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Abstract: The Qingshan lead—zinc deposit is one of the typical deposits in the Weining-
Shuicheng metallogenic belt in the northwest Guizhou mining area. This deposit is strictly
controlled by tectonics, making it highly distinctive. This study used the REE, Fe, and
Mn typological characteristics of calcite in the NE mineralization fault zone of the Qing-
shan lead-zinc deposit in Guizhou to trace the source of ore-forming materials and the
local structural stress field characteristics of the fault. Through comprehensively applying
structural analysis and LA-ICP-MS technology, the mechanical properties of the fault were
analyzed and the REE characteristics of calcite, as well as the variation laws of Fe and
Mn, were studied. The results of this study reveal that NE-trending mineralization faults
controlled the production of gently inclined ore bodies; the distribution patterns of REEs in
the three types of calcite are all “negative Eu-weak negative Ce-right skewed”, with the
REE content in calcite near the ore body being significantly increased; furthermore, the
variation pattern of Fe and Mn elemental contents in calcite indicate the local stress field
characteristics of the ore-forming fault zone. The local opening space of NE-trending com-
pressional and torsional ore-forming faults (where the dip angle slows down) is favorable
for the nucleation of mineralized veins. With this study, we therefore improve knowledge
regarding the relationships between tectonic stress fields and mineral exploration, serving
as a potential source for the prediction of sites that are suitable for the exploitation of
tectonic stress fields for mineral exploration, and show that mineral prediction is conducive
to achieving the sustainable development of mines.

Keywords: hydrothermal calcite; REE characteristics; Fe and Mn characteristics; mineral
grain growth direction; local stress field; Qingshan lead—zinc deposit

1. Introduction

The Qingshan lead-zinc deposit is a typical medium-sized deposit in the Weining—
Shuicheng metallogenic subzone of the Northwest Guizhou mining concentration area,
with an average Pb+Zn grade of about 30%, and is strictly controlled by the tectonic
structure. In order to realize the sustainable production of this deposit, it is especially
important to find and predict ores, and so, the role of tectonic control has always been
the characteristic difficulty in research on this deposit. The germanium-rich lead-zinc
deposits in the Northwest Guizhou mining area formed in the NE tectonic belt, and the
main ore-control structure is “Normal fault-Anticline” [1]. The Qingshan Pb-Zn deposit
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was mainly subjected to NW main compressive stress in the late Indo-Chinese and early
Yanshan (mineralization periods), which led to interlayer sliding of the strata in the south
and west flanks of the Weishui backslope. The ore-forming fluids were thus transferred at
shallow depth on the footwall of the main control faults and penetrated into the derived
WNW-striking fracture zones. The WNW-oriented fracture-controlled ore body has been
gradually clarified according to the formation of a capsule and massive ore body with
an extension greater than the depth [2]. However, the spatial distribution and scale of
the newly discovered Pb—-Zn-bearing veins controlled by the NE-directed fractures are
obviously different from those of the WNW-directed fractures. Therefore, this study was
conducted to better understand the tectonic setting of the mineralized veins associated
with the NE-striking fracture as well as to provide information about an ore deposit
of potential interest for exploitation. Calcite is the most prevalent gangue mineral
in mineral deposits. Under varying stress conditions, the orientation of calcite grain
growth frequently differs, and this grain growth orientation can serve as an indicator
of the principal compressive stress direction within the local stress field [3]. In the field
work, when the minerals (e.g., calcite, quartz, and other gangue minerals, as well as
sphalerite, galena and other ore minerals) within the fracture are of small particle size,
homogeneous. and dense, it is not easy to observe the growth direction of the mineral
grains. Han R.S. et al. [4] have pointed out that “the metallogenic tectonic system controls
the mineralization system, and the mineralization system maps the tectonic system”.
Tracing the characteristics of local stress fields based on the typomorphic characteristics
of hydrothermal calcite in the lead-zinc metallogenic system utilizing the geochemical
analysis method and laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS), the characteristics of rare earth elements in calcite were employed to trace the
source of the ore-forming materials and discern their association with mineralization.
Furthermore, according to the content variation characteristics of Fe, Mn, and other
trace elements in calcite, the growth direction of the calcite grains was inferred, further
proving the mechanical properties and stress types of ore-forming faults, as well as
providing theoretical support for prospecting and exploration.

Therefore, this study focuses on characterization of the germanium-rich lead-zinc
deposit in Qingshan, in order to describe the composition of calcite related to mineralization
within the NE-trending fracture. We analyzed the geochemical REE composition of the
three types of calcite found in association with the mineralization and their relationships
with the ore deposit. This allowed us to decipher the local stress field characteristics of the
ore-forming fracture sites on the basis of the Fe and Mn variations, revealing the mechanism
controlling the growth of calcite along the fractures.

2. Regional Geological Features

The Northwest Guizhou Mining Aggregate is located on the east side of the triangle
enclosed by the Xiaojiang, Ziyun—Yadu, and Mile-Shizong fracture zones (see Figure 1),
and it is an important part of the lead—zinc polymetallic metallogenic area in the area
bordering Sichuan, Yunnan, and Guizhou [1]. Due to its unique tectonic background and
metallogenic-geological conditions, it has become one of the most important lead-zinc and
other polymetallic-producing areas in China.

