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Abstract: Landslides cause severe damage to life and property with a wide-ranging impact.
Infiltration of rainfall is one of the significant factors leading to landslides. This paper reports on a
phase creep landslide caused by long-term rainfall infiltration. A detailed geological survey of the
landslide was conducted, and the deformation development pattern and mechanism of the landslide
were analyzed in conjunction with climatic characteristics. Furthermore, reinforcement measures
specific to the landslide area were proposed. To monitor the stability of the reinforced slope, a
Beidou intelligent monitoring and warning system suitable for remote mountainous areas was
developed. The system utilizes LoRa Internet of Things (IoT) technology to connect various
monitoring components, integrating surface displacement, deep deformation, structural internal
forces, and rainfall monitoring devices into a local 10T network. A data processing unit was
established on site to achieve preliminary processing and automatic handling of monitoring data.
The monitoring results indicate that the reinforced slope has generally stabilized, and the improved
intelligent monitoring system has been able to continuously and accurately reflect the real-time
working conditions of the slope. Over the two-year monitoring period, 13 early warnings were
issued, with more than 90% of the warnings accurately corresponding to actual conditions,
significantly improving the accuracy of early warnings. The research findings provide valuable
experience and reference for the monitoring and warning of high slopes in mountainous areas.

Keywords: rainfall-induced landslide; field exploration; failure mechanism; LoRa Internet of
Things; monitoring

1. Introduction

Landslides have always been one of the deadliest geological disasters distributed
worldwide, leading to the collapse of houses and fatalities [1-5]. The primary driving
force behind landslide disasters is the gravitational force acting on rock and soil masses,
making landslides most prevalent in mountainous areas. Specifically, geological
structures such as discontinuities and properties, rainfall, groundwater seepage,
earthquakes, and other factors often play a key role in causing slope instability.

The investigation into the influential mechanisms of stability factors has become the
most crucial approach to distinguish the development stage and failure mode of
landslides. Generally, the triggering factors of a landslide are multiple [6,7]. Among these
factors water is one of the most frequent causes of landslides. Landslides triggered by
water can be categorized into two types: water seepage inside the soil mass and surface
flow. The primary source of water is rainfall. When rainfall carries a substantial amount
of rainwater that seeps into the receiving soil, it results in a decrease in soil suction and
an increase in soil pore water pressure. This, in turn, decreases soil resistance and
ultimately leads to slope failure [8-10]. Consequently, many landslides are caused by
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rainfall [11,12]. The correlation between surface water flow and landslides lies in the
erosion and damage to the slope surface, which further impacts the rock and soil structure
of the slope, resulting in terrain and landforms conducive to instability [13,14].

As the soil mechanical properties decrease with surface water infiltration, various
phenomena characterizing landslides occur, such as shear failure of rock and soil,
groundwater outflow, surface fissures, and even the toppling of surface vegetation in the
initial and evolution stages of landslides [15-19]. By monitoring these characteristics, the
development stage of landslides can be predicted, and corresponding disposal measures
can be taken to prevent further slope collapse [20,21]. Landslide prevention methods
include brushing and reducing the load, gentle slope treatment, drainage, and
backpressure at the foot of the slope, strengthening the foot of the slope, and reinforcing
the slope body [22-26]. Drainage measures are particularly crucial for rainfall-induced
landslides, including surface drainage and groundwater drainage. Therefore, drainage
channels and pipes are commonly employed methods. Others include prestressed
staggered anchor cables, retaining walls, anti-skid piles, pressure grouting, shotcrete, and
grouting for seepage prevention. The monitoring of slope reinforcement measures
includes surface deformation monitoring and internal monitoring. Surface deformation
monitoring can be conducted through remote monitoring [27]. However, the variation of
internal characteristics, such as deep displacement, groundwater pressure, and the stress
and strain of piles or anchors, should be monitored using sensors [28,29]. In remote
mountainous areas, the conditions for continuous on-site measurements are challenging,
making it difficult to ensure the quality and consistency of monitoring data [30].
Additionally, conducting monitoring at multiple sites exacerbates the difficulties
associated with on-site surveillance. Presently, the automation of landslide monitoring in
remote mountainous regions remains a challenging task that is not easily accomplished.

In this study, we reported a landslide that happened in Yongshun County, Hunan
Province in China. Through the collection of various surface features characterizing
landslides, the destructive patterns and triggering mechanisms of slope landslides were
analyzed. Based on this analysis, the stages of slope landslide occurrences were
determined, and corresponding reinforcement and remediation measures were proposed.
An intelligent monitoring and early warning system applicable to remote mountainous
areas was developed. This system, based on Internet of Things (loT) technology,
integrated and developed a local 10T for key project monitoring devices such as surface
displacement, deep deformation, groundwater level, and internal forces in anchored
structures. The research findings can serve as an experiential reference for the monitoring
and early warning of high slopes in mountainous areas.

2. General Characteristics of the Landslide

The Xianeyu landslide, situated in Aimin Village, Yongshun County in Hunan
Province of China (109°59'12" E, Latitude: 29°15'22" N), represents a considerable
geological hazard with an estimated volume of approximately 10.5 x 104 m3, as shown in
Figure 1. Once the landslide slides down, it directly threatens the life and property safety
of over 220 people. This landslide was initially documented in June 1984, triggered by
persistent heavy rainfall, leading to deformation of the landslide mass and the
development of cracks in houses situated at its rear edge. In the 2003 monsoon season,
heavy rainfall caused the displacement of approximately 3500 m? of soil and rocks,
resulting in damage to 12 houses.
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Figure 1. Distribution of landslide and the threatened area: (a) remote sensing image, (b) threatened
building, (c) topographic of the landslide area.

In recent years, the Xianeyu landslide has exhibited more pronounced deformation,
aggravated by the increasing frequency of extreme weather events. The mass of the
landslide has significantly subsided, causing a noticeable tilt in wooden structures on its
slope, localized shear cracks at the front edge of the landslide, and multiple instances of
dry-stone retaining walls collapsing. Additionally, to the north of this landslide, there is
an unstable sloped area. Field observations have indicated gradual subsidence in the
cultivated fields on the slope, although it does not pose an immediate threat to structures.
Therefore, it is recommended to enhance monitoring efforts for this unstable slope.

2.1. Geological Characteristics

Based on surface deformation characteristics and micro-topographic features, the
rear and front edges of the landslide are demarcated by steep slopes, while the lateral
boundaries of the landslide are determined by the presence of fissures and the ridge line.
The plan view of the landslide exhibits a round-chair shape, and its longitudinal profile
appears as a broken-line pattern with the main sliding direction oriented at 85°. The
elevation of the landslide’s rear edge ranges from approximately 616.75 to 627.52 m, while
the front edge’s elevation is between 579.59 and 583.78 m, resulting in a relative height
difference of about 40 m. The landslide has an inclined length of approximately 142 m and
a lateral width of about 210 m, covering an area of approximately 23,600 square meters.
The thickness of the landslide ranges from 3 to 5 m, with an estimated volume of
approximately 105,000 cubic meters. It is classified as a medium-sized shallow
translational landslide composed of soil material.

According to the on-site survey results as shown in Figure 2, the predominant
geological strata in the affected area consist of Quaternary residual slope deposits (Q), as
depicted in Figure 2b, which include fine-grained clay and gravelly soil. Additionally,
there are Silurian upper Shamao Group (S3sh, Figure 2c¢) formations characterized by
gray-green, gray-white, and purple-red mudstone, sandy shale, and quartz sandstone.
The Silurian middle Luoreping Group (S2Lr, Figure 2d) is also presented as siltstone and
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{a)

{c)

sandstone. The geomorphological type of the landslide area falls under the category of
low mountain fold-valley terrain, with an overall west-high and east-low topography
(Figure 2). The composition of the landslide’s soil includes gravelly clay and soil forming
a single-layer structure with relatively loose characteristics. The rock formations in the
area range from weak to moderately hard and vary in thickness including laminated
clastic rocks such as shale, slab-like shale, sandy shale, and mudstone. The rocks exhibit a
strongly weathered condition, and there is extensive development of joint fractures within
the rock layers, resulting in considerable fragmentation. Consequently, the rock strata
exhibit relatively low resistance to deformation.

(b}

(d}

Figure 2. (a) Exploratory pit, (b) Quaternary residual layer, (c) the Upper Silurian Gauze Hat Group,
(d) the Middle Silurian Luojiaping Group.

2.2. Weather Conditions

The study area experiences a humid mid-subtropical monsoon climate, characterized
by an annual average temperature of 16.5 °C and precipitation totaling 1344.6 mm per
year. However, since autumn 2009, the area has been facing an unprecedented series of
droughts, causing extensive cracking in both the bedrock and soil. Meteorological data
from the Yongshun County weather station reveal an average of 164.0 rainy days annually,
with the longest consecutive rainy period lasting 20 days in May 2005. The annual rainfall
is concentrated from April to September, accounting for 75% of the total annual rainfall.
The average annual rainfall is 1344.6 mm. A 50-year maximum rainfall record is 95.8
mm/h. The highest annual rainfall recorded was 1837.7 mm in 1995, with a peak daily
rainfall of 344.1 mm on 31 May of the same year. There are noticeable variations in rainfall
distribution across Yongshun County, with higher rainfall occurring along the
Longjiazhai syncline axis and the mountain township line in the north and west, while
lower rainfall is observed in the south and east regions. Three times of extreme weather
events were recorded, 167.0 mm rainfall on 23 July in 1993, 344.1 mm rainfall on 31 May
in 1995. and 235.2 mm rainfall on 9 July in 2003. These precipitation patterns significantly
impact soil saturation and water infiltration, which contribute to landslide formation.
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Over time, continuous rainfall infiltration has gradually exacerbated slope deformation,
leading to the hazardous conditions observed today.

2.3. Deformation Development Characteristics

As shown in Figures 3-6, numerous cracks of varying sizes are now visible in the site
located at the rear of the landslide. These cracks typically measure between 1 and 5 cm in
width and 3 and 10 m in length. Among them, the most severe crack spans about 5 m in
length and 0.5 m in width, causing noticeable leaning in the central part of the housing
affected by the landslide. Additionally, tensile cracks emerged at the rear and sides of the
landslide, ranging from 5 to 20 m in length, 0.1 to 0.2 m in width, and with displacement
distances ranging from 0.1 to 0.3 m. At the front, shear cracks have become apparent,
leading to the bulging and collapse of several dry-stone walls. These cracks are distributed
around the landslide and form the sliding range on the surface after coalescence. At the
top of the landslide, tensile cracks are the main type (Figure 3), while tensile shear cracks
are more common on both sides of the landslide body (Figure 4). At the front edge of the
landslide body, soil swelling cracks are the main type (Figure 6). And obvious inclination
could be seen in the buildings on the landslide (Figure 5). All these phenomena indicate
that the landslide was in a sliding stage. When cracks rapidly expand, it indicates that the
landslide is accelerating its sliding.

The signs of deformation on the landslide mass are quite prominent, indicating that
it is currently experiencing overall creep deformation. Tension cracks have emerged at the
rear and sides of the landslide, with noticeable cracks appearing in houses situated at the
rear of the landslide, as well as numerous dry-stone walls along the slope and at the front
showing signs of bulging and collapsing. Local monitoring personnel have reported that
the width of ground and house cracks is progressively increasing year by year. These
observations strongly suggest that the Xianeyu landslide in Aimin Village is facing
increased downslope force and reduced resistance, thereby further compromising its
stability, especially during heavy rainfall or rainy conditions. Looking ahead, considering
the influence of rainfall and human engineering activities, the trend of landslide
deformation and rupture is expected to escalate, heightening the risk of landslide
movement in the future.

(b}
a
@) Land
crack Land
/ crack
7

Figure 3. Cracks induced by landslide: (a) Cracks in rear edge of landslide, (b) Cracks in front edge
of landslide.
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Figure 4. Cracks in side edge of landslide.
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Figure 5. Cracks on wall and ground.
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= 4
Wall —
swelling

Building
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Figure 6. Phenomenon in front of landslide, (a) Building inclination, (b) Wall swelling.

3. Failure Mechanism of the Landslide
The mechanism of landslide destruction is influenced by a combination of internal

and external factors. Internal factors encompass geological elements such as terrain,
lithology, and structure, whereas external factors consist of continuous heavy rainfall and

human activities.

In the specific area under consideration, the landscape features a karst hilly terrain
with a moderately dissected topography and ground slopes typically ranging from 25° to
40°, providing favorable terrain conditions for landslide occurrence. The landslide mass
primarily consists of residual soil mixed with a substantial amount of gravel. This soil

7
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type is characterized by its loose structure, mixed particle sizes, good permeability, and
relatively low cohesion, rendering the slope vulnerable to instability after rainfall. Such
susceptibility to rainfall-induced instability is considered one of the primary internal
factors contributing to landslides in the area.

Additionally, meteorological factors play a crucial role in influencing landslide
stability. In this region, the frequent occurrence of heavy rainfall, combined with the
relatively large pores in the landslide mass soil, facilitates rapid infiltration of rainwater
into the slope. This influx increases both the self-weight and downward force of the slope.
Furthermore, intense rainfall can create hydraulic flow paths within the soil, leading to
softening and saturation of the soil near these paths. Consequently, the soil’s shear
strength decreases, diminishing its internal friction and cohesion, thereby heightening the
risk of slope instability and sliding. Moreover, the presence of numerous houses within
the landslide mass introduces additional load to the slope. Moreover, the steep slopes
formed by road construction and other activities at the front edge of the landslide serve
as significant contributing factors to landslide formation.

Based on investigations and field surveys, the primary deformation characteristics of
the landslide mass manifest as cracks at the rear (Figure 3), sides (Figure4), and bulging
(Figure 6) at the front edge. The mechanism behind this formation primarily includes
several factors: unstable slopes formed due to human-induced slope cutting at the front,
the loading of residential houses at the rear and on the landslide mass, saturation of the
soil due to rainfall and water infiltration, and increased weight of the landslide mass
resulting in decreased shear strength, leading to gradual creeping towards the free edge
under its own weight. This process exerts pressure on the soil at the front edge, causing it
to press against the dry-stone retaining walls and resulting in their bulging. Additionally,
the soil at the rear edge of the landslide mass, under the influence of gravity and artificial
structures, pushes against the soil at the front edge, resulting in tension cracks at the rear
and partial cracking at the front, thereby forming potential geological hazard points.

Further observations indicate that the deformation and destruction mode of the
landslide belongs to the translational type. The deformation characteristics generally
involve rapid shear sliding of the landslide towards the free edge under the pushing of
soil mass at the rear edge while the shear surface is controlled by weak structural planes.
The deformation progresses gradually from deep potential shear surfaces to the surface,
with the rear edge of the landslide and the shear exit located at the terrain change turning
point. Therefore, the deformation and destruction mode of the landslide belongs to the
translational type.

4. Reinforcement Measures

The design of reinforcement engineering should adhere to the principles of safety,
rationality, and economy. The focus should be on ensuring convenience in construction,
minimizing environmental impact, and adopting the most cost-effective structural form
while guaranteeing safety and normal functionality [31]. Moreover, it is crucial to align
these principles with the goal of protecting the local ecological environment. Considering
that the landslide mass in this area is primarily composed of soil and that there are
numerous buildings and crops within the sliding range, the slope stabilization must
ensure that the displacement of the slope is effectively controlled after reinforcement. The
stabilization measures should be systematically arranged, with minimal land occupation.
Therefore, a comprehensive stabilization approach combining anti-slide piles, retaining
walls, and drainage (interception) systems is adopted. Comparatively, if anchor rods or
anchor cables were used, the required land area would be larger, and the slope could still
experience displacement after reinforcement, which would not adequately ensure the
safety of the buildings above. This integrated approach ensures a balanced strategy that
effectively mitigates landslide risks while also considering environmental conservation
efforts.
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Figure 7 illustrates the plan for slope retaining treatment. Given the extensive length
and significant pushing force of the landslide mass, anti-sliding piles are chosen for anti-
sliding support. Considering the dense housing at the rear edge of the landslide mass and
the limited construction space, anti-sliding pile engineering is implemented at the front
edge of the landslide mass to provide necessary support against sliding. The anti-slide
piles are deeply embedded and arranged to pass through the sliding surface, effectively
preventing further movement of the slope soil mass. Moreover, the anti-slide piles can
efficiently control the local deformation and displacement of the landslide and transmit
the stresses generated by sliding to the more stable deep soil or bedrock. By using anti-
slide piles in this scenario, the sliding forces from the upper sliding body can be resisted,
achieving the effect of controlling the slope movement.
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Figure 7. Site treatment of the landslide.

Retaining walls are predominantly positioned at the front edge of the landslide mass.
Due to steep slopes resulting from road construction or house cutting, soil erosion and
local bulging are common occurrences. Hence, retaining walls are strategically designed
to be erected at the front of these steep slopes to stabilize the landslide mass. The retaining
wall is installed at the front edge of the landslide mass to prevent further sliding of the
landslide body. In combination with anti-slide piles, this creates a slope retaining system
that ensures the safety of the structures located above.

Furthermore, cut-off and drainage ditches are strategically placed around the
landslide to redirect seasonal surface water from atmospheric rainfall and domestic water
usage by villagers into nearby valleys. Drainage ditches are constructed to facilitate the
efficient discharge of surface water within the landslide area during the rainy season. This
measure effectively reduces soil erosion and minimizes rainfall infiltration within the
landslide area, which may contribute to enhanced stability.

5. Monitoring
5.1. Optimization and Deployment of Monitoring Systems

To effectively monitor landslides, it is crucial to conduct safety risk identification
through typical high-risk slope assessment. This involves employing various monitoring
terminals to achieve comprehensive real-time online monitoring of slope displacement,
rainfall, surface water, groundwater, stress, macro deformation, and other relevant
factors. These monitoring tools enable continuous and real-time safety monitoring of
high-risk slopes, ensuring timely detection and response to potential landslide hazards.
The principle of 10T monitoring technology involves collecting physical data through
sensors, transmitting the data via wireless communication technologies, and processing it
in real time using edge computing or cloud computing. This is combined with intelligent



Sensors 2024, 24, 7409

9 of 15

analysis and decision-making models to provide scientific support for the management
and control of monitored objects. This technology is widely applied in various fields,
including industrial equipment monitoring, environmental monitoring, intelligent
transportation, and building safety monitoring, significantly enhancing monitoring
efficiency and accuracy.

In addition to the traditional monitoring system, on-site network communication
among various devices using LoRa wireless self-organizing network technology is
explored. This enables devices to function independently of remote servers, allowing the
collection, calculation, and transmission of Beidou monitoring data directly from high-
risk slopes at the project site. This approach reduces overall data transmission
requirements, lowers the system’s demands for on-site communication environments,
and unlocks cloud computing capabilities. It fosters integrated collaborative operation of
terminal edge management cloud network, thereby enhancing the system’s adaptability
and intelligence. Moreover, an integrated approach is implemented, along with high-
performance batteries and solar panels, to create a self-powered Internet of Things
composite sensor monitoring unit.

Specifically, for the on-site self-organizing network scheme, the LoRa gateway
incorporates a digital baseband chip based on SX1301, featuring an eight-channel single
gateway capable of accommodating 300 terminals, with a total power consumption of
approximately 6 W. It boasts a coverage area of up to a 3 km radius in an open
environment, offering superior anti-interference and link stability compared to FSK
technology. By integrating a 160 W monocrystalline solar panel, a 120 AH lead-acid gel
battery, a solar controller, and other self-built photovoltaic power supply systems, we
achieve 24-h power supply with uninterrupted power for 15 consecutive rainy days. The
LoRa nodes utilize the LoRaWAN protocol with DSSS modulation and operate in the half-
duplex communication mode. Each node has a built-in microcontroller with an integrated
transceiver program, supporting common baud rates ranging from 1200 to 57,600. The
gateway based on the SX1301 chip adopts an eight-channel parallel data transmission and
reception scheme. This approach significantly improves data throughput compared to
traditional LoRa polling methods while also reducing data congestion and minimizing
transmission conflicts.

The composite sensor monitoring units communicate using the IEEE802.15.4
standard signal[32], with a transmission range of 50-100 m, enabling low-power self-
organizing networks. For each composite sensor monitoring unit or a group of adjacent
units, an intelligent data acquisition system is developed. This system can simultaneously
collect data from various sensors, including GNSS, fixed inclinometers, rain gauges,
anchor rod load cells, anchor cable load cells, piezometers, strain gauges for lattice
structures, retaining wall earth pressure cells, and more. The collected data are then
integrated and transmitted at predefined data transmission intervals.

The fusion calculation technology of Beidou and gyroscope is adopted (Figure 8),
involving the integration of a gyroscope device into the low-power Beidou device. The
monitoring data from both devices are fused, and the gyroscope monitoring results are
incorporated as constraints when fixing the ambiguity of the Beidou solution algorithm.
Additionally, adaptive Kalman filtering and wavelet denoising processing are applied to
the monitoring results of both devices to yield stable monitoring outcomes. This approach
effectively addresses challenges such as ambiguity fixation difficulties, low accuracy, and
instability in monitoring.

Considering the large volume of real-time monitoring data and the communication
challenges in mountainous high-slope areas, especially during heavy rainfall when the
probability of landslides significantly increases, it is a critical moment for slope
monitoring and early warning. Therefore, localized deployment of data acquisition and
processing systems is necessary, providing on-site computation capabilities. This
approach enables data collection, real-time computation, post-processing, and
transmission of results based on LoRa loT networks. By shortening the data acquisition
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chain and improving reliability, this method enhances the efficiency of monitoring and
early warning systems.

Observation values from
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Double difference
equation

______ - Gyroscope calculation

Gyroscope

y

Position and velocity Fuzzy judgment
calculation | |

I
| v v
: Maintain ambiguity Recal cul ate ambiguity
[
[
| | |
|
[ Beidou result
: calculation
| ) 4
| ____ H4

\4

Adaptive kalman filter

A 4
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Figure 8. Algorithm for gyroscope fusion.

5.2. Results

As shown in Figure 7, surface and deep-seated displacement monitoring is
consistently conducted on the slope to facilitate long-term real-time monitoring and early
warning. Furthermore, recognizing the significant correlation between rainfall and
landslides in this area, rainfall gauges are strategically installed.

Since the initiation of the site treatment project in 2022, the on-site monitoring
instruments have been sequentially deployed and put into operation. Consequently, the
monitoring system has been operating continuously and reliably. Data forecasting
adheres to a daily reporting strategy and is accessible in real time via the internet cloud
platform. In the event that monitored data surpass preset threshold values, the system
automatically issues alerts and delivers varying levels of warning messages based on the
magnitude of the monitored values. Moreover, it provides on-site disposal
recommendations.
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Figures 9-12 exhibit the monitoring and forecasting data of select monitoring
instruments from the commencement of their operation until the present. An examination
of these figures reveals that since the slope’s construction, surface displacement, deep-
seated deformation, and stress of the pile reinforcement have exhibited gradual increases
in the initial stage, followed by stabilization over time.
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Figure 9. Deep displacement.
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Figure 10. Surface displacement.
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Figure 11. Stress of steel in pile.
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Figure 12. Monitored precipitation.

As shown in Figure 9, illustrating the deep-seated displacement-time curve, and
Figure 10, showing the surface displacement curve, both the surface and deep-seated
displacements of the rock—soil mass have continuously increased over time following the
disturbance caused by excavation, gradually stabilizing afterward. This suggests that the
deformation of the deep-seated rock—soil mass was effectively controlled following the
completion of the supporting structure. At this juncture, all reinforcement facilities of the
slope amalgamated into an organic whole, successfully regulating the displacement rate
of the slope. The change pattern of the monitoring system data can accurately reflect the
real-time working status of each reinforcement facility. The monitoring results of the
stress monitoring (Figure 11) indicate that it began to exert the most significant effect after
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the completion of the anti-sliding pile. A considerable change in stress was observed in
early November 2023, followed by gradual stabilization. This suggests a reduction in slope
deformation under the support of the anti-sliding piles and approaching a stable state.
The rainfall monitoring results depicted in Figure 12 automatically trigger warning
messages when the rainfall exceeds the predefined threshold value within a short period.
The threshold values for daily rainfall are set as follows: 55 mm for a blue alert, 60 mm for
a yellow alert, 80 mm for an orange alert, and 100 mm for a red alert. Since its
establishment, the system has issued warnings 13 times, each corresponding to rainfall
exceeding 55 mm. Following the issuance of the warning, the system automatically
provides recommendations for on-site observation of the slope status, along with
continuous warning alerts. On-site observations reveal that the slope boasts a well-
functioning drainage system. Although rainfall does have some influence on surface
displacement, it has not reached a level that threatens the overall stability of the slope.

6. Conclusions

The performance of a case study on a landslide that occurred in Yongshun County,
Hunan Province, China was reported. The investigation involved geological surveys of
the landslide, analysis of regional climatic characteristics, and historical analysis of
landslide development to understand its mechanism. The findings indicate that the
landslide in this area is a shallow translational soil landslide primarily caused by long-
term creep influenced by rainwater infiltration. To address the layout of houses,
topography, and characteristics of the landslide within the area, reinforcement measures
including the use of anti-sliding piles and retaining walls were implemented. Recognizing
the influence of environmental factors on monitoring signals in remote mountainous
areas, low-power, low-cost, high-precision Beidou receiving devices were developed
based on existing Beidou monitoring equipment. The application of LoRa self-organizing
network technology in the intelligent transformation of the monitoring system enabled
the integration of end edge management cloud network operations, enhancing the
adaptability and intelligence of the system and addressing the issue of decentralized data
in slope engineering monitoring. Utilizing a fusion of Beidou and gyroscope-based
calculation techniques for local preliminary data processing, the integration and upgrade
of monitoring data were achieved, enabling data collection, real-time calculation, post-
processing, and transmission of calculation results based on LoRa loT technology. This
streamlined data collection process enhances the reliability of deformation monitoring
and early warning for typical high slopes in mountainous regions, demonstrating reliable
results and significant potential for widespread application.
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ABSTRACT: The largest negative carbon-isotope excursion in geological history has been reported by several studies of the upper
Doushantuo Formation of South China, which has been correlated to the middle Ediacaran-Shuram excursion (SE). Due to a
scarcity of radiometric age constraints on the excursion in South China, however, global correlations and comparisons of this event
remain a debate. Here, we present Re—Os and carbon isotope data on organic-rich sediments obtained from a drill-core sample in
the Chengkou area, the northeastern margin of the Yangtze Platform, and South China. The Re—Os geochronology yields a
depositional age of 568 + 15 Ma (Model 3, MSWD = 1.9, n = 13; 20), indicating a middle-late Ediacaran age for the upper
Doushantuo Formation. This is supported by a negative 6"*C_,y, excursion, which can be reliably correlated to the SE sequences.
This age is consistent with the Re—Os radioisotopic dates bracketing the Shuram peaks in Northwest Canada and Oman. A
compilation of '¥0s/"¥80s and ¥Sr/%Sr isotope ratios as well as the contents of redox-sensitive elements (RSE) from organic-rich
sediments deposited between 635 and 540 Ma shows that the radiogenic '®’Os/'®¥Os ratios (>1.0) associated with enhanced
oxidative weathering occurred at ca. 635, 580, and 560 Ma. As a result, accelerated influxes of nutrients stimulated primary
productivity, promoting organic carbon burial and leading to ocean oxygenation. Additionally, elevated continental weathering could
have delivered high fluxes of oxidants (e.g., sulfates) to oceans, resulting in transient ocean oxygenation. Corresponding to elevated
radiogenic Os and Sr isotope ratios, the significant RSE enrichments at these three times indicate the presence of large marine RSE
reservoirs and an oxygenated ocean. Therefore, the Re—Os age and initial Os isotope composition of organic-rich shale can be a
sensitive tool for constraining the time interval of enhanced continental weathering and resulting pulses of ocean oxygenation during
the Neoproterozoic era.

1. INTRODUCTION Ediacaran Ocean. Therefore, a primary seawater origin

The Ediacaran Period (ca. 635—541 M) has recorded the largest associated with the oxidation of dissolved organic carbon in

global carbon cycle perturbation event in geological history, the ocean has been advanced toliccount for the uniquely high

known as the “Shuram Excursion (SE)”"* and has been believed amplitudes of Neoproterozoic 6 °C excursions during the past
2-6,9—12

to be the result of Ediacaran atmospheric—oceanic oxidation.”~® 20 years.

Furthermore, large amounts of geochemical data have

demonstrated that the SE was also accompanied by globally Received: June 4, 2024
parallel negative shifts of §*S of pyrite and carbonate-associated Revised:  November 22, 2024
sulfate (CAS) and an increased ¥’Sr/*Sr ratio.”>”® These Accepted: November 26, 2024

prominent changes imply that the onset of the SE was associated
with enhanced continental weathering that delivered radiogenic
strontium as well as sulfates acting as an oxidizing agent to the

© XXXX The Authors. Published b:
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Figure 1. Paleogeographic maps and lithostratigraphic columns of the studied sections. (a) Paleogeographic reconstruction of the late period of the
Ediacaran Doushantuo Formation in South China (modified from Jiang et al,*” Lu et al,,'> and Och et al.*®). (b) Typical stratigraphic column of the
Yangtze Block, modified from Jiang et al.>” and Cui et al.” Radiometric ages are from Condon et al."* and Zhu et al.** (c) Stratigraphic correlation of the
Doushantuo Formation in the Chengkou sub-basin (modified from Wang et al.*® and Tan et al.*®). Red star shows the location of the studied drill core.
(d) The lithology of the studied drill core from Chengkou County (referenced from Tan et al*).

A primary origin would imply that the largest Neoproterozoic
8"C excursion is globally synchronous, which means that the
age and duration of the SE should be identical throughout its
worldwide development. Recently, Rooney et al."> presented
Re—Os ages bracketing the SE between 574.0 + 4.7 and 567.3 +
3.0 Ma on two separate paleocontinents, ie, Oman and
Northwest Canada. The DOUNCE (DOUshantuo Negative
Carbon isotope Excursion),' which is regarded as an equivalent
to the SE, has been widely observed from outcrop sections and
drilling cores in the Yangtze Block of the South China Craton,
one of the most well-developed areas of the Ediacaran
strata.”*'*~"” Although numerous chemostratigraphic studies
have been conducted in South China,"”*57"8

few radioisotopic ages constraining the timing of the excursion,

there have been

18

hampering the worldwide correlation and comparison of this
event.

Zircon U—Pb dating of tuff beds has been widely used to
constrain the age of sedimentary rocks. However, its application
is limited due to a lack of tuff in many areas. Over the past three
decades, the Re—Os isotope system has been developed as a
convenient approach for dating the deposition of organic-rich
sediments.">'* > Previous studies have shown that postdeposi-
tional processes do not appreciably disturb the Re—Os system in
sediments, ie., the thermal maturation of organic matter,
igneous intrusions, and lower greenschist metamorphism.””*"**
Thus, the Re—Os system can be an ideal geochronological tool
to determine the depositional age of organic-rich sedimentary
rocks. In addition to geochronology, the initial 18705 /180 ratio
can mirror temporal variations in the 18705/1880s ratio of

https://doi.org/10.1021/acsomega.4c05072
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contemporary seawater.’>* The seawater Os isotope compo-
sition is a mix of radiogenic Os flux from oxidative weathering of
the upper continental crust ('*’0s/'®0s = ~1.4) and
nonradiogenic Os input from the mantle and extraterrestrial
sources (~0.126).**°° Therefore, the significant increase in
seawater ¥7Qs/1#80s ratios recorded in organic-rich sedimen-
tary rocks may reflect a combination of increasing atmosphere-
ocean oxygenation and weathering of more radiogenic
continental crust.”">> Previous studies suggested that the SE
should be attributed to the elevated sulfate flux into oceans
resulting from continental weathering, which has been
demonstrated by ¥’Sr/®¢Sr ratios and 5**S values (both pyrite
and CAS).””® However, variations in the seawater isotope
composition, which can be applied to indicate weathering
intensity, have received little attention for the Ediacaran epochs.

In this study, we provide new geochemical data on the Upper
Ediacaran sedimentary rocks from a drill core in the Chengkou
area, the northwestern Yangtze Block, South China, including
Re—Os isotopic systematics, carbon isotopes, and major
element concentrations. With these fresh samples, we aim to
(1) provide a new Re—Os age for the less studied area and (2)
interpret the Ediacaran Ocean environment variations with
marine Os isotope composition coupled with other geochemical
indices.

2. GEOLOGICAL SETTING

The South China Craton consists of the Yangtze Block in the
northwest and the Cathaysia Block in the southeast (Figure 1a),
which amalgamated during the early Neoproterozoic Jinning
orogeny (1.0—0.8 Ga).*® The stratigraphy and paleogeographic
reconstructions of the Ediacaran Yangtze Block indicate an
increase in water depth from proximal intertidal environments in
the northwest to distal deep basin settings in the southeast
(Figure la). The postglacial Ediacaran marine carbonate and
shale successions of the Doushantuo Formation and Dengying
Formation in the Yangtze Block were deposited on a passive
continental margin. The Doushantuo Formation is generally
divided into four members, from bottom to top (Figure 1b).”**
The cap dolomite (Member I) at the bottom of the Doushantuo
Formation overlies the Cryogenian Nantuo tillite, which is
equivalent to global Marinoan glaciation deposition. Member II
is predominantly composed of interbedded shale and thin-
bedded muddy dolomite with pea-sized chert nodules. The
overlying Member III consists mainly of thinly to moderately
bedded dolomite and limestone, from which the upper part is
characterized by a pronounced negative §C.,, excur-
sion.””'>** Member IV is predominantly composed of <10 m
thick, organic-rich black shales with manganese- and phosphor-
ite-bearing rocks.”***° The depositional interval of the
Doushantuo Formation was constrained by U—Pb zircon ages
0f 635.2 + 0.6 Ma from the cap carbonate (MemberI) and 551.1
+ 0.7 Ma for the Doushantuo/Dengying boundary (Member
V) (Figure 1b)."*

Our main study area is located in the Chengkou sub-basins
and palaeogeographically belongs to the northwestern margin of
the Yangtze Block (Figure la).’** The stratigraphic units,
including the Cryogenian Nantuo Formation, Ediacaran
Doushantuo Formation, and Dengying Formation, can be
observed in this area (Figure 1c). The Nantuo Formation is a
typical sequence of glacial tuffaceous siliciclastic rocks, and there
is a regional exposure of unconformity between the Nantuo and
Doushantuo Formations, manifesting as obvious variations in
color, thicknesses, and grain sizes. The Doushantuo Formation
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varies laterally in thickness. In relatively uplifted areas, such as
Fucheng and Zhengba, the stratum is thin and is not completely
developed. For instance, the Doushantuo Formation in the
Fucheng section is only 12 m thick and directly unconformably
overlies Precambrian basement metamorphic rocks. It mainly
consists of alternating sandy dolomites and dolomitic sand-
stones (Figure 1c). In the relatively depressed areas of
Lianghekou, Dazhu, and Mingyue, however, this formation is
thicker, up to 125—500 m. The typical cap dolomite, though
missing in some places, overlies the tuffaceous tillites of the
Nantuo Formation. Overlying the cap carbonate, this formation
consists of dolomite, limestone, black carbonaceous shale,
mudstone, argillaceous siltstone, and bedded chert from the
bottom to the top with a small amount of phosphorite in the
middle and manganese-bearing rocks at the top (Figure 1c).
Although several geochemical characteristics were reported on
this formation in the northwestern margin of the Yangtze
Block,'”****~** the high-precision geochronology is still
unclear.

