Acta Geochim (2024) 43:385-398
https://doi.org/10.1007/s11631-023-00665-z

ORIGINAL ARTICLE

Origin of the Dashuigou independent tellurium deposit
at Qinghai—Xizang Plateau: constraints from the light stable

isotopes C, O, and H

Jianzhao Yin'?@® - Yuhong Chao® - Haoyu Yin* - Hongyun Shi® - Shoupu Xiang®

Received: 28 October 2023 / Revised: 28 October 2023 / Accepted: 29 November 2023 / Published online: 11 January 2024
© The Author(s), under exclusive licence to Science Press and Institute of Geochemistry, CAS and Springer-Verlag GmbH Germany, part of

Springer Nature 2024

Abstract By studying the light isotopic compositions of
carbon, oxygen, and hydrogen, combined with previous
research results on the ore-forming source of the deposit,
the authors try to uncover its metallogenic origin. The
5'%0 and §'°C isotope signatures of dolomite samples vary
between 10.2 and 13.0%o, and between —7.2 and —5.2 %o,
respectively, implying that the carbon derives from the upper
mantle. 8D and 8'%0 of quartz, biotite, and muscovite from
different ore veins of the deposit vary between —82 and
—59%o, and between 11.6 and 12.4%o, respectively, imply-
ing that the metallogenic solutions are mainly magmatic.
According to the relevant research results of many isotope
geologists, the fractionation degree of hydrogen isotopes
increases as the depth to the Earth’s core increases, and the
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more differentiated the hydrogen isotopes are, the lower their
values will be. In other words, mantle-derived solutions can
have extremely low hydrogen isotope values. This means
that the 8D %o value — 134 of the pyrrhotite sample num-
bered SD-34 in this article may indicate mantle-derived ore-
forming fluid of the deposit. The formation of the Dashuigou
tellurium deposit occurred between 91.71 and 80.19 Ma.

Keywords Carbon, oxygen, and hydrogen isotopes -
Origin - Independent tellurium deposit - The Qinghai—
Xizang Plateau

1 Introduction

The average content of tellurium (Te) in the Earth’s crust is
2.0x 107 in China, and 1.34 x 10~ worldwide (Li 1976).
Because of its extremely low Clark value, Te was believed
by the traditional geological theory that it could not form
independent deposits but only occurred as an associated
component in other metallic deposits (Yin et al. 1995d; Yin
1996a; Yin and Shi 2020a).

Many people have never heard of tellurium. However,
this is about to change, as a next-generation battery that is
smaller and more powerful than presently available will
be produced (Cheng et al. 2020). The key material for
this kind of battery is tellurium, which has high electrical
conductivity and a high volumetric capacity. As a result,
tellurium will become more and more popular and well-
known in the near future. While rechargeable lithium-ion
batteries are currently the most popular on the market, the
latest test battery includes a flexible gel polymer electrolyte
that allows lithium ions to move between the lithium anode
and tellurium cathode. This results in a quasi-solid-state
lithium-tellurium battery that has improved performance
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compared to lithium-sulfur and lithium-selenium batteries
(Cheng et al. 2020). The high purity of tellurium along with
the metal’s overall attributes makes it ideal as a rechargeable
battery material.

Even now, the world’s leading source of refined tellurium
is mainly recovered from Te-bearing minerals including
chalcopyrite, etc. As a result, the supply of refined tellurium
is very limited (Yin et al. 1995e; Yin 1996a; Yin and Shi
2020a).

So far, the Dashuigou tellurium deposit is the only
known independent tellurium deposit in the world. Since
its discovery in 1992 (Chen et al. 1993; 1994a, b; Luo and
Cao 1994; Luo et al. 1994a, b), its origin has been debated
between geologists in China (Cao et al. 1994, 1995; Chen
et al. 1994a, b; Chen 1996; Luo et al. 1994a, b, 1996; Wang
et al. 1995, 1996, 2000; Yin et al. 1995¢; Yin 1996a; Yin
and Shi 2020a; Shen et al. 1997; Li et al. 1999, 2000). Chen
(1996), Mao et al. (1994, 1995a, b, ¢) believed that tellurium
mineralization is related to the Yanshanian alkaline intrusive
rocks, while Luo et al. (1994a, b, 1996) and Liu et. al. (1996)
believed that the mineralization is related to the Yanshanian
granitic magma activity. Yin et al. (1995a, b, 1996a, b)
proposed that scattered elements including tellurium and
bismuth originated from the mantle’s degassing and enriched
through nano-effects. Wang et al. (2000) concluded that the
deposit was formed on the ancient seafloor by a volcanic
eruption in the Late Proterozoic first; the deposit was then
strongly superimposed and reconstructed by the Mesozoic
multistage regional metamorphic hydrothermal activities.

This article attempts to further explore the origin of the
deposit’s ore-forming elements through the study of light
stable isotopes including carbon, hydrogen, and oxygen,
combined with previous research results on the ore-forming
source, etc.

2 Regional geology

Nestled in the convergence between the Indian, Eurasian,
and Pacific Plates, the Dashuigou tellurium deposit is
located in the transitional belt between the Yangtze platform
and Songpan-Ganzi folded belt (Xu et al. 1992), as part of
the Qinghai—Xizang Plateau (Fig. 1). The crust-mantle struc-
tures and properties in the region are the results of cumu-
lative tectogenesis throughout long geological times (Yin
1996a; Yin et al. 2020a, 2022d).