The geologic periods of outcrops in the area are mainly Silurian, Devonian, Carbonifer-
ous, Permian, Triassic, Jurassic, and Cretaceous, with carbonate rocks as the main lithology
followed by sandstones and shales, and Permian Emeishan Basalt is found throughout
the area [5]. The ore-endowed stratigraphy is characterized by “multilayered position”
and “older to in the northwest and younger in the southeast” [6]. The term “multilayered”
refers to the fact that the rocks hosting the mineralization include Devonian limestone,
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Carboniferous limestone/dolomite, and Permian sandstone/shale. The lithology of ore-
bearing strata is mainly dolomite, followed by dolomitic limestone and limestone in the
Qingshan lead—zinc deposit.

The tectonic development in the area can be divided into three main tectonic zones:
the Yadu-Pythonkou folded tectonic zone, the Weining-Shuicheng compact folded tectonic
zone, and the Yinchangpo—Yunluhe folded tectonic zone [1,7]. The ore deposits formed
along the main regional axial plane foliation developed in association with the NE-NNE
and NW folds. The representative deposits in the area include the Zhugongtang, Yin-
changpo, Tiangiao, Xiaojiwan, Qingshan, and Shanshulin deposits. The Qingshan Pb—Zn
deposit described in this study is located in the Weining—Shuicheng metallogenic subzone
(Figure 1).

Only two types of magmatic rocks—Emeishan basalt and gabbro—are exposed in
the area. Huang Z.L. et al. [8] suggested that Pb—Zn mineralization is closely related to
Emeishan basalt; however, the two may only be spatially related and not biologically
related [9] (Li Bo, 2012). More than 70 gabbroic veins have been found in the area, with
magmatic ages of 283-246 Ma and 158-111.5 Ma [6].
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Figure 1. (a) Geologic map of the area of the Northwest Guizhou Mineral Fields. (b) Sketch map of

the location of the study area. (c) A-A/, geological profile (modified from Jin Zhongguo, 2008) [6].
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3. Geological Characteristics of the Ore Deposit

The Qingshan lead—zinc deposit is located at the southwest edge of the Weishui
Fault Basin, where a series of NW-directed tight folds and NW-directed, NE-directed, and
WNW-striking fractures are developed. The host rock exposed in the mining area includes
(Figure 2) the Lower Carboniferous Pizuo Formation (C1b) dolomitic limestone, Upper
Carboniferous Huanglong Formation (Cyh) limestone, Upper Carboniferous Maping For-
mation (Cpm) limestone, Middle Permian Liangshan Formation (P;/) argillaceous sandstone
and carbonaceous shale, Middle Permian Qixia Maokou Formation (Pog+m) limestone, Up-
per Permian Emeishan Basalt Formation (P38) basalt, Upper Permian Longtan Formation,
and Dalong Formation (P3/+d) muddy sandstone and carbonaceous shale. The bedding
strikes toward NW, and the dip is generally steep. The ore body mainly developed in
the Maping Formation, into NWW- and NNE-NE-oriented fractures. The main control
fractures F1 and F2 are a group of NWW interlayer fractures which are generally con-
sistent with the bedding, dipping 75-85° toward SW. The main ore body is endowed in
the backslope and interlayer fractures are derived from the footwall of F1 (Figure 3). The
style of the ore-controlling structure of this deposit has the same direction as the “Normal
faults—Anticlines” combination [1].

The ore body strikes between NW 75 and 80°, tends to SW, and ambles laterally
towards SE. The extension direction of the main ore body is consistent with the NWW-
oriented fractures and strata, with extension greater than the depth. The ore body is
massive, sac-like, brecciated, and vein-like and is mainly produced in the void space
of the NW and NE secondary fractures and dorsal slopes derived from the footwall of
F1. The ore is dominated by sulfide ores (galena, sphalerite), with minor oxide min-
erals. The ores are mainly blocky, brecciated, banded, vesicular, and honeycomb. The
mineral composition is relatively simple, and the main minerals are galena, sphalerite,
pyrite, calcite, and dolomite. The minor minerals include fluorite, barite, and limonite,
among others.

The alteration types of the surrounding rocks of the Qingshan lead—zinc deposit are
mainly divided into carbonatization, pyritization, silicification, chloritization, and barite.
The carbonatization is dominated by calcite, accompanied by dolomitization.
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Figure 3. Geological sketch map of the Qingshan lead—-zinc deposit (revised from mine data).
(a) Geologic map of the deposit. (b) Cross section of the location of the ore body.

4. Sample Collection and Test
4.1. Sample Collection and Description

Eight calcite samples were collected in the main inclined shaft of the Qingshan lead—
zinc deposit, which are calcites from three sectors of the NE-trending fault in the metal-
logenic belt and representative of the three main stages of activity: torsion, tension, and
compression (Figure 4, Table 1).

The different generations of calcite observed along the fault were divided into three
types, according to the geological setting and the microscale features: early metallogenic
stage (Call), main metallogenic stage (Calll), and late metallogenic stage (CalllI).

Call appears as white and flesh-red veinlets (Figure 5(al-a3)) with a width of about
0.3-0.5 cm, usually extending for several meters along the strike and partially broken by
secondary joints. Reddish-brown iron and lead-zinc ore veinlets can be seen on both sides
of the calcite vein, which are associated with it.

Table 1. Calcite sampling locations and sample characterization.