3. SAMPLES AND METHODS

A total of 33 samples of the Upper Doushantuo Formation were
collected from a drill core employed as part of a local manganese
ore exploration in Chengkou County, Chongqing, China
(Figure 1a,d). The lower part of this section is dominated by
fine-grained sandstones and black shales. The upper section is
mainly composed of phosphorus-containing muddy dolomite
interbedded with manganese- and phosphorite-bearing carbo-
nate. About 3 m thick black shale at the top of the Doushantuo
Formation is overlaid by Dengying dolomite (Figure 1d).

3.1. Carbonate Carbon and Oxygen isotopes. Carbo-
nate carbon and oxygen isotope (6"°C_,;, and §'*0,,,) analyses
were carried out using a Kiel IV carbonate device connected to a
Finnegan MAT 253 mass spectrometer. CO, produced from the
reaction of 100% H;PO, with the powder samples was
introduced to the mass spectrometer for isotopic measurements.
The Chinese national standard GBW-04405, with a 6C_,
value of 0.57 + 0.03%0 and 6'®0 value of —8.49 + 0.13%0
(relative to VPDB), was used for analytical calibration. The
analytical precision was better than 0.1%o for 5"*C,,;, and 0.1%0
for 60 . All samples underwent duplicate carbon isotope
analysis at the Nanjing Institute of Geology and Palaeontology,
Chinese Academy of Sciences.

3.2.Re—Os Isotopes. Measurements of the Re—Os isotopes
were performed at the Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences. Rock powder (0.3—0.5 g) was
digested together with a mixed '®*Re—'""Os tracer in 12 mL of
an H,0,/HNO; solution (2 mL 12 M HNO; plus 10 mL 30%
H,0,) in a Carius tube at 220 °C for 24 h. To minimize the
impact of any nonhydrogenous Re and Os on the true
isochronous age of our samples, the more suitable digestion
procedure described by Li et al.” and Yin et al.** was applied in
this study.

The Re content was determined by inductively coupled
plasma-mass spectrometry (with Thermo Fisher Scientific Inc.).
Os loaded onto Pt filaments was analyzed using the electron
multiplier mode on the Thermo Fisher thermal ionization mass
spectrometer (TIMS). The procedural blanks for the Re
analyses were 9 + 3 pg (n = 6), and that for the Os analyses
were 1.0 + 0.2 pg (2SD), with an average '*’Os/'**Os ratio of
0.1534 + 0.0036. Blank contributions were typically <2% for Re
and <5% for Os. Isoplot v. 3.0 was used for the regression
analyses with a *’Re decay constant of 1.666 x 1071 yr~!,*
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In the present work, the uncertainties for the '*’Re/"**Os and
18705/ 0s ratios were comprehensively determined by several
factors, including uncertainties from Re and Os mass
spectrometer measurements, total blank abundances and
isotopic compositions, spike calibrations, and the reproduci-
bility of standard Re and Os isotopic values.

4. RESULTS

The §"C,,y, values vary between —6.7 and +0.5%o, displaying a
decreasing trend bottom up, with extremely low values in the
uppermost section (mean of —5.3%o; n = 4, Table 1). In

Table 1. Carbon Geochemical Data of the Study Section

sample depth (m) 8"3C o, (%0) 5"0ppg (%o0)
DST-1 1036.22 —5.6 —6.6
DST-2 1037.25 -3.1 —-83
DST-3 1037.95 -5.7 -5.6
DST-4 1038.81 —6.7 —6.2
DST-5 1039.61 -1.0 —6.3
DST-6 1040.31 2.7 -7.9
DST-7 1041.01 =21 —-8.3
DST-8 1041.99 -1.6 -9.3
DST-9 1042.54 -2.0 -89
DST-10 1043.39 -1.9 -9.0
DST-11 1043.87 -19 -9.0
DST-12 1044.07 -2.0 —8.7
DST-13 1045.28 —-2.4 -9.1
DST-14 1045.55 2.2 -9.3
DST-15 1046.09 -2.0 -9.1
DST-16 1048.2 2.2 -9.2
DST-17 1048.65 —2.2 -9.5
DST-18 1049.11 -2.0 —9.4
DST-19 1049.11 -2.1 -9.3
DST-20 1049.81 —-1.8 -9.4
DST-21 1050.46 —1.8 -9.6
DST-22 1051.43 -2.0 -9.5
DST-23 1051.68 -1.2 -9.7
DST-24 1052.23 -1.0 -9.8
DST-25 1052.61 -1.1 -9.6
DST-26 105291 -0.8 -9.9
DST-27 1053.41 -2.0 —8.5
DST-28 1053.71 -0.4 -9.6
DST-29 1054.41 -0.3 -9.7
DST-30 1054.75 —-0.21 -9.1
DST-31 1055.45 -0.0 -9.5
DST-32 1055.75 -0.3 —83
DST-33 1056.21 0.5 —8.7

contrast, the §'*0,,; data show constantly low values in the
lowermost section (average —9.3%o; n = 26, Table 1) and an
increasing trend in the upper part of the section (Figure 2).
The Re—Os concentrations and isotopic compositions of the
studied samples are listed in Table 2. These samples exhibit large
variations in Re and Os contents of 17.86—46.59 and 0.580—
2.942 ppb, respectively, which are much higher than average
continental crustal values (e.g., 0.2—2 ppb for Re and 0.03—0.05
ppb for Os),"”*® suggesting a predominantly hydrogenous
origin for Re and Os. The 187Re /18805 ratios of these samples
range from 91 to 249, in correspondence with their 18705 /1880
ratios (from 1.60 to 3.11). A linear regression (Isoplot v 3.0) of
the Re—Os data yielded an age of 572 + 26 Ma for an
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18705/1880s ratio of 0.733 + 0.083 (Model 3; mean squared
weighted deviation (MSWD) = 8.4; n = 19; 20) (Figure 3a).

5. DISCUSSION

5.1. Chemostratigraphic Correlations between the
Chengkou Drill Core and Other Sections. Based on the
marker layer of the special lithology division and comparisons,
the correlation interval in this study can be roughly correlated to
the upper Doushantuo Formation in the other regions of the
Yangtze Block. Three phosphorus-bearing layers are identified
in the most shallow-water sediments, which occur in the bottom,
middle, and top of the Doushantuo Formation.” The first
phosphorus formation event occurred in the early Doushantuo
period. For example, in the Zhangcunping section of Hubei
Province, a phosphorus-bearing rock series developed at the
bottom of the Doushantuo Formation, whose U—PDb age is 614
+ 7.6 Ma (Figure 4).°° Pb—Pb isochron ages of 599 + 4.2 Ma for
the dolomitic phosphorite of the middle Doushantuo Formation
and 576 + 14 Ma for the phosphatic dolostone of the upper
Doushantuo Formation were reported by Barfod et al.*' and
Chen et al,>” respectively, in the Weng'an area (Figure 4). In
Lianghekou, and our studied drill cores obtained in Zhenba
County and Chengkou County, phosphorus-containing organic
material distributed as bands in a thick layered dolomite bed (2—
10 m in thickness) were observed at the upper Doushantuo
Formation (Figures 1c,d and 2) ,*® which should be correlated to
the phosphatic dolostone in the upper portion of the
Doushantuo Formation based on the lithologic and stratigraphic
characteristics. Furthermore, manganese- and phosphorus-
containing rocks are also considered marker layers of Members
IV of the Doushantuo Formation on the northern margin of the
Yangtze Platform (Figure 2).17:35:36

Carbon isotopic chemostratigraphy has also been widely used
in Ediacaran stratigraphic correlations.”®'" In recent years,
more and more carbon isotope curves from the Yangtze Block
have shown a large ne§ative 85C.yp shift in the upper
Doushantuo Formation."”"*™"7 Several types of mechanisms
have been proposed to explain its origin: a disturbance of the
global ocean dissolved inorganic carbon reservoir caused by the
oxidation of organic carbon or methane,””**'* precipitation
of *C-depleted authigenic carbonates,”>>* and the diagenetic
alteration of primary 8°C signatures.ss’56 Although the
proposed theories controversially explain its origin, complexity,
age, and duration, there is consensus in the academic
community that the SE is an important Ediacaran stratigraphic
comparison symbol."**”

The upper Doushantuo Formation in the Jiulongwan profile is
a perfect illustration of the SE event in the Yangtze Platform
(Figure 4). The negative §"*C_,,;, excursion in this section could
be as low as —10%o, which is remarkably stable and continues for
nearly 50 m through the upper half of Member III and large
carbonate concretions in Member IV.>** However, a previous
study suggested that the high spatial heterogeneity of the SE
occurred in different depositional settings.” For instance, the
magnitude of the negative §°C.,; shifts at the upper
Doushantuo Formation is much larger in the Jiulongwan section
than in the Zhangcunping and Siduping sections (Figure 4).
The Sishang section in the northern margin of the Yangtze
Platform (Figure 1), showing a large negative drift of 6"°C_,, in
the upper part of the Doushantuo Formation, is similar to the
Jiulongwan profile in terms of drift amplitude (Figure 4)."> The
lower portion of the ca. 30 m limestone generally has positive
8Cey values, followed by ca. 3-m dolostone with 6C.,y
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Figure 2. Chemostratigraphic profiles of the Chengkou drill core. The lithological column, TOC, 513C0rg, MnO, and P,O; are referenced from Tan et
al.*® and Wu et al.* PAAS is the Post-Archean Average Australian Shale composition of Taylor and McLennan.*

Table 2. Re—Os Contents and Isotope Data for the Studied Samples”

sample Re (ppb) 2SD Os (ppb) 2SD 187Re/1%80s
DST-2 46.59 0.44 2942 0.071 90.9
DST-5 23.12 0.20 1.074 0.007 128.6
DST-7 18.66 0.21 0.669 0.004 172.7
DST-10 33.57 0.30 0.914 0.005 245.5
DST-11 19.81 0.23 0.724 0.003 169.9
DST-12 20.48 0.27 0.831 0.007 150.3
DST-13 17.86 0.33 0.580 0.011 194.4
DST-15 23.95 0.10 0.663 0.003 241.1
DST-17 23.51 0.32 0915 0.006 157.9
DST-19 22.43 0.24 0.799 0.005 175.7
DST-20 19.56 0.20 0.664 0.003 185.6
DST-22 21.73 0.24 0.726 0.004 188.9
DST-23 22.95 0.14 1.031 0.012 134.3
DST-25 29.20 0.20 0.791 0.010 245.5
DST-27 34.08 0.32 1.078 0.011 204.3
DST-28 28.07 0.30 0.992 0.010 177.4
DST-29 26.15 0.39 0.786 0.011 2154
DST-30 24.87 0.29 0.668 0.002 249.0
DST-31 27.78 0.52 0.887 0.008 201.7

2SD 1870 /1805 2SD (1¥70s/1%30s)%, (1¥70s/1380s)P,
2.4 1.5989 0.014 0.73 0.73
1.4 1.9661 0.007 0.73 0.74
22 2.3218 0.008 0.67 0.68
2.6 3.1059 0.012 0.76 0.77
2.1 2.3465 0.008 0.72 0.73
2.3 2.1682 0.018 0.73 0.74
S.3 2.5119 0.019 0.65 0.66
1.4 3.0853 0.011 0.78 0.79
2.4 2.2488 0.011 0.74 0.75
22 2.4267 0.010 0.74 0.76
2.1 2.4889 0.010 0.71 0.72
2.3 2.5079 0.008 0.70 0.71
1.7 2.0743 0.007 0.79 0.80
3.6 3.0434 0.019 0.69 0.71
2.9 2.7444 0.016 0.79 0.80
2.6 2.4448 0.009 0.75 0.76
4.4 2.7659 0.030 0.70 0.72
3.0 3.1016 0.010 0.72 0.73
4.2 2.7109 0.013 0.78 0.79

“Note: “(**70s/1%0s)*” and “(*¥0s/'*30s)",”: initial '*’Os/!**Os ratios calculated at 572 and 568 Ma, respectively, using the *'Re decay constant
of 1.666 e~ year_l.46 “2SD”: Two standard deviations, determined from the uncertainties of the mass spectrometer measurements, blank contents,

'87Re decay constant, and spike calibration.

values declining dramatically. Subsequently, the §"°C.,,, data
within a 25-m limestone interval in the middle of the profile
display stably negative values around —8.5%o (Figure 4). The
Chengkou drilling profile, located near the Sishang section,
shows 6"3C_,;, values that vary from positive to negative in the
upper Doushantuo Formation. Despite only a 6%o negative shift
in 8"*C_,, values in this section, such isotope variability suggests
that the SE occurred within a stratigraphically equivalent interval
(Figure 4).
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5.2. Re—0Os Geochronology of Organic-Rich Rocks of
the Upper Doushantuo Formation. The Re—Os data of the
Doushantuo organic-rich rocks from the studied drill core (n =
19) yielded an age of 572 + 26 Ma (Model 3, MSWD = 8.4,
initial **’0s/**80s = 0.733 + 0.083). Previous studies concluded
that the requirements for precise Re—Os dating of sedimentary
rocks include the following three aspects: (1) the Re—Os system
has not been modified by postdepositional processes, (2) the
initial '%0s/'®8Q0s (Os;) ratios are uniform, and (3) there is
sufficient spread in '*"Re/'**Os ratio.'”***® The Re—Os system
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Figure 3. (a) Re—Os isochron of organic-rich sediments from the upper Doushantuo Formation, northeastern margin of the Yangtze Block. (b) Re—
Os isochron for selected samples (shown in the gray box of the inset) after excluding samples with relatively low and high initial '*’Os/***Os ratios

(calculated for a depositional age of 572 Ma).

Figure 4. Carbonate carbon isotope (6"*C_,,;,) chemostratigraphic correlations of the Ediacaran Doushantuo Formation. Gray shades in §"*C profiles
Ao Sl3 : . L4 . 461 , 34,62 g . 1S .
identify 6°C excursions. Data source: Zhangcunping section;” Jiulongwan section;””" Weng’an section; Sishang section; > Chengkou (this

study); Siduping section;* Lantian section.®®> Radiometric ages are from Barfod et al,>! Chen et al,** Condon et al,,'* Liu et al,,>® and Zhou et a
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can be affected by hydrothermal fluid interaction with
sedimentary strata and chemical weathering through the
mobilization of Re and Os from sedimentary rocks.”***®
Samples affected by hydrothermal fluids are usually charac-

terized by variable and mostly negative Os; isotope composition;

22

however, the disturbance of the Re—Os system by hydrothermal
fluid is unlikely in our samples. Second, disturbance of the Re—
Os system by surficial weathering is unlikely, for our samples
were collected from a drilling core. Using 572 Ma as the
depositional age of the samples, the Os; values of the samples

https://doi.org/10.1021/acsomega.4c05072
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Figure S. Compilation of the initial 18705/180s, 7Sr/%¢Sr, and redox-sensitive elements data during 640 to 540 Ma. The initial 18705/1880s data are
from Singh et al,,”? Kendall et al.,** Rooneyetal, 1327 7huetal,”* Yang et al.” and this study (red circles). The ¥Sr/ 86Sr ratio curve is referenced from
Macdonald et al.® The redox sensitive element data are from Ugidos et al,’® Singh et al,” Li et al,®! Sahoo et al,”””® Zhu et al,”* Johnston et al,”
Chen et al,* Kendall et al.,*" Kurzweil et al,*> Rooney et al."* and this study. Previously identified Ediacaran Ocean oxygenation events are identified

72,77,78

by blue boxes.

were back-calculated using a '*’Re decay constant of 1.666 X
107" yr " and showed somewhat variable values ranging from
0.66 to 0.80 (Table 2). To obtain a more precise age through the
'7Re—'¥0s chronometer requires homogeneity of the Os;
ratios, therefore, we also plotted the Re—Os isochron for
selected samples with relatively small variations in Os; isotope
composition (ranging from 0.69 to 0.76) (Figure 3b). The Re—
Os isochron for these 13 samples defines a more precise
depositional age of $S68 + 15 Ma (MSWD = 1.9; 20) with
smaller uncertainties on Os; = 0.739 + 0.047 (Figure 3b). We
speculate that the Os; heterogeneity caused by changes in the
18705 /1880 ratio in seawater explains the larger uncertainties if
all samples are regressed together as in Figure 3a. Additionally,
the sampling interval also affects the Re—Os age. For example,
the Re—Os data of the samples from the Waipawa Formation in
the Taylor White section yielded an age of 58.3 + 7.7 Ma
(MSWD = 28.8). This Re—Os age is very consistent with those
derived from the Orui-1A samples of the Waipawa Formation
(Re—Os age of 58.1 + 3.9 Ma; MSWD = 4.1) but with larger
uncertainties. Therefore, Rotich et al.>® argued that the large
uncertainty of 58.3 + 7.7 Ma was related to the large
stratigraphic interval (50 m). Similarly, our stratigraphic interval
represented by the samples, reaching up to ~18 m, may likely be
related to the uncertainties of the 568 + 15 Ma value found here.

The 568 + 15 Ma age calculated by the regression analysis of
the Re—Os isotopic data for these 13 samples implies a reliable
depositional age for the organic-rich sediments in the upper
Doushantuo Formation. Several viewpoints support the
reliability of this interpretation. First, even though high-to-
moderate uncertainties occurred for all samples (572 + 26 Ma,
Figure 3a) and selected samples (568 + 15 Ma, Figure 3b), the
slight difference and very small variations in the Os; values
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indicate that Re—Os systematics of these organic-rich samples
were not significantly undermined by postdepositional
processes such as late diagenesis, weathering, or other geological
processes. Second, our Re—Os age of 568 + 15 Ma is well
bracketed within the uncertainties of the onset and end of the
Doushantuo Formation constrained by the two U—Pb zircon
ages of 635.2 + 0.6 and 551.1 + 0.7 Ma from two ash beds in the
Wouhe-Gaojiaxi and Jijiawan sections, respectively.'* A Pb—Pb
age of $76 & 14 Ma (MSWD = 0.4) from the upper phosphorite
layers (Member III) of the Doushantuo Formation has been
provided in the Wengan section, located 750 km to the
southwest of the Three Gorges region (Figure 4).>* This
estimated age is consistent with the Re—Os age of 568 + 15 Ma
of the phosphorus-containing layer from Chengkou ZK-01.
Additionally, as the largest amplitude negative carbon isotopic
excursion in Earth's history and a critical chemostratigraphic
mark for Ediacaran global correlations,”'®** the Ediacaran SE
and its isochronous feature have been reported in many places
around the world. Based on the Re—Os geochronology
bracketing the SE on the Northwest Canada and Oman
paleocontinents, Rooney et al."> reported that the SE was a
synchronous global event occurring between 574.0 & 4.7 and
567.3 + 3.0 Ma. The Re—Os age of the 6"°C,y, excursion in the
upper Doushantuo Formation in the Chengkou section is nearly
consistent with these ages.

5.3. Late Neoproterozoic Seawater Os Isotope
Composition and Implications for Continental Weath-
ering and Fluctuated Oceanic Oxygenation. Reducing
marine sediments has the potential to track Os isotopic
composition variations in contemporaneous seawater,”* ™%
which is supported by observations of approximate
18705/'%80s ratios between modern organic-rich mudstone
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and present-day seawater.””®® The seawater Os isotope

composition is jointly constrained by the supply of the
radiogenic Os flux from oxidative weathering of the upper
continental crust ("*’0s/'*0s = ~ 1.4), nonradiogenic Os input
from the hydrothermal alteration of oceanic crustal rocks, and
the dissolution of cosmic dust (**’Os/***0s = ~ 0.12).>**° For
instance, modern seawater has a high '¥’0s/'®¥0s ratio of
approximately 1.06 due to the substantial radiogenic osmium
input resulting from oxidative weathering of the upper
continental crust. In contrast, the marine shales have
consistently low Os; ratios of ~0.1 from 2.5 Ga to ca. 1.4
Ga,****77! which suggests that these nonradiogenic Os may
have resulted from significant Os input from magmatic,
hydrothermal, or extraterrestrial sources,”” but low oxidative
weathering of more radiogenic continental crust. Furthermore,
recent compiling studies showed that the increasing Os; ratios of
marine shales were roughly coupled with the atmospheric
oxygen content during the Proterozoic Eon,*' suggesting that an
increase in a highly radiogenic Os supply must be from enhanced
weathering of the continent.’*** Nevertheless, whether the Os;
ratios of marine shales are sensitive to multiple, transiently
increased weathering of the continents, which were common in
the Ediacaran period, needs to be demonstrated.

Figure S presents a compilation of Ediacaran seawater
osmium isotope compositions inferred from the Re—Os
isochron regression of organic-rich sediments in this study and
previous studies. Despite the limited availability of Os; data, the
existing data suggests that the seawater 1870s/1880s  ratio
fluctuated frequently during the Ediacaran period. The data is
characterized by radiogenic '¥’Os/'®*Os ratios (>1.0) at ca.
~63S5, ~580, and ~560 Ma (Figure S), indicating that
substantial amounts of radiogenic Os were transported by rivers
and groundwater to the oceans during these short intervals.
Similar to ¥70s/'%¥Os ratios, the Ediacaran seawater Sr/3%Sr
ratios, as inferred from marine carbonates, also show pulsed
contributions of highly radioactive ¥’Sr in these three periods
(Figure 5). These radiogenic seawater 18705 /1880s and ¥”Sr/%Sr
ratios indicate multiple enhanced continental weathering events
during the Ediacaran, which was attributed to either climate
changes (glacial—interglacial interactions) or plate tectonic
reorganizations.”””> The Sheepbed Formation following
Marinoan glaciation (~635 Ma) and the Khufai Formation
following Gaskiers glaciation (~580 Ma) have typical radiogenic
Os; isotopic signatures with corresponding values of 1.21 + 0.04
and 1.15 + 0.1, respectively.'>*” This information indicates that
increased intensity of oxidative weathering combined with the
exposure of easily leached glacial deposits released more
radiogenic ¥’Os into the oceans,” thus causing a transient
rise in seawater '*’Os/'®¥Os ratio during the deglaciation. This is
supported by observed concordant increasingly radiogenic
$7Sr/%Sr compositions.” By contrast, the highly radiogenic Os;
for the black shales of Doushantuo Member IV (560—550 Ma)
was tied to the highest 87Gr/3%%Sr ratios for the Ediacaran
carbonates (Figure S), suggesting relatively long-lasting and
stronger continental weathering than the two older enhanced-
weathering events. An enhanced weathering rate might be
attributed to the continental collision that built the Trans-
Gondwana mountain chains.””

Once the Gaskiers glacial period (~580 Ma) ended, however,
there was a noticeable decline in the isotopic composition of
18705/ 0s in seawater (Figure 5). The Re—Os isochron for the
Chengkou organic-rich rocks yields a moderate initial Os
isotopic composition ranging from 0.65 to 0.79, which is in
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accordance with the sediments Os; ratios (0.60 to 0.68) from
Northwest Canada and Oman of the same period.” Three
separate paleocontinents exhibit similar ~0.7 Os; ratios,
indicating that the ~0.7 isotope ratio in seawater was
homogeneous between ~575 and ~562 Ma, approximately
0.7. Obviously, the isotopic composition of seawater during this
period is significantly lower than ~580 Ma. This decline in
seawater '¥"Os/!®0s ratios during the SE period may result
from a significant reduction in the input from the weathering of
Gaskiers glacial deposits. Nevertheless, the Shuram interval
shows a more radiogenic '*’0s/"**Os of ~0.7 compared with
the seawater '¥’Qs/'®0s ratio (~0.3) in the Archean and pre-
Ediacaran Proterozoic time bins.*"** Hence, the weathering of
more radiogenic continental crust and an oxygenated atmos-
phere most likely is responsible for the overall higher Os; ratios
in the Shuram anomaly compared to the pre-Neoproterozoic
era.”?

Oxidative weathering of the upper continental crust not only
brings a substantial amount of radiogenic osmium to the ocean
but also plays an important role in inputting soluble redox-
sensitive elements (RSE) to the oceans through riverine
transport.””®’ In an oxidized atmosphere with high partial
pressure of oxygen, the §Iobal seawater concentrations of these
RSEs will be abundant.”* As a corollary, a large magnitude of
RSE enrichments of euxinic sediments will be observed in
ancient basins with access to the open ocean.”””® Thus, the
magnitude of RSE enrichments in the sedimentary rocks can be
applied for tracking Earth’s oxygenation history, specifically the
extent of anoxia in the ocean. Interestingly, three major RSE
enrichments of marine shales occurring at ca. 635, 580, and 560
Ma are comparable to the levels found in modern euxinic
shales,”””®** and the timing of these three episodes of RSE
enrichments coincides with the radiogenic increase of Os
isotopes in seawater (Figure S). Therefore, the three
pronounced changes in Osi of the Ediacaran shales seem to
mirror the variations in the RSE concentration. This suggests
that the elevated levels of these metals in seawater are primarily
related to an increase in riverine inputs, which is a result of
enhanced continental weathering activities occurring over
multiple short periods.

The late Neoproterozoic period was marked by a significant
rise of atmospheric and dynamic oceanic oxygenation. An
increasing number of studies have demonstrated that oceanic
oxygenation was not a unidirectional process.””'>””7%*! The
temporary ocean oxygenations immediately following the
Sturtian and Marinoan glaciations, interpreted from uranium,
iron, and sulfur isotope records and trace metal (Mo, U, and V)
enrichments, are generally attributed to enhanced continental
weathering.”””7**>% On the one hand, subglacial weathering
fertilized the oceans with phosphate, stimulating oceanic
productivity and organic carbon burial, which finally promoted
more oxidizing conditions in the global ocean.'”** On the other
hand, elevated continental weathering delivered high fluxes of
oxidants (e.g,, sulfates) to the oceans, leading to transient ocean
oxygenation.” ® However, the global oceans were still
dominated by widespread anoxia after these transient oxygen-
ation events.

6. CONCLUSIONS

Organic-rich samples from a new upper Doushantuo section
have been analyzed using a combined geochemical tool. Based
on manganese- and phosphorus-bearing layers and a negative
5"3C_,, excursion, we conclude that the studied interval should
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be correlated to SE sequences in the Doushantuo Formation.
Furthermore, the Re—Os age of 568 + 15 Ma (Model 3, MSWD
= 1.9, n = 13; 20) obtained for these samples is consistent with
the Re—Os geochronology from Northwest Canada and Oman.

A compilation of initial 1870 /1880s values from marine shales
spanning the period between ~640 and ~540 Ma reveals that
the Os isotope record broadly correlates with those of the Sr
isotope and RSE, pointing to a dominant control on these
geochemical indices. Transiently increased initial 18705 /1880
ratios of shales occurred immediately after ca. 635, 580, and 560
Ma, suggesting multiple, short-time enhancements of con-
tinental oxidative weathering. As a result, the inputs of both RSE
and oxidants from the continents to the ocean were enhanced,
leading to transient RSE enrichments in the anoxic shales and
pulsed ocean oxygenation thoroughly documented in previous
studies. Therefore, high-precision Re—Os isotope analysis could
be a powerful tool to trace enhanced continental weathering
events in low-oxygen atmospheres like the Neoproterozoic era.
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Prediction and Geological Environment Detection of Ministry of Education, Changsha 410083, Hunan, China; 5. Hunan Key Labora-
tory of Non—ferrous Resources and Geological Disaster Exploration, Changsha 410083, Hunan, China)

Abstract: On the basis of fully studying the geological background conditions of the exploration area, this
article first uses spread-spectrum induced polarization (SSIP) to explore manganese ore resources in the Qiling
Basin. Through the analysis of the inversion results of SSIP sounding using the forward and inversion pole-dipole
array, a relatively continuous high polarization anomaly zone was discovered, with an intensity 10 times higher
than that of the surrounding rock, protruding and stable; The inversion results of apparent resistivity show the
characteristic of U-shaped basin shaped high resistive basement enveloping low resistive zone, suggesting that its
high polarization anomaly zone is caused by underground mineral deposit; The inclusion of high resistive basin bot-
tom and low resistive zone indicates that the strata are controlled by syncline structures, consistent with known
syncline structures. Through drilling and exploration, two relatively continuous manganese ore veins were
discovered, with a thickness of 0. 9 m to 2. 8 m and a grade of 9. 3% to 15.2%. They are associated with pyrite
and coexist in limestone. Through experimental results of SSIP survey and drilling verification, it was found that
the polarization anomaly is very consistent with the depth and shape of the ore vein exposure, and the resistivity
anomaly reflects the distribution of the mining area strata well. Therefore, the effectiveness of the SSIP method in
the exploration of manganese carbonate mineral resources is verified.

Keywords: forward and inverse pole-dipole sounding; spread spectrum induced polarization method;

manganese ore; induced polarization anomaly
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carried out in the middle and lower Yangzi regions over the years, but there have been no
large-scale gas fields [15-18]. As a key area of marine shale gas in the middle and lower
Yangzi regions of China, shale gas exploration in the Chenlei Sag, southeast of Hunan
Province, is still lower. In recent years, related literature has shown that the possibility
of shale gas accumulation in the Chenlei Depression in terms of hydrocarbon source con-
ditions, reservoir characteristics, and structural evolution [12,19]. Cao et al. studied the
hydrocarbon source and porosity of shale in the lower carboniferous Yanguanjie Forma-
tion [20]. Luo et al. and Cao et al. studied the mud shale of the Longtan Formation and
concluded that the mud shale of the Longtan Formation has good reservoir properties [2].
Yin et al. studied the relationship between geological structural characteristics and coal
seams [21]. Shi et al. discussed the tectonic evolution of the area and its relationship with
oil and gas accumulation [22].

Above all, some research has been done on the geological conditions for shale gas
reservoir formation. However, there are still several issues that need to be addressed. Firstly,
the method for determining the main controlling factors of shale gas reservoir formation
and geological conditions needs to be explored. In addition, further research is needed on
the geological conditions for shale gas accumulation in this study area. Finally, the target
shale rock layers in the study area are not yet clear.

In this paper, geological conditions for the formation of shale gas reservoirs in the
coal bearing strata of Chenlei Depression, Hunan Province, have been studied. The main
target layer for shale gas occurrence has been determined through shale thickness and
sedimentary facies analysis. Rock pyrolysis analysis, total organic carbon determination
(TOC), kerogen microscopic component identification, mineral X-ray diffraction, scan-
ning electron microscopy, and low-temperature nitrogen adsorption experiments are used
to study the geological conditions of shale gas. On this basis, the sedimentary environ-
ment/thickness/physical properties (porosity and permeability)/gas content of shale
reservoirs in different formations are studied, the basic geological conditions of shale gas
in the target rock layers are determined, and favorable areas for shale gas development are
determined.

2. Geological Setting and Experimental Methods
2.1. Geological Setting

The study area is located in the southeastern margin of the southeastern Hunan
Depression. The Chenlei Depression is a secondary tectonic unit of the southeastern Hunan
Depression. It is bounded by a fault zone to the northwest and adjacent to the Hengshan
uplift zone, separated by a fault zone to the north and east from the Cathaysia fold belt, and
gradually transitioning to the Ningjiang bulge in the southwest in the form of a slope zone
(Figure 1). The southeast Hunan Depression is located in the southeast of Hunan Province,
geotectonically situated in the south china plate and Yangzi plate junction, as a whole is
part of the south china fold system [23]. The study area has experienced the superimposed
influence of multi-stage tectonic cycles, and the tectonic lines are crisscrossing and extremely
complex, and the folds and faults are developed. The southeastern part of the Chenlei
Depression in the Linwu area is a Caledonian fold belt, with structural lines mainly trending
NNE~SSW and dipping southeast. It is a tight anticline with a reverse fault parallel to
the fold axis, accompanied by the intrusion of granodiorite and diorite. In the central and
western parts of the depression, there is an Indonesian fold belt that runs through the entire
area from north to south [24-27].

The study area is well developed and distributed from the Proterozoic to Cenozoic
(Figure 1). The basement is built of flysch in the Proterozoic and Lower Paleozoic. The
lithology is mainly slate and carbonate. From the Devonian Period of the Late Paleozoic
Era to the Early Triassic Period of the Mesozoic Era, the deposits were platform-type
littoral-shallow marine strata, the lithology was carbonate rock and coal-bearing clastic
rock, and a variety of shale strata were developed. The study area entered the continental
sedimentary period from the Middle Triassic. Only the Middle Jurassic strata remain today.
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The lithology is interbedded sandstone and mudstone. After the Late Mesozoic Cretaceous
period, multiple phases of fault depression occurred due to extensional movements caused
by mantle uplift, resulting in the deposition of a set of red clastic rocks. The fourth
department is the residual slope, and the accumulation layer is not developed [17]. Dark
mudstones and shales developed in the Middle to Upper Devonian, Lower Carboniferous,
and Upper Permian of the Late Paleozoic within cratonic platform-type coastal shallow
marine and coal-bearing clastic rock formations of marine-terrestrial transitional facies.

Figure 1. Study area location and stratum formation.

2.2. Experimental Methods

High-pressure mercury intrusion test (HPMI). The most commonly used method to
analyze the seepage pore structure of coal reservoirs is the HPMI method. It determines
essential information such as porosity, pore structure, pore connectivity, and the pore
compression coefficient of coal. This test overcomes capillary forces by gradually increasing
the pressure of the mercury injection. The maximum mercury inlet pressure for this test is
14.7 MPa, covering a test pore size range of 3~10,000 nm.

Low-temperature carbon dioxide/nitrogen adsorption test (LTCO,/N, GA). In this
test, 20 g of each sample is selected and ground to a particle size of 40-60 mesh. LTCO, /N,
GA is the prevailing method for analyzing the adsorption pore structure of coal reservoirs,
providing insights into parameters such as porosity, pore structure, and pore connectivity.
The TriStar I1I 3020 surface area and pore size distribution analyzer was used to detect the
surface morphology of adsorption pores at 77 K. The PV and SSA of meso-pores (2~100 nm)
are determined using the Barrett-Joyner—-Halenda (BJH) model, whereas the PV and SSA
of micro-pores (<2 nm) are determined using the density function theory (DFT) model.

3. Results and Discussion
3.1. Sedimentary and Distribution of Shale

From the Late Paleozoic to the Middle Triassic of the Mesozoic, the tectonic envi-
ronment was stable, and the clastic rock was widely accepted as the main clastic rock.
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Several sets of mud shale formations were developed. Among them, the thick dark black
carbonaceous shale is developed in the Lower Cambrian Formation of the Carboniferous
and upper Longtan Formation of the Permian, and the target shale is the most important
potential source of shale gas in the Chenlei Depression.

The sedimentary environment of the Lower Carboniferous Water (LCW) Formation is
the sea-land interlocking marina bay lagoon swamp sedimentary system, which develops
two sedimentary facies: tidal flat facies subtidal zone and lagoon swamp facies. The
subtidal zone of the tidal flat facies is composed of gray siltstone, silty mudstone, and gray
black mud shale; it could also contain thin coal seams, which developed in the eastern
part of the study area (Figures 2a and 3a). The lagoon swamp facies are composed of fine
sandstone, siltstone, sandy mudstone, and thick coal seams interbedded with gray-black
to black shale. It is developed in the western part (Figures 2b and 3a). The shale of the
Ceshui Formation is distributed in most parts of the depression, but the thickness is thinner,
with an average thickness of about 30 m, and the thickness is above the maximum in the
southern part of the center of the depression (up to nearly 70 m), corresponding to the
lagoon swamp facies deposits, which gradually thin to the north until they peak out.

(a) (b) S

=Rxxi=R— =

Siltstone Silty mudstone Fine sandstone Mudstone Coal seam Shale

Figure 2. Lithologic combination of different sedimentary facies of Ceshui Formation. ((a) Tidal flat
facies subtidal zone; (b) lagoon swamp facies).

