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Article 

Gradual Failure of a Rainfall-Induced Creep-Type Landslide 
and an Application of Improved Integrated Monitoring System: 
A Case Study 
Jun Guo 1,*, Fanxing Meng 2 and Jingwei Guo 1 
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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 IoT 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 (IoT) technology, 
integrated and developed a local IoT 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 × 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 m3 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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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. 

 
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. 

 
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. 

 
Figure 5. Cracks on wall and ground. 

 
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



Sensors 2024, 24, 7409 7 of 15 
 

 

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. 

 
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 IoT 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 
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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 IoT 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 
monitoring stations

Double difference 
equation

Gyroscope calculation

Fuzzy judgment

Maintain ambiguity Recalculate ambiguity

Beidou result 
calculation

Adaptive kalman filter

Wavelet denoising

Monitoring results

Gyroscope

Position and velocity 
calculation

 
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 IoT 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; 2σ), indicating a middle-late Ediacaran age for the upper
Doushantuo Formation. This is supported by a negative δ13Ccarb 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 187Os/188Os and 87Sr/86Sr 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 187Os/188Os 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
The Ediacaran Period (ca. 635−541M) has recorded the largest
global carbon cycle perturbation event in geological history,
known as the “Shuram Excursion (SE)”1,2 and has been believed
to be the result of Ediacaran atmospheric−oceanic oxidation.2−6

Furthermore, large amounts of geochemical data have
demonstrated that the SE was also accompanied by globally
parallel negative shifts of δ34S of pyrite and carbonate-associated
sulfate (CAS) and an increased 87Sr/86Sr ratio.4,5,7−9 These
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

Ediacaran Ocean. Therefore, a primary seawater origin
associated with the oxidation of dissolved organic carbon in
the ocean has been advanced to account for the uniquely high
amplitudes of Neoproterozoic δ13C excursions during the past
20 years.2−6,9−12
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A primary origin would imply that the largest Neoproterozoic
δ13C 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.13 presented
Re−Os ages bracketing the SE between 574.0 ± 4.7 and 567.3 ±
3.0 Ma on two separate paleocontinents, i.e., Oman and
Northwest Canada. The DOUNCE (DOUshantuo Negative
Carbon isotope Excursion),1 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.1,4,14−17 Although numerous chemostratigraphic studies
have been conducted in South China,1,9,15−18 there have been
few radioisotopic ages constraining the timing of the excursion,

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.13,19−27 Previous studies have shown that postdeposi-
tional processes do not appreciably disturb the Re−Os system in
sediments, i.e., the thermal maturation of organic matter,
igneous intrusions, and lower greenschist metamorphism.20,21,24

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 187Os/188Os ratio
can mirror temporal variations in the 187Os/188Os ratio of

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.,37 Lu et al.,15 and Och et al.38). (b) Typical stratigraphic column of the
Yangtze Block, modified from Jiang et al.37 and Cui et al.9 Radiometric ages are fromCondon et al.14 and Zhu et al.39 (c) Stratigraphic correlation of the
Doushantuo Formation in the Chengkou sub-basin (modified fromWang et al.36 and Tan et al.40). 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.40).
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contemporary seawater.19,28 The seawater Os isotope compo-
sition is a mix of radiogenic Os flux from oxidative weathering of
the upper continental crust (187Os/188Os = ∼1.4) and
nonradiogenic Os input from the mantle and extraterrestrial
sources (∼0.126).29,30 Therefore, the significant increase in
seawater 187Os/188Os ratios recorded in organic-rich sedimen-
tary rocks may reflect a combination of increasing atmosphere-
ocean oxygenation and weathering of more radiogenic
continental crust.31,32 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 87Sr/86Sr ratios and δ34S values (both pyrite
and CAS).2−6 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).33 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 1a). 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).2,34

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 δ13Ccarb excur-
sion.2,9,15,34 Member IV is predominantly composed of <10 m
thick, organic-rich black shales with manganese- and phosphor-
ite-bearing rocks.9,34−36 The depositional interval of the
Doushantuo Formation was constrained by U−Pb zircon ages
of 635.2 ± 0.6Ma from the cap carbonate (Member I) and 551.1
± 0.7 Ma for the Doushantuo/Dengying boundary (Member
IV) (Figure 1b).14

Our main study area is located in the Chengkou sub-basins
and palaeogeographically belongs to the northwestern margin of
the Yangtze Block (Figure 1a).36,40 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

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,17,36,40−42 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 (δ13Ccarb and δ18Ocarb) analyses
were carried out using a Kiel IV carbonate device connected to a
FinneganMAT 253 mass spectrometer. CO2 produced from the
reaction of 100% H3PO4 with the powder samples was
introduced to the mass spectrometer for isotopic measurements.
The Chinese national standard GBW-04405, with a δ13Ccarb
value of 0.57 ± 0.03‰ and δ18O value of −8.49 ± 0.13‰
(relative to VPDB), was used for analytical calibration. The
analytical precision was better than 0.1‰ for δ13Ccarb and 0.1‰
for δ18Ocarb. 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 185Re−190Os tracer in 12 mL of
an H2O2/HNO3 solution (2 mL 12 M HNO3 plus 10 mL 30%
H2O2) 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.43 and Yin et al.44 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 187Os/188Os 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 187Re decay constant of 1.666 × 10−11 yr−1.45,46
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In the present work, the uncertainties for the 187Re/188Os and
187Os/188Os 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 δ13Ccarb values vary between −6.7 and +0.5‰, displaying a
decreasing trend bottom up, with extremely low values in the
uppermost section (mean of −5.3‰; n = 4, Table 1). In

contrast, the δ18Ocarb data show constantly low values in the
lowermost section (average −9.3‰; 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),47,48 suggesting a predominantly hydrogenous
origin for Re and Os. The 187Re/188Os ratios of these samples
range from 91 to 249, in correspondence with their 187Os/188Os
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

187Os/188Os ratio of 0.733 ± 0.083 (Model 3; mean squared
weighted deviation (MSWD) = 8.4; n = 19; 2σ) (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 themost shallow-water sediments, which occur in the bottom,
middle, and top of the Doushantuo Formation.35 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−Pb age is 614
± 7.6Ma (Figure 4).50 Pb−Pb isochron ages of 599 ± 4.2Ma 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.51 and
Chen et al.,52 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),36 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.1,8,11 In recent years,
more and more carbon isotope curves from the Yangtze Block
have shown a large negative δ13Ccarb shift in the upper
Doushantuo Formation.1,9,15−17 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,2−4,6,10 precipitation
of13C-depleted authigenic carbonates,8,53,54 and the diagenetic
alteration of primary δ13Ccarb signatures.55,56 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.18,57

The upper Doushantuo Formation in the Jiulongwan profile is
a perfect illustration of the SE event in the Yangtze Platform
(Figure 4). The negative δ13Ccarb excursion in this section could
be as low as −10‰, which is remarkably stable and continues for
nearly 50 m through the upper half of Member III and large
carbonate concretions in Member IV.2,34 However, a previous
study suggested that the high spatial heterogeneity of the SE
occurred in different depositional settings.4 For instance, the
magnitude of the negative δ13Ccarb shifts at the upper
Doushantuo Formation is much larger in the Jiulongwan section
than in the Zhangcunping and Siduping sections (Figure 4).4

The Sishang section in the northern margin of the Yangtze
Platform (Figure 1), showing a large negative drift of δ13Ccarb in
the upper part of the Doushantuo Formation, is similar to the
Jiulongwan profile in terms of drift amplitude (Figure 4).15 The
lower portion of the ca. 30 m limestone generally has positive
δ13Ccarb values, followed by ca. 3-m dolostone with δ13Ccarb

Table 1. Carbon Geochemical Data of the Study Section

sample depth (m) δ13Ccarb (‰) δ18OPDB (‰)

DST-1 1036.22 −5.6 −6.6
DST-2 1037.25 −3.1 −8.3
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 −2.1 −8.3
DST-8 1041.99 −1.6 −9.3
DST-9 1042.54 −2.0 −8.9
DST-10 1043.39 −1.9 −9.0
DST-11 1043.87 −1.9 −9.0
DST-12 1044.07 −2.0 −8.7
DST-13 1045.25 −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 1052.91 −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 −8.3
DST-33 1056.21 0.5 −8.7
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values declining dramatically. Subsequently, the δ13Ccarb data
within a 25-m limestone interval in the middle of the profile
display stably negative values around −8.5‰ (Figure 4). The
Chengkou drilling profile, located near the Sishang section,
shows δ13Ccarb values that vary from positive to negative in the
upper Doushantuo Formation. Despite only a 6‰ negative shift
in δ13Ccarb values in this section, such isotope variability suggests
that the SE occurred within a stratigraphically equivalent interval
(Figure 4).

5.2. Re−Os 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 187Os/188Os = 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 187Os/188Os (Osi) ratios are uniform, and (3) there is
sufficient spread in 187Re/188Os ratio.19,23,58 The Re−Os system

Figure 2. Chemostratigraphic profiles of the Chengkou drill core. The lithological column, TOC, δ13Corg, MnO, and P2O5 are referenced from Tan et
al.40 and Wu et al.42 PAAS is the Post-Archean Average Australian Shale composition of Taylor and McLennan.49

Table 2. Re−Os Contents and Isotope Data for the Studied Samplesa

sample Re (ppb) 2SD Os (ppb) 2SD 187Re/188Os 2SD 187Os/188Os 2SD (187Os/188Os)ai (187Os/188Os)bi
DST-2 46.59 0.44 2.942 0.071 90.9 2.4 1.5989 0.014 0.73 0.73
DST-5 23.12 0.20 1.074 0.007 128.6 1.4 1.9661 0.007 0.73 0.74
DST-7 18.66 0.21 0.669 0.004 172.7 2.2 2.3218 0.008 0.67 0.68
DST-10 33.57 0.30 0.914 0.005 245.5 2.6 3.1059 0.012 0.76 0.77
DST-11 19.81 0.23 0.724 0.003 169.9 2.1 2.3465 0.008 0.72 0.73
DST-12 20.48 0.27 0.831 0.007 150.3 2.3 2.1682 0.018 0.73 0.74
DST-13 17.86 0.33 0.580 0.011 194.4 5.3 2.5119 0.019 0.65 0.66
DST-15 23.95 0.10 0.663 0.003 241.1 1.4 3.0853 0.011 0.78 0.79
DST-17 23.51 0.32 0.915 0.006 157.9 2.4 2.2488 0.011 0.74 0.75
DST-19 22.43 0.24 0.799 0.005 175.7 2.2 2.4267 0.010 0.74 0.76
DST-20 19.56 0.20 0.664 0.003 185.6 2.1 2.4889 0.010 0.71 0.72
DST-22 21.73 0.24 0.726 0.004 188.9 2.3 2.5079 0.008 0.70 0.71
DST-23 22.95 0.14 1.031 0.012 134.3 1.7 2.0743 0.007 0.79 0.80
DST-25 29.20 0.20 0.791 0.010 245.5 3.6 3.0434 0.019 0.69 0.71
DST-27 34.08 0.32 1.078 0.011 204.3 2.9 2.7444 0.016 0.79 0.80
DST-28 28.07 0.30 0.992 0.010 177.4 2.6 2.4448 0.009 0.75 0.76
DST-29 26.15 0.39 0.786 0.011 215.4 4.4 2.7659 0.030 0.70 0.72
DST-30 24.87 0.29 0.668 0.002 249.0 3.0 3.1016 0.010 0.72 0.73
DST-31 27.78 0.52 0.887 0.008 201.7 4.2 2.7109 0.013 0.78 0.79

aNote: “(187Os/188Os)ai” and “(187Os/188Os)bi”: initial 187Os/188Os ratios calculated at 572 and 568 Ma, respectively, using the 187Re decay constant
of 1.666 e−11 year−1.46 “2SD”: Two standard deviations, determined from the uncertainties of the mass spectrometer measurements, blank contents,
187Re decay constant, and spike calibration.
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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.25,59,60

Samples affected by hydrothermal fluids are usually charac-
terized by variable andmostly negative Osi isotope composition;

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 Osi values of the samples

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 187Os/188Os ratios
(calculated for a depositional age of 572 Ma).

Figure 4. Carbonate carbon isotope (δ13Ccarb) chemostratigraphic correlations of the Ediacaran Doushantuo Formation. Gray shades in δ13C profiles
identify δ13C excursions. Data source: Zhangcunping section;4 Jiulongwan section;4,61 Weng’an section;34,62 Sishang section;15 Chengkou (this
study); Siduping section;4 Lantian section.63 Radiometric ages are from Barfod et al.,51 Chen et al.,52 Condon et al.,14 Liu et al.,50 and Zhou et al.62
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were back-calculated using a 187Re decay constant of 1.666 ×
10−11 yr−1 and showed somewhat variable values ranging from
0.66 to 0.80 (Table 2). To obtain a more precise age through the
187Re−187Os chronometer requires homogeneity of the Osi
ratios, therefore, we also plotted the Re−Os isochron for
selected samples with relatively small variations in Osi 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 568 ± 15 Ma (MSWD = 1.9; 2σ) with
smaller uncertainties on Osi = 0.739 ± 0.047 (Figure 3b). We
speculate that the Osi heterogeneity caused by changes in the
187Os/188Os 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.58 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 ± 15Ma 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 Osi values

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
Wuhe-Gaojiaxi and Jijiawan sections, respectively.14 A Pb−Pb
age of 576 ± 14Ma (MSWD = 0.4) from the upper phosphorite
layers (Member III) of the Doushantuo Formation has been
provided in the Weng’an section, located 750 km to the
southwest of the Three Gorges region (Figure 4).52 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,6,18,53 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.13 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 δ13Ccarb 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,64−66

which is supported by observations of approximate
187Os/188Os ratios between modern organic-rich mudstone

Figure 5. Compilation of the initial 187Os/188Os, 87Sr/86Sr, and redox-sensitive elements data during 640 to 540 Ma. The initial 187Os/188Os data are
from Singh et al.,73 Kendall et al.,21 Rooney et al.,13,27 Zhu et al.,74 Yang et al.75 and this study (red circles). The 87Sr/86Sr ratio curve is referenced from
Macdonald et al.8 The redox sensitive element data are from Ugidos et al.,76 Singh et al.,73 Li et al.,61 Sahoo et al.,77,78 Zhu et al.,74 Johnston et al.,79

Chen et al.,80 Kendall et al.,81 Kurzweil et al.,82 Rooney et al.13 and this study. Previously identified Ediacaran Ocean oxygenation events are identified
by blue boxes.72,77,78
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and present-day seawater.67,68 The seawater Os isotope
composition is jointly constrained by the supply of the
radiogenic Os flux from oxidative weathering of the upper
continental crust (187Os/188Os = ∼ 1.4), nonradiogenicOs input
from the hydrothermal alteration of oceanic crustal rocks, and
the dissolution of cosmic dust (187Os/188Os = ∼ 0.12).29,30 For
instance, modern seawater has a high 187Os/188Os 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 Osi ratios of ∼0.1 from 2.5 Ga to ca. 1.4
Ga,60,64,69−71 which suggests that these nonradiogenic Os may
have resulted from significant Os input from magmatic,
hydrothermal, or extraterrestrial sources,32 but low oxidative
weathering of more radiogenic continental crust. Furthermore,
recent compiling studies showed that the increasing Osi ratios of
marine shales were roughly coupled with the atmospheric
oxygen content during the Proterozoic Eon,31 suggesting that an
increase in a highly radiogenic Os supply must be from enhanced
weathering of the continent.30−32 Nevertheless, whether the Osi
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 5 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 Osi data, the
existing data suggests that the seawater 187Os/188Os ratio
fluctuated frequently during the Ediacaran period. The data is
characterized by radiogenic 187Os/188Os ratios (>1.0) at ca.
∼635, ∼580, and ∼560 Ma (Figure 5), indicating that
substantial amounts of radiogenic Os were transported by rivers
and groundwater to the oceans during these short intervals.
Similar to 187Os/188Os ratios, the Ediacaran seawater 87Sr/86Sr
ratios, as inferred from marine carbonates, also show pulsed
contributions of highly radioactive 87Sr in these three periods
(Figure 5). These radiogenic seawater 187Os/188Os and 87Sr/86Sr
ratios indicate multiple enhanced continental weathering events
during the Ediacaran, which was attributed to either climate
changes (glacial−interglacial interactions) or plate tectonic
reorganizations.32,72 The Sheepbed Formation following
Marinoan glaciation (∼635 Ma) and the Khufai Formation
following Gaskiers glaciation (∼580Ma) have typical radiogenic
Osi isotopic signatures with corresponding values of 1.21 ± 0.04
and 1.15 ± 0.1, respectively.13,27 This information indicates that
increased intensity of oxidative weathering combined with the
exposure of easily leached glacial deposits released more
radiogenic 187Os into the oceans,32 thus causing a transient
rise in seawater 187Os/188Os ratio during the deglaciation. This is
supported by observed concordant increasingly radiogenic
87Sr/86Sr compositions.7 By contrast, the highly radiogenic Osi
for the black shales of Doushantuo Member IV (560−550 Ma)
was tied to the highest 87Sr/86Sr ratios for the Ediacaran
carbonates (Figure 5), 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.72

