03

6 SD-67 Quartz Orebody 1-7 —-03

7 SD-20 Biotite Pyrrhotite vein I1I-3 - 03

8 SD-23 Muscovite Orebody 1-4 0.3

9 SL-01 Granite (ys') Niubeishan, Xinchang - 03 I type
10 SL-22 Granite (Pt3) Beside the Dadu river — 0.1 S type
11 SL-26 Granite (Pt3) 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 Tm Yb Lu

1 SL-05 99.41 59.12 5342 4192 22,65 1425 1571 1340 936 808 7.10 546 632 6.13
2 SD-56 37.13  27.02 2875 26.17 1895 2247 15.07 13.40 1336 1137 852 6.67 695 548
3 SL-11 0.54 0.49 0.33 019 0.12 021 010 0.10 0.10 0.06 0.03 006 0.03 0.07
4 SL-18 16.78 6.04 1225 745 620 890 636 6.00 568 480 524 364 405 387
5 SD-49 2.84 1.67 1.81 1.30 080 0.69 061 066 063 048 031 033 031 032
6 SD-69 2.07 1.08 1.33 097 063 052 050 048 048 033 026 021 027 023
7 SL-03 78.88 4728 44.00 3253 19.05 1233 13.19 14.00 1000 8.63 833 758 7.63 645
8 SL-10 95.09 5473 54.67 41.17 2350 1589 1577 1280 942 795 719 6.06 642 548
9 SL-01 60.41 38.17 34.83 2533 1450 1425 852 800 800 726 714 697 784 1710
10 SL-26 248.78 160.64 137.50 108.67 64.10 3.01 49.03 50.60 40.36 36.30 3348 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 1.21 1.31 1.00 063 041 080 032 036 003 023 016 018 021 026
13 SD-65-1 3428 30.16 3792 3840 3295 1493 2384 2400 22.77 20.82 18.14 1333 1390 13.23
14 SD-55-Py 1.01 0.82 0.82 062 050 049 037 050 058 038 028 027 034 036
15 SD-55-Pr 1.08 0.85 0.83 063 050 027 034 038 039 027 021 024 030 0.26
16 SD-57 4.96 5.00 6.10 399 367 603 243 276 219 1.81 127 133 190 2.07
17 SD-59 0.71 0.82 0.77 061 067 110 041 044 039 021 013 018 0.17 0.19
Chondrites 0.32 0.94 0.12 060 020 0.07 031 005 031 0.07 021 003 019 0.03

2.4 Structure

Remote sensing interpretation shows that linear and
annular structures develop in the study area. Linear struc-
tures can be divided into the following groups: NW, NNE,
NS, NWW, and NEE. These linear structures include the
following two important ductile shear zones, the Daduhe
ductile shear zone, and the Xiyoufang ductile shear zone'.

The identification of annular structures is helpful for the
discovery of deep hidden magmatic activities or structural
thermal anomalies, which in turn help to determine the
metallogenic mechanism. As the largest known annular
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 Dashuigou
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 with
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 linear
structures with different directions and different mechani-
cal properties, forming the @-shaped structures that are
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 geochemical
anomalies, are spatially related to the annular structure.

Located within the southwest of the Xiyoufang annular
structure and as one of the sub-rings of the Xiyoufang
annular structure, the Dashuigou annular structure inter-
sects with NE, EW, SN, and NW trending linear structures,
forming a characteristic @-shaped structure and controlling
the Dashuigou tellurium deposit and the nearby Majiagou
tellurium showing, as well as several Au and Bi geo-
chemical anomalies.

The perfectly circular Jinhuadong annular structure is
also a sub-ring of the Xiyoufang annular structure. It
intersects with NWW, NNW, and SN-trending linear
structures, forming a characteristic @-shaped structure, and

I coastal bedrock

IL type

MT type Japan

8.5
this paper

series [

. south China
series 1T

wn

5 10 1
ﬁl *0%0

Fig. 4 The §'80%o diagram of different types of granites from
different regions
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Fig. 5 Deposit geology (Yin

19962) | | N [

slatc/échist iron sulfide vein
B marble -] fault

- . measured/ inferred
[~ ]Te vein [ZJwaopeal bouncbry

controls the Jinhuadong, Qifenyao, and Bafenyao tellurium
showings, as well as several Au and Bi geochemical
anomalies.

In addition, there are Baita, Tianwan Township,
Tangjiapo, and Jiangguanshan ring structures. The com-
mon feature of these annular structures is their close spatial
relationship with the Bi and Au geochemical anomalies.

The folds in the study area are mostly NNE or nearly
SN-trending, and are relatively tight, narrow, and long.
These folds include the Dashuigou dome structure and the
Bindo anticline in the northwest of the deposit, etc. The
Dashuigou dome is roughly NNE trending, more than
10 km long, and entirely composed of Middle and Lower
Triassic metamorphic rocks. Its northern section is dam-
aged by a fault of nearly the same strike, and its four sides
of the northeast, southwest, northwest, and NNW are cut
and bounded by NNW-trending, near-north—south, and
NNE-trending faults respectively, forming a highly flat-
tened rhombic block in space. On the two-dimensional
plane, the Dashuigou tellurium deposit is located in the
north-central part of the dome.

