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A B S T R A C T

The Jinding Zn-Pb sulfide deposit, Lanping, Yunnan, China, is one of the youngest sediment-hosted giant Zn-Pb
deposit in the world. It is also a well known deposit in China. The large scale of the mineralization and especially
the huge volume of H2S that was required to precipitate the Zn-Pb sulfide are of great interest to ore geologists.
Ore microscopy shows microbial structures such as framboidal sphalerite, spherical aggregates of galena-
sphalerite, oolite sphalerite, dendritic colloidal sphalerite-pyrite, metacolloidal sphalerite-pyrite, multinuclear-
metacolloidalring-like sphalerite-pyrite, botryoidal sphalerite-pyrite, framboidal pyrite and bacterial plate-like
of galena-sphalerite. Detailed observations and analyses of the microbial structures at micron to nanometer
scales by field emission scanning electron microscopy (FESEM) and energy dispersive spectrometry (EDS) reveal
that the bacteria fossils are composed of sphalerite, galena or pyrite or of multiple sulfide minerals with calcite
and that they are distributed in bacterial colonies in the ore. The individual bacteria fossils are spherical, bo-
tryoidal or ring-like with a diameter of 200–500 nm. Filamentous, mucoid and tubular extracellular polymeric
substances (EPS) are commonly observed that are closely associated with, and have the same composition as, the
bacteria fossils. Secondary ion microprobe analysis (SIMS) by in situ sulfur micro-isotopic analysis of the mi-
crobial sulfide structures and bacteria fossils yield δ34SV-CDT values varying from −48.6 to−9.5 per mil, in-
dicating that there was a high percentage of sulfate reducing bacteria in the Zn-Pb sulfide mineralization process.
Previous analyses have shown that the Zn-Pb mineralization was formed at a shallow depth and low temperature
with barely visible hydrothermal alteration, the presence of evaporitic sulfate layers and paleo-oil reservoir
characteristics. The authors believe that bacterial sulfate reduction might be the key H2S production mechanism
in the Jinding dome that was required to form this giant Pb-Zn sulfide ore body.

1. Introduction

Bacteria may play an important role in the mineralization of sedi-
ment-hosted base metal and uranium deposits (Southam and Saunders,
2005), and sulfate-reducing bacteria (SRB) may be one of the key fac-
tors required for generation of the H2S required to precipitate the mi-
neralization (Gustafson and Williams, 1981; Bechtel et al., 1996, 1998;
Warren, 2000; Labrenz et al., 2000; Watson et al., 2000; Kyle and Li,
2002; Marshall et al., 2004; Southam and Saunders, 2005; Xue et al.,
2007a, 2015; Tang et al., 2014). Bacterial fossils have been found in
sandstone-hosted uranium ores (Min et al., 2005; Cai et al., 2007) and
SRB have played a key role in the precipitation of the uranium minerals.

However, the presence of SRB has not been directly shown in the se-
diment-hosted lead, zinc, copper or other base metals deposits.

The Jinding deposit near Lanping, Yunnan currently has Pb-Zn re-
serves of> 10Mt, and it is also one of the youngest sediment-hosted
giant Zn-Pb deposit (Xue et al., 2003, 2007a, 2015). A recent palaeo-
magetic dating study of this deposit gave a 23 ± 3Ma mineralization
age (Yaxiaer et al., 2017). More than 22Mt of lead and zinc metals were
precipitated in the small 8 km2 Jinding ore field (Zhu et al., 2000).
From this tonnage, it is inferred that 3.17× 106m3 of H2S was required
to create the Zn-Pb mineralization (Gao et al., 2008a). The required H2S
is actually much greater because Jinding also contains a large FeS2
deposit (Xue et al., 2003). How were such huge volumes of H2S
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generated to participate in the mineralizing process? Many layers of
gypsum and salt occur in the host Lanping basin so that either thermo-
chemical sulfate reduction (TSR) or bacterial sulfate reduction (BSR)
could have been the main mechanism of H2S generation (Shi et al.,
1983; Bai et al., 1985; Yin et al., 1990; Chen, 1991, 1992; Zhou and
Zhou, 1992; Xue et al., 2003, 2007a). It has also been suggested that
organic matter was an important reducing agent that caused sulfate
reduction to create H2S according to organic petrography and geo-
chemistry studies that indicate the Jinding ore field was an oil and gas
paleoreservoir (Xue et al., 2007a,b, 2009, 2010; Gao et al., 2008a,b).
From previous research on the ore-forming process and ore S-isotopic
compositions, the H2S required for the main stage of Zn-Pb sulfide
mineralization had been thought to be TSR generated, although there is
evidence that a BSR event might have occured in the Jinding dome
before the major stage of Zn-Pb sulfide mineralization (Xue et al.,
2007a, 2010; Gao et al., 2008b). Conversely, it has also been suggested
that the H2S required to precipitate the main Zn-Pb orebody was BSR
rather than TSR generated (Tang et al., 2014). Further it is not clear
whether BSR occurred at the mineralization site or elsewhere with the
H2S migrating into the dome, although the BSR generated H2S is gen-
erally confirmed to be present in the Jinding sulfide mineralization.
Recent ore fabrics and related in situ micro-sulfur isotopic research
have shown that the BSR processes occurred at the metallization site
rather than elsewhere (Xue et al., 2015). However, there has been no
previous report of microbial structures and bacteria fossils in the Zn-Pb
sulfides.

To better constrain our understanding of the TSR-BSR problem at
Jinding, the Zn-Pb sulfide ores in the main orebody have been ex-
amined by ore microscopy. In this paper we report on the morphology
and composition of the sulfide minerals that have been observed and
analyzed on a micro- to nanometer scale using a field emission scanning
electron microscope (FESEM) and energy dispersive spectrometer
(EDS). Finally, the in situ S-isotopic compositions of the sulfide mi-
nerals in the microfabrics have been analyzed using secondary ion
microprobe (SIMS) analysis.