Once the Gaskiers glacial period (∼580 Ma) ended, however,
there was a noticeable decline in the isotopic composition of
187Os/188Os 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

accordance with the sediments Osi ratios (0.60 to 0.68) from
Northwest Canada and Oman of the same period.13 Three
separate paleocontinents exhibit similar ∼0.7 Osi 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 187Os/188Os 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 187Os/188Os of ∼0.7 compared with
the seawater 187Os/188Os ratio (∼0.3) in the Archean and pre-
Ediacaran Proterozoic time bins.31,32 Hence, the weathering of
more radiogenic continental crust and an oxygenated atmos-
phere most likely is responsible for the overall higher Osi ratios
in the Shuram anomaly compared to the pre-Neoproterozoic
era.32

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.32,83 In an oxidized atmosphere with high partial
pressure of oxygen, the global seawater concentrations of these
RSEs will be abundant.84 As a corollary, a large magnitude of
RSE enrichments of euxinic sediments will be observed in
ancient basins with access to the open ocean.77,78 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,77,78,83 and the timing of these three episodes of RSE
enrichments coincides with the radiogenic increase of Os
isotopes in seawater (Figure 5). 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.2,3,12,77,78,81 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.5,77,78,85,86 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.12,84 On the other
hand, elevated continental weathering delivered high fluxes of
oxidants (e.g., sulfates) to the oceans, leading to transient ocean
oxygenation.2−6 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
δ13Ccarb 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 ± 15Ma (Model 3, MSWD
= 1.9, n = 13; 2σ) obtained for these samples is consistent with
the Re−Os geochronology from Northwest Canada and Oman.

A compilation of initial 187Os/188Os values frommarine 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 187Os/188Os
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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扩频激电法（SSIP）找矿效果分析——以湖南省
永州市零陵区东湘桥锰矿床勘查为例
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摘 要 本文在充分研究勘查区地质背景的基础上，首次采用扩频激电法在祁零盆地开展锰矿资源的探测。通过

双边三极测深反演结果分析，发现了一条较连续的相对高极化异常带，异常带强度与围岩相差 10倍，突出

而稳定；电阻率反演结果则表现为“U”型盆状高阻基底包裹低阻的特征，推测其高极化异常带由地下矿床

引起；而高阻盆底包裹低阻则指示地层受向斜构造控制，与已知的向斜构造一致。经钻探勘探，发现 2条

较为连续的锰矿矿脉，厚 0. 9～2. 8 m，品位 9. 3%～15. 2%，与黄铁矿成伴生关系，一同赋存于灰岩中。通

过 SSIP实验成果以及钻探验证情况，得出视极化率异常与矿脉揭露深度、形态轮廓十分吻合，视电阻率异

常较好地反应矿区地层展布信息，扩频激电法在碳酸锰矿产资源勘查方面的有效性得到验证。

关键词 双边三极测深；扩频激电法；锰矿；激电异常
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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

0　引言
地球物理勘探可以在深部隐伏矿勘探中发挥

重要作用。尤其是地质情况复杂的地区，采用多种

地球物理勘探方法相结合，可以起到较好找矿效果

（程华等，2024；赵磊等，2024）。这是因为在矿石品

位高低含量不同、规模大小不一、矿床不连续等情

况下，往往使得矿石自身电阻率与围岩差异不大，

仅仅依靠电阻率测量无法取得较好的找矿效果（谭

义东，1991；刘涛等，2011；殷保全，2014；吴新刚等，

2016；吕玉增等，2023）。相比于单一的视电阻率测

量方法，可以同时测量视电阻率和激电参数的激电

法在大多情况下能够探测到浸染状金属硫化物引

起的异常（向晓松和贾继标，2014；张晓东等，2017；
郝海强等，2023；农观海等，2023）。由于激电法受

地形影响相对较小，激电异常可靠性比电阻率异常

更高（陈颖祥和梁鸿喜，1977；刘晓宇，2018；吕翔，

2022；Revil et al. ， 2022）。

然而，目前大量激电测量为时间域脉冲式供

电，深部目标体二次场是否能充分达到饱和而被探

测感知，与充电时长密不可分（石昆法和莫焰玉，

1982；陆学村，2012）；加之需要人工多次改变AB供

电极距，以达到不同深度的探测目的（张彦和陈兴

峰，2019；郭洪娟等，2022）。这一技术现状使得传

统的激电测量方法具有施工难度大、效率低、成本

高、深部信号微弱、探测深度有限等不足之处。

针对以上缺陷，陈儒军等（2020）在仪器和方法

上进行了大量创新，独创性地结合扩频通信信号处

理技术和微弱地球物理信号采集技术，研发出扩频

激电探测技术与装备，并将这项技术命名为扩频激

电（SSIP）。该项探测技术具有大深度、高精度、抗干

扰、成本低、效率高等特点，在 1000 m以浅的探测范

围内可以测得激电参数，能有效识别有色金属矿致

异常（Liu et al. ， 2016，2017）。该技术已在国内西

藏、甘肃、云南、贵州、河南和江苏等地多个矿产勘

查项目进行了有效应用（刘卫强和陈儒军，2016；陈
儒军等，2020；Ahmad et al. ， 2024）。

目前，扩频激电三级测深技术在碳酸型锰矿探

测应用较少，笔者以湖南省永州市零陵区东湘桥矿

区锰矿勘查为例，引入扩频激电测量技术对锰矿矿

床进行了勘探。经后期多个钻孔揭露，有效验证了

激电异常，异常特征与矿床地下埋深、形态特征高

度吻合性，为后期在相似地质背景下采用该技术方

法进行地质找矿起到了较好的示范作用。因此，采

用扩频激电法在祁零盆地开展碳酸锰矿勘探研究

具有重要的应用价值。
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第 15 卷    第 9 期 廖凤初等：扩频激电法(SSIP)找矿效果分析——以湖南省永州市零陵区东湘桥锰矿床勘查为例

1　地质与地球物理特征

1. 1　矿区地质特征

矿区位于祁零盆地荞麦冲—东湘桥复式向斜

的中南部（图 1），整体构造为一向斜，地层东西两翼

基本对称发育，出露地层主要有石炭系（C）、二叠系

（P）及第四系（Q4）。其中，石炭系地层为壶天群

（CPH），分布于矿区东西侧，即向斜左右两翼，主要

为白云岩和白云质灰岩。二叠系地层有上统龙潭

组（P3l）、中统孤峰组（P2g）、小江边组（P2x）和栖霞组

（P2q）。上统龙潭组（P3l）地层岩性以泥岩和页岩为

主，位于矿区中部，亦为向斜核部地层；中统孤峰组

（P2g）—栖霞组（P2q）地层则呈平行整合接触关系，

对称分布于向斜两翼。中统孤峰组（P2g）地层为一

套碳酸盐岩相，为碳酸锰矿的主要赋存层位；小江

边组（P2x）和栖霞组（P2q）地层主要岩性为硅质岩、

硅质灰岩和白云质灰岩；第四系（Q）地层呈风化残

坡积物多沿山坡及沟谷分布，一般厚0～20 m。

矿区构造较简单，总体为一轴向北东的东湘桥

向斜，伴随零星规模较小的近东西向断裂构成了区

内总体构造框架。东湘桥向斜在区域上位于荞麦

冲—东湘桥复式向斜的南段，该向斜构造控制了区

内锰矿的展布。

1. 2　矿体地质特征

（1）地层层位对碳酸锰矿的控制

有利的赋矿地层存在，是区内碳酸锰矿产出的

基本条件之一。区内碳酸锰矿主要赋存于二叠系

图 1　研究区地质图
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孤峰组上段上部地层中，岩性为一套富含泥质和藻

类生物的含泥灰岩、泥灰岩；向下一套地层为含硅

质的较纯灰岩，锰含量较低，基本未见碳酸锰矿层

的发育。因此，二叠系孤峰组上段地层含生物屑的

不纯碳酸盐岩控制了碳酸锰矿的产出和分布。

（2）构造对碳酸锰矿的控制

构造对碳酸锰矿的控制，不仅表现在区域成矿

上，而且对特定矿床的控制上也起到了重要作用。

据该区域地质资料表明，在区域上祁零盆地属于成

锰盆地，该盆地的发育和形成受多组深大断裂控

制。在盆地内发育一组呈雁列产出的近南北向次

级向斜构造，向斜构造控制了区内锰矿床的产出，

同时也控制了赋锰岩系和碳酸锰矿层的分布及矿

层的产状、形态。由此可见，构造对区内锰矿床具

有分级控制的特点。

（3）沉积相对区内锰矿床的控制

孤峰期沉积了一套富含铁锰质的硅质岩、碳酸

盐岩和泥岩，由于相邻古陆（江南古陆和雪峰古陆）

及火山活动区的物质经强烈化学分解形成氧化硅、

锰、铁流入海盆，加之海水表层、海底分别繁育大量

放射虫、硅质海绵，故形成锰（铁锰）矿。矿石中的

菱锰矿多与藻类生物呈球粒状分布，显示出两者的

密切关系。区内孤峰期为泻湖潮坪沉积环境。

1. 3　地球物理电性特征

区内由浅至深不同地层主要岩性分别为第四

系（Q4）含砾黏土；上二叠统龙潭组（P3l）泥岩、页岩

夹砂岩；中二叠统孤峰组上段（P2g2）泥灰岩、黄铁

矿、锰矿；下段（P2g1）硅质灰岩、白云质灰岩；中二叠

统小江边组（P2x）硅质岩、硅质灰岩；中二叠统栖霞

组（P2q）钙质灰岩夹页岩；石炭系壶天群组（CPH）白

云质灰岩等。不同地层岩性电性特征如表1所示。

据表 1 可知，含矿地层由于不同岩石电阻率差

异较大，致该地层综合电阻率与上下相邻地层有一

定的差异。若仅仅依靠单一视电阻率测量，则很难

判断含矿地层在地下深部的埋藏特征，其找矿效果

也将大受影响。但含锰灰岩和与之伴生的黄铁矿

均表现为极为突出的高极化特征，致赋矿地层综合

极化率达14. 2%，而其余地层综合极化率均在1. 4%
及以下，两者形成10倍的差异。

因此，含矿地层具有中阻、高极化的电性特征，

为采用激电测量进行深部找矿奠定了良好的物性

前提。

2　基本原理
扩频激电（SSIP）系统采集方式为无线分布式高

精度阵列采集，发送频率范围为 1/256～8192 Hz，根
据调制阶数的不同频率数量范围为 4～256。系统

通过发送机发送M序列伪随机扩频信号，大大提高

了频域分辨率及信号抗干扰能力；通过无线分布式

阵列高精度接收系统实现了大深度、高效率和高精

度扩频激电信号检测。在方法上，利用相对相位谱

表 1　测区地层电阻率和激电参数统计

地层名称

第四系Q4

上二叠统龙潭组（P3l）

中二叠统孤峰组上段（P2g2）
（含矿地层）

中二叠统孤峰组下段（P2g1）

中二叠统小江边组（P2x）

中二叠统栖霞组（P2q）

石炭系壶天群组（CPH）

主要岩性

含砾黏土

泥岩

页岩

泥灰岩

黄铁矿

含锰灰岩

硅质灰岩

白云质灰岩

硅质岩

硅质灰岩

钙质灰岩

白云质灰岩

电阻率范围/（Ω·m）

5～100
250～800

365～1200
900～2650

10～200
400～3450

1600～4200
1200～3500
1700～5500
1600～4200
950～2840

1200～3500

平均电阻

率/（Ω·m）
30

525
780

1775
135

1925
2860
2350
3300
2860
1900
2350

地层综合

电阻率/
（Ω·m）

30
650

1280

2540

3025
1900
2350

极化率范围/%

0.2～1.6
0.3～2.0
0.2～1.7
0.4～2.3

5.0～31.0
3.5～43.2
0.3～2.1
0.2～1.5
0.3～1.8
0.3～2.1
0.1～1.4
0.2～1.5

平均极化

率/%
0.8
1.1
0.9
1.3

18.0
23.3
1.7
0.8
1.1
1.7
0.7

0.85

地层综合

极化率/%
0.8
1.0

14.2

1.3

1.4
0.7

0.85
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法对电磁耦合感应进行校正（王书民和雷达，2002；
陈儒军等，2004；李栋等，2019），获取激电相位响应

和 Cole-Cole 模型参数；通过扩频信号发射、Robust
和相关技术压制电磁干扰，增强信噪比；通过带地

形的多频点多装置组合精密反演，实现探测目标的

精密成像，得到丰富的地电结构信息；最后通过多

频点多参数反演结果的分析，得到勘探成果与地质

体的最佳耦合，实现成矿有利区的高可信度预测。

3　技术参数设置与反演
扩频激电三极测深装置，数据采用无线分布式

阵列接收。施工时，先根据剖面长度和点距计算出

测点数量，然后一次性在整条剖面上布置全部测量

电极和采集站，再根据设计的供电点逐点供电，每

次供电时，所有通道同时测量，当所有设计供电点

完成后，整条剖面测量完成。其采集的数据量为常

规人工跑极方式的 10倍以上，大大提高了反演精度

和可靠性，实现地下目标的精细探测，具体工作布

设如图2所示。

其中，测点距为 10 m，测量极距 MN 为 20 m，最

小—最大供电极距 A0为 15～1500 m。发送组合频

率为 4个的 5阶扩频全方波信号，基准频率 1/16 Hz，
供电电流1. 0～8. 5 A。

扩频激电数据采集完成后，由 ZondRes2D 软件

反演。该软件针对扩频激电观测方式进行了多次

改进，可以对任意供电电极和测量电极组合的扩频

激电数据进行反演。本次选择的反演方法为Occam
反演，迭代次数为 10。根据视极化率的变化范围及

测区岩矿石电性参数测量结果，本文将极化率的上

限设置为 10%。在剖分方面，第一层厚度为 10 m，

增加因子为 10%，总层数为 30 层，最大反演深度为

823 m。反演结果表明电阻率和极化率反演误差都

在可接受范围内，可以将电阻率和极化率反演结果

用于解释和钻孔定位。

4　成果推断解释
由于探测目标体极化率特征相比电阻率更加

明显，其异常推断解释以极化率反演结果为主，电

阻率反演结果为辅。

从极化率反演剖面图（图 3）中可以看出：在平

距 125 m（标高+150 m）、200 m（标高+50 m）、300～
450 m 测段（标高-100 m）、600 m（标高 0 m）、725 m
（标高+50 m）和 800 m（标高+175 m）处，出现了多个

断断续续的高极化异常体，异常强度达 10. 0%，而

背景围岩平均为 1. 0%，两者相差 10 倍。异常体强

烈稳定，整体上呈下凹带状特征。

在电阻率剖面图（图 4）中的平距 100～900 m，

标高-50 m 至地表区域，为连续稳定的低阻区域，

-50 m 标高以下，则为高阻区域。其连续稳定的低

阻区为向斜核部的上二叠统龙潭组（P3l）地层；盆状

高阻基底则指示中二叠统孤峰下段—石炭系壶天

群组多个高阻地层；其高—低过渡区域（500～800 
Ω·m），则为含矿地层（中二叠统孤峰上段）埋深处。

5　钻探揭露情况
对T51号勘探剖面布设了ZKT5101～ZKT5106、

图 2　扩频激电双边三极测深示意图
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图 3　T51 线扩频激电极化率（a）与地质剖面图（b）
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图 4　T51 线扩频激电电阻率（a）和地质剖面图（b）
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ZK1701、ZK3401等8个钻孔，孔深在121. 5～316. 2 m。