Fracture Mechanical

Sample Saml?le Properties of Sample Color Type Formation Period
Number Location . . Occurrence
Sampling Site
Qs-2 . .
M tall
QSs-3 1675 m Tension Comb-like White Fault zone au: e 6(1: (ﬁ;lemc
QS-4 stage (Calll)
S-5 Earl tall i
85' 6 1675 m Torsion Veinlet White Fault zone a s}:c ;g: (ac:l%)e e
Qs-7

. ) Late metallogenic
QS-8 1675 m Compression Lath Pink Fault zone stage (CallIT)

QSs-9
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Calll is white and light yellow, agglomerate or comb-like (Figure 5(b1-b3)), and
occasionally wrapped by galena, sphalerite, and pyrite breccia. The calcite and ore body in
the fault zone present obvious zonation, and the surrounding rock shows iron impregnation
and strong alteration which is visible to the naked eye.

Callll appears as white strips (Figure 5(c1-c3)) with a width of about 15-20 cm. It
occasionally cuts lead—zinc ore bodies/veins. In terms of space, the following holds:
Calll — Call — Callll in a gradual manner in terms of distance from the ore body.

4.2. The Mineral Assemblage at the Microscale

Three types of calcites were identified by optical microscopy (Figure 5): Call (Figure 5a),
from the early metallogenic stage, is a hypidiomorphic-xenomorphic Cal with developed
cleavage inside, is filled with xenomorphic Gn and Sp along the cleavage, and transmits
light; Calll (Figure 5b), from the main metallogenic stage, is a xenomorphic Cal that coexists
with hypidiomorphic Gn, Sp, and Py and reflects light; Callll (Figure 5c), from the late
metallogenic stage, is a euhedral Cal with a double crystal grain parallel to the long axis of
the calcite rhombic cleavage, which transmits light.

4.3. Sample Test

First, all the samples were numbered and cleaned, and eight thin sections and eight
laser sections were prepared. The sections were observed with an optical microscope in
order to distinguish different mineral assemblages and related microstructures. In situ trace
elements of calcite were then analyzed via LA-ICP-MS at Guangzhou Tuoyan Analytical
Technology Co., Ltd., Guangzhou, China. A New Wave research 193 nm ArF excimer laser-
ablation system was used in the laboratory in combination with a Thermo Scientific iCAP
RQ Quadrupole (Thermo Fisher Scientific (China) Co., Ltd., Shanghai, China.) inductively
coupled plasma mass spectrometry (ICP-MS) system. The raw isotope data were reduced
using the 3D Trace Element data reduction scheme (DRS) in IOLITE software (version and
model number: iolite v4) [10]. In IOLITE, user-defined time intervals are established for the
baseline correction procedure in order to calculate session-wide baseline-corrected values
for each isotope. Details of the used analytical techniques were previously provided by Liu
etal. [11] and Chu et al. [12].

5. Results
5.1. Analysis of the NE Fault Structure

The lead—zinc mineralization of this deposit is a consequence of the mineralization
response to the closure of the Paleo-Tethys Ocean, which was triggered by the collision of
continental blocks during the late Indosinian period. The mineralization occurred under
the influence of principal compressive stress directed northwestward [2]. The NE-trending
faults studied in this study are a group of nearly parallel sliced faults on the plane. During
the metallogenic period, the mechanical properties are generally left lateral, compressional,
and torsional, derived from the right lateral torsion of the WNW-trending bedding faults,
and belong to the fourth-grade ore-controlling structure of the deposit. Due to the change
in dip angle, strike, and other occurrences, the local stress field in different positions of the
fault zone changes, thus showing different mechanical properties. Three parts (different
local stress fields) in the NE-trending fault zone are selected for analysis. The plane position
is shown in Figure 4.

5.1.1. Action Characteristics of Torsional Stress

The occurrence of the first part (Figure 6) is NE13°Z32°NW, the fracture surface is
relatively straight, the fracture bandwidth is about 0.3-0.5 cm, the width of the fracture
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zone has not changed significantly, calcite (Call) has developed and filled along the fracture
zone, and reddish-brown iron veinlets have developed on both sides of the calcite vein.
The formation of the fracture is mainly affected by torsional stress.

Analysis of planar Analysis of planar
133° hanical properties mechanical profiles

N
133° .

f:NE13°

f:NE13° £32° NW

Figure 6. Sketch map of the torsional part of the NE-oriented fracture in the 1675 m mid-mining
zone. ((D Finely veined calcite in the fracture zone; (2) grayish-white finely crystalline massive chert;
@ reddish-brown ferruginous veins.).

5.1.2. Action Characteristics of Tensile Stress

The occurrence of the next part (Figure 7) is NE20°£26°SE, the fracture surface of
the ore-bearing part is serrated, and the fracture bandwidth is about 20-35 cm. The
fracture is filled with massive, bedded-like ore bodies, comb calcite (Calll), and massive
brecciated calcareous cataclastic rocks. The lithology of the surrounding rock is gray-white
fine-grained limestone. The analysis indicated that this part is mainly tensioned.