The representative faults in the study area include the
Hongba fault, Wanbahe fault, Xiyoufang-Guanyinshan
fault, Keluo-Jiziping fault, and Anshunchang-Xinchang
fault from west to east. On the whole, these faults are
broom-shaped converge at the northern end and spread out
at the southern end.

@ Springer

3 Deposit geology

The deposit’s host rocks include marble, slate, and schist of
the lower-middle Triassic system, which is a set of littoral-
epicontinental faces of carbonate-basic volcanic rocks but
has suffered regional low-temperature dynamic metamor-
phism during the Indosinian orogeny, forming a low-
greenschist facies metamorphic rock system (Fig. 5, Yin
1996a).

The Triassic stratigraphic sequence of the Dashuigou
tellurium deposit is as follows:

1. Schist and slate formation at the top
ii. Large-thick fine-grained marble in the upper part
iii.  Schist and slate formation in the middle
iv. Medium-fine-grained striated/banded marble in the
lower part
v. Coarse to large-grained thick marble at the bottom

Schist and slate formation in the middle is the deposit’s
main direct host rock, including hornblende schist, garnet
schist, tourmaline schist, and chlorite schist, in which exists
a well-developed 10-15 m wide fault zone. An approxi-
mately 3 m wide tourmaline-quartz vein develops in the
fault zone. All of the Triassic strata make up the NNE-
trending Dashuigou dome as mentioned above. Both the
geological and geochemical characteristics in the area
indicate that protolith of the tellurium ore veins’ direct host
rocks is poorly differentiated, mantle-derived basalt.

The deposit is located at the northeastern end of the
Triassic metamorphic dome. The tellurium ore veins are
both controlled by and fill a group of shear fractures, which
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strike from 350 to 10 degrees and dip at 55 to 70 degrees
westward. Widths of the ore bodies, which are in the shape
of lenticular veins and have sharp contact with their host
rocks, vary between 25 and 30 cm.

Both faults and folds are well-developed in the area. The
annular and linear structures together make up special @-
shaped structures which control the formation of different
types of endogenetic mineral deposits in the area, including
the Dashuigou tellurium deposit. No intrusive rocks occur
within a 5 km radius around the deposit. Only two small
Permian ultrabasic-basic rock bodies emerge within a
10 km range of the deposit as described above.

The altered host rocks occur in narrow bands ranging
between several centimeters and one meter in thickness.
Altered zones beside the massive ore veins are narrower at
only several centimeters wide. The dominant alterations
include dolomitization, silicification, biotitization, mus-
covitizaion, tourmalinization, sericitizaion, greisenization,
and chloritization (Chen et al. 1994a, b; Yin et al.
1994a, b, c; 1996a, b; Yin 1996a, b). More than thirty
minerals are identified in the ore, which includes tetra-
dymite, pyrrhotite, pyrite, dolomite, quartz, chalcopyrite,
tsumoite, tellurobismuthite, galena, magnetite, gold, silver,
electrum, ilmenite, calcite, calaverite, siderite, magnesite,
rutile, muscovite, biotite, sericite, hornblende, chlorite,
plagioclase, K-feldspar, tourmaline, hematite, garnet, apa-
tite, and epidote, of which the first five minerals are the
most important and comprise 85% of the ore (Yin et al.
1994a, b, ¢; Yin 1996a; Yin and Shi 2019). The Te content
in the ore varies between 0.01 and 34.58% (Yin 1996a).
Replacement, remnant, reaction border, and granular are
the dominating textures of the ore. Massive, vein/veinlet,
and stockwork veins are the dominating structures of the
deposit. Two mineralization stages and five sub-stages
exist in the deposit (Yin 1996a; Yin and Shi 2019, 2020):
The Pyritic stage includes three mineralization sub-stages:
carbonate sub-stage (I) — pyrrhotite sub-stage
(II) — chalcopyrite sub-stage (IIT) (from early to late); the
Tellurium stage includes two mineralization sub-stages:
tetradymite sub-stage (I) — tsumoite (BiTe(0.97) sub-stage
D) (Yin 1996a).

4 Sampling and analytical methods
4.1 Field sampling

Fresh samples were collected from the proper locations of
the deposit’s typical host and country rocks. They were
described in detail on site, then properly labeled or num-
bered and wrapped with waxed paper to avoid cross-con-
tamination with other samples in the same sample box, and
finally packed and shipped to the work laboratory.