(@) (b)

Figure 3. Sedimentary facies plan of Lower Carboniferous Ceshui and Upper Permian Longtan
Formation. ((a) Ceshui Formation; (b) Longtan Formation).
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The development types of the Longtan Formation in the Upper Permian include two
types: continental sedimentation dominated by delta facies and transitional sedimentation
represented by shallow marine, underwater island, lagoon swamp, and coastal swamp
facies (Figure 3b). The delta facies are developed in the northwest of the study area,
forming a bird-foot-shaped pattern from northeast to southwest. The lithology is composed
of thick layers of siltstone and mudstone interbedded with coal seams (Figure 4a). The
shallow marine shelf facies are mainly distributed in the southeast. They are primarily
affected by the intrusion of seawater from the southeast. The lithology is composed of
high calcium content sandy mudstone and mudstone, and the overall thickness of the
shale is higher (Figure 4b). The underwater island facies are mainly distributed in the
southwest, influenced by ancient landforms, and they are composed of quartz sandstone,
medium to fine sandstone, and sand bar facies sedimentation (Figure 4c). The lagoon
swamp facies are developed in the central southern part of the Chenlei Depression, and
the underwater island facies are northeast. The overall grain size becomes finer, mainly
composed of black sandy mudstone, muddy siltstone, and mudstone. The mud shale is
thick, with siderite nodules visible (Figure 4d). The coastal swamp facies are distributed
in the upper part of the coastline before the ancient continent and are products of the
marshification of the coastal plain. They are developed in the eastern and northern parts of
the depression, northeast of the lagoon swamp facies, and the lithology is mainly black-gray
mud shale and sandy mudstone. The mud shale is thick and is the main environment for
mud shale deposition (Figure 4e). The underwater island sand bar is developed from the
southwest. The deltaic sediments developed from lagoon-swamp facies to land-facies in
the NW direction, indicating a gradual retreat from marine facies to the NE direction of
land (Figure 3b).

Figure 4. Lithologic combination of different sedimentary facies of Ceshui Formation. ((a) Delta
facies; (b) shallow sea shelf facies; (c) underwater island facies; (d) lagoon swamp facies; (e) coastal
swamp facies).

The shale of the Longtan Formation is composed of sandy shale, black shale, carbona-
ceous shale, etc., and it contains abundant siderite nodules and bands, coexisting with coal
seams. The mud shale is almost distributed throughout the entire depression, with a cumu-
lative thickness of large and an average thickness of 100 m(Figure 5a). It is the stratum with
the highest thickness of mud shale in the target layer. The thickness of shale in the Longtan
Formation matches well with the distribution of sedimentary facies, mainly developed in
coal-accumulating environments such as lagoon swamp facies, coastal swamp facies, and
delta facies. The maximum thickness of shale in the area between Leiyang and Chenzhou
exceeds 200 m (Figure 5b), and it gradually decreases towards the northwest-southeast
edges of the depression, with a thickness from 0-50 m.
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Figure 5. Shale thickness map of geological survey Ceshui and Longtan Formation in Chenlei Sag.
((a) Ceshui Formation; (b) Longtan Formation).

3.2. Geochemical Characteristics of Shale
3.2.1. Organic Matter Abundance

Based on the total organic carbon (TOC) content of shale in the study area, the TOC
values of shale collected from Ceshui and Longtan formations in the Chenlei Depression,
southeastern Hunan, are higher (greater than 1%). The TOC of other layers is all below
0.4%, which are source rocks. Therefore, the main hydrocarbon source rock series in the
study area belongs to the Ceshui and Longtan formations (Figure 6). Among them, the
TOC value of the shale in the Ceshui Formation is the highest, followed by the Longtan
Formation. However, they belong to good to excellent high-quality source rocks and have
good hydrocarbon generation potential.
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Figure 6. Distribution of organic matter abundance of source rocks in Chenlei Sag.

3.2.2. Organic Matter Type

Based on microscopic identification of components, shale organic matter types in
the Chenlei Sag and Longtan Formation are mainly type III and type II, (Table 1), and
the kerogen type of a small number of samples is type II;. The Carboniferous-Permian
period was a major period of transition from marine to terrestrial phases in geological
history. Organisms in the marine and terrestrial transitional phases were unprecedentedly
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prosperous. In their chemical composition, lignin, cellulose, and other abundant parent
materials were deposited in large quantities, forming a quantitatively superior Type III
kerogen, but the contribution of local, deeper organisms evolving into organic matter
cannot be ruled out [28,29]. This also shows that the types of organic matter in marine—
terrestrial transitional shale are not single. Humic type is the main type, supplemented by
mixed type, which provides multiple organic matter for shale hydrocarbon generation.

Table 1. Kerogen macerals of organic-rich shale in Chenlei Sag.

Microscopic Component Content/%

Kerogen Type Index Kerogen

Sampling Layer
prng tay Sapropel Resin Body  Exinite  Vitrinite Inert Group (TD Type
Group
Ceshui 25 / 56 15 4 37.75 1l
Formation 21 / 62 14 3 38.5 11,
12 / 66 16 6 27 11,
82 / 14 4 / 86 I
64 / 34 2 / 79.5 I
Longtan 8 / 28 40 24 32 i
Formation
5 / 20 54 21 —46.5 11
6 / 30 48 16 =31 I
8 / 28 50 14 -29.5 111
Rock pyrolysis experiment results show that the Ceshui and Longtan formation shales
have TOC values ranging from 1.22 to 10.79 mg/g, with an average of 6.88 mg/g. The
hydrogen index values are low, indicating that the organic matter is type III kerogen
(Table 2). The reason is that it is the source of humic organic matter. This is related to the
excessive maturation of shale (Tmax is greater than 500 °C) and large-scale occurrences
related to hydrocarbon generation. Based on the analysis of kerogen microcomponents and
rock pyrolysis, the lithofacies, paleogeography, and geological evolution processes of the
region have been studied. The results show that the main source of organic matter in shale
is input from terrestrial higher plants, and the main types of organic matter are II, and III,
which are favorable for the generation of natural gas.
Table 2. Pyrolysis and Ro max data of shale samples from Ceshui and Longtan formations in Chen-
lei Sag.
. Maximum Soluble Pyrolysis .
Sa{n pling Sampling No. Temperature Hydrocarbons  Hydrocarbons ( /H"II“OC) Ro,max (%) AMaturlt};t
ayer Tonay °O) S, (mg/g) S, (mg/g) mg/g ssessme
CLZH-06 584 0.03 0.84 9.23 2.91 Overmature
DCLC-03 587 0.04 0.35 9.54 2.99 Overmature
XJZ-04 585 0.03 0.05 4.39 2.95 Overmature
ZK3206-87 587 0.03 0.11 4.33 2.37 Overmature
Ceshui XDY-74 540 0.04 0.12 15.38 3.51 Overmature
Formation KJC-68 539 0.05 0.03 1.92 2.75 Overmature
GML-63 553 0.02 0.08 5.82 2.80 Overmature
JZC-41 532 0.08 0.52 6.14 3.23 Overmature
T™C-27 536 0.04 1.1 7.20 3.00 Overmature
LMQ-08 563 0.03 0.68 5.34 3.12 Overmature
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WBD-01 586 0.05 0.09 6.72 2.86 Overmature
WBD-05 595 0.03 0.11 4.20 2.99 Overmature
MT-YP-09 585 0.02 0.09 9.47 2.16 Overmature
MT-YP-11 582 0.02 0.15 10.79 2.08 Overmature
Longtan MT-YP-19 587 0.01 0.03 3.90 2.19 Overmature
Formation MT-YP-21 593 0.02 0.13 7.10 2.55 Overmature
MT-YP-25 589 0.01 0.06 5.00 2.36 Overmature
MT-YP-35 528 0.12 5.97 10.14 2.08 Overmature
MT-YP-38 591 0.01 0.36 7.88 2.23 Overmature
MT-YP-40 595 <0.01 0.01 1.22 2.37 Overmature

3.2.3. Maturity

In order to become a potential shale gas exploration target, the maturity of shale must
enter the gas-producing window [30,31]. Ry max of shale samples indicate that the shale
collected from Ceshui and Longtan formations has entered the large-scale gas production
stage. The Ry max value of shale from the Ceshui Formation is between 2.37 and 3.51%, with
an average of 2.95%. The Ry max value of all samples is greater than 2%. It indicates that
the samples of the Ceshui Formation are all in the overmature stage. The sample Ry max of
the Longtan Formation was lower than that of the Ceshui Formation, ranging from 1.34 to
2.99%, with an average of 2.16%. Most of the samples’ Ry max is above 2%, indicating that
most of the samples are in the over-mature stage.

In short, the shale of the Chenlei Sag’s hydrometric and Longtan Formation has a high
organic matter abundance, and its types are humic, such as II; and III types. The overall
maturity is high and has exceeded the high-mature to over-mature stage. It has begun
to generate large-scale gas and has a certain thickness. It is a favorable source rock for
large-scale shale gas generation in the study area.

3.3. Shale Reservoir Characteristics
3.3.1. Mineral Composition Characteristics

Shale gas is generally adsorbed on the surface of organic matter, kerogen, and clay
minerals, or is free in micropores and microfractures. The mineral composition is the basis
for an in-depth study of the adsorption capacity and matrix porosity of shale reservoirs [32].
The mineral components of shale mainly include brittle minerals (quartz, calcite, feldspar,
etc.) and clay minerals such as illite, kaolinite, chlorite, and illite mixed layers. Brittle
minerals mainly control the development of fractures and affect the reservoir space and
permeability of the reservoir, which in turn determines the effect of reservoir fracturing.
A certain amount of clay minerals can adsorb gas [33,34]. Therefore, the key to shale gas
research is to find mud shale with high organic matter content, high brittle mineral content,
moderate clay mineral content, and crack development that is easy to artificial fracturing.

The whole rock mineral composition of the Ceshui Formation in Chenlei Depression
is mainly quartz and clay minerals; some samples are rich in calcite, and the content of
feldspar is low. The brittle mineral content is 30-80% and the clay mineral content is 10-40%
(Figure 7). The whole rock mineral composition of the Longtan Formation is mainly quartz
and clay minerals (Figure 8). Some samples are rich in calcite; the content of brittle minerals
is 20-60%; and the content of clay minerals is 20-70%, which is not conducive to the
formation of fractures but is conducive to the adsorption of shale gas. The content of brittle
minerals in the shale of the Ceshui and Longtan formations in the Chenlei Depression is
more than 40%, which is conducive to artificial fracturing in the later stage. Appropriate
clay minerals are beneficial to gas adsorption.
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Figure 7. Bar chart of X-ray diffraction (whole rock) test results of organic-rich shale of Ceshui
Formation in the study area.

Figure 8. Bar chart of X-ray diffraction (whole rock) test results of organic-rich shale of Longtan
Formation in Chenlei Sag.

3.3.2. Porosity and Permeability Characteristics

Shale reservoirs have typical characteristics of low porosity and low permeability [35],
with porosity often less than 10% and permeability generally less than 1 x 1073 um?.
Physical property analysis of shale samples from the Ceshui and Longtan formations in
the Chenlei Sag shows that the porosity and permeability of the shale from the Ceshui
and Longtan formations are generally low (Figure 9), among which the porosity of the
shale from the Ceshui Formation is 0.5~5.4%, with an average of 2.8%. Samples with
porosity less than 3% account for more than 65% of the total samples. The permeability
is 0.0002~1 x 1073 um?, with an average of 0.013 x 1073 um?, and more than 50%. The
sample permeability is lower than 0.01 x 1072 um?. The Longtan Formation mud shale
has good porosity and permeability characteristics, with a porosity between 1.1% and 4.8%,
with an average of 26%, and a permeability of 0.004-0.46 x 10~3 um?, with an average of
0.045 x 1072 um?. In contrast, the porosity of major gas-producing shale reservoirs in the
United States is concentrated at 4.22% to 6.51%, and the permeability is generally lower
than 0.1 x 1073 um? [36]. The porosity of the mud shale in the Chenlei Sag is slightly lower
than that in the Longtan Formation, and the permeability is not much different, indicating
that the mud shale reservoir characteristics in the study area are better.
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Figure 9. Distribution of porosity and permeability of Ceshui and Longtan formations in Chenlei Sag.
((a) Porosity Characteristics; (b) Permeability Characteristics).

The low-temperature nitrogen adsorption experimental data also show (Table 3) that
the overall pore structure of the shale in the Chenlei Sag’s Ceshui and Longtan formations
is better, and its specific surface area and total pore volume are both higher (the average
specific surface area is 12.21 m? /g, respectively) and 8.36 m?/g. The total pore volumes
are 24.87 x 1073 cm®/g and 14.32 x 1073 cm3/g, respectively, and the most probable pore
diameters are larger (7.05 and 4.07 nm, respectively), which is beneficial to the development
of shale gas. It has good adsorption and storage potential.

Table 3. Statistics of experimental data of low-temperature nitrogen adsorption of shale samples.
Sampline Laver Sampling No Specific Surface The Most Probable Total Pore
ping tay ping Xo-. Area/m?/g Aperture/nm Volume/10—3 cm3/g

CLZH-06 12.61 4.05 20.49
DCLC-03 11.38 4.07 16.33
XJZ-04 12.84 4.04 20.64
ZK3206-87 15.64 18.80 39.12

. . XDY-74 10.81 18.79 47.21

Ceshui Formation

KJC-68 12.59 18.88 27.54

GML-63 12.79 5.87 18.63
JZC-41 12.88 5.37 20.04

T™MC-27 13.97 3.71 13.52

LMQ-08 12.87 4.84 16.85
WBD-01 16.698 4.042 26.07

WBD-05 13.073 4.065 19.65

MT-YP-09 6.987 4.066 14.87

MT-YP-11 7.602 4.3 11.53

. MT-YP-19 2.83 4.03 5.947

Longtan Formation

MT-YP-21 7.668 4.068 16.23

MT-YP-25 7.017 4.048 16.4

MT-YP-35 8.489 4.037 11.58

MT-YP-38 5.368 4.059 11.34

MT-YP-40 7.533 4.063 18.41

3.3.3. Pore and Crack Characteristics

The development of shale pores and fractures in the reservoir directly affects the
storage performance of the reservoir and has a great impact on the accumulation, later
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preservation, and reservoir modification of shale gas [37]. This paper divides the pores in
the Chenlei Sag Ceshui and Longtan formations into inorganic pores, organic pores, and
micro-cracks based on their development locations and pore origins. Inorganic pores are
further divided into intergranular pores, intercrystalline pores, and intragranular pores.

Intergranular pores in shale are developed at the contact point of mineral particles,
which are mainly lamellar clay minerals (Figure 10a,b). They are characterized by concen-
trated development, complex cementation, poor sorting, and diverse pore shapes, with
polygonal shapes and elongated strip shapes being the main ones. In the shale samples, the
pyrite intergranular pores are well developed (Figure 10c), and the pyrite is mostly in the
form of a regular cube or pentagonal dodecahedron. Organic matter and partial symbiosis.
The integrate pores developed in the particles, and the integrate pores developed well in
the clay mineral layer, mainly the Imon mixed layer. (Figure 10d). The pores formed by
other minerals are few, and the dissolution pores of carbonate minerals can be seen under
the microscope (Figure 10e).

Figure 10. Pore morphology and characteristics of shales from the Ceshui and Longtan formations
in Chenlei Sag. ((a) Flaky clay mineral interstices; (b) illite intergranular pores; (c) strawberry
pyrite, intergranular pores; (d) mineral dissolution pores; (e) carbonate mineral dissolution pores;
(f) organic matter pores; (g) organic matter micro-cracks are filled; (h) asphaltene body mold pores;
(i) Micro-cracks).
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Organic matter pores are ubiquitous in shale [38], with pore sizes ranging from a few
nanometers to hundreds of nanometers. The connectivity between pores is excellent, and
most organic matter pores are distributed in circular or elliptical shapes (Figure 10f). In
some samples, an organic matter particle with a diameter of several microns can contain
many nanopores, but some organic matter does not develop pores. Asphaltene mold pores
formed by mineral exfoliation were found in some samples (Figure 10h).

Microfractures play an important role in the seepage of shale gas and are the bridge
connecting microscopic pores and macroscopic fractures, which are generally micron-
scale [39]. Experiments have found that both organic matter particles and clay minerals
can develop micro-cracks. Micro-cracks developed inside organic matter are generally
straight, small, and do not extend long. Some organic matter micro-cracks are filled with
minerals (Figure 10g). The shapes of micro-cracks between minerals are diverse (Figure 10i).
Some of them may be formed due to dehydration and shrinkage of the mineral matrix.
They are densely developed, mostly obtuse triangle shapes, with large pore sizes and
good connectivity.

3.4. Gas-Bearing Characteristics of Shale

Gas-bearing property is an important criterion for evaluating shale gas resource
potential and whether it has development value [40]. The desorption method was used to
perform on-site analysis on the shale cores of the Ceshui and Longtan formations obtained
from four drilling wells in the study area. The results showed that the gas content of the
shale in the Ceshui Formation varied from 0.31 to 2.6 cm®/g, with an average of 1.6 cm3/g.
The gas content of the Longtan Formation shale varies from 0.42 to 5 cm?®/g, with an average
of 2.1 cm3/g. The overall gas content is high, confirming that the shale gas of the Ceshui
and Longtan formations in the study area has good resource potential. The isothermal
adsorption experiment shows that the maximum adsorption volume of the shale Ceshui
Formation is balanced at 1~2 MPa, and the maximum adsorption capacity is between
1.2~6 cm® /g, showing good adsorption capacity (Figure 11a,b). The Longtan Formation of
shale samples maximum adsorption volume in the balance of 1.5 MPa, adsorption capacity
of 0.5~5.2 cm?3/g (Figure 11c,d). The shale of the Ceshui and Longtan formations is the
lowest industrial standard at 1 cm®/g under pressure less than 2 MPa, showing good
mining potential.
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Figure 11. Typical isotherm adsorption curve of shales in Cehui and Longtan formations of Chenlei
Sag. ((a) the shale Ceshui Formation a; (b) the shale Ceshui Formation b; (c) the Longtan Formation
of shale sample c; (d) the Longtan Formation of shale sample d).
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Based on the isothermal adsorption results and analytical gas content results, there
are good shale gas displays in the study area, which has the potential to form a good shale
gas reservoir.

4. Conclusions

In this paper, we discuss total organic carbon determination (TOC), kerogen micro-
scopic component identification, mineral X-ray diffraction, scanning electron microscopy,
and low-temperature nitrogen adsorption experiments. The geological conditions for the
formation of shale gas reservoirs in the coal bearing strata of Chenlei Depression, Hunan
Province, have been studied in detail. Moreover, the main shale gas-bearing strata and their
physical characteristics in the coal bearing strata of Chenlei Depression, Hunan Province,
have been studied. On this basis, the gas content of shale in the water and Longtan for-
mations has been determined by using high-temperature and high-pressure isothermal
adsorption tests. The results are as follows:

(1) The shale thickness of the water measuring group is lower, with an average
thickness of about 30 m. The thickness is highest in the southern part of the depression
center (nearly 70 m), then decreases towards the north. In the Leiyang and Chenzhou
areas, the shale thickness of the Longtan Formation is the highest (up to 200 m), decreasing
towards the northwest and southeast edges of the depression with a thickness from 0-50 m.

(2) The TOC values of the water measurement group and the Longtan group are
higher, both greater than 1%, while the other layers are below 0.4%. The organic matter
types are type III and II,, and kerogen in a small amount of samples belongs to type II;.
The maturity of shale is higher, and it has entered the stage of large-scale gas generation.
The Ro of the sample collected from the water measurement group is 2.37-3.51%, with an
average of 2.95%.

(3) The mineral composition of the water measurement group is composed of quartz
and clay minerals, with some samples rich in calcite and a low content of feldspar. The
content of brittle minerals is higher, distributed in 30~80%, while the content of clay
minerals is moderate, mostly distributed at 10~40%. The mineral composition of the
Longtan Formation is composed of quartz and clay minerals.

(4) The overall pore structure of the water measurement group and Longtan group
shale is good, with a higher specific surface area and total pore volume (average specific
surface area is 12.21 and 8.36 m? /g, respectively), which is conducive to the occurrence
of shale gas and has good adsorption and storage potential. The gas content of the water
measurement group varies from 0.31 to 2.6 cm?/g, with an average of 1.6 cm?/g; the gas
content of the Longtan Formation varies from 0.42 to 5 cm? /g, with an average of 2.1 cm3/g.
It indicates that the water measurement group and the Longtan Formation shale gas in the
study area have good resource potential.
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ABSTRACT

The Jiangnan Orogenic Belt (JOB), situated in the interior of the South China Block (SCB), harbors numerous
gold-polymetallic deposits, but the ore genesis has been a long-standing controversy. This study examines the
Woxi super-large gold deposit in the middle JOB, which is characterized by simultaneous large-scale antimony-
tungsten mineralization. The investigation shows that the Woxi ore deposit have developed multiple-stage
quartz, i.e.,, Qz1 (early quartz-carbonate, stage I), Qz2 (quartz-wolframite-scheelite, stage II), Qz3a (quartz-
gold-pyrite, early stage III), Qz3b (quartz-stibnite-scheelite, late stage III) and Qz4 (late quartz-carbonate, stage
IV). We conducted SEM-CL texture imaging, LA-ICP-MS trace element, and SIMS oxygen isotope analysis on the
quartz samples from the main mineralization stages (mainly Qz2 and Qz3). The results reveal a dual minerali-
zation process of the Woxi gold-antimony-tungsten deposit. In the initial stage, the quartz (Qz2) exhibits intense
brightness in CL imaging and spiderweb-like texture, shows high concentrations of trace elements, especially Ge,
Al and Ti, and has 6180ﬂuid values ranging from 10.84 %o to 11.64 %o. These characters are consistent with a
magmatic fluid that is acidic (pH<3), reducing, and of relatively high-temperature. In the second stage, the
quartz (including Qz3a, Qz3b and Qz4) shows relatively darker CL image and band texture or cobweb mosaic
coexistence texture, low concentrations of trace elements, especially Al and Ti, and a low 8180ﬂujd values (8.01 %o
to 9.19 %o for Qz3a and 5.83 %o to 6.51 %o for Qz3b) consistent with characteristics of mantle-derived fluids. The
results of this study supports an “intracontinental reactivation metallogenic model”, in which the gold-
polymetallic deposits in the JOB formed from a dual-stage mineralization related to tectono-magmatic activ-
ities in a back-arc setting. The dual ore-forming processes revealed in this study provide important insights for a
comprehensive understanding of the gold-polymetallic deposits in the JOB, and it may be a significant mecha-
nism in the formation of large to super-large gold-polymetallic deposits in this region, which is indicative
perspective for exploration of the gold-polymetal deposits. Our work also demonstrates that quartz is an effective
tool for identifying the mineralization in the JOB.

1. Introduction

mechanisms, processes, and the diversity of mineralization (Mao et al.,
2005; Pirajno et al., 2009; Zhai and Santosh, 2013; Hu et al., 2024). The

Intracontinental mineralization refers to mineralization that occurs Jiangnan orogenic belt (JOB) on the southeast margin of the Yangtze
within continental plates, far from active continental margins. It is of plate (Fig. 1a) is one of the important gold mining areas in South China
great interest due to the unclear relationship between the driving (Mao et al., 2013; Xu et al., 2017), and it is formed by the collision
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between the Yangtze and Cathysia plates during Neoproterozoic (Zhang
et al., 2013; Wang et al., 2017). Afterwards, it underwent two intra-
continental orogenies in the early Paleozoic and early Mesozoic formed
a complex intracontinental composite orogen (Raimondo et al., 2014;
Shu et al., 2021), generating extensive deformation, metamorphism and
magmatism (Zhang et al., 2013; Shu et al., 2021). The JOB, as an ancient
intracontinental suture, experienced multiple episodes of magmatic
activity and polymetallic mineralization events (Xu et al., 2017; Zeng
et al., 2023; Hu et al., 2024), and it is known for its abundant poly-
metallic deposits (Fig. 1b), mainly including hydrothermal gold, gold-
antimony, and gold-antimony-tungsten deposits, with a total gold con-
tent exceeding 1000 t (Xu et al., 2017).

Extensive research has been conducted on the gold-polymetallic
deposits in the JOB, and some consensus has been reached: 1) the de-
posits mainly occur in the Neoproterozoic low-grade metamorphic
volcanic-sedimentary rocks, with most deposits/points not developing
magmatic rocks (Xu et al., 2017); and mineralization is generally

Ore Geology Reviews 171 (2024) 106172

controlled by different scales of structures, with early structural acti-
vation being crucial for mineralization (Zhang et al., 2019a; Bai et al.,
2021; Zhou et al., 2021; Li et al., 2022a); 2) multi-stage mineralization
occurs, including the early Paleozoic (423-397 Ma) gold, Triassic (ca.
235 Ma) gold-antimony-tungsten, Jurassic (176-170 Ma) copper-gold-
tungsten, and Early Cretaceous (148-126 Ma) gold-antimony-tungsten
(Xu et al., 2017; Zhang et al., 2019a; Li et al., 2020a; Bai et al., 2021;
Zhu et al., 2023; Li et al., 2023a; Li et al., 2024); However, there are still
significant debates on the sources of ore-forming materials and the or-
igins of ore deposits: 3) there are divergent views on the ore-forming
fluids and metal sources, including metamorphic, magmatic and
mantle-derived sources (Li et al., 2024 and its references); nevertheless,
the contribution of mantle-derived fluids to mineralization is increas-
ingly recognized (Mao and Li, 1997; Dai et al., 2022; Li et al., 2024); 4)
various scholars have proposed different genetic models, including
orogenic (Zhu and Peng, 2015; Wang et al., 2020a), epithermal (Wang
et al.,, 2021la), intrusive rock-related (Jia et al.,, 2019), and

Fig. 1. (a) The outline of China tectonics shows the position of Jiangnan Orogen; (b) Distribution diagram of the Proterozoic strata, structures, magmatic rocks and
metallic deposits in the JOB (modified from Xu et al., 2017); (c) Simplified map of the geological structures and gold-polymetallic deposits in the Xuefeng tectonic
zone in northwestern Hunan province (modified from Li et al., 2022a; Bai et al., 2021).
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intracontinental activation (Xu et al., 2017; Li et al., 2022a) types. The
main issue stems from the complex mineralization in gold polymetallic
deposits within the JOB, making it challenging to ascertain their origin.
In fact, superimposed mineralization can promote the improvement of
deposit grade, the increase of reserves and the diversification of ore-
forming elements. For example, the early mineral veins of the Madrid
deposit in the Hope Bay Greenstone Belt in Canada were enriched by
new gold mineralization from late-stage magmatic-hydrothermal fluids
(Kerr et al., 2018); late-stage antimony mineralization in the La Belliere
gold district in France overprinted early deep-seated orogenic gold de-
posits (Cheval-Garabédian et al., 2020); and the Laowan super-large
gold deposit in the Tongbai orogenic belt in China has early molybde-
num mineralization and late-stage gold mineralization (Yang et al.,
2021). In the JOB, previous studies have noticed the superimposed
mineralization through the study of ore-formming structures or mineral
interpenetration (Zeng et al., 2017; Deng et al., 2020a; Li et al., 2022a; Li
et al., 2022b;Bai et al., 2023). However, the metallogenic process and
formation mechanism are still unknown.

The Woxi deposit is located in the middle of the JOB (Fig. 1c). Itis a
super large gold deposit with large-scale antimony-tungsten minerali-
zation. The ore bodies are mainly hosted in the NEE-trending interlayer
fractures of the Neoproterozoic slate strata (Li et al., 2022a). As for the
metallogenic epoch, some studies suggested that there were two stages
mineralization in Caledonian and Yanshanian (Peng et al., 2003; Zhu
et al, 2023), or Indosinian mineralization (Peng and Frei, 2004).
Recently, more accurate ages supported Yanshanian Mineralization (Dai
et al., 2022; Li et al., 2022a;Li et al., 2023a; Li et al., 2024); For the
genesis of the deposit, some of the most controversial views include that
it is related to metamorphic hydrothermal fluids during the orogenic
period (Luo et al., 1984; Ma and Liu, 1991; Zhu and Peng, 2015; Li et al.,
2018), concealed intrusions (Peng and Frei, 2004), and concealed in-
trusions but emphasizing mantle-derived materials and tectonic acti-
vation (Xu et al., 2017; Dai et al., 2022; Li et al., 2022a). In a word, the
genesis of the Woxi deposit is still uncertain, and there is no effective
identification or fine constraint on the multi-stage and multi-stage
mineralization, which provides an ideal window for us to study the
superimposed mineralization in the JOB.

In hydrothermal mineral deposits, quartz is one of the most impor-
tant vein minerals, often spanning the entire mineralization process
(Monecke et al., 2018), and can record processes or pulses on scales of
millions or thousands of years (Rottier et al., 2021; Li and Li, 2023; Li
et al., 2023b). Previous studies have conducted research on the textures
and in-situ chemistry of quartz in different gold deposits, such as
Orogenic(Kerr et al., 2018), Carlin (Yan et al., 2020; Li et al., 2020b),
Porphyry (Monecke et al., 2018; Cernuschi et al., 2023), and Epithermal
deposits (Rottier et al., 2021), finely delineating the evolution and origin
of ore-forming fluids in these deposits, and showing the advantage of
quartz minerals in revealing multiple stages of mineralization history
and their potential as economic indicators (Miiller et al., 2018; Gao
et al., 2022).This study focuses on the Woxi deposit in JOB, dividing the
quartz into different metallogenic stages and analyzing the textures of
quartz using SEM-CL. Based on this, LA-ICP-MS and SIMS were used to
conduct in-situ analysis of trace elements and O isotopes in quartz
separately in the primary ore-forming stages, aiming to trace changes in
fluid physicochemical conditions and sources during the ore-forming
process. Through our research, we identified the two-stage metal-
logenic process of the Woxi Au-Sb-W deposit, and discussed the metal-
logenic tectonic setting in conjunction with existing data, providing new
insights on the genetic mechanism of the Woxi deposit and intra-
continental mineralization in SCB.

2. Geological setting
The JOB is located in the central part of the SCB (Fig. 1a) and is

generally considered as the suture between the Yangtze and Cathaysia
blocks during the Neoproterozoic (Wang et al., 2017). The belt mainly
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consists of Neoproterozoic low-grade metamorphic volcanic debris rocks
and sedimentary rocks, while the rest includes Paleozoic marine sedi-
ments (including shale, siliceous rocks, sandstone, siltstone and car-
bonate rocks), early to middle Mesozoic continental shelf sediments
(including sandstone, siltstone, and minor carbonate rocks), late Meso-
zoic rift basin sediments, and Cenozoic continental rift basin sediments
(including conglomerate, gravelly sandstone, sandstone and mudstone)
(Zhang et al., 2013; Shu et al., 2021). The structural deformation in the
region mainly includes E-W-trending structures involving pre-Silurian
strata formed during the Caledonian movement and NE~NNE-trend-
ing folds and thrust faults extending up to 1500 km generated by the
Indosinian and Yanshanian movements (Li and Li, 2007; Zhang et al.,
2013; Shu et al., 2021). Magmatic rocks include collisional granites in
the early Neoproterozoic and later extensional A-type granites
(860-760 Ma), Late Silurian to Early Devonian S-type granites
(440-420 Ma), Early Mesozoic S-type granites (240-220 Ma), and Late
Mesozoic magmatism (155-95 Ma) (Wang et al., 2013; Shu et al., 2021;
Cao et al., 2021).

The JOB hosts a series of gold-dominant and gold-polymetallic de-
posits. In the eastern segment, there are porphyry-type, skarn-type Cu-
Au, and iron deposits, which are associated with Paleo-Pacific plate
subduction (Mao et al., 2021). In the central segment, the main deposits
are gold, antimony and tungsten, predominantly occurrence in the form
of quartz vein and altered rocks, which are related to multiple tectonic
magmatic activities (Xu et al., 2017; Zhang et al., 2019a). In the western
segment, tin, gold, silver, lead, and zinc are the dominant minerals,
mainly occurring as greisen and MVT deposits, driven by tectono-
magmatic hydrothermal processes (Hu et al., 2017). The mineralized
host rocks of these deposits mainly consist of low-grad metamorphosed
volcanic and clastic rocks from the Neoproterozoic era, with the ore-
forming ages mainly spanning from the Late Jurassic to the Early
Cretaceous, followed by the Late Silurian and Late Triassic (Xu et al.,
2017; Bai et al., 2021).

Previous studies mostly believed that the Yangtze and Cathaysia
plates underwent rift tectonics and glacial events in the late Neo-
proterozoic after the formation of the SCB (Zhang et al., 2013; Shu et al.,
2021), which may be associated with post collision extension or mantle
plume (Wang et al., 2017; Li et al., 2019a). In the Early Paleozoic, a
large-scale intracontinental orogeny event (the Caledonian Orogeny)
occurred in the region, possibly influenced by the aggregation of the
Gondwana supercontinent (Du and Xu, 2012; Zhang et al., 2015; Shu,
2021). In the Early Mesozoic, SCB successively collided with the Indo-
china and North China cratons, leading to another intense intra-
continental folding orogeny event (the Indosinian orogeny) in the region
(Zhang et al., 2013; Shu et al., 2021). During the late Triassic to early
Jurassic, the SCB may have been influenced by subduction of the paleo-
Pacific plate (Li et al., 2017; Zhu and Xu, 2019), but the transition of
tectonic regime from the Tethyan tectonic domain to the paleo-Pacific
tectonic domain occurred in the early Jurassic (170 + 5 Ma) (Zhang
et al.,, 2009; Dong et al., 2018). During the Jurassic-Cretaceous period,
due to the westward subduction of the paleo-Pacific plate (Li et al.,
2014; Zhu and Xu, 2019), the Yanshanian orogeny occurred in the re-
gion, causing multiple episodes of compression and extension events.
Around 55 Ma years ago, as the Pacific plate once again subducted
beneath East Asia, SCB was under the joint control of the India-Eurasia
collision dynamics system and the Pacific subduction dynamics system
(Dong et al., 2018; Zhu and Xu, 2019).

The Woxi Au-Sb-W deposit is located in the middle section of the JOB
(Fig. 1c) where the tectonic lines exhibit a northward trend from south
to north. The area is mainly composed of Neoproterozoic to lower
Paleozoic metasediments, with small amounts of upper Paleozoic and
early Mesozoic rocks. Multiple large-scale faults are present in the re-
gion, and the deposits are mainly distributed near these faults, indi-
cating a close relationship between deep-seated faults and
mineralization (Xu et al., 2017; Zhang et al., 2019a). Additionally, the
distribution of the deposits is associated with tectonic uplifts, including
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basement uplifts (Neoproterozoic Lengjiaxi Group), structural domes,
and magmatic uplift areas (Bai et al., 2021; Li et al., 2022a). Granites are
not widely developed in the area, but there are large-scale Late Yan-
shanian and Mesozoic intrusions on the southeastern margin (Fig. 1c).
The granitic intrusion closest to the Woxi deposit is located in Anhua,
with a smaller scale and a distance of over 50 km.