Analysis of planar Analysis of planar

—4F~133° mechanical properties mechanical profiles
N °
7, b
[ P o
N\ VAN
\ == 05 \ / 2,

H(’o 25 50cm
e —

10cm

.

f:NE20° £26° SE

Figure 7. Sketch map of the tensile part of the NE-oriented fracture in the 1675 m mid-mining zone.
(@ Comb calcite in ore body; @ ore body; 3 grayish-white fine-crystalline massive chert.).
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5.1.3. Action Characteristics of Compressive Stress

The occurrence of the third part (Figure 8) is NE40°£46° NW, the fracture surface
is gentle and wavy, and the fracture bandwidth is about 15-20 cm. The fracture zone is
filled with lath calcite (Callll) mixed with reddish-brown iron veinlets. The secondary
compressive fractures, derived from the side of the fault, are also filled with calcite veinlets.
The sharp angle between the secondary fractures and the main fault indicates that the fault
is a reverse fault, and this part is mainly subject to compression.

Analysis of planar Analysis of planar
mechanical properties mechanical profiles

—A4=110°

16 110°,~
6>

L P 7\ G
277N
.

6

i

f3:NE40° £46° NW f3:NE40° £46° NW§

Figure 8. Sketch map of the compressive part of the NE-oriented fracture in the 1675 m mid-
mining zone. (D Slaty calcite in the fracture zone; ) reddish-brown ferruginous veins; (3) collateral
derived joints.).

Through the structural analysis of these three parts in the NE-trending fault zone, it
can be seen that the part controlling the occurrence of gently inclined ore bodies is mainly
the tension part of the fault.

5.2. Calcite REE Characterization

We assessed the REE content and related parameters of the calcite and surrounding
rock (Table 2) using the chondrite standardized distribution model (Figure 9). Our findings
are as follows:

1. Calll had the highest total amount of rare earth elements (ZREE = 16.44-55.41 x 10’6),
with obvious fractionation of light and heavy rare earth elements, where the light rare
earth elements were the most enriched (LREE = 14.42-47.25 x 10’6), with LREE/HREE
(mean) = 6.40 and (La/YDb)N (mean) = 28.24, and the pattern of the rare earth element
partitioning was right-dipping, with negative Eu anomaly (6Eu = 0.58-1.03) and weak
negative Ce anomaly (6Ce = 0.5-0.63).

2. The total amount of REEs in Call (ZREE = 1.41-28.93 x 10~°) was enriched in light
rare earth elements, with LREE/HREE (mean) = 5.48 and (La/Yb)N (mean) = 23.75,
and the pattern of rare earth element partitioning was right-dipping, with maximum
negative Eu anomaly (0Eu = 0.26-1.09) and weak Ce anomaly (6Ce = 0.43-0.55).

3. Callll had relatively low total rare earth elements (XREE = 2.03-4.68 x 107°), was
enriched in light rare earth elements, with LREE/HREE (mean) = 3.92 and (La/Yb)N
(mean) = 6.19, and weak Eu (0Eu = 0.5-1.46) and Ce (6Ce = 0.56-0.70) anomalies.
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Table 2. REE content (10~¢) and parameters of the three types of calcite within the NE-oriented fractures in the Qingshan Pb—Zn deposit.

13?11;%1; Typology La Ge Pr Nd Sm EFu Gd Tb Dy Ho E Tm Yb Lu Y YREE LREE HREE LREE/HREE Lay/Yby 6Eu  8Ce
933 981 175 723 137 028 153 020 119 024 053 006 024 005 1285 3381 2977 404 7.36 2784 058  0.60
695 792 155 614 129 034 171 020 129 025 062 008 043 005 1477 2881 2419 462 5.23 1153 069 059
566 444 077 311 057 024 086 007 039 010 016 002 005 002 640 1644 1478 167 8.87 8116 1.03 052
434 397 087 39 099 028 145 021 121 029 084 008 040 006 1716 1897 1442 454 317 782 072 050
0s2 can 1526 1413 291 1222 211 062 297 036 242 046 128 013 048 005 3006 5541 4725 816 5.79 272 075 052
1033 11.04 200 803 149 042 179 025 157 030 085 009 038 005 1701 3861 3332 529 6.30 1934 079 059
779 886 155 691 155 034 180 021 125 024 067 006 028 003 1452 3156 2700 456 5.92 1986 062  0.63
627 661 113 533 134 029 144 019 110 022 061 005 022 003 1379 2482 2097  3.86 5.44 2091 063 061
1078 1062 186 789 157 031 175 019 112 023 061 008 026 004 1422 3730 3304 426 7.75 2067 058 058
1193 1178 203 823 174 039 18 022 127 023 057 006 021 004 1493 4052 3610 442 8.17 4161 067 059
216 196 043 194 055 024 081 012 071 018 048 006 035 004 1119 1003 728 275 2.64 446 109 050
362 284 060 257 060 013 062 008 053 012 026 003 021 003 680 1224 1035 188 5.50 1231 064 047
170 134 026 119 018 002 030 003 020 003 006 001 002 000 192 532 468  0.64 7.27 6475 030 049
786 672 160 688 162 033 170 020 117 021 042 004 016 002 1373 2893 2501 392 6.37 3621 062 047
0S5 cap 319 267 049 215 048 012 062 007 046 011 025 004 016 002 689 1082 910 173 5.27 1408 068 052
028 030 006 025 011 001 007 002 014 003 010 001 004 000 209 141 100 040 2.49 497 026 055
704 552 124 510 099 024 124 013 079 013 031 003 014 002 969 2292 2013 278 7.23 3525 065 046
785 472 093 370 062 018 08 009 059 011 036 004 018 002 728 2025 1801 224 8.04 3145 076 043
340 283 055 262 046 014 072 009 050 010 025 002 013 001 667 118 1002 182 5.52 1851 077 051
281 274 063 319 065 017 092 012 063 013 033 003 013 003 881 1250 1019 231 442 1547 065 050
121 122 021 101 020 003 017 004 025 004 018 002 008 002 331 468 388 080 488 1050 057 059
074 099 018 08 016 004 018 003 027 004 011 002 011 001 323 374 29 078 3.79 486 066  0.66
056 cam 063 068 013 056 014 004 033 001 021 005 015 001 011 002 320 307 217 090 242 408 055 059
055 049 005 036 012 005 009 002 009 003 013 001 004 001 143 203 161 041 3.89 8.85 146 070
104 122 025 093 030 005 033 005 030 003 012 001 013 002 280 479 380 099 3.83 558 050 0.9
042 042 008 059 023 005 008 002 008 003 005 001 009 001 141 217 179 038 472 327 100 056
WY-1 186 271 056 152 026 0059 031 0047 037 0071 027 0027 022 0034 407 832 697 135 517 606 064 065
WY-2 232 328 062 195 037 0082 046 008 043 011 039 0036 03 0042 497 1047 862 185 4.66 555 061 067
WY-3 Perimeter 615 705 142 555 101 021 129 021 128 03 08 013 08 012 115 2647 2139 508 421 513 056 058
WY-4 rok 066 18 032 07 011 0024 016 003 018 005 02 0028 02 0033 236 45 363 088 412 237 055 097
WY-5 (limestone) 211 313 084 146 027 0074 041 0062 038 0099 038 0035 029 0046 457 959 78 170 4.63 522 068 058
WY-6 3% 33 1 28 055 011 063 011 076 019 06 0092 066 008 923 1422 1109 313 3.55 3.61 057 044
WY-7 168 213 067 124 018 0061 03 0041 031 008 037 0049 034 0061 461 7518 59 156 3.83 354 080 049

