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The Baiyangping Cu–Ag polymetallic ore district is located in the northern part of the Lanping–Simao
foreland fold belt, which lies between the Jinshajiang–Ailaoshan and Lancangjiang faults in western Yun-
nan Province, China. The source of ore-forming fluids and materials within the eastern ore zone were
investigated using fluid inclusion, rare earth element (REE), and isotopic (C, O, and S) analyses undertaken
on sulfides, gangue minerals, wall rocks, and ores formed during the hydrothermal stage of mineraliza-
tion. These analyses indicate: (1) The presence of five types of fluid inclusion, which contain various com-
binations of liquid (l) and vapor (v) phases at room temperature: (a) H2O (l), (b) H2O (l) + H2O (v), (c) H2O
(v), (d) CmHn (v), and (e) H2O (l) + CO2 (l), sometimes with CO2 (v). These inclusions have salinities of 1.4–
19.9 wt.% NaCl equivalents, with two modes at approximately 5–10 and 16–21 wt.% NaCl equivalent, and
homogenization temperatures between 101 �C and 295 �C. Five components were identified in fluid
inclusions using Raman microspectrometry: H2O, dolomite, calcite, CH4, and N2. (2) Calcite, dolomitized
limestone, and dolomite contain total REE concentrations of 3.10–38.93 ppm, whereas wall rocks and
ores contain REE concentrations of 1.21–196 ppm. Dolomitized limestone, dolomite, wall rock, and ore
samples have similar chondrite-normalized REE patterns, with ores in the Huachangshan, Xiaquwu,
and Dongzhiyan ore blocks having large negative dCe and dEu anomalies, which may be indicative of a
change in redox conditions during fluid ascent, migration, and/or cooling. (3) d34S values for sphalerite,
galena, pyrite, and tetrahedrite sulfide samples range from �7.3‰ to 2.1‰, a wide range that indicates
multiple sulfur sources. The basin contains numerous sources of S, and deriving S from a mixture of these
sources could have yielded these near-zero values, either by mixing of S from different sources, or by
changes in the geological conditions of seawater sulfate reduction to sulfur. (4) The C–O isotopic analyses
yield d13C values from ca. zero to �10‰, and a wider range of d18O values from ca. +6 to +24‰, suggestive
of mixing between mantle-derived magma and marine carbonate sources during the evolution of ore-
forming fluids, although potential contributions from organic carbon and basinal brine sources should
also be considered. These data indicate that ore-forming fluids were derived from a mixture of organism,
basinal brine, and mantle-derived magma sources, and as such, the eastern ore zone of the Baiyangping
polymetallic ore deposit should be classified as a ‘‘Lanping-type’’ ore deposit.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The Baiyangping Cu–Ag polymetallic ore district is located in
the northern segment of the Lanping–Simao Basin of southwest
China, is subdivided into eastern and western ore zones, and con-
tains estimated reserves of 32 Mt Cu, 4149 t Ag, 23 Mt Pb, 18 Mt Zn,
and 1444 t Co (Third Geology and Mineral Resources Survey, 2003).
The eastern (or Sanshan–Hexi) ore zone is the second largest ore
district in the Lanping Basin, and has estimated reserves of �0.3
Mt Cu, >3000 t Ag, and >0.5 Mt Pb + Zn at grades of 1.6–3.3% Zn,
0.81–3.55% Pb, and 23.3–220.1 g/t Ag (Third Geology and Mineral
Resources Survey, 2003; He et al., 2009). The eastern ore zone hosts
15 economic orebodies; these orebodies host mineralization with-
in veins and lenses, and as finely-stratified and irregular bodies,
and are 200–1000 m long and 2–8 m thick (Third Geology and
Mineral Resources Survey, 2003; Liu et al., 2010).
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Previous studies of the eastern ore district have focused on geo-
chemistry (Tian, 1997, 1998; He et al., 2005), structural controls on
mineralization (Shao et al., 2002; Xue et al., 2002a; He et al.,
2004a), isotope geochemistry (Chen et al., 2000; Li et al., 2004),
fluid geochemistry (Gong et al., 2000; Xue et al., 2002b; He et al.,
2004b; He et al., 2005, 2009), and Ag, Co, Ni, and Bi occurrences
within orebodies in the district (Liu et al., 2010). However, the
source of ore-forming fluids and metals in the study area is still
controversial, with a number of previously proposed hypotheses
for sources of ore-forming fluids, including deep, hot brines (Chen
et al., 2000), meteoric and formation water (Yang et al., 2003),
early- and late-stage ore-forming fluids originating from a deep
CO2-bearing basin containing hot brines and meteoric groundwa-
ter (Liu et al., 2004), a mixture of crust-only and crust–mantle
sources (He et al., 2004b), organic matter fluxes and hot brines
within a sedimentary basin (Li et al., 2004; He et al., 2009), basinal
formation water (Xu et al., 2005), and hot brines within thrust–
nappe structures (He et al., 2005).

Here, we present new research into the formation of minerali-
zation within the eastern ore zone of the Baiyangping ore district.
This research uses new and previously published fluid inclusions,
REE, and S–C–O isotopic data to compare the origins of ore-forming
fluids from the eastern and western ore zones of the Baiyangping
ore district.

2. Regional and ore district geology

2.1. Location and geological history

The Lanping–Simao Basin is located in the central part of the
Sanjiang tectonic belt, within the eastern Indo-Asian collision zone
(Luo et al., 1994; Tao et al., 2002; Xue et al., 2002a; Liao and Chen,
2005; Hou et al., 2006, 2007). This area was initially part of a land-
mass that formed at the end Silurian, during the Proterozoic–Early
Paleozoic closure of the Paleo-Tethys Ocean. The Lancangjiang and
Jinshajiang oceanic plates subducted eastward and westward,
respectively, beneath the Changdu–Lanping–Simao microplate,
forming volcanic island arcs along both edges of a microplate that
eventually became part of Laurasia when the Paleo-Tethys Ocean
closed in the late Permian or Early Triassic as a response to colli-
sion between the Yangtze Plate to the east and the Tibet–Yunnan
Plate to the west (Luo et al., 1994; Jin et al., 2003; Fig. 1a).

The growth, history and evolution of the Lanping–Simao Basin
is long and complex (Luo, 1990; Cong et al., 1993), and the area
preserves evidence of three main phases of development from
the initial oceanic basin to an intra-continental basin and subse-
quently to a basin–mountain system (Tao et al., 2002).

2.2. Stratigraphy

The Lanping–Simao Basin (Fig. 1) is essentially an intraconti-
nental terrestrial basin. There are several sedimentary gaps in the
stratigraphic sequence within the basin (Qin and Zhu, 1991; Xue
et al., 2002b), which consists of, in ascending order, the Upper Tri-
assic Waigucun (T3w), Sanhedong (T3s) and Maichuqing (T3m) for-
mations, followed by a sedimentary hiatus before the Middle
Jurassic Huakaizuo (J2h) and Upper Jurassic Bazhulu (J3b) forma-
tions, the Lower Cretaceous Jingxing (K1j), Nanxing (K1n), and Hu-
tousi (K1h) formations, an Upper Cretaceous hiatus, the Eocene
Yunlong (E1y), Guolang (E2g), and Baoxiangsi (E2b) formations,
and a non-subdivided Upper Eocene sedimentary sequence (E3).