分别在埋深 222. 5 m、284. 0 m、281. 2 m、187. 7 m、

85. 0 m、59. 6 m、281. 5 m和 117. 9 m处的灰岩中，揭

露到厚 0. 9～2. 8 m锰矿体，经样品测试分析（表 2），

其品位 9. 3%～15. 2% 锰矿矿脉 2 条。所揭露的矿

脉较为连续稳定，其埋藏范围和形态与激电异常带

基本吻合。

6　结论
（1）区内锰矿的产出和分布与多种成矿因素有

关，与成矿关系密切的主要有地层岩性、岩相和构

造等因素。其中地层产状决定了矿床的大致空间

分布范围，岩性组分的复杂程度影响了矿石的综合

物性特征，而构造则对矿床在地下的形态起到了重

塑作用。

（2）由于电阻率相对于围岩差异较小，与整个

含矿层相比其厚度比例极小，在无法形成一定规模

电阻率异常情况下，结合极化率参数，能较好的识

别矿层的空间展布。因此，多参数测量是寻找锰矿

矿藏的有效途径。

（3）经钻探验证，扩频激电法在寻找碳酸岩型

锰矿矿床方面是有效的，极化率异常与矿脉揭露深

度、形态轮廓十分吻合，电阻率异常较好的反应矿

区地层展布信息，同时，扩频激电法工作与传统激

电测量方法相比效率快、成本低、激电异常可靠，值

得推广使用。
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孔号

ZKT5101
ZKT5102
ZKT5103

ZKT5104

ZKT5105
ZKT5106
ZKT1710
ZKT3401

矿层号

Ⅰ1
Ⅰ1
Ⅰ1
Ⅱ1
Ⅰ1
Ⅱ1
Ⅰ1
Ⅱ1
Ⅰ1
Ⅰ1
Ⅱ1
Ⅰ1

矿层厚度/m
0.76
0.91
1.78
2.25
2.36
2.25
2.12
1.77
2.80
1.4
2.8

1.50

测试分析结果/%
Mn
9.10
9.29
9.15

11.92
9.23

13.30
9.45

14.43
11.45
9.44

15.24
10.59

TFe
2.53
3.69
3.32
4.87
3.40
2.41
3.17
2.19
3.16
7.50
2.54
4.03

P
0.289
0.316
0.284
0.274
0.178
0.219
0.208
0.223
0.199
0.19
0.21
0.85

SiO2
14.48
10.87
5.44

30.84
11.89
37.98
9.94

39.56
36.66
9.86

33.02
32.18

CaO
28.86
30.51
31.88
14.12
28.42
10.41
28.89
9.68

12.04
27.58
8.52
8.15

Mg0
2.41
2.55
3.04
2.33
2.73
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2.91
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1.57
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1.55
2.18

Al2O3
3.38
2.97
2.85
3.55
2.97
4.09
2.63
5.06
4.84
2.71
3.67
4.99

烧失量

31.11
31.86
35.04
23.30
32.05
20.81
33.32
19.00
21.18
31.89
23.84
26.00
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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.
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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 (LTCO2/N2 GA). In this
test, 20 g of each sample is selected and ground to a particle size of 40–60 mesh. LTCO2/N2
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 III 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.
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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).
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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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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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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 II2 (Table 1), and
the kerogen type of a small number of samples is type II1. 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

42



Processes 2024, 12, 1734 7 of 15

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.

Sampling Layer
Microscopic Component Content/%

Kerogen Type Index
(TI)

Kerogen
TypeSapropel

Group Resin Body Exinite Vitrinite Inert Group

Ceshui
Formation

25 / 56 15 4 37.75 II2

21 / 62 14 3 38.5 II2

Longtan
Formation

12 / 66 16 6 27 II2

82 / 14 4 / 86 II1

64 / 34 2 / 79.5 II1

8 / 28 40 24 −32 III

5 / 20 54 21 −46.5 III

6 / 30 48 16 −31 III

8 / 28 50 14 −29.5 III

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 II2 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.

Sampling
Layer Sampling No.

Maximum
Temperature

Tmax (◦C)

Soluble
Hydrocarbons

S1 (mg/g)

Pyrolysis
Hydrocarbons

S2 (mg/g)

HI
(mg/g TOC) Ro,max (%) Maturity

Assessment

Ceshui
Formation

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

XDY-74 540 0.04 0.12 15.38 3.51 Overmature

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

TMC-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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Table 2. Cont.

Longtan
Formation

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

MT-YP-19 587 0.01 0.03 3.90 2.19 Overmature

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]. Ro,max of shale samples indicate that the shale
collected from Ceshui and Longtan formations has entered the large-scale gas production
stage. The Ro,max value of shale from the Ceshui Formation is between 2.37 and 3.51%, with
an average of 2.95%. The Ro,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 Ro,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’ Ro,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 II2 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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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 × 10−3 µm2.
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 × 10−3 µm2, with an average of 0.013 × 10−3 µm2, and more than 50%. The
sample permeability is lower than 0.01 × 10−3 µm2. 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 × 10−3 µm2, with an average of
0.045 × 10−3 µm2. 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 × 10−3 µm2 [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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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 m2/g, respectively) and 8.36 m2/g. The total pore volumes
are 24.87 × 10−3 cm3/g and 14.32 × 10−3 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.

Sampling Layer Sampling No. Specific Surface
Area/m2/g

The Most Probable
Aperture/nm

Total Pore
Volume/10−3 cm3/g

Ceshui Formation

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

KJC-68 12.59 18.88 27.54

GML-63 12.79 5.87 18.63

JZC-41 12.88 5.37 20.04

TMC-27 13.97 3.71 13.52

LMQ-08 12.87 4.84 16.85

Longtan Formation

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

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).
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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 cm3/g, with an average of 1.6 cm3/g.
The gas content of the Longtan Formation shale varies from 0.42 to 5 cm3/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 cm3/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 cm3/g (Figure 11c,d). The shale of the Ceshui and Longtan formations is the
lowest industrial standard at 1 cm3/g under pressure less than 2 MPa, showing good
mining potential.
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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 II2, and kerogen in a small amount of samples belongs to type II1.
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 m2/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 cm3/g, with an average of 1.6 cm3/g; the gas
content of the Longtan Formation varies from 0.42 to 5 cm3/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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A B S T R A C T

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 δ18Ofluid values ranging from 10.84 ‰ to 11.64 ‰. 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 δ18Ofluid values (8.01‰
to 9.19‰ for Qz3a and 5.83‰ to 6.51‰ 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

Intracontinental mineralization refers to mineralization that occurs
within continental plates, far from active continental margins. It is of
great interest due to the unclear relationship between the driving

mechanisms, processes, and the diversity of mineralization (Mao et al.,
2005; Pirajno et al., 2009; Zhai and Santosh, 2013; Hu et al., 2024). The
Jiangnan orogenic belt (JOB) on the southeast margin of the Yangtze
plate (Fig. 1a) is one of the important gold mining areas in South China
(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

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., 2021a), 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 Bellière
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). It is 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 (Müller 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

consists of Neoproterozoic low-grademetamorphic 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).

TheWoxi 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,

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 (F1); (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 F1; (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 σ-cracks indicating early brittle-ductile thrusting and small extensional
folds in fault mud indicating late normal slip; (e) Red glutenite in the F1-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 (F1) 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 F1 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 F1, 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

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. 5l), 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. 3c, 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℃) and low salinity
(<7.0 wt% NaCl), with ore-forming fluids rich in CO2, N2 and H2O (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. 5l).

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. (l) 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 (o). 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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4.2. Analytical methods

4.2.1. CL structure observation
In the State Key Laboratory of Nuclear Resources and Environmental

of East China University of Science and Technology (SKLNRE, ECUT),

detailed observations of the microscopic characteristics and natural gold
occurrence of the minerals under analysis were conducted using an
optical microscope. Subsequently, the samples were further observed
and photographed using a Zeiss SIGMA 300 backscattered electron
scanning electron microscope (BSE-SEM) equipped with an Oxford

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. (l) 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.
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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/cm2, with a pulse rate of 6
Hz and an ablation diameter of 44 μm. 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. 29Si
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 UraniumGeology (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 µm diamond paste to achieve relief less than 3 µm. 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 × 15 μm2.
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 (16O, 18O) are

simultaneously measured on two Faraday cups, with an intensity of 2–3
× 109 counts per second for 16O-. 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 ‰ (2σ). 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. 5l, 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 (Götze
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 (Müller
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 inWoxi 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

Table 1
Sampling of hydrothermal quartzs from different generations in the Woxi
deposit.

Sample
no.

Stage Vein/
Elevation(m)

Features

D311 II/III V1/-25 Interlayered quartz vein deposit
(329◦∠25◦), containing gold-antimony-
tungsten-bearing ores, with deformation of
early quartz-wolframite veins

D315 III V1/-25 Deformed interlayer veins (30◦∠40◦), Qz-
Au-Py ores, smoky quartz.

D316 III V6/-475 Layered fractures in veins (5◦∠60◦), Qz-Py-
Au, massive ores, milky white quartz and
coarse-grained pyrite.

D321 III V8/-1050 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.

D323 III V7/-1050 Interlayer veins (100◦∠45◦), Qz-Py-Au
ores, milky white quartz, late-stage calcite
intergrowth

D324 III V3/-1050 Interlayer vein (160◦∠50◦), Qz-Py-Stb-Au
ore, ivory quartz, banded pyrite or
aggregate
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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

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

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) δ18O 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 δ18O value
was calculated using the quartz-H2O fractionation equation from Sharp et al. (2016).
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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 (δ18Oquartz = 18.5‰ – 19.9 ‰), with Qz2 (average δ18Oquartz =
19.29‰) > Qz3a (average δ18Oquartz = 19.2‰) > Qz3b (average
δ18Oquartz = 19.05‰). This is in contrast with the previously published
conventional quartz single mineral analysis data showing a large vari-
ation (δ18Oquartz = 15.3‰ – 26.1 ‰, 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
(δ18Ofluid) of ore-forming fluids in equilibrium with quartz formed
during the main second- and third- stage mineralization at Woxi range
from 5.83‰ to 11.64‰ (Fig. 8a, b; Appendix 2), with the δ18Ofluid values
of Qz2, Qz3a, and Qz3b being 10.83‰ – 11.64‰, 8.01‰ – 9.19‰, and
5.82‰ – 6.56‰ respectively. Although the estimated AHT for each stage
may not be highly accurate, the maximum range and trend of fluid

oxygen isotope values were well constrained (Fig. 7c).
The Fig. 9 displays a comparison of the equilibrium δ18Ofluid values

calculated from in-situ O isotope analysis of quartz in this study, pre-
vious bulk quartz analyses, and the δ18Ofluid values of typical gold-
polymetallic deposits in the JOB, as well as different types of gold de-
posits in China and worldwide. The δ18Ofluid 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 δ18Ofluid values of Qz2 range from 10.83‰ to
11.64‰, 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 δ18Ofluid
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

Fig. 8. (a-b) Shows the in-situ SIMS δ18O values of mineralized quartz and fluids related to mineralization. It presents a narrow range of δ18O values. The tem-
perature used to calculate δ18Ofulid is from the AHT of inclusions measured by Yi, (2012). (c-g) illustrate the variations in δ18O 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 δ18O
values were calculated using the quartz-H2O fractionation equation from Sharp et al., (2016).
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factor (Götze et al., 2004; Rusk et al., 2008; Raimbourg et al., 2022). In
high-temperature ore deposits, the substitution of Ti4+ for Si4+ 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., 2023b).

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 Si4+ ions. The concentrations of these
elements can reflect the physical and chemical conditions during quartz
formation (Götze 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 Al3+ replaces Si4+ in the quartz lattice, it
occur together with monovalent cations (such as Li+ or K+) to achieve
charge balance (Si4+→Al3++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 (Si4+→Al3++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 R2 = 0.87of 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℃)
(Yi, 2012; Zhu and Peng, 2015). However, Qz2 experienced ore-forming
fluid pulses with high temperatures (>400℃). The Ti content in quartz

Fig. 9. Plot of δ18Ofluid 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 δ18Ofluid 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).
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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℃, 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℃) 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 theWoxi 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 × 10-6) and the average content is

relatively high (average 1974× 10-6), 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 ×

10-6, average 244× 10-6), 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 × 10-6, average 391 × 10-6) increases, indicating a decrease in
pH value. The Al content in Qz4 (mainly in the range of 40–1471× 10-6,
average 596 × 10-6) 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., 2020b),
while the pH value of the gold-forming fluid is higher than that of the Sb-
W forming fluid. In addition, the content of CO2 may be a more
important factor affecting the Al content in the fluid compared to pH
(Lehmann et al., 2011), the higher the CO2 content in the fluid, the lower
the solubility of Al. The Al content in the Qz2 stage is unusually high,
indicating a very low CO2 content in the ore-forming fluid. Conversely,
the Al content in Qz3 is significantly lower, suggesting a higher CO2
content in the ore-forming fluid. CO2 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-

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.
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sulfide-gold stage exhibits the lowest Al content, indicating the highest
CO2 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, Ge4+ can directly substitute for Si4+ in the
quartz lattice (Götze 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 (Müller 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. Müller 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

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, δ 18Ofluid 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 δ18O> 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 mechanismmay 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 δ18Ofluid values in the
ore-forming fluids is small (Fig. 6c; 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 δ18O 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 Qz3b 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. 6c; 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.,
2021b). 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 δ18Ofluid 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 (Müller
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

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 CO2-NaCl-H2O) (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
et al., 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 theWoxi 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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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 CO2 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;
Fu et al., 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

examples of this type of deposit. In the JOB within South China, the
evolution of ore-forming fluids (such as changes in Al and CO2 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 theWoxi 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

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.
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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

(continued on next page)
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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 16O count ±s 18O ±s δ18OVSMOW(‰) ±s AHT(℃) δ18OFluid(‰)

% 16O % abs(‰)

L479@01 Qz2 1.73E+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 1.71E+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 1.79E+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 1.77E+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 1.76E+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 1.77E+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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湘东北虎形山钨铍矿区隐伏花岗岩体地球化学特征及
成因研究
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摘要：湘东北虎形山钨铍多金属矿床为一大型的石英、云英岩细脉带型白钨矿床和绿柱石铍矿床。本文通过对矿区内新发现的

隐伏花岗岩体详细的岩石地球化学分析，探讨了该岩体的成因、物质来源和构造环境，以期为区域岩浆作用与成矿关系研究提供

理论支撑。结果表明，虎形山花岗岩为富SiO2（71.86%～73.22%）和Al2O3（13.99%～14.55%），贫TFe2O3（1.17%～1.63%）和MgO

（0.28%～0.36%），且相对贫钠富钾（K2O/Na2O介于 1.11～1.78之间）的高钾钙碱性、过铝质花岗岩，并具有强烈富集轻稀土元素

（LaN/YbN=9.29~21.9）和大离子亲石元素（Rb、Ba、U、K）而相对亏损重稀土元素和高场强元素（Nb、Ti、P）的特征；虎形山花岗岩是

在较低压力（<5 kbar）和初始温度为707℃~746℃环境中经高程度分离结晶作用（斜长石、钾长石、磷灰石等）形成的S型花岗岩，

其地壳源区为泥质岩和砂屑岩组成的冷家溪群；结合区域构造演化，本文认为燕山期古太平洋板块的低角度俯冲造成湘东北地

区地壳发生强烈的变形，随后区域应力的减弱使得增厚的岩石圈发生拆沉，在此情况下，地壳减薄或幔源物质底侵引起了该地区

强烈的岩浆活动，进而形成了虎形山花岗岩。

关键词：虎形山隐伏花岗岩体；岩石成因；物质来源；构造环境；湘东北

中图分类号：P618.67；P618.72 文献标识码：A 文章编号：2097-0013（2024）02-0398-15

Xu J W, Wang Y H, Zeng R Y, Liao F C and Li S X. 2024. Geochemistry and Genesis of Con⁃
cealed Granite in Huxingshan Tungsten-Beryllium Ore District, Northeastern Hunan Prov⁃
ince. South China Geology, 40(2): 398-412