The geophysical data (Luo et al. 1994a, b, 1996; Yin et al.
1994c¢, 1995d; Yin 19964, b; Chen 1996; Wang et al. 2000;
Yin et al. 2020a, 2022d) indicates that the upper mantle in
the region is forming a dome structure.

As a result, the region has the following geophysical
properties: high density, high magnetism, high geothermal
flow, well-developed earthquakes and mantle’s uplift, an
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elevated heat flow, a low-velocity and low resistivity zone
in the middle crust that is interpreted as a decollement, and
an abnormal mantle existing below the crust.

Meanwhile, the region has properties of both geosyncline
and platform, as well as special characteristics of its own.
It is a geo-tectonically active zone with very complicated
structures and igneous rocks.

Overall, this region is geologically very active and a very
important south-north trending tectonomagmatic-mineral
belt (Luo et al. 1994a, b, 1996; Yin et al. 1994c, 1995d; Yin
1996a, b; Chen 1996; Wang et al. 2000; Yin et al. 2020a,
2022d).

The structures, strata, and igneous rocks in the region
trend north—south (Yin et al. 2020a, 2022d).

A large amount of Archaean high-grade metamorphic
rocks of the Kangding group emerge to the southeast of
the study area. The other strata are low-grade metamorphic
rocks of the Silurian, Devonian, and Permian systems, and
Middle-Lower Triassic series.

The well-developed igneous rocks in the region are of
ultrabasic, basic, neutral, acid, and alkaline types, produced
during different geological times.

Various mineral resources including Cu, Pb, Zn, Ti, V,
Nb, Ta, Li, REE, rare metals/semi-metals, and coal in the
region are very rich; many of which are well known, for
instance, the Shimian asbestos and the Panzhihua vanadium
titano-magnetite deposit (Luo et al. 1994a, b, 1996; Yin et al.
1944c, 1995d; Yin 19964, b; Chen 1996; Wang et al. 2000;
Yin et al. 2020a, 2022d).

3 Mine geology

The Strata of the mine encompass a set of Lower-Middle
Triassic low-grade metamorphic rocks including marble,
slate, phyllite, and schist; all of which collectively make up
an NNE-trending dome. The tellurium deposit is located at
the northeastern end of the Triassic metamorphic dome (Yin
et al. 1994c, 1995¢).

The ore bodies’ main wall and host rocks are schist and
phyllite, of which the protolith is poorly differentiated, man-
tle-derived basalt, which was formed under severe tectonic
change with the upper mantle in a non-equilibrium state,
based on their geological and geochemical characteristics
(Yin et al. 1994a, b, c; 1995d, 1996a, b; Yin 1996a; Yin
et al. 2022d) (Fig. 2).

The lithology and lithofacies change significantly and
the alteration intensity is different. The alteration within
the deposit area is strong and gradually weakens and
disappears as it moves away from the deposit. The host
rock has undergone multiple tectonic movements, during
which faults are developed and various alterations such
as dolomitization, tourmalinization, muscovitization,
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Fig. 1 Regional geology

(after Yin et al. 2022d). 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 Indosin-
ian orogeny; 7. Plutonic alkaline
syenite of the Indosinian
orogeny; 8. Plutonic monzo-
nitic 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

Fig. 2 Mine geology (after Yin ————
etal. 2022d) 0 0 0 I [ I [T [ [ A==

[ T [T T [T T [ [ ‘=== !m

ET] stateschist [ Jiron sulfide vein === ] [ | [ ==

ERmatle  [F]faul - N

o e——v [ [ I [ [ ===

[ win ] msuedintred || A ” | ”MH ” [ ” [ ” [ “ =
s ; j

@ Springer



388

Acta Geochim (2024) 43:385-398

silicification, sericitization, and chloritization are commonly
seen in the area. More importantly, tellurium, bismuth, gold-
silver, lead, copper, pyrite, and pyrrhotite mineralizations are
also developed (Yin et al. 2022d).

Both faults and folds are well-developed in the area.
Linear faults and circular structures intersected and
superimposed with each other to form the special and
typical @-shaped structures, which control the formation
of a variety of mineral deposits, including the Dashuigou
tellurium deposit itself, the subject of this article.

No intrusive rocks emerge within 5 km of the deposit.
Only two small, Permian ultrabasic-basic rock bodies
emerge within a 10 km range of the deposit. The large
neutral, acid, and alkaline intrusive bodies exist beyond
10 km of the deposit (Fig. 1).

The ore bodies are controlled by and fill in a group of
shear fractures (Figs. 2, 3 and 4). So far, more than nine tel-
lurium ore bodies have been discovered, which strike around
350-10 degrees with a dip of 55-70 degrees towards the
west (Figs. 3, 4). The ore bodies’ widths vary between 25
and 30 cm. Most of the ore bodies are in the lenticular shape
and have sharp contact with their host rocks.

The altered host rocks occur in narrow bands ranging
between several centimeters and 1 m in thickness, of which
those bands beside the massive ore bodies are narrower and
only several centimeters wide.