Note: Three types of calcite samples QS-2, QS-5, QS-6 comprise a total of three laser films; each laser film is used to select 10 points for micro-area in situ trace element content testing;
QS-6 multiple element content was below the lower limit of detection so only six of the groups were selected.
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Figure 9. REE partitioning pattern of three types of calcite within the NE-directed fracture of the
Qingshan Pb-Zn deposit. (a) QS-2: REE partitioning model of Calll; (b) QS-5: REE partitioning model
of Call; (c) QS-6: REE partitioning model of Callll; (d) REE partitioning model of Perimeter rock.

5.3. Calcite Fe, Min Elemental Characteristics

The calcite Fe and Mn elemental contents (Table 3) varied with distance from the mine:

1.  Calll had the highest Fe + Mn content of 2186.69 x 10~;
2. Call had a moderate Fe + Mn content of 1066.96 x 10~¢;
3. Callll had the lowest Fe + Mn content of 904.31 x 10~°.

Table 3. Elemental concentrations of Fe and Mn in calcite (x107°).

Sample Number Typology Fe Mn Fe + Mn Fe + Mn Average Value

1361.18 47991 1841.08
1341.32 439.43 1780.75
1329.19 543.06 1872.25
1324.63 1845.42 3170.05
1517.42 2425.59 3943.01

Q5-2 Calll 1343.03 558.60 1901.62 2186.69
132221 770.87 2093.08
1298.94 42268 1721.62
1340.93 513.97 1854.91
1241.81 446.67 1688.48
905.07 60.06 965.13
923.67 141.57 1065.24

Q55 Call 1205.53 7131 1276.84 1066.96
931.71 2891 960.62
881.64 2481 906.45

Qs-6 Callll 885.68 16.49 902.17 904.31
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The Fe + Mn content within the calcite indicated a significant decrease when moving
away from the main ore body.

6. Discussion

6.1. The Indicative Significance of REE in Calcite
6.1.1. Characterization of REE Partitioning Patterns in Calcite

By studying the tectonic control features and the rare earth element compositions of the
products formed by tectonic activities (i.e., fracture tectonics and veins filled in the fracture
tectonics), we can explore the ore-controlling effects of fracture tectonics of different natures,
the sources of ore-forming fluids, and the influence of the tectonics on the redistribution
of rare earth elements [13]. The three different types of calcite within the NE-trending
fractures were all characterized by enrichment in light rare earth elements (LREEs). The
REE partitioning pattern was right-dipping (Figure 9), consistent with the REE partitioning
patterns of calcites from a number of Pb—Zn deposits in the Sichuan—Yunnan—-Guizhou
mineralized catchment area [14,15]. The main pathway for rare earth elements to enter
calcite is to displace Ca?* in the lattice; as the ionic radii of LREEs are closer to Ca%* than
those of HREEs, it is easier for LREEs to enter the calcite lattice by displacing Ca?* than
HREEs. The REE partition coefficient in calcite fluid decreases with increasing atomic
coefficients [16-18], which suggests that LREEs preferentially enter into the mineralizing
fluid. Call, Calll, and CalllI all presented obvious Eu negative anomalies, indicating that
the calcite associated with the ore body in the crystallization and precipitation of the
mineralization fluid has a reducing nature, the Eu within the fluid is reduced to Eut?,
and the rare earth partitioning pattern presents negative Eu anomalies. Farther from the
ore body, the calcite did not present obvious Eu and Ce anomalies, indicating that the
mineralization fluid had near-neutral characteristics, forming calcite rich in Ca?*-CO32~
constitutive fluid, which may derive from the formation of the calcite.