2.3. Structures

The thrust–nappe system in the basin is characteristic of the
Lanping Fold Belt, which is thought to have formed during
Indo–Asian collision and subsequent Paleocene to Eocene oblique
convergence (He et al., 2009). Two approximately E–W-striking
geological cross-sections across the northern Lanping Basin indicate
that the main thrust faults dip to the west and to the east in
the western and eastern segments of the basin, respectively. The
Lanping–Simao Basin also contains three major, regional-scale
faults that strike NNW–SSE: the Jinshajiang–Ailaoshan and
Lancangjiang faults along the eastern and western margins of the
basin, respectively, and the Lanping–Simao Fault within the center
of the basin (Fig. 1a). All of these faults are thought to penetrate
deeply into the lower crust and/or upper mantle (Yin et al., 1990;
Xue et al., 2002b; Jin et al., 2003), and the basin also contains some
blind E–W-trending structures. The tectonic evolution of the
Lanping–Simao Basin was controlled by all of these structures
(Xue et al., 2002b, 2003).
2.4. Magmatic activity

Paleogene–Neogene alkaline Himalayan intrusions are exposed
along the margin of the Lanping–Simao Basin, and Cenozoic igneous
rocks are also present within the basin (Xue et al., 2002a,b, 2003,
2006; Fig. 1). These intrusions are thought to be mantle-derived
or to have mixed mantle–crust sources. Both the deep crustal-
penetrating faulting and the magmatism within the basin are
thought to have been controlled by collision between the Indian
and Eurasian plates (Yin et al., 1990; Xue et al., 2002b; Jin et al.,
2003).

Paleogene ultramafic, mafic, intermediate, and felsic rocks in
the basin were intruded or emplaced at about 46.5 Ma, 36.7 Ma,
38.8 Ma (Zhang et al., 2000), and 43 Ma (Zhao, 2006). The felsic
rocks are mainly porphyritic granitoids with minor alkaline and
nepheline syenite intrusions, whereas volcanic sequences are dom-
inated by olivine basalts, with alkaline basalts, and trachytes (Teng
et al., 2001).
3. Geology of the eastern ore zone within the Baiyangping ore
district

The Baiyangping Cu–Ag polymetallic ore district is located in the
northern part of the Lanping–Simao foreland fold belt, which lies
between the Jinshajiang–Ailaoshan and Lancangjiang faults. The
location of the eastern and western ore zones is controlled by deep
faults, and fold belts in the study area are associated with frequent
tectonic activity, complex and diverse geological processes, and
repeated magmatism (Fig. 1). The district also records evidence of
multiple stages of mineralization involving a wide variety of metals
and associated with significantly different petrological characteris-
tics (Yin et al., 1990; Tian, 1997, 1998; Li et al., 1999; Chen et al.,
2000; Yang et al., 2003; Xue et al., 2007; He et al., 2009).

The eastern ore zone consists of the Hexi, Xiaquwu, Dongzhi-
yan, Yanzidong, Huishan, Heishan, and Huachangshan ore blocks,
the majority of which are located along the Huachangshan thrust
fault (Fig. 2). The dip of E-dipping thrust faults decreases from
�60–70� to 30–40� in the northern segment of the basin with
increasing distance westwards from the Huachangshan Fault. Cal-
cite within clastic rocks associated with these faults has twinning,
lattice deformation, and anomalous extinction, suggesting trans-
pressional deformation (He et al., 2004a), whereas a C–T diagram
of calcite from the Huachangshan Fault indicates that r1 and r3
have average NW–SE and NE–SW orientations, respectively, imply-
ing thrusting from the SE to the NW (He et al., 2004a,b, 2009).

The Huachangshan and Shuimofang faults form a nappe front
pop-up structure that was not only the main conduit for hydro-
thermal fluids in this area but also forms the main ore-hosting
structure in the mining area. The belt dips generally to the east



Fig. 1. Location and geology of the Lanping–Simao Fold Belt in the area around Lanping, southern China (after Xue et al., 2007): (a) major structural features and a geological
map of the Lanping–Simao Belt and (b) location of ore deposits within the Lanping–Simao Basin.
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but locally dips to the west within the Dongzhiyan–Xiaquwu block.
The fractured zone associated with these faults is 10–20 m wide,
and is lithologically zoned from an inner compressional schistose
zone to an outer zone of fractured rock. The majority ore blocks
are located along the thrust fault and within zones of fractured
hangingwall carbonate sediments (T3s). Orebodies in the study
area are usually truncated by E–W-trending strike-slip faults in
the eastern thrust system, indicating that these faults post-date
mineralization. A cross-section through an orebody within the
Dongzhiyan ore block identifies a second-order F1 fault that gener-
ally dips at 35–75� to the SE, and a cross-section through an ore-
body within the eastern thrust-nappe system is shown in Fig. 3.

Proterozoic to Paleozoic units form the basement of the Lan-
ping–Simao Basin, and the eastern ore belt is hosted by carbonates
of the Upper Triassic Sanhedong Formation (T3s) and sandstones of
the underlying Paleocene Yunlong (E1y) and Eocene Baoxiangsi for-
mations (E2b). Upper Triassic Sanhedong Formation (T3s) carbon-
ates form a significant ore horizon in the study area and are
composed of a lowermost section of thick gray brecciated lime-
stone, dolomitic limestone, and dolomite, and an uppermost sec-
tion of gray brecciated siliceous and muddy limestones.
Orebodies within the Huishan, Heishan and Huachangshan blocks
are hosted by the upper carbonate sequence, whereas the lower
carbonate sequence hosts orebodies in the other ore blocks.

The main deposit in the study area consists of at least 20 ore-
bodies that have lengths of 135–3500 m, thicknesses of
2.3–17 m, and depths of �20–320 m (Chen et al., 2004). The
�25 km long deposit is compositionally zoned from south to north,
with Zn–Pb, Zn–Pb–Ag, Cu–Ag, Ag–Cu, and Sr-dominant ore zones
(He et al., 2009). Orebodies within the deposit are generally pres-
ent as veins, networks, and lenses, and change in grades from south
to north, with Ag, As, Cd, Pb, Sb, and Zn grades decreasing and Bi
and Cu grades increasing from the Huachangshan to Xiaquwu to
Dongzhiyan ore blocks in the eastern ore zone (Feng et al.,
2011a,b).