2. Regional geological setting

The Jinding Zn-Pb deposit is located in the northern part of the
Lanping-Simao basin (Fig. 1a). The basin is between the Tibet-Yunnan
plate to the west across the Lancangjiang suture zone and the Yangtze
plate to the east across the Jinshajiang-Ailaoshan suture zone. The basin
trends NNW with a length of about 400 km and a width of about 150 km
(Xue et al., 2004). From the analysis of the tectonics, magmatics and
infilling sedimentary strata, it can be summarised that the basin was a
microcontinent in the Proto-Tethys Ocean from the Proterozoic to the
early Paleozoic. The Proterozoic rocks consist of schist, gneiss, marble
and high-grade metamorphosed volcanics that formed in uplifted zones
along both sides of the basin. The Lower Paleozoic flysch is composed of
low-grade metamorphosed clastic rocks with argillaceous carbonate
interlayers, and it is partially exposed in some small uplifts in the basin
and at its margin. The region developed into a stable block as the Proto-
Tethys Ocean closed at the end of the Caledonian orogeny before a
Silurian hiatus. As the Paleo-Tethys Ocean opened along the Lancang-
jiang and Jinshajiang-Ailaoshan fault zones during the Early Devonian
to Early Carboniferous, the basin became a microplate between the
Yangtze and Tibet-Yunnan plates, as the flysch formations were de-
posited in the ocean around the basin’s margins. Volcanic arcs devel-
oped along both sides of the microplate due to Permian subduction. As
the Paleo-Tethys Ocean closed at the end of the Permian, the microplate
became entrapped between the Yangtze and Tibet-Yunnan plates as
part of Laurasia (Xue et al., 2002a, 2004).

The Lanping-Simao basin records the only continental environment
during the Mesozoic and Cenozoic periods. Regionally, it existed as a
rift basin in the Triassic, a depression basin in the Jurassic-Cretaceous
and a strike-slip pull-apart basin in the Cenozoic. After the release of

regional compressional stress from the closure of the Paleo-Tethys
Ocean, the ensuing Lower Triassic hiatus and regional uplift established
an extensional setting in the basin. The extension caused Middle
Triassic rifting along the Jinshajiang-Ailaoshan and Lancangjiang fault
zones. Regionally the Middle-Upper Triassic rocks consist of clastic and
carbonate rocks of marine and marine-terrestrial transitional facies
with a large volume of the felsic-mafic bimodal volcanic rocks that are
characteristic of continental rifts. Near at the end of the Triassic, the
Nujiang Ocean opened with a NS-trend to the west of the region and
pushed eastward, which gradually uplifted the basin’s western margin
and caused an intracontinental depression of the region. During the
Jurassic-Cretaceous, the Nujiang Ocean closed, perhaps because of the
rapid expansion of the Yarlung-Zangbo River Ocean, to create the
Lanping-Simao basin, which was infilled with terrestrial clastic rocks
from the adjacent uplifts. Toward the end of the Cretaceous, the
Yarlung-Zangbo River Ocean closed as the northern side of the Indian
plate collided with the Eurasian plate. The collision uplifted the basinal
region again, resulting in an unconformity surface between the Upper
Cretaceous and Paleocene strata. During the Paleogene, the continued
transpression between the Indian and Eurasian plates caused NNW-
trending strike-slip faults to be strongly developed along the northeast
margin of the Qinghai-Tibet plateau. The collision also caused the
Lanping-Simao strike-slip pull-apart basin to be formed and filled with
red clastic and evaporite strata. The continued docking and intense
compression between the Indian and Eurasian plates led to widespread
large-scale thrust faulting in the region, resulting in the Mesozoic strata
being often thrust over the Paleogene formations. The Neogene for-
mations consist of trachytic clastic volcanic and red sandstones (Xue
et al., 2002a, 2004). The basin is characterized by fault-block uplift
during the Quaternary.

Within the Lanping basin, mantle-derived Cenozoic alkalic intru-
sions crop out at Yongping, Weishan and other locations (Yin et al.,
1990; Lü and Qian, 1999). Several Cenozoic structural domes such as
the Jinding dome (Xue et al., 2007c) and Cenozoic metamorphic belts
like the Wuliangshan belt (YBGMR, 1990) formed along the main NNW-
trending fault within the basin. All of these features might be related to
Himalayan uplift and related upwelling thermal flux. The Jinding ore
field basin also hosts a large evaporite sedimentary gypsum deposit,
other sediment-hosted silver, copper, zinc and lead deposits such as the
Baiyangping (Xue et al., 2002a, 2003) and Jinman deposits (Chi and
Xue, 2011), and the large Hexi celestite deposit (Xue et al., 2002b; Hu
et al., 2013). The processes of the basin sedimentation, thrust faulting
and the structural doming were important geological steps in the
Cenozoic formation of the huge Jinding Zn-Pb deposit (Xue et al.,
2002a, 2004).

3. Ore geology

Upper Triassic, Middle Jurassic, Cretaceous, Paleocene and Eocene
rocks are exposed in the Jinding Zn-Pb ore field (Fig. 1). The Upper
Triassic, from oldest to youngest, includes: the Sanhedong Formation
composed of limestone, marlstone, bitumen-rich limestone and argil-
laceous dolomite; the Waluba Formation composed of mudstone and
siltstone; and the Maichuqing Formation composed of gray black car-
bonaceous argillite, siltstone and sandy mudstone. The Middle Jurassic
system is represented by the Huakaizuo Formation and composed of
purple siltstone and mudstone. The Lower Cretaceous Jingxing For-
mation contains light gray quartz sandstone. The Upper Cretaceous
lithologies include the older Nanxin Formation which includes purple
medium-coarse grained sandstone and mudstone interbeds, and the
younger Hutousi Formation that is composed of light gray feldspar-
quartz sandstone. The Paleocene Yunlong Formation has a lower
member consisting of silty mudstone and an upper member of con-
glomerate-bearing sandstone, sandstone and gypsiferous argillaceous
siltstone. Above it is the Eocene Guolang Formation that is composed of
quartz sandstone.
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The Jinding Zn-Pb sulfide orebodies are hosted in the Lower
Cretaceous Jingxing Formation and the upper part of the Paleocene
Yunlong Formation (Fig. 1) The lithology of Yunlong Formation

consists of conglomerate on the eastern side of the ore field that grades
to gravel-bearing quartz sandstone and sandstone on the western side.