6.1.2. Causes of the Three Types of Calcite

In order to explore whether the three types of calcites presented homology, we con-
sidered the hypothesis of Bau and Moller [19] that homologous chondritic minerals are
roughly horizontally distributed on the Y/Ho-La/Ho diagram. Although the calcites
differed in terms of the total REEs, partitioning patterns, and characteristic parameters with
the differences in sampling locations and production conditions, the roughly horizontal
distribution of the Y/Ho-La/Ho diagram (Figure 10a) may indicate that calcites from the
three types of NE-trending fractures are homologous, as La/Ho shows a certain regularity
between the calcite production locations (i.e., there is a continuous trend of change between
Call, Calll, and Callll). However, the Y/Ho-La/Ho diagrams were roughly horizontally
distributed, indicating that the three types of NE-directed fractures are homologous, and
La/Ho showed a certain regularity with the change in calcite output location (i.e., they are
presumed to belong to different stages of the same period given that Call, Calll, and Callll
show a trend of continuous change).

The formation environment and evolution of calcite can be explained by the Yb/La-
Yb/Ca diagram [20,21], as shown in Figure 10b. The calcite genesis is divided into three
genesis zones: pegmatite, hydrothermal, and sedimentary. The calcite in the NE-oriented
fractures under study falls into the hydrothermal genesis zone and is shown to have been
formed by crystallization, in accordance with the geological fact that calcite is produced in
the form of combs, veins, and laths.
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Figure 10. (a) La/Ho-Y/Ho diagram of calcite; (b) Yb/La-Yb/Ca diagram of calcite.

6.2. Calcite Fe and Mn Elemental Variations

Chen Z.Q. [22] demonstrated that the thermoluminescence of calcite in Xitieshan
lead-zinc ore is affected by its Mn?*, Fe?*, and REE** composition and that its intensity of
thermoluminescence decreases in accordance with its location (i.e., the closer it is to the
ore body, the higher the elemental content of Fe and Mn in the calcite). In the Maoping
lead—zinc deposit, Pb—Zn enrichment is associated with Fe calcite mineralization [23]. The
calcite formed during the mineralization period has high Fe and Mn mass fractions [24], as
well as higher Fe, Mn, Pb, Zn, and other element contents relative to pre-mineralization
calcite, as concluded in [25]. Based on the abovementioned studies, we may speculate
that the changes in Fe and Mn elemental contents in calcite can reveal the transportation
of mineralizing fluids and their evolutionary characteristics; in general, the closer to the
Pb-Zn ore body, the higher the Fe, Mn, and REE contents within the calcite.

The study results indicated that when moving away from the ore (i.e., Calll — Call
— Callll), the Fe and Mn content in calcite present a significant decrease, with the highest
Fe + Mn content (2186.69 x 107°) in Calll inside the ore body; however, as the fracture
that produces calcite moves farther and farther away from the ore body, the Fe and Mn
contents decrease dramatically and reach a minimum in Callll. This indicates that during
the mineralization period, the mineralizing fluid cooled down and precipitated rapidly
within the fracture. At the same time, the tensile part of the fracture had a comparatively
larger space such that the Fe and Mn elements within the fluid could be maximized and
precipitated; thus, Calll formed by carbonate crystallization and precipitation during the
same period had the highest Fe and Mn elemental contents. However, as the ore-holding
space becomes smaller, the output of calcite transforms into a vein-like shape, and the
contents of Fe and Mn elements are decreased. Finally, the phenomenon of gradually
decreasing Fe and Mn content in calcite moving away from the ore is formed, which
provides important information for the prediction of mineral locations.

6.3. Interpretation of the Ore Deposit Within the Tectonic Setting

In the process of mineralization, fractures can serve both as conduits for the uplift
and transport of ore-forming fluids and as spaces where fluids are injected and fill to form
veins. Fractures can control the rock (ore) veins that fill them through their mechanical
properties and their own activity, which mainly derives from the structural characteristics
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of the fracture and changes in the local stress field. Sun J.C. and Han R.S. [3] argued
that the opening of fractures of different natures and scales differs, and the structural
morphology of crystallized minerals is also different; together, these factors determine the
conditions for the injection of mineral fluids as well as the morphology and production
characteristics of ore deposits. A large amount of geological evidence indicates that the
mineral grain growth direction differs under different stresses as follows: plate-like and
columnar minerals grow along the parallel vein wall under compressive stress (Figure 11a),
minerals crystallized under tensile stress grow vertically along the vein wall in the form of
combs (Figure 11b), and minerals crystallized within torsional fractures grow obliquely
across the vein wall if torsional stresses continue to act (Figure 11c). Therefore, the direction
of mineral grain growth can indicate the direction of the main compressive stress in the
local stress field, which can be used as a geochemical criterion to indicate the mechanical
nature of mineralized fractures.

/
/

T
T
|

a b c
, The direction The g_rowth direction ZIFracture
of stress of mineral crystals surface

Figure 11. Schematic diagram of mineral grain growth direction under different stresses (modified

from Sun and Han, 2016). (a) Mineral grain growth patterns under compressive stresses; (b) mineral
grain growth mode under tensile stress; (c) mineral grain growth patterns under torsional stresses.