4.2 Lab sample preparation

In the lab, all rock samples were sorted, air-dried, and
2-stage crushed to minus 10 mesh, then a split 250 g (ap-
proximate) sub-sample was pulverized on a ring mill pul-
verizer to 95% — 140 mesh. The sub-sample was weighed,
rolled, homogenized, and bagged in a pre-numbered bag.

4.3 Analytical methods
4.3.1 Multi element ICP Analysis/LA-ICP-MS

A 0.5-g sample was digested with 3 ml of a 3:1:2
(HCI:HNO3:H,0) containing beryllium for 90 min in a
water bath at 95 °C. The sample was then diluted to 10 ml
with water. The sample was analyzed on a Jarrell Ash ICP
unit. The entire set of samples was redone if the quality
control standard fell outside 2 standard deviations or if the
blank was greater than the limit. Results were collated by
computer and printed alongside accompanying quality
control data (repeats and standards).

4.3.2 Silicon isotope analysis

Excitation probe method, 30 ~ 100 pg Si (£ 0.1%o),
SiO, + 2BrFs & O, + 2BrF; + SiF,; reference material:
NBS-28, 8*°Sings_os%o0 = 0; rose quartz, 52°Sings_28%o0
= — 0.28; IRMM-018, 5*°Sings.25%o0 = 0.0.

4.3.3 Oxygen isotope analysis

Continuous flow Gasbench II-IRMS online analytical
method, £ 0.2%o, thermostat sample pan temperature
28 °C, Chromatography column temperature 45 °C, He
pressure 12f0 kPa.

4.3.4 Strontium isotope analysis

MC-ICP-MS instrument for the isotope analysis, Standard-
Sample-Bracketing method was used to correct the
instrumental mass bias.

5 Chemistry of the host rocks
5.1 Petrochemical characteristics

Chemical compositions of the deposit’s host rocks are
listed in Table 10 and discussed as follows.

Similar to the mantle origin of the intrusive rocks in the
study area as mentioned above, the direct ore-hosting wall
rocks of the deposit also originate from the upper mantle.
As seen in Table 10, the host rocks have the following
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Table 10 Petrochemical compositions of the deposit’s host rocks (%)

Series # 1 2 3 4 5 6 7 Average
Sample id SL-12 SL-19 SD-01 SD-38 SD-43 SD-56 SD-60
Sample type  Schist Schist Slate Slate Schist Slate Slate
Sample Miaoping Near Orebelt II’s Oredobyl-1’s Oredobyl-1’s Oredobyl-10’s Oredobyl-10’s
location Miaoping EB Fw HW HW Fw
SiO, 41.48 52.12 48.74 42.80 43.16 45.38 32.30 43.71
Al O3 12.54 13.67 12.93 12.71 15.45 14.98 16.75 14.15
TiO, 1.54 0.65 243 1.64 2.71 1.83 1.93 1.82
Fe,03 1.75 1.16 5.15 3.05 3.06 4.04 4.07 3.18
FeO 10.27 4.10 10.99 9.10 12.26 9.51 12.43 9.81
CaO 8.30 6.84 9.86 13.06 8.74 11.35 11.38 9.93
MgO 5.76 3.22 5.52 6.85 6.97 6.93 7.77 6.15
K,0 1.61 332 0.20 0.12 0.14 0.20 3.84 1.35
Na,O 0.79 1.10 1.59 1.18 1.51 2.01 0.44 1.23
MnO 0.28 0.09 0.21 0.22 0.21 0.18 0.25 0.21
P,0s 0.10 0.08 0.20 0.10 0.25 0.12 0.15 0.14
CO, 12.47 9.15 0.20 6.62 2.08 1.06 5.42 5.29
H,0* 2.94 1.16 0.77 1.38 2.53 0.58 1.12 1.50
H,0™ 0.14 0.25 0.12 0.12 0.17 0.08 0.28 0.17
Organic 0.33 4.53 0.38 0.98 0.81 1.13 0.55 1.24
carbon
Total 100.30 101.44 99.29 99.93 100.05 99.38 98.68 99.88
EB-east boundary, FW-foot wall, HW-hanging wall
Table 11 Chemical compositions of the metamorphosed basalt in the deposit’s western periphery (wt.%)
Sample ID/type SiO, Al,O5 TiO, Fe,05 FeO CaO MgO Data source
SL-10 33.16 5.19 0.53 0.41 2.25 2545 4.19 This paper
Olive basalt (5)* 46.77 11.64 2.52 5.99 6.65 9.17 9.55 Shen et al. 1985
Sample ID/type K,0O Na,O MnO P,05 CO, H,O" H,O™ Data source
SL-10 1.2 0.58 0.11 0.04 26.41 0.83 0.08 This paper
Olive basalt (5)* 0.96 2.56 0.2 0.264 Shen et al. 1985

*Average value of 5 olive basalt samples from the Panzhihua-Xichang rift

petrochemical characteristics: low SiO, content varying
between 32.30% and 52.12% with an average of 43.71%,
Al,O5; varying between 12.54% and 16.75% with an
average of 14.15%, low Na,O(< 4.00%)and K,O where
the average content of K,O is generally similar to that of
Na,O. Total iron FeO*/( FeO* + MgO) = 0.68, CaO/Al,.
0; = 0.70 < 0.82, Fe*T/Fe®™ + Fe®™ = 0.23 < 0.40, with
features of the mantle-derived volcanic rocks. Compared to
the basalt in the Panzhihua-Xichang Rift (Table 11), which
is about 200 km away from the deposit, its host rock is
relatively poor in TiO,, Fe,O5, MgO, Na,0, and P,Os, but
rich in FeO, CaO, and K,O.