3. Deposit Geology and mineralization
The Woxi Au-Sb-W deposit is located in Guanzhuang Town, western

Hunan. It has a mining history of over 130 years and confirmed gold
resources exceeding 68 tons (Xu et al., 2017). In recent decades,
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extensive exploration and research have been conducted in order to
discover new resources and supple the diminishing ore reserves. The
mining area is situated on the northeastern side of the Xianebaodan
basement uplift (Fig. 2a) and comprises five mine sections: Hongyanxi,
Yuershan, Liaojiashan, Shiliupenggong, and Shangwoxi. The strati-
graphic sequence consists of the Neoproterozoic Lengjiaxi and Banxi
groups, as well as Cretaceous units (Fig. 2a, b). Among them, the purple-
red sericite slate or calcareous slate interval (with a thickness of 70-800
m) in the Madiyi Formation of the Banxi Group is the ore-bearing unit
(Yang and Blum, 1999; Chen et al., 2008).

The structural framework in mining area consists of NE-SW and NE ~
NNE-trending structures (Fig. 2a). Prior research has suggested that the

Fig. 2. (a) Presents the geological structural diagram of the Woxi Au-Sb-W deposit (modified from Li et al., 2022a), with the stereographic projection (lower
hemisphere) showing the main occurrence of the Woxi Fault (F,); (b) Typical exploration cross-section profile of the mining area (modified from Xu et al., 2017),
displaying the distribution of ore veins and their spatial relationship with the F;; (c) Outcrop features of the Woxi fault, developed cataclastic rock of brittle domain;
(d) Interlayer shear fractures developed at an elevation of —25 m underground, with quartz c-cracks indicating early brittle-ductile thrusting and small extensional
folds in fault mud indicating late normal slip; (e) Red glutenite in the F;-controlled basin during the Cretaceous extension period. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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NE-trending structures formed during the Indochina orogeny, while the
NE ~ NNE-trending structures are associated with the subduction of the
paleo-Pacific plate during Yanshanian (Li et al., 2022; Li et al., 2022a;
Bai et al., 2023). The Woxi fault (F;) is the most important fault in the
mining area, dipping gently to the north and trending nearly east-west,
and shows a fractured zone with a width of more than 10 m in outcrop
(Fig. 2c). The F; shows multi-stage deformation characteristics (Li et al.,
2022a), including the superposition of early brittle-ductile deformation
and late brittle deformation (Fig. 2d). These observations indicate sig-
nificant crustal uplift during the early stage of tectonic deformation,
followed by a later extensional event that controlled the Cretaceous
continental basin sedimentation in the hanging wall (Fig. 2e). Currently,
the industrial ore bodies that have been discovered are all situated in the
footwall of Fq, within a series of shear fractured zones between the layers
of the Madiyi Formation, and they include eight main ore bodies
(Fig. 2b). Moreover, these ore bodies are commonly controlled by NE ~
NNE-trending folds and are more concentrated in the core of the folds,
such as the Shiliupenggong and Shangwoxi mine sections (Chen et al.,
2008; Li et al., 2022a). No large-scale granites have been observed in the
mining area, but recent geophysical studies suggest the presence of large
intrusive bodies at a depth of <-2km underground (Fig. 3).

The primary type of mineralization is the quartz veins of more than
50 cm, which occurs in the interlayer shear zones (Fig. 4b, c, d, e), ac-
counting for 70 % of the total mineral resources (Luo et al., 1984; Chen
et al., 2008; Yi, 2012). This type of mineralization has been the main
high-grade veins exploited in the past, with grades reaching up to 20 g/t,
such as V3-1. The network vein type, altered shale type, and fragmented
breccia type in the secondary fractures on both sides of the interlayer
shear zones (Fig. 4f, g) account for about 30 % of the total mineral re-
sources. These lower-grade veins (generally less than 3 g/t) have been
increasing in proportion in recent years. The main thick interlayer veins
are generally trending approximately east-west and dip gently to the
north (dipping angle 20° to 30°). The dip direction tends to extend
deeper than the strike extension, and their attitude changes locally with
folding (Chen et al., 2008; Xu et al., 2015). The main types of ore include
gold-quartz type, antimony-gold-quartz type, tungsten-gold-quartz fine
vein type, and gold-antimony-tungsten altered slate type (Fig. 4h, i, j, k).

Metallic minerals mainly include scheelite, stibnite, native gold,
pyrite and wolframite (Fig. 4; Fig. 5), with small amounts of arsenopy-
rite, sphalerite and galena (Chen et al., 2008; Yi, 2012). Gold is mainly
present in native gold, followed by pyrite (Dai et al., 2022; Li et al.,
2024). Stibnite is mainly associated with quartz-scheelite-gold, occur-
ring as layered or banded shapes (Fig. 4b, c). Wolframite is mainly found
in vein-like form (Fig. 5 a-d), with internal development of joints, filled
or cut by later-stage stibnite (Fig. 5 b, c). Three types of pyrite can be
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identified in the hydrothermal stage: coarse pyrite in milky white quartz
or altered slate adjacent to the quartz vein (Fig. 4k), fine-grained pyrite
in the surrounding rocks near the quartz vein (Fig. 51), and fine-grained
pyrite in band-shaped or massive form closely related to stibnite
(Fig. 4j). Gangue minerals mainly include quartz, with small amounts of
muscovite, carbonate,

illite and chlorite (Peng et al., 2008; Yi, 2012). In the third stage of
vein formation, the earlier formed veins are generally fragmented and
often infiltrated by later-stage milky white quartz (Fig. 3¢, d). Miner-
alization alteration are featured with bleaching (Fig. 4l), including
silicification, pyritization, carbonatization (Fig. 4a, m-p) and chloriti-
zation. Among them, bleaching has the thickness generally greater than
that of the ore bodies, usually ranging from 0.2 to 2 m. Additionally, the
spatial variation and intensity of discoloration alteration are closely
related, making it an important indicator for prospecting in the mining
area and regionally (Chen et al., 2008).

Previous research has indicated that the ore formation in this mine
occurs at medium to low temperatures (140-300°C) and low salinity
(<7.0 wt% NacCl), with ore-forming fluids rich in CO2, N and H20 (Zhu
and Peng, 2015; Yi, 2012). In terms of the mineralizing stages, this study
aligns with previous research (Yi, 2012; Zhu and Peng, 2015; Dai et al.,
2022; Li et al., 2022a), identifying four stages: quartz-calcite, quartz-
wolframite-scheelite (with minor pyrite and gold mineralization),
quartz-pyrite-stibnite-natural gold-(scheelite), and quartz-carbonate.
These four stages are supported by observed mineral associations,
such as cross-cutting relationships between quartz-stibnite veins in the
third stage and quartz-wolframite veins in the second stage (Fig. 4a, b,
c), late-stage quartz-calcite veins cutting early-stage quartz veins
(Fig. 4a), and early-stage angular ore (Fig. 51).

4. Sampling and analytical methods

4.1. Sampling

We have collected dozens of samples from tunnels being mined or
previously mined of the Woxi deposit. We have chosen 6 representative
quartz samples (Table 1) for research, which cover different minerali-
zation stages, ores and depths. The hand specimens were thoroughly
observed initially, and appropriate areas were selected to make thin
sections of the rocks. Based on the constraints of optical microscopy and
scanning electron microscopy (SEM) on their microstructure charac-
teristics, ideal particles were selected for in-situ LA-ICP-MS trace
element and SIMS O isotope analysis.

Fig. 3. Presents the vertical profile of the shear-wave velocity from the Woxi Au-Sb-W deposit (modified from Wang et al., 2022). The red areas indicate the presence

of hidden granites inferred from shear-wave high-speed anomaly.
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Fig. 4. Photographs showing the ore bodies and host rocks in the field, and hand specimens form the Woxi Au-Sb-W deposit.

(a) In the late stage of ore formation, the quartz vein of calcite crosses the early-stage quartz vein. (b-e) Veins controlled by interlayer shear fractures show different
ore-forming stages and mineral assemblages. The surrounding rocks exhibit typical fading alteration. (f) Brecciated conglomerate and altered rock type gold
mineralization. (j) Brecciated conglomerate gold mineralization, with coarse pyrite and milky white quartz development. (h) Altered slate ore, quartz-wolframite
veins intersected by smoky gray quartz (Qz3). (i) Gold-antimony-tungsten ores. (j) Quartz-stibnite veins. (k) Quartz conglomerate gold ores. (1) Quartz-veined
ore body with characteristic weathered surrounding rocks. (m-p) early stage carbonatization in the altered rock gold ores, and the pyrite in main ore-forming
stage grows in the carbonate cavities (0). Stage-mineralization stage; Qz-quartz; Py-pyrite; Wf-wolframite; Sch-scheelite; Stb-stibnite; Au-gold; Ser-sericite; Ank-
ankerite; Sd-Siderite.
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Fig. 5. Thin sections and microphotographs of quartz samples at different stages, including SEM and CL images, were used for LA-ICP-MS trace element and SIMS O
isotope analysis. (a-b) Cross-cutting quartz veins with silicified sericitized alteration in quartz-scheelite veins. (c) Later quartz (Qz3a) enclosing early-stage scheelite
(Stage II). The filling of late-stage stibnite (Stage III) within scheelite fractures is noticeable. (d-e) Early quartz-scheelite veins (Stage I). (f-j) Coexisting smoky quartz
(Qz3a) is intimately associated with stibnite, showing finely disseminated pyrite (4j). Two different forms are observed in CL images: reticulate and fragmented. (k)
Milky white quartz (4 k) with coarse pyrite development. (1) Late-stage quartz-calcite vein (Stage IV) crosscutting earlier veins (Stage III). (m) Quartz (Qz4) is closely
associated with calcite in late-stage veins. Qz-quartz; Wf-wolframite; Py-pyrite; Stb-stibnite; Ser-sericite; Cc-calcite. Yellow dashed circles represent LA-ICP-MS
analysis points.

4.2. Analytical methods detailed observations of the microscopic characteristics and natural gold
occurrence of the minerals under analysis were conducted using an

4.2.1. CL structure observation optical microscope. Subsequently, the samples were further observed
In the State Key Laboratory of Nuclear Resources and Environmental and photographed using a Zeiss SIGMA 300 backscattered electron

of East China University of Science and Technology (SKLNRE, ECUT), scanning electron microscope (BSE-SEM) equipped with an Oxford
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Table 1
Sampling of hydrothermal quartzs from different generations in the Woxi
deposit.

Vein/
Elevation(m)

Sample Features

no.

Stage

D311 11/111 V1/-25 Interlayered quartz vein deposit
(329°£25°), containing gold-antimony-
tungsten-bearing ores, with deformation of
early quartz-wolframite veins

Deformed interlayer veins (30°240°), Qz-
Au-Py ores, smoky quartz.

Layered fractures in veins (5°260°), Qz-Py-
Au, massive ores, milky white quartz and
coarse-grained pyrite.

Thick interlayer veins (87°£40°), Qz-Py-
Au, breccia ores, milky white quartz,
coarse-grained pyrite in quartz and fine-
grained pyrite in surrounding rocks.
Interlayer veins (100°£45°), Qz-Py-Au
ores, milky white quartz, late-stage calcite
intergrowth

Interlayer vein (160° £50°), Qz-Py-Stb-Au
ore, ivory quartz, banded pyrite or
aggregate

D315 III V1/-25

D316 11 V6/-475

D321 III V8/-1050

D323 I V7/-1050

D324 11 V3/-1050

IE380 energy-dispersive X-ray spectrometer (EDS). Special attention
was focused on the development of fractures and rims to aid in selecting
appropriate testing points. CL images were acquired using an accelera-
tion voltage and beam current density of 15 kV and 10nA, respectively,
for a duration of 80 s.

4.2.2. LA-ICP-MS in-situ trace element analysis

The in-situ LA-ICP-MS analysis of trace elements in uranium-multi-
metal centers was completed at the State Key Laboratory of Nuclear
Resources and Environment at East China University of Science and
Technology. The analysis utilized the PerkinElmer NexION 1000 quad-
rupole ICP-MS and the ESI NWR 193 He excimer laser ablation system.
The laser ablation energy density was 4.6 J/cm?, with a pulse rate of 6
Hz and an ablation diameter of 44 pm. Helium gas was used as the
carrier gas for ablation. During the testing process, NIST610 glass and
NIST612 were utilized as external and calibration standards respec-
tively, with two sets of NIST610 glass standards inserted every 6 test
points and one set of NIST612 standards inserted every 6 test points. 2°Si
was used as the internal standard element. The quartz trace element data
was processed using Iolite software (Paton et al., 2011).

4.2.3. Oxygen isotope analysis by SIMS

The quartz SIMS oxygen isotope analysis is carried out at the Beijing
Research Institute of Uranium Geology (BRIUG) using the CAMECA IMS-
1280HR SIMS. Thin rock sections that have undergone laser in-situ trace
element testing are selected, and suitable areas are cut out and
embedded in epoxy resin, primarily considering the paragenesis of
different mineralization stages and characteristic zoning structures.
Surface polishing is performed using an automated polishing machine
and 0.25 pm diamond paste to achieve relief less than 3 um. Subse-
quently, a 20-second cleaning is conducted in an ultrasonic cleaner with
ethanol to remove any polishing residue from previous steps, ensuring
high-quality SIMS oxygen isotope measurements (Li et al., 2021).

The sample is coated with a gold film of approximately 50 nm in
thickness to ensure conductivity, and a vertical incidence electron beam
gun is used to compensate for charge. Analysis is carried out using ~
2-3nA Cs + as the primary beam, with an acceleration energy of + 10
kV. The acceleration voltage for secondary ions is set at —10 kV. The
analysis spot is square in shape, with dimensions of 10 x 15 pm?
Sputtering is performed for 20 s to remove the gold film and clean the
sample surface. Nuclear magnetic resonance is used to stabilize the in-
strument’s magnetic field, and mass scanning is conducted at the
beginning of each analysis. Oxygen isotopes (%0, '%0) are
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simultaneously measured on two Faraday cups, with an intensity of 2-3
x 10° counts per second for 1°0". After 60 s of automatic beam centering,
oxygen isotope measurement is achieved through a 64 s signal inte-
gration. The individual instrument uncertainty (i.e., internal precision)
for individual analyses is typically better than 0.2-0.3 %o (20). For
detailed experimental procedures, refer to (Li et al., 2021; He et al.,
2021).

5. Results
5.1. Quartz installment and structural characteristics

Based on the mineral generation sequence of the Woxi deposit and
observation of ore hand specimens, we conducted research on Qz2
(stage II), Qz3a, Qz3b (stage III), and Qz4 (stage IV). Among them
cathodoluminescence studies were carried out on Qz2 and Qz3. Qz2 is
derived from the quartz-wolframite vein in the second mineralization
stage (Fig. 4h; Fig. 5a-d). On hand specimens, it appears as a smoky gray
color and is associated with pyrite and wolframite. CL images show that
Qz2 is generally brighter with localized darker areas, displaying a dense
spiderweb-like texture (Fig. 5e), related to hydrothermal activity. Qz3
from the quartz-stibnite-gold vein of the third-stage mineralization is
composed of the early milky white quartz Qz3a occurring in the quartz-
gold ore (Fig. 4k; Fig. 5k), and the late milk-white quartz Qz3b coex-
isting with stibnite (Fig. 4j; Fig. 5f-j). Qz3a is widely present in angular
vein breccias formed under fluid overpressure (Fig. 4g, k), locally with
the gold grades of up to 30 g/t, indicating its significance as the main
mineralization stage for gold. CL images reveal that Qz3a presents as
well-formed crystal aggregates, overall darker,and occupies distinct
growth zoning and remnants of early-stage quartz incorporated, which
are cut by later-oriented fibrous quartz (Fig. 7a), possibly related to later
hydrothermal activity. In contrast, Qz3b exhibits a spiderweb-like or
mosaic textures coexisting with spiderweb-like textures (Fig. 5j). Qz4
represents the late-stage mineralization quartz, cross-cutting the earlier
mineralized bodies (Fig. 51, m).

5.2. In-situ trace element composition by LA-ICP-MS

Seventy in-situ LA-ICP-MS trace element analyses, with twenty,
fourteen, nineteen, and seventeen for Qz2, Qz3a, Qz3b and Qz4,
respectively, were conducted on quartz from the different stages of
mineralization, and are listed in Appendix 1. The variations in trace
element abundance are shown in Fig. 6. The test results indicate that
quartz contains abundant trace elements such as Al, Li, Ge, P, K, and Ti,
while other elements such as Be, Cu, Zn, and Pb are either close to or
below the detection limit. Previous studies have shown that Ti, Li, Al,
and Ge are primarily present in the structure of quartz, which can reflect
the physical and chemical conditions during quartz formation (Gotze
et al., 2004; Larsen et al., 2004). There is uncertainty regarding the
presence and quantification of other elements. For example, the quan-
tification of B and P can be affected by polyatomic interferences (Miiller
et al., 2008; Audétat et al., 2014). Na, K, and Ca are susceptible to
interference from fluids and mineral inclusions, while Fe, As, and Sb can
be contaminated by pyrite, arsenopyrite, or stibnite (Yan et al., 2020; Li
et al., 2020b). Therefore, this study focuses on the four elements: Ti, Li,
Al, and Ge.

Qz2 of the second-stage mineralization in Woxi deposit has relatively
high overall contents of Al, Li, and Ge, ranging from 538 to 4794 ppm
(average 1974 ppm), from 4.2 to 117 ppm (average 56.3 ppm), and from
5.5 to 15.4 ppm (average 10 ppm) respectively. Qz3 of the third-stage
mineralization is much lower in Al and Li contents, compared to those
of Qz2. Nevertheless, Qz3a with growth rings is lower than the reticu-
lated Qz3b. In Qz3a, the content of Al and Li ranges from 40 to 1063
ppm (average 244 ppm) and from 0.64 to 60 ppm (average 10.8 ppm)
respectively, while in Qz3b, the contents of Al and Li span from 53 to
1120 ppm (average 391 ppm) and from 0.08 to 41.8 ppm (average 14.1
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Fig. 6. LA-ICP-MS trace element compositions for the various generations of Woxi quartz.

Fig. 7. (a) The CL image of phase Qz3a in the third stage shows a typical ring structure, with red dots representing SIMS O isotope positions; (b) shows the variation
in SIMS O isotope test results from Fig. (a), demonstrating fluctuations in O isotopes during the mineralization process; (c) 5'%0 range of quartz samples from the
mineralization stages (II-III) (Qz2, n = 7; Qz3a, n = 18; Qz3b, n = 7). The left side shows a boxplot that encompasses the entire data range and corresponds to the
quartz formation temperature range based on mineralogy and microthermometry (Yi, 2012). The line within the box represents the mean value. The fluid 5'°0 value
was calculated using the quartz-H,O fractionation equation from Sharp et al. (2016).

ppm) respectively. The contents of Al and Li in Qz4 increases relative to
Qz3, ranging from 40.3 to 2421 ppm (average 596 ppm) and from 1.94
to 84 ppm (average 24.6 ppm) respectively. In addition, the Ge contents
are highest in Qz2, ranging from 5.5 to 15.4 ppm (average 10 ppm),
lowest in Qz3a, ranging from 1.5 to 11.5 ppm (average 4.6 ppm), and
low but similar in both the Qz3b and Qz4 (ranging from 2.5 to 13.4 ppm,
with an average of 6.8 ppm, and from 1.6 to 15 ppm, with an average of
6.9 ppm, respectively). Furthermore, the Ti contents characterize a
decreasing trend, with the highest values in Qz2 of the second-stage
mineralizaion (an average of 10.9 ppm) and lowest but comparable
among the early third-stage Qz3a, the late third-stage Qz3b, and the
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fourth-stage Qz4 (average values of 0.51 ppm, 0.45 ppm, and 0.84 ppm
respectively). The significantly elevated Ti in Qz2 (large outliers of up to
42 ppm) is a characteristic indicator distinguishing Qz2 from both the
Qz3 and Qz4.

5.3. In-situ oxygen isotopic component by SIMS

A total of thirty-two in situ O isotope analyses by SIMS are under-
taken on the ore-forming stage quartz samples. Specifically, we analyzed
mineral separates of Qz3a with typical zonation structures from core to
rim, including seven, eighteen and seven analyzed dots for Qz2, Qz3a
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and Qz3b, respectively. The SIMS O isotope data are listed in Appendix
2, and the variations of SIMS O isotope components for Qz2 and Qz3 can
be seen in Fig. 7 and Fig. 8. The test results show that the oxygen isotopic
values of the ore-forming quartz (stage II-III) exhibit very small varia-
tions (8'®Oquartz = 18.5%0 — 19.9 %0), with Qz2 (average 5'®0quar; =
19.29%0) > Qz3a (average E‘SlgoquartZ = 19.2%0) > Qz3b (average
slsoqumz = 19.05%o). This is in contrast with the previously published
conventional quartz single mineral analysis data showing a large vari-
ation (6"%0quartz = 15.3%0 — 26.1 %o, Luo et al., 1984; Zhang, 1985; Ma
and Liu, 1991; Zhu and Peng, 2015). Yi (2012) detailed the formation
stages of the main minerals in the Woxi deposit (consistent with this
study), and measured the average homogenization temperatures (AHT)
of fluid inclusions at different stages: Qz2 average 269 °C (between 245
to 288 °C, stage 2: quartz-wolframite-scheelite), Qz3a average 216 °C
(between 197 to 245 °C, early stage 3: quartz-pyrite-gold), Qz3b average
186 °C (between 147 to 197 °C, later stage 3: quartz-stibnite-pyrite-
gold). The microthermometric data of this study can be well compared
with related studies (Luo et al., 1984; Zhu and Peng, 2015), showing
representative characteristics. Therefore, based on the micro-
thermometric data of this study, the calculated oxygen isotope values
(5'80fuiq) of ore-forming fluids in equilibrium with quartz formed
during the main second- and third- stage mineralization at Woxi range
from 5.83%o to 11.64%o (Fig. 8a, b; Appendix 2), with the 6180ﬂuid values
of Qz2, Qz3a, and Qz3b being 10.83%o — 11.64%o, 8.01%o0 — 9.19%o, and
5.82%o — 6.56%o respectively. Although the estimated AHT for each stage
may not be highly accurate, the maximum range and trend of fluid
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oxygen isotope values were well constrained (Fig. 7c).

The Fig. 9 displays a comparison of the equilibrium §'%0gyiq values
calculated from in-situ O isotope analysis of quartz in this study, pre-
vious bulk quartz analyses, and the 5'®0gqyq values of typical gold-
polymetallic deposits in the JOB, as well as different types of gold de-
posits in China and worldwide. The 5'80qyuia values obtained from
different stages of quartz have distinct sources, representing the most
significant difference compared to the uncertainty in previous bulk an-
alyses. Specifically, the §'®0gyiq values of Qz2 range from 10.83%o to
11.64%o, indicating a magmatic fluid source and falling within the range
of traditional metamorphic fluids. This information has been overlooked
in previous research and shares similarities with Phanerozoic orogenic
gold deposits, orogenic gold deposits in China, Carlin-type gold deposits,
and porphyry system gold-polymetallic deposits in terms of §'%0gyq
values. This includes deposits such as Cenrro de Pasco, Daba, Yrieix, and
Madrid. On the other hand, Qz3 (including Qz3a and Qz3b) primarily
reflects the source of metasomatic lithospheric mantle, including de-
posits like Xichong and Xi’an near the Woxi deposit, as well as the
typical Jiaodong gold province.

6. Discussion
6.1. The relationship between CL intensity and trace element variations

The CL intensity of hydrothermal quartz is related to the trace ele-
ments entering the lattice, with the content of Ti or Al being the main
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Fig. 8. (a-b) Shows the in-situ SIMS 580 values of mineralized quartz and fluids related to mineralization. It presents a narrow range of 5'80 values. The tem-
perature used to calculate «Slsofuhd is from the AHT of inclusions measured by Yi, (2012). (c-g) illustrate the variations in 580 values of mineralized quartz and
concentrations of Li, Al, Ti, and Ge. Numerical values are represented by circles, while average values are indicated by squares connected by black lines. Fluid 5'%0
values were calculated using the quartz-H,O fractionation equation from Sharp et al., (2016).
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Fig. 9. Plot of 5'80quiq calculated from quartzs of ore-forming stage from Woxi (previous data come from Luo et al., 1984; Ma and Liu, 1991; Zhu and Peng, 2015).
Also shown are calculated 88044 values of JOB gold-polymetallic deposits (Xu et al., 2017 and its literature) including Pingqiu, Tangjinchong, Mobin, Chanziping,
Xichong, Xian, Huangjindong, Jinshan, and Huangshan, Jiaodong gold deposits (Mao et al., 2008; Deng et al., 2015), Danba of Southwest margin of South China
(Wang et al., 2020b), Yrieix of French Massif Central (Vallance et al., 2004), Cerro de Pasco of Central Peru (Rottier et al., 2021), Madrid of Hope Bay Greenstone Belt
in Canada (Kerr et al., 2018), China carlin-type gold deposits (Yan et al., 2020; Li et al., 2020b), China orogenic gold deposits (Wang et al., 2022), wordwide
traditional range of metamorphic fluids (Sheppard et al., 1986), and the typical range for Phanerozoic orogenic gold deposits (Goldfarb and Groves, 2015). The range
for mantle, primary mantle, magma and metasomatized mantle lithosphere from Korolev et al. (2018), Goldfarb and Groves (2015) and Wang et al. (2022).The

isotopic partition coefficients for quartz are from Sharp et al. (2016).

factor (Gotze et al., 2004; Rusk et al., 2008; Raimbourg et al., 2022). In

high-temperature ore deposits, the substitution of Ti** for Si** in the
lattice of hydrothermal quartz is the main reason for the increase in CL
intensity (Donovan et al., 2011), and there is a strong positive correla-
tion between the CL intensity of hydrothermal quartz in porphyry de-
posits and Ti content (Mueller et al., 2003). In low-temperature ore
deposits, the CL intensity of quartz is generally related to the content of
Al and other monovalent cations (such as Li, K, P, and Fe) (Rusk et al.,
2008).

The main mineralization temperature of the Woxi deposit is < 300°
(Yi, 2012; Zhu and Peng, 2015), and the Ti content in hydrothermal
quartz is generally low. The average value of Ti is Qz2 > Qz3 <Qz4
(Fig. 7), which is not related to the sequentially decreasing CL intensities
(Fig. 5e; Fig. 6a; Fig. 5h, j). The Al content in Qz2 of the second stage is
much higher than that in Qz3 of the third stage, and its luminescence
intensity is also higher. The overall Al content in Qz3 of the second stage
is low, and Qz3b is slightly lower than Qz3a, which is related to the
decreased luminescence intensity of both phases. These characteristics
indicate that the CL intensity of hydrothermal quartz in the area is
generally positively correlated with the content of Al, but the differences
in luminescence intensity caused by Al content are not particularly
significant. The CL image of Qz3a shows a typical alternating bright and
dark band structure, which may be related to the growth rate of quartz,
changes in formation environment, or pulsating fluid flow (Goette et al.,
2011; Li et al., 2023Db).
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6.2. Variation of trace elements and properties of ore-forming fluids

Ti, Li, Al, and Ge elements usually enter the quartz lattice of hy-
drothermal quartz by replacing Si** ions. The concentrations of these
elements can reflect the physical and chemical conditions during quartz
formation (Gotze et al., 2004; Larsen et al., 2004; Goette et al., 2011;
Audétat et al., 2014). The trace element contents of different generations
at the Woxi deposit show that the contents of Al, Li, Ge, and Ti in Qz2 of
the main ore-forming stage are much higher than those in Qz3, espe-
cially both the Al and Ti. When AI** replaces Si*" in the quartz lattice, it
occur together with monovalent cations (such as Li™ or K) to achieve
charge balance (Si*"—>AI3T+Li") (Larsen et al., 2004; Audétat et al.,
2014). There is a clear correlation between Al and Li in different stages
of quartz at the Woxi deposit (Fig. 10a), especially in Qz3 and Qz4 (R2 =
0.92), strongly supporting the coupled mechanism of (Si*"—AI3*+Li").
Previous studies have shown that Al in low-temperature (<350 °C)
quartz has a strong positive correlation with monovalent cations (such
as Li"), while the positive correlation in high-temperature quartz
(>400 °C) is weaker (Rusk, 2012). Qz2 exhibits a weaker correlation
than Qz3 + Qz4 (Fig. 8a), primarily due to a few extreme values (Al >
3000 ppm). After removing these outliers, the RZ = 0.870f Qz2, which is
slightly different from Qz3 + Qz4. The findings suggest that the for-
mation temperature of Qz2 is higher than that of Q3 + Q4, and they
were generally formed in a low-temperature environment (< 350°C)
(Yi, 2012; Zhu and Peng, 2015). However, Qz2 experienced ore-forming
fluid pulses with high temperatures (>400 °C). The Ti content in quartz
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Fig. 10. Scatter plots of Al vs Li, Al vs Ti, Li vs Ge, and Al vs Ge for different generations of quartz in the Woxi deposit.

also supports these results (Fig. 6, Appendix 1). Overall, the Ti content in
Qz2 is higher than that in Qz3 + Qz4; although most Ti contents in Qz2
are below 10 ppm, there are a few outliers (26-42 ppm). Although ti-
tanium may not be completely applicable to hydrothermal quartz
(usually formed below 600°C, Huang and audetat, 2012), the Ti content
results of quartz in the main metallogenic stage of Woxi deposit may still
indicate that the formation temperature of Qz2 is significantly higher
than that of Qz3 + Qz4, and there is high-temperature (>400°C) fluid
pulse participating in mineralization in Qz2 stage (Zhang et al., 2019b;
Li et al., 2020b), and this is brand new information.

It is notable that individual points with high Ti content (32 ppm) and
exceptionally high K content (4482 ppm) in Qz2 indicate the possible
presence of Ti-containing minerals (such as rutile) and K-containing
minerals (such as kaolinite) micro-inclusions (Pi et al., 2017). Generally,
the contents of trace elements such as Ti, Al, and K in ore-forming fluid
decrease with temperature drop (Larsen et al., 2009). In the third ore-
forming stage, the overall contents of Al, K, and Ti in Qz3a (quartz-
gold ore) are higher than that in Qz3b (quartz-stibnite ore), indicating
that stibnite mainly formed in the late stage at a lower ore-forming
temperature.

The content of Al in hydrothermal quartz is strongly depends on the
pH value of the fluid, and it is consistent with the content of Al in the
fluid but not significantly related to temperature (Rusk et al., 2008;
Lehmann et al., 2011). This is consistent with the lack of correlation
between Ti and Al in the Woxi quartz (Fig. 10b). Studies have shown that
(Rusk et al., 2008) at a temperature of 200 °C, the solubility of Al in a
fluid with a pH of 1.5 is six times higher than that in a fluid with a pH of
3.5. At pH = 1.5, Al minerals are mainly kaolinite, while at pH = 3.5,
muscovite begins to appear. Therefore, the concentration of Al in the
fluid can indicate the evolution of fluid-rock interaction processes. The
variation of Al values in Qz2 of the second stage is relatively small
(mainly in the range of 538-3341 x 10®) and the average content is
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relatively high (average 1974 x 10°°), indicating its formation in a acidic
(pH is about 3) fluid environment, with silicified alteration dominantly
(Rusk et al., 2008). The Al contents in Qz3 and Qz4 are at the same level,
but they increase from Qz3a, via Qz3b to Qz4. The Al content in Qz3a is
relatively low but largely variable (mainly in the range of 39.7-1063 x
10, average 244 x 10°9), indicating an increase in fluid pH compared to
that of the second-stage Qz2, and thus requiring the occurrence of pH
oscillations. Considering the zonal structure of quartz (Fig. 6a) and the
angular ore minerals (Fig. 4g, k), this process may be related to periodic
fluid depressurization (from lithostatic pressure to hydrostatic pressure)
causing fluctuations in the physicochemical state (Zhang et al., 2019b;
Chi et al., 2022). The Al content in Qz3b (mainly in the range of
53-1120 x 10'6, average 391 x 10 increases, indicating a decrease in
pH value. The Al content in Qz4 (mainly in the range of 40-1471 x 10,
average 596 x 10) increases again, higher than in Qz3, possibly due to
intense fluid-rock reactions leading to alteration of the surrounding
rocks and decomposition of Al-bearing minerals (such as kaolinite and
illite), causing Al to reenter the fluid (Rusk et al., 2008; Yan et al., 2020).
Overall, the pH value of the ore-forming fluid in the third-stage Qz3
(rich in Au-Sb-W) is between 3 - 5 (Rusk et al., 2008; Li et al., 2020Db),
while the pH value of the gold-forming fluid is higher than that of the Sb-
W forming fluid. In addition, the content of CO, may be a more
important factor affecting the Al content in the fluid compared to pH
(Lehmann et al., 2011), the higher the CO5 content in the fluid, the lower
the solubility of Al. The Al content in the Qz2 stage is unusually high,
indicating a very low CO; content in the ore-forming fluid. Conversely,
the Al content in Qz3 is significantly lower, suggesting a higher CO,
content in the ore-forming fluid. CO3 serves as a crucial dissolution
buffer that enhances the maximum solubility of Au complexes (Lu,
2008). This phenomenon can logically explain why the ore-forming fluid
in the Qz2 stage is relatively deficient in gold, while the fluid in the Qz3
stage is comparatively rich in gold. Specifically, Qz3a in the quartz-
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sulfide-gold stage exhibits the lowest Al content, indicating the highest
CO; content and a fluid abundant in Au complexes. This characteristic
also implies that the Al content in quartz could serve as a potential
exploration indicator (Gao et al., 2022).

Due to compatibility, Ge** can directly substitute for Si*" in the
quartz lattice (Gotze et al., 2004; Audétat et al., 2014), thus the content
of Ge in hydrothermal quartz is mainly controlled by the concentration
of Ge in the fluid (or melt). In the low-temperature isomorphic substi-
tution process of quartz, only when enough Ge enters the lattice, Al
atoms can be captured by the lattice catalyzed by Ge (Rakov, 2015). In
the Woxi deposit, Ge, Al, and Li in different generations of quartz are
positively correlated (Fig. 10 a, c), supporting this mechanism. The
strong enrichment of Ge in Qz2 (average 10.2 ppm) indicates that the
initial ore-forming fluid of the second-stage Qz2 stage is a Ge-rich so-
lution, and it formed at a higher temperature (Miiller et al., 2018). In
Qz3 and Qz4, the content of Ge (average 6.7 ppm for Qz3a, average 5.02
ppm for Qz3b, average 6.87 ppm for Qz4) is also significantly higher
than the Ge content in the upper crust (1.4 ppm, Rudnick and Gao 2004),
but the Al value is lower and the correlation between Ge and Al is not
obvious, indicating that the initial fluid of Qz3 and Qz4 may not be high
in Ge, and Ge mainly comes from the decomposition or metasomatism of
detrital quartz, feldspar, or other Ge-bearing minerals (such as mica or
kaolinite) in the late surrounding rocks (Lehmann et al., 2011). It also
indicates that there is a strong fluid-rock interaction during the third-
stage mineralization. Of course, the high Ge content in Qz2 may also
be contributed by later fluids. Miiller et al. (2018) believed that the Ge/
Al ratio can differentiate magmatic quartz (Ge/Al ratio < 0.008) from
hydrothermal quartz (Ge/Al ratio > 0.008). In the Woxi deposit, the Ge/
Al ratio can effectively distinguish different stages of quartz into two
groups: Qz2 is shown as “magmatic quartz,” while Qz3 + Qz4 is “hy-
drothermal quartz.” This result may only indicate two different stages of
hydrothermal mineralization, becuase, field observations show that Qz2
is not magmatic quartz (Fig. 3c, h; Fig. 4a-e), it occurs in the form of thin
veins in strongly silicified altered ores.