After the sedimentation of the Jinding strata, a NE-SWward thrust

Fig. 1. Geological map and sections of the Jinding Zn–Pb deposit (modified from Xue et al., 2015).
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fault occured including the main F2 fault (Fig.1b) and some other minor
thrust faults such as F1 and F6 (Fig. 1c) (Xue et al., 2003, 2007a). The
attitude of the autochthonous system is normal and consists of the
Upper Cretaceous Nanxin, Hutousi and the Paleocene Yunlong forma-
tions from bottom to top. Conversely the allochthonous system is
overturned with the Lower Cretaceous Jingxing Formation, the Middle
Jurassic Huakaizuo Formation, the Upper Triassic Maichuqing and

Sanhedong formations (Xue et al., 2007c). Thereafter the thrust struc-
ture was deformed by local doming into the Jinding ore field. Thus the
core of the Jinding dome is composed mainly of rocks of the auto-
chthonous system, whereas the dome’s flanks are composed of al-
lochthonous rocks (Fig. 1b and c).

The Jinding Zn-Pb orebodies are hosted in the hanging wall the
Jingxing formation, and also in the footwall the upper member of the

Fig. 2. Photomicrographs of bacterial structures and tex-
tures in the Jinding lead–zinc ore. The samples come from
ore in either conglomeratic sandstone of the Jiayashan
(JJYS) or Paomaping (JPMP) segments or sandstone of the
Beichang (JBC) or Fengzishan (JFZS) segments of the
Jinding ore field. All samples are from the SIMS sites listed
in Table 1. a. Framboidal sphalerite is an assemblage of
microcrystalline sphalerite that is globular in shape and has
an irregular margin with a jagged edge. The framboids are
0.05–0.1mm in diameter and contain internal quartz debris
(sample JJYS-12, reflected plane-polarized light (rppl)). b.
The spheroidal aggregates contain a core of subhedral ga-
lena crystals that is rimmed by colloidal sphalerite. The
spheroids are assembled into a globular structure with a
smooth edge and a 0.5–2.0mm diameter (sample JBC-7,
rppl). c. Oolite-like sphalerite and “raspberry”-shaped
sphalerite are linked to each other. Single roe eggs and
“raspberries” of sphalerite have a diameter 0.05–0.1mm
(sample number, JBC-17, reflex polarized). d. Photo-
micrograph of c under reflected cross-polarized light; e.
Dendritic colloidal sphalerite-pyrite in which the central
colloidal sphalerite is surrounded by colloidal pyrite to form
a globular morphology (sample number JPMP-7, reflex po-
larized). f. Metacolloidal sphalerite-pyrite in which the
metacolloidal pyrite surrounds the metacolloidal sphalerite
(sample number JPMP-8, reflex polarized). g. Multinuclear-
metacolloidal-ring-like sphalerite-pyrite in which there are
irregular “cores” composed of nonuniform carbon-mud ag-
gregate surrounded by sphalerite. The multiple “cores” are
in turn surrounded by an envelope of pyrite (sample number
JPMP-7, reflection single polarizing). h. Botryoidal spha-
lerite-pyrite in which the sphalerite-pyrite aggregates are
linked to each other to form grape-shaped clusters (sample
number JPMP-8, reflex polarized). i. Framboidal sphalerite
in unevenly distributed patches of pyrite. Individual
spheroids are 0.2–0.6 mm in diameter (sample number
JFZS-8, reflex polarized). j. Magnification of the yellow
rectangle in i to show a bacterial plate-like galena-sphalerite
between quartz grains. The plate has a zonal structure and
spherical shapes that contain a core composed mainly of
sphalerite or galena. (sample number JFZS-8, reflected po-
larized light).
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Yunlong Formation. The boundaries are all gradational between the ore
zones and the wall rock and the related wall-rock alteration. The
Jinding Zn-Pb sulfide mineralization was likely emplaced either late in,
or after the end of, the doming process (Xue et al., 2007c). After mi-
neralization, the Jinding dome cracked to create a number of faults that
radiate away from its core and cut the strata, thrust structures and ore-
bodies. Thus the original continuous ore-bodies were divided into the
Beichang, Fengzishan, Nanchang, Jiayashan, Paomaping and other ore
zones of the Jinding ore field (Fig. 1b). The youngest NS-trending faults,
such as the F3, F4 and F5 faults, resulted in further uplift and erosion
throughout the ore field.

The Zn-Pb sulfide ore in the Jinding Formation is hosted in sand-
stone, whereas the ore in the Yunlong Formation is hosted in both
conglomerate-bearing sandstone and sandstone. The main ore minerals
are sphalerite and galena with subordinate pyrite and rare chalcopyrite.
Ore microscopy shows that the sulfide minerals mostly replaced calcite
cement and partially quartz, plagioclase, limestone gravel and other
clastics in the clastic sedimentary rocks. Most of the sulfide minerals
show allotriomorphic crystallinity (50–100 μm), colloform textures and
disseminated taxitic and framboidal structures. The average ore grade is
6.1% Zn and 1.3% Pb (YBGMR, 1990; Xue et al., 2003, 2007a).

4. Samples and methods

The studied samples were collected from the Beichang and
Jiayashan open pits and from tunnels in the Fengzishan and Paomaping
mines. All of the samples are from freshly-mined ore faces. Double-
sided polished thin sections were prepared for observation and analysis
from six locations, ie the Beichang (JBC-7 and JBC-17), Jiayashan
(JJYS-12), Fengzishan (FZS-8) and Paomaping (JPMP-7 and JPMP-8)
ore zones.