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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中生代华南板块处于特提斯构造域向古太平

洋构造域转化阶段（Zhou X M et al.，2006；舒良树，

2012；柏道远等，2024），该阶段形成了以印支期和

燕山期为主的岩浆岩，其出露面积约占该区岩浆岩

的 90%（Zhou X M et al.，2006；Li B et al.，2015；潘

大鹏等，2017），且形成了大量的W、Sn、Bi、Mo等多

金属矿床（Pirajno and Bagas，2002；Mao J R et al.，

2011；吴福元等，2023）。因此，作为大陆地壳的重要

组成部分，花岗岩不仅对研究区域构造演化及成岩

成矿作用具有重要的指示意义，也是该地区开展战

略性关键金属找矿勘查工作的重要对象（王德滋和

沈渭洲，2003；舒良树，2012；王开朗等，2013；Zeng

R Y et al.，2016）。

中生代是华南板块构造-岩浆-成矿作用的高

峰期，其中又以白垩纪最为频繁（贾小辉等，2023）。

我国江南造山带中的一系列钨矿床形成于这一时

期，如大湖塘脉状浸染型钨矿、朱溪矽卡岩型钨矿、

狮尾洞石英脉型钨矿等（Mao J R et al.，2011；徐斌

等，2015；陆建军等，2022；吴福元等，2023）。湘东北

地处江南造山带中段北侧，是一个极富特色的铜多

金属成矿集中区，前人在该地区已发现虎形山钨铍

多金属矿、桃林铅锌矿和崔家坳钨多金属矿等多处

大中型矿床（张九龄，1989；李先富和余研，1991；沈

萍，2010；唐朝永等，2013）。临湘虎形山矿区位于湘

东北地区的北东侧，2010年至2020年期间，矿区先

后开展了普查、详查工作，探获WO3资源储量20.67

万吨。通过对含矿石英脉中石英流体包裹体进行

Rb-Sr 同位素测年，获得矿床的成矿年龄分别为

135 ± 5 Ma（王开朗等，2013）和 134 ± 2 Ma（Xu J

W et al.，2020），属燕山晚期。尽管成矿作用被认为

与岩浆活动关系密切，但是研究区并未发现大规模

的岩浆岩出露，结合区域航测异常，推测深部存在

隐伏岩体。2011-2014年，湖南省有色地质勘查局在

该矿区的勘探工作中首次发现了深部的隐伏花岗

岩体，该隐伏岩体的发现为研究区域岩浆作用及与

成矿的关系提供了新的思路（湖南省有色地质勘查

局247队，2015）。因此，基于前期工作，本文选取虎

形山隐伏花岗岩体开展了系统的主量、微量元素分

析，并尝试讨论了虎形山花岗岩的岩石成因、源区

性质及成岩构造环境，以期为区域岩浆作用与成矿

关系研究提供理论支撑。

1 区域地质概况

华南板块是由北西侧的扬子地块和南东侧的

华夏地块在新元古代早期碰撞拼接而成（Li X H et

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 SiO2 (71.86% ~73.22% ) and Al2O3 (13.99% ~

14.55%), poor in TFe2O3 (1.17%~1.63%) and MgO (0.28%~0.36%), and relatively poor in Na and rich in K

(with the (K2O /Na2O) ration between 1.11 and 1.78). It is characterized by strong enrichment of light rare

earth elements (LaN/YbN=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℃~785℃ . 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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al.，2009），板块内呈北东东向展布的江南造山带通

常被认为是上述两个地块的过渡边界（图1a）。湘东

北地区主要经历了武陵、雪峰、加里东、印支、燕山

等多期次构造运动，并形成了区内断层走向及褶皱

轴向近东西向与北东向两组构造形迹相互交错的

构造格局（Xu J W et al.，2020）。东西向的构造特征

以压性为主，北东向的构造特征则以压扭性为主，

且后者切割前者，这说明近东西向构造为早期，北

东向构造为相对晚期（Xu J W et al.，2020）。

湘东北地区出露的地层主要为元古宙冷家溪

群和板溪群，其次是寒武系、白垩系和第四系（图

1b）。作为区域上的基底地层，冷家溪群为一套低绿

片岩相浊积复理石和火山岩建造（许德如等，

2009），岩性主要为泥质板岩、砂质板岩、粉砂岩和

杂砂岩及相关的火山岩系（李鹏春等，2005）；板溪

群主要由新元古代（约 820 ~ 750 Ma）变质沉积物

组成，其与下伏地层（冷家溪群）之间的不整合接触

关系记录了新元古代扬子地块和华夏地块之间的

碰撞信息（Zhao G C，2015）。寒武系主要由炭泥质

沉积物组成，白垩系主要为块状砾岩，并呈角度不

整合覆于早期地层之上，第四系主要为黏土、粉砂

及砂砾石层，多含铁锰结核及薄膜（Xu J W et al.，

2020）。研究区岩浆岩出露广泛，以花岗岩为主，基

性岩多呈脉状零星出露，岩浆活动表现为多期次的

特征，在晋宁期、加里东期、海西-印支期和燕山期

均有发生（湖南省地质矿产局，1988），其中，以燕山

期岩浆活动最为活跃，形成了如连云山、金井、望

湘、桃花山-小墨山、幕阜山、蕉溪岭等众多岩体。

图1 湘东北区域位置图（a）及幕阜山西缘区域地质图（b）

Fig. 1 Regional geological map（a）and Regional geological map（b）of the western margin of the

Mufushan area in northeastern Hunan Province

图a底图据唐朝永等（2013）；图b据1∶5万区域地质图修改

1.幕阜山花岗岩；2.第四系；3.白垩系；4.侏罗系；5.三叠系；6.二叠系；7.石炭系；8.志留系；9.奥陶系；10.寒武系；11.新元古代板溪群；

12.新元古代冷家溪群；13.河流和湖泊；14.矿床；15.断裂

2 矿床地质

虎形山大型钨铍多金属矿床位于湖南省北部

临湘市（图 1b）。新元古代冷家溪群和寒武系牛蹄

塘组是矿区南部的主要地层，矿床的北部被第四系

覆盖（图 2a）。虎形山含钨铍矿体主要赋存于F1断

裂北部的牛蹄塘组中，与冷家溪群呈不整合接触

（图2a、2b）。冷家溪群主要由板岩、千枚岩和变质凝

灰质砂岩组成，构成东西向逆冲断层（F1）的上盘；
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牛蹄塘组厚度达1000 m，主要由碳质板岩和泥灰岩

组成，构成F1的下盘。二者共同组成了虎形山钨矿体

的围岩，并经历了强烈的硅化、云英岩化、黄铁矿化和

绢云母化蚀变，同时伴随着强烈的韧性变形和褶皱。

虎形山钨铍多金属矿床为石英、云英岩细脉带

型白钨矿床和绿柱石铍矿床。其矿体呈脉状产出，

主要受F1断裂带及其下盘寒武系牛蹄塘组地层控

制，矿体走向与 F1断裂带近于平行，为近EW向，

倾向S，倾角50°～80°，已圈定钨矿体共计37条，其

中探明矿体22条（图2，唐朝永等，2013）。

矿区地表出露的侵入岩主要为花岗岩脉，宽度

小于 1 m，侵入到牛蹄塘组，并伴有强烈的围岩或

花岗岩蚀变。在ZK3304钻孔中发现了一个深层花

岗岩体，位于距地表 1324 m以下，钻孔揭露 46 m，

未见底，其顶板地层为冷家溪群易家桥组的灰绿色

硅质板岩，并经历了不同程度的绢云母蚀变，该岩

体侵入到牛蹄塘组底部，为虎形山大型钨铍多金属

矿床深部的隐伏岩体（图2b）。

图2 虎形山钨铍矿区地质图（a）和 33勘探线（A-A，）地质剖面图（b）

Fig. 2 Geological map of the Huxingshan W-Be mining area and（b）Geological cross-section through the Huxingshan W-Be mining

area along exploration lines 33（A-A，）

a图修改自湖南省有色金属地质勘查局247探矿队（2015）

3 样品特征、采集和测试方法

虎形山隐伏花岗岩整体呈灰白色，中-细粒结

构，块状构造（图3a）。岩石主要由石英（~ 44 %）、钾

长石（~28 %）、斜长石（~12 %）、黑云母（~6 %）和少

量白云母（~ 4 %）组成（图 3）。石英呈他形粒状、连

晶集合体状，交代、包含、熔蚀长石、云母等；钾长石

呈他形-半自形，见格子双晶和微纹结构，表面泥化

显混浊状；斜长石为半自形板条状，发育聚片双晶，

边缘多被石英交代、熔蚀（图3b）；黑云母具鲜艳的

干涉色，呈片状、细片状，交代长石、石英等（图3c、d）。

岩石定名为中细粒黑云母花岗岩。

本次研究的 8件虎形山花岗岩样品均采集于

钻孔ZK3304，样品均避开围岩捕掳体和各种脉岩。

样品的主量元素和微量元素地球化学分析均

由澳实分析检测（广州）有限公司完成。在冷冻温度

条件下，将岩石样品粉末化至 200目，并置于 90°C

王水中2~3 h，使其溶解，在1025°C下点燃1 g研磨

样品后，测定点火损失（LOI）值。主量元素采用硼

酸锂溶解（S<10wt%）或偏硼酸锂-焦硼酸锂-硝酸

钠熔融（S>10wt%）后进行 X-射线荧光光谱分析
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（XRF），仪器为荷兰PANalytical Axios Max型X射

线荧光光谱仪，X光管工作电压为40 kV，工作电流

为70 mA，分析误差优于5%。样品微量元素含量使

用美国 Agilent 5110 电感耦合等离子体质谱仪

（ICPMS）进行测试，精度为 10-6级，当元素含量大

于10×10-6时，误差小于5%，而当元素含量小于10×

10-6时，误差小于10%。测试过程中使用美国地质调

查局（USGS）标准（玄武岩BCR-2、玄武岩BHVO-1

和AGV-1）作为参考标样来监测分析过程，详细的

分析方法和流程参考 Liu Q Q et al.（2017）。

图3 虎形山花岗岩ZK3304岩芯样品（a）及显微结构照片（b-单偏光，c、d-正交偏光）

Fig. 3 Core drilling and typical microstructure photos of Huxingshan granite（b-single polarization，c，d-orthogonal polarization）

Qz-石英；Kf-钾长石；Pl-斜长石；Bt-黑云母；Ms-白云母

4 岩石地球化学特征

样品主量元素测试结果（表1）显示，虎形山花

岗岩的SiO2含量较高，介于71.86% ~ 73.22%之间，

平均为 72.52%；Na2O 含量介于 2.74% ~ 3.70%之

间，平均为 3.42%，K2O含量介于 4.05% ~ 4.87%之

间，平均为 4.35%，K2O/Na2O 比值介于 1.11 ~ 1.78

之间，平均值为1.28，整体上具有高钾特征。根据路

远发和李文霞（2021）提供的CIPW标准矿物计算

程序对虎形山花岗岩样品进行了CIPW计算，结果

（表 2）表明：石英、斜长石和钾长石为虎形山花岗

岩的主要矿物（三种矿物占总含量的95%以上），其

次为紫苏辉石（2.00% ~ 2.66%）、刚玉（1.15% ~

2.72%）以及少量的磁铁矿和磷灰石。上述特征与显

微镜下（图3）的观察结果一致。在全碱-硅（TAS）分

类图（图 4a）中，样品点均落入花岗岩的区域；在

SiO2-K2O图解上落入高钾钙碱性系列（图4b）区域；

Al2O3介于 13.99% ~ 14.55%之间，平均为 14.23%，

铝饱和指数（A/CNK）介于1.08 ~ 1.21间，平均值为

1.12，总体上表现为过铝质特征（图 4 c）；TFe2O3

（1.17% ~ 1.63 %）和MgO（0.28% ~ 0.36 %）含量较

低（表 1），在SiO2- FeOT/（FeOT+MgO）图解中，样品

点均落入镁质区（图4 d）。
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虎形山花岗岩样品的稀土总量ΣREE介于62.3×

10-6 ~ 124×10-6之间，平均值为101×10-6，LaN/YbN比值

介于9.29 ~ 21.9之间，平均值为17.3，GdN/YbN比值介

于1.77~3.11之间，平均值为2.27，Sm N/YbN比值介于

2.71 ~ 5.26之间，平均值为3.91（表3），在稀土元素球

粒陨石标准化配分模式图上表现为轻重稀土分异明

显，轻稀土相对富集、重稀土相对亏损（图5 a）；样品

的δEu介于0.51 ~ 0.63之间，平均值为0.56，具有明

显的负Eu异常；而δCe介于3.10 ~ 3.22之间，反映样

品具有微弱的正Ce异常。8件样品中Ba和Rb元素含

表1 虎形山钨铍矿区隐伏花岗岩主量元素分析结果 （%）
Table 1 Result of major element analyses of concealed granite in the Huxingshan W-Be mining area（%）

样品号

SiO2

TiO2

Al2O3

TFe2O3

MnO

MgO

CaO

Na2O

K2O

P2O5

LOI

Total

A/CNK

Mg#

A/NK

K2O/Na2O

ZK3304-12

72.96

0.11

14.09

1.17

0.03

0.28

1.01

2.74

4.87

0.09

1.66

99.07

1.20

32.16

1.74

1.78

ZK3304-13

71.91

0.13

14.55

1.23

0.04

0.32

1.24

3.29

4.42

0.06

1.79

99.06

1.15

34.01

1.98

1.34

ZK3304-14

72.53

0.13

13.99

1.25

0.05

0.31

1.57

3.29

4.31

0.05

2.03

99.59

1.07

32.95

1.96

1.31

ZK3304-15

71.86

0.16

14.19

1.54

0.05

0.36

1.35

3.66

4.05

0.04

2.68

100.02

1.09

31.65

2.12

1.11

ZK3304-17

72.72

0.16

14.08

1.54

0.05

0.33

1.35

3.62

4.17

0.05

1.51

99.65

1.08

29.07

2.04

1.15

ZK3304-18

72.10

0.17

14.02

1.63

0.05

0.35

1.47

3.39

4.15

0.05

1.92

99.37

1.09

29.80

2.04

1.22

ZK3304-21

73.22

0.16

14.36

1.44

0.04

0.28

1.23

3.70

4.26

0.04

1.37

100.18

1.10

29.84

2.04

1.15

注：A/CNK=n（Al）/ n（Ca+Na+K）；A/NK=n（Al）/ n（Na+K）；Mg#=100×n（Mg）/n（Mg+TFe2+）.