In summary, the contents and changes of Al, Li, Ti and Ge elements in
quartz at different stages in Woxi deposit show that Qz2 is significantly
different from Qz3 + Qz4: Qz2 ore-forming fluid has relatively higher
temperature and high-temperature ore-forming fluid pulse, higher trace
element content and lower pH value, and is strongly rich in Al, Ge and
poor in Au; Qz3 and Qz4 have relatively low trace element contents and
higher pH values (Qz3a — Qz3b — Qz4 increase in turn), and Qz3a gold
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precipitation has the highest pH value.

6.3. Deposition mechanisms of ores and sources of ore-forming fluids

Previous studies on the origin of materials were mostly based on
whole-rock analysis on S-Pb and C-H-O isotopes of the Woxi mineral
ores. However, the mixing of some unrelated vein quartz or sulfides has
led to the uncertainty of the fluid source area as a mixed signal and
research results, such as deep-seated crustal fluids (Peng and Frei, 2004;
Zhu and Peng, 2015), mixing of metamorphic fluids and atmospheric
water (Yi, 2012; Zhang, 2017), and mixing of magmatic fluids and
surrounding rock fluids (Peng et al., 2006), etc. In this study, O isotopes
in quartz of the different stages of mineralization at Woxi were inves-
tigated using in-situ microanalysis technique, which revealed the
episodic evolution and origin of ore-forming fluids. In Qz2, the content
of Ti (Fig. 6, Appendix 1) shows a small amount of extremely high value
(28-42 ppm) and a high Al content (average 1975 ppm) consistent with
low-temperature quartz (Rusk, 2012). At the same time, & 180 4ig of Qz2
is mainly shown as the range of magmatic and metamorphic fluids
(Fig. 5, Fig. 7, Fig. 11), which is more consistent with the gold poly-
metallic deposits of magmatic system, such as Cerro de Pasco (Fig. 11).
The possible explanation is that the mineralization in Qz2 stage is an
exsolution fluid of magma (generally §'0 > 10, Hoefs, 2021) formed by
the melting of metamorphic rocks in the deep crust, and may be mixed
with a small amount of metamorphic fluid (cooling). Because Qz2 is
relatively rich in trace elements, especially high Al, indicating a rapid
and low-pressure growth environment (Raimbourg et al., 2022), we
speculate that its formation mechanism may be due to the instantaneous
vaporization of ore-forming fluid and the rapid coprecipitation of a se-
ries of trace elements under the extremely low pressure generated by the
expansion of ore-bearing structural cavity (Weatherley and Henley,
2013).

In the Qz3 of the third-stage mineralization, i.e. the quartz-iron
sulfide-stibnite-scheelite-gold stage, the range of §!®0gyiq values in the
ore-forming fluids is small (Fig. 6¢; Fig. 8), and is estimated to fall within
the range of magma and metasomatic lithospheric mantle based on
temperature. In the Qz3a stage (quartz-pyrite-gold), the Al content is an
order of magnitude lower compared to Qz2, and exhibits a large varia-
tion range. However, the fluctuation of Ti content is not significant,
indicating that the fluid in this period experienced pH fluctuations under
relatively stable temperature conditions, possibly related to the

Fig. 11. Displays a logarithmic Ti versus Al plot of quartz from Woxi deposits, which is compared with data from (Rusk, 2012) including porphyry-type Cu-Mo-Au
deposits, orogenic Au deposits, and epithermal Au deposits. The black dashed circles represent the main range of Qz2 and Qz3. Data sources: Woxi and Xikuangshan

mining sites (Fu et al., 2020b), Gutaishan mining site (Feng et al., 2020).
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aforementioned water-rock reactions (Rusk, 2012; Xu et al., 2022),
which consistent with the widespread fading alteration in the sur-
rounding rocks of the study area (Chen et al., 2008; Xu et al., 2017).The
CL image of Qz3a reveals a banded structure with alternating light and
dark bands (Fig. 6a), and the variation of in-situ SIMS O isotopes in the
texture demonstrates fluctuations in the sources and intensity of ore-
forming fluids (Fig. 6a, b). The 5'80 values from the core to the edge
of Qz3a, there are two trends of increase and decrease, both within the
range of magma and metasomatic lithospheric mantle activity, indi-
cating mantle derived fluid dominated and limited metamorphic fluid
participation, which may be caused by the participation of mantle
derived fluid pulsation with different intensities in mineralization (Li
et al., 2023b). Therefore, fluctuations in pH and periodic hydrothermal
pulses leading to pressure changes may effectively promote gold pre-
cipitation. In the Qz3Db stage, the Al content in quartz decreases, and the
Ti content decreases significantly, indicating an increase in fluid pH and
a decrease in temperature, which may be related to the mixing of at-
mospheric water (Li et al., 2018; Li et al., 2019b; Li et al., 2019c¢; Fu
et al., 2020a). This is consistent with the decreasing trend of in-situ O
isotopes in quartz from Qz3a to Qz3b stage (Fig. 6¢; Fig. 8). Therefore,
fluid mixing may be the main precipitation mechanism for Sb-Sch in this
stage. The widespread development of hydraulic breccia and multi-stage
open filling veins in the Qz3 stage also indicates periodic fluid activity,
which may be controlled by deep fault valve mechanisms (Sibson et al.,
1988; Peterson and Mavrogenes, 2014; Chi et al., 2022).

6.4. Genetic of ore deposits

The contents of Al and Ti in hydrothermal quartz can be used to
indicate the genetic types of gold deposits (Rusk, 2012; Wang et al.,
2021Db). In the Al vs Ti diagram (Fig. 11), different generations of Al and
Ti elements in the Woxi deposit exhibit two groups, including Qz2 with
Qz3 and Qz4. The Al content in the ore-forming stage Qz2 (average 2102
ppm) is much higher than that in typical orogenic gold-bearing hydro-
thermal quartz (100-1000 ppm, Rusk, 2012). The data points mainly fall
above the orogenic and porphyry gold deposits, partly overlapping with
the upper margin of shallow low-temperature hydrothermal type, indi-
cating early rich Al, Ge, and Ti, and poor Au in the quartz units. The data
points of Qz3 span different types of gold deposits. Qz3a (quartz-gold)
mainly falls in the region between shallow low-temperature and
orogenic types, while Qz3b (quartz-stibnite-wolframite) spans three
types of gold deposits (including Fu et al., 2020b data). It is similar to the
quartz from the ancient Taishan gold deposit in the region, which is
defined as related to the emplacement of the Bai Ma Shan S-type granite
formed during the late Indosinian extensional background (Feng et al.,
2020).

The covariation between the isotopes and trace elements of hydro-
thermal quartz may reflect the physical-chemical parameters of the
fluid (Li et al., 2020b). In the research area, there is a covariant
(decreasing) relationship between the 5'80qyiq in the main ore-forming
stage and the major trace elements Al, Ge, and Ti (Fig. 8c-g). This
relationship seems to be attributed to a decrease in temperature (Miiller
et al., 2018; Li et al., 2020b). However, due to (1) the relatively high-
temperature quartz-wolframite veins (Qz2) being located at the
topmost part of the deposit (Chen et al., 2008; Li et al., 2022a), while the
low-temperature Qz3 (quartz-stibnite-scheelite-gold) is developed from
the shallow to deep parts of the deposit; (2) significant differences in
fluid properties between the Qz2 stage and the Qz3-Qz4 stages, with an
evolutionary trend from Qz3a to Qz3b to Qz4; (3) coexistence of inter-
bedded brittle-ductile shear deformation and brittle domain fault gouges
(Fig. 2d); and brittle-ductile deformation features in early wolframite
veins, while brittle ore-bearing structures in late antimony veins. All of
these observations suggest that early quartz-wolframite (with minor
gold and scheelite) formed in deeper environments, and after a period of
mineralization hiatus and crustal uplift, late-stage large-scale gold-
antimony-tungsten (Qz3) superimposed mineralization occurred
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during subsequent tectonic-magmatic activities. Therefore, it is not a
simple covariant relationship, but the combination of in-situ trace ele-
ments, oxygen isotopes, and geological features reflect the superimpo-
sition of two stages of mineralization processes.

Some scholars believe that the Woxi gold-antimony-tungsten deposit
is a sedimentary-exhalative (SEDEX) type deposit (Gu et al., 2012).
However, the host rocks of the deposit are Neoproterozoic rocks, while
the main mineralization age is in the Late Mesozoic (Dai et al., 2022; Li
et al., 2022a; Li et al., 2023a) or Paleozoic (Peng et al., 2003), which
does not support this view. Some scholars classify it as an orogenic gold
deposit of the Caledonian period (Zhu and Peng, 2015), mainly based on
the Paleozoic mineralization age and similar fluid characteristics to
orogenic gold deposits (such as medium-low temperature, low salinity,
and a combination of CO»-NaCl-H,0) (Yi, 2012; Zhu and Peng, 2015).
However, the new and more accurate LA-ICP-MS U-Pb mineralization
ages range from 149 to 124 Ma (Tang et al., 2022; Dai et al., 2022; Li
etal., 2022a; Zhu et al., 2023; Li et al., 2023a; Li et al., 2024), indicating
an important connection between the mineralization dynamics and
lithospheric extension caused by subduction and back-arc extension of
the paleo-Pacific plate (Fig. 9c, f) (Li et al., 2014; Zhu and Xu, 2019),
rather than a significant relationship with the Caledonian orogeny.

This research support a two-stage mineralization model of the Woxi
deposit, which is related to the deep magma intrusion and the addition
of mantle-derived fluids, consistent with the early inferences (Ma and
Liu, 1991; Peng and Frei, 2004; Peng et al., 2006), and supported by the
in-situ S isotope of pyrites in ore-forming stage (Dai et al., 2022; Li et al.,
2024). Furthermore, the new geophysical exploration results reveal the
presence of intrusive rocks at depths greater than 2 km (Wang et al.,
2022), further supporting this finding. Importantly, the metallogenic
age of the Woxi deposit spans about 25 Ma and shows two main met-
allogenic periods, namely, the average ages of the early wolframite
(containing a small amount of gold and scheelite) and the late gold-
antimony-scheelite are ~ 142 Ma and ~ 130 Ma, respectively (Tang
et al., 2022; Li et al., 2024). For the Woxi deposit, which is driven by
deep tectonic-magmatic activity, a magmatic intrusion event is difficult
to explain the mineralization for such a long time, because in the middle
and upper crust, it only takes nearly 10000 years for 1 km wide in-
trusions to condense to the solidus, and even larger intrusions can
condense to the temperature conditions of the solidus as long as tens of
thousands of years (Stimac et al., 2001). Therefore, there may be two
stages of emplacement (remelting reactivation) in the deep part of Woxi,
which is coupled with the tectonic setting of episodic subduction and
roll-back of the paleo Pacific in Yanshanian (Chu et al., 2019; Zhu and
Xu, 2019).

In summary, we have summarized the two-stage mineralization
model of the Woxi super-large gold-antimony-tungsten deposit (Fig. 12).
In the early stage of mineralization (ca. 142 Ma), under the tectonic
setting of the westward subduction and rollback of the paleo-Pacific
plate, mantle convection occurred in the distant back-arc region
(Fig. 12 c¢), and magma formed by crustal (metamorphic rocks)
decompression melting infiltrated into the upper crust along magma
channels(Fig. 12 a). Subsequently, ore-bearing fluids evolved from the
magma rapidly ascended through large-scale fault zones in the litho-
sphere (such as the HGF, Fig. 1c). In the ore-bearing structures, when the
hydrostatic pressure is greater than the hydrostatic pressure, the ore
bearing space expands rapidly and the ore-forming fluid flashing,
resulting in the precipitation of quartz (Qz2) — wolframite (Fig. 12 a, b).
The ore-forming fluid at this stage is a reductive magmatic fluid (with
high-temperature fluid pulse) that is strongly rich in Ge and Al, rela-
tively rich in Ti, and pH around 3. The water rock reaction ratio is low
(Rusk et al., 2008). During the late mineralization stage (ca. 130 Ma),
the paleo-Pacific plate subducted and retreated again, resulting in slab
detachment and mantle upwelling (Fig. 12 f), along with large-scale
lithospheric extension and magmatic activity (Griffin et al., 2013; Zhu
and Xu, 2019). The upwelling asthenospheric mantle may carry meta-
morphic fluids from the subducting plate, causing the lithospheric
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Fig. 12. Ore-controlling structural background, genetic model, and main metal precipitation mechanism of the Woxi deposit. The two-stage ore-forming model of the
Woxi deposit is related to lithosphere extension and magmatism caused by subduction-rollback of the paleo-Pacific plate. The subduction model of the paleo-Pacific
plate is based on (Zhu and Xu, 2019; Li et al., 2022a). The ages of the two ore-forming stages are the average values of the corresponding ore-forming stage ages

obtained by previous researchers.

mantle in the back-arc area to undergo metasomatism rich in gold (Zhu
and Sun, 2021). This process can also activate the early residual meta-
somatic lithospheric mantle (Deng et al., 2020; Dai et al., 2022),
releasing fluid rich in gold ore formation (Fig. 12 d). The mantle derived
Au rich fluid mixed with the fluid evolved from the crust mantle mixed
magma to further form Au, Sb and W enriched ore-forming fluids (Fu
et al., 2020b; Li et al., 2022b; Li et al., 2024), and then formed a large-
scale gold-antimony-scheelite metallogenic superimposition in the
lower order structure in the shallow crust through the structural con-
duction at different scales described in the early stage (Fig. 12e). The
early (Qz3a) Au metallogenic period of this stage reflects the addition of
periodic mantle derived fluids and the long metallogenic process, which
may be related to the fault valve mechanism (Sibson et al., 1988; Chi
et al., 2022). Water rock reaction and fluid pH fluctuation jointly pro-
mote the precipitation of gold. The mineralization has the highest pH
value, the highest CO5 and the lowest Al content. The late (Qz3b)
antimony mineralization is related to the addition of low-temperature
water (probably atmospheric water) (Li et al., 2019b; Li et al., 2020a;
Fuetal., 2020b; Li et al., 2024), and the ore-forming fluid relatively rich
in Al and pH between 3-5 originate from magma(Fig. 12 d, e). Addi-
tionally, based on the above study, we believe that the content of Al in
quartz may be a potential exploration indicator at the regional (Gao
et al., 2022).

The formation of large to super-large ore deposits is usually the result
of the best combination of multiple special geological processes
(Richards, 2013). Our research indicates that the Woxi gold (antimony-
tungsten) deposit mainly formed in a stretching background related to
the westward subduction of the ancient Pacific plate, coupled with deep-
seated multiple intrusions of magma and early tectonic activation, as
well as dual mineralization processes. Xu et al. (2017) proposed the
concept of “intracontinental activation type” to summarize a type of
mineral deposit located within the continent, which is related to
tectonic-magmatic activation, especially stretching background. This
study demonstrates that the Woxi deposit may be one of the best

66

examples of this type of deposit. In the JOB within South China, the
evolution of ore-forming fluids (such as changes in Al and CO, content)
may be one of the factors contributing to the diversity of mineralization.
For intracontinental mineralization in South China, post-arc lithospheric
stretching caused by continental margin subduction is a key tectonic
background for mineralization, controlling the formation of regional
Yanshanian large to super-large gold-polymetallic deposits through
tectonic-magmatic activation and possible overprinting mineralization.

7. Conclusions

This study suggestted a dual mineralization process in the Woxi gold-
antimony-tungsten deposit, i. e., the late hypabyssal large-scale gold-
antimony-scheelite mineralization is superimposed on the early
wolframite mineralization (small amount Scheelite and Au):

1. The CL intensity of early stage quartz Qz2 (stage II) and late stage
quartz Qz3 + Qz4 (stage III — stage IV) is mainly positively corre-
lated with the content of Al, but the difference of luminous intensity
caused by al content is not significant.

2. The early stage quartz wolframite (a small amount of pyrite scheelite
gold) ore-forming fluid is rich in trace elements, strongly rich in Al,
Ge and relatively rich in Ti, which is an acid reducing fluid with
relatively high temperature (with high-temperature fluid pulse) and
pH of about 3, while the late stage gold antimony tungsten ore-
forming fluid is characterized by low temperature, no enrichment
of trace elements, relatively rich in Ge, poor in Ti and pH of 3-5.

3. The ore-forming fluid in the early stage (Qz2) is mainly derived from
the molten magmatic fluid of deep metasedimentary rocks, and the
possible mechanism of quartz wolframite precipitation is fluid flash;
in the late stage (Qz3), the ore-forming fluid was added by periodic
mantle derived fluid. The gold precipitation in the early stage (Qz3a)
was related to water rock reaction, pH and pressure fluctuation, and
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the Sb precipitation in the late stage (Qz3b) was related to the mixing
of atmospheric water.

Our research results combined with previous data show that the
tectonic setting of Yanshanian intracontinental mineralization in South
China, including the Woxi Au-Sb-W deposit, is the large-scale extension
of the lithosphere in the back arc region caused by episodic subduction
of the continental margin paleo-Pacific plate. The Woxi Au-Sb-W de-
posit, which is related to pre-tectonic activation and multi-stage
magmatic intrusion, can be defined as “intracontinental activation
type”. Our work also shows that quartz is useful for identifying super-
imposed mineralization in intracontinental JOB.
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Appendix 1 The main trace element content of quartz in different mineralization stages of the Woxi deposit (LA-ICP-MS, ppm).

Sample no. Stage Li Na Al P K Ca Ti Ge Sr Sb w Au Pb

D311-1b-1 Qz2 33.87 16.44 1215.84 20.68 43.39 183.37 7.29 9.25 1.11 275.04 0.17 0.05 0.00
D311-1b-2 Qz2 95.57 20.57 2668.08 31.09 85.70 248.12 34.56 8.16 2.00 980.99 421989.03 0.07 0.62
D311-1b-3 Qz2 53.72 12.89 1476.92 18.10 27.25 269.27 28.57 12.15 1.18 368.26 168202.68 0.03 0.05
D311-1b-4 Qz2 75.98 25.30 2230.66 7.45 72.75 290.35 2.08 12.05 2.35 309.20 0.00 0.10 0.11
D311-1b-5 Qz2 69.27 25.34 4794.71 2.70 808.45 151.05 4.57 11.12 1.78 197.32 0.18 0.10 0.00
D311-1b-6 Qz2 85.63 21.44 2146.77 50.41 19.34 259.85 0.88 11.56 1.27 175.41 1.48 0.00 0.09
D311-1b-7 Qz2 10.33 21.66 538.41 18.95 16.53 169.17 0.92 14.09 1.78 342.85 0.05 0.03 0.06
D311-1b-8 Qz2 91.32 35.00 2828.39 22.64 36.83 174.66 0.97 10.03 1.94 140.23 0.06 0.00 0.06
D311-1d-1 Qz2 67.42 24.51 1766.84 34.75 31.63 318.68 1.17 11.20 1.26 1264.22 675.46 0.19 1.49
D311-1d-1-1 Qz2 52.88 19.39 1576.24 3.77 43.56 331.94 1.06 7.78 1.87 624.77 0.12 0.00 0.31
D311-1d-2 Qz2 78.62 38.55 2385.77 14.26 43.02 264.37 1.46 12.64 2.85 610.16 0.19 0.00 0.00
D311-1d-2-1 Qz2 51.63 23.96 1599.68 0.31 48.57 417.02 0.18 7.91 2.09 361.38 0.10 0.07 0.07
D311-1d-3 Qz2 117.55 35.95 2680.40 0.00 27.64 266.28 1.07 12.66 1.46 261.50 4.44 0.00 0.07
D311-1d-6 Qz2 49.48 20.28 1342.89 13.32 45.70 166.13 0.00 7.49 1.65 876.26 0.20 0.05 0.00
D311-1d-6-1 Qz2 4.26 32.81 822.91 148.08 4482.17 452.14 31.97 5.46 1.00 159.97 3.12 0.04 0.13
D311-1d-7 Qz2 29.26 19.68 1649.68 11.98 278.94 236.36 41.74 7.17 1.23 236.70 1.12 0.00 0.14
D311-1d-8 Qz2 43.95 45.40 1622.84 31.97 38.96 692.23 7.73 11.66 5.33 1655.62 0.16 0.24 0.12
D311-1d-8-1 Qz2 66.75 15.43 1659.18 12.82 12.82 238.46 2.42 15.39 0.74 124.10 0.00 0.00 0.00
D311-1d-9 Qz2 26.20 29.68 3341.33 0.00 958.38 190.15 6.81 6.54 3.23 254.76 0.51 0.04 0.27
D311-1d-4 Qz3a 2.29 11.58 151.64 2.86 8.96 336.37 0.43 2.68 0.78 224.94 0.00 0.11 0.07
D311-1d-4-1 Qz3a 21.81 14.12 1150.73 13.03 183.07 305.44 42.91 6.33 1.02 489.53 0.79 0.00 0.55
D311-1d-4-2 Qz3a 29.27 2.15 747.84 0.00 13.68 318.88 0.00 13.37 0.13 10.61 0.26 0.00 0.08
D311-1d-5 Qz3a 4.90 15.85 271.71 11.40 7.39 265.06 1.28 2.38 0.62 233.18 0.00 0.00 0.02
D311-1d-5-1 Qz3a 6.63 15.70 390.74 33.86 6.17 323.95 0.02 13.20 0.91 306.27 0.06 0.00 0.05
D311-1d-5-2 Qz3a 13.11 22.42 535.30 5.04 13.31 308.96 0.35 6.82 2.11 957.48 0.01 0.00 0.07
D315-1a-1 Qz3a 49.03 31.33 1119.79 20.04 16.80 305.65 0.36 7.08 1.07 138.21 0.01 0.00 0.09
D315-1a-3 Qz3a 8.45 14.45 242.99 15.61 12.57 246.49 0.00 5.91 0.57 192.41 0.00 0.00 0.00
D315-1a-3-1 Qz3a 28.38 26.75 773.23 10.39 3.75 207.88 0.51 8.63 0.72 56.12 0.00 0.04 0.05
D315-1a-4 Qz3a 17.36 34.13 380.08 24.71 7.17 265.28 0.33 9.04 0.66 137.93 0.11 0.00 0.21
D315-1a-6 Qz3a 41.78 28.84 983.86 5.03 4.35 251.25 0.14 12.93 0.53 70.42 0.08 0.00 0.00
D316-1a-3 Qz3a 19.73 14.96 489.37 11.45 3.04 370.14 0.00 6.46 0.29 22.44 0.00 0.03 0.02
D316-1a-4 Qz3a 9.16 5.33 202.05 3.51 7.54 236.04 0.00 4.12 0.11 43.76 0.03 0.00 0.00
D316-1a-5 Qz3a 10.80 7.49 302.35 3.86 6.74 271.36 0.43 7.79 0.20 84.78 0.00 0.00 0.02
D316-1a-6 Qz3a 0.64 1.64 39.69 0.00 1.35 244.14 1.01 3.75 0.00 2.46 0.00 0.11 0.02
D321-1a-2 Qz3a 10.36 6.66 274.17 21.50 7.99 487.42 0.80 1.51 0.13 11.63 0.03 0.00 0.00
D321-1a-4 Qz3a 4.94 19.36 88.08 0.00 0.00 222.37 0.00 4.35 0.15 24.05 0.00 0.27 0.00
D321-1a-5 Qz3a 2.32 24.47 68.54 0.00 3.79 233.16 0.00 4.27 0.19 38.39 0.04 0.00 0.12
D315-1a-2 Qz3b 33.72 28.68 733.91 32.32 7.47 237.26 1.92 7.80 1.14 117.16 0.06 0.00 0.05
D315-1a-5 Qz3b 11.95 25.69 318.61 13.02 8.74 93.11 0.00 8.85 0.81 138.31 0.10 0.08 0.17
D316-1a-1 Qz3b 59.70 4.08 1063.11 17.68 7.16 463.26 1.22 11.53 0.11 75.07 0.04 0.00 0.08
D316-1a-2 Qz3b 4.52 4.24 150.75 0.00 1.32 318.18 0.77 5.18 0.13 29.00 0.01 0.00 0.04
D316-1a-7 Qz3b 13.74 0.85 227.85 17.17 7.68 168.53 0.72 2.14 0.05 8.18 0.00 0.00 0.00
D316-1a-8 Qz3b 8.38 4.17 192.12 18.57 8.12 254.43 0.13 3.79 0.48 12.76 0.03 0.00 1.12
D321-1a-1 Qz3b 2.42 14.43 207.85 45.50 38.74 413.78 1.06 3.91 0.25 26.29 0.04 0.07 0.00
D321-1a-3 Qz3b 3.69 3.09 73.09 7.07 0.95 346.68 0.97 3.46 0.04 7.89 0.00 0.00 0.00
D321-1a-6 Qz3b 1.29 11.90 40.91 33.79 4.98 309.27 0.06 2.41 0.29 38.86 0.00 0.09 0.00
D324-1-1-1 Qz3b 2.77 24.25 96.19 22.81 4.75 447.10 0.00 5.74 0.39 96.58 0.39 0.05 0.15
D324-1-2 Qz3b 10.74 13.95 243.07 27.82 4.47 307.89 0.37 10.23 0.01 64393.11 0.07 0.00 56.43
D324-1-2-1 Qz3b 5.17 0.54 89.28 0.00 4.19 332.44 0.00 3.60 0.05 212.21 0.00 0.00 0.10
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(continued)

Sample no. Stage Li Na Al P K Ca Ti Ge Sr Sb w Au Pb

D324-1-3 Qz3b 2.15 7.20 67.08 23.31 7.58 312.81 1.33 2.52 0.10 36.87 0.02 0.00 0.06
D324-1-4 Qz3b 0.67 10.67 52.90 0.00 5.39 225.13 1.10 2.96 0.13 103.29 0.13 0.00 0.00
D324-1-4-1 Qz3b 1.18 19.53 85.61 41.23 6.64 278.38 0.00 2.66 0.11 129.36 0.00 0.00 0.00
D324-1-5 Qz3b 0.08 2.82 160.18 60.23 5.04 351.38 0.47 3.59 0.25 54722.79 1.11 0.10 27.25
D316-2-1 Qz4 81.96 20.65 1371.19 0.00 7.47 327.69 0.24 10.11 0.27 160.31 0.02 0.03 0.06
D316-2-2 Qz4 2.79 0.46 40.27 17.92 7.08 10955.71 1.12 2.55 7.26 6.88 0.03 0.00 2.76
D316-2-3 Qz4 0.00 6.16 49.17 14.69 7.81 264.75 1.11 2.89 0.49 9.87 0.08 0.07 0.02
D316-2-4 Qz4 61.20 5.16 1258.61 11.36 0.03 158.88 1.09 12.31 0.08 130.91 0.00 0.00 0.00
D316-2-4-1 Qz4 69.20 7.58 1417.15 4.02 2.78 230.76 1.94 13.84 0.17 137.11 0.00 0.00 0.01
D316-2-5 Qz4 5.31 2.21 136.08 0.00 3.08 194.71 0.38 4.54 0.10 14.50 0.05 0.00 0.02
D316-2-5-1 Qz4 28.88 30.29 686.69 18.46 2.71 149.58 0.08 7.77 0.53 53.47 0.00 0.04 0.04
D316-2b-1 Qz4 83.82 21.74 2420.75 0.00 15.31 6200.99 1.63 14.95 5.01 491.77 0.04 0.00 1.69
D321-1a-7 Qz4 3.46 0.68 108.25 14.57 19.56 225.39 2.75 4.02 0.00 76.89 0.10 0.00 0.12
D321-1a-8 Qz4 1.94 4.11 154.98 28.46 0.55 192.10 0.21 1.61 0.04 11.34 0.10 0.00 8.75
D321-1a-9 Qz4 21.16 0.43 379.34 41.61 0.00 236.35 0.62 8.88 0.14 515.43 0.00 0.00 0.06
D323-1a-1 Qz4 10.11 12.20 266.42 0.00 7.44 452.56 0.18 7.89 0.26 204.20 0.00 0.09 0.02
D323-1a-2 Qz4 13.34 22.42 399.12 13.04 2.76 394.63 0.00 6.30 0.47 166.70 0.00 0.04 0.19
D323-1a-3 Qz4 20.65 15.92 553.73 34.24 14.38 431.55 0.44 5.46 0.29 91.23 0.00 0.00 0.00
D323-1a-4 Qz4 5.46 30.14 343.24 37.89 9.82 720.41 0.00 8.73 0.90 215.75 0.14 0.04 0.07
D323-1a-5 Qz4 4.71 30.16 281.35 4.52 4.29 203.47 1.36 1.98 0.62 191.95 0.05 0.09 0.00
D323-1a-6 Qz4 4.79 25.48 265.59 9.82 11.36 270.92 1.18 2.96 0.41 166.27 0.00 0.04 0.10

Appendix 2 The in-situ SIMS O isotopic composition of quartz in the main mineralization stage of the Woxi deposit

Sample no. Stage 160 count +s 18_0 +s 8180vysmow(%o) +s AHT(°C) 5'8OF1uid (%)
% 150 % abs(%o)
L479@01 Qz2 1.73E4+09 0.039 0.0020322 0.007 18.94 0.07 269.00 10.84
L479@2 Qz2 1.71E+09 0.045 0.002032523 0.008 19.10 0.08 11.00
L479@3 Qz2 1.71E+09 0.033 0.002032768 0.010 19.22 0.10 11.12
L479@4 Qz2 1.71E4+09 0.031 0.002032937 0.011 19.31 0.11 11.21
L479@5 Qz2 1.71E+09 0.030 0.002032263 0.011 18.97 0.11 10.87
L479@6 Qz2 1.76E+09 0.037 0.002033814 0.009 19.74 0.09 11.64
L479@7 Qz2 1.74E+09 0.033 0.002033798 0.011 19.73 0.11 11.63
L480@01 Qz3a 1.78E+09 0.060 0.002032445 0.011 19.23 0.11 216.00 8.53
L480@02 Qz3a 1.78E+09 0.040 0.002032729 0.006 19.37 0.06 8.67
L480@03 Qz3a 1.78E+09 0.047 0.002031578 0.008 18.80 0.08 8.10
L480@04 Qz3a 1.79E4+09 0.054 0.002031419 0.009 18.72 0.09 8.02
L480@05 Qz3a 1.78E+09 0.052 0.002031809 0.008 18.91 0.08 8.21
L480@06 Qz3a 1.78E+09 0.082 0.002031408 0.010 18.71 0.10 8.01
L480@07 Qz3a 1.78E+09 0.081 0.002032436 0.009 19.23 0.09 8.53
L480@08 Qz3a 1.78E+09 0.037 0.002032857 0.014 19.44 0.14 8.74
L480@09 Qz3a 1.78E+09 0.067 0.002033152 0.008 19.58 0.08 8.88
L480@10 Qz3a 1.77E4+09 0.037 0.002033761 0.011 19.89 0.11 9.19
L480@11 Qz3a 1.78E+09 0.030 0.00203293 0.009 19.47 0.09 8.77
L480@12 Qz3a 1.77E+09 0.028 0.002031746 0.006 18.88 0.06 8.18
L480@13 Qz3a 1.78E+09 0.034 0.002031726 0.008 18.87 0.08 8.17
L480@14 Qz3a 1.76E4+09 0.047 0.002031877 0.008 18.95 0.08 8.25
L480@15 Qz3a 1.78E+09 0.026 0.002031964 0.007 18.99 0.07 8.29
L480@16 Qz3a 1.78E+09 0.021 0.002032544 0.006 19.28 0.06 8.58
L480@17 Qz3a 1.77E4+09 0.038 0.002033023 0.010 19.52 0.10 8.82
L480@18 Qz3a 1.77E+09 0.046 0.002033429 0.008 19.72 0.08 9.02
L477@01 Qz3b 1.99E+09 0.091 0.002032408 0.010 19.26 0.10 186.00 6.56
L477@2 Qz3b 1.99E+09 0.043 0.002031989 0.009 19.05 0.09 6.35
L477@3 Qz3b 2.00E+09 0.052 0.002032274 0.010 19.19 0.10 6.49
L477 @4 Qz3b 2.00E+09 0.066 0.002031885 0.008 19.00 0.08 6.30
L477@5 Qz3b 2.00E+09 0.151 0.00203216 0.007 19.13 0.07 6.43
L477@6 Qz3b 1.98E+09 0.112 0.002032304 0.010 19.21 0.10 6.51
L477@7 Qz3b 2.00E+09 0.090 0.00203094 0.010 18.53 0.10 5.83

Note: The average homogenization temperatures (AHT) at different stages of ore formation are derived from the microthermometry conducted by Yi
et al. (2012).
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cealed Granite in Huxingshan Tungsten—Beryllium Ore District, Northeastern Hunan Prov-
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Abstract: The tungsten-beryllium polymetallic deposit at Huxingshan in northeastern Hunan Province is a
large-scale quartz and greisen vein-belt type scheelite and beryl beryllium deposit. To investigate its genesis,
material source and tectonic environment, we carried out detailed rock geochemical analyses on the newly
discovered concealed granite bodies in the Huxingshan mining area, so to provide the theory support for the
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relationship between local magmatism and mineralization. The results show that the Huxingshan granite is a
series of high-K calc-alkaline peraluminous granite rich in SiO, (71.86% ~73.22% ) and Al,O; (13.99% ~
14.55%), poor in TFe,0; (1.17%~1.63%) and MgO (0.28%~0.36%), and relatively poor in Na and rich in K
(with the (KO /Na,O) ration between 1.11 and 1.78). It is characterized by strong enrichment of light rare
earth elements (Law/Yby=9.29~21.9) and large ion lithophile elements (Rb, Ba, U, K), and relative depletion
of heavy rare earth elements and high field strength elements (Nb, Ti, P). The geochemical characteristics
show that Huxingshan granite is an S-type granite formed in an environment of lower pressure (< 5 kbar) and
an initial temperature of 727°C~785°C. It was formed by a high degree of fractional crystallization (plagio-
clase, potash feldspar, apatite, etc.), and its crust source area is Lengjiaxi Group composed of mudstone and
sandstone. Combined with the tectonic evolution history of the region, this study concluded that the low-an-
gle subduction of the Paleo-Pacific Plate during the Yanshan Period caused strong deformation of the crust in
the northeast Hunan region, and the subsequent weakening of regional stresses led to the detachment of the
thickened lithosphere, in which case the crustal thinning or underplating of mantle source material had caused
intense magmatism in the region, which resulted in the formation of the Huxingshan Granite.

Key words: concealed granite body in Huxingshan deposit; Petrogenesis; Material source; Tectonic setting;

Northeast Hunan province
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F1 ERIBEVEEAERNEEETZANER (%)

Table 1 Result of major element analyses of concealed granite in the Huxingshan W-Be mining area (% )

e ZK3304-12 ZK3304-13  ZK3304-14  ZK3304-15 ZK3304-17  ZK3304-18 ZK3304-21
SiO; 72.96 7191 72.53 71.86 72.72 72.10 73.22
TiO, 0.11 0.13 0.13 0.16 0.16 0.17 0.16
Al,Os 14.09 14.55 13.99 14.19 14.08 14.02 14.36

TFe,0s 1.17 1.23 1.25 1.54 1.54 1.63 1.44
MnO 0.03 0.04 0.05 0.05 0.05 0.05 0.04
MgO 0.28 0.32 0.31 0.36 0.33 0.35 0.28
CaO 1.01 1.24 1.57 1.35 1.35 1.47 1.23
Na,O 2.74 3.29 3.29 3.66 3.62 3.39 3.70
K:0 4.87 4.42 431 4.05 4.17 4.15 4.26
P.0s 0.09 0.06 0.05 0.04 0.05 0.05 0.04
LOI 1.66 1.79 2.03 2.68 151 1.92 1.37
Total 99.07 99.06 99.59 100.02 99.65 99.37 100.18

AICNK 1.20 1.15 1.07 1.09 1.08 1.09 1.10
Mg’ 32.16 34.01 32.95 31.65 29.07 29.80 29.84
A/NK 1.74 1.98 1.96 2.12 2.04 2.04 2.04

K:0/Na,O 1.78 1.34 131 111 1.15 1.22 1.15

i : AICNK=n(Al)/ n(Ca+Na+K) ; AINK=n(Al)/ n(Na+K) ; Mg"=100xn(Mg)/n(Mg+TFe*).