Mineralization in the study area is associated with dolomitiza-
tion, calcification, and silicification alteration, although wall rock
alteration within the ore deposit is generally weak, taking the form
of calcite, dolomite, azurite, and barite replacement, all of which
are closely associated with polymetallic Cu–Ag polymetallic min-
eralization. Pre-mineralization alteration is restricted to silicifica-
tion, although local pyrite and fluorite precipitation is also locally
present, although the relationship between these styles of alter-
ation and mineralization is not clear (Third Geology and Mineral
Resources Survey, 2003).

Ore minerals include sphalerite, galena, pyrite (marcasite), and
a number of differing types of Cu sulfide (tetrahedrite, Ag- and As-
tetrahedrite, chalcocite, chalcopyrite, and bornite), with minor ten-
orite, cerussite, smithsonite, azurite, malachite, and covellite, in a
calcite, celestine, siderite, dolomite, barite, fluorite, and minor
quartz gangue (Chen et al., 2000; He et al., 2009). The eastern ore
zone has lower Ag, As, Cd, Pb, Sb, and Zn enrichments than



Fig. 2. Simplified geological map of the eastern ore zone of the Baiyangping ore deposits, Yunnan Province, southern China (modified from He et al., 2007).

Fig. 3. Geological cross-section through an orebody within the eastern thrust–
nappe system (after Third Geology and Mineral Resources Survey, 2003 and He
et al., 2009).
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elsewhere in the district, and has increasing Bi and Cu enrichments
from south to north, with significant Co, Cr, Ni, and V depletions
(Feng et al., 2011a,b).
4. Sampling and analytical techniques

4.1. Sampling

Samples were collected from the Sanhedong Formation (T3s) in
the Huachangshan, Xiaquwu, and Dongzhiyan ore blocks within
the eastern ore belt of the Baiyangping ore district, Lanping,
Yunnan Province, China. Samples were petrographically examined
before gangue (calcite and dolomite), ore, and wall rock samples
were trimmed to remove altered surfaces, cleaned with deionized
water, and crushed and powdered in an agate mill. Doubly-pol-
ished calcite and dolomite thin sections were also prepared from
the selected samples and examined by standard microscopy before
further analysis.

Sulfur isotopic compositions (d34S) were acquired from fine,
granular sphalerite, galena, celestine, tetrahedrite, and pyrite ob-
tained from mineralization stage rocks. Carbon and oxygen isoto-
pic compositions (d13C and d18O) were determined for gangue
minerals (calcite and dolomite) in main mineralization stage rocks.
Detailed fluid inclusion microthermometric analysis was under-
taken on nine coarse-grained calcite and dolomite samples formed
during the main stage of mineralization. The sample size was
deemed sufficient to characterize the conditions of ore formation
as the main stage of mineralization is developed uniformly
throughout the eastern ore belt, as deduced from textural and min-
eral paragenetic relationships between sphalerite, galena, calcite,
and dolomite (Fig. 4).

The following textures are present in rocks associated with the
main stage of mineralization (Fig. 4): brecciated calcite (a), massive
and veinlet calcite and galena (b), massive calcite and sphalerite
(c), massive calcite, galena, and sphalerite, veinlet calcite, and mas-
sive textured calcite + galena + sphalerite (d, g, h) within the Hua-
changshan ore block, and veinlet textured dolomite in the
Dongzhiyan (i) and Xiaquwu (j), ore blocks, respectively.
4.2. Analytical techniques

4.2.1. Microthermometry
Microthermometric studies were conducted at the State Key

Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry,
Chinese Academy of Science, Guiyang, China, following procedures



Fig. 4. Mineral textures and sampling sites within the eastern ore zone of the Baiyangping ore district: (a) brecciated texture within Cal. (Huachangshan ore block); (b)
massive + veinlet Cal. + Gn. texture (Huachangshan ore block); (c) massive Cal. + Sp. (Huachangshan ore block); (d) massive Cal. + Sp. + Gn. (Huachangshan ore block); (e)
veinlet Dol. (Dongzhiyan ore block); (f) massive Cal. + Gn.; (g) veinlet Cal. (Huachangshan ore block); (h) massive Cal. + Gn. + Sp. (Huachangshan ore block); (i) veinlet Dol.
(Xiaquwu ore block); (j) Photograph showing the Huachangshan Fault; (k) evaporite sulfate bed and (l) relationship between evaporate sulfate bed and #1 orebody within the
Xiaquwu ore block. Cal. = calcite, Gn. = galena, Sp. = sphalerite, Dol. = dolomite.
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outlined by Roedder (1984) and Shepherd et al. (1985), and using a
Linkam THMGS600 heating–freezing stage. The stage was cali-
brated against pure H2O synthetic (0 �C and + 374.1 �C) and pure
CO2-bearing natural inclusions (�56.6 �C). Temperature measure-
ments below 0 �C are accurate to ±0.1 �C, whereas heating runs
have temperatures that are accurate to ±1 �C. Salinity data (ex-
pressed as wt.% equivalent NaCl) were calculated using the method
of Chi and Ni (2007), and this study used the equations of state of
Zhang and Frantz (1987) for the H2O–NaCl ± KCl. A total of 60
freezing and 50 homogenization temperatures are presented dur-
ing this study, including both new data and data obtained during
other recent research (Third Geological Team, 1994; Wei, 2001;
He et al., 2004a,b; Zhao, 2006). Fluid inclusion temperatures and
salinities are given in Table 1.

4.2.2. Rare earth element geochemistry
Rare earth element (REE) concentrations were determined

using a Perkin–Elmer Sciex ELAN 6000 ICP–MS at the State Key
Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry,
Chinese Academy of Science, Guiyang, China. Powdered samples
(50 mg) were dissolved in high-pressure Teflon bombs using an
HF + HNO3 mixture heated for 48 h at �190 �C (Qi et al., 2000).
Rh was used as internal standard to monitor signal drift during
counting, and a GBPG-1 international standard was used to



Table 1
Homogenization temperatures and salinities of fluid inclusions from the eastern ore zone of the Baiyangping ore district, Yunnan Province, China; Ti = freezing temperature;
Th = homogenization temperature; Slt = salinity.

Sample no. Ore block Host
mineral

Tht

(�C)
Ti

(�C)
Slt (wt.%
NaCl eq.)

Sample no. Ore block Host mineral Ti

(�C)
Tht

(�C)
Slt (wt.%
NaCl eq.)