表2 虎形山钨铍矿区隐伏花岗岩 CIPW标准矿物分子计算结果（%）
Table 2 The calculation results of the CIPW standard mineral molecular of concealed granite in the Huxingshan W-Be

mining area（%）

样品号

石英(Qz)

斜长石(Pl)

钾长石(Kf)

刚玉(C)

紫苏辉石(Hy)

钛铁矿(Tl)

磁铁矿(Nag)

磷灰石(Ap)

锆石(Zr)

铬铁矿(Chr)

合计

分异指数（DI）

ZK3304-12

36.35

28.40

29.74

2.72

2.00

0.21

0.35

0.21

0.01

0

100

94.49

ZK3304-13

33.06

34.62

27.12

2.25

2.16

0.25

0.37

0.14

0.01

0

100

94.80

ZK3304-14

33.28

36.27

26.36

1.15

2.17

0.25

0.37

0.12

0.01

0

100

95.91

ZK3304-15

31.71

38.55

24.86

1.41

2.60

0.31

0.46

0.10

0.02

0

100

95.12

ZK3304-17

32.21

37.81

25.33

1.25

2.50

0.31

0.46

0.12

0.02

0.01

100

95.35

ZK3304-18

32.93

36.69

25.38

1.39

2.66

0.33

0.49

0.12

0.02

0

100

95

ZK3304-21

32.04

37.69

25.71

1.49

2.22

0.31

0.42

0.09

0.02

0

100

95.44

徐军伟等：湘东北虎形山钨铍矿区隐伏花岗岩体地球化学特征及成因研究 403

77



华 南 地 质 2024 年

量分别为391×10-6 ~ 572×10-6和 281×10-6 ~ 337×10-6，

其次，Zr含量为42×10-6 ~ 92×10-6，Th和Nb含量相对

较低，分别为7.15×10-6 ~ 14.9×10-6和 9.6×10-6 ~ 11.8×

10-6，Sr含量为95×10-6 ~ 202×10-6，Eu的含量更低，在

0.38×10-6 ~ 0.64×10-6之间（表3）。在微量元素原始地

幔标准化蛛网图（图5 b）中，样品整体显示为右倾型

曲线，富集大离子亲石元素Rb、Th、U、K、Ta、La、Ce

等，亏损Ba、Nb、P、Ti，Sr、Nd略有亏损。

图4 虎形山钨铍矿区隐伏花岗岩相关判别图解

Fig. 4 Related discrimination diagram of concealed granite in the Huxingshan W-Be mining area

a.侵入岩TAS分类图解（底图据Middlemost，1994）；b. K2O-SiO2图解（底图据Rickwood，1989）；c. A/KNC-A/NC图解（底图据Maniar and

Piccoli，1989）；d. SiO2- FeOT/（FeOT+MgO）图解（底图据Ronald Frost et al.，2001）

图a中：1.橄榄辉长岩；2a.碱性辉长岩；2b.亚碱性辉长岩；3.辉长闪长岩；4.闪长岩；5.花岗闪长岩；6.花岗岩；7.硅英岩；8.二长辉长岩；9.二

长闪长岩；10.二长岩；11.石英二长岩；12.正长岩；13.副长石辉长岩；14.副长石二长闪长岩；15.副长石二长正长岩；16.副长正长岩；17.副长

深成岩；18.霓方钠岩/磷霞岩/粗白榴岩

5 讨论

5.1 岩浆源区的温度、压力

花岗岩作为地壳的重要组成部分，在大陆区域

构造和岩浆演化过程中起着重要的作用（王德滋和

沈渭洲，2003；王开朗等，2013；吴福元等，2023）。花

岗岩结晶时的温度、压力、氧逸度、挥发分含量、含

水量等物理化学条件的变化直接影响成矿元素在

熔体相和流体相之间的分配、运移，从而制约成矿

作用的进行（张德会，2020）。通过花岗岩中重要矿

物（如锆石、黑云母等）的化学成分特征能够反映岩

浆的源区性质、成因类型、构造环境以及成岩时的

物理化学条件等信息（Wones and Eugster，1965；Pa-

tiño Douce，1993；周新民，2007；王晓霞等，2024），对

揭示成岩、成矿作用过程有重要的指示意义。
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表3 虎形山钨铍矿区隐伏花岗岩微量 、稀土元素分析结果（×10-6）

Table 3 Results of trace and rare earth element analyses of concealed granite in theHuxingshanW-Bemining area（×10-6）

样品号

Li

Be

V

Cr

Cu

Zn

Ga

Rb

Sr

Y

Zr

Nb

Mo

Sn

Cs

Ba

La

Ce

Pr

Nd

Sm

Eu

Gd

Tb

Dy

Ho

Er

Tm

Yb

Lu

Hf

Ta

W

Pb

Bi

Th

U

∑REE

Th/U

U/Th

LaN/YbN

GdN/YbN

SmN/YbN

δEu

δCe

TZr(°C)

ZK3304-12

0.66

41.8

13.0

20.0

343

84.3

26.4

337

95.0

10.5

42.0

10.6

202

11.2

17.8

391

13.4

26.2

2.85

9.90

2.44

0.38

2.14

0.34

1.99

0.37

1.00

0.15

0.98

0.15

1.80

2.10

39.0

32.3

1.93

7.15

8.21

62.3

0.87

1.15

9.29

1.77

2.71

0.51

3.22

742

ZK3304-13

2.36

7.07

12.0

20.0

1474

507

26.4

330

125

8.60

63.0

10.6

62.7

17.4

19.4

572

21.9

42.2

4.50

15.5

3.29

0.53

2.61

0.35

1.72

0.29

0.75

0.11

0.68

0.10

2.40

1.90

5.00

37.4

10.4

10.9

10.2

94.5

1.07

0.94

21.9

3.11

5.26

0.55

3.20

707

ZK3304-14

0.17

17.0

11.0

20.0

23.4

48.6

25.4

297

148

9.20

70.0

10.6

3.81

5.12

23.0

539

20.8

39.5

4.17

14.5

3.04

0.56

2.46

0.37

1.99

0.35

0.82

0.11

0.69

0.10

2.70

2.10

6.00

39.3

1.77

10.8

8.71

89.5

1.24

0.81

20.5

2.88

4.79

0.63

3.16

736

ZK3304-15

0.84

8.36

13.0

20.0

28.7

57.5

27.5

290

202

13.0

92.0

11.8

2.52

12.3

12.9

570

29.0

55.7

5.86

19.9

4.09

0.64

3.10

0.48

2.58

0.45

1.19

0.18

1.08

0.14

3.10

2.00

8.00

35.5

1.50

14.0

12.4

124

1.13

0.89

18.2

2.32

4.12

0.55

3.20

734

ZK3304-16

0.40

6.56

13.0

10.0

26.6

53.5

25.7

303

162

9.30

78.0

10.5

3.57

11.2

15.3

566

21.9

42.0

4.43

14.9

3.14

0.57

2.50

0.35

1.88

0.34

0.91

0.13

0.90

0.14

3.00

1.70

2.00

32.9

0.90

10.9

9.06

94.1

1.20

0.84

16.5

2.25

3.80

0.62

3.19

727

ZK3304-17

0.29

6.53

14.0

30.0

25.0

57.1

25.0

287

160

11.8

88.0

9.90

1.38

6.95

17.0

448

26.4

49.7

5.09

17.4

3.35

0.52

2.60

0.42

2.17

0.43

1.18

0.17

1.14

0.17

3.00

1.90

4.00

41.1

0.52

12.9

9.59

111

1.35

0.74

15.7

1.85

3.20

0.54

3.16

746

ZK3304-18

0.19

5.20

15.0

20.0

19.8

50.3

26.1

337

151

11.8

91.0

10.4

4.43

4.49

19.0

432

28.4

53.5

5.39

18.3

3.61

0.53

2.60

0.44

2.21

0.44

1.20

0.17

1.09

0.16

3.20

2.10

5.00

40.3

7.74

14.9

16.9

118

0.88

1.14

17.7

1.93

3.60

0.53

3.17

741

ZK3304-21

0.17

7.19

14.0

30.0

47.4

50.6

23.9

281

140

11.5

87.0

9.60

41.7

4.49

16.3

490

27.3

50.4

5.20

17.0

3.54

0.54

2.55

0.40

2.14

0.41

1.09

0.16

1.02

0.15

2.90

1.90

6.00

34.0

0.98

13.4

9.98

112

1.34

0.74

18.2

2.02

3.78

0.55

3.10

734

注：下标N表示该元素经过球粒陨石标准化，据McDonough and Sun（1995）；δEu = Eu/Eu* = 2EuN/（SmN × GdN）；δCe=2Ce/（La+Pr）；

TZr（°C）的计算据Watson and Harrison（1983）
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锆石是花岗质岩浆中较早结晶的副矿物，具有

相对稳定且对温度敏感的特征，因此锆石饱和温度

被认为近似代表花岗质岩石近液相线的温度

（King et al.，1997）。本文采用 Watson and Harrison

（1983）的模拟公式来计算花岗岩的锆石饱和温度：

TZr（℃）= 12900/[2.95 + 0.85 M + ln（496000/

Zrmelt）]-273

式中，令全岩 n（Si）+n（Al）+n（Fe）+n（Mg）+n

（Ca）+n（Na）+n（K）+n（P）=1，则M = n（Na + K + 2

Ca）/n（Al × Si）。

图5 虎形山钨铍矿区隐伏花岗岩稀土元素球粒陨石标准化配分模式图（a）及微量元素原始地幔标准化蛛网图（b）

Fig. 5 Normalized distribution pattern of rare-earth element chondrites（a）and normalized diagram of trace elements in primitive

mantle of the concealed granite（b）in the Huxingshan W-Be mining area

标准化值据Sun and McDonough（1989）

在没有进行全岩锆石矿物Zr、Hf校正时，纯锆

石中Zr = 497626×10-6，同时，用全岩的Zr含量近似

代表熔体中的Zr含量（王楠等，2017），计算出虎形

山花岗岩样品的锆石饱和温度在707 ~ 746℃之间

（表3），接近但略低于A型花岗岩形成的平均温度

（764℃，King et al.，1997），显然，虎形山花岗岩体

受到了结晶分异作用的影响。

当前有很多方法来计算花岗岩的压力，如角闪

石全铝压力计、黑云母全铝压力计和通过拉曼光谱

获得流体包裹体内压等，李小伟等（2011）系统总

结了这些压力计的应用限制条件和误差。相比于其

他方法，在不考虑花岗岩结构的情况下，Q-Ab-Or

图解既可以反映花岗岩矿物（组合）的结晶演化顺

序，也可以反映两种长石和石英共结时的压力条件

和水活度等信息（黄凡等，2009；李小伟等，2011）。

考虑到虎形山花岗岩不存在典型的斑状结构，因此

可直接将CIPW计算得到的长石、石英含量（表2）

投影于Q-Ab-Or图解中来推测其源区的压力条件。

在图6a中，虎形山花岗岩样品普遍投影于1 ~ 5 kbar

之间，反映较低的源区压力条件和较浅的源区深度。

该结论与（CaO+Al2O3）-CaO/Al2O3 图解（图6b）中样

品点位于低压线以下区域的指示意义一致。

5.2 成因分析

虎形山花岗岩富SiO2、Al2O3，贫CaO，CIPW刚

玉分子>1%（1.15% ~ 2.72%），A/CNK 介于 1.07 ~

1.20之间（表 1、表 2），并富集云母等过铝质矿物，

显示出 S 型花岗岩的特征（Chappell and White，

1992；Zeng R Y et al.，2016）。对于S型花岗岩而言，

随着结晶分异程度的加强，P2O5含量将会上升，Th

和Y含量将会下降。在图 7中，P2O5与Th和Y主要

呈负相关，也显示了S型花岗岩的特征。虽然虎形

山花岗岩的 10000Ga/Al 值（3.14 ~ 3.66）均大于

2.6，显示为A型花岗岩的特征，但是其具有一系列

明显区别于A型花岗岩的特征，如：（1）高场强元素

Zr、Nb、Ce和Y值之和介于 89.3×10-6 ~ 172.5×10-6，

远低于A型花岗岩的该值下限值（350×10-6）；（2）其

AKI值介于0.69 ~ 0.76之间，低于A型花岗岩的平

均值（0.95）；（3）其锆石饱和温度为707 ~ 746℃，明

显低于澳大利亚 Lachlan 褶皱带铝质 A 型花岗岩

839℃的平均锆石饱和温度（King et al.，1997），接

406

80



第 40卷 第 2期

近但略低于典型S型花岗岩的平均锆石饱和温度

（764℃，King et al.，1997）。研究认为，高分异的 I型

或者S型花岗岩与部分典型的A型花岗岩的主、微

量元素特征接近（Whalen et al.，1987；Chappell et

al.，2012）。虎形山花岗岩具有较低的Fe、Mg、Ti含

量，同时其较低的Mg#（27.81 ~ 32.95）、Zr/Hf、Rb/Sr

和Th/U值以及较高的分异指数（DI=94.49~95.91），

均显示出较高程度的分异演化（王连训等，2008）。

Ba、Sr、Eu的负异常用来揭示斜长石和钾长石的结

晶分离；P和Ti的负异常则与磷灰石和钛铁矿的分

离结晶有关。此外，在Sr-Ba图解（图 8a）和La-（La/

Yb）N图解（图 8b）中，显示虎形山花岗岩经历了斜

长石、钾长石、磷灰石、独居石和褐帘石的结晶分异

过程。因此，虎形山花岗岩部分A型花岗岩的特征

是由其较高的分异程度造成的。综上，虎形山花岗

岩应为高分异的S型花岗岩。

图6 虎形山钨铍矿区隐伏花岗岩CIPW标准化Q-Ab-Or图解（a）及（CaO+Al2O3）-CaO/Al2O3 图解（b）

Fig. 6 Diagram of CIPW standardized Q-Ab-Or（a）and CaO / Al2O3 -（CaO + Al2O3）（b）diagram of the concealed granite in the

Huxingshan W-Be mining area

a图底图据 Johannes and Holtz（1996）；b图底图据Patiño Douce（1999）

图7 虎形山钨铍矿区隐伏花岗岩P2O5-Th（a）及P2O5-Y（b）图解

Fig. 7 Illustration of P2O5-Th（a）and P2O5-Y（b）in the concealed granite of the Huxingshan W-Be mining area

5.3 源区特征

在Rb/Sr-Rb/Ba图解（图 9a）中，虎形山花岗岩

样品投影点趋势与实验中的杂砂岩、泥质岩、砂

屑岩等脱水熔融的投影点均不重合，而与杂砂岩

和泥质岩的混合趋势相符。我们之前通过对虎形

山花岗岩中单颗粒锆石的Hf同位素研究显示，εHf
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K2O、Rb、Cs 和 TiO2含量，且具有较低的 Na2O/K2O

（均小于 1）和Al2O3/TiO2值（均小于 200），高的Rb/

Sr 值（均大于 1），显示云母矿物脱水熔融的特征

（Miller，1985；Castro et al.，1999）。Wang Y J et al.

（2003）认为 Rb/Sr>5 是岩浆源区白云母脱水熔融

的标志，而Rb/Sr<5则反映主要与黑云母的脱水熔

融有关。虎形山花岗岩的Rb/Sr值均小于5，显示该

花岗岩源区主要受黑云母的脱水熔融控制。此外，

虎形山花岗岩较低的CaO（1.01% ~ 1.57%）含量指

示角闪石的脱水熔融作用受限或者没有（Masberg

et al.，2005）。综上，黑云母的脱水熔融在虎形山花

岗岩碎屑岩的混合源区部分熔融中起主导作用。

中元古界的冷家溪群为湘东北地区的基底地

层。虎形山花岗岩具有Rb、Th、U、K等LILE富集，

Ba、Sr、Nb、Ta、P相对亏损的特征（图5b），与冷家溪

群的微量元素特征（许德如等，2006）相似。此外，前

期的研究表明虎形山花岗岩锆石εHf（t）的最低值

为-9.64，可以近似代表其源区古老地壳的εHf（t）值

（Xu J W et al.，2020），而该值对应的TDM2（1806 Ma）

与冷家溪群碎屑锆石的TDM2峰值相同（1.8 Ga，孟庆

秀等，2013），因此，本文推测冷家溪群为虎形山花

岗岩的地壳物质源区。

5.4 大地构造意义

在早-中三叠世，由于古特提斯洋的关闭，在华

南地区发生了强烈的构造-岩浆作用，形成了大量

的同期花岗岩（250 ~ 220 Ma）。此后，华南地区发

生了从特提斯构造域向太平洋构造域的转换。众多

学者通过对华南众多沉积盆地及岩浆岩的研究，

190 ~ 160 Ma被认为是该构造体制的转换期（邓平

等，2003；Shu L S et al.，2009；舒良树，2012）。在太

平洋构造域中，华南地区晚中生代强烈的岩浆活动

主要与古太平洋板块向华南板块低角度的平俯冲

有关（Zhou X M et al.，2006；Li Z X and Li X H，

2007），在东南沿海地区形成了大量的早白垩世花

岗岩，普遍认为它们是被俯冲扰动的地幔物质上涌

而导致的地壳物质部分熔融形成的（Zhou X M

and Li W X，2000；周新民，2007）。

唐朝永等（2013）对虎形山矿化石英脉进行了

Rb-Sr 同位素测年，结果为 135 ~131Ma，表明它们

是燕山晚期的产物。Xu J W et al.（2020）对虎形山

白云母-石英脉流体包裹体进行Rb-Sr等时线测年，

结果为 134±2 Ma，与其花岗岩的锆石 U-Pb 年龄

（137.8±0.5 Ma）在误差范围内一致，这些均表明虎

形山矿床及矿区内的花岗岩形成时代均为白垩纪。

虽然在构造判别图（图 10）中，虎形山花岗岩样品

均投影于同碰撞的区域，然而，如前文所述，华南地

区的同碰撞造山作用发生于三叠纪，早白垩世湘东

北已经完成了由陆内碰撞向陆内拉伸的转变（李鹏

春等，2005；王连训等，2008）。在临近的赣北地区发

育大量拉伸环境下的板内A型花岗岩，其形成时期

为 140 ~ 90 Ma，（Li X H，2000；Jiang Y H et al.，

2011；黄兰椿和蒋少涌，2012；Yang S Y et al.，

2012），这表明白垩纪的虎形山花岗岩不可能形成

于同碰撞环境。因此，虎形山花岗岩的同碰撞地球

图10 虎形山钨铍矿区隐伏花岗岩构造环境判别图解

Fig. 10 Discrimination map of the tectonic environment of the concealed granite in the Huxingshan W-Be mining area

底图据Pearce et a1. 1984；WPG-板内花岗岩；ORG-洋脊花岗岩；VAG-火山弧花岗岩；syn-COLG-同碰撞花岗岩
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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, Fe3O4) 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 m2/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 × 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 Zn Cd Cr As Ni 
Total heavy metal 

(mg/kg) 52.2 90 126 1.91 98.6 53.9 36.3 

Agricultural Soil Risk 
Screening Standard 

Value (mg/kg) 
150 120 200 0.3 250 30 60 

Agricultural Soil Risk 
Control Standard 

Value (mg/kg) 
- 500 - 1.5 800 200 - 

Pi value 0.348 0.75 0.73 6.36 0.394 1.79 0.605 

Pollution Level [17] Clean Relatively clean Clean Heavy pol-
lution Clean Slight pollution Clean 
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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-CaCl2-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 (CPlant, mg/kg) to its concentration in the soil 
(CSoil, 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−1). These formulas are defined as follows: 

BF = CPlant/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 = CBefore − CAfter/CBefore 

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, Illumina, 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 aqueous 
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 µm. 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 Cd2+, Pb2+, and Cu2+, 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. 