R2 EMBETXRRERSE CIPWIRET WS FITELER(%)

Table 2 The calculation results of the CIPW standard mineral molecular of concealed granite in the Huxingshan W-Be

mining area( %)

FEahS ZK3304-12  ZK3304-13  ZK3304-14  ZK3304-15  ZK3304-17  ZK3304-18  ZK3304-21
A 9(Q2) 36.35 33.06 33.28 31.71 32.21 32.93 32.04
BHEAT (P 28.40 34.62 36.27 38.55 37.81 36.69 37.69
AR A (KF) 29.74 27.12 26.36 24.86 25.33 25.38 25.71
FIEN(®) 2.72 2.25 1.15 1.41 1.25 1.39 1.49
LA (Hy) 2.00 2.16 217 2.60 2.50 2.66 2.22
R (T1) 0.21 0.25 0.25 0.31 0.31 0.33 0.31
T8k (Nag) 0.35 0.37 0.37 0.46 0.46 0.49 0.42
KA (Ap) 0.21 0.14 0.12 0.10 0.12 0.12 0.09
B (2Zr) 0.01 0.01 0.01 0.02 0.02 0.02 0.02

B8R4 (Chr) 0 0 0 0 0.01 0 0

a1t 100 100 100 100 100 100 100
Jr 484 (D) 94.49 94.80 95.91 95.12 95.35 95 95.44

FEIE AL AR I L A EREE /T 62.3%
10° ~ 124x10°Z[A],*F-44{E Ky 101x10°, Lan/Y by HiAH
F9.29 ~ 21.9 Z 1], F-H4{H Ky 17.3, Gdw/ Y by LAE AT
T L77~-3.11 Z 8], FI{H R 2.27, Smd Y by FUAEA T T
2.71~5.26 Z ] SEHME A 3.91( 5 3)  FERs +- o0 KEK

B AL A R B R 1 o
i, R AR AR R AR T (55 a) s BER
fJSEU AT 0.51 ~ 0.63 Z [, *F-¥4{ 4 0.56, H A B
WA Eu S 5 misCe /T 3.10 ~ 3.22 Z [A], s At:
i HAT LSS I IE Ce S8 8 4R BaFIRbIGER %
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RI3 EMBEVERAERNEHE HLITRIWER(x107)

Table 3 Results of trace and rare earth element analyses of concealed granite in the Huxingshan W—Be mining area (x10™* )

i ZK3304-12 ZK3304-13  ZK3304-14 ZK3304-15 ZK3304-16 ZK3304-17 ZK3304-18 ZK3304-21

Li 0.66 2.36 0.17 0.84 0.40 0.29 0.19 0.17
Be 41.8 7.07 17.0 8.36 6.56 6.53 5.20 7.19
\Y 13.0 12.0 11.0 13.0 13.0 14.0 15.0 14.0
Cr 20.0 20.0 20.0 20.0 10.0 30.0 20.0 30.0
Cu 343 1474 23.4 28.7 26.6 25.0 19.8 47.4
Zn 84.3 507 48.6 57.5 53.5 57.1 50.3 50.6
Ga 26.4 26.4 25.4 27.5 25.7 25.0 26.1 23.9
Rb 337 330 297 290 303 287 337 281
Sr 95.0 125 148 202 162 160 151 140
Y 10.5 8.60 9.20 13.0 9.30 11.8 11.8 115
Zr 42.0 63.0 70.0 92.0 78.0 88.0 91.0 87.0
Nb 10.6 10.6 10.6 11.8 105 9.90 10.4 9.60
Mo 202 62.7 3.81 2.52 3.57 1.38 4.43 41.7
Sn 11.2 17.4 5.12 12.3 11.2 6.95 4.49 4.49
Cs 17.8 19.4 23.0 12.9 15.3 17.0 19.0 16.3
Ba 391 572 539 570 566 448 432 490
La 13.4 21.9 20.8 29.0 21.9 26.4 28.4 27.3
Ce 26.2 42.2 39.5 55.7 42.0 49.7 53.5 50.4
Pr 2.85 4.50 4.17 5.86 4.43 5.09 5.39 5.20
Nd 9.90 15.5 145 19.9 14.9 17.4 18.3 17.0
Sm 2.44 3.29 3.04 4.09 3.14 3.35 3.61 3.54
Eu 0.38 0.53 0.56 0.64 0.57 0.52 0.53 0.54
Gd 2.14 2.61 2.46 3.10 2.50 2.60 2.60 2.55
Tb 0.34 0.35 0.37 0.48 0.35 0.42 0.44 0.40
Dy 1.99 1.72 1.99 2.58 1.88 2.17 2.21 2.14
Ho 0.37 0.29 0.35 0.45 0.34 0.43 0.44 0.41
Er 1.00 0.75 0.82 1.19 0.91 1.18 1.20 1.09
Tm 0.15 0.11 0.11 0.18 0.13 0.17 0.17 0.16
Yb 0.98 0.68 0.69 1.08 0.90 1.14 1.09 1.02
Lu 0.15 0.10 0.10 0.14 0.14 0.17 0.16 0.15
Hf 1.80 2.40 2.70 3.10 3.00 3.00 3.20 2.90
Ta 2.10 1.90 2.10 2.00 1.70 1.90 2.10 1.90
w 39.0 5.00 6.00 8.00 2.00 4.00 5.00 6.00
Pb 32.3 37.4 39.3 35.5 32.9 41.1 40.3 34.0
Bi 1.93 10.4 1.77 1.50 0.90 0.52 7.74 0.98
Th 7.15 10.9 10.8 14.0 10.9 12.9 14.9 13.4
U 8.21 10.2 8.71 12.4 9.06 9.59 16.9 9.98

> REE 62.3 94.5 89.5 124 94.1 111 118 112
ThiU 0.87 1.07 1.24 1.13 1.20 1.35 0.88 1.34
U/Th 1.15 0.94 0.81 0.89 0.84 0.74 1.14 0.74
Law/Yby 9.29 21.9 20.5 18.2 16.5 15.7 17.7 18.2
Gdw/Yby 177 3.1 2.88 2.32 2.25 1.85 1.93 2.02
Smy/Y by 2.71 5.26 4.79 4.12 3.80 3.20 3.60 3.78
SEu 0.51 0.55 0.63 0.55 0.62 0.54 0.53 0.55
dCe 3.22 3.20 3.16 3.20 3.19 3.16 3.17 3.10
TZr(°C) 742 707 736 734 727 746 741 734

0 TR N RRIZI0 & & 5 5ok 4 R4k, 4 McDonough and Sun (1995) 3 8Eu = EU/Eu” = 2Eun/(Smy x Gdy) ; 5Ce=2Ce/(La+Pr) ;
Tzr(°C) 14442 Watson and Harrison (1983)
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Abstract: In recent years, cadmium (Cd) contamination in agricultural soil has emerged as a signif-
icant global environmental issue, posing irreversible harm to crops and human health. As a result,
efficient soil remediation techniques are urgently needed. For this issue, synergistic remediation by
material and plant is an effective approach. In this study, a natural and green adsorption material
(starch/montmorillonite composite, SMC) of Cd was prepared, which was further employed in syn-
ergistic remediation toward soil Cd contamination with the cadmium hyperaccumulator plant
Bidens bipinnata. The results of the pot experiment demonstrated that an available Cd removal rate
of 77.92 could be obtained, and the results of the field experiments demonstrate that the concentra-
tions of Cd in contaminated soil could be reduced below the risk-screening values for agricultural
land. Further analyses, including a microbial community diversity study, changes in soil BCR frac-
tion components, and a TCLP toxicity leaching experiment, unequivocally elucidated that the syn-
ergy of SMC and Bidens bipinnata enhanced the remediation efficiency of Cd in contaminated soil.
This study confirmed the application potential of the synergy of SMC and Bidens bipinnata toward
Cd-contaminated soil.

Keywords: Cd contamination; available Cd; starch/montmorillonite composites; Bidens bipinnata;
collaborative remediation

1. Introduction

Synergistic remediation techniques are an efficient and safe approach to addressing
heavy metal pollution in agricultural soil [1], which includes microbial-plant synergy,
electrokinetic—plant synergy, and chemical or adsorption material-plant synergy [2].
Among various synergistic remediation techniques, the synergy of adsorption material
and plants promotes the transfer of the total heavy metal content in soil from large aggre-
gates to small aggregates through passivation control and reduces the available heavy
metal content in large aggregates [3]. Furthermore, the synergy of adsorption material
and plants could also transform heavy metals in the soil from an unstable state to a stable
state, which enhances the vital activity of plants and the tolerance and stability of plants
to heavy metals. As a consequence, the synergy of adsorption material and plants occu-
pies a dominant position among all the synergistic remediation techniques [4].
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For the synergistic remediation techniques using adsorption material-plant synergy,
the adsorption material plays the role of solidification or passivation, which is greatly con-
ducive to the remediation of heavy metals in soil. However, on the other hand, adsorption
materials are often synthetic materials, which have adverse effects on soil properties and
the surrounding environment after long-term use. Fly ash material and Jatropha curcas are
used for the synergistic remediation of heavy metal-contaminated soil [5]. Iron oxides in
fly ash materials (FeO, FesO4) can form coordination compounds with heavy metals in the
soil, reducing their activity. However, simultaneous use introduces new metal ions (Fe3*),
which may lead to other safety issues in the long term. Limestone, red mud composite
material, and lettuce are used for the synergistic remediation of As, Cd, Pb, and Zn con-
tamination [6]. The alkalinity of limestone affects the growth and activity of soil microor-
ganisms, thereby influencing the balance of the soil ecosystem [7]. At present, green ad-
sorption materials are urgently needed for the further development of material-plant syn-
ergistic remediation techniques.

Montmorillonite is a widely used and inexpensive natural clay mineral. Due to the
layered silicate structure, montmorillonite possesses an interlayer space capable of cation
exchange and a large specific surface area (up to 800 m#/g) [8,9]. As a result, montmorillo-
nite has been increasingly employed as a green and cost-effective adsorption material for
heavy metal contaminants [10,11]. In recent years, various organic compounds have been
utilized in the modification of montmorillonite to obtain highly efficient montmorillonite
passivators. Until now, montmorillonite has been modified with different types of organ-
ics, including anionic compounds (such as sodium dodecyl sulfate [12]), cationic com-
pounds (such as quaternary ammonium salt [13]), and neutral compounds (polyacryla-
mide [14]). However, over time, these compounds will be degraded, resulting in organic
or inorganic sulfides and nitrides, which could severely impact the soil property, micro-
biota, and other ecological factors. In previous studies, we noticed that starch is particu-
larly suitable as an environment remediation material. Starch is a natural polymer and
there are almost no heteroatoms except oxygen atoms in the starch molecule. After degra-
dation, the degradation products of starch have little impact on the soil environment.
Based on these factors, a natural and green adsorption material (starch/montmorillonite
composite, SMC) was proposed to be efficient towards heavy metal contaminants in soil,
which was also a perfect adsorption material candidate used in material-plant synergistic
remediation techniques.

The use of adsorption material against heavy metals in soil is usually hindered by
the interface reactions between the adsorption material and soil, which affects the inherent
adsorption capacity of the adsorption material for heavy metals [12]. Therefore, it is diffi-
cult for the adsorption material to completely adsorb the heavy metals firmly bound to
the soil. In this regard, the material-plant synergistic remediation technique could pro-
mote the upper limit of the adsorption material towards heavy metals. The heavy metals
in soil (including the parts that are difficult to adsorb) could be gradually released by ben-
eficial microorganisms and organic substances produced by plant growth. Moreover,
through mild biological processes, the toxicity of the heavy metals released was reduced.
Both aspects are beneficial to the remediation of heavy metals in soil [15]. In this work, the
SMC-Bidens bipinnata synergistic remediation technique was developed, and the remedi-
ation effect was confirmed by pot experiments (in a greenhouse) and field experiments (in
a location on the eastern edge of Dongting Lake, Hunan Province, China). In addition,
detailed mechanism studies have also been conducted. This study offers insights into the
synergy of material-plant synergistic remediation of Cd-contaminated soil and also pro-
vides a soil remediation technical for Cd-contaminated sites.
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2. Materials and Methods
2.1. Characteristics of Contaminated Soil

The soil samples were collected from a location on the eastern edge of Dongting Lake
in Yueyang County, Hunan Province, which is an area with heavy metal pollution in ag-
riculture. The eastern edge of Dongting Lake was divided into nine grids, an area of 10
cm x 10 cm was selected as a representative of each grid, and the depth of soil sampling
was 0-18 cm [16]. Soil samples in this interval are representative of heavy metal pollution
remediation, and the weight of the samples taken out was approximately 25 kg. These
nine samples were mixed well, and 100 g was taken out for testing (Table 1), while the
others were evenly divided into three 8 kg portions of soil for subsequent experiments. It
is situated in the southwest part of Yueyang County, at 113°02' east longitude and 29°07'
north latitude (Figure 1). The sampling site is situated in the Zhongzhou levee area on the
banks of Dongting Lake. It has a subtropical monsoon climate characterized by hot sum-
mers, mild winters, and abundant and concentrated rainfall. Soil sampling revealed se-
vere Cd contamination in the area. Despite heavy metal contamination, the affected area
continues to support a diverse range of wild plant species. For the purpose of phytoreme-
diation screening, fifteen representative native plants, noted for their substantial biomass
and widespread distribution, were selected. These species include Chinese brake herb, ramie,
Equisetum hyemale, Imperata cylindrica, Dandelion, Coleseed, Bermuda grass, Petroselinum cris-
pum, Symphyotrichum subulatum, Ficus benjamina, Aster indicus, Wormwood, Bidens bipinnata,
Peacock grass, and Black nightshade.

Figure 1. Heavy metal-polluted agricultural area at sampling site.

Table 1. Heavy metal content and pollution level of soil in affected area (mg/kg).

Items Cu Pb zZn Cd Cr As Ni
Total heavy metal 52.2 90 126 1.91 98.6 53.9 36.3
(mg/kg)
Agricultural Soil Risk
Screening Standard 150 120 200 0.3 250 30 60
Value (mg/kg)
Agricultural Soil Risk
Control Standard 500 - 1.5 800 200 -

Value (mg/kg)

Pi value

0.348 0.75 0.73 6.36 0.394 1.79 0.605

Pollution Level [17]

Clean  Relativelyclean  Clean

Heavy pol-

: Clean  Slight pollution  Clean
lution
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Determination of total Cd content in soil: Roots, stones, and other foreign objects
were removed from the soil, which was then air-dried and ground to below 0.15 mm. A
0.1 g soil sample was weighed into a 100 mL conical flask, and 6 mL of aqua regia was
added. After ensuring sufficient contact between the soil sample and aqua regia, a glass
funnel was placed at the top of the conical flask to facilitate the reflux of aqua regia vapor.
The conical flask was heated to a slight boil and maintained for two hours. Once digestion
was complete, the conical flask was cooled to room temperature, and the extract was fil-
tered to a fixed volume. The soil Cd content was then measured using ICP-MS (NexION
300X, PerkinElmer, Waltham, MA, USA).

Determination of the available Cd content in soil: After drying, soil samples were
crushed to below 2 mm. A 10 g soil sample and 20 mL of DTPA-CaClz-TEA buffer solution
were added to a 100 mL conical flask. The conical flask was shaken at room temperature
for 2 h, followed by centrifugation and filtration. The supernatant was then taken for ICP
measurement of the available Cd in the soil.

TCLP (Toxicity Characteristic Leaching Procedure)-extractable Cd content: Pro-
cessed and dried soil samples were crushed to below 0.85 mm, and 1 g of the soil sample
and 20 mL of the extraction solution were weighed and placed in a centrifuge tube, sub-
jected to constant-temperature shaking for 18 h, centrifuged, and filtered, while the Cd
toxicity leaching amount in the soil was detected by ICP-MS (the 1 L extraction solution
was prepared with acetic acid (17.5 mol/L) and sodium hydroxide (1 mol/L), pH =2.88 +
0.5).

Determination of soil pH: 10 g of the air-dried soil sample was weighed into a 50 mL
beaker. Twenty-five milliliters of deionized water was added, and the container was
sealed with plastic wrap. The mixture was stirred for 2 min on a magnetic stirrer and al-
lowed to stand for 30 min, and the pH was measured within 1 h using a pH meter.

Soil Cd fractionation was determined using the European Community Bureau of Ref-
erence (BCR) sequential extraction method, consisting of three steps. The specific steps are
as follows:

The bioaccumulation factor (BF) of a plant for a certain element is defined as the ratio
of the element’s concentration in the plant (Criant, mg/kg) to its concentration in the soil
(Csoit, mg/kg). The translocation factor (TF) represents the ratio of the element’s concentra-
tion in the aboveground parts of the plant (Cshoot, mg/kg) to that in the belowground parts
(Croot, mg-kg?). These formulas are defined as follows:

BF = Criant/Csoil

TF = Cshoot/Croot

The removal rate is one of the key indicators for evaluating the effectiveness of reme-
diation materials. The removal rate is defined as the ratio of the amount of heavy metals
removed during remediation to the initial concentration of heavy metals before remedia-
tion.

Removal rate = Cgefore — Cafter/ Cefore

2.6. Total DNA Extraction, 16Ss rRNA Amplification and High-Throughput Sequencing

Soil microbial quantification: DNA extraction was conducted on soil samples before
and after synergistic remediation. After extraction, 0.8% agarose gel electrophoresis was
used for molecular size determination, and a UV spectrophotometer (NanoDrop NC2000,
Thermo Fisher Scientific, Waltham, MA, USA) was used for DNA quantification [18]. Bac-
terial 16S rDNA genes in the V3-V4 region were amplified using genomic DNA as a tem-
plate, employing the forward primer 338F (5-ACTCCTACGGGAGGCAGCA-3') and the
reverse primer 806R. PCR was initiated with denaturation at 98 °C for 30 s, followed by
amplification cycles consisting of denaturation at 98 °C for 15 s, annealing at 50 °C for 30
s, and extension at 72 °C for 30 s, for a total of 26 cycles to accumulate ample DNA
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fragments with a final extension step at 72 °C for 5 min to ensure complete product exten-
sion. Amplified fragments were screened via 2% agarose gel electrophoresis and stored at
4 °C. The quantification of PCR products was performed using the Quant-iT Pico Green
dsDNA Assay Kit on a Microplate reader (BioTek, FLx800, Vermont, US), followed by
pooling according to the required data volume for each sample. After pooling, libraries
were constructed using the TruSeq Nano DNA LT Library Prep Kit (Illumina, California,
US), followed by quality control and quantification of libraries. Qualified libraries under-
went paired-end sequencing on the Illumina NovaSeq platform using the NovaSeq 6000
SP Reagent Kit (500 cycles, lllumina, California, US). Data analysis was performed using

QIIME2 2019.4 [19].

2.7. Statistical Analysis Methods

To eliminate interference from unrelated factors (such as seed germination failure or
pest damage), all experiments were conducted with three pots of plants, and each analysis
was repeated three times to ensure data reliability. Statistical analysis was performed us-
ing IBM SPSS Statistics 26. One-way ANOVA was used to compare intergroup differences
in various parameters, with significance set at p < 0.05. Post hoc analysis was conducted
using Duncan’s test, and the results are displayed in figures and tables using letter nota-
tion. [20]

3. Results
3.1. Characterization of Materials

Following the synthesis of SMC, surface morphology was determined to confirm the
deposition of starch onto the montmorillonite surface and investigate the adsorption
mechanism between starch and montmorillonite. Experiments performed in agueous
phase systems provided robust evidence that starch modification significantly enhanced
the capacity of montmorillonite to adsorb heavy metal cations.

3.1.1. Surface Morphology Characterization of SMC

The morphology of starch, montmorillonite, and SMC is shown in Figure 2. In Figure
2A, starch exhibits a granular or aggregated structure, with loosely arranged particles.
Starch particles are circular, elliptical, or irregular in shape, with a smooth and uniform
surface and an average particle size of 10 um. Figure 2B displays the platy or layered
structure of montmorillonite, with clear interlayer spacing and well-defined crystal edges,
arranged closely. Figure 2C,D depicts the particles of SMC, where it is observed that the
starch particles open up into smaller granules and adhere to the surface of montmorillo-
nite, resulting in a smoother and more rounded surface. Figure 2D reveals that the mont-
morillonite surface has adsorbed numerous starch molecules, indicating the significant
adsorption capacity of montmorillonite. Additionally, the elemental analysis of SMC is
shown in Figure 2E, where an increase in C, O on the modified montmorillonite surface is
evident. The main components include C, O, Si, Al, Fe, K, and Ca, accounting for 46.2 wt%,
31.8 wt%, and 17.2 wt%, respectively.
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Figure 2. SEM images of unmodified starch (A), montmorillonite (B), modified montmorillonite (C),
and magnified view of modified montmorillonite (D). EDS elemental mapping of the modified
montmorillonite (E).

3.1.2. Adsorption Efficiency of SMC towards Heavy Metals in Solution

Water is the primary transport medium of heavy metals in soil. Therefore, the ad-
sorption capacity of SMC for heavy metals was first detected in the water phase. Table 2
shows the adsorption capacity of montmorillonite and SMC towards heavy metal ions.
Compared to montmorillonite, the adsorption capacity was significantly improved after
modification. For Cd#, Pb?+, and Cu?, the removal rates of natural montmorillonite were
50.45%, 64.37%, and 74.33%, while the removal rates of SMC increased to 95.31%, 94.12%,
and 87.92%. The modification resulted in an increase of 44.86, 29.75, and 13.59 percentage
points, respectively. For natural montmorillonite, the comprehensive adsorption capacity
for seven heavy metals is due to the cation exchange capacity. For modified montmorillo-
nite SMC, the improved adsorption capacity for seven heavy metals is due to the reserved
cation exchange capacity of montmorillonite and the additional chelation capacity of
starch [21].

Table 2. Removal rate (%) of heavy metal ions in aqueous phase by montmorillonite and SMC.

Material Cu Pb Zn Cd Cr As Ni
Montmorillonite (%)  74.33 64.37 50.31 50.45 33.45 28.07 39.66
SMC (%) 87.92 94.12 73.22 95.31 48.23 48.23 51.37

3.2. Screening of Indigenous Hyperaccumulating Plants

In order to develop a candidate remediation plant that is suitable for the eastern edge
of Dongting Lake, 15 native plants were collected with the standard of relatively large
biomass from the vicinity of the contaminated site, including Peacock grass, Dandelion,
Bermuda grass, Bidens bipinnate, and other plants (as shown in Figure 3). The plants were
divided into shoot and root parts, and the heavy metal content in the plants was deter-
mined. The bioaccumulation factor (BF) and translocation factor (TF) of the plants were
calculated as the screening criteria (Table 3).
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Different plants exhibit varying degrees of tolerance and response to heavy metals.
The aboveground and underground parts of these 15 plants contain different concentra-
tions of heavy metals, indicating their varying abilities to accumulate Cd. Plants 5, 6, 7,
and 13 exhibited strong Cd enrichment capacity, with BF values greater than 0.5 for both
shoot and root parts. Among them, plant 13, Bidens bipinnata, exhibits the highest accumu-
lation capacity, with Cd contents of 2.2833 mg/kg in the aboveground part and 3.2704
mg/kg in the underground part. Apart from these four plants, plants 2, 3, 4, 12, 14, and 15
show relatively high translocation factors, which are conducive to long-term extraction in
plant remediation and represent potential remediation plants.

Generally, plants with higher BF and TF values are considered more suitable for re-
mediation, as they can effectively absorb heavy metals from the soil and transfer them to
the aboveground parts, thereby reducing the heavy metal content in the soil [22]. By eval-
uating the BF and TF of 15 native plants, it was determined that plants 2, 3, 4, 5, 6, 7, 12,
13, 14, and 15 have stronger abilities to absorb and transport heavy metals, playing a more
significant role in the remediation process. Therefore, these 10 plants were selected for
subsequent pot experiments.

Figure 3. Fifteen Indigenous hyperaccumulating plants of the Eastern Margin of Dongting Lake (1.
Chinese brake herb, 2. ramie, 3. Equisetum hyemale, 4. Imperata cylindrica, 5. Dandelion, 6. Coleseed, 7.
Bermuda grass, 8. Petroselinum crispum, 9. Symphyotrichum subulatum, 10. Ficus benjamina, 11. Aster
indicus, 12. Wormwood, 13. Bidens bipinnata, 14. Peacock grass, and 15. Black nightshade).

Table 3. Cd content, Bioaccumulation Factor (BF), and Transfer Factor (TF) in 15 indigenous hyper-
accumulating.

iy @ v et @
1 shoot 0.0145 0.0076 9 shoot 0.0998 0.0522
1 root 0.0391 0.0205 03713 9 root 0.3575 0.1872 02791
A A
3 shoot 0.1729 0.0905 11 shoot 0.1885 0.0987
3 root 0.2570 0.1346 06725 11 root 0.7189 0.3764 0.2622
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3.3. Remediation Effect of SMC in Cd Contaminated Soil

The dosage of adsorption material plays a decisive role in the synergistic remediation
process. Therefore, the remediation effect of using different dosages of SMC was tested in
contaminated soil with high Cd concentrations (Cd = 10 mg/kg) and low Cd concentra-
tions (Cd = 3 mg/kg). From Figure 4, it can be seen that at high or low Cd concentrations,
the optimized dosage of SMC is 2%, and the corresponding reduction rates of available
Cd are 37.75% and 21.76%, which is much higher than the previously reported reduction
rate obtained by clay mineral passivators (9.54%, 13.9%) [23,24]. Experimental results in-
dicated high remediation efficiency of SMC in soils with varying cadmium concentrations.
The optimal dosage is determined to be 2%, while the optimal remediation concentration
of Cd?* is 3 mg/kg. Subsequent pot experiments will be conducted based on these condi-
tions for synergistic remediation.
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Figure 4. Remediation effect of SMC for Cd in soil with high and low concentrations (different letters
above the bars in the bar chart indicate significant differences at the p < 0.05 level between different

treatments. Error bars represent the standard deviation of the mean, n = 3).
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3.4. Screening of Remediation Plants by Potted Experiment

Pot experiments were conducted using ten selected remediation plants with higher
TF and BF values out of the 15 plant species screened in the remediation site, in artificial
synthetic Cd-contaminated soil. The ten plant species were subjected to three treatments:
(a) natural conditions without any treatment, (b) the addition of 3 mg/kg Cd2+, and (c) the
addition of SMC after Cd?+ addition. After 90 days of greenhouse cultivation, photographs
were taken and are shown in Figure 5. It was observed that all ten seed species were able
to germinate and survive in uncontaminated soil (Figure 5A), while under Cd? stress (Fig-
ure 5B), only seven plant species germinated, with stunted growth and significantly re-
duced biomass. However, upon the addition of SMC material (Figure 5C), the growth of
the plants improved markedly, alleviating the heavy metal stress. Nevertheless, ramie ex-
hibited excessively slow growth and was deemed unsuitable as a remediation plant. Con-
versely, the other six plant species, namely Peacock grass, Bidens bipinnata, Coleseed, Bermuda
grass, Black nightshade, and Dandelion, exhibited robust growth with higher biomass.

Specific measurements of biomass, plant height, and water content were conducted
for these six plants (Figure 6). The results indicate that the addition of Cd significantly
stressed the growth of all plants. However, with the addition of SMC, toxic Cd in the soil
was immobilized, which alleviated growth inhibition caused by the toxicity of Cd and
promoted a significant increase in biomass. This is similar to findings from other studies
on heavy metal-contaminated soils [25]. Among them, Bidens bipinnata had the highest
biomass under natural conditions. However, it decreased significantly under heavy metal
stress and then recovered to the highest biomass after the addition of SMC. Trends in
water content, plant height, and biomass were generally consistent, indicating that heavy
metals have a significant impact on plant metabolism. Under metal stress, changes occur
in the physiological characteristics and cell structure of plants, such as increased cell wall
thickness and vacuole volume, the disruption of internal chloroplast tissues, increased
number of plastids, and the disintegration of primary cell wall fibers [26]. The addition of
SMC eliminated these effects, promoting the absorption and transport of substances
within plants, thereby establishing tolerance to heavy metals.
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Figure 5. Comparison of growth conditions of 10 plant species before and after material remediation
((A): control group (plant growth status under natural conditions), (B): single premeditation group,
(C): SMC—plant synergistic repair group).
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Figure 6. Biomass, plant height, and water content changes in the six selected plants from Figure 5
under natural conditions (CK), Cd ion stress (Cd), and Cd ion stress with the addition of SMC chem-
ical material (SMC).

Figure 7 depicts the heavy metal content in the tissues of six plant species from Figure
6. It can be observed that all six plants exhibit a certain adsorption capacity to Cd. Under
Cd stress, plants secrete organic acids, which could chelate with Cd?+ in the soil to reduce
the toxicity of Cd?, and as a result, the damage to various enzymes inside the plant via
free Cd?* could be reduced [27]. The sequence of Cd content in the plant tissues in plant
remediation without the material is Bidens bipinnata > Peacock grass > Coleseed > Bermuda
grass > Dandelion > Black nightshade. For material-plant synergistic remediation, the se-
quence is similar (Bidens bipinnata > Peacock grass > Bermuda grass > Black nightshade > Co-
leseed > Dandelion). Furthermore, the amount of heavy metals absorbed by the plants ob-
tained from material-plant synergistic remediation is significantly lower than that from
plant remediation, similar to the results of previous research by Li [28]. The largest differ-
ence in these two different remediation processes is obtained in Bidens bipinnata (1.89
mg/kg), while the smallest difference is in Black nightshade (1.42 mg/kg). The responsible
reason is that during material-plant synergistic remediation, the Cd that is difficult to dis-
solve from the soil could be released in the form of chelates by various secretions (such as
small organic acids) from the plant roots, and the cadmium complex is further solidified
by SMC. In this way, the solubility, transferability, and toxicity of Cd in the soil was sub-
stantially inhibited, thereby the bioavailability of Cd in the soil was significantly reduced
after material-plant synergistic remediation (the extraction rate of Cd by plants was also
reduced). Moreover, there is a significant difference in the adsorption amount of Cd by
plants under the same material, indicating that the interaction between plants and mate-
rials is not entirely consistent, possibly related to plant secretions. Based on the screening
results, Bidens bipinnata and Peacock grass exhibit relatively high extraction amounts under
both conditions, while Coleseed performs well in single-plant remediation but is not as
effective as Bermuda grass after the addition of the material. Combining the results of
Figures 6 and 7, three plants were suitable for synergistic remediation (Bidens bipinnata,
Peacock grass, and Bermuda grass).
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The removal efficiency of available Cd of Bidens bipinnata in plant remediation and
synergistic remediation is 11% and 77.33%, respectively. Bermuda grass activates Cd dur-
ing plant remediation and passivates Cd during synergistic remediation, with the removal
efficiency of available Cd of —30.67% and 38%, respectively. The passivation effects of Pea-
cock Grass during both plant and synergistic remediation are not significant, at 2.67% and
11%, respectively, both lower than the removal efficiency of available Cd in soil treated
with Bidens bipinnata. The available Cd content of heavy metals is related to the physical
and chemical properties of the soil, such as the pH value, texture, and dissolved organic
matter [29]. The pH of Bermuda grass and Peacock grass is significantly lower than that of
Bidens bipinnata, and the activation of Cd in the soil may be influenced by both pH and the
action of rhizosphere microorganisms. After the addition of the material, the pH of the
three tested plants increases to some extent. This may be attributed to the weak alkalinity
of the modified montmorillonite itself. As the pH value increases, the adsorption and fix-
ation of Cd by the soil gradually increase, weakening the activation effect of plant secre-
tions on Cd and reducing the available Cd content [30]. Bidens bipinnata exhibits the high-
est removal rate, possibly due to its high enzyme activity in the soil (i.e., alkaline phos-
phatase, dehydrogenase, and urease) [31], which reduces oxidative damage to plants un-
der heavy metals.

3.5. Screening of SMC Dosage by Potted Experiments

It can be observed in Figure 9 that the addition of SMC improves the remediation
effect of Cd and the extraction efficiency of heavy metals by Bidens bipinnata is greatly
enhanced. With the SMC dosage increased, the reduction rate of available Cd in the soil
first increased and then decreased. When the SMC dosage was 2%, the available Cd re-
moval efficiency of the synergistic remediation was the highest, reaching 77.92%. How-
ever, after the SMC dosage exceeded 2%, there was a significant decrease in the reduction
rate of available Cd. The reason for this is that excessive SMC changes the pH value of the
soil, which affects the solubility of Cd and the absorption capacity of plants. Cd?* is less
soluble under alkaline conditions, thereby the extraction rate of Cd by Bidens bipinnata was
reduced [32,33]. On the other hand, excess SMC may alter the soil structure and aeration,
thereby affecting the growth and development of plant roots. If the soil structure becomes
too dense, roots may not be able to fully extend and absorb nutrients, leading to restricted
plant growth.
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Figure 9. The removal efficiency of available Cd in soil during the synergistic remediation of SMC-
Bidens bipinnata under different material dosages.

3.6. Application of SMC-Bidens bipinnata Synergistic Remediation Technology in Field

In practical field applications, the efficacy of synergistic remediation technology was
evaluated. The optimized plant Bidens bipinnata, along with the optimal dosage (2%) of
SMC, was implemented in contaminated soils located on the eastern edge of Dongting
Lake, Yueyang City. Initial soil assessments revealed that the Cd content in the soil of the
appointed field was 1.91 mg/kg, which was categorized as “heavy pollution”, while that
of the As content was 53.9 mg/kg, which was categorized as “slight pollution”. Other
heavy metal concentrations were within acceptable limits (“Relatively clean” range).

Therefore, the object of field experiments was focused on the reduction in total Cd
and As in field soil (Figure 10). The results in Figure 10 indicated that synergistic remedi-
ation exhibited a notable passivation effect on both Cd and As, with the passivation effect
increasing gradually over time. After 60 days, the concentration of Cd in remediated soil
decreased to 0.29 mg/kg (Table 4), which was lower than the agricultural soil pollution
risk screening value of 0.3 mg/kg (stipulated in GB15618-2018 [34]). Similarly, the concen-
tration of As in remediated soil dropped to 28.4 mg/kg, which was also lower than the
screening value of 30 (stipulated in GB15618-2018 [34]. For synergistic remediation with
an extended period (60-120 days), the variations in the concentration of Cd and As in the
soil became relatively minor, possibly attributed to the saturation of coordination between
the oxygen-containing functional groups in the passivator with Cd and As ions [35]. In
summary, Cd and As in the contaminated soil of the eastern edge of Dongting Lake were
effectively inhibited below the screening value for agricultural land risk by the application
of synergistic remediation.
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Figure 10. Influence of synergistic remediation on Total Cd and As contents in soil in the field con-
ditions (different letters above the bars in the bar chart indicate significant differences at the p < 0.05
level between different treatments. Error bars represent the standard deviation of the mean, n = 3).
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Table 4. Heavy metal content and pollution level in soil after remediation (mg/kg).