The double-sided polished thin sections were examined first under a
polarizing microscope using both transmitted and reflected light to
select sulfide minerals for further field emission scanning electron mi-
croscopy (FESEM) observation, energy dispersive spectrometry (EDS)
detection and micro-in-situ sulfur isotopic analysis. The in-situ sulfur
isotopic compositions of the sulfide micro-structures were analyzed
using a secondary ion microprobe spectrometer (SIMS) on a CAMECA
IMS-7F ion microprobe at the University of Manitoba. The instrumental
analytic methods, processes and conditions follow those described by
Xue et al. (2015). The standard materials used for the SIMS analysis
were massive coarse-grained, homogeneous sulfide minerals from the
Balmat mine, New York, USA, that include pyrite
(δ34S=+15.1‰ ± 0.3‰), sphalerite (δ34S=+14.0‰ ± 0.3‰)
and galena (δ34S=+15.6‰ ± 0.3‰). The results are stated relative
to the Vienna-Canyon Diablo Troilite (VCDT) standard with an analy-
tical error of 0.4‰. The FESEM observations and EDS were done at the
State Key Laboratory of Geological Processes and Mineral Resources of
the China University of Geosciences. The instrument used was a SU-
PRATM-55 electron microscope with a corollary Oxford EDS. The ac-
celerating voltage was 10 kv with a working distance of 8.7–15.0 mm.

5. Results

5.1. Morphological structures

Many styles of sulfide ore structures have been observed using a
polarizing microscope under reflected light. They include framboidal
sphalerite (Fig. 2a), spherical aggregates of galena-sphalerite (Figs. 2b,
Fig. 3a), oolite sphalerite (Fig. 2c and d), dendritic colloidal sphalerite-
pyrite (Fig. 2e), metacolloidal sphalerite-pyrite (Fig. 2f), multinuclear-
metacolloidal ring-like sphalerite-pyrite (Fig. 2g), botryoidal sphalerite-
pyrite (Fig. 2h), framboidal pyrite (Fig. 2i) and bacterial plate-like of
galena-sphalerite (Fig. 2j).

Framboidal sphalerite is frequently observed in the sandstone-hosted
Zn-Pb sulfide ore. The structure consists of microcrystalline sphalerite

that is aggregated into a spherical shape with irregular serrated edges
about 0.05–0.1mm in diameter and contains internal quartz debris
(Fig. 2a).

Spherical aggregate of galena-sphalerite is frequently formed in the
conglomerate-bearing sandstone-hosted Zn-Pb sulfide ore. Its core is a
subeuhedral crystal of galena surrounded by colloidal sphalerite. The
aggregate is globular or irregularly globular in shape with a smooth
edge that is 0.5–2.0mm in diameter (Fig. 2b).

Oolite sphalerite is commonly seen in the sandstone-hosted Zn-Pb
sulfide ore. This spherical aggregate is oolite-like in shape with a taxitic
structure, which have gathered into crowded groups with links to each
other (Fig. 2c). This structure is best observed by microscope under
reflected cross-polarized light (Fig. 2d). A single sphalerite “spawn” is
0.05–0.1 mm in diameter.

Dendritic colloidal sphalerite-pyrite is often observed in the con-
glomerate-bearing sandstone-hosted Zn-Pb ore. It occurs in in-
homogeneous clusters and groups. The colloidal pyrite is usually
formed around an irregular aggregate of colloidal sphalerite. Overall
the shape looks dendritic (Fig. 2e). Also there are bacterial plate-like
structures in the colloidal pyrite (Fig. 5a).

Metacolloidal sphalerite-pyrite is frequently observed in the con-
glomerate-bearing sandstone-hosted Zn-Pb ore and also occurs in in-
homogeneous clusters and groups. The metacolloidal spherical spha-
lerite core is often surrounded by metacolloidal pyrite. The whole
aggregate is globular in shape (Fig. 2f).

Multinuclear-metacolloidal ring-like sphalerite-pyrite is commonly
found in the conglomerate-bearing sandstone-hosted Zn-Pb ore. The
ring-like metacolloidal-pyrite and/or -sphalerite has an irregular con-
centricity with a number of irregular cores composed of nonuniform
carbon-mud aggregate (Figs. 2g, 4). The colloidal pyrite rings are often
wider than the colloidal sphalerite rings. Radial fractures in the meta-
colloidal component are commonly observed (Fig. 2g).

Botryoidal sphalerite-pyrite is often observed in the conglomerate-
bearing sandstone-hosted Zn-Pb ore as inhomogeneous clusters and
groups. The structure occurs in spherical aggregates that are composed
of nuclear cores of colloidal sphalerite with a surrounding colloidal
pyrite ring. The aggregates are linked to each other to form clustered
groups like grape clusters (Fig. 2h). Also a calcite bacterial plate is
observed between the spherical aggregates (Fig. 6).

Framboidal pyrite is often seen in the sandstone-hosted Zn-Pb as
inhomogeneous intergranular clusters and groups. A single pyrite
framboid with quartz fragments is 0.2–0.6mm in diameter. There is a
bacterial plate-like galena-sphalerite that has a zonal structure and
spherical shape of 0.05–0.08mm in diameter with a core composed
mainly of sphalerite or galena. The core’s inner zone is galena and its
outer zone is sphalerite within the pyrite rim (Fig. 2j). The sphalerite
zone in the structure may or may not be continuous (Fig. 3a).

5.2. Measured properties

The results for the SIMS in situ S-isotopic analysis of the sulfide
minerals described above are listed in Table 1. The numbers for the
analysis spots listed in Table 1 correspond to those shown in Fig. 2.

The microbial structures and bacteria fossils (Figs. 3–6) consist of
paragenetic sphalerite, galena, pyrite and calcite that have been ob-
served and detected by FESEM and EDS at the micron or nanometer
scale. The bacterial plate structure of galena-sphalerite (Fig. 2j) exhibits
multiple plates that are linked to each other in clusters and look exactly
like bacteria (Fig. 3a). FESEM shows that the aggregates consist of
galena cores surrounded by zoned galena-sphalerite rings. The galena
cores are from 20 to 80 μm in diameter with a rough surface (Fig. 3b).
The zoned sphalerite ring is frequently discontinuous and also has a
rough surface from the aggregation of multiple fine grains (Fig. 3c).
EDS detection demonstrates that the ring is composed of sphalerite
(Fig. 3e). The individual bacteria fossils of sphalerite are round in shape
and about 200 nm in diameter (Fig. 3d) and they are linked together in
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clusters. A filamentous or mucoid mineral is also observed that links the
fossils (Fig. 3c and d), which EDS identifies as sphalerite (Fig. 3f).