Among the main alterations mentioned above, dolomiti-
zation is the most widely distributed in the area, and the
dolomite is symbiotic with sericite and/or muscovite. The
early quartz veins developed in dense shear fissures, and

2. Pyrrhotite vein

Fig. 3 The horizontal projection of the telluride veins of the Dashu-
igou deposit (modified after Yin 1996a)
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Fig. 4 Longitudinal section of the telluride and pyrrhotite veins of
the Dashuigou deposit (modified after Yin 1996a)

=

the late quartz veins were mostly white with sericite and/or
muscovite. Tourmalinization, chloritization, and albitization
are closely associated with the early pyrrhotite and pyrite.
In general, the wall rock alterations closely related to early
pyrrhotite veins include biotitization, dolomitization, silici-
fication, tourmalinization, albitization, chloritization, and
pyritization. The typical mineral combination of this early
stage is coarse-grained dolomite 4 coarse-grained pentago-
nal dodecahedral pyrite 4 pyrrhotite 4 biotite 4 albite + tour-
maline + chlorite 4+ quartz. The wall rock alterations closely
associated with tellurium veins include muscovitization
and/or sericitization, dolomitization, silicification, chalco-
pyrite, and galena mineralization, etc. The typical mineral
combination is tetradymite + tsumoite + tellurobismuth-
ite + dolomite + quartz 4+ chalcopyrite + native gold + native
silver 4+ galena (Figs. 5, 6).

At least 30 minerals including ore minerals such as tet-
radymite, tsumoite, tellurobismuthite, gold, silver, and elec-
trum in the ore have been identified. These ore minerals
comprise 85% of the deposit’s massive and semi-massive
ore. Gangue minerals include pyrrhotite, pyrite, dolomite,
quartz, chalcopyrite, galena, magnetite, ilmenite, and hema-
tite, with minor calcite, calaverite, siderite, mannesite, rutile,
muscovite, biotite, sericite, hornblende, chlorite, plagioclase,
K-feldspar, tourmaline, garnet, apatite, and epidote (Yin et al.
1994a, b, ¢, 1995d, 19964, b; Chen et al. 1994a, b; Yin 1996a).

The most important ores are massive/semi-massive and
the second important ores are disseminated. The tellurium
grade in the ores varies between 0.01 and 34.58 wt%.

Replacement, remnant, reaction edge, and granular are
the ore’s dominant textures; while massive, vein/veinlet, and
stockwork vein are the deposit’s dominant ore structures.
Tetradymite replaced pyrrhotite and the latter appeared in
telluride as a pictographic residue (Fig. 5). Early-formed
minerals are often replaced by later-formed minerals and
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Tetradymite + Tsumoite + Tellurobismuthite

Pyrrhotite

Dolomite

Fig. 5 Light grey-silvery colored tetradymite + tsumoite + tellurobis-
muthite fine veinlets in massive dark-colored pyrrhotite 4+ dolomite
(brownish white) from ore body #I-1 of the deposit

Fig. 6 Solid solution textures between telluride minerals (white) and
chalcopyrite (grey)

appear as metasomatic residues. Tetradymite underwent a
metasomatic reaction with pyrrhotite to form characteristic
reaction edge textures. Solid solution textures between chal-
copyrite and tetradymite are common (Fig. 6).

Two paragenetic stages and five sub-stages are recog-
nized in the deposit; namely, the pyrrhotite stage compris-
ing of three sub-stages, dolomite sub-stage — pyrrhotite sub-
stage — chalcopyrite sub-stage (from early to late); and the
tellurium stage comprising of two sub-stages, tetradymite
sub-stage — tsumoite sub-stage (Cao and Luo 1993; Chen
et al. 1994a, b; Yin et al. 1995a; Yin 1996a; Mao et al.
1995a, b, ¢c; Xu et al. 1998; Yin and Shi 2020a).

4 Analytical methodology and techniques

Almost all minerals used for isotopic tests in this article were
collected and recovered from telluride veins formed during
the later tellurium stage, not the earlier pyrrhotite stage, in
order to obtain relevant minerals for the tellurium rather than
pyrrhotite mineralization stages.

By using an apparatus which was originally used for
oxygen isotope analysis through the BrF5 method, further
analyses were conducted, including oxygen isotope analysis
of water by means of CO,-H,O equilibration, oxygen and
carbon isotope analysis of carbonates with H;PO,, and deu-
terium isotope analysis of water using zinc and deuterium-
hydrogen composition analysis of water extracted from
minerals. The analysis accuracy for the above-mentioned
methods was checked against international standards. The
analytical results of NBS-18 and NBS-19 are, within the
systematical error range, essentially in agreement with the
recommended values from various global laboratories. The
obtained 8D and §'80 values of NBS-30 agree with those
both from I. Fridman and T.B. Coplen (Yichang Institute of
Geology and Minerals 1982; Zhang 1989). In addition, the
results from the CO,, water, and oxygen isotope fractionation
factor of 1.0417 at 25 °C conform to that from M. Majzoub,
and the 5'%0 of NBS-28 agrees with that from Y. Matsuhisa
(Jin et al. 1985; Jia et al. 2001).

Analysis method of hydrogen and oxygen isotopes in min-
eral fluid inclusions is summarized as follows:

Weigh 5-15 g sample and wash minerals including
quartz and dolomite with concentrated nitric acid to remove
other minerals that may be contained. Use deionized water
to repeatedly wash to neutral, heat, and dry for standby.
Put the samples into a quartz tube, heat it to degas,
vacuum it, and place it at a high temperature to burst and
collect the fluid. Conduct H and O isotope analysis on
the collected fluid. Hydrogen isotopes were determined
by the zinc reduction method. Water and zinc exchange
under high temperature — hydrogen collection — analysis
on a MAT251 mass spectrometry. The determination of
oxygen isotopes was by the carbon dioxide-water high-
temperature equilibrium method. Oxygen isotope exchange
between water and high-purity carbon dioxide at high
temperature — collection and exchange of carbon dioxide
after equilibrium — MAT 251 mass spectrometry analysis.