HCS10-1 Huachangshan Calcite 179 �2.6 4.34 XQW10-21 Xiaquwu Dolomitized 143 �12.3 16.24
182 �3.9 6.3 Calcite 131 �13.5 17.34
130 XQW10-21-1 Xiaquwu 135 �11.9 15.86
185 �3.6 5.86 168 �12.6 16.53
172 �4.9 7.73 175 �10.3 14.25

HCS10-1-1 Huachangshan Calcite 156 �2.6 4.34 XQW10-21-2 Xiaquwu 162
155 �3.9 6.3 198
149 176
148 �3.6 5.86 XQW10-23 Xiaquwu Dolomitized 166 �10.2 14.15

HCS10-1-2 Huachangshan Calcite 196 �2.5 4.18 Calcite 166 �12.2 16.15
199 �3.6 5.86 167
101 �4.9 7.73 153 �11.3 15.27
189 �2.6 4.34 169

HCS10-28 Huachangshan Calcite 142 �3.9 6.3 XQW10-33 Dongzhiyan Dolomite 169 �12.2 16.15
HCS10-6 Calcite 120 �4.2 6.74 152

195 �2.3 3.87 189 �10.9 14.87
123 �4.6 7.31 186

HCS10-6-1 Huachangshan Calcite 119 �6.1 9.34 188 �13.6 17.43
118 �5.5 8.55 HCS10-10 Huachangshan Calcite 180 �6.1 9.34
142 �6.4 9.73 162 �2.5 4.18
175 168 �3.5 5.71

HCS10-6-2 Huachangshan Calcite 186 �3.6 5.86 160 �3.6 5.86
125 �2.5 4.18 128 �2.6 4.34
136 �3.6 5.86 HCS10-10-1 Huachangshan Calcite 198

HCS10-15 Huachangshan Calcite 155 �4.9 7.73 165 �4.9 7.73
165 �2.6 4.34 186 �2.6 4.34
138 �3.9 6.3 196 �3.9 6.3

HCS10-15-1 Huachangshan Calcite 126 HCS10-4 Huachangshan Calcite 186 �5.6 8.68
135 �2.6 4.34 169 �6.2 9.47
133 �3.6 5.86 165 �3.6 5.86
136 �4.2 6.74 198 �2.6 4.34

HCS10-15-2 Huachangshan Calcite 128 �3.5 5.71

133 �5.3 8.28 After Xu and Li (2003) Sanshan Calcite 152–229 3.0–6.4
162 �6.2 9.47 Ore Quartz 147–205 4.2–5.2
126 �3.2 5.26 Block

HCS10-15-3 Huachangshan Calcite 138 After Chen et al. (2004) Quartz 151–239 3.4–16.5
185 Calcite 114–143 5.7–6.5
165 �5.5 8.55 Celestite 145 7.3
160 �5.2 8.14 Quartz 135–184 17.0–17.1

HCS10-15-4 Huachangshan Calcite 153 �6 9.21 Celestite 106–191 6.8–9.1
156 �4.2 6.74 Celestite 136–185 6.6–9.0
165 �3.2 5.26 Sphalerite 115–170 10.0–19.9
151 �5.5 8.55 After He et al. (2004a,b) Huishan Calcite 109–295 2.24–11.03

HCS10-15-5 Huachangshan Calcite 165 �5.5 8.55 Huachangshan Calcite 141–241 4.46–11.34
181 �6 9.21

Calcite 189 �5.7 8.81 Yanzidong Calcite 119–276 5.13–11.23
188 �5.2 8.14 Dongzhiyan Celestite 112–275 1.65–9.62
169 �4.3 6.88 Hexi Calcite 111–248 1.36–11.23
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monitor analytical quality control. The analytical precision was
generally better than 5% for all elements, and analysis of interna-
tional OU-6 and GBPG-1 standards was in agreement with recom-
mended values (Table 2).
4.2.3. Sulfur isotopes
Sulfur isotope analyses were conducted at the State Key Labora-

tory of Environmental Geochemistry, Institute of Geochemistry,
Chinese Academy of Science, Guiyang, using sulfide separates pre-
pared by hand-picking and powdering, before this powdered sam-
ple material was enclosed in capsules of high-purity tin foil. These
sulfides were flash-combusted in a Euro Vector Elemental Analysis
3000 oven, liberating SO2 during interaction with an O2-enriched
He gas, before being oxidized with WO3 at 1030 �C. Measurements
were then conducted in a continuous-flow isotope ratio mass spec-
trometer. GBW04415 and GBW04414 international reference stan-
dards were repeatedly measured between sample analyses to
monitor analytical precision. All S isotope values are expressed in
d notation relative to the Canyon Diablo troilite (CDT) standard,
and the precision of d34S measurements is better than ±0.2‰.
4.2.4. Carbon and oxygen isotopes
Carbon and oxygen isotope analyses were undertaken at the

Laboratory of Stable Isotope Geochemistry, Institute of Mineral Re-
sources, Chinese Academy of Geological Science, Beijing, China.
This analysis used powdered samples that were placed into a vac-
uum system and heated for 1 h at approximately 300 �C, before
being reacted with 100% phosphoric acid for approximately 1 h
in an 85–90 �C hot water bath, producing CO that was collected
in a cold finger within a liquid N2 cold-trap. This cold finger sample
was moved to an approximately �75 �C alcohol–liquid–N2 cold-
trap bath to gather pure CO2 (McCrea, 1950), which was then ana-
lyzed using a Finnegan MAT-251 mass spectrometer. The resulting
C and O isotope compositions are reported using standard V-PDB
and V-SMOW notations.



Table 2
Rare earth element concentrations (in ppm) of calcite, wall rock, and ore from the eastern ore zone of the Baiyangping ore district, Yunnan Province, China.

After Feng et al. (2011a,b) HCS10-1-2 HCS10-4 HCS10-5 HCS10-6 HCS10-7 HCS10-10 HCS10-13 HCS10-14 HCS10-15 HCS10-22 HCS10-23 XQW10-7 XQW10-07-1 XQW10-33 DZY10-48

Huachangshan Xiaquwu Dongzhiyan
Calcite Calcite Calcite Calcite Calcite Calcite Calcite Calcite Calcite Calcite Calcite Dolomitized Dolomitized Dolomite+ Dolomitized

calcite calcite calcite calcite

RREE 6.17 9.88 7.61 7.25 13.2 4.53 10.5 6.64 20.8 3.10 5.07 15.3 18.0 38.9 6.93
LREE/HREE 1.00 1.42 1.19 1.13 1.21 1.05 0.61 1.04 1.20 1.06 0.69 2.96 3.84 3.60 5.59
(La/Yb)N 0.83 1.79 1.14 0.90 1.00 1.16 0.49 0.84 0.87 0.87 0.72 2.70 3.86 3.45 10.7
dEu 0.81 0.79 0.68 0.82 0.84 0.90 0.90 0.79 0.82 2.20 0.77 0.65 0.71 0.76 0.86
dCe 0.81 0.82 0.84 0.82 0.78 0.79 0.79 0.85 0.83 0.74 0.75 1.00 0.99 0.74 0.72

New data Huachangshan Xiaquwu Huachangshan Xiaquwu Dongzhiyan
HCS10-2 HCS10-10 HCS10-12 XQW10-9 XQW10-15 XQW10-19 HCS10-9 HCS10-11-1 HCS10-21-1 HCS10-29 XQW10-2 XQW10-5 XQW10-39 XQW10-27 XQW10-33
ore Ore Ore Ore Ore Ore Wall rock Wall rock Wall rock Wall rock Wall rock Wall rock Wall rock Wall rock Wall rock