Spherical bacteria fossils of micron scale are crowded into clusters
(Fig. 4a–c) and have been observed in the multinuclear-metacolloidal-
ring-like sphalerite-pyrite structure (Fig. 2g) by FESEM. The fossils are
shown by EDS to be composed of pyrite and sphalerite (Fig. 4d and e). A
pyrite aggregate often forms the core of the fossil with a sphalerite
aggregate forming a ring zone around it. The pyrite core is spherical in
shape with a rough surface, and it is composed of many more bacteria
fossil grains of fine pyrite. The sphalerite in the outer zone shows si-
milar structural characteristics (Fig. 4c–e).

Colloidal pyrite is frequently observed in Jinding’s conglomerate-
bearing sandstone-hosted Zn-Pb sulfide ores. The pyrite exhibits a
spheroidal granular texture and a concentric structure with a diameter
of 20–40 μm (Fig. 5a). The micron to nanometer scale of the bacteria
fossils is seen by FESEM in the core of the colloidal pyrite spherical
aggregate (Fig. 5b). The fossils are spherical grains that are linked to
each other in clusters (Fig. 5b and c). A mucoid filamentous material
can be seen between the nanometer-sized grains of bacteria fossils by
FESEM (Fig. 5c). EDS detection confirms that the fossils are composed
of pyrite (Fig. 5d).

A bacteria fossil aggregate that is seen by FESEM and composed of
micron to nanometer-sized calcite grains co-exists with the meta-
colloidal pyrite in the conglomerate-bearing sandstone-hosted Zn-Pb
sulfide ores (Fig. 6a–c). The aggregate is spheroidal in shape with a
diameter of about 10 μm and it is found in dense clusters of other calcite
fossils of similar size (Fig. 6b). The individual bacteria fossils are shown
to be composed of calcite by EDS detection (Fig. 6d).

6. Discussion

Pyrite framboids or other micro-organism microstructures such as
fossil bacteria can be difficult to identify in the geological record be-
cause of either the recrystallization of minerals such as pyrite, spha-
lerite and calcite or the influence of late-stage mineral replacement
(Scott et al., 2009; Wacey et al., 2015). However, we can observe the
morphology and size and analyze the elemental composition of mi-
crostructures produced by such micro-organisms and bacteria fossils
using FESEM and EDS methods (Rickard and Zweifel, 1975). When
these methods are combined with the δ34S data, we can better under-
stand whether or not the microstructures are related to bacteria (Kohn
et al., 1998).

6.1. Bacteriogenic structures, bacteria fossils and sulfate-reducing bacteria

In the Jinding Pb-Zn sulfide ore beds are found a variety of special
types of sulfide. They include framboidal and oolite-like sphalerite in
monomers of “core – coating” binary structures. Their morphology and
composition are similar to framboidal sphalerite found in the Ulagen
and Bleiberg Pb-Zn deposits (Kucha et al., 2005; Xue et al., 2014). The
formation of both structures is associated with SRB.

At Jinding the galena and sphalerite form globular clusters with
galena as the core and colloidal sphalerite as the surrounding coating.
Colloidal sphalerite-pyrite and metacolloidal sphalerite-pyrite crystal-
lites have sphalerite as the core and colloidal or metacolloidal pyrite as
the surrounding coating. Also, in multiple nuclear-metacolloidal and
ring-like sphalerite-pyrite structures, we found sphalerite as the core
with carbon as the surrounding coating. We believe they might also

Fig. 3. FESEM photos and the results of energy distribution
spectrum (EDS) analysis of bacteria fossils from plate ga-
lena-sphalerite. a. Magnification of part of Fig. 2i showing
plate-galena and sphalerite; b. Further magnification of a; c.
Magnification of part in b showing nano-balls connected by
protonema of sphalerite; d. Magnification of part in b
showing nano-balls connected by protonema of sphalerite;
e. EDS analysis results for spot 1 from d; f. EDS analysis
results for spot 2 from d; Sp-Sphalerite, Gn-Galena, Py-
Pyrite, EPS- Extracellular polymers.
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formed by bacterial activity.
Sphalerite-pyrite botryoides are connected to each other in multiple

colloidal pyrite-sphalerite globular groups like grapes with each unit
having a “core – coating” binary structure in which the core is com-
posed of sphalerite or calcite and the surrounding coating is pyrite.

These globular clusters are similar to those found in the Navan Pb-Zn
deposit of Ireland (Bawden et al., 2003).

Framboidal pyrite is commonly found in a sedimentary environment
and is considered to be the result of microbial activity. The structural
layering of the galena and sphalerite crystallites in the Jinding deposit

Fig. 4. FESEM photos and the results of EDS analyses for
bacteria fossils from multi-core gelatinous pyrite, sphalerite.
a. Large group of micron-scale bacteria fossils composed of
pyrite and sphalerite in multistructures; b. Magnification of
a showing the assembly of the pyrite core; c. Magnification
of a showing enlargement of the bacteria fossils; d. EDS
analysis of spot 1 in c; e. EDS analysis of spot 2 in c. Sp-
Sphalerite, Py-Pyrite.

Fig. 5. FESEM photos and EDS analyses of bacteria fossils
from colloidal pyrite. a. Colloidal pyrite in the Zn-Pb ore is
characterized by orbicular and concentric ring structures; b.
Increased magnification of a showing the submicron scale of
the bacteria fossils; c. Further magnification of a showing
pyrite bacteria fossil at a nanoscale; d. EDS analysis of spot 1
in b. Py-pyrite, Cal-calcite.
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is similar to that found in the Engis and Ballinalack deposits with the
internal spherical core having 2–3 layers of similar composition. Some
Pb-Zn deposits in Belgium, Ireland, Poland and Austria also have si-
milar sulfide mineral structures that have been interpreted to be the
result of bacterial activity (Kucha, 1988; Kucha et al., 1990, 2001,
2005, 2010; Southam and Saunders, 2005). The Jinding Pb-Zn sulfide

mineral structures described in Section 5.1 of this paper likely origi-
nated also as bacterial structures.