The isotope analysis process adopts GBW04402 stand-
ard water sample and duplicate sample (30% duplicates of
the measured samples). The standard measured value is 8D
(%0)=— 648+ 1.1, 8'%0 (%0)=— 8.79+0.14, and its cer-
tificate value is within the allowable range of measurement
error. The test results of duplicate samples are also consist-
ent within the error range, indicating that the test process
is reliable and the experimental data obtained are accurate
and reliable.
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The gases and liquids in the mineral inclusions are
released by bursting, crushing, and grinding; and then
through separation, purification, and redox reactions to
collect testable gases such as hydrogen and carbon dioxide.
Finally, a gas isotope ratio mass spectrometer (IRMS) in a
dual-injection (duel inlet) mode was used to analyze both
carbon and hydrogen isotopes. The analysis error of carbon
isotope is generally less than + 1%eo.

The laboratories performing isotope testing are listed in
the footnotes of Tables 1 and 4.

5 Results
5.1 Carbon and oxygen isotopes

Carbon and oxygen isotope results of dominant carbonate
minerals collected from the deposit’s various veins and mar-
bles are listed in Table 1 and shown in Fig. 7a, b and c, in
which 61805M0W is the total oxygen isotope value and is
calculated, using the following formula:

8" 0gp0w = 1.03086 x §'¥0pp +30.86 (Zhang 1984).

According to Table 1 and Fig. 7a, b, and c, there exist two
different genetic groups of dolomite minerals in the study
area:

For dolomite veins outside the deposit, coarse-grained
marble and banded marble of the Lower-Middle Trias-
sic strata (series #11 through 13 in Table 1): 8'3C, varies
between — 0.3 and — 2.1 %o with a range of 2.4 and an aver-
age of 1.03 %o; 8'80ppg and 8'80y,ow respectively vary
between — 6.6 and — 3.8%o0 and 24.0-27.0 %o with respec-
tive ranges of 2.8 %o and 3.0 %o, and respective averages of
— 5.6 %o and 25.1%o. Dolomite veins outside the deposit
have very similar carbon and oxygen isotope characteristics
to the local marble.

For dolomite veins within the deposit: §'°C %o varies
between — 7.2 and — 5.2 %o and a 17-sample average of
-5.8 %o; and 8" 0ppg%e and 8'%0gyow %o respectively
vary between — 20.1 and — 17.3 %o and 10.2—-13.0 %0 with
respective averages of — 18.4 %o and 12.90%o.

Both carbon and oxygen isotopes of the two groups of
minerals differ greatly, indicating they do not have a genetic
relationship with each other; that is, both carbon and oxygen
of the deposit’s dolomite veins did not derive from the local
coarse-grained and banded marbles of the Lower-Middle
Triassic strata.

Both carbon and oxygen isotopes of dolomite from the
ore veins concentrate in a narrow scope, implying they are
from the same source. Figure 8 below demonstrates a similar
result of carbon origin as discussed above.

Table 1 Carbon and oxygen isotope results of carbonate minerals from the study area

Series # Sample ID  Sample name Location 5 Cppy (%0) 580ppg (%0) 8040w (%)
1 SD12-1 Dolomite (DV) Between #I1 &III Ore Zone -53 —18.7 11.6
2 SD-23 Dolomite (DPyrV) Next to #I-4 Ore Vein -5.6 —-18.1 12.2
3 SD-29 Dolomite (DPyrV) Next to #I-5 Ore Vein -55 —18.6 11.7
4 SD-40 Dolomite (DTV) From #I-1 Ore Vein -5.6 —18.6 11.7
5 SD-44 Dolomite (DV) Next to #I-3 Ore Vein -55 —18.0 12.3
6 SD-46 Dolomite (DTV) From #I-2 Ore Vein -53 —-17.4 12.9
7 SD-59 Dolomite (DTV) From #I-10 Ore Vein =55 —18.0 12.3
8 SD-62 Dolomite (DV) Next to #I-9 Ore Vein -54 —18.6 11.7
9 SD65-1 Dolomite (DV) Next to #1-8 Ore Vein -6.4 —20.1 10.2
10 SD-71 Dolomite (DPyrV) From #IV Ore Zone -5.2 —18.4 11.9
11 SL-09 Dolomite (MDV) At Liushapo next to the mine 2.1 -3.8 27.0
12 SD-49 Calcite from BM At #4 Portal of the deposit -0.3 -6.5 242
13 SD-69 Calcite from CGM At bottom of the Dashui Valley 1.3 -6.6 24.0
14 TB-04 Dolomite Free pickup from the ore stockpile -7.2 -7.2 12.3
15 TB-05 Dolomite Free pickup from the ore stockpile -59 -59 12.2
16 TB-06 Dolomite Free pickup from the ore stockpile -6.2 -6.2 10.9
17 TB-07 Dolomite Free pickup from the ore stockpile -5.7 -5.7 11.8
18 TB-08 Dolomite Free pickup from the ore stockpile —-5.8 —-5.8 13.0
19 TB-09 Dolomite Free pickup from the ore stockpile -5.7 -5.7 12.4
20 TB-10 Dolomite Free pickup from the ore stockpile -64 -64 12.0