In the process of metallogenic hydrothermal precipitation, calcite has a certain selec-
tivity with respect to the elements in the fluid. In particular, Mn?*, Fe?*, and Zn?* often
replace Ca®* in the calcite lattice, where CaCO3 and MnCOj3 can even form a complete ho-
mogeneous sequence [26]. Wang ].S. [27] found that the Fe and Mn contents of calcite were
significantly higher than those of late-mineralized calcite in the main metallogenic period
of the Pangiqalin-type gold deposits in Qiandongnan and that the Fe and Mn contents of
calcite were more stable in the late-mineralized period compared with non-mineralized
fluids. Wang J.S. [27] also found that the Fe and Mn contents of calcite in the main mineral-
ization period of the Pangikalin-type gold deposit in Qianxinan were significantly higher
than those of calcite in the late mineralization period, that these elements are more stable in
the lattice of calcite, and that the mineralization fluids have higher Fe and Mn composi-
tion compared with the non-mineralization fluids. The pattern of variation in Fe and Mn
elements is also closely related to the type of rare earth enrichment in calcite, and Fe-Mn
phase materials including aqueous Fe-Mn crusts, Fe-rich organic colloids, Fe-Mn surface
overburden, or suspended particles can lead to enrichment in medium and heavy rare
earth elements via adsorption [28-34]. In addition, Fe and Mn are also commonly enriched
elements in Pb—Zn ore bodies, and Lin Y. [35] has suggested that the Fe/In and Mn/In
plots present a positive correlation resulting from the Fe-Mn-rich nature of sphalerite in
the agglomerated sulfides. Therefore, in this study, we assessed the Fe and Mn contents of
three types of calcite to determine the implications of their content variation characteristics
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on the growth direction of calcite grains and the nature of the local stress field in different
parts of the fracture.

Three groups of calcite—namely, Calll, Call, and Callll—were selected as representa-
tive tensile, torsional, and compressive structures of the NE-oriented fractures, respectively.
Contour plots were drawn with respect to the elemental contents of Fe and Mn measured
for the oriented samples in the a (strike) and b (tendency) directions, denoted as al to a5
and b1 to b5 for the LA-ICP-MS laser stripping point locations.

As can be seen from Figure 12, in the b direction, the Fe + Mn elemental content
contour plot of Calll presents a symmetrical phenomenon of decreasing from both sides to
the center; this indicates that after the Ca?*~CO32~ rich metallogenic fluid penetrated into
the tensile part of the fracture (open space), the vertical vein wall of the calcite (fracture
surface) underwent comb-like growth. Therefore, the elemental contents of Fe and Mn
varied with the direction of the growth of the calcite in a manner that decreased from both
sides to the center, showing a “middle” in the direction of the vertical fracture surface.
Therefore, the Fe and Mn elemental content changes with the growth direction of calcite,
from both sides to the center, present a symmetrical phenomenon of “low in the middle
and high on both sides” in the direction of the vertical fracture surface. This implies that
during the mineralization period, the local stress field was tensile and the growth of calcite
grains was controlled by the tensile stress in the mineralized part of the fracture.
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Figure 12. Contour plot of Fe and Mn content of calcite within the fracture tensile site. (a) Fracture

tensile site morphology and Calll; (b) Concentration contour plots for Fe + Mn; (c) orientation
specimens of Calll; (d) section and LA-ICP-MS laser stripping point orientation.

As can be seen from Figure 13, the contour plot of Fe and Mn elemental content
of Callll indicates an overall increasing trend from b1 to b5 in the b direction, and the
Fe + Mn content increased from 6000 x 107 to 11,000 x 10~°. The compressive part of
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the fracture presents a gentle wavy cracking surface, and the calcite in the fracture zone
appears to be sheeted and grows in the form of laths and strips, characterized by an obvious
compressive nature. This indicates that after fluid penetration along the fracture, the calcite
was controlled by compressive stress within the local stress field and grew roughly parallel
to the fracture surface in the form of laths. The elemental contents of Fe and Mn also
changed with the direction of calcite growth, which had the characteristics of increasing or
decreasing along the direction of calcite growth, implying that in the pressurized part of
the fracture, the growth of calcite grains was controlled by the compressive stress and the
local stress field was pressurized.

110° e a
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Figure 13. Contour plots of Fe and Mn concentrations of calcite within the fracture compressibility

site. (a) Fracture compression site morphology and Callll; (b) concentration contour plots for Fe + Mn;
(c) orientation specimens of Callll; (d) section and LA-ICP-MS laser stripping point orientation.

As can be seen from Figure 14, the Fe and Mn elemental content contour plots of Call
do not show regular changes compared with those of Calll and Callll and thus cannot
correspond to the characteristics of the mineral grain/body diagonal intersecting vein wall
growth under torsional stress. The cause of this phenomenon may be that the torsional part
of the NE-oriented fracture under study is in the transition position between tensile and
compressive such that the local stress field in this part is not purely torsional. Influenced by
both tensile and compressive stresses, the change in Fe and Mn elemental content is chaotic;
meanwhile, when the position of the stress field transitions to the tensile and extrusion
parts, the Fe and Mn elemental content changes in a more regular manner.
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Figure 14. Contour plots of Fe and Mn concentrations of calcite within fracture torsion sites. (a) Frac-

ture torsional site morphology and Call; (b) concentration contour plots for Fe + Mn; (c) orientation
specimens of Call; (d) section and LA-ICP-MS laser stripping point orientation.