The galena and sphalerite plates, when seen in FESEM, consist of
concentric spherical nuclei of galena and sphalerite with a diameter of
20–80 µm. The surface of the discontinuous sphalerite ring appears to
consist of rough particles. On further magnification, the sphalerite

Fig. 6. FESEM photos and EDS analyses of bacteria fossils of
calcite that occur with the colloidal sphalerite and pyrite
(Sample JPMP-8 from sulfide ore in the Paopaping segment
of the Jinding deposit). a. Assembly of potential micro-
coccus fossils of about 10 μm in diameter that are composed
of calcite and related sulfide minerals; b. Magnification of a
showing the calcite bacteria fossils forming an orbicular
structure; c. EDS analysis of spot 1 in a; d. EDS analysis of
spot 2 in b. Cal-calcite, Py-pyrite, Sp-sphalerite.

Table 1
S isotope composition of ore sulfides from the Jinding Zn–Pb deposit analyzed by SIMS.

No. Segment Point No. Minerals 34S/32S 1σ (‰) δ34S (VCDT) 2σ (‰)

JJYS-12 Jiayashan JJYS-12a Sphalerite 4.325682 0.4 −9.5 0.6
JJYS-12b Sphalerite 4.324097 0.5 −9.7 0.6
JJYS-12c Sphalerite 4.303726 0.4 −14.5 0.6
JJYS-12d Sphalerite 4.313375 0.4 −12.3 0.6

JBC-7 Beichang JBC-7a Sphalerite 4.300668 0.4 −15.1 0.6
JBC-7b Sphalerite 4.281595 0.5 −19.6 0.6
JBC-7c Sphalerite 4.289725 0.4 −17.6 0.6
JBC-7d Sphalerite 4.286358 0.4 −18.5 0.6
JBC-7e Galena 4.335608 0.4 −33.5 0.6
JBC-7f Galena 4.338261 0.3 −32.9 0.6
JBC-7g Galena 4.32989 0.3 −34.9 0.6

JPMP-7 Paomaping JPMP-7a Sphalerite 4.290701 0.4 −17.5 0.6
JPMP-7b Sphalerite 4.287782 0.4 −18.1 0.6
JPMP-7c Sphalerite 4.29173 0.4 −17.3 0.6
JPMP-7d Pyrite 4.214577 0.3 −21.7 0.5
JPMP-7e Pyrite 4.216318 0.3 −21.6 0.5
JPMP-7f Pyrite 4.220004 0.3 −20.7 0.5
JPMP-7g Pyrite 4.204432 0.3 −24.3 0.5
JPMP-7h Pyrite 4.155106 0.3 −35.7 0.5
JPMP-7i Pyrite 4.212026 0.3 −22.5 0.5

JPMP-8 Paomaping JPMP-8a Sphalerite 4.309358 0.4 −13.2 0.6
JPMP-8b Sphalerite 4.296367 0.4 −16.3 0.6
JPMP-8c Sphalerite 4.301318 0.4 −14.9 0.6
JPMP-8d Pyrite 4.216515 0.3 −21.4 0.5
JPMP-8e Pyrite 4.217001 0.3 −21.3 0.5
JPMP-8f Pyrite 4.225646 0.3 −19.4 0.5

JFZS-8 Fengzishan JFZS-8a Pyrite 4.219362 0.4 −42.8 0.6
JFZS-8b Pyrite 4.226805 0.3 −41.1 0.7
JFZS-8c Pyrite 4.216046 0.3 −43.3 0.7
JFZS-8d Pyrite 4.224439 0.4 −41.5 0.7
JFZS-8e Galena 4.269055 0.4 −47.9 0.4
JFZS-8f Galena 4.266008 0.4 −48.6 0.4
JFZS-8g Galena 4.290957 0.4 −43 0.4

Note: This experiment was carried out on ion micoroprobe machine model CAMECA IMS-7F of SIMA laboratory in University of Manitoba, Canada.
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assemblage actually consists of many tiny sphalerite microspheres, each
with a diameter of about 200 nm. The sphalerite microspheres are
connected to each other in a cluster by adhesive filaments of sphalerite
nuclei. These plates have the morphological characteristics of bacterial
colonies. In orbicular sphalerite from the Bleiberg deposit, we observed
nanometer spheriods (10–90 nm) and bacterial filament structures by
FESEM that can be interpreted to be the product of in situ metabolism
by SRB. The micron-sized sphalerite spheres are composed of an as-
sembly of sphalerite nanospheres, possibly from the replacement of
bacterial colonies. This suggests the internal shape of the plate spha-
lerite crystallites, the galena assembly of nanospheres and the adhesion
filaments all originated as bacteria in a secretion of extracellular sub-
stances (EPS) with subsequent sulfide (sphalerite) replacement to form
the mineralized fossils in the ore.

FESEM examination shows the multicore gelatinous sphalerite-
pyrite samples to be granular aggregates at a micron scale (Fig. 2g). The
pyrite aggregates have a rough surface composed of numerous na-
noscale pyrite spheres with a similar framboidal structure (Fig. 4c).
Unlike the commonly seen spherical framboidal microcrystallites that
usually have a cubic octahedral or pentagonal symmetry, the fram-
boidal pyrite at Jinding consists of mostly orbicular nanometer ag-
gregates of spherulites of ∼200 nm in diameter. The observed
morphologies share several similarities with the multicore gelatinous
sphalerite-pyrite samples and the mineral microspheres that are found
in biofilms of SRB (see Labrenz et al., 2000, Fig. 2). Labrenz et al.
(2000) concluded that SRB in a low temperature environment can ac-
celerate the formation of nanometer sphalerite and gather it into
globular clusters with a biofilm morphology.

Pyrite in lead and zinc sulfide ore samples is often found in colloidal
concentric rings and globular structures as pellets with a diameter of
20–40 µm (Fig. 5a). The pellets are composed of colloidal pyrite spheres
of micro-nanometer size. The pellets in turn connect to each other to
form a cluster (Fig. 5b and c). FESEM photos show pyrite filaments
adhere to bind the pellets together (Fig. 5c). The colloidal pyrite mi-
crospheres have similar shape characteristics as the plate galena-spha-
lerite aggregates that also exhibit nanoscale sphalerite and filaments.
They differ in that the galena-sphalerite pellets are larger and more
dense, and the filaments between the tiny pyrite spheres are relatively
smaller. Core observations of colloidal pyrite in shoaling- and sand-
stone-type uranium deposits exhibit crystalline uranium staphylococci
that are very similar and considered to be formed by SRB (Min et al.,
2005; Cai et al., 2007).