DV Dolomite vein, DPyrV Dolomite—pyrrhotite vein, DTV Dolomite—tetradymite vein, MDV Muscovite—dolomite

vein, BM Banded marble, CGM Coarse grained marble; uncertainty of these isotope measurements: = 0.1%o;

Lab: Chinese Academy of Geologcial Sciences
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By comparing the deposit’s carbon isotopes with those in  study area represent marine facies, while carbon of dolomite
Table 2, the authors propose that both the coarse-grained and  veins outside the deposit are from the marbles. The carbon
banded marbles of the Lower-Middle Triassic strata in the
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Table 2 5'3C %o characteristics of some typical materials (Yichang
1982)

Organic carbon (%o) Inorganic carbon (%o)

Aquatic vegetation (—6.0~—19.0) Diamond (—4.0~-8.0)
General plants (=24.0~34.0) Graphite =75
Algae (=12.0~23.0) Kimberlite -8.0
Animal (-=6.0~—17.0) Calcite (-=4.0~-9.0)

Marine organics —28.0 Volcanic gases (—4.5~—9.0)

Table 3 Z value criteria of carbon origin of the minerals from the
study area

Series # Sample # Z Carbon genetic type (source)
1 SD12-1 107.133 7.<120

2 SD-23 106.817 fresh water carbonate
3 SD-29 106.773

4 SD-40 106.568

5 SD-44 107.072

6 SD-46 107.780

7 SD-59 107.072

8 SD-62 106.978

9 SD65-1 104.183

10 SD-71 107.487

11 SL-09 129.708 Z>120

12 SD-49 123.449 marine carbonate

13 SD-69 126.676

14 TB-04 103.590 7.<120

15 TB-05 106.203 fresh water carbonate
16 TB-06 104.941

17 TB-07 106.413

18 TB-08 106.806

19 TB-09 106.712

20 TB-10 105.079

of the deposit’s dolomite alternations is derived from the
mantle.

According to the following equation by Keith et al. via
Zhang (1984) and the data from Table 1, Table 3 is produced
below:

Z=A (8"3C%o0+50)+B ( 8'80ppp %o +50).

A =2.048, B=0.498.

It is marine facies of carbonate when Z> 120, and
freshwater facies of carbonate if Z < 120.

According to the Z values in Table 3, dolomite carbon
in the deposit’s ore veins is derived from fresh water, or
more precisely, from deep hydrothermal solutions. Those of
marbles and dolomite veins outside the deposit are typical
marine facies of sedimentary carbonate origin.

The precondition to correctly calculate Z value is
that the carbon isotopes did not produce clear fractional
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distribution during the geological process (Yichang
Institute of Geology and Minerals 1982; Zhang 1984,
Sherlock et al. 1995, 1999; Zhang et al. 2013).

5.2 Hydrogen and oxygen isotopes

Hydrogen and oxygen isotope results of quartz, muscovite,
biotite, and pyrrhotite in the study area are listed in
Table 4. 3D of samples SD-20, SD-21, and SD-23 in the
table are the result of hydrogen consisting of the minerals,
while that of all other samples are the result of H,O in the
corresponding minerals’ fluid inclusions.

8180 of different minerals in Table 4 has the following
characteristics: 6180%IrtZ > 880, covite > 0 S Opiogie> Which
is similar to the 8'80 of granite minerals after the oxygen
isotope exchange is balanced.

oD test of sample #SL-01; namely the sample with the
series #1, in Table 4 failed and the sample was destroyed
together with its glass tube container. Fortunately, tests of
all other quartz samples succeeded, and homogenization
temperatures of fluid inclusions in those samples were
obtained. By using the following equation by Clayton and
O’Neil (1972), as well as both homogenization tempera-
tures of fluid inclusions and §'®Ogy,qw of the correspond-
ing minerals, 8'®0y,q of the hydrothermal solutions that
have reached oxygen exchange balance with the corre-
sponding minerals are calculated and displayed in Table 4.

1000Ina=3.38 x 10° T~* - 3.40.

10001na~8"%0 4, — 8'*Oppa0.

Namely, 8'%0 g, — 8'*Opp0 =3.38 x 10° T7% - 3.40.

8D %o of all samples in Table 4 varies between — 134
and — 59 %o with a 10-sample average of — 72.4 %o.
According to the traditional hydrogen isotope theory, dD
of the study area’s quartz and biotite fall into Taylor’s
(1968) magmatic water area (8D =— 50 and — 85 %o),
while that of pyrrhotite belongs to Taylor’s meteoric water
range. Additionally, 8D of the samples overlaps with that
of metamorphic water (— 20 and — 90%o), primitive brine
and formation water (0 to — 140 %o), and meteoric water
(= 50 to — 350 %o) (Taylor 1968; Yichang Institute of
Geology and Minerals 1982; Zhang 1984). Figure 9 below
also shows the origins of the metallogenic fluids.

Oxygen isotope results of dolomite and calcite are
respectively listed in Tables 1 and 4, as discussed earlier
in this paper, and further summarized in Table 5.