Plant 
Cd Content 

(mg/kg) BF TF Plant 
Cd Content 

(mg/kg) BF TF 

1 shoot 0.0145 0.0076 
0.3713 

9 shoot 0.0998 0.0522 
0.2791 

1 root 0.0391 0.0205 9 root 0.3575 0.1872 
2 shoot 0.0529 0.0277 

0.6451 
10 shoot 0.0945 0.0495 

0.1755 2 root 0.0820 0.0430 10 root 0.5385 0.2819 
3 shoot 0.1729 0.0905 

0.6725 
11 shoot 0.1885 0.0987 

0.2622 
3 root 0.2570 0.1346 11 root 0.7189 0.3764 
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4 shoot 0.1541 0.0807 
0.9862 

12 shoot 0.1003 0.0525 
0.6524 

4 root 0.1563 0.0818 12 root 0.1537 0.0805 
5 shoot 1.1768 0.6161 

0.8376 
13 shoot 2.2833 1.1954 

0.6982 
5 root 1.4049 0.7356 13 root 3.2704 1.7123 

6 shoot 1.8418 0.9643 
0.7760 

14 shoot 0.5077 0.2658 
0.6873 

6 root 2.3735 1.2427 14 root 0.7386 0.3867 
7 shoot 1.6964 0.8881 

1.3830 
15 shoot 0.2916 0.1527 

0.9119 
7 root 1.2266 0.6422 15 root 0.3197 0.1674 

8 shoot 0.3021 0.1581 
0.4652 

    
8 root 0.6493 0.3399     

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 Cd2+ is 3 mg/kg. Subsequent pot experiments will be conducted based on these condi-
tions for synergistic remediation. 

 
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 Cd2+ 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 Cd2+ 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). 

 
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 Cd2+ in the soil to reduce 
the toxicity of Cd2+, and as a result, the damage to various enzymes inside the plant via 
free Cd2+ 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. Cd2+ 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.  

 
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 V3V4) 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. A1: 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. 

A1 and A2 represent soil samples from the potting experiment. There were significant 
differences in dominant bacterial communities before and after remediation. In sample 
A1, 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 β-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 B1 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 Cd2+ 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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摘 要 湘南地区广泛发育二叠纪海相沉积型锰矿，为揭示其成矿过程及机理，文章以湖南永州东湘桥锰矿

床沉积剖面为研究对象，对其开展主、微量元素和碳-氧同位素分析。结果表明，富锰岩层富 Cr、Ni、Co等元素的地

球化学特征，其 Co/Zn、Mn/Fe、Y/Ho比值和多判别图解共同指示该矿床为热液沉积，表明成矿物质 Mn主要来源于

海底热液。Mo和 U元素富集因子（MoEF和 UEF）、U/Th和 V/(V+Ni)比值等沉积氧化还原指标分析结果表明，高品

位锰矿石层产于氧化向缺氧转变的背景下，而低品位含锰岩层则主要产于氧化或强烈缺氧环境下。富锰岩层的

δ13CPDB（-0.2‰~1.9‰）和 δ18OSOMW（18.1‰~23.1‰）与海相碳酸盐岩相似，表明成矿物质的 C和 O主要来源于海水。

基于上述结果，笔者认为东湘桥锰矿床成矿过程受海水 CO
2 -
3 浓度和沉积氧化还原条件的双重控制，其成矿过程可

以概况为 2个阶段：①深水盆地的热液Mn在还原条件下以可溶Mn2+向近岸 CO
2 -
3 过饱和的浅水台地迁移；②当沉

积环境由氧化向缺氧转变时，锰氧化物在沉积/水界面还原释放 Mn2+，显著提高水柱中溶解 Mn浓度，促进富锰碳

酸盐矿物析出，形成高品位锰矿石。

关键词 二叠纪；孤峰组；沉积型锰矿；地球化学；祁零盆地
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（1 Geophysical and Geochemical Survey Institute of Hunan, Changsha 410000, Hunan, China; 2 School of Civil Engineering and

Architecture, Guangxi Minzu University, Nanning 530006, Guangxi, China; 3 School of Geosciences and Info-Physics, Central

South University, Changsha 410083, Hunan, China; 4 Geological Survey Institute of Hunan Province, Changsha 410014,
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�"�C�T�U�S�B�D�U

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 (MoEF and UEF), 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 δ 13CPDB (- 0.2‰~1.9‰) and δ18OSOMW (18.1‰~23.1‰) 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

Dongxiangqiao manganese deposit is controlled by both seawater CO
2 -
3 concentration and sedimentary redox

conditions. The ore-forming process can be summarized infollowing two stages: ① Hydrothermal Mn in deep-

water basins migrates towards nearshore CO
2 -
3 supersaturated shallow-water platforms under reducing condi‐

tions; ② When the sedimentary environment transitions from oxic to anoxic conditions, manganese oxides at the

sediment/water interface are reduced to release Mn2+, 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�S�E�T��Permian, Gufeng Formation, sedimentary-type manganese deposit, geochemistry, Qiling basin

锰是一种重要的金属元素，广泛应用于钢铁、化

学、建材和新能源等诸多领域，因此，锰矿是中国国

民经济建设的战略性关键金属矿产之一（王登红 ,

2019;鞠建华等, 2022）。中国锰矿床以海相沉积型

和表生型为主（付勇等, 2014）。其中，海相沉积型锰

矿在中国锰资源总量中占比超过 70%，是中国目前

勘探开发重点关注的矿床类型（丛源等, 2018）。二

叠纪是华南沉积型锰矿发育的重要时期之一，在贵

州、安徽和湖南等地形成了一系列碳酸锰矿床（许卫

等 , 2005; 杨瑞东等 , 2009; 廖凤初等 , 2016; 石少华

等, 2016;柏道远等, 2020）。以往的研究显示，华南

二叠纪海相沉积型锰矿总体具有品位低，单矿体资

源量少，矿床数量多的特点（付勇等, 2014）。然而，

在局部地区，该时期的锰资源异常丰富，显示出极

好的成矿潜力，如贵州遵义铜锣井等大型锰矿床

（刘平等, 2008;汪洋等, 2020）。从成矿预测与找矿

潜力评价方面而言，空间上显著的Mn富集差异强

调了对该时期锰矿床成矿机理认识的必要性和重

要性。

湖南是二叠纪海相沉积型锰矿资源大省，发育

典型矿床包括湘南地区的东湘桥锰矿床和水埠头

锰矿床等（刘磊等, 2015;廖凤初等, 2016）。这些矿

床的锰矿石主要产于二叠系孤峰组中（石少华等 ,

2016），与华南其他地区二叠纪锰矿石层位（孤峰组

或茅口组）基本一致（谢建成等 , 2006; 刘志臣等 ,

2019）。尽管这些矿床的锰矿石品位通常相对较低

（w（MnO）<10%），但其在近地表风化后形成的氧化

锰资源可以达到工业开采标准。湘南地区拥有 45

个锰矿床和 195个找矿远景区，是中国重要的锰矿

开采区（姚敬劬等, 1998）。近年来，湘南地区锰矿床

的地质勘查发现，这些矿床中局部存在高品位

（w（MnO）>20%）的碳酸锰矿石层，表明该地区具有

较好的沉积型锰矿资源找矿潜力。然而，以往对该

地区锰矿床的研究多聚焦于母岩风化后形成的表生

型矿床（张林等, 2015; Deng et al., 2017），很少关注

原生沉积型锰矿床的成因。

本文选取湖南永州东湘桥沉积型锰矿床为研究

对象，通过系统的元素和同位素地球化学分析，重点

解析锰矿成矿物质来源和沉积氧化还原条件，探讨

Mn富集机理及主控因素，建立成矿模式，以期为该

地区锰矿资源的进一步找矿勘查与开发提供科学建

议，同时也为华南地区二叠纪海洋锰循环与成矿过

程提供新的认识。

1 地质背景

东湘桥锰矿床位于湖南省永州市西南约 40 km

处的珠山镇一带，地处华南准地台的桂湘赣褶皱带

中的祁零盆地。该地区岩石地层除缺失志留系和

新近系外，寒武系—第四系均有发育。其中，古生

代滨浅海相碳酸盐岩和硅质碎屑岩在区内广泛出

露，中生代—新生代陆相碎屑沉积零星出露（图

1a）。受加里东期、印支期和燕山期多期次造山运

动影响，区内发育一系列轴向近南北向和北东向的
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褶皱和断层（图 1a）。东湘桥锰矿在构造上受北东

向向斜控制，该向斜核部由二叠系浅海碳酸盐岩和

硅质碎屑岩组成，向两翼过渡到石炭系和泥盆系碳

酸盐岩夹碎屑沉积，东西两翼地层基本对称发育

（图 1b）。锰矿主要赋存于二叠系小江边组和孤峰

组碳酸盐岩中，通常呈层状、似层状及透镜状产

出，富锰矿物主要由菱锰矿和锰方解石组成，含少

量锰白云石。矿区富锰岩系空间上的厚度变化较

大，沿向斜轴线，以向斜中部最厚，南北两端较薄，

向斜轴线东侧较西侧薄。此外，随着华南地区在

中新世晚期—上新世的快速抬升，富锰岩系在地

表经风化作用形成了大量高品位氧化锰矿（图 1b），

是该地区锰矿开采的重要矿床类型之一（Deng et

al., 2017）。

此次选取的研究剖面（ZK4306）是东湘桥锰矿

床 T43勘探线上的钻孔剖面（图 1b），位于向斜东翼

（图 2a）。该钻孔垂直深度为 188 m，自下而上地层

依次为二叠系栖霞组、小江边组、孤峰组和龙潭组，

以及上覆第四系。其中，栖霞组顶部由灰黑色碳质

灰岩组成；小江边组底部为青灰色钙质泥岩，向上变

为砖红色和青灰色含铁-锰灰岩，在顶部发育锰矿石

层；孤峰组下部为浅灰黑色含锰灰岩，上部为锰矿石

层，顶部为钙质泥岩；龙潭组下部为灰黑色泥岩，向

上逐渐过渡为粉砂质泥岩（图 2b）。

图1 祁零盆地区域地质图（a）及东湘桥锰矿矿区地质简图（b）（据Deng et al., 2017修改）

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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图2 东湘桥矿区T43勘探线剖面地质简图（a）与ZKT4306钻孔岩性柱状图（b）

Fig. 2 Schematic geologic section at T43 exploration line through the Dongxiangqiao ore deposit(a) and lithostratigraphic column

of the ZKT4306 borehole(b)

2 样品采集及分析方法

������ 样品采集

为了揭示东湘桥锰矿成矿机理及沉积时期海洋

沉积环境变化，本文对研究剖面（ZK4306）连续采集

了22件岩石样品用于地球化学分析，并对其中2件样

品进行了矿物学分析，样品采集位置详见图2b和表1。

所有样品的采集均选取新鲜、无明显蚀变的岩

芯区域，以保证地球化学数据的可靠性。岩石样品

在玛瑙坩埚中研磨至粉末（小于 200目），用于地球

化学分析。

������ 分析方法

（1）全岩主、微量元素分析

全岩主、微量元素分析在北京安美科创石油科

技有限公司完成。

全岩主量元素测定由两部分组成：①采用重量
法测定岩石烧失量，本次实验参照国标（GB / T

14506.34-2019）完成；②熔样制片和上机测试，该部
分实验参照国标（GB/T 14506.28-2010）完成。主量

元素含量测定采用荷兰帕纳科（PANalytical）生产的

Axios mAX波长色散 X射线荧光光谱仪（XRF）完

成。通过重复样和国家标准物质（GSR-4、GSR-5、

GSR-6）的测定评估数据的准确性，主量元素分析不

确定性小于5%。

微量元素分析首先采用HNO3+HF混合酸对全

岩粉末样品进行消解，制备待测溶液，之后上机测

试，该部分实验参照国标（GB/T 14506.30-2010）完

成。溶液样品微量元素在赛默飞公司（Thermo Fish‐

er）生产的 Element XR高分辨率等离子体质谱仪

（HR-ICP-MS）上进行测定。通过重复样和国际标准

物质（BHVO-2、BCR-2、RGM-2）的测定评估数据质

量，微量元素分析精度优于5%。

（2）总有机碳含量分析

总有机碳（TOC）含量分析在中南大学有色金属

成矿预测与地质环境监测教育部重点实验室的碳硫

分析仪（Leco CS744）上完成。称取~100 mg粉末样

品置于渗水坩埚中，加入过量稀盐酸以保证完全去

除无机碳，淋洗至中性，并干燥，之后上机测试。重

复样和有证参考物质（CRM：Leco 502-899，碳=3.19±
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表 �� 东湘桥锰矿 �;�, ��������岩石样品主量元素分析结果�	w�	�#�
��%�


�5�B�C�M�F�� �.�B�K�P�S �F�M�F�N�F�O�U�T �B�O�B�M�Z�U�J�D�B�M �S�F�T�V�M�U�T�	w�	�#�
��%�
 �P�G �S�P�D�L �T�B�N�Q�M�F�T �G�S�P�N �E�S�J�M�M �I�P�M�F �;�,�������� �P�G �U�I�F �%�P�O�H�Y�J�B�O�H�R�J�B�P