Items Cd As
Total heavy metal (mg/kg) 0.29 28.4
Agricultural Soil Risk Screening Standard Value (mg/kg) 0.3 30
Pi value 0.94 0.94
Pollution Level Relatively clean Relatively clean

In the process of synergistic remediation with materials and plants, microorganisms
play a crucial role in the restoration of soil ecosystems and the remediation of heavy metal
pollution. A deeper understanding of the changes in local microbial communities could
elucidate the synergistic effects of SMC-Bidens bipinnata [36]. Therefore, high-throughput
sequencing analysis of microbial DNA (16s VV3V4) extracted from the soil was conducted
to investigate the changes in microbial population diversity before and after remediation.
Figure 11 illustrates the relative abundance of species at the genus level in soil obtained
from potting and field experiments before and after synergistic remediation.

Figure 11. Genus-level species abundance composition stacked bar chart. Al: soil before pot exper-
iment remediation; A2: soil after pot experiment remediation; B1: soil before field experiment reme-
diation; B2: soil after field experiment remediation.

Al and A2 represent soil samples from the potting experiment. There were significant
differences in dominant bacterial communities before and after remediation. In sample
Al, the dominant bacterial taxa were Subgroup 10, Arenimonas, and S0134 terres-
trial_group. Among these, only Arenimonas exhibited certain environmental remediation
capabilities. In sample A2, dominant bacterial taxa included S0134_terrestrial_group, No-
cardioides, Hydrogenophaga, Candidatus_Kaiserbacteria, Pseudomonas, and Bacillus subtilis.
Notably, the relative abundance of Candidatus_Kaiserbacteria increased from 4% to 9%,
indicating its role in promoting plant growth and soil nutrient cycling [37,38]. Bacillus sub-
tilis, with its relative abundance increasing from 3% to 21%, secretes (3-galactosidase,
which can be used to assess heavy metal biotoxicity. Bacillus subtilis cultured in high-
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concentration Cd environments secretes extracellular polymeric substances (EPSs) and
cell enzyme proteins, enhancing its resistance to heavy metals [39]. Furthermore, Bacillus
subtilis produces auxins, promoting plant growth and enhancing the synergistic effects of
synergistic remediation.

B1 and B2 represent soil samples from the actual field. Before remediation, the dom-
inant bacterial taxa in Bl included Saccharimonadales, Pelagibius, AKYG1722, Candida-
tus_Kaiserbacteria, S0134 terrestrial_group, Chryseolinea, and Truepera. After remedia-
tion, the dominant taxa were Chryseolinea, Cellvibrio, Flavobacterium, Hafnia alvei, and
Truepera. Flavobacterium and Hafnia alvei were virtually absent in other soils. Hafnia alvei
contains dipeptidase, conferring Cd resistance [40]. The Devosia genus secretes organic
compounds that chelate heavy metals, converting them into more stable organic forms
[41]. Overall, the addition of materials enhances the robustness of soil microbial commu-
nities and selects for microorganisms with stronger resistance to heavy metals. Through
the combined adsorption of materials, plants, and microorganisms, more heavy metal ions
in the effective state are chelated.

There are significant differences between the microorganisms in the soil obtained
from potting and field experiments, possibly due to the effects of soil composition and
properties. The pH value of the potting soil was 6.2, while that of the actual soil was 5.21.
The higher acidity of actual soil inhibits bacterial nutrient uptake and reduces bacterial
activity. H* ions react with extracellular bacterial secretions, competing for heavy metal
ion binding sites, reducing microbial adsorption of heavy metals. Additionally, H* ions
increase the activity of heavy metals, leading to an increase in the effective state of Cd.
This may be one of the reasons why the available Cd removal rate of Bidens bipinnata is
higher than that of other plants. The addition of materials promotes a pH increase, miti-
gating the effects of H* ions on microorganisms, facilitating better synergy between mi-
croorganisms and plants, and thereby significantly improving the efficacy of synergistic
remediation.

3.7. Changes in Soil BCR Fraction Components

Due to the close relationship between the available content of heavy metals and their
distribution and binding states in the soil, sequential extraction experiments were con-
ducted to assess the changes in the forms of Cd in the soil after synergistic remediation.
As shown in Figure 12, all six plants facilitated the transformation of oxidizable and re-
ducible forms into residual forms. In CK, the residual form in soil accounted for 40%,
which could reach up to 63% after synergistic remediation. The oxidizable and reducible
forms decreased to 4% and 5%, respectively, while the weak acid-soluble form remained
relatively unchanged. Among all metal components, the residual form was almost impos-
sible to extract from the soil, while the reducible and weak acid-soluble forms were more
easily absorbed by plants. All six plants could transform Cd from forms available for plant
uptake and utilization into stable residual forms, reducing its activity. Among them,
Bidens bipinnata transformed the most residual forms, resulting in the lowest bioavailabil-
ity of Cd in the soil. This may be attributed to the combined effects of its secretions and
enzymatic degradation, as well as the cooperative metabolism and degradation of rhizo-
spheric microorganisms.
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Figure 12. BCR fraction components of Cd in synergistic remediation soil.

3.8. TCLP Toxicity Leaching Experiment

Figure 13 presents the results of the TCLP leaching test for Cd after synergistic reme-
diation with materials and plants. As depicted in Figure 13a, all treatments effectively re-
duce the migration of Cd, and except for the blank control CK, all values are below the
threshold of 1 mg/L set by the US Environmental Protection Agency [42]. When the
amount of material added is low, the concentration of Cd decreases with increasing addi-
tion, similar to the trend observed in the effective removal rate mentioned earlier. When
the material addition reaches 2%, the release of Cd is minimal at 0.229 mg/L, representing
an 83% reduction compared to the control group. However, when the material addition
exceeds 2%, excessive material may potentially affect plant growth and soil fertility. It
could also inhibit the activity and diversity of soil microorganisms, leading to deteriora-
tion of the soil ecosystem and a loss of biodiversity, thereby reducing the adsorption of
heavy metals by microorganisms and plants and increasing the migration and desorption
of heavy metals in the soil. As shown in Figure 13b, Cd toxicity leaching gradually de-
creases with time, reaching a stable level around 60 days, indicating that the Cd?* adsorbed
by the remediation material has reached saturation. Since the remediation material is
green and non-polluting, the concentration of TCLP toxicity leaching in the soil changes
relatively little over time, indicating that the remediation effect is well-maintained.
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The Permian marine sedimentary manganese deposits are widely developed in the southern Hunan region. In
order to reveal the ore-forming processes and mechanisms, this study focuses on the sedimentary profile of the
Dongxiangqiao manganese deposit in Yongzhou, Hunan Province. Major and trace elements, as well as carbon-
oxygen isotopes, were analyzed. The results indicate that the manganese-rich rock layers enrich in elements such
as Cr, Ni, Co. The ratios of Co/Zn, Mn/Fe, and Y/Ho, along with interpretations from multiple discriminant dia-

grams, collectively indicate that the ore deposit is a hydrothermal deposit, suggesting that the ore-forming materi-
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al, manganese (Mn), primarily derived from seafloor hydrothermal fluid. The analysis results of sedimentary re-
dox indicators, such as the enrichment factor of Mo and U (Mo,, and U,,), as well as U/Th and V/(V+Ni) ratios,
indicate that the layers of high-grade manganese ores were formed in the context of the transition from oxic to an-
oxic conditions. In contrast, low-grade manganese-bearing rock layers were mainly formed in oxic or strongly
anoxic conditions. The 8"C,y; (—0.2%0~1.9%0) and &"Oguy (18.1%0~23.1%0) values of the manganese-rich
rock layers, similar to marine carbonate rocks, suggest that the sources of ore-forming materials C and O are pri-
marily derived from seawater. Based on these results, this study proposes that the ore-forming process of the
Dongxianggiao manganese deposit is controlled by both seawater CO;  concentration and sedimentary redox
conditions. The ore-forming process can be summarized infollowing two stages: Hydrothermal Mn in deep-
water basins migrates towards nearshore CO§ " supersaturated shallow-water platforms under reducing condi-
tions;  When the sedimentary environment transitions from oxic to anoxic conditions, manganese oxides at the
sediment/water interface are reduced to release Mn™, significantly increasing the dissolved Mn concentration in
the water column, promoting the precipitation of manganese-rich carbonate minerals, and forming high-grade
manganese ores.

, F Z X P SHermian, Gufeng Formation, sedimentary-type manganese deposit, geochemistry, Qiling basin

R —FMEZENEEICER, ) 2N T
F MR AR VR i L2 A0, R I AR R b [
REFHERAREHEXES BT ™2 — (T8,
2019; Byt AR ds, 2022) o W EGR AT IR DL AR DTRR 7Y
LAy 3 (F B4, 2014) . Horb VAT R 2046
W AE v [ AR 7 R R v B A 70%, 2 H AT
BRI K S ORTE T RSB (AR 55, 2018) . —
SRR U & B E A2 —  FE 5t
M BB S Y B T — R SRR IR (1 12
%, 2005; M 4R 5%, 2009; BE XK 4§, 2016; 1 /0 4E
4, 2016; FHIE LA, 2020) . DIAEROIFSE B, TR
T ELARYUR AL B SR B SR BT RS
J5fe /b 8RB 2 B RE S (P B8 48, 2014) o AT,
TEJR R LX) A A IR S R, s ik
T 10 B 7 7, a0 S O 38 SO 88 I AF KAV R
(XS4, 2008; FEHESE, 2020) . M LH FL 5 #k 6
WV I, 25 (8] E B Mn & 4 25 R
P T X% B WG R S AL A A o M R
B

i [EAp = S 1R % R TI R Ei K R NE W=
S TR R A A 75 R i LX) AR TR B R R K 3 Sk
BRATREE (RFESE, 2015; BERWIZE, 2016) . X LEH”
RIAED A BT & RN b (H R4,
2016) , S5 EG Hifth b X — B 2056 5 4 J2 67 (PR 2H
P A BEAS — B i | A, 2006; X1k L AF,
2019) o JUAF X ELT PR A AW A1 i (57 308 AH A%
(w(MnO)<10%) , {H HA7E T b 3 XAL 5 T2 50 1k

BEGEUR AT DGR B Tk Rebn o o W Hb X4 A 45
ANERAT R AN 195 AR 18 551X, 2 v [ S A AR AT
FER X (WAl A, 1998) o T4k, RS L X AR IR
Y Hb T8 A & B, G BB BT IR R R BB AE AE
(w (MnO)>20%) (TR IR R A )2 , 2 % X HAT
P B DU R 0 R IR R0 1 o SR, DA XTI
X BT IR Y 22 R AL TR A WAL S T B 2 4
R R (R ARAE, 2015; Deng et al., 2017) , R 2> K78
JE A DURR AR A PRI R A

AR S B R KN AR I DURR VR A PR 5
X4, 3l i R GG 2 AR 7 ZE I ERTL 2R M, E S
AT A T B R DR R TR R AR R A )
Mn & B ALK E 4 2, 7 BB, DU i
Hi DR A VR At — A R S A 5 T R AR IR
W, [t Sy HE g B X~ B 20 W PR AR AR B 5 R i
R AR

1 M

AR R AT PR T 18 g 48 7K M 1T 78 R 29 40 km
b B BR LB, Bl A A T v b £ B N R Y
T AR At T2 b DA b 2 R 2 A B R R
B RSN, ERRZ—LWRIHFE LT, H bk
AR TR A2 Y A A TR k2 R SR S S E X N T
#2 A AR — o A AR A R DR R R (]
la) o A2 BLZR 3 LB S0 RN ate Ll 3 22 00 vk v 1 iz
EEm, XN & H — F G0 0 R b e AR Y

108



A3 E Fo

JBRHIAE < I B 3 DRI DURR LR PR IR AL A 4R T B iy LR 291

TR A AR (B 1a) o ARWIBF SR e R & b 32 U 7R
fi] [ AR T, 32 1) ARHAZ R R 8 R TR IR R TR ER e 1
ek JOOTAE S8 e LR, 1) P 3R 90 30 0 ¢ 2% 08 43 AR ik
PR £ 2 Je T ORR, 2R G A 3 b 2 S A X R e
([ 16) o ARA™ EZWAT T =8 R /N 4 A0
AR IR #h A b, R SRR UZ R R Bk
LB R SR R R T A R, D
B S KR A A AR S ) )R AR AR
R ) R 2, DL g o e 3 a5 I A e
T e ik £ 7 00 652 G ISR o e A, B R R XA
Hh B I B 0] — _E O R R T B A A AR TR M
RENAAEHDE BT KA a7 B AL 5 (B 1b),

JEZ M X R B BB R 2K 2 — (Deng et
al., 2017) .

IR 35 B BF 5 5 T (ZK4306) 2 A< IR 4
PR T43 B #RZE I A4k FL ) 1 (] 1b) 47 F [a) A AR 3
(Kl 2a) o ZHFLHE R EE A 188 m, H T 1ML hb )2
WK — B AL /NI PRI FJp 4
IR B DU AR . Horp A6 5 21 T ph 0 B e ik o
W /N A 75 IR A5 e, ) A8
it LRI IR A 5 R -5 K S AE T R B A
J2 s IREZH 3 K B B A, L e A
J2 TR A S R s eV AL T O K SR R )
BT E R R e A (B 2b) .

BT AR DX Il e 1] () BARIIPR B 67 X HLJS (37 141 (b) (415 Deng et al., 2017 2240)
Fig. 1 Regional geological map of Qiling basin (a) and simplified geologic map (b) of the Dongxiangqiao manganese deposit
(modified from Deng et al., 2017)
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B 5 TOC MnO TFe,0, Ca0 MgO K,0 Na,0 Sio, ALO, TiO, P,0,
DXQO1 0.71 0.34 4.16 1.26 1.44 2.39 0.59 69.09 12.62 0.63 0.14
DXQ02 0.98 0.06 5.25 0.73 1.58 3.51 0.78 57.67 21.33 0.73 0.10
DXQO03 1.18 0.21 7.25 0.78 1.36 2.52 0.94 51.60 21.06 0.59 0.10
DXQ04 9.83 2.18 4.14 9.97 1.07 1.75 0.30 44.81 9.51 0.78 0.54
DXQO05 1.75 14.71 3.85 27.11 2.73 0.34 0.13 18.14 2.02 0.14 0.18
DXQ06 0.93 17.01 2.58 31.06 2.76 0.28 0.12 11.00 1.53 0.10 0.26
DXQ07 1.11 14.77 4.16 26.57 291 0.39 0.12 18.56 2.16 0.09 0.20
DXQ08 1.89 11.76 7.71 23.32 2.40 0.18 0.08 24.61 1.64 0.07 0.13
DXQ09 2.10 13.94 6.59 20.69 2.10 0.52 0.08 26.90 2.14 0.07 0.11
DXQ10 0.60 8.33 493 20.25 2.15 0.29 0.09 37.27 1.34 0.08 0.20
DXQI11 1.21 7.95 6.45 13.91 2.87 0.52 0.10 43.45 3.38 0.16 0.15
DXQ12 0.65 8.49 4.07 16.76 1.30 0.10 0.07 46.60 0.60 0.04 0.28
DXQ13 1.57 4.89 11.02 12.83 2.56 0.40 0.07 43.62 3.70 0.13 0.13
DXQ14 0.32 8.97 8.79 13.50 2.70 0.13 0.09 41.84 2.28 0.08 0.44
DXQ15 0.33 15.39 5.98 18.58 2.55 0.11 0.09 30.16 1.40 0.06 0.58
DXQ16 0.30 14.47 6.02 14.69 2.16 0.35 0.11 36.78 2.64 0.10 0.36
DXQ17 0.26 28.78 3.57 20.13 1.61 0.36 0.08 14.84 1.60 0.08 0.31
DXQ18 0.31 3.85 8.63 7.24 3.29 2.71 0.10 55.32 6.50 0.27 0.14
DXQ19 0.29 1.23 5.27 2.78 1.86 0.60 0.14 77.47 4.15 0.12 0.06
DXQ20 0.35 1.73 1.74 7.62 1.17 0.33 0.09 74.91 2.87 0.10 0.03
DXQ21 6.74 0.25 1.17 17.32 1.27 1.17 0.09 49.95 3.96 0.12 0.48
DXQ22 2.57 0.24 0.94 31.30 7.18 0.64 0.08 19.81 2.61 0.12 0.28
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® FRWHEEY EAHRBETE w # MB-ARGLE w # % SER
5BCMFOBMZUJDBM SFTVMUTWPiG USBIBS ERM O NBROEUPTY Z W RO PRRUPRIFL TBNQMFT GSPN ESJ!
0 PGUIF %POHYJBOHRJBP NBOHBOFTF EFQPTJU

FE il

go G0 N Qi Zn MooV Ct U Th Y Ho (Y/Ho)mss Ugr Moge V/(V+Ni) U/Th §%Chpp 8" Ogyow
DXQO01 145 1750 265 1190 09 633 1210 41 163 325 1.1 1.1 18 07 03 03 * *
DXQ02 140 651 246 89.0 2.1 1180 1060 42 203 339 I.I 1.2 11 10 06 02 % *
DXQ03 104 338 207 682 209 1620 762 50 184 308 1.1 1.1 13 100 08 03 * *

DXQ04 263 161.0 272.0 193.0 463 575.0 1811.0 309 8.6 745 2.0 1.4 17.6 493 0.8 3.6 1.1 19.0
DXQO05 429 1940 57.8 1460 3.2 178.0 4860 3.8 25 39.8 1.0 1.4 102 16.1 0.5 1.6 1.0 20.8
DXQ06 31.3 1480 299 80.6 12.6 1050 3520 6.4 1.1 355 09 1.5 22.7 83.4 0.4 5.6 0.7 21.8
DXQO07 62.5 174.0 385 873 11.1 219.0 2290 54 25 462 1.1 1.5 13.6 52.0 0.6 22 1.4 19.6
DXQO08 239 356.0 30.3 127.0 2.0 4040 6060 13 1.6 29.0 0.8 1.4 4.1 125 0.5 0.8 0.7 21.5
DXQ09 37.6 301.0 37.8 1340 1.6 467.0 3920 15 24 351 1.0 1.3 37 15 0.6 0.6 0.4 21.1
DXQI10 288 2690 192 796 12 1200 4370 0.7 1.0 29.7 0.8 1.3 3.0 87 0.3 0.7 0.9 19.0
DXQIl1 444 401.0 341 647 14 301.0 3640 1.8 3.1 378 1.0 1.4 29 43 0.4 0.6 1.1 20.6

DXQl12 37.0 251.0 147 606 1.0 2330 3970 10 1.0 293 0.8 1.4 9.0 16.0 0.5 1.0 1.9 23.0
DXQI13 423 4050 48.0 1140 2.0 4510 5040 1.1 48 404 12 1.2 1.6 53 0.5 0.2 1.8 21.1
DXQl4 84.1 459.0 174 2780 25 27.5 38.0 0.7 3.7 39.0 1.0 1.4 1.7 11.1 0.1 0.2 1.0 21.0

DXQI5 463 3850 81 1420 25 550 1840 0.8 3.6 556 1.5 1.4 32 180 0.1 02 03 20.5
DXQI6 135.0 647.0 129 242.0 11.5 1180 3750 1.0 28 574 1.5 1.4 20 441 02 03 -02 207
DXQI7 47.9 3970 6.0 1240 50 467 261.0 07 16 390 1.0 1.4 25 314 0.1 05 05 19.2
DXQI8 79.6 573.0 126 196.0 13 3680 347.0 1.8 69 420 1.1 1.4 15 2.1 0.4 03 07 18.1
DXQI9 140 3550 149.0 127.0 22 278 650.0 0.8 2.6 205 0.6 13 1.0 53 0.1 03 08 19.0
DXQ20 13.3 369.0 482 928 0.7 153 477.0 04 18 215 0.5 15 08 25 0.0 02 12 18.4
DXQ21 84 2150 581 3200 29 756 2050 55 17 222 05 1.6 76 1.4 0.3 32 22 193
DXQ22 56 917 40.0 1580 3.8 829 4420 56 15 119 03 1.7 116 146 05 37 1.6 22.6
T HRFTCEE s Mo FI U JT R & 8 T (Moge Al U ) THRA XS % Algeo 55(2020) , ARl 5T~ F-45 1 4b5¢ , HUE K F McLennan, 2001 ;
(Y/HO ) py p T AT 5 AT AR AN BT 7 (PASS AR ifELL , PAAS BUE K H Taylor 45(1985).
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B 4a) , HL PRI 25T UL 4ty fif A2 4150, 4 i
A ALBRIE] & B R ARIR A (K 4b) o /INT 4450
A)EFEA (DXQL7) EE R A 4L, B4 Y 22
BEA, FEH BRI AR P A LA 2T S A
SRR DR S IR i T i 22 18] (B 4¢) , 22
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VIS BIE 80 A F (F4d),
4 B

By ¥R . OFiE

V7K HR Y Min =8 R U T 1 XUAR 28 30T 3 i A
YT IS P B A (Von Damm, 1990; Post, 1999) , 7
FEE 55 T & 4 T UURY e Gk A TR R AR 0
IR (Maynard, 2010) . £ M55 Jj 52 1, Ak Z W AH DT R
RVER W RO 1k 2 v B B o 5 20 %) TR 9 AR 0%
By, fff TR R JEC FARTE B A BT i 8 A T Ot o
45 2006; XIF-%5, 2008; Yu et al., 2016; Zhang et al.,
2022) . B A H TG E H BRI AT TR BT )
it Mn B 2 J7 (Nath et al., 1992; Hein et al., 2008) .
SRR BRI, H Co/Zn L {RLE 7 5K, 29
0.15, 1 K B UCAR R B 1Y Co/Zn HLME M KT 2.5
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Fig. 4 Scanning electron microscopy images of manganese rich minerals from the Dongxiangqiao manganese deposit

a, b. The sample of manganese ores from Gufeng Formation; ¢, d. The sample of manganese ores from Xiaojiangbian Formation

Rds—Rhodochrosite; Mn-cal—Manganocalcite; Cal—Calcite; Qz—Quartz; Py—pyrite

(Toth, 1980) . AMIFFERH 1) Co/Zn L {H A 0.1~0.7,
EIE R 0.4(FR3) W AR T /K GUTAR , 42230 AORT
P, 2R B L2 BRI AR 52 38 R U, 7E S5 A
TERH DG AR IS WU DU AR ARV 7 IR b, TR ARG Y
SME A W £ A R B 9 Min/Fe A (0.1<Mn/Fe<
10) , 1M ZE 7K UL A A 7 PR P X — He (i 323 T 1
(Nicholson et al., 1997) . 7EZMIMFEEH R, & 46
HIE LA A1 JZRE 5 B9 Mn/Fe HO{E 2 B0 H B8R 0 A8
LI (0.5~8.9, FH){E 2.8, % 2) , S Wi i HL AU B
PRI Mn/Fe FC AR o 7RI R I, B T4
WA Y B2 AT A RS AN 5K 58 TR A
FEOZIAEE IR RS H A = 19 Y/Ho Hff (Bau
etal, 1999) . ARMIFFERGFE A Y/Ho LAY T )5
Kt B TUA (PAAS) R EAL IS A 1.2~1.5(33),
KT 1, 5 R POR AR S A Mn DT R T IR — 2
(Bau et al., 2014; Josso et al., 2017) . 5 #IEAH 1Y)
A EE RS EECT NI CoSnE, X EEEH
T R W8 1 S R R 1 A DB S BT B (Hein et all.,
2008; Sasmaz et al., 2014) . 7E &R MR D IKH , #H
XS EL)E B S )2 e H A S Y Cr

Ni.Co & (ES5),

1 Co-Ni-Zn #l Mn-Fe-(Co+Ni+Cu)x 10 = It Kl fi#
(Kl 6a. b)), RN A 2 SHV AR RKZ
TEANP X IR . SR, 7E (Fe+Mn)/4-(Cu+Ni)x 15-
(Zr+Y+Ce)x 100 [Elf (& 6¢) 1, K ZHE R A
R 7K TR B 2L, 3 3 BH AAGBOK R 9 Mn 7] B
TERE O 5K T T — R B IR G AE SR A
& B TR, SRR X SE I Mn FEIREVE Th 427 T 3
PSS IR RS FE R A i A . AL/(Al+Fe+Mn)-
Fe/Ti (440 51 i (&1 6d) BEA ) S5 5 —Fowl s, 3%
PR R 8500 5 RVER A A it 57 T AR i 53 5 7K R
Uity 53 TR A I Z T 7R T IR Min 9K EL i 7K
M ke o L8 Lk, ZR IR A R B PR DO AR M ek
AE2EAFAE T ) R Min =5 B0 5 TV I R

MRS IR R &4

e —M 2N AE BT E AR b G R
I B A A2 B E AL SR SR R R . TR AR AR
T M ERR T 22 EARRGE , 5 T R A R A A
Pyl S ALY 2218 DLTE , S BUR ALK R HhE F
5 B Mn2 & JE (Calvert et al., 1993; 1996) , fEif
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Fig. 5 Chemostratigraphic column of drill hole ZK4306 of the Dongxiangqiao manganese deposit

JE 2T A S A Bl A S5 BT Y
Mn?, Hl A 5 H LRSS &  WARMEE iU E 1Y
Tl B A K ol A5 Bk AR K AR Hh o R B R R R Y
Mn> ¥ & (Glasby et al., 1999; Algeo et al., 2004) , 7£
S/ D A Ay T BT i () R AR A D i i
JHCH M2 5B 43 1) b 9w A B A KR 5y
] T A B R AR Bl SR AR A A5 324 2 BT R 3
A & W3 i A Mn?> ¥R B (Calvert et al., 1993) ., 7E
SRR AL 2 53 2 BT MR B R I, R ARUK
P H I AR 2S M 7] LLH o S AR R AR 7 1 E iU
WRERER A0 W), AR 7 A B = A 2 R 5%
(Pedersen et al., 1982; Morford et al., 2001; Herndon
et al., 2018; Wittkop et al., 2020), Xtk , I 54H# Y
DUREAL IR S S5 A0 T B A Vg AR DR ) TP s B ot
[EEPSEivin

AR DA b B SR fLd R U T R A R A
TG PAE S TR Sk A S 5 1 B 4R A (AL
geo et al., 2020) . VI Mo MU LK & £ H T
(Mogg Al Ugg) /N T 10 F1 K T 10 43 SRR H IR T
AL - R AL A Bk 48 2% /7 R (Tribovillard et al.,
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2012), U/Th FAB/NT0.75.0.75~1.25 FIR T 1.25 %%
HHRER T 4L TR A AL - B S TR ER5E (Jones et
al., 1994) . V/(V+Ni) lL{H/NF 0.6,0.6~0.84 F1 K F
0.84 73 HIAC R S A -2 S0 IR S AL RN S| DT R B
(Hatch etal., 1992) . 7EWFSEEIHE T, R EE T4 H Al
W JFEAE AR B A T8 R I DU A 22 5% (HEA 10T
BUFHI L )28 AR SRR — 2, BARRBUN G ES 401
TR , K (AR R SRR ARG 8 18 5 /N3 2 2 IR T
TR I, A T ER A8 Ak ) 2R 28 5 e IR 0
1, KR D2 i A ) A AR (D7) o

ANVE A R AR A 5 A 2k LA K
TOC &4, LA KA A Mogg . Uge . U/Th Fl V/(V+Ni) He
{8, 5 W HL R Ao A8 Ak 30 D A 1 o T DT RRUK Bt 1T 22
T KA LA ECR R AE o T IO ) R S AR A 2
FLAT 15 Moy A Mo/U LUAE (I 7) , =B UTRR I AE 7E
“Fe-Mn #£ % i ” (Fe-Mn particulate shuttle effect)
(Algeo et al., 2009) . 355 HLHIE Fe-Mn (&) &
A e TUAR /K B T B S 4 30 T 45 T B 19 Mo e T
ok, IR R DTRRY AR | 38 TR Mo AHXT T U
HIEIAN B R o X — SO0 Y 7 A T B AR A AA A T
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Fig. 6 Comprehensive discriminant diagrams of Mn source of the Dongxiangqiao manganese deposit
a. Ternary discriminant diagram of Co-Ni-Zn (base map modified after Choi et al., 1992); b. Ternary discriminant diagram of Mn-Fe-(Co+Ni+Cu)x10
(base map modified after Toth, 1980); c. Ternary discriminant diagram of (Fe+Mn)/4-(Cu+Ni)x15-(Zr+Y+Ce)*100 (base map modified after Josso et
al., 2017); d. AlV/(Al+Fe+Mn)-Fe/Ti discriminant diagram (base map modified after Marchig et al., 1982)
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Fig. 7 Redox chemostratigraphy of section ZK4306 in the Dongxiangqiao manganese deposit (legends refer to Fig. 5)
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SR UORK U, 38 F 48 s E AL AR R S AR TR
JK ST B ST A B Bl 1 U0 BRI B (Allgeo et al.,
2009) . R0 ZH R S B A )2 AR E AT AR XTI
Mogg . Uge U/Th Fl V/(VANI) FUAE , 5 /N0 & 4 A
JERL, PR TR TR AR . M2 T, IR
AR A28 N T I AT A Moy Uy U/
Th I V/(VAND) ELAA, HAFEAE“Fe-Mn A% " (1 7),
FEUA TP BT A S T A T & T U OR YK AL
() 55 RS BR B . AR AU 2 TOHS 0 5 4 A5 T Ve e 2
A HUT (TOC=9.8%) AL AR OT 2 8 w4 1
HBRA 2 REIE (8] 7) , 3 ST EE 4 T I AR R, 48 7R
EATIUR T AL e A w7 Tk A, B gtk
SR B AT . (AR B2, SR B DU BT
I UTRR AT 5 2 P AN I 20 5 o e e Y AT IR Y
MnO &g, DL SRR AE MR IR, =il
PR A B B A ) AU AR BT S T 5 IR o7
TELAENIE T A A BRI (B 7).

A AR 5 R i

TN, R ZHOE A DU B 559 LA
B AAARYIE X DUE , I R I R S B b S A LR
SR T ik BR 5% (Maynard, 2010; Yan et al., 2022) .
SR, FEAR MR ER AT IR, S 55 2 VR A I T L
R R (813C) M4 7 2 (380 R ik 5 [l (Wi S
L) RN TRE R AR R R A AR, B R TR A L
W5, HANAL T BILIT A fire i Ak R 42k 1 (K18 ), R
XU E AL RN M C A0 FESk H Tl KTy
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manganese deposit (base map modified after
Xu et al., 2020)
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HCO; & CO: . HIR & 5 kIR 0 W 16 K 5 P 1
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FRER W ¥ —Ak B )2 A7 3 IR Y TOC 7 i
S DS A 5 A LS s I T s ik T e %) s ™
B, RO Z A il S A TUA AR B
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T BT UURR A 5 H i 4 1) S A e A8 A B B, 3 3248
J2 DR SRy il SR K AR T s B AR 1 TTS Min 7 SRR R
AT DR R A A DT TE (4r 3OS, 2020; Dong
et al,, 2023) , X —FHAE 5 AR WM B A b s i L AR A
AT BT 48 Ak ) R U A8 A A

TR 5 A A i AL B B Ap
fig S E B (B HCOS ™ M1 CO2 ) AR 441 T, 3%
DUV AL I8 JE A5 I8 45 Mn2 R P A0 4 B 46 i 3
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R Z ), (R bW B 0T TE B AR KA i i
Mn? ¥ B, Ca2 il M2 Y 55 AL 345l 15 Mn2 ¥ LUJE
WEEERAT, BUMAZ A s Bk R Eh 0, At 7
fife A AV A (K 9a) o V5 () B ALY R4
B R o 3 S AR AT LB i Min2 3k A TR
FLER /K i (Glasby et al., 1999), {H -1 15 fift B 1155 %
B, FLBR K i i vk 1 2 /D B R AR IR | 5
B A B T2 B K TR 3R B ) (Pedersen et al.,
1982) . X F:[A] SHCEALIAEE T I BAK & 7 5 i K
Ay TEESEAE ST CEP A I AL i 7 T TR
RSB ) B () S ALY FE TURR K S 18 F 3k 4
5 BTN ST B AT R i Min2 ik 3 ) 35 4
15, B K & Mn-Ca 1 & AH 19 & 4 ik R £k 0 1 (1A
9b) , 5 4n NI 20 4 7 A J2 b R B R B T R A
(El4a.b) ., b 5 1 B i 58 e 0 % il Mn2 vk B2
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PLEEG SRR ER 0 b o RIS AR AL R TR
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Fig. 9 Schematic diagram of Mn enrichment mechanism of the Dongxiangqiao Manganese deposit
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Fig. 10 Model for deposition of the Dongxiangqiao sedimentary-type manganese deposit in the southern Hunan region
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plutons with high heat production rates and uranium deposits featuring radioactive heat production form a favorable crustal heat
source. Furthermore, deep-seated faults serve as pathways for the upward intrusion of deep thermal materials while supplying heat
sources for the formation of shallow HDRs. The favorable thermal source conditions and the upward intrusion of deep thermal
materials along deep-seated faults jointly lead to the formation of a favorable HDR target area represented by plutons around
Reshuiwei in southeastern Hunan. As inferred from the comprehensively determined geothermal gradients, the concealed and tight
granite plutons with scarce fractures and burial depths ranging from 4000 to 6000 m in the Reshuiwei geothermal field exhibit
temperatures reaching 176.80-256.60°C, serving as favorable HDRs to be explored and exploited in the near future.