From Table 5, it can be seen that:

618Odolomite (outside the mine) > 618Ocalcile (of the mine) > 8180
quartz (vein) > 618Odolomite (of the mine) > 6180
> 618Obiotite > 618Oquartz (granite)*

By use of the following equations, 8'%0y;,(, of dolomite
and calcite can be obtained and are listed in Table 6 and
shown in Fig. 10 below:

muscovite (of the mine)
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Table 4 5D and 5'%0 results of minerals from the study area

Series #  Sampleid  Sample name Location H.T Dgmow  00smow 8Om0
°C %o

1 SL-01 Quartz from granite At Niubeishan, Xinchang outside the deposit ~ n/a n/a 8.5 n/a

2 SL-06 Quartz from a QV At Liushapo outside the deposit 291.3 -72.0 17.8 10.59

3 SL-11 Quartz from a TQV At Liushapo outside the deposit 339.0 -61.0 13.8 8.18

4 SD-09 Quartz from a QV From #I-1 Ore Zone 180.0 —82.0 134 0.33

5 SD12-1 Quartz from a QV Between #II & III Ore Zones 415.3 —62.0 129 9.17

6 SD-25 Quartz from ore From #I-4 Ore Vein 225.0 —64.0 134 3.17

7 SD-67 Quartz from ore From #I-7 Ore Vein 337.7 —-59.0 12.3 6.64

8 SD-20 Biotite from A.R at the footwall of #III-3 Pyrrhotite Vein n/a —-67.0 8.6 n/a

9 SD-21 muscovite From A.R  at the footwall of #1II-3 Pyrrhotite Vein n/a —-64.0 11.4 n/a

10 SD-23 muscovite From A.R Next to #I-4 Ore Vein n/a -59.0 10.2 n/a

11 SD-34 Pyrrhotite Next to #I-4 Ore Vein n/a —134.0 n/a n/a

H.T. Homogenization temperature, QV Quartz vein, A.R. Altered wall-rock, TQV Tourmaline—quartz vein

Lab: Analysis by Chinese Academy of Geological Sciences

meteorological water line

metamorphic fluid

8D%o
2
|

-100 —

-140 —

-180
L DL N LI L L L L L L

Fig. 9 8D-6"%0y,( diagram of quartz demonstrating fluid origins of
the study area (Spot numbers on the diagram corresponding to the
sample series numbers in Table 4). 2: SL-06, 3: SL-11, 4: SD-09, 5:
SD-12-1, 6: SD-25, 7: SD-67

1000Ina=3.08 x 10° T2 — 3.24 (for dolomite) (Zhang
1984).

10001na = 830, mie — 8'°Oip0-

And,

1000Ina=2.78 x 10® T=2 — 3.39 (for calcite) (Zhang
1984).

10001na~8"%0 e — 8"*Oppo-

8'80y,0%0 of the deposit is similar to both that of the
Providencia Pb—Zn deposit in Mexico (0.2-7.0%0) and that
of the Casapalace Ag—Pb—Zn mine in Peru (4.0 — 10.0 %o),
both of which are believed to be of typical magmatic water
origin (Yichang Institute of Geology and Minerals 1982;
Ding et al. 2013; Gammons et al. 2020; Quesnel et al.
2023 and Cherai et al. 2023).

Based on the data above, the authors preliminarily con-
clude that 8D%e, 8'%0, and 6180H20 of dolomite, quartz,
pyrrhotite, muscovite, and biotite indicate that the depos-
it’s metallogenic hydrothermal solutions are primarily
mantle-derived.

Table 5 Summarized

characteristics of 8'%0 of Mineral #of sample 5" Osyio (%)
minerals from the study area Scope Range  Concentrated  Average
modal value

Calcite 2 24.0~242 02 n/a 24.1
Dolomite from the deposit 17 10.2~13.0 2.8 11.6~12.4 12.0
Quartz from a quartz vein 6 123~17.8 5.5 12.3~13.8 139
Muscovite 2 10.2~11.4 1.2 n/a 10.8
Biotite 1 8.6 n/a 8.6 8.6
Quartz from granite 1 8.5 n/a 8.5 8.5
Dolomite from outside the deposit 1 27.0 n/a n/a 27.0
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Table 6 Calculated 5'%0y;,, of dolomite and calcite from the study
area

series # sample id H.T. (°C) 8"80gmow 500
%o

8 SD-62 165.0 11.7 ~1.11

9 SD65-1 238.0 10.2 1.64

13 SD69 180.7 24.0 13.88

H.T. Homogenization temperature of fluid inclusions

Sample series # in the table is same as those in Table 1

Legend

D 1. dolomite |

[\ 2 quarz
3. calcite

0 2 4

™ \\. . . 8130}{20%0

N
8 10 12 14

Fig. 10 Histogram of %0y, of the main minerals from the study
area

6 Discussion

The carbon and oxygen isotope research results of this
article confirm that there are two groups of carbonate
minerals in the study area that are not genetically related.
By comparing the deposit’s carbon isotopes with those in
Table 2, we propose that both the coarse-grained and banded
marbles of the Lower-Middle Triassic strata in the study
area are marine facies, while carbon of dolomite veins
outside the deposit is from these marbles. Both carbon and
oxygen isotopes of dolomite from the ore veins concentrate
in a narrow scope, implying they are from the same source.
Figure 8 above demonstrates a similar if not the same result
of carbon origin.