�N�B�O�H�B�O�F�T�F �E�F�Q�P�T�J�U

样品号

DXQ01

DXQ02

DXQ03

DXQ04

DXQ05

DXQ06

DXQ07

DXQ08

DXQ09

DXQ10

DXQ11

DXQ12

DXQ13

DXQ14

DXQ15

DXQ16

DXQ17

DXQ18

DXQ19

DXQ20

DXQ21

DXQ22

TOC

0.71

0.98

1.18

9.83

1.75

0.93

1.11

1.89

2.10

0.60

1.21

0.65

1.57

0.32

0.33

0.30

0.26

0.31

0.29

0.35

6.74

2.57

MnO

0.34

0.06

0.21

2.18

14.71

17.01

14.77

11.76

13.94

8.33

7.95

8.49

4.89

8.97

15.39

14.47

28.78

3.85

1.23

1.73

0.25

0.24

TFe2O3

4.16

5.25

7.25

4.14

3.85

2.58

4.16

7.71

6.59

4.93

6.45

4.07

11.02

8.79

5.98

6.02

3.57

8.63

5.27

1.74

1.17

0.94

CaO

1.26

0.73

0.78

9.97

27.11

31.06

26.57

23.32

20.69

20.25

13.91

16.76

12.83

13.50

18.58

14.69

20.13

7.24

2.78

7.62

17.32

31.30

MgO

1.44

1.58

1.36

1.07

2.73

2.76

2.91

2.40

2.10

2.15

2.87

1.30

2.56

2.70

2.55

2.16

1.61

3.29

1.86

1.17

1.27

7.18

K2O

2.39

3.51

2.52

1.75

0.34

0.28

0.39

0.18

0.52

0.29

0.52

0.10

0.40

0.13

0.11

0.35

0.36

2.71

0.60

0.33

1.17

0.64

Na2O

0.59

0.78

0.94

0.30

0.13

0.12

0.12

0.08

0.08

0.09

0.10

0.07

0.07

0.09

0.09

0.11

0.08

0.10

0.14

0.09

0.09

0.08

SiO2

69.09

57.67

51.60

44.81

18.14

11.00

18.56

24.61

26.90

37.27

43.45

46.60

43.62

41.84

30.16

36.78

14.84

55.32

77.47

74.91

49.95

19.81

Al2O3

12.62

21.33

21.06

9.51

2.02

1.53

2.16

1.64

2.14

1.34

3.38

0.60

3.70

2.28

1.40

2.64

1.60

6.50

4.15

2.87

3.96

2.61

TiO2

0.63

0.73

0.59

0.78

0.14

0.10

0.09

0.07

0.07

0.08

0.16

0.04

0.13

0.08

0.06

0.10

0.08

0.27

0.12

0.10

0.12

0.12

P2O5

0.14

0.10

0.10

0.54

0.18

0.26

0.20

0.13

0.11

0.20

0.15

0.28

0.13

0.44

0.58

0.36

0.31

0.14

0.06

0.03

0.48

0.28

图3 东湘桥锰矿床中富锰岩石与围岩主、微量元素相关性图

Fig. 3 Correlation diagrams of major and trace elements in Mn-rich rocks and country rocks from the Dongxiangqiao manganese

deposit

������ 碳-氧同位素特征

对含碳酸盐矿物的 19件样品进行碳 -氧同位

素测试，分析结果列于表 3。其中，8件锰矿石层

样品的 δ13CPDB和 δ18OSOMW值变化范围较窄，分别

为-0.2‰~1.4‰（平均值 0.6‰）和 19.2‰~21.8‰（平

均值 20.7‰）。 9 件含锰岩层样品的 δ13CPDB 和

δ18OSOMW值分别为 0.7‰~1.9‰（平均值 1.2‰）和

18.1‰~23.1‰（平均值 20.3‰）。在围岩样品中，2件
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表 �� 东湘桥锰矿 �;�, ��������岩石样品微量元素�	w�	�#�
�����������
和碳-氧同位素�	w�	�#�
��‰�
分析结果

�5�B�C�M�F�� �"�O�B�M�Z�U�J�D�B�M �S�F�T�V�M�U�T �P�G �U�S�B�D�F �F�M�F�N�F�O�U�T�	w�	�#�
�����������
，�D�B�S�C�P�O �B�O�E �P�Y�Z�H�F�O �J�T�P�U�P�Q�F�	w�	�#�
��‰�
 �P�G �S�P�D�L �T�B�N�Q�M�F�T �G�S�P�N �E�S�J�M�M �I�P�M�F

�;�, �������� �P�G �U�I�F �%�P�O�H�Y�J�B�O�H�R�J�B�P �N�B�O�H�B�O�F�T�F �E�F�Q�P�T�J�U

注：*代表无数据；Mo和U元素富集因子（MoEF和UEF）计算公式参考Algeo等(2020)，标准物质为平均上地壳，取值来自McLennan, 2001；

（Y/Ho）PAAS代表相对后太古代澳大利亚页岩（PASS）标准化，PAAS取值来自Taylor等(1985)。

样品

编号

DXQ01

DXQ02

DXQ03

DXQ04

DXQ05

DXQ06

DXQ07

DXQ08

DXQ09

DXQ10

DXQ11

DXQ12

DXQ13

DXQ14

DXQ15

DXQ16

DXQ17

DXQ18

DXQ19

DXQ20

DXQ21

DXQ22

Co

14.5

14.0

10.4

26.3

42.9

31.3

62.5

23.9

37.6

28.8

44.4

37.0

42.3

84.1

46.3

135.0

47.9

79.6

14.0

13.3

8.4

5.6

Ni

175.0

65.1

33.8

161.0

194.0

148.0

174.0

356.0

301.0

269.0

401.0

251.0

405.0

459.0

385.0

647.0

397.0

573.0

355.0

369.0

215.0

91.7

Cu

26.5

24.6

20.7

272.0

57.8

29.9

38.5

30.3

37.8

19.2

34.1

14.7

48.0

17.4

8.1

12.9

6.0

12.6

149.0

48.2

58.1

40.0

Zn

119.0

89.0

68.2

193.0

146.0

80.6

87.3

127.0

134.0

79.6

64.7

60.6

114.0

278.0

142.0

242.0

124.0

196.0

127.0

92.8

320.0

158.0

Mo

0.9

2.1

20.9

46.3

3.2

12.6

11.1

2.0

1.6

1.2

1.4

1.0

2.0

2.5

2.5

11.5

5.0

1.3

2.2

0.7

2.9

3.8

V

63.3

118.0

162.0

575.0

178.0

105.0

219.0

404.0

467.0

120.0

301.0

233.0

451.0

27.5

55.0

118.0

46.7

368.0

27.8

15.3

75.6

82.9

Cr

121.0

106.0

76.2

1811.0

486.0

352.0

229.0

606.0

392.0

437.0

364.0

397.0

504.0

388.0

184.0

375.0

261.0

347.0

650.0

477.0

205.0

442.0

U

4.1

4.2

5.0

30.9

3.8

6.4

5.4

1.3

1.5

0.7

1.8

1.0

1.1

0.7

0.8

1.0

0.7

1.8

0.8

0.4

5.5

5.6

Th

16.3

20.3

18.4

8.6

2.5

1.1

2.5

1.6

2.4

1.0

3.1

1.0

4.8

3.7

3.6

2.8

1.6

6.9

2.6

1.8

1.7

1.5

Y

32.5

33.9

30.8

74.5

39.8

35.5

46.2

29.0

35.1

29.7

37.8

29.3

40.4

39.0

55.6

57.4

39.0

42.0

20.5

21.5

22.2

11.9

Ho

1.1

1.1

1.1

2.0

1.0

0.9

1.1

0.8

1.0

0.8

1.0

0.8

1.2

1.0

1.5

1.5

1.0

1.1

0.6

0.5

0.5

0.3

(Y/Ho)PAAS

1.1

1.2

1.1

1.4

1.4

1.5

1.5

1.4

1.3

1.3

1.4

1.4

1.2

1.4

1.4

1.4

1.4

1.4

1.3

1.5

1.6

1.7

UEF

1.8

1.1

1.3

17.6

10.2

22.7

13.6

4.1

3.7

3.0

2.9

9.0

1.6

1.7

3.2

2.0

2.5

1.5

1.0

0.8

7.6

11.6

MoEF

0.7

1.0

10.0

49.3

16.1

83.4

52.0

12.5

7.5

8.7

4.3

16.0

5.3

11.1

18.0

44.1

31.4

2.1

5.3

2.5

7.4

14.6

V/(V+Ni)

0.3

0.6

0.8

0.8

0.5

0.4

0.6

0.5

0.6

0.3

0.4

0.5

0.5

0.1

0.1

0.2

0.1

0.4

0.1

0.0

0.3

0.5

U/Th

0.3

0.2

0.3

3.6

1.6

5.6

2.2

0.8

0.6

0.7

0.6

1.0

0.2

0.2

0.2

0.3

0.5

0.3

0.3

0.2

3.2

3.7

δ13CPDB

*

*

*

1.1

1.0

0.7

1.4

0.7

0.4

0.9

1.1

1.9

1.8

1.0

0.3

-0.2

0.5

0.7

0.8

1.2

2.2

1.6

δ18OSMOW

*

*

*

19.0

20.8

21.8

19.6

21.5

21.1

19.0

20.6

23.0

21.1

21.0

20.5

20.7

19.2

18.1

19.0

18.4

19.3

22.6

来自于栖霞组灰岩的 δ13CPDB和 δ18OSOMW值分别为

1.6‰~2.2‰（平均值 1.9‰）和 19.3‰~22.6‰（平均值

20.9‰）。总体而言，锰矿石层、含锰灰岩和围岩样

品具有相似的碳、氧同位素组成。

������ 富锰矿物特征

对东湘桥矿区孤峰组和小江边组2件锰矿石层样

品的原位富锰矿物观测结果显示，二者具有显著的富

锰矿物学差异。

其中，孤峰组锰矿石层样品（DXQ06）中富锰矿物

主要为锰方解石，多呈椭球状，为岩石的主要矿物组

成（图 4a），其内部和边缘可见纯方解石组分，锰方解

石孔隙间发育草莓状黄铁矿（图 4b）。小江边组锰矿

石层样品（DXQ17）主要由方解石组成，富锰矿物为菱

锰矿，扫描电镜观测视域内未见其他类型含锰矿物，

这些菱锰矿以集合体形式嵌于方解石之间（图4c），菱

锰矿内部和边缘可见晶型较好、颗粒较大的方解石，

以及半自形黄铁矿发育（图4d）。

4 讨 论

������ 成矿物质 �.�O来源

海水中的Mn主要来源于地表风化经河流输入

或海底热液输入（Von Damm, 1990; Post, 1999），在

特定的条件下富集于沉积物中形成海相沉积型锰矿

床（Maynard, 2010）。在地质历史上，众多海相沉积

型锰矿床形成过程中都伴随着强烈的海底热液活

动，解释为海底热液活动为成矿输送锰质（谢建成

等，2006; 刘平等 , 2008; Yu et al., 2016; Zhang et al.,

2022）。矿石中元素比例和浓度可用于甄别成矿物

质Mn的来源（Nath et al., 1992; Hein et al., 2008）。

与热液相关的锰矿床，其Co/Zn比值通常较低，约为

0.15，而水成沉积的锰矿的Co/Zn比值通常大于 2.5
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（Toth, 1980）。东湘桥锰矿的Co/Zn比值为 0.1~0.7，

平均值为 0.4（表 3），明显低于水成沉积，接近热液沉

积，表明其受到热液流体的影响。通常来说，在与热

液相关的海底喷流沉积型锰矿床中，由于铁和锰的

分馏，通常会产生高或低的Mn/Fe比值（0.1<Mn/Fe<

10），而在水成沉积的锰矿床中这一比值接近于 1

（Nicholson et al., 1997）。在东湘桥锰矿床中，含锰

岩层和锰矿石层样品的Mn/Fe比值表现出较大的变

化范围（0.5~8.9，平均值 2.8，表 2），与喷流沉积型矿

床的Mn/Fe比值相当。在海底喷溢口附近，由于热

液流体中Y的化学行为保守而不与海水完全混合，

导致该环境下形成的锰矿具有高的Y/Ho比值（Bau

et al., 1999）。东湘桥锰矿样品Y/Ho比值相对于后

太古代黑色页岩（PAAS）标准化后为 1.2~1.5（表 3），

大于 1，与典型热液流体输入Mn沉积的锰矿床一致

（Bau et al., 2014; Josso et al., 2017）。与热液相关的

锰矿通常也会富集Cr、Ni和Co等元素，这主要是由

于海底喷发的基性-超基性岩滤出所致（Hein et al.,

2008; Sasmaz et al., 2014）。在东湘桥锰矿床中，相

对于含锰层上下的围岩，含锰层普遍具有高的 Cr、

Ni、Co含量（图5）。

在Co-Ni-Zn和Mn-Fe-(Co+Ni+Cu)×10三元图解

（图 6a、b）中，东湘桥含锰岩层与锰矿石层样品大多

落入热液区域。然而，在 (Fe+Mn)/4-(Cu+Ni)×15-

(Zr+Y+Ce)×100图解（图 6c）中，大多样品显示落入

热液与水成混合曲线上，这表明热液来源的Mn可能

在热液口与海水进行了一定程度的混合后在靠近热

液口附近沉积，或是这些热液Mn在海洋中经历了远

距离的迁移，在热液口远端沉积。Al/(Al+Fe+Mn)-

Fe/Ti的判别图解（图 6d）更倾向支持后一种观点，表

现为大多数含锰和锰矿石样品位于热液端员与水成

端员的混合曲线之下，暗示了热液Mn被大比例海水

稀释。综上所述，东湘桥锰矿床具有热液沉积地球

化学特征，成矿物质Mn主要来源于海底热液流体。

������ 沉积氧化还原条件

锰是一种多价态金属元素，其在海洋中的循环

过程严格受到氧化还原条件的控制。在氧化条件

下，Mn2+在热力学上不稳定，易形成高价态的锰氧化

物或氢氧化物而缓慢沉淀，导致氧化水体中通常具

有低的Mn2+浓度（Calvert et al., 1993; 1996）。在还

图4 东湘桥锰矿床中富锰矿物扫描电镜照片

a、b.孤峰组锰矿石层样品；c、d.小江边组锰矿石层样品

Rds—菱锰矿；Mn-cal—锰方解石；Cal—方解石；Qz—石英；Py—黄铁矿

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; c, d. The sample of manganese ores from Xiaojiangbian Formation

Rds—Rhodochrosite; Mn-cal—Manganocalcite; Cal—Calcite; Qz—Quartz; Py—pyrite
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原条件下，锰氧化物或氢氧化物被还原形成可溶的

Mn2+，其通常不会与有机质结合，也很难形成稳定的

锰硫化物，这使得缺氧水体中通常具有相对高的

Mn2+浓度（Glasby et al., 1999; Algeo et al., 2004）。在

氧化/还原化学界面附近，锰（氢）氧化物还原溶解释

放的Mn2+部分向上扩散进入到上覆氧化水体，部分

向下进入到下伏缺氧水体中，使得该化学界面附近

具有高的溶解态Mn2+浓度（Calvert et al., 1993）。在

氧化还原化学分层的海洋中，当碱度较高时，缺氧水

体中溶解态Mn2+可以通过交代碳酸盐矿物形成富锰

碳酸盐岩矿物，如锰方解石、锰白云石和菱锰矿等

（Pedersen et al., 1982; Morford et al., 2001; Herndon

et al., 2018; Wittkop et al., 2020）。因此，识别锰矿的

沉积氧化还原条件对于理解海相沉积物中锰富集过

程至关重要。

海相沉积物中的氧化还原敏感元素富集因子和

元素比值是判别沉积氧化还原条件的重要指标（Al‐

geo et al., 2020）。沉积物的Mo和U元素富集因子

（MoEF和UEF）小于 10和大于 10分别代表其沉积于

氧化 -次氧化和缺氧条件下（Tribovillard et al.,

2012）。U/Th比值小于0.75、0.75~1.25和大于1.25分

别代表了氧化、贫氧和次氧化-缺氧沉积环境（Jones et

al., 1994）。V/(V+Ni)比值小于 0.6、0.6~0.84和大于

0.84分别代表氧化-贫氧、次氧化和缺氧沉积环境

（Hatch et al., 1992）。在研究剖面中，尽管基于各氧化

还原指标阈值所指示的沉积环境有所差异，但它们沉

积序列上的变化趋势相对一致，具体表现为栖霞组沉

积晚期，水体缺氧程度相对较高；小江边组至孤峰组沉

积时期，水体逐渐由氧化向缺氧转变；龙潭组沉积早

期，水体则逐渐由缺氧向氧化转变（图7）。

小江边组中下部低品位含锰岩层普遍具有低的

TOC含量，以及低的MoEF、UEF、U/Th和V/(V+Ni)比

值，反映其沉积时氧化还原界面位于沉积水界面之

下，水柱以含氧为特征。而顶部的高品位锰矿石层

具有高MoEF和Mo/U比值（图 7），表明其沉积时存在

“Fe - Mn梭效应”（Fe - Mn particulate shuttle effect）

（Algeo et al., 2009）。其背后的机制是Fe-Mn（氢）氧

化物在沉积/水界面附近被还原，将吸附的Mo释放

出来，并被沉积物捕获，造成沉积物中Mo相对于U

的额外富集。这一效应的产生需要氧化/还原界面

图5 东湘桥锰矿床ZK4306剖面典型元素化学地层

Fig. 5 Chemostratigraphic column of drill hole ZK4306 of the Dongxiangqiao manganese deposit
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图6 东湘桥锰矿床Mn来源综合判别图

a. Co-Ni-Zn判别图（底图据Choi et al., 1992修改）；b. Mn-Fe-(Co+Ni+Cu)×10判别图（底图据Toth, 1980修改）；c. (Fe+Mn)/4-(Cu+Ni)×15-(Zr+