It is generally believed that except for metamorphic
rocks accompanied by metasomatism such as various
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altered rocks and migmatites, chemical compositions of all
other metamorphic rocks that result from certain protolith
under relatively closed environments remain the same
before and after the metamorphism. As a result, both the
petrochemical and geochemical characteristics of such
metamorphic rocks essentially reflect that of the protolith.
As mentioned above, the rocks in the study area are mainly
low greenschist facies of metamorphic rocks, were unaf-
fected by any geological event after the metamorphism,
and should be in the same chemical system as the protolith.
Protolith of these metamorphic rocks should be basic vol-
canic rocks, namely basalt. This is consistent with the
previous  conclusions based on its geological
characteristics.
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Table 12 The calculated molecular numbers of chemical constituents of the deposit’s host rocks

Series # Sample id SiO, AlL,O; TiO, Fe,03 FeO CaO MgO K,0 Na,0O MnO P,0s CO, H,0" H0"
1 SL-12 691 123 19 11 143 148 144 17 13 4 1 283 163 8

2 SL-19 869 134 8 7 57 122 81 35 18 1 1 208 o4 14

3 SD-01 812 127 30 32 153 176 138 2 26 3 1 5 18 7

4 SD-38 713 125 21 19 126 233 171 1 19 3 1 150 77

5 SD-43 197 151 34 19 170 156 174 1 24 3 2 47 141

6 SD-56 756 147 23 25 132 203 173 2 32 3 1 24 32

7 SD-60 538 164 24 25 173 203 194 41 7 4 1 123 62 16
Average 654 139 23 20 136 177 154 14 20 3 1 120 80 9
Table 13 The calculated A, C and F values of different rock samples from the deposit’s host rocks

Series # Sample ID A’ C F > A C F Falling area in Fig. 6 Protolith

1 SL-12 104.0 145.0 291.0 540.0 19.3 26.9 53.9 2 Basic rcok
2 SL-19 88.0 119.0 139.0 346.0 25.4 34.4 40.2 2 Basic rcok
3 SD-01 131.0 173.0 294.0 598.0 21.9 28.9 49.2 2 Basic rcok
4 SD-38 124.0 230.0 300.0 654.0 19.0 352 45.9 2 Basic rcok
5 SD-43 145.0 149.0 347.0 641.0 22.6 232 54.1 2 Basic rcok
6 SD-56 138.0 200.0 308.0 646.0 214 31.0 47.7 2 Basic rcok
7 SD-60 141.0 200.0 371.0 712.0 19.8 28.1 52.1 2 Basic rcok
Average 124.0 174.0 293.0 591.0 21.3 29.7 49.0 2 Basic rcok

A’ = (Al,05 + Fe,03)-(Na,O + K,0), C’ = Ca0-3.3¥P,0s, FF = MgO + MnO + FeO; 2 =A"+C + F,C=C/%, F=F/Z, A=A/Z,

A+ C+F=100

D

C F

Fig. 6 The ACF plot of the deposit’s host rocks (Miyashiro 1973). 1.
Shale and greywacke; 2. Basalt and andesite; 3. limestone

The following petrochemical parameters of the direct
ore-hosting rocks of the deposit also prove that they orig-
inated from the upper mantle.

The A, C, and F values based on the molecule numbers
in Table 13 are calculated by converting the weight per-
centages of various chemical components of different

F

Fig. 7 The ACF diagram of the deposit’s host rocks (Winkler 1979).
1. Ultrabasic rock area; 2. Basic rock area; 3. greywacke area; 4. clay
and shale area without or with 35% carbonate; 5. aluminous clay and
shale area

samples in Table 10 into molecule numbers (= weight
percent divided by their respective molecular weights),
then multiplying by 1,000 to eliminate decimals (Table 12).