On the basis of the very brief discussion above, our
preliminary conclusion is that the T, , marbles in the study
area are metamorphosed marine facies of carbonate rocks.
The dolomite veins, which are one of the major Te-carriers,
show highly uniform isotopic signatures and their average
8'3Cyc%o and 8'*05%o values are similar to the general
total carbon 8'*Cy%o and total oxygen §'80gq%o of the
deposit’s metallogenic solutions, meaning these Te-carrying
dolomite veins have nothing to do with the T,_, marbles.
Moreover, they imply that they are mantle-derived and were
produced by the abnormal mantle zone as CO, degassed
from the deep Earth, and have no relation to the wall rocks in

@ Springer

the area (Yin and Shi 2020a; Yin et al. 2022d). Meanwhile,
both carbon and oxygen of those dolomite veins outside the
deposit mainly derive from the marbles of the country rocks.
8D%o, 8'%0, and 6180H20 of dolomite, quartz, pyrrhotite,
muscovite, and biotite from the mine show that the deposit’s
metallogenic hydrothermal solutions are mainly mantle-
derived. Dolomite veins outside the deposit have very simi-
lar carbon and oxygen isotope characteristics to the marbles,
meaning both carbon and oxygen of the dolomite veins out-
side the deposit resulted from the local marbles in the area.

According to Yin and Shi (2020a), 5°*S%o of tetradymite
from the deposit is similar to that of meteorites and rocks
from the mantle, indicating that the sulfur originates from
the mantle. In addition, lead isotopes of the telluride min-
erals indicate that the deposit’s lead is primarily from the
mantle with some captured from the Earth’s crust.

It is worth discussing the true meaning of sample SD-34’s
8D value: -134.0%o of pyrrhotite in Table 4, as this kind of
value was traditionally considered to be of meteoric origin.
In the 1980s-1990s, many geologists already observed 8D of
mantle-derived solutions as low as below — 250.0 (Nabelek
et al. 1983; Taylor 1983; Taylor et al. 1984; Brigham and O’
Neil 1985; Sheppard and Harris 1985; Qin et al. 1987; Yu
et al. 1989; Gui et al., 1989; Li & Yu 1989; Li & Shen 1990;
Li et al. 1992; Chen 1993, 1996). They believed that mag-
matic degasification or dewatering could result in such low
8D values. Chen (1993, 1996) stated that negative dD values
indicate a close relationship with the Earth’s evolution, dur-
ing which hydrogen isotopes respectively experienced open,
semi-open, and closed system fractionations, and resulted
in isotope differentiation between the hydrosphere, litho-
sphere, and mantle. Additionally, the fractionation degree of
hydrogen isotopes increases as the depth to the Earth’s core
increases. The higher the fractionation degree of hydrogen
isotopes, the lower the 8D values; that is, a mantle-derived
solution could have extremely low dD values. Research
on hydrogen isotopes of both fluid inclusions of meteorite
and of the solar system already proves this (Robert et al.
1979, 1981, 1983; Yang et al. 1982a, b, 1983; and Pillinger
1984). Examples of this include: 8D, 8'%0, and §'80y;,, of
4 alkaline riebeckite samples of the Bayan Obo Giant REE
mine in China, which were believed to be mantle-derived,
are respectively — 227.4, 6.9, and 0.9; — 230.3, 6.8, and
1.3; — 243.1, 8.51, 1.2; and — 253.9, 8.6, and 0.7. 8D and
830 of the brucite sample collected from the mantle-derived
ultrabasic intrusive of the well-known asbestos mine close
to the Dashuigou tellurium deposit are respectively — 128.3
and — 9.4 %o (Xu and Li 1987).

As aresult, the 8D %o value -134 of the pyrrhotite sample
numbered SD-34 in Table 4 may indicate mantle-derived
water, but not meteoric water.

Cao et al. (1994, 1995) published oxygen isotope results
for the same deposit of 6.1-7.91%o, though neither the kinds
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of minerals contained within these samples nor whether the
oxygen isotope was 8'%0 . ... or 880, were discussed.
Cao et al. concluded that the isotope results showed mag-
matic water characteristics, and also published §'0y;,, %o
and 8D %o of quartz samples from the late quartz veins,
which were respectively 1.28-8.70 and — 56.40 — -146.45,
and concluded that meteoric water got involved in the later
mineralization epoch.

Our study shows that 5180quanz (vein) Y00 concentrates
between 11.6 and 12.4, very close to that of 8'%0,,,ovite OF
the mine, implying they were from the same source.

According to Chen (1993, 1996), similar to hydrogen
and other stable isotopes mentioned above, stable isotope
values decrease with closer proximity to the Earth’s core;
for instance, 8'%0 of sedimentary rocks is higher than that
of igneous rocks. Meanwhile, heavy stable isotopes tend
to enrich at the Earth’s surface while light ones enrich at
the Earth’s core, and in the same hydrothermal solution
system, 8'80 of early-formed minerals is lower than that of
late-formed ones due to further fractionation of the stable
isotopes. This explains why 8'80y,jomi.e OUtside the mine is
higher than that of other minerals in the region because it
results from the marble of the country rocks.

According to previous researchers, the deposit’s ore-
forming fluid can be divided into the magma hydrothermal
origin (Cao et al. 1994, 1995; Luo et al. 1994a, b, 1996;
Chen 1996; Chen et al. 1998; Li et al. 1999; Li and Liu
2000), the metamorphic hydrothermal origin (Wang et al.
1995; Shen et al. 1997), and the mixed hydrothermal origin
(Wang et al. 2000).