Keywords: hot dry rock; geochemistry; gravity, magnetic, electricity, and seismic combination; heat source-related mechanism;

genetic mode; Reshuiwei
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Fig.1 Regional geology and rock mass distribution map of the Reshuiwei Area
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Table 1 Measured geothermal gradients of major boreholes in the Reshuiwei geothermal field
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625251 M B HH IR AE AT, HOKEFHBESEIVRRS M Mountain Home HbIXHERT T FH A J1iTAd . W. 1.
PRI — AT 110°C, NATIRRMEAHNA  Hinze P92 KHFIAE. BREEHET T
PEAEIEL R B IR T A, RGO R AR SRR . A, Rimi 285U R RS S O R
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Fig.2 \Vertical cross section showing disturbances to the P-wave velocity along the 25N seismic section of southern China
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31 AERE

FRIE (L) T B T AUKEF sk ) it iin
MF 2 B, FAOKEF b A R R A B N 79.4~
143.9°C, H A AL TR F03ALCR 1. 2R 24 ZK1,

3

ZKA) IR Bl TR N 135.8~143.9°C . TR AU H:
SRKFEZ IR HOK 5 ZA KRG K, BRIt
bR ARIE A B AR IR FE — MmN o HEWTAE FAOKET
H A AR AT RERAF A 150°C LA B il e i,
A RIFH T REE AR 7T

R2 PIKITFHAERMERE SO, BiNATTHEER

Table 2 Geothermal reservoir temperatures of the Reshuiwei geothermal field calculated using SiO, geothermometry

IR K SiO, Jii F iRk Y SiO, IARTHH I IR K SiO, B E SiO, AR THH
N fLgm 5 (mg LY FAfi L /°C N fLgm 5 /(mg 1Y) At E/°C

=1 112 143.6 ZK19 30 79.4

"2 112 143.6 ZK21 60 110.5

ZK1 1125 143.9 SK5 75 121.7

ZK4 97.5 135.8 | 44 95.9
ZK15 46 98.0 i 62 112.1
ZK16 88 130.2 — — —
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A NE, Us The K SEHWE R, 2XNEA
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U, ST XA AU P A R B AR
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ZIR(ET I E), ARRNEWHY B oL B
H, DX PR A AR e 32 O 1 G 2R AR R
VIR BRI A A0 B AR A 51 R R 3 i
AR B BAGAR KRBAEER,  FEA WA & Al AR
TARTE AR R A (AR, th TR it Tk R 1 S5 22
PR R, ORI G R ARIR AR X ) R, T
4000 m PAREA BUUT ) R BT 5t

SRLAF T X A (328 )1 -FAOK BT 41 2 NE [ JR A
5232 1] - K B A (3% 1| T 24 5 H K BT 2418 B Bz X
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FME SRR LA FEWTRL FE IR AR,
I 6 bR R ILEA, R BRI SR KR 75°C,
Tk 72 mfhe BOKEF GRS BT 3R SR8 S A AR
(R RBEYIMZEEER, Hob R i 52
SBHEAE R D 72.66 mWIm?, 3 T4 BRE 2
FETBORE 2R $aB 40 mW/mPHT), 3 J2 ok 3T 1 X s 4
FHEMNEERHREZ —,

R 3 AUKITHXERAFRS TR RERRITHLER

Table 3 Results of the radioactive element tests and heat production rate calculation of granite samples from the Reshuiwei area

e st TEE A .
Fa ey a 22 /(10%kg m” /(LW -m”
U/0* Th/10°® K/% H0°kg ) (WWem)
e, I et 6.33(1) 18.70(1) 3.15(1) 2.63(1) 313(1)
- 534-4530  14.50~52.70 2.37-5.24 2.58-2.69 3.72-14.86
(ENREP=N Bt RS
17.39(28) 34.18(28) 4.16(28) 2.64(28) 7.07(28)
887-2720  13.00~47.60 3.14-5.20 2,61-2.69 414-9.51
SLEAER B KN
16.71(20) 35.27(20) 4.15(20) 2.65(20) 6.99(20)
749-3890  12.20-49.90 3.13-451 2.56-2.66 3.25-1137
HRIGEAR Bt RS
17.86(8) 27.86(8) 3.79(8) 2.62(8) 6.66(8)
ARk AR 9.05(1) 26.70(1) 4.35(1) 2.64(1) 4.48(1)
15.40-49.80  12.20~4550 3.20-5.35 2.58-2.68 5.86-14.72
el EXON BAREN S
24.80(10) 28.14(10) 3.98(10) 2.62(10) 8.44(10)
it 534-4980  12.20~52.70 2.37-5.35 2.562.69 3.13-14.86
18.05(68) 32 53(68) 4.08(68) 2.64(68) 7.11(68)

T R 5.34~45.30/17.39(28) i/ ME~ B KAEFFIIE (RERMED.

33 E. #i B RRIRAVRED MR RRD
Hr
331 ARG FARIG RO EIR AR LZALY

Huang 21T P I EMT G 45 5 BoR p E v
FREBHLIX 200 km DA b3 FE 5 BBl A Dl K Bl 7 3 72 8
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AR T P 4 = 24 R 2 g A2 2 3 7 o 2 R B
ICHR AT R B IR S & o A Bl =445
PR BERE . S PEREEE A, Wil 4 FroR. HBBALAAR
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SRAR 38— ERAE 12~15 km (195 901 B U0 s i 7
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R 2 R FIR YR . STIRAA TR AL %
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B R LM L, B IX BRI 24T AT e
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B

[SRENGPR RN LAY it ey

K3

R IRPM IR P TR F T P S A 3 ol A 4 R e i A 85 A A TR

Fig.3 Electrical structure model of the Jiangnan Orogen and Cathaysia Block in the southern section of the Dajing-Quanzhou

magnetotelluric sounding profile
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K4 i, Hepg e s Heas & i o B = Sk o A A i 2k

Fig.4 Curves of the data column models of the 3D lithospheric structure in the Yangtze and South China plates and their suture zone
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Fig.5 Crustal P-wave velocity profile of the Fenghuang-Chaling section
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Fig.6 Gravity and magnetic characteristics of the Reshuiwei area and the deep thermal structures they reflected
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Fig.7 Map showing the superposition of the Curie depth derived
from magnetic anomaly inversion, plutons, deep faults, and thermal
spring outcrops
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Fig.8 Formation mechanism and mode of hot dry rocks in the Reshuiwei geothermal field, Hunan Province
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Analysis of CBM Geological Conditions in Lengshuijiang Mining Area in

Central Hunan Province
DU Jiang'?, CAI Ningbo'?, ZHANG Liangping'

(1. Geophysical and Geochemical Survey Institute of Hunan, Changsha 410014, China; 2. Hunan Geological New Energy
Exploration and Development Engineering Technology Research Center, Changsha 410014, China)
Abstract: Based on exploration data and experimental data, analyzes the coal seam gas —bearing
property and reservoir characteristics of Lengshuijiang mining area, and estimates the amount of CBM
resources. Research shows that the cumulative thickness of the 3rd and the 5th coal seams in the study
area is 3.5 m. The gas content of the 3rd and the 5th coal seams are generally greater than 8 m*/t, up to
20.37 m’/t. The 3rd and the 5th coal seams have a more broken coal body structure, more developed
pores and fissures, poor permeability, good adsorption, and moderate reservoir pressure.The geological
resources of CBM in the study area is 28.37x10® m’, and the resource abundance is 0.61x10® m*km?,

which has good resource prospects.

Key words: gas—bearing property; reservoir characteristics; resources; Lengshuijiang mining area; CBM
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Abstract: The Mibei gold deposit, located in the southwestern part of the Xuefengshan uplift zone, the middle section of
the Jiangnan orogenic belt in southern China, has estimated gold resources of approximately seven tons. This deposit is
primarily a quartz vein-type gold deposit, with ore bodies occurring mainly within Neoproterozoic metasediments. The
main metallic minerals in the ore are pyrite, chalcopyrite, and arsenopyrite. In this study, the petrography and
microthermometry of ore-forming fluid inclusions, oxygen isotopes of gold-bearing quartz, and sulfur isotopes of gold-
bearing sulfides and arsenopyrite were analyzed. Three types of fluid inclusions were identified: type la three-phase
inclusions comprising vapor and two phases of liquids (Vo2 + Lcoz + Lizo), type Ib two-phase liquids (Lcoz + Lizo), type
I two-phase vapor-rich inclusions (V/V + L > 50%), and type Il pure liquid inclusions. Type | inclusions were heated
uniformly to the liquid phase, type Il inclusions were heated uniformly to the gas phase, and type Il inclusions were heated
without change. In general, the temperature range of homogenization to liquid phase of fluid inclusions in the Mibei gold
deposit is 204-227°C. The salinity of the inclusion ranges from 4.6 to 12.2 wt% NaCl equiv. The 5**Ogyow 0f gold-bearing
quartz varies from 16.9%o to 17.5%o. The 60y Of gold-bearing quartz are varied from 6.5%o to 7.5%o. The 5% values of
gold-bearing pyrite range from 1.7%o to 6.8%o. The 6**S values of gold-bearing arsenopyrite range from 5.6%o to 5.9%o. The
5%S values of pyrite from wall rocks slate range from 6.4%o to 11.6%o. This evidence implies that the ore-forming fluids of
the Mibei gold deposit originated from magmatic-hydrothermal processes, mixing with minor S from the surrounding
metasediments. Combined with the evolution of the Jiangnan orogenic belt, due to the magmatic and tectonic activities of
the Xuefengshan uplift during the Caledonian period, the fault seal mechanism controlled the ore-forming process. Overall,
the Mibei gold deposit is more akin to a magmatic-hydrothermal gold deposit.

Key words: ore-forming fluid, ore genesis, Mibei gold deposit, Xuefengshan uplift zone, Jiangnan orogenic belt
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1 Introduction

The Jiangnan orogenic belt is rich in mineral resources,
including gold (Lu et al., 2020; Zhang L et al., 2020; Han
et al.,, 2021; Li W et al., 2021), antimony (Li H et al.,
2018), chromite (Liu et al., 2021), manganese (Pei et al.,
2017; Yang et al., 2022), tungsten (Chen et al., 2012;
Zhang Y et al.,, 2020) and more. Geochronology has
proven that gold mineralization of the Jiangnan orogenic
belt mainly occurred during the Caledonian period (Peng
et al., 2003) and the Indosinian—Yanshanian period (Deng
et al., 2017; Li W et al, 2021). However, there is
significant controversy regarding the genesis of ore
deposits (Hu et al., 2017; Xu et al., 2017; Zhang et al.,
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2018). In the Jiangnan Orogen, Au and Au-Sh deposits are
classified into several types, including orogenic deposits
(Zhang et al., 2018; Zhang Y et al., 2020), magmatic-
hydrothermal deposits (Hu et al., 2017; Li W et al., 2018),
stratiform hydrothermal deposits (Gu et al., 2005), and
intracontinental tectonic reactivation-type deposits (Xu et
al., 2017). The Hunan polymetallic mineralization
province, located in the middle section of the Jiangnan
orogenic belt, is rich in gold deposits. Within its borders,
58 large- to small-scale gold deposits have been
discovered, with a cumulative confirmed gold reserve of
600 t (Huang et al., 2020). The Xuefengshan uplift zone is
one of the most important structural units in this region
and hosts several significant gold deposits, such as the
Woxi, Yuhengtang, Xingfengshan, Mobin, and
Taojinchong gold deposits (Yan et al., 1994; Ding and

© 2024 Geological Society of China
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Wang, 2009; Bai et al., 2021; Li W et al., 2021; Dai et al.,
2022). Thus, the different ages and genetic types of gold
deposits developed in the Xuefengshan uplift zone could
provide effective information for tracing the genesis of
gold mineralization in the Jiangnan orogenic belt.

The Mibei gold deposit, along with the Mobin, Xiaojia,
and Taojinchong gold deposits, is located in the
southwestern part of the Xuefengshan uplift zone.
Mineralization in the Mibei gold deposit consists of gold-
bearing quartz veins hosted within the second section of the
Wougiangxi Formation of the Neoproterozoic Banxi Group.
Although basic geological research has been conducted on
the Mibei gold deposit, such as the distribution of ore
bodies and the occurrence of gold (Xie, 2014; Yang, 2019),
the fluid source and ore genesis still need to be discussed.
The petrography and microthermometry of fluid inclusions,
oxygen isotopes of quartz, and sulfur isotopes of pyrite in
the Mibei gold deposit were analyzed in this study,
providing a new perspective of the characteristics and
sources of ore-forming fluids. Additionally, this study
combines the regional geological context to elucidate the
ore-forming mechanisms and deposit types of the Mibei
gold deposit. This study serves as a crucial foundation for a
deeper understanding of ore-forming mechanisms during
the Caledonian period in the Xuefengshan uplift belt, Hunan
polymetallic mineralization province. Finally, the genetic
type of the gold deposits was determined, referring to the
significant magmatic activity in the Jiangnan orogenic belt.

2 Geological Setting

The study area is situated in the southwestern segment
of the Xuefengshan metallogenic belt (Fig. 1b), which is
located along the eastern margin of the Yangtze Block
and adjacent to the Yangtze Block and the South China
fold belt junction zone (Fig. la; Wang et al., 2005;
Zhang et al., 2009; Zheng et al., 2022). The exposed
strata in the vregion primarily consist of the
Neoproterozoic, Cambrian, Cretaceous, and Quaternary
strata (BGMRHN, 1988). The Neoproterozoic strata
consist of a lower segment comprised of slates of the
Lengjiaxi Group and its equivalents, an intermediate
segment comprised of slates and metasedimentary rocks
of the Banxi Group, and an upper segment of Ediacaran
formations. The Cambrian strata are well developed in
the study area, primarily in the southern part (Chu et al.,
2012). The dominant rock type is carbonaceous shale,
followed by siliceous rock (Liu et al., 2022). The lower
Cambrian segment conformably overlies the Ediacaran
Formations. From bottom to top, it is divided into the
Aoxi and Huagiao formations (Wang C S et al., 2013).
The Aoxi Formation is primarily composed of
carbonaceous shale, with limestone as the secondary
lithology, whereas the Huagiao Formation consists of
limestone interbedded with carbonaceous shale. The
upper segment of the Cambrian strata can be divided
from bottom to top into the Chefu, Bitiao, and

Fig. 1. (a) Sketch map showing tectonic units of the middle of Jiangnan orogenic belt (modified after Mao et al., 1997), (b) simpli-
fied geological map of Hunan Province (modified after Hunan Institute of Geology Survey, 2017; Bai et al., 2021).
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Tianjiaping formations. These formations consist of
marlstone and argillaceous limestone from bottom to top.
The Permian strata are limestone, exposed in the
southern Lishan—Kezhai area, and are unconformably
overlain by the Banxi Group (Zhang et al., 2010).
Cretaceous strata of the DongJing Formation are present
on the northern edge of the area and around Xinhuang
County. The lower part of this formation consists of a
conglomerate overlain by light purple-red sandstone,
showing an angular unconformity with the underlying
strata (Wang et al., 2022). The Quaternary strata are
mainly distributed on terraces along riverbanks and gully
valleys. They consist of sandy clay, sub-clay, and gravel-
sand layers, among others.

The region has experienced a complex tectonic history
since the Paleoproterozoic, including the Caledonian,
Yanshan, and Indosinian movements, resulting in an
intricate structural pattern (Li and Li, 2007; Chu et al.,
2015; Wang et al., 2020). The main framework of this area
is composed of northeast-northeast to east-northeast-
trending fold and fault structures (Chu et al., 2012). The
northeast-trending structures primarily consist of a series
of northeast-trending fold axes, and compressional and
compressional-shear  faults. These northeast-trending
structures are most widely distributed within the territory
of Xinhuang County and include features such as the
Mawang anticline, Tiantang—Hetan syncline, Jinchangxi
anticline, and Xiashenzhu syncline. The major
compressional reverse faults in the northeast direction
include the Dalong thrust, Fulu thrust, Huashan reverse,
Yanjia, Mibei, and Luoyan reverse faults. The NE-trending
folds and faults developed during the Caledonian period,
and the NNE-trending folds dominated the thrust nappe-
fold belt during the Yanshanian period (Fang et al., 2002).
Additionally, there are a few small-scale northwest to
north-northwest trending fault structures in the area, likely
associated with compressional shear faults, with
predominant characteristics of extension and extension-
shear (Hunan Metallurgy Team 245 et al., 1975).

The Jiangnan orogenic belt, an accretionary orogenic
belt, is located along the suture zone between the Yangtze
Craton and the Cathaysia Block; its development occurred
between 870 and 805 million years ago (Zhao and
Cawood, 1999; Yao et al., 2019; Mao et al., 2022). The
magmatic and tectonic activities that occurred between
830 and 770 million years ago in the Jiangnan orogenic
belt are thought to represent a transition from subduction
to collision with the orogenic belt (Chen et al., 2018;
Huang et al., 2019; Yan et al., 2021), which is primarily
characterized by ductile shear deformation (Yao et al.,
2021). Gold mineralization in the Jiangnan Orogen
occurred primarily during the Caledonian (~420 Ma) and
Yanshan periods (~200 Ma) (Peng et al., 2003; Deng et
al.,, 2017; Bai et al., 2021; Du et al., 2022; Zhu et al.,
2023). The Xuefengshan uplift, located in the central part
of the Jiangnan Orogen, contains gold and gold-antimony
deposits primarily associated with the magmatic-tectonic
activities during the Caledonian and Indosinian—Yanshan
periods (Huang et al., 2020). During the Caledonian and
Indosinian—Yanshan periods, the southern section of
Xuefengshan underwent significant compressional
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deformation, resulting in NE-NNE trending folds and
reverse faults (Bai et al., 2014), playing a crucial role in
gold mineralization within the uplifted zone (Peng, 1999;
Lu etal., 2005).

The region is rich in mineral resources, with the
discovery of over 20 different minerals including gold,
lead-zinc, copper, potassium, vanadium, scheelite,
cadmium, refractory clay, quartz crystals, phosphorus,
iron, mercury, antimony, cobalt, molybdenum, nickel,
manganese, silver, rare earth elements, rare metals,
limestone, and dolomite (Li Y H et al., 2021; LUet al.,
2021; Bai et al., 2022). Gold deposits are primarily located
in the Mibei area, whereas scheelite, lead-zinc, vanadium-
molybdenum, and phosphorus deposits are predominantly
found in the Gongxi area of Xinhuang County.

3 Ore Geology

The main exposed rock formations in the Mibei gold
mine area are the second unit (Ptbnw?) of Wugiangxi
Formation of the Neoproterozoic Banxi Group, along with
a small amount of Quaternary deposits (Fig. 2a). Ptonw?
comprises grayish-green and bluish-gray thinly to thickly
bedded fine-grained sandstone containing tuffaceous and
banded fine-grained sandstone. It exhibits ribbon-like and
banded structures with alternating sandstone and
mudstone layers. The Quaternary consists mainly of clay,
sub-clay, and weathered rock fragments that are
predominantly distributed on both sides of the streams as
alluvial deposits. The main structural feature of the area is
the Jinchangxi anticline, which is part of a regional
anticline with an overall trend of approximately 38<=43<
The Jinchangxi anticline serves as the primary ore-
controlling structure in the mining area, and gold ore
bodies are located within the fractured zones in the core
and on both flanks of the anticline. Magmatic rocks are
not well developed in the area, with only limited
occurrences of sodium-rich silicified rocks and a few
hydrothermal calcite and quartz veins found in clastic
rocks.

The Mibei gold deposit in Xinhuang County, Hunan,
has an estimated gold resource of approximately seven
tons (BGMRHN, 2013). This deposit is primarily a quartz
vein-type gold deposit, with orebodies occurring mainly
within the Ptonw?. The orebodies consist of discontinuous,
layer-like veins composed of a network of vein-like and
vein-shaped quartz (Fig. 2b). The boundaries between the
surrounding rocks and orebodies are visible, with the
orebodies primarily occurring at the intersection of the
lower part of the fractured zones and joint fractures. The
orientation of the orebodies is predominantly north-
northeast. The thickness of the orebodies varies, with the
thickest being approximately 1 meter and the thinnest
ranging from a few centimeters to over 10 cm, generally
averaging about 50-60 cm. In the mining area, a total of 6
gold-bearing quartz veins have been discovered, all
trending north-northeast, which were formed in the
Caledonian period (Bai et al., 2014), with lengths ranging
from 130 to 1000 m and widths extending more than 50 m
(Fig. 3). The main ore minerals are pyrite, chalcopyrite,
and arsenopyrite. The gangue minerals primarily consist of
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Fig. 2. (a) Geological map of the Mibei gold deposit (modified after Li and Yu, 1991; Xie, 2014); (b) Mibei gold mine explora-
tion profile line chart.

Fig. 3. The distribution characteristics of ore bodies in the Mibei mining area.
(a) The boundary between the surrounding rock and the quartz vein can be seen in the outcrop of the Mibei Township; (b) the ore bodies in the Mibei
mining area are formed between slate and quartz veins; (c) Mibei gold-bearing quartz vein; (d) the ore body between quartz vein and surrounding rock

is produced along the layer.
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quartz, calcite, and plagioclase (Fig. 4). The ore structures
are mainly composed of inclusions, replacement,
fracturing, and star-like structures. Depend on the mineral
assemblages and the crosscut relationship, the
mineralization of the Mibei gold deposit is mainly divided
into three stages: the quartz-pyrite stage (Stage 1), the
early stage of gold mineralization, is characterized by the
emergence of a small amount of pyrite and a large amount
of quartz (Fig. 4a); the pyrite-arsenopyrite-chalcopyrite-
gold-quartz-sericite stage (Stage 1), the main metallogenic

stage of gold mineralization, are characterized by the
appearance of more pyrite, arsenopyrite, and chalcopyrite
in the quartz veins (Fig. 4b—d); pyrite-quartz-calcite stage
(Stage 1), the late stage of mineralization, developed the
pyrite, calcite, chlorite (Fig. 4e, f). Within approximately 1
meter of either side of the ore veins, there are observable
alterations in the rock formations, including sericitization,
carbonate alteration, arsenopyrite alteration, chloritization,
and epidotization (Fig. 5).

Fig. 4. Mineral composition and structural characteristics of the Mibei gold deposit under microscope.

(a) Visible quartz with pyrite (reflected light); (b) quartz arsenopyrite is embedded by pyrite (reflected light); (c) disseminated pyrite in quartz
(reflected light); (d) a small amount of chalcopyrite can be seen in quartz (reflected light); (e) plagioclase is metasomatized into chlorite; () visible
lattice twin plagioclase. Apy: arsenopyrite; Cal: calcite; Ccp: chalcopyrite; Chl: chlorite; Py: pyrite; Qz: quartz.
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Fig. 5. Alteration characteristics of the Mibei gold deposit.

(a) Quartz arsenopyrite and pyrite are spotted (reflected light); (b) quartz vein alteration zone in ore-bearing surrounding rock, plagioclase me-
tasomatism sericitization to form sericite; (c) plagioclase and a small amount of sericite coexist in the surrounding rock of the ore-hosting rock, and
the plagioclase sericite metasomatizes to form sericite (transmitted light); (d) plagioclase sericitization (transmitted light) in quartz; (e) calcite chlori-
tization-propylitization (transmitted light); (f) sericite veins (transmitted light) occur in quartz. Apy: arsenopyrite; Py: pyrite; Qz: quartz; Ser: seric-

ite; PI: plagioclase; Cal: calcite.

4 Sampling and Analytical Methods

Two unweathered slate wall rocks and three mineralized
slates were collected from the regional surface of the gold
deposit. Eighteen samples from the main mineralization
stages were collected from underground workings (with
elevation of +25 m) in the Mibei gold deposit. Doubly
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polished thin sections were prepared for the fluid inclusion
study, and typical samples were crushed to 40-80 meshes
for mineral separation. Pyrite, arsenopyrite, and quartz were
handpicked using a binocular microscope. All mineral
separates were cleaned in an ultrasonic bath before being
powdered using an agate mortar. Pyrite and arsenopyrite
were analyzed for S isotopes and quartz for O isotopes.
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Fig. 6. Microscopic photos of fluid inclusions in the Mibei gold deposit.

(a) Oval Vcop + Lcoz + Lo two-phase inclusions (type 1a) in quartz at room temperature; (b) irregular Veo, + Leoz + Lo two-phase inclusions
(type la) in quartz at room temperature; (C) Lcoz + Luzo two-phase inclusions (type 1b) and pure liquid H,O inclusions (type I11) in quartz at room
temperature; (d) two-phase, vapor-rich fluid inclusions (type 1) in quartz at room temperature.

Table 1 Microthermometric data for fluid inclusions in the Mibei gold deposit, Hunan

Sample Stage Type Minerals Tice (°C) Th-total (°C) Salinity (%)
XH-2 1 Ib Quartz -9.2t0-24 205.8 to 273.2 40t013.1
I la Quartz —4.7t0-3.3 191.2 to 208.0 54t07.4

MB-2 1T Ib Quartz —8.4t0-5.2 181.2 to 232.6 8.1to12.1
I I Quartz -7.3t0-2.8 222.110 259.6 4610108
I la Quartz —6.3t0 5.2 205.31t0 213.6 8.1t09.6

MB-3 I b Quartz —8.2t0 4.8 183.0 t0 247.3 7.6t011.1
Il 11 Quartz -5.3t0-4.4 219.8t0225.3 6.9t08.3

XH-3 111 Ib Quartz —7.810—3.8 177.8t0 242.3 6.2 t0 11.5

equiv.; Type Ib fluid inclusions have freezing point
temperatures varied from -8.2°C to —4.8°C,
homogenization temperatures varied from 183.0C to
247.3<C, and salinity varied from 7.6 to 11.1 wt% NacCl
equiv.; Type Il fluid inclusions show freezing point
temperatures varied from —5.3°C to —4.4°C,
homogenization temperatures varied from 219.8<C to
225.3<C, and salinity varied from 6.9 to 8.3 wt% NaCl
equiv.

In sample XH-3, Type Ib fluid inclusions have freezing
point temperatures varied from -7.8°C to -3.8°C,
homogenization temperatures varied from 177.8<C to
242.3<C, and salinity varied from 6.2 to 11.5 wt% NacCl
equiv.
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6 Isotope Geochemistry

6.1 Oxygen isotope composition

The &®Omineralsyow of quartz from the main
mineralization stages was analyzed (Table 2; Fig. 9). The
51805MOW are varied from 16.9%o to 17.5%o. The o 8OHzo
are varied from 6.5%o to 7.5%o.

6.2 Sulfur isotope composition

Sulfur isotope compositions of pyrite and arsenopyrite
from the ores are listed in Table 3 and graphically shown
in Fig. 10. The 6**Scpr values of pyrite from slate range
from 6.4%o to 11.6%o. The 0**Scpr values of pyrite from
ore range from 1.7%o to 6.8%o. The 5*Scpr values of
arsenopyrite from ore range from 5.6%o to 5.9%o.
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Fig. 7. Homogenization temperature and salinity histogram of quartz fluid inclusions in the Mibei gold deposit.
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Fig. 8. Homogeneity temperature-salinity diagram of fluid
inclusions in the Mibei gold deposit.
Dashed line denotes isodensity line (based on Bodnar, 1983).

Table 2 O isotope values of quartz in the Mibei gold deposit,
Hunan

Sample 3" Ov.smow (%o0) "0pi20 (%o) Thtotal (°C)
20MB-2-1 175 71 222.2
20MB-2-2 16.9 6.5 222.2
20MB-3-1 17.3 6.9 222.2
20MB-3-2 17.1 6.7 222.2

7 Discussion

7.1 Features and sources of the ore fluids

The fluid inclusions in the Mibei gold deposit are
primarily composed of aqueous and CO,-bearing
inclusions (Fig. 6). The ore-forming temperature falls

https://www.cnki.net

148

within the 177.8°C to 259.6°C range, with salinity less
than 12 wt% NaCl equiv. The ore-forming fluids exhibit
medium-to  low-temperature and low-salinity
characteristics. This is consistent with the fluid
characteristics of other coeval gold deposits in the same
region, such as the Pincha gold deposit in the southern part
of the Mibei gold deposit (Peng and Hu, 1999), the Mobin
gold deposit southeast of the Mibei gold deposit (Ding and
Wang, 2009), and the Taojinchong gold deposit in the
eastern part of the Mobin gold deposit (Yan et al., 1994).
The ore-forming pressure in the Mibei gold deposit ranges
from 1.50 to 3.46 MPa, indicating a shallow, low-
temperature ore-forming environment.

The 51805MOW of quartz ranging from 16.9%o to 17.5%o
reflects a low temperature alteration and/or contamination
process (Deng et al., 2011). The §**0 values of water in
fluid inclusions within the quartz veins, calculated using
the equation (1000INaquarz-H20 = 3.38 < 10% < T2 - 3.40;
Clayton et al., 1972), range from 6.5%o to 7.1%o, which
resemble those of magmatic water (5.5%0—9.5%o;
Sheppard, 1986; Cui et al., 2021). This evidence implies
the presence of magma-derived fluid. Many gold deposits
at the southwest part of Xuefengshan uplift show similar
oxygen isotopes in quartz, such as Pingcha (3.3%0 <
8O0 < 5.3%0; Peng and Dai, 1998); Mobin (—0.4%o <
6020 < 5.1%0; Ding and Wang, 2009); Taojinchong
(—2.0%0 < 6*®0po0 <8.9%o0; Yan et al., 1994), and Woxi
gold deposit at the northwest end of Xuefengshan uplift
zone (4.3%o < 50u20 < 8.2%o; Luo et al., 1984; Peng and
Frei, 2004).

The pyrite in the Mibei gold deposit exhibits low §*'S
values ranging from 1.7%o to 6.8%o, which is consisted with
the *Scpr values of arsenopyrite of ore, which ranged
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Fig. 9. The comparison diagram of quartz oxygen isotope in
the metallogenic period of gold deposits, in the Xuefengshan

uplift zone.
Data from Luo et al., 1984; Yan et al., 1994; Peng and Hu, 1999; Ding
and Wang, 2009.

Table 3 Sulfur isotope values of sulfides in the Mibei gold
deposit, Hunan

Sample Mineral 5**Sv.cor (%o)
20XH-1 6.4
2XH-2 116
20XH-3 o 5.8
20MB-2-1 Y 57
20MB-2-2 6.8
20MB-3-2 17
20XH-3-1 A 59
20XH-3-1 Py 5.6

from 5.6 to 5.9%o. The 5**S values of gold-bearing sulfides
are close to the values of magmatic sulfur (6*S = 0 + 5%s;
Ohmoto, 1986). Many gold deposits in the Xuefengshan
uplift belt, confirmed to have magmatic-hydrothermal
characteristics in their ore-forming fluids, show similar 5*S
values of gol sulfides, such as the Woxi gold-antimony
deposit (—5.8%0 < 0*'Sw.py < 0.4%o; Dai et al., 2022), the
Yuhengtang gold deposit (—5.0%0 < 0**S < 5.3%o; Li W et
al., 2021), and the Daping gold deposit (0.23%o < (534SW.py <
1.98%0; Kong et al., 2022). Besides, in this study, the
0*Scor values of pyrite from the surrounding slate of the
Wugiangxi Formation were also analyzed, ranging from 6.4
to 11.6%o, which overlap with 6*S values of pyrite of the
Mibei gold deposit (5.8%0 < 534SW.py < 11.6%o0, N =3; 5.6%0
< 0*Sw.apy < 5.9%0, N = 2; Fig. 10). This suggests that the
minor sulfur in the Mibei gold deposit originated from the
surrounding rock. Therefore, the ore-forming fluids of the
Mibei gold deposit originated from magmatic-hydrothermal
processes and were mixed with minor sulfur from the
metasedimentary wall rock.

7.2 Genetic type of the Mibei gold deposit

The Mibei gold deposit occurred in the form of a gold-
bearing quartz vein hosted by Precambrian
metasedimentary deposits on an orogenic belt; it shows
medium to low temperature and low salinity of the ore-
forming fluid, which is similar to the orogenic gold
deposit (Groves et al., 1998; Goldfarb and Groves,
2015). The ore-forming fluids of orogenic gold deposits
are metamorphic hydrothermal fluids, and the release of
gold-rich fluids is caused by metamorphism from
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Fig. 10. Comparison diagram of metal sulfide 6*S of gold

deposits in the southwest section of Xuefeng Mountain.
Data from Yu, 1987; Ohmoto, 1986; Liu et al., 1997; Liu S F et al., 2017;
Peng et al., 2023.

greenschist facies to amphibolite facies in the upper crust
(Goldfarb et al., 2005; Large et al., 2011; Steadman and
Large, 2016; Deng et al., 2022). However, the 60
values of gold-bearing quartz veins and §*S values of
gold-bearing pyrite and arsenopyrite at Mibei in this
study implied magmatic source of ore-forming fluids.
Although %S values of sulfides at Mibei show the
mixing of minor sulfur originated from the surrounding
rock, the surrounding slate have low contents of Au (The
whole-rock Au contents of slate <1 ppb; Li W et al.
2021). Therefore, the surrounding metamorphic slate
could not have provided gold-rich fluid to the Mibei gold
deposit. Alternatively, magmatism could have released
ore-forming fluids for the Mibei gold deposit, which is
similar to the Carlin-type Au deposits in Nevada, USA
(Barker et al., 2009) and metasedimentary-hosting lode
gold deposits in the Jiaodong Peninsula, eastern North
China Craton (Deng et al., 2023). These features are
indicative of a magmatic-hydrothermal ore deposit in the
Mibei gold deposit. In the Xuefengshan uplift, a previous
study also demonstrated some magmatic-hydrothermal
ore deposits, such as the Yuhengtang gold deposit (Li W
et al., 2021) and the Wangu gold deposit (Deng et al.,
2017).

7.3 Possible metallogenic process of the Mibei gold
deposit

Research indicates that the deposits formed during the
Caledonian period in the Jiangnan Orogen are related to
regional metamorphism that occurred between 465 and
445 million years ago (Peng et al., 2003; Wang et al.,
2011; Ni et al., 2015). However, gold mineralization is
believed to have occurred during the later stages of the
Caledonian movement (Liu A L et al., 2017) and is
associated with magmatic activity in the region between
445 million and 390 million years ago (Wang Y J et al.,
2013; Tang et al., 2022; Fig. 11).

Wang (1999) reported a K-Ar age of 404 Ma by the ore-
related K-feldspar within the interlayer veins of the Maobin
gold deposit in the eastern part of the Mibei gold deposit.
Peng (1998) obtained an Rb-Sr age of 435 9 Ma by the
gold-bearing quartz from the Pingcha gold deposit located
in the southern part of the Mibei gold deposit. Li Y H et al
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Fig. 11. Structure-magma-mineralization event diagram in Xuefengshan uplift zone.
Data from Hu et al., 1992; Xu et al., 1992; Zhao et al., 1997; Lu et al., 2006; Li et al., 2008; Shu et al., 2008; Dong et al., 2010; Wang et al., 2010;
Zhang et al., 2011; Wang et al., 2012; Zhang C L et al., 2013; Zhang Y Z et al., 2013; Xu et al., 2014; Wang et al., 2014; Du et al., 2021; Bai et al.,

2022; Tang et al., 2022.

(2021) reported a Re-Os isochron age of 400 +24 Ma by
the gold-carrying arsenopyrite from the Pingqiu gold
deposit in the southern part of the Mibei gold deposit.
Gold deposits with similar geological conditions near the
Mibei gold deposit have ages ranging from 435 Ma to 400
Ma (Fig. 11). Therefore, it is inferred that the age of gold
mineralization in the Mibei gold deposit is approximately
400 Ma.

Gold mineralization in the Hunan polymetallic
mineralization province, located in the middle section of
the Jiangnan orogenic belt, is closely associated with the
magmatic and tectonic activities of the Xuefengshan uplift
during the Caledonian period (Wang et al., 2021; Tang et
al., 2022). The Woxi syncline, Huangtuao syncline, and
Yuezhai NE-trending faults served as channels for ore-
forming fluids. Gold was primarily transported in the form
of gold-sulfur complexes. Owing to the overthrust of the
Lengjiaxi Group caused by a reverse fault at the base of
the Lengjiaxi Group, which uplifted the Baxi Group, the
fault seal mechanism controlled the ore-forming process
(Bai et al., 2014; Liu et al., 2022). This led to increased
fractures, reduced pressure, fluid oxidation, and rapid gold
deposition (Li et al., 2022).

The mineralization process at the Mibei gold deposit
can be summarized as follows:

First, during the later stages of the Caledonian
movement, as the Jiangnan Orogen transitioned from a
collisional to an extensional regime, large-scale
magmatism carrying ore-forming fluid occurred and was
uploaded into the shallow regions of the crust.

Second, the magma released heat and hydrothermal
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fluids that migrated and mixed with minor amounts of S
from the surrounding slate when the hydrothermal fluids
passed through the metamorphic strata.

Third, as the western segment of the Xuefengshan uplift
gradually rose, a fault valve mechanism was triggered. In
areas with interbedded sliding surfaces and fractured
zones, the pressure of gold-bearing hydrothermal fluids
decreased. This reduction in pressure caused fluid
oxidation, leading to the destabilization of gold-sulfide
complexes and subsequent precipitation of gold.

8 Conclusions

(1) The ore-forming fluids of the Mibei gold deposit
originated from magmatic hydrothermal processes and
were mixed with minor sulfur from the metasedimentary
wall rock.

(2) The Mibei gold deposit is more akin to a magmatic-
hydrothermal gold deposit.

(3) Because the magmatic and tectonic activities of the
Xuefengshan uplift during the Caledonian uplift of the
Baxi Group, the fault seal mechanism controlled the ore-
forming process.
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