The A, C, and F values in Table 13 are projected on the
ACF diagrams in Figs. 6 and 7. The Middle and Lower
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Triassic ore-host metamorphic rocks’ protolith in the study
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Fig. 8 Tri-linear plot of Niggli’s 100 mg-c-(al + alk) of the
deposit’s host rocks (Carmichael et al. 1974)
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Fig. 9 The SiO,-(Na,O + K,0) plot of the deposit’s host rocks
(Carmichael et al. 1974). Above the oblique line is the alkaline basalt
area, and below the tholeiite area. (The sample numbers in the
figure are the same as those in Table 10)
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Fig. 10 The [(al + fm)-(c + alk)] vs. si plot of the deposit’s host
rocks (Simonen 1953). (Note: The open circle in the figure is the
average of the 7 samples)

metamorphic rocks are positive metamorphic rocks and
their protolith are mantle-derived tholeiite with a low
degree of differentiation, which has a typical magmatic

evolutionary trend. Its formational environment should be
when the crust changes violently and rapidly, and the
asthenosphere material in the upper mantle is in a state of
non-equilibrium, complex, and rapid exchange, which is
roughly equivalent to the subduction of the Indosinian
Paleo-Tethys plate to the Yangtze plate.

5.2 Geochemistry of rare earth elements

The rare earth element geochemistry of different host rocks
in the mine also proves that they mainly originate from the
upper mantle. The rare earth element compositions of
different samples collected from the study area are shown
in Table 3. According to this table, the chondrite-normal-
ized REE values (Table 9), logarithmic values (Table 15),
and various eigenvalues (Table 5) were obtained.

In the following section, the host rock’s protolith, for-
mation, and evolution characteristics will be discussed
based on the samples’ REE abundance and eigenvalues.

Scandium (Sc) is classified as an REE due to both its
chemical similarity to and close symbiosis with other REEs
in minerals. Sc’s outer electron shell is of the same type as
REEs. The Sc content in different rock types is not high
and is basically fixed within a certain range of values. In
addition, it has certain chemical stability, so the rock type
can be inferred by Sc’s abundance in the rock. For meta-
morphic rocks, the protolith can be recovered by measuring
its Sc abundance, as relevant studies have shown that Sc
content in some metamorphic rocks is closely related and
proportional. For example, Sc content is the lowest in
marble and quartzite, while it is relatively high in meta-
morphosed basic and argillaceous rocks. There is no car-
ryover of Sc into metamorphic rocks, and the Sc
enrichment in some cases is the result of redistribution (Liu
et al. 1984).

Table 4 lists the Sc abundance in different rock types,
from which it is clear that most of the Sc in the lithosphere
exists in basic and ultrabasic rocks. In metamorphic rocks,
it mainly exists in amphibolite and greenschist whose
protolith is basic-ultrabasic rocks. According to Table 3,
the middle-lower Triassic slate in the study area contains
(10.82-48.31) x 107° Sc, showing a high Sc abundance
and indicating that the protolith may be a basic volcanic
rock. It is consistent with the conclusion that the protolith
is basalt by the above-mentioned petrochemical
characteristics.

The tourmaline-quartz vein in the lower part of the host
rock contains 3.12 x 107° Sc, which is similar to that of
the quartzite samples in Table 4. The striped/banded mar-
ble in the lower part of the host rock contains
(0.38-0.91) x 107° Sc, which is also consistent with the
Sc content of the marble in Table 4. The coarse-grained
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Fig. 11 The

(FeO + Fe,03 + TiO)-Al,O3-
MgO triangular plot of the
deposit’s host rocks (Jensen
1976). (Note: weight percentage
of the chemical compositions of
the rock samples is used, and
the composition on the three
corners is taken as 100)
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marble at the bottom contains 0.38 x 107 Sc, which is
similar to that of the striped/banded marble.

The Sc content of the two samples from the Upper
Permian metabasalt and the upper black rock section in the
study area is 12.46 x 107 and 8.86 x 107 respectively,
which are also relatively high. This means that the protolith
of the Upper Permian metabasalt and the upper black rock
section may also be basic volcanic rocks. This is also
indicated by the great similarity between the two in the
chondrite-normalized REE model (Fig. 14). The REE
eigenvalues of the two are also surprisingly consistent
(Table 5), which further proves the above conclusion. The

L L-mg
0 0.1 0.5 0.9

Fig. 12 The c-mg plot of the deposit’s host rocks. I- igneous rock
evolution trend; II- limestone range; III- dolomite range; IV-
evolutionary trend of mixed marl-basalt (amphibolite, calcium silicate
and gneiss assemblages) from Granville, Canada (Note: Samples 1
and 7 overlap in the diagram; Leake 1964)
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Eu/Sm ratios of the Upper Permian metabasalt and slate
(the upper black rock section) are 0.236 and 0.237
respectively (Table 5), with a very small change of only
0.001, which is close to that of trachybasalt in Bulgaria
(Table 6).

The parity ratios of these two samples are 2.300 and
2.354 respectively, with an average of 2.357, which is close
to that of diorite (Table 7) but slightly lower than that of
basalt.

In general, the total REE amount in these two samples is
relatively high, the light REEs are enriched, and the heavy
REEs are depleted. The curve slopes to the right, the slope
is larger, and the OEu is larger (close to 1.0), showing that
the Eu anomaly is not obvious (Fig. 14). On the La/Yb-
REE plot of rock samples from around the world, both
samples fall into the basalt area (Fig. 15).