La 0.82 0.46 0.68 2.41 0.63 15.1 2.07 2.04 6.88 40.4 21.2 5.66 4.35 1.68 2.06
Ce 0.89 0.01 0.25 4.13 0.92 24.3 2.75 2.48 5.54 82.3 41.8 11.7 8.46 3.24 2.48
Pr 0.23 0.01 0.08 0.51 0.13 2.42 0.39 0.41 1.40 9.02 4.87 1.41 0.91 0.40 0.48
Nd 0.92 0.06 0.53 1.88 0.50 8.76 1.33 1.57 6.26 34.50 19.20 5.80 3.37 1.71 2.43
Sm 0.32 0.12 0.36 0.58 0.23 1.50 0.37 0.38 1.52 6.75 3.79 1.34 0.78 0.75 0.74
Eu 0.10 0.02 0.11 0.01 0.01 0.01 0.10 0.08 0.38 1.37 0.70 0.28 0.16 0.20 0.20
Gd 0.39 0.15 0.73 1.13 0.28 3.72 0.48 0.51 2.03 6.42 3.55 1.38 0.85 1.44 1.04
Tb 0.07 0.02 0.14 0.13 0.04 0.21 0.07 0.07 0.30 0.93 0.51 0.20 0.12 0.27 0.17
Dy 0.38 0.15 0.87 0.87 0.29 1.51 0.41 0.48 1.87 5.50 3.07 1.31 0.78 1.84 1.09
Ho 0.07 0.03 0.17 0.17 0.06 0.33 0.09 0.11 0.37 1.10 0.60 0.26 0.16 0.35 0.22
Er 0.17 0.08 0.46 0.49 0.17 1.21 0.32 0.35 1.13 3.42 1.91 0.81 0.55 0.96 0.68
Tm 0.03 0.01 0.06 0.06 0.03 0.17 0.04 0.05 0.14 0.47 0.25 0.11 0.08 0.13 0.08
Yb 0.13 0.07 0.34 0.36 0.14 1.23 0.25 0.32 0.93 3.04 1.62 0.72 0.52 0.70 0.51
Lu 0.02 0.01 0.04 0.05 0.03 0.18 0.04 0.04 0.14 0.47 0.25 0.10 0.08 0.10 0.08
RREE 4.54 1.21 4.82 12.8 3.46 60.6 8.71 8.89 28.9 196 103 31.1 21.2 13.8 12.3
LREE/HREE 2.62 1.28 0.71 2.92 2.32 6.09 4.13 3.62 3.18 8.16 7.79 5.36 5.74 1.38 2.17
(La/Yb)N 4.27 4.33 1.35 4.53 3.05 8.32 5.61 4.32 5.01 9.00 8.86 5.33 5.67 1.63 2.74
dEu 0.95 0.59 0.69 0.04 0.13 0.01 0.79 0.61 0.71 0.68 0.62 0.67 0.63 0.61 0.75
dCe 0.49 0.05 0.25 0.89 0.77 0.96 0.73 0.65 0.43 1.03 0.98 0.99 1.01 0.94 0.59

146
C.Feng

et
al./Journal

of
A

sian
Earth

Sciences
85

(2014)
140–

153



Fig. 5. Photomicrographs of fluid inclusions within representative calcite and dolomite samples collected from the eastern ore belt of the Baiyangping ore district: (a) Type I
fluid inclusion (and pseudosecondary fluid inclusions); (b) Type I and II fluid inclusions; (c) Type II fluid inclusions with differing L/V ratios; (d) coexisting Type III and I fluid
inclusions; (e) coexisting Type IV and II fluid inclusions and (f) coexisting Type and I fluid inclusions. Scale bar in each photo represents 10 lm.
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5. Results

5.1. Fluid inclusions

5.1.1. Inclusion types
Five inclusion types were identified on the basis of the number

of phases observed at room temperature, the degree of filling, and
phase variations observed during heating–freezing experiments
(Fig. 5). Type I fluid inclusions contain H2O liquid only, and are
the main type of inclusion present in the samples analyzed during
this study. These inclusions are generally irregular, range in size
from �5 to 25 lm, and are generally isolated (primary) although
less commonly occur as pseudo-secondary trails. Type II inclusions
containing H2O liquid and vapor are also common, and have irreg-
ular, rounded, or negative crystal shapes. They are randomly dis-
tributed, clustered in the centers of grains, or are present as
pseudo-secondary trails, and are similar sizes as the Type I inclu-
sions. Type II inclusions contain vapor phases with volumetric pro-
portions that range between 30% and 70%. Type III fluid inclusions
contain only H2O vapor at room temperature and are minor com-
pared to Type I and II inclusions; they range in diameter from 5
to 15 lm and vary in shape from irregular to ellipsoidal. Type IV
fluid inclusions contain pure CmHn vapor, are relatively rare, range
in diameter from 12 to 20 lm, and vary in shape from irregular to
ellipsoidal. Type V fluid inclusions contain aqueous solutions and
liquid- or vapor-phase CO2: H2O (l) + CO2 (v) + CO2 (l). These inclu-
sions are relatively rare, range in diameter from 4 to 30 lm, and
vary in shape from irregular to ellipsoidal.
Previous research has also documented fluid inclusions contain-
ing CO2 (l) and aqueous solutions (Xue et al., 2002b), or pure CO2

(v) (Yang et al., 2003). The fluid inclusion assemblages identified
during this study include Type I, II, and III inclusions that are com-
monly within the same cluster or trail, and Type II inclusions with
variable proportions of H2O liquid and vapor. Daughter minerals
were not observed in any of the fluid inclusions. All fluid inclusions
are hosted by calcite, whereas dolomite hosts all other types of
inclusion.

5.1.2. Homogenization temperatures and salinities
Homogenization temperatures and salinity data for fluid inclu-

sions hosted by calcite, dolomite, dolomitized calcite, quartz, celes-
tine, and sphalerite were compiled from the results of previous
studies (Xu and Li, 2003; Chen et al., 2004; He et al., 2004b) and
were compared to the analyses undertaken during this study. Fluid
inclusion homogenization temperatures range from 101 �C to
295 �C (Table 1), with averages of 158.6 �C for calcite, 176.8 �C
for dolomite, 162.2 �C for dolomitized limestone, 151.9 �C for
celestite, 172.3 �C for quartz, and 145.6 �C for sphalerite. A stacked
histogram clearly shows a single peak in homogenization temper-
ature (Fig. 6); this 120–200 �C peak is dominated by inclusions
within calcite, quartz, sphalerite, calcite, dolomitized limestone,
and celestine.