FESEM observations show sphalerite and pyrite nanospheres with
associated with adhesive filaments that are also visible in symbiotic
microsized calcite mineral aggregates (Fig. 6a). These aggregates are
composed of numerous small spherical pelletized calcite clusters that
are ∼10 µm in diameter (Fig. 6b). These nanoscale pelletized minimers
are also composed of calcite. Recent studies show that the sulfate-re-
ducing bacteria can, when reducing sulfate, produce CO2 by the oxi-
dation of organic matter at the same time. The CO2 in water and
electricity generated from the production of HCO3− can then react with
Ca2+ to form calcite. When these processes occur in bacterial cells or in
bacterial secreted extracellular polymers on a surface, the micro-
organisms wrap themselves in extracellular material to form petro-
chemical organisms that are preserved in situ (Stocks Fischer et al.,
1999; Wang et al., 2013).

In general, the sulfide bacterial structures in the Jinding deposit are
in single spheres with a diameter of about 200–500 nm that are slightly
smaller than normal bacteria (0.5–2 µm). Usually the structure is sub-
spherulitic and clustered in distribution with some filaments. This
suggests that both the spheres and filaments are jointly produced by the
bacteria to form the structure and the core of sulfide aggregates
(Figs. 3–6). Morphologically the structures are similar in character to
modern micrococci. Sometimes single fossil bacteria and adhesive fi-
laments come together to form larger micron-sized orbicular clusters
(Figs. 2–6) of mostly bacterial colonies (Toporski et al., 2002). EDS

analysis of the bacterial fossils, adhesive filaments and calcite minerals
indicate that they are composed of sphalerite, pyrite, etc. Thus the
observed structures could either be primary sphalerite, pyrite and cal-
cite, originally precipitated in bacterial cells and along adhesive fila-
ments, or a later replacement or recrystallization of the original mi-
nerals (Love, 1957, 1962; Love and Zimmerman, 1961; Steinike, 1963;
Massaad, 1974; Taylor, 1982; Stocks Fischer et al., 1999; Logan et al.,
2001). The chondrules in the Jinding sulfide ore are slightly larger than
most nano-sized bacterial fossils, but have similar characteristics. Most
nanometer fossil bacteria in carbonate, sulfur, silicon oxide and clay are
generally of only 50–200 nm in size, which is about one-tenth the
diameter of common bacteria and one-thousandth of the volume.
Compared to common bacteria, they are very similar in appearance but
show obvious differences to most mineral particles because they can be
spherical, rod-shaped, beads, etc., and are often part of dense colonies
(Folk, 1993, 1996, 1999). Furthermore, most researchers believe that
the mineral microspheres and their aggregates are associated with the
bacterial biofilm nucleation effect (Labrenz et al., 2000; Riding, 2002;
Labrenz and Banfield, 2004; Wang et al., 2013). Although biological
processes can also produce similar fossil bacteria spheres, they usually
have a wide range in size and nonuniformity (Liebig et al., 1996;
Westall, 1999). The bacterial and biological spheres also differ in terms
of sulfur isotope, biogenic minerals enrichment of light sulfur, etc (see
below). Generally speaking, when fossil spheres and club-shaped fossil
spheres are seen together, they are thought to be biogenic (Westall,
1999; Toporski et al., 2002). The nanospheres of Jinding sulfide ore
minerals with linking filaments of mucoid bacterial extracellular poly-
meric substances (EPS) (Figs. 3c and d, 5c) suggest the potential for
mineralization of bacteria cells or mineral microspherulites that were
produced on a bacterial biofilm.

Bacterial fossils are common in many environments (Ehrlich and
Newman, 2009) and they can be preserved by sulfate-reducing products
such as pyrite, sphalerite, etc. Replacement of fossil bacteria by ancient
SRB activity is evident in this study (Buick, 2001; Kucha et al., 2001;
Shen and Schopf, 2004). Sulfate reducing bacteria (SRB) are generally
anaerobic and found on the sea bottom, on land in polar environments
and throughout hydrothermal systems (Widdel, 1988; Jørgensen et al.,
1992; Sagemann et al., 1998). In general, suitable bacteria survive in
temperatures from 0 to 80 °C (Machel, 2001). There are also some ex-
treme thermophilic bacteria that can survive in temperatures as high as
121 °C (Kashefi and Lovley, 2003). At the appropriate temperature, SRB
can get energy by the reduction of sulfate as an electron acceptor, by
the oxidation of organic matter as an electron donor when accompanied
by the release of H2S and CO2 (Madigan et al., 2010), and by the for-
mation of biogenic material when the environment contains Ca2+ cal-
cite. Thus reaction process can be simplified as

+ + + → + + +
+ − +2CH Ca 2SO 2H 2H S CaCO 3H O CO4

2
4
2

2 3 2 2 (1)

In Eq. (1), the CH4 represents most hydrocarbons and other organic
matter; SO4

2− represents soluble sulfate (gypsum and anhydrite, etc.);
and, CaCO3 represents calcite (Warren, 2000). When the H2S, which
was generated by this process, encounters Fe2+, Zn2+ and Pb2+, the
H2S quickly induces sulfide precipitation.

Sulfate reducing bacteria and its extracellular material can not only
restore sulfate and generate a reducing H2S (Rickard, 2012), they also
can be used in the processing of polysaccharide substances when ad-
sorbed on the surface of the biofilm with Fe2+, Zn2+ and Ca2+ by
changing the surrounding environment to provide ideal nucleation sites
for mineral growth (Ferris et al., 1987; Large et al., 2001; Riding, 2002;
Braissant et al., 2007; Wang et al., 2013). Sulfide minerals grow and
precipitate on a cell surface or biological membrane surface where they
can produce the intake of nutrients by the bacteria on the surface that
cause the bacterial cells to die because of hunger. Thereafter the mi-
neralization process continues to completely preserve the bacterial
fossils in situ (Southam and Saunders, 2005) Further, the mineralization
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continues by peripheral growth on the fossil SRB bacteria as shown in
Fig. 2.