To sum up, protolith of the Upper Permian metamorphic
rocks, especially that of the upper black rock section (P,%),
are basalt, and both are the products of the same homolo-
gous magmatic evolution.

The Eu/Sm ratios of the two Middle-Lower Triassic
slate samples in Table 5 are 0.23 and 0.43 respectively,
with an average of 0.34, which is very close to that of the
Siberian platform basalt (Table 6). This proves that the
protolith of this set of rocks is basalt. The parity ratios of
these two samples are 2.341 and 3.012 respectively, with
an average of 2.677, which is close to that of basalt. It is
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Fig. 13 The Al,05-(Na,O + K,0) plot of the early Precambrian
basic volcanic rocks in China (Zhang 1984). 1. Early Proterozoic
Wutai region; 2. Early Proterozoic south Liaoning; 3. Archean
Anshan of Liaoning; 4. Archean Shandong Peninsular; 5. Archean
West Shandong
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also similar to that of the North American shale and granite
(Table 7), indicating that its origin is more complex. In
Fig. 15, both samples fall into the basalt area, indicating
that their protolith is basalt. The Sm/Nd ratios of the two
slate samples are 0.180 and 0.241 respectively (Table 5). In
the graph of Sm/Nd ratios of different rocks (Richard et al.
1976), they are consistent with the Hawaiian alkaline basalt
(Fig. 16), indicating that the chemical components of the
protolith, namely the basalt, are more complex.

It can also be seen from Fig. 16 that the Sm/Nd ratios
(0.19 and 0.195) of the two samples from both the upper
Permian metabasalt and the upper black rock section at the
deposit’s periphery fall into the Hawaiian alkaline basalt
area, which is consistent with the results shown in Fig. 15.

The Eu/Sm ratios of the three marble samples from the
Middle and Lower Triassic in the study area are 0.524,
0.313, and 302 respectively (Table 5), with an average of
0.380, which is much higher than that of the sedimentary
rocks but similar to that of the Siberian platform basalt and
trachybasalt (Table 6), with a similar Eu/Sm ratio to its
overlying slate. This may mean that these limestones were

subjected to considerable thermal action at the time when
they received the overlying basalt lava flows. The heat flow
not only caused crystallization of these marine limestones
to form marbles, but also imprinted these marbles with
REEs from basalt magma to a certain extent so that the two
have a certain similarity in their REE compositions
(Table 5, Fig. 17). The parity ratios of these three samples
are 2.03, 2.39, and 2.31 respectively, with an average of
2.23. This is consistent with the parity ratio interval of both
the Grenada and Hawaiian basalt and tholeiite in Fig. 16,
and also consistent with that of its overlying slate, indi-
cating that they were indeed affected by heat flow from the
basalt magma, resulting in REE exchange.

The REE compositions and eigenvalues of the striped/
banded marble (sample SD-49) and coarse-grained marble
(sample SD-69) within the deposit are very similar
(Tables 3 and 5), as are their REE chondrite-normalized
models (Fig. 17). On the other hand, the REE composition,
eigenvalues (Tables 3 and 5), and REE chondrite-normal-
ized model of the striped marble (sample SL-18, Fig. 17)
near Tizigou outside the deposit are quite different from
that of samples SD-49 and SD-69 within the deposit. This
shows that.

e The lithofacies of the Middle and Lower Triassic rocks
in the region vary widely, even across short distances.
This indicates that the lithofacies paleogeographic
environment at that time was turbulent due to frequent
tectonic activities.

e The rocks within the deposit are more strongly and
more complicatedly affected by tectonic thermal events
than the surrounding rocks. This may also be one of the
reasons why the independent tellurium deposit formed
at the Dashuigou rather than in other areas.

The Eu/Sm ratio of quartz samples from the tourmaline-
quartz vein at the host rock’s bottom is 0.66 (Table 5),
which is greater than the Eu/Sm values of almost all the
rock types in Table 5, indicating that its origin is complex.
Its parity ratio is 2.76, which is similar to that of the basalt,
granite, and North American shale in Table 6, and also
close to the average value of the crust, which further
explains the complexity of its genesis. Its Sm/Nd ratio is
0.21. On the graph of Sm/Nd (Fig. 16), it not only falls
within the Sm/Nd ratio range of Hawaiian alkaline basalts
but also falls within that of the Middle-Lower Triassic
metamorphic slate in this area. It shows that the formation
of the tourmaline quartz vein has a certain connection to
the basalt.

In general, the REEs of the Middle and Lower Triassic
slates, marbles, and tourmaline quartz vein in the study
area have the following characteristics: The total REE
amount in the slate is relatively high, both the light and
heavy REEs’ fractionation is not obvious, and light REEs
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are slightly more enriched than heavy REEs. On the
chondrite-normalized REE diagram (Fig. 17), its curve is
slightly right-dipping and it has small positive and negative
europium anomalies, which are similar to the REE com-
positions of modern mid-ocean ridge tholeiite.