Aqueous fluid inclusions have first melting temperatures from
�17 �C to �23 �C, indicative of a NaCl–(KCl)–H2O system. These
inclusions have salinities of 1.4–19.9 wt.% NaCl equivalent
(Table 1), with modes at approximately 5–10 and 16–21 wt.% NaCl



Fig. 6. Homogenization temperatures of fluid inclusions analyzed during this study
from the eastern ore zone within the Baiyangping ore district, Yunnan Province,
China.

Fig. 7. Fluid inclusion salinities within various minerals from the eastern ore zone
of the Baiyangping ore district.

Fig. 8. REE patterns for (a) calcite, (b) ore, and (c) wall rock samples from the
Huachangshan ore block within the eastern ore zone of the Baiyangping ore district.

Fig. 9. REE patterns for (a) dolomitized calcite, dolomite (b) ore, and (c) wall rock
within the Xiaquwu and Dongzhiyan ore blocks from the eastern ore zone of the
Baiyangping ore district.
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equivalent (Fig. 7), and with average salinities (wt.% NaCl equiva-
lent) of 16.2 for dolomite, 15.7 for dolomitized limestone, 14.3
for sphalerite, 9.9 for quartz, 7.6 for celestite, and 6.5 for calcite;
these salinity differences are shown in Fig. 7.

5.2. Rare earth elements (REE)

REE concentrations and chondrite-normalized REE patterns for
45 samples of calcite, dolomite, dolomitized limestone, altered
and fresh wall rocks, and ore were compiled from previous studies
(Feng et al., 2011a,b) as well as the analyses undertaken during this
study. The results are given in Table 2 and Figs 8 and 9.

Calcite, dolomitized calcite, and dolomite samples contain total
REE concentrations of 3.10–38.9 ppm, and dolomitized limestones
and dolomites have similar left-sloping chondrite-normalized REE
distribution patterns that are relatively uncommon for calcite.
These samples have (La/Yb)N values of 2.70–10.7 (dolomitized
limestone) and 0.72–2.14 (calcite), and the majority of samples
have negative Eu and Ce anomalies, with dEu and dCe values of
0.65–0.90 and 0.74–0.99, respectively (Table 2; Figs 8a and 9a).

Wall rock and ore samples analyzed during this study have total
REE concentrations of 1.21–196 ppm (Table 2), and have
chondrite-normalized REE distribution patterns that all slope to
the right and are enriched in the light rare earth elements (LREEs;
Figs 8b and c and 9b and c). These samples have (La/Yb)N values of
1.35–9.00, and the majority have negative Eu anomalies, with dEu
values of 0.01 to 0.95, but with variable negative Ce anomalies and
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dCe values of 0.05–0.98, barring for two samples (HCS10–29 and
XQW10–39) that have weak positive Ce anomalies (1.03 and
1.01, respectively; Figs 8b and c and 9b and c).
Fig. 10. Frequency distribution plot for sulfur isotopic compositions of samples
from the eastern ore zone of the Baiyangping ore district.
5.3. Isotope data

5.3.1. Sulfur isotopes
The sulfur isotopic compositions of 38 sulfide and sulfate sam-

ples (sphalerite, tetrahedrite, galena, pyrite, and celestine) from the
eastern ore zone were compiled from both the new data obtained
during this study and data from previous studies (Third Geological
Team, 1994; Wei, 2001; He et al., 2004b; Zhao, 2006). The results
are shown in Table 3 and Fig. 10. Sulfide samples have d34S (CDT)
of �7.3‰ to 10‰, with a mean of �1.3‰. Sphalerite, pyrite, tetra-
hedrite, and galena have d34S values of �6.3‰ to 2.0‰ (average of
1.43‰), �0.1‰ (single value), �3.2‰ to 1.8‰ (average of �1.4‰),
and �7.3‰ to �3.5‰ (average of �4.7‰), respectively. These data
show a trend of decreasing d34S values from sphaler-
ite > pyrite > tetrahedrite > galena (Fig. 10), indicating that S iso-
topes were not in overall equilibrium during the formation of the
eastern ore zone deposits.
5.3.2. Carbon and oxygen isotopes
The carbon and oxygen isotopic compositions of 24 samples

(calcite, strontianite, siderite + calcite, mineralized limestone, and
limestone) from the eastern ore zone were compiled from previous
studies (Chen et al., 2000; Xue et al., 2002b; Xu and Li, 2003; Liu
et al., 2004; Zhao, 2006) together with the new data obtained dur-
ing this study our new data; the results are given in Table 4 and
Fig. 11.

The d13C (V-PDB) values of the sample range from �8.3‰ to
3.2‰, with a mean of �1.2‰. Calcite, strontianite, siderite + calcite,
mineralized limestone, limestone, and dolomite + calcite have d13C
values of �8.3‰ to 2.7‰ (average of �2.2‰), �5.5‰ (single value),
�4.1‰ to 0.7‰ (average of �1.72‰), 1.3–2.1‰ (average of 1.7‰),
2.7–3.2‰ (average of 2.9‰), and 0.9–3‰ (average of 2.1‰),
respectively. These samples have d18O (V-SMOW) values from
6.46‰ to 24.5‰, with a mean of 15.8‰. Calcite, strontianite, sider-
ite + calcite, mineralized limestone, limestone, and limestone + cal-
cite samples have d18O values of 6.5–24.3‰ (average of 16.4‰),
14.1‰ (single value), 8.5–16.4‰ (average of 12.5‰), 9.3–15‰
Table 3
Sulfur isotopic composition of ore sulfides from the eastern ore zone of the Baiyangping o

Sample Mineral d34S(CDT)‰

After He et al. (2004a,b)

HS116 Sphal. 0.1
DK-2-1 Pyrite �0.1
HX-48-1 Sphal. 2.0
HX-48-2 Tetrah. 1.8
HX-50 Tetrah. �2.9
DK-1 Tetrah. �3.2
Huishan-1 Galena �3.7
Huishan-1 Galena �3.9
Huishan-1 Sphal. �4.1
After 3rd Geological
Team(1994)
LD1-2 Galena �4.0
LD1-1 Galena �3.7
LD1-2-1 Galena �4.0
LD1-1-1 Galena �7.3
After Galena �4.0
Wei (2001) Galena �7.3

Galena �3.7

a New data obtained during this study.
(average of 11.4‰), 22.7–24.3‰ (average of 23.5‰), and 8.1–
24.5‰ (average of 13.5‰), respectively.

These samples have a relatively narrow range of d13C values but
a much wider range of d18O values in a d13C–d18O diagram
(Fig. 11); consistent with derivation from marine carbonates.
6. Discussion and conclusions

6.1. Evolution of ore-forming fluids

The evolution of ore-forming fluids is one of the most important
subjects in research into carbonate-hosted ore deposit systems.
Three phases of mineralization have been identified in the study
area: diagenetic, hydrothermal, and supergene. The hydrothermal
stage of mineralization is further divided into two stages using pri-
mary mineral paragenetic and intergrowth relationships (Fig. 4):
an initial sphalerite, dolomitized limestone, and dolomite phase,
re district, Yunnan Province, China.