6.2. Sulfur isotopic composition

Generally, during the process of sulfate bacteria reduction, the
lighter sulfur (32S) tends to react faster than the heavier sulfur (34S)
because the weaker 32SeO bonds is easier to break than the 34SeO
bond. Hence, the product H2S is enriched in 32S and depleted in 34S, so
that the value of the residual δ34S sulfate will increase gradually as the
reaction proceeds (Shen and Schopf, 2004; Seal, 2006). Therefore, a
negative δ34S value is generally deemed to be associated with SRB
(Fallick et al., 2001; Southam et al., 2001; Kucha et al., 2001, 2005,
2010; Bawden et al., 2003; Schroll and Rantitsch, 2005).

The δ34S values of sulfide at Jinding range from −48.6‰ to
−9.5‰ with an average of −25.2‰ by SIMS analysis. The δ34S value
of sphalerite is between −19.6‰ and −9.5‰ with an average of
−15.3‰ (n= 14), galena is between −48.6‰ and −32.9‰ with an
average of −40.1‰ (n= 6) and pyrite is between −43.3‰ and
−19.4‰ with an average of −29.0‰ (n= 13) (Table 1). Conversely,
from the δ34S values of the sulfate minerals in the Jinding dome
(+6.3‰ to +21.7‰; Yin et al., 1990; Gao, 1991; Zhou and Zhou,
1992), we obtain a range of ΔSO4-sulfide(=δ34Ssulfate− δ34Ssulfide) be-
tween 15.8‰ and 70.3‰. Previous studies have shown that ΔSO4-sulfide

reaches a maximum of about 46‰ when produced by normal bacterial
sulfate reduction (BSR) under laboratory conditions (Canfield, 2001;
Fallick et al., 2001; Habicht and Canfield, 2001), whereas the fractio-
nation of sulfides having bacteriogenic structures in the Jinding deposit
ranges up to ∼70‰ relative to the symbiotic sulfate. Such a large
degree and wide range of fractionation indicates that the formation of
the bacteriogenic structures is associated with SRB in the sulfide mi-
nerals and microspheres (Machel et al., 1995; McGowan et al., 2003;
Carrillo-Rosúa et al., 2014). This suggests that disproportional fractio-
nation of the bacteria may also be involved in the mineralization pro-
cess except for BSR (Canfield, 2001; Fallick et al., 2001; Habicht and
Canfield, 2001). Some research shows that single-step sulfate-reducing
bacteria can produce nearly 75% of sulfur isotope fractionation in situ if
the deposit was formed in the deep biosphere range (Wortmann et al.,
2001). However, this does not conform to the subsurface environment
of the Jinding dome.

In addition, the δ34SVCDT values of residual sulfate after the BSR
process were heavier than the initial sulfate values of about 20–25‰
(Xue et al., 2015). The δ34S values of the sulfate minerals associated
with the Jinding metal sulfides varies from +6.3‰ to +21.7‰, which
is similar to the δ34S of Late Triassic Paleo-ocean sulfate (Yin et al.,
1990; Gao, 1991; Zhou and Zhou, 1992). Therefore, the sulfate sulfur
isotope characteristics of BSR in the Jinding deposit were created in a
relatively open system with a sufficient supply of sulfate for the reaction
system (Seal, 2006), which is consistent with the fact that there is a
large amount of the gypsum in the Jinding deposit.

6.3. Bacterial reproduction and the formation mechanism of H2S

The Jinding lead–zinc deposit is located in the northern part of the
Lanping-Simao basin, which contains mainly Cenozoic clastic rocks,
carbonate rocks and evaporites (Xue et al., 2004). The ore bodies are in
the Yunlong and Jinxing formations. No magmatic rocks and almost no
occurrences of hydrothermal alteration are found in either the over-
lying Eocene series and Quaternary system or in the underlying San-
hedong, Waluba, Maichuqing, Huakaizuozu, Nanxing, and Hutousi
formations. Recent studies have shown that the lead–zinc mineraliza-
tion was formed at a depth of ∼1 km (Wen et al., 1995; Xue et al.,
2002a, 2007a,c) in ancient reservoirs that contained plenty of organic
matter prior to Zn-Pb mineralization (Xue et al., 2007c). Gypsum is
found typically in continental evaporite strata and mineralized forma-
tions (Xue et al., 2006). These conditions show that the Jinding dome

provided an epithermal environment rich in sulfate and organic matter
that allowed the SRB to quickly multiply to complete the organic re-
duction of sulfate, and thus to produce H2S rapidly and continually.
When the BSR-produced H2S then encounters elements such as Fe, Zn
and Pb in abundance, precipitation takes place of large amounts of
sulfide within the dome to form the common disseminated and massive
mineral structures. Conversely, if mineralization takes place in the
presence of SRB cells and extracellular material surfaces, then miner-
alized fossils will grow into an in situ sulfide bacterial structure. Thus,
combining a micro-area of in situ S isotopes with H2S, we believe that in
situ BSR may have played a key role in the forming process of H2S
causing the Jinding Zn-Pb mineralization.

7. Conclusions

The ore of the Jinding deposit contains bacterial fossils with a
diameter of 200–500 nm that are composed of sphalerite, galena, pyrite
and calcite, either individually or in some combination. The fossils
exhibit framboidal, botryoidal, rod-shaped, dendritic colloidal, meta-
colloidal, multinuclear-metacolloidal-zonal and plate-like structures.

In situ SIMS analyses of the bacterial fossils show that the sulfide
minerals at Jinding have a wide range of δ34S values from ∼48.6‰ to
∼9.5‰. Conversely the δ34S values of sulfate minerals in the Lanping
basin host rocks range from+6.3‰ to +21.7‰ that equates to a sulfer
isotope fractionation range of +15.8‰ to +70.3‰, indicating that
BSR produced the H2S that precipitated the massive sulfides. The large
difference in isotope fractionation values leads to the conclusion that
the Jinding dome contained an oil and/or gas reservoir with a large
amount of H2S produced by BSR when the fertile lead and zinc-bearing
hydrothermal fluids were introduced into the dome to precipitate the
massive metal deposits.
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