The total REE amount in marble is low, and the frac-
tionation of light and heavy REEs is not obvious. On one
hand, the cation of calcite is a six-coordinated mineral,
which is generally related to the selective partition type of
yttrium group REE. On the other hand, it is also related to
thermal effect of the overlying basalt lava. Light REEs are
slightly enriched, with weak positive europium anomalies
or insignificant negative anomalies. Its chondrite- normal-
ized REE model also forms a slightly right-dipping gentle
curve, similar to that of its overlying slate.

The REE composition in the lower part of the deposit’s
host rocks’ tourmaline quartz vein is characterized by a
very low total REE amount (0.91 x 107%), an obvious
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Fig. 15 The (La/Yb)-XREE plot of rock samples from the world.
(The sample numbers in the figure are consistent with those in
Tables 3, 5, 9 & 15)

Fig. 16 Diagram of Sm/Nd ratios of different rock samples from the
world (Richard et al. 1976). @: alkaline basalt (Kimberley); @:
alkaline basalt (Grenada); @: alkaline basalt (Hawaii); @: tholeiite
(Hawaii); ®: mid-ocean ridge basalt; ®: alpine peridotite (Alps); @:
xenolith in dipyridite; ®: sedimentary rock; @: middle and lower
Triassic slate from the deposit; @: the upper Permian metabasalt and
slate from the study area

positive europium anomaly (8Eu = 1.88), poor fractiona-
tion of light and heavy REEs, and a slight enrichment of
light REEs. Its REE distribution curve is slightly right-
sloping.

In general, different rocks of the Middle and Lower
Triassic in the study area have both differences and certain
similarities in REE composition, indicating either that they
have interacted with each other over their geological his-
tory or have a certain relationship in genesis. In addition,
through the analysis of REE geochemistry, it can also be
concluded that the Middle and Lower Triassic slates and
the metamorphosed upper black rock member of the Upper
Permian in this area all evolved from basalt magmas with
complex origins, which to a certain extent proves that the
Indosinian period tectonic—magmatic activity in the area
was more intense, and the upper mantle material often
upwelled into the crust.

oo v v ooy

Fig. 17 The chondrite-normalized REE models of different rock
samples from the Middle and Lower Triassic. (The sample numbers in
the Fig. are consistent with those in Tables 3 & 5)
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5.3 Geochemistry of silicon isotope

Silicon isotope geochemistry is a relatively new branch of
stable isotope geochemistry (Ding et al. 1994). Relevant
studies have shown that metamorphic rocks such as slate
and schist can preserve the protolith’s silicon isotopic
composition during the metamorphic process. Accordingly,
this paper attempts to restore the protolith of the deposit’s
metamorphic host rocks by using the host rock’s silicon
isotope. The silicon isotope results of three host rock
samples and one quartz sample from the tourmaline-quartz
vein are shown in Table 8.

According to Ding et al. (1994), the 8°°Sinps.os%o Of
intermediate-basic igneous rocks distribute between
— 1.0-0.3. The 8*°Sinps.os%o values of the three rock
samples from the study area just fall into this range, indi-
cating that their protolith is an intermediate-basic volcanic
rock.

In addition, the 83OSiNBS_28%o of the two amphibole
schist samples from the Qingchengzi lead—-zinc deposit in
Liaoning China are — 0.1 and — 0.3 respectively, while
that of the plagioclase amphibole schist and amphibole
schist from Gongchangling in Liaoning China are — 0.1
and 0.1 respectively. All these rocks’ protolith has been
proven to be basalt. The 8°°Sings.os%o of the deposit’s
schist and slate samples is also in the range of
— 0.3 ~ 0.1, again indicating that the protolith is basalt.

The 63OSiNBS_23%o of quartz samples from the tourma-
line quartz vein in this area is — 0.4, which should be
within the 83OSiNBS,28%o range of granitoid rocks.
According to Ding et al. (1994), the 83%Sinps.0s%o Of
granitoid rocks varies in the range of — 0.4 ~ 0.4, with a
peak value of — 0.1 and an average value of — 0.12.

6 Discussion

Combining the aforementioned host rock’s geological,
petrochemical, REE, and silicon isotope characteristics of
the Middle and Lower Triassic metamorphic rocks in the
study area, it can be seen that:

The deposit’s hosts rock schist and slate are a set of
regional low-temperature dynamic metamorphic rocks in
the Indosinian period with low greenschist facies. The
lithology and lithofacies change significantly, and the
alteration intensity is different; the alteration within the
deposit area is strong, and gradually weakens and disap-
pears as it moves away from the deposit.

The host rock has undergone multiple geological tec-
tonic movements, in which fault structures are developed
and various alterations such as dolomitization, tourmalin-
ization, muscovitization, silicification, sericitization, and
chloritization are commonly seen in the region. In addition,

@ Springer

pyrrhotite, lead-zinc, copper, pyrite, tellurium, bismuth,
and gold-silver mineralizations are also very developed.