Sample Mineral d34S(CDT)‰

After Galena �3.9
Wei (2001) Sphal. �1.2

Sphal. �4.1
Galena �3.5

After
Zhao (2006)
DK-2-2 Sphal. 2.1
HX-48-1 Sphal. 2
a

HCS10-5 Galena �3.5
HCS10-7-1 Galena �6.7
HCS10-7-a Sphal. �3.4
HCS10-8 Galena �5.5
HCS10-15 Galena �5.0
HCS10-16 Galena �4.3
HCS10-14-2 Sphal. �6.3
HCS10-22 Galena �5.0
HCS10-25 Galena �4.8
HCS10-26 Galena �4.8
HCS10-10 Galena �4.7



Table 4
Carbon and oxygen isotopic compositions of hydrothermal carbonates from the eastern ore zone of the Baiyangping ore district, Yunnan Province, China.

Sample Mineral d13C(PDB)‰ d18O(SMOW)‰ Sample Mineral d13C(PDB)‰ d18O(SMOW)‰ Samplea Mineral d13C(PDB)‰ d18O(SMOW)‰

After Xue et al. (2002a,b) After Chen et al. (2000) HCS10-1-2 Cal. �2.7 19.3
H-12 Cal. 2.1 20.8 H-53 Sid. + Cal. �4.1 8.5 HCS10-4 Cal. �2.7 17.8
H-14 Cal. 2.7 22.6 H-17 Stron. �5.5 14.1 HCS10-5 Cal. �3.0 20.1
After Xu and Li (2003) H-54 Sid. + Cal. 0.7 16.4 HCS10-6 Cal. �2.7 17.9
S01167 Cal. �4.6 12.0 H-56 Min. + Lim. 1.3 15 HCS10-7 Cal. �3.0 17.7
S01172 Cal. �4.86 9.6 H-60 Min. + Lim. 1.8 10 HCS10-10 Cal. �2.2 18.6
SS97039 Cal. 2.11 6.5 H-63 Min. + Lim. 2.1 9.3 HCS10-13 Cal. �1.3 20.7
After Liu et al. (2004) H-48 Lim. 3.2 24.3 HCS10-14 Cal. �2.0 19.2
HX-31 Cal. 1.6 9.0 H-66 Lim. 2.7 22.7 HCS10-15 Cal. �3.3 18.1
HX-32-1 Cal. �7.6 15.9 H-23 Cal. 0.2 13.1 HCS10-23 Cal. �2.0 18.5
HX-32-2 Cal. �7.6 16.0 After Zhao (2006) XQW10-5 Dol. + Cal. 0.9 8.1
HX-48 Cal. �3.6 20.3 HCS1-2 Cal. 2.5 10.8 XQW10-7 Dol. + Cal. 2.2 10.6
HX-51 Cal. �2.4 21.3 After Liu et al. (2004) XQW10-07-1 Dol. + Cal. 2.3 12.0
HS116 Cal. 0.4 24.3 HXS102 Cal. �8.3 19.8 XQW10-33 Dol. + Cal. 2.0 12.3
HS101 Cal. �2.3 16.9 HXS105 Cal. �3.7 22.7 XQW10-48 Dol. + Cal. 3.0 24.5

a Sample = new data obtained during this study; Mineral = host mineral; Cal. = calcite; Stron. = strontianite; Sid = siderite; Min. + Lim. = mineralized limestone;
Lim. = limestone; Dol. + Cal. = dolomite + calcite

Fig. 11. Diagram showing variations in d13C and d18O of hydrothermal carbonate
minerals from the eastern ore zone of the Baiyangping ore district analyzed during
this study; red symbols indicate data generated during this study, blue symbols
indicate data from Liu and Liu (1997). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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and a later calcite and celestine phase. The coexistence of different
solid/aqueous ratio fluid inclusions in the same cluster indicates
inhomogeneity during trapping. No stretching or necking-type
fluid inclusions were present in the samples analyzed during this
study, and there were no cross-cutting relationships between dif-
ferent fluid inclusion types, suggesting that boiling occurred during
mineralization.
6.2. Source(s) of ore-forming fluids and metals

The discussion of the source(s) of ore-forming fluids and metals
associated with the formation of the eastern ore zone is based both
on previous research (Chen et al., 2000; Yang et al., 2003; He et al.,
2004b; Li et al., 2004; Liu et al., 2004; He et al., 2005, 2009) and the
new fluid inclusion, REE, and S, C, and O isotope data presented
here. The geological and geochemical characteristics of mineral
deposits in the study area indicate that two types of fluid were
present in the eastern ore zone of the Baiyangping polymetallic
ore district during mineralization.

Fluid inclusions are the only direct samples of ore-forming flu-
ids and have been used extensively in research into the origins of
mineral deposits (Wilkinson, 2001; Ni et al., 2006; Fan et al.,
2006; Chi and Ni, 2007). The presence of saline aqueous fluid inclu-
sions in both ore and gangue minerals with salinities of up to 17.43
wt.% NaCl equivalent (Table 1) is indicative of the involvement of
basinal fluids in mineralization. Evaporate sulfates are present
throughout Lanping–Simao Basin, suggesting that these basinal
brines were derived either from evaporation or from evaporate dis-
solution (Fig. 4k and l; Xue et al., 2007; He et al., 2009). This previ-
ous research, combined with the new data presented here, indicate
the presence of at least five types of fluid inclusion within gangue
minerals (Gong et al., 2000; Xue et al., 2002b; Yang et al., 2003;
Chen et al., 2004; He et al., 2004b). The presence of CO2-rich inclu-
sions (Fig. 5f; Xue et al., 2002b; Yang et al., 2003; He et al., 2004b)
is indicative of a deep (mantle) source for the fluids and metals that
were involved in ore formation (Xue et al., 2007; Chi and Xue,
2011). One possible interpretation is that this source may be con-
nected with the eastern thrust–nappe system associated with the
Sanshan ore deposits. The front zone within a thrust–nappe system
usually generates numerous second-order faults and structural
fractures, consequently providing open spaces that allow fluid con-
duits to converge (He et al., 2009), consistent with observations
from the Jinding ore deposit within western Yunnan, China (Xue
et al., 2007).