By studying the gas—liquid inclusions in minerals from
the deposit, Luo et al. (1994a, b) and Wang et al. (1995)
derived the following physical and chemical conditions for
the deposit’s mineralization: the ore-forming temperature
120-350 °C, the salinity 7.2-35.0 wt% NacCl, the oxygen
fugacity f,,=— 42.3 to — 45.5, and the pH of ore-forming
hydrothermal fluid 6.3. Unfortunately, their study did not
specify which mineralization stage the minerals were taken
from. Therefore, these data are only for reference.

Similarly, Cao et al. (1994, 1995) and Li et al. (1999)
obtained the following physical and chemical conditions for
the mineralization: the corrected paragenetic temperatures of
stages I, I, and III were 319, 315, and 304 °C, respectively;
an average paragenetic pressure of 884 x 10° Pa and the
corresponding paragenetic depth estimated by the static rock
pressure model 3339 m. Since the inclusion types in each
mineralization stage are pretty similar, they are considered
to have similar paragenetic depths. It should still be noted
that such numbers are not accurate (Pei et al. 2016; Xu
et al. 2016). The salinity of fluids from each mineralization
stage is roughly similar, with an average of 21% in stage
I, 26% in stage 11, and 18% in stage 111, respectively. The
pressures of the mineralization fluids respectively are stage

110.0x10°-34. 0x 10° Pa, stage I1 10.0x 10°—-34.8 x 10° Pa,
and stage III 10.0 x 10°-35.6x 10 ° Pa. The pH value of the
hydrothermal solution during the tellurium mineralization
stage is 5.9, which is estimated by using alkali metal ions
and halogen element ions (Pei et al. 2016; Xu et al. 2016).

Also by their study of gas-liquid inclusions from the
same deposit, Chen et al. (1998) concluded that three
systems of fluid inclusions exist in the deposit, of which
tellurium mineralization is related to the first two systems.
The paragenetic temperature of the tellurium stage is 400 °C,
the fluid density varies between 1.0 and 0.76 g/cm3, and the
paragenetic pressure is 240-300 MPa.

According to Yin and Shi (2021b), fluid inclusions
are different in different host minerals from the deposit.
Fluid inclusion homogenization temperatures of those
quartz samples formed during the tellurium stage vary
between 180 and 250 °C. The salinity of fluid inclusions
in minerals formed during the tellurium stage is between
15 and 19 wt% NaCl eq. within the medium salinity range,
while formation pressures of the samples from minerals
formed during the tellurium stage vary between 0.65 and
1.02 Kbar. The saturation pressure of the gas phase when
the liquid-rich inclusions are homogeneous is obtained
by projection on the T-w-p phase diagram of Bischoff &
Metzler (1991), and the pressure range is determined
by the intersection of the homogenization temperature
and salinity curves. The uniform pressure of CO,-rich
inclusions is obtained by looking up the related table. The
corresponding mineralization depth is 4.1-2.2 km, while
mineralization temperatures of the deposit’s tellurium
stage are 216.9-229.0 °C. The fluid inclusions are richest
in SO42_, richer in H,O than in CO,, rich in Ca**, CO,, H,,
and CH,, and moderate in CI".

After Wei and Mao (1998) and Chen et al. (1998)
conducted similar studies on relevant fluid inclusions of
the deposit, they concluded that the ore-forming fluids and
elements are mantle-derived.

The results of quantitative chemical analysis of the
abundance of mineralizing elements in the surrounding
rocks in the study area indicate that these surrounding rocks
are not ore-forming sources. In other words, the ore-forming
elements are not derived from relevant strata and igneous
rocks in the study area (Yin et al. 1994a, b, c; 1995d, 1996a,
b; Yin 1996a). Earlier studies have shown that ore-forming
elements come from the mantle (Yin and Shi 2020a; Yin
et al. 2022d).

Considering both the geology and geochemistry of the ore
bodies, the deposit’s ore veins cut across metamorphic wall-
rocks but do not emplace along the beddings, meaning that
the metallogeny has nothing to do with metamorphic fluid,
but instead has a close relationship with the fluids degassed
from the mantle which mixed with some meteoric water
(Yin and Shi 2019a, 2020a, Yin et al. 2022d). The deposit
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is formed by fluids rich in nano-scale substances including
Fe, Te, S, As, Bi, Au, Se, H,, CO,, N,, H,0, and CH,, which
are degassed from the mantle during the Himalaya orogeny
and enriched by nano-effect, and finally rise to a certain part
of the crust along the lithospheric fault to form the deposit
(Yin and Shi 2019a; Yin et al. 2022d).

7 Conclusions

The carbon, hydrogen, and oxygen related to the Dashuigou
tellurium deposit derive from the upper mantle.

The deposit’s formation results from the Himalayan
orogeny. During the late Mesozoic and Cenozoic
periods, the Tethyan region including Qinghai-Xizang
between Gondwanaland and Eurasia underwent closure
and deformation, culminating with the upheaval of the
Himalayas, Alps, and other mountain ranges in Asia Minor.
During this series of main tectonic-magmatic events,
tellurium, bismuth, sulfur, and hydrothermal solutions from
the upper mantle gathered together and enriched gradually.
Meanwhile, these materials moved upward and finally
formed the tellurium deposit unique in the world.

As a noteworthy new perspective based on numerous
earlier studies, it has to be noted the mantle-derived ore-
forming solutions could have extremely low 8D values, due
to the fractionation of hydrogen isotope.
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