The protolith of the host rock, namely the schist and
plate, is a set of basalt with complex genesis and compo-
sition. This set of basalts was formed under severe tectonic
change and the upper mantle was in a severe non-equilib-
rium state.

The change of the marble’s facies in the deposit is more
obvious, indicating that the lithofacies and paleogeo-
graphical environment at the time of its formation were
complex. Moreover, this set of marbles has been subjected
to more than one tectonic thermal disturbance after its
formation, resulting in anomalies in its geochemical char-
acteristics, such as a certain degree of similarity between
its REE composition and that of the overlying basalt. In
addition, the black streaks in the banded marble are mainly
composed of magnetite rather than carbonaceous argilla-
ceous rocks. This is worthy of further study in the future.

Quantitative chemical analyses of Te, Bi, Se, As, Au,
Ag, Cu, Pb, and Zn were conducted on different rock
samples including granite dykes, metamorphic rocks,
altered rocks, and carbonate veins of different geological
times. The main findings are summarized below (Yin et al.
1994b, 1996b; Yin 1996a).

The Te content in the granites is under 1 X 10~7, which
is similar to its Clark value in the Earth’s crust (Yin et al.
1995). Te in the metamorphic rocks is slightly higher than
in the granites and varies slightly between metamorphic
rocks of different geological times, while being relatively
higher in the Triassic metamorphic rocks. Of the meta-
morphic rocks in the same geological time, the Te content
in the slate and schist is higher than in the marble. Te
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
content is closely related to the alteration intensity; that is,
the ore-forming elements are not derived from the country
and/or host rocks, but instead from the mantle.

The numerous basalts of different geological ages
developed in the area also indicate that this area is a very
popular area for mantle materials to settle down. This
proves from one side that the ore-forming elements of this
deposit originate from the mantle.

The sulfur isotope results from the dominant ore mineral
telluride in this deposit (Yin et al. 1994b, 1996a, b; Yin and
Shi 2020), as well as results of fluid inclusions rich in Fe,
Te, S, As, Bi, Se, H,, CO,, N2, and CH, etc. in the
coexisting gangue minerals dolomite and quartz as well as
ore mineral tellurides (Yin et al. 1994b, 1996a, b; Yin
1996a), all indicate that the ore-forming materials originate
from the upper mantle.

Considering the widespread existence of mantle mate-
rials such as various basalts of different geological ages in
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this area, it is reasonable that the deposit is formed by
mantle-derived material richer in tellurium and bismuth
elements, in the form of mantle plumes or hot spots,
through the mantle degassing in the late Yanshanian oro-
geny (Yin et al. 1995). Its enrichment mechanism was
these nanometer-level gaseous substances from the mantle
enriched into ore bodies through the unique nano-effect,
which was then brought into the crust to form the deposit.

7 Conclusions

Based on the discussions above, the authors reach the
conclusions of this paper as follows:

Although they have been proposed by geological experts
for many years, the above-mentioned petrochemical dia-
grams and eigenvalues are still of great practical signifi-
cance for deciphering the protolith of many different kinds
of metamorphic rocks.

These diagrams include but are not limited to the ACM,
100 mg-c-(al + alk), SiO,-(Na,O + K,0), (al + fm)-
(c + alk) vs. si, (FeO + Fe,O3 4+ TiO)-Al,05-MgO,
c-mg, Al,0;3-(Na,O + K,0), the chondrite-normalized
REE model, La/Yb-REE, and Sm/Nd ratio diagrams, etc.
Additionally, these petrochemical eigenvalues include but
are not limited to the molecular number, Niggli’s value,
REE parity ratio, CaO/ALL,O;, Fe*™/(Fe*™ + Fe*™), the
chondrite-normalized REE value, logarithmic REE value,
various REE eigenvalues including Sc, Eu/Sm ratio, the
total REE amount, light REEs, heavy REEs, 0Eu, Eu
anomaly, Sm/Nd ratio, and Silicon isotope 5*%Sings.28%o,
etc.

The existence of many basalts of different geological
ages, as well as the existence of many intermediate-acid
igneous rocks of different geological ages originating from
these basic rocks, together with the existence of many
lithospheric faults in the area, fully demonstrate that the
formation of the Dashuigou tellurium deposit is closely
related to the mantle degassing in the form of mantle
plumes or hot spots. The gaseous materials discharged
from the mantle are rich in nano-scale tellurium and bis-
muth and can be enriched through the nano-effect, which
then rises to certain proper parts of the crust to form the
deposit.

The ultimate power for the tellurium mineralization was
from H, flow with giant energy, which was produced
through radiation from the melted iron of the Earth’s outer
core. The H, flow results in the Earth’s degassing, as well
as the mantle and crust’s uplift.
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