The REE are often used to identify the origin of ore-forming flu-
ids and metals, to trace the evolution of hydrothermal systems, to
constrain the conditions of wall rock alteration and ore formation,
and to evaluate the genesis of ore deposits (Henderson, 1984; Mi-
chard and Albare’de, 1986; Klinkhammer et al., 1994). Dolomitized
limestone, dolomite, wall rock, and ore samples from the study
area have chondrite-normalized REE patterns that are similar in
that they are LREE-rich and slope to the right (Table 2; Figs8a–c
and 9a–c). However, these samples have different dEu and dCe val-
ues, with ores from the Huachangshan, Xiaquwu and Dongzhiyan
ore blocks having highly negative dCe and dEu anomalies
(Figs. 8b and 9b). These highly negative values have two possible
explanations: firstly, the ore-forming fluid itself may have negative
Eu and Ce anomalies associated with changes in geochemical con-
ditions during ore genesis (Lottermoser, 1992; Moller and Morte-
ani, 1983; Mills and Elderfield, 1995; Qi et al., 2008); or
secondly, the REE may have been affected by temperature, pH,
and Eh conditions and water–rock interaction (Eric et al., 1999).
Cerium anomalies are a reliable method to identify any change in
the oxidation–reduction conditions of a particular system, as triva-
lent cerium can easily change to tetravalent cerium in oxidizing
conditions, which can then be adsorbed by iron and manganese
oxide colloids, resulting in the cerium anomaly typically associated
with sea water. In contrast, reducing conditions can lead to both
the dissolution of iron and manganese oxides and changing of tet-
ravalent cerium to trivalent cerium, which is subsequently



C. Feng et al. / Journal of Asian Earth Sciences 85 (2014) 140–153 151
released (Wang et al., 1999). Negative CeN anomalies associated
with negative EuN anomalies may also indicate a change in redox
conditions during fluid ascent, migration, and cooling (Elderfield
and Sholkovitz, 1987).

Sulfur within ore-forming fluids can originate from three main
sources: (1) a mantle or magmatic source (d34S = 0 ± 3‰; Chaussi-
don and Lorand, 1990), (2) a marine/seawater source
(d34S = ± 20‰), and (3) reduced sulfur within sediments (d34S < 0;
Rollinson, 1993). The d34S values of sphalerite, galena, pyrite, and
tetrahedrite range from �7.3‰ to 2.1‰, a wide range that indi-
cates multiple sulfur sources (Table 3; Fig. 10). There are many
sources of S in the basin, and a mixture of these sources could also
yield near-zero values. This value could be achieved either by mix-
ing of sulfur from different sources, or by variations in the geolog-
ical conditions of seawater sulfate reduction to sulfur. Ohmoto and
Goldhaber (1997) suggest that a value of d34S close to zero can be
reached by a mechanism that allows deposition of sulfide with the
same isotopic composition as the precursor sulfate; this mecha-
nism involves complete reduction of seawater sulfate to sulfur
without fractionation in a closed system (Osman et al., 2005).

Samples from the eastern ore zone have a relatively narrow
range of d13C values but a much wider range of d18O values
(Fig. 11). In general, the d13C values of carbonates should be equal
to, or higher than, that of the associated reducing ore-forming flu-
ids (Ohmoto, 1972). Table 4 shows that limestones have d13C val-
ues that are higher than calcite, and low d13C values may
indicate the involvement of organic carbon. There are three poten-
tial sources of C within ore-forming hydrothermal fluids: (1) a
mantle or magmatic source (d13C from �5‰ to �2‰ and �9‰ to
�3‰, respectively; Taylor, 1986); (2) a marine carbonate source
(d13C � 0‰; Veizer et al., 1980); and (3) an organic carbon source
(d13C from �30‰ to �15‰; Ohmoto, 1972; Ohmoto and Rye,
1979). The d13C values for gangue minerals obtained during this
study range from �8.3‰ to 2.7‰ (average of 2.09‰), somewhere
between the values for mantle and marine sources (Table 4;
Fig. 11), indicating the involvement of marine carbonates and a
mantle/magmatic derived fluid source within the basin as a source
of carbon and oxygen. The presence of hydrocarbon inclusions
within both gangue minerals and elsewhere in the basin (e.g., the
Jinding deposit; Misra, 2000; Chen and Wang, 2004) suggests that
an organic carbon source may be likely. In addition, gangue miner-
als have 18O/16O ratios that range from meteoric values to higher
than the values for meteoric water (Misra, 2000), essentially con-
sistent with the ratios of in the Lanping Basin, indicative of a basi-
nal brine source. In addition, the possibility that some of the
carbon and oxygen is basin-derived is consistent with the C–O iso-
tope compositions of some hydrothermal carbonates within the
Lanping Basin, which in turn are similar to those of marine
carbonates.

6.3. Comparison of eastern and western ore zones of the Baiyangping
polymetallic ore district

He et al. (2009) compared the characteristics of sediment-
hosted Zn–Pb–Cu–Ag ore-forming systems, including sandstone-
hosted Pb–Zn (SST), sandstone-hosted Cu (SSC), Mississippi
Valley-type (MVT), and sedimentary–exhalative Zn–Pb (SEDEX)
deposits, and concluded that the eastern ore zone should be classi-
fied as a ‘‘Lanping-type’’ deposit. Here, we use the discussion above
and the typical characteristics of ‘‘Lanping-type’’ deposits to com-
pare the ore-forming characteristics of the eastern and western
ore zones of the Baiyangping polymetallic ore district.

Tectonically, both the eastern and western ore zones are located
in a strongly deformed Paleogene–Neogene foreland basin of the
eastern Indo-Asian collision zone (Hou et al., 2006, 2007; Xue
et al., 2007). The distribution of ore deposits is controlled by
Cenozoic thrust systems related to the ongoing Indo-Asian conti-
nent–continent collision that initiated in the Paleocene (Xu and
Li, 2003; He et al., 2004b; Xu and Zhou, 2004).

The eastern and western ore zones differ in four respects. First,
mineralization in the eastern ore zone is generally hosted by car-
bonates, whereas mineralization in the western ore zone is hosted
by siliciclastic rocks. Second, the majority of mineralization in the
eastern ore zone is hosted by the Upper Triassic Sanhedong Forma-
tion (T3s), whereas mineralization in the western ore zone is
hosted by the Lower Cretaceous Jingxing (K1j) and the Middle
Jurassic Huakaizuo (J2h) formations (Third Geology and Mineral
Resources Survey, 2003). Third, the eastern zone has, from south
to north, Pb–Zn–Ag, Cu–Ag, Ag–(Cu), Pb–Zn–Sr, and Sr assemblages
(He et al., 2005), whereas the western ore zone has, from south to
north, Pb–Ag–(Zn), Cu–Ag–(Pb), and Cu–(Ag) assemblages (Liu
et al., 2010). Fourth, mineralization in the eastern ore zone was
generated by the mixing of basinal brines and mantle-derived flu-
ids within the Jinding ore deposits (Xue et al., 2007), whereas the
western ore zone developed from basinal fluids only (Xue et al.,
2010), forming typical MVT-type deposits.

In summary, organisms, basinal brines, and mantle derived
magmas were the primary sources of ore-forming fluids in the
eastern ore zone. The eastern and western ore zones of the Baiy-
angping polymetallic ore district share some similarities with
MVT and Lanping-type deposits, but they are significantly different
from other sediment-hosted base metal deposit types, such as SE-
DEX, SST, and SSC deposits. Overall, the eastern ore zone of Baiy-
angping polymetallic ore district should be considered a
‘‘Lanping-type’’ deposit.
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