In summary, the changes in the local stress field control the output state of calcite
within the fracture and the changes in the elemental contents of Fe and Mn, leading to
the formation of different structural surfaces under the action of tensile, compressive, and
torsional stresses. Traditional tectonic analysis characterizes the mechanical properties of
different fractures from a macroscopic perspective but lacks quantitative evidence; therefore,
the use of the change characteristics in the elemental contents of Fe and Mn in calcite can
serve as an effective indicator of the local stress field characteristics.

Based on the above analysis, we established calcite growth direction patterns and
Fe and Mn change rules in fractures under the action of different stress fields (Figure 15).
Fridovsky V.Y. et al. [36] asserts that comprehensive structural analyses of ore-bearing
wall rocks, encompassing both ore zones and associated deformations, can elucidate the
multi-stage tectonic evolution of mineral deposits. Notably, there are significant variations
in the indicator characteristics of identical minerals across different types of mineralization.
The Qingshan Pb-Zn deposit is the product of the NE tectonic belt (metallogenic tectonic
system), and it is the dominant tectonic system for the mineralization of the deposit. The
metallogenic period occurred from the late Indosinian to early Yanshanian. Under the
action of NW-SE principal compressive stress, the NW-trending bedding fault in the deposit
twisted and derived a group of parallel NE-trending shear laminated compressive torsional
faults. Driven by tectonic stress, the ore-forming fluid migrated from deep to shallow
along the footwall of fault F1 and penetrated into the NE-trending fault. The change in
the local stress field led to different mechanical characteristics at different positions in the
NE-trending fault. The ore-bearing part is mainly the local opening space of the fault. The
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concentration variation characteristics of Fe and Mn elements in calcite and the growth
mode of calcite under tensile stress are shown in Figure 15a: the concentrations of Fe and
Mn in the profile show a symmetrical feature of “decreasing from both sides to the center”,
suggesting that the local stress field in the ore-hosting area is dominated by tensile stress.
When the ore-forming fluid penetrates, the vertical calcite vein wall grows in a comb shape
under the action of this tensile stress. Within the localized compressive space of the fracture,
the characteristics of Fe and Mn concentration changes in calcite and the calcite growth
pattern are shown in Figure 15b: Fe and Mn contents in the profile of the parallel vein wall
present increasing or decreasing characteristics, implying that the localized stress field in
this site is dominated by compressive stress. Under the action of this compressive stress,
the calcite parallel vein wall appears in the form of slate and presents column-like growth.
Within the localized torsional space of the fracture, the characteristics of the Fe and Mn
elements in calcite and the calcite growth pattern are shown in Figure 15¢: the Fe and
Mn element concentrations do not show regular changes in the profile, and it is assumed
that the calcite grain growth mode is not pure torsional stress under the growth of the
oblique intersecting vein wall, as the site is in the transition position between tensile and
compressive fracture zones. It can be seen that the nature of the localized stress field of the
fracture and the growth pattern of calcite at the corresponding site can be inferred from the
variation characteristics of Fe and Mn.
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Figure 15. Patterns of calcite growth direction and change rule of Fe and Mn elements in the fracture
under different stress fields. (a) Patterns of calcite growth direction under tensile stress with Fe
and Mn change patterns; (b) patterns of calcite growth direction and Fe and Mn elements under
compressive stresses; (¢) patterns of calcite growth direction under torsional stress with Fe and Mn
change patterns.

7. Conclusions

A structural analysis was performed along NE-oriented metallogenic faults in addition
to a detailed study of the characteristics of the three types of calcite, highlighting strict
correlations with the distributions of Mn, Fe, and REEs.

The NE-trending metallogenic fault of the Qingshan lead-zinc deposit is a group of
shear faults characterized by compressional and torsional mechanical properties during
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the metallogenic period. The change in the shape and occurrence of the fault zone has led
different parts of the zone to have different mechanical properties, as controlled by the
local stress field. The local opening space of the fault (where the dip angle becomes gentle)
is the favorable location for the occurrence of lead—zinc ore bodies (veins).

In this study, we characterized three types of calcite in the NE-trending fracture zone—
denoted as Call, Calll, and Callll—which were affected by the local stress field in different
parts of the fracture during the orogenic period and are inconsistent in terms of their trace
element geochemical speciation. They are the products of different stages in the same
period, with all of them characterized by enrichment in light rare earth elements and a
right-dipping rare earth element distribution pattern; in particular, the main mineralization
period calcite (Calll) was the most enriched in light rare earth elements, differentiating
it from the other types of calcite, and this feature can be used as an important factor
in prediction of the mineralization of Qingshan lead—zinc deposits in the NE-oriented
metallogenic rupture.

The variation in Fe and Mn elemental concentrations in calcite can indicate the nature
of the local stress field at the ore-forming rupture site in the NE direction, as well as suggest-
ing the crystallization direction of calcite. This understanding provides a quantitative /semi-
quantitative basis for structural analysis of the ore body at scale, providing a better un-
derstanding regarding the metallogenic mechanism and concealed ore prediction for the
Qingshan lead-zinc deposit, thus suggesting a new direction for the sustainable develop-
ment of the mine.
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