Y+Ce)×100判别图（底图据 Josso et al., 2017修改）；d. Al/(Al+Fe+Mn)-Fe/Ti判别图（底图据Marchig et al., 1982修改）

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)×10

(base map modified after Toth, 1980); c. Ternary discriminant diagram of (Fe+Mn)/4-(Cu+Ni)×15-(Zr+Y+Ce)×100 (base map modified after Josso et

al., 2017); d. Al/(Al+Fe+Mn)-Fe/Ti discriminant diagram (base map modified after Marchig et al., 1982)

图7 东湘桥锰矿床ZK4306剖面氧化还原化学地层（图例参照图5）

Fig. 7 Redox chemostratigraphy of section ZK4306 in the Dongxiangqiao manganese deposit (legends refer to Fig. 5)
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靠近沉积/水界面，通常指示氧化/还原界面在沉积/

水界面附近频繁波动的沉积环境（Algeo et al.,

2009）。孤峰组下部含锰岩层同样具有相对低的

MoEF、UEF、U/Th和V/(V+Ni)比值，与小江边含锰岩

层相似，指示其沉积于氧化环境。相比之下，孤峰组

高品位锰矿石层较小江边组具有更高的MoEF、UEF、U/

Th和V/(V+Ni)比值，且不存在“Fe-Mn梭效应”（图7），

表明其形成于氧化/还原界面位于略高于沉积/水界面

的弱缺氧环境。在孤峰组顶部的含锰钙质泥岩层显

示出有机质（TOC=9.8%）和氧化敏感元素高度富集的

地球化学特征（图7），这与栖霞组顶部灰岩相似，指示

它们沉积于氧化还原界面位于水柱中，且远离沉积/水

界面的强缺氧环境。值得强调的是，强缺氧沉积环境

下沉积的栖霞组灰岩和孤峰组钙质泥岩均具有低的

MnO含量。以上结果表明：在东湘桥锰矿床中，高品

位锰矿石均形成氧化向缺氧转变的背景下；而低品位

含锰岩层则形成于氧化或强缺氧环境（图7）。

������ 成矿机理与成矿预测

主流观点认为，大多数海相沉积型锰矿最初以

锰氧化物形式沉淀，并在早期成岩过程中与有机质

反应形成碳酸锰（Maynard, 2010; Yan et al., 2022）。

然而，在东湘桥锰矿床中，含锰岩层和锰矿石的无机

碳同位素（δ13C）和氧同位素（δ18O）特征与围岩（栖霞

组灰岩）和典型海相碳酸盐岩相似，明显不同于有机

质，且不位于有机质降解演化趋势线上（图 8），表明

这些富锰碳酸盐矿物的C和O主要来自于海水中的

HCO
2 -
3 或 CO

2 -
3 。虽然富锰碳酸盐矿物在灰岩中的

占比较低可能会导致其碳-氧同位素信号被其他碳

酸盐矿物均一化，但富锰层位中普遍低的TOC含量

难以支持锰氧化物与有机质反应形成碳酸锰的成矿

模式，因为该类型锰矿通常与黑色页岩伴生，具有高

的 TOC含量（余文超等, 2020）。此外，在有机质参

与反应形成碳酸锰的矿床中，高品位锰矿石层通常

形成于沉积环境由缺氧向氧化转变的阶段，这主要

是因为缺氧水体中高度富集的可溶Mn2+在氧化环境

下可以形成锰氧化物的沉淀（余文超等, 2020; Dong

et al., 2023），这一特征与东湘桥锰矿中高品位锰矿

石形成于氧化向缺氧转变的背景相悖。

由于东湘桥锰矿与灰岩伴生，其成矿机理更可

能是高碱度（富HCO
2 -
3 和CO

2 -
3 ）水体环境条件下，受

沉积氧化还原条件调控Mn2+浓度的锰富集成矿过

程：①在氧化条件下（即氧化/还原界面位于沉积/水

界面之下），锰（氢）氧化物的沉淀降低水柱中溶解

Mn2+浓度，Ca2+和Mg2+的竞争优势使得Mn2+难以形

成菱锰矿，取而代之的生成富锰碳酸盐矿物，如锰方

解石和锰白云石（图 9a）。尽管锰（氢）氧化物在早期

成岩过程中通过还原作用可以释放Mn2+进入沉积物

孔隙水中(Glasby et al., 1999)，但平衡溶解度计算表

明，孔隙水中溶解锰浓度至少要比氧化环境高 5个

数量级才能形成锰碳酸盐矿物（Pedersen et al.,

1982）。这共同导致氧化环境下形成低品位含锰灰

岩；② 在弱缺氧条件下（即氧化还原界面位于沉积/

水界面附近），锰（氢）氧化物在沉积/水界面附近被

还原，导致沉积/水界面附近的溶解Mn2+浓度显著提

高，形成大量Mn-Ca混合相的富锰碳酸盐矿物（图

9b），例如孤峰组锰矿石层中出现的大量锰方解石

（图 4a、b）。化学界面附近异常高的溶解Mn2+浓度

甚至允许纯的菱锰矿沉淀，例如小江边组锰矿石层

中观察的菱锰矿富集（图 4c、d）；③在强缺氧环境下
（氧化/还原界面位于水柱中，且远离沉积/水界面），

锰（氢）氧化物在氧化/还原界面附近被还原成Mn2+

释放回水柱，大部分被重新氧化，仅有少量的Mn2+可

以结合到碳酸盐矿物中。即使缺氧水柱中积累了大

量溶解Mn2+，其浓度也通常很难达到菱锰矿沉淀的

水平（Calvert et al., 1993），更多是形成富锰沉积物

（Herndon et al., 2018; Wittkop et al., 2020），难以达到

矿床级别（图 9c）。在这种水体CO
2 -
3 过饱和的模式

下，沉积环境由氧化向缺氧转变所导致的锰氧化物在

沉积/水界面溶解释放Mn2+是Mn富集成矿的关键性

图8 东湘桥锰矿床δ13CPDB-δ18OSOMW同位素组成（底图据

Xu et al., 2020修改）

Fig. 8 δ13CPDB-δ18OSOM composition of the Dongxiangqiao

manganese deposit (base map modified after

Xu et al., 2020)
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因素。特别是，当氧化/还原界面在沉积水界面附近波

动时，Fe-Mn（氢）氧化物还原形成的“Fe-Mn梭效应”

会极大地提高Mn2+供给，形成高品位锰矿，这也是东

湘桥锰矿床中小江边组顶部Mn高度富集的原因。

从沉积相来说，东湘桥锰矿赋存于灰岩中，表明

其沉积于浅水台地环境。正如前文所述，锰矿中的

Mn主要来源于海底热液流体，且与海水经历了一定

程度的混合，东湘桥锰矿床可能位于热液口远端的

位置，这与沉积相所指示浅水台地相沉积一致。因

此，东湘桥锰矿床成矿模式可以概况为以下过程：深

水盆地的含Mn热液在还原条件下以可溶的Mn2+形

式向近岸浅水环境迁移，在CO
2 -
3 过饱和的浅水台地

区，沉积氧化还原条件变化影响水柱中溶解Mn2+浓

度，进而形成富锰碳酸盐矿物（图 10）。在这种成矿

模式中，台地环境下海水中过饱和CO
2 -
3 是Mn富集

成矿重要前提，沉积氧化还原条件则决定了矿石的

品位高低，沉积环境由氧化向缺氧转变的时期是有

利成矿期。在成矿预测方面，优质靶区可以进一步

向深水盆地探索，这主要基于以下几方面考虑：一是

东湘桥锰矿床远离热液口，更浅水区域Mn的供给有

限，难以形成高品位矿石；二是东湘桥锰矿中低品位

含锰岩层厚度大，且多形成于氧化环境下，由于水体

中溶解氧由浅水向深水区存在浓度梯度，理论上在

深水区会存在更有利于Mn富集的由氧化向缺氧转

变的过渡带；三是深水区域缺氧水体富集Mn2+，且具

有高的有机碳埋藏，在底水出现氧化时可以形成锰

图9 东湘桥锰矿床Mn富集机理示意图

Fig. 9 Schematic diagram of Mn enrichment mechanism of the Dongxiangqiao Manganese deposit

图10 湘南地区东湘桥沉积型锰矿床成矿模式图

Fig. 10 Model for deposition of the Dongxiangqiao sedimentary-type manganese deposit in the southern Hunan region
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氧化物沉淀，并在成岩过程中与有机质反应形成碳

酸锰，这类海相锰矿床在地质历史时期十分常见，且

锰矿石品位和资源储量均较好。

5 结 论

（1）东湘桥锰矿床的成矿物质Mn主要来源于

海底热液，Mn2+经历了远距离迁移。在远离深水盆

地热液口的浅水台地，海水 CO
2 -
3 过饱和的地区是

Mn富集成矿的有利场所。

（2）沉积氧化还原条件控制了东湘桥矿区锰矿

石的品位。在氧化条件下，锰（氢）氧化物的沉积降低

水柱中溶解Mn2+浓度，限制富锰碳酸盐矿物的大量沉

淀，形成低品位含锰灰岩。在弱缺氧环境下，锰（氢）

氧化物在沉积/水界面附近还原释放Mn2+，提高水柱

中溶解Mn浓度，导致大量富锰碳酸盐矿物沉淀，甚至

生成纯的菱锰矿，形成高品位锰矿石层。在强缺氧环

境下，由于氧化/还原界面远离沉积/水界面，水柱中的

溶解Mn2+浓度不足以支持大量富锰碳酸盐矿物沉

淀，最终形成富锰沉积物，达不到矿床级别。

（3）东湘桥锰矿成矿机理不同于成岩过程中锰

氧化物与有机质反应形成碳酸锰的典型海相锰矿，

是一种成因较为特殊的锰矿床。基于东湘桥锰矿床

成矿机理，笔者认为该地区高品位锰矿找矿靶区应

向斜坡-盆地深水相沉积进一步探索。
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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 

干热岩资源主要是指埋深较浅 (目前一般在  

3 000   ~  5  000 m)、温度较高、能被人类所开发利用的地

下高温岩体[1]。国际上干热岩开采的研究已有将近 50

年历史，干热岩资源以远超其他能源的资源规模以及

绿色、低碳的资源品质而广受关注[2]。1974 年，美国

洛斯·阿拉莫斯(Los Alamos)国家实验室在新墨西哥州

的 Fenton Hill 首先开展了干热岩勘查开发研究。迄今

为止，全球共建立了 39 个干热岩开发的增强型地热系

统(Enhanced Geothermal Systems，EGS)工程，总装机

容量 12.2 MW，其中法国苏尔茨项目于 2013 年实现

了商业性发电，发电功率 1.5 MW
[3]。 

我国对干热岩的勘查研究相对较晚，研究成果主

要集中于近十年内。在干热岩的成因机制方面，王贵

玲研究团队[4-7]通过综合分析国内外干热岩资源特征，

将我国干热岩资源类型划分为高放射性产热型、沉积

盆地型、近代火山型和强烈构造活动带型，并分析了

其成因机制。并对未来我国干热岩资源重点勘查方向

及靶区进行了论述，建立干热岩选区指标体系，圈定

有利靶区。张保建等[1,8]研究了河北唐山马头营与共和

盆地干热岩的成因机制，阐述深部热物质的上涌过程

及地球内外力地质作用对地球浅部地热场的塑造与热

异常制约过程。在干热岩的热源机制方面，张超等[9]

指出花岗岩放射性生热、附加岩浆热与深部地幔热是

干热岩常见的热源。在干热岩资源的评价指标方面，

刘德民等[10-11]指出干热岩勘查评价的主要指标为岩石

圈厚度和莫霍面埋深、居里等温面埋深、地温梯度、

大地热流、新构造运动、高温温泉与气田等；论述了

控热构造对干热岩热能的传输与聚敛具有很重要的作

用，将控热构造划分为生热、导热、储热和释热构造。

在干热岩的勘查方向方面，饶松等[12]通过分析对比国

内外典型干热岩系统成因机制，综合考虑全球高温地

热带分布和中国陆区板块构造背景、现今大地热流分

布格局、岩石圈热结构、莫霍面深度及壳内热源、新

生代火山活动、温泉分布、深大断裂分布与活动性，

以及现有干热岩勘查结果，圈定了中国陆区最具潜力

的干热岩勘探靶区。在干热岩的开发利用方面，李奉

翠等[13]研究了中深层地热井下同轴换热器长期换热

性能。孙致学等[14]基于离散裂缝模型开展了 CO2 增

强型地热系统传热-渗流-应力(THM)耦合数值模拟。

汪集暘等[15]系统总结了煤田区地热资源开发利用与

储能技术。上述研究为我国干热岩的热源机制、勘查

方向、靶区优选、开发技术等方面提供了较好的研究

基础。 

湖南省处于中国中部岩石圈厚度较大的地区，迄

今为止尚无已探明的干热岩资源，被认为是大地热流

值偏低的区域，但湖南省却发现有热水圩和灰汤两处

90℃以上的高温天然温泉，特别是汝城地区热水圩温

泉曾记录到 98℃的水温，这说明湖南省局部地区也具

有良好的地热地质条件。与汝城地区邻近的广东惠州

黄沙洞惠热 1 井深度 3 009 m，测温温度高达 127.5℃，

甘浩男等[16]指出黄沙洞地区地壳热流与地幔热流值

相近，构造活动相关热流也占有相当比例。孙明行等
[17]研究了广西干热型地热资源成因机制与赋存模式，

指出钦州盆地以壳、幔物质上涌所形成的传导型热为

主要热源，归属于强烈构造活动带—沉积盆地型干热

型地热资源区；合浦盆地以―低速高导‖局部熔融层为

主要热源，以次级幔枝或热点为热源补给，归属于近

代火山—沉积盆地型干热型地热资源区。说明包括湖

南省在内的华南地区局部也具有良好的干热岩勘查前

景。湖南省特别是汝城地区高放射性花岗岩布广泛，

放射性铀、钍、钾含量丰富，生热率高。汝城地区经

历多次构造运动，构造格局复杂多样，构造形迹纵横

交错，深大断裂广泛发育，构造运动具有长期性、复

杂性和明显的阶段性和继承性。龙西亭等[18]、杨汉元
[19]、叶见玲等[20]根据汝城地区的地质构造、地温场特

征、高放射性花岗岩体等地热地质条件，推测汝城地

区热水圩一带具有良好的干热岩赋存条件与干热岩资

源潜力。欧健等[21]采用地热温标、管道模型及基于生

热率的深部地温反推法等地温梯度估算方法，综合确

定了湖南省现今的地温梯度，其中热水圩及周边地温

梯度达 3.0~4.0℃/hm，据此推断热水圩一带 4 000 m

深度温度为 176.80℃，5 000 m 深度温度为 216.70℃。 

123



煤田地质与勘探 

Coal Geology & Exploration 

 

综上所述，湖南省局部地区可能具有较好的干热

岩赋存条件。笔者在前人研究基础上，综合分析汝城

地区热水圩一带的深部地质与构造、地球化学和地球

物理特征、地温场特征等，探讨热水圩地热田干热岩

形成的热源机制与地球动力学过程，以期为下一步的

湖南省干热岩勘查提供理论基础与勘查方向。 

1  研究区地质背景 

1.1  地质背景 

研究区位于华夏地块与扬子地块结合部位的华南

多期复合造山带内，在两地块拼合增生以前属于华夏

古陆北西缘斜坡带，在两地块碰撞后，构成了万洋山-

诸广山走滑岩浆带的重要组成部分。两地块的会聚走

滑和离散走滑，奠定了区域的基本构造型式，造成了

构造形迹纵横交错、组合较为复杂的格局，反映了区

域构造运动不但具有长期性、复杂性，而且具有明显

的阶段性和继承性。特别是其邻近的 NNE 向郴州-临

武深大断裂与 NW 向常德-安仁深大断裂，均是具有多

期活动的深大走滑断裂，在不同方向深大断裂的交汇

部位容易形成岩浆活动及上侵的主要空间。热水圩地

区位于NE向遂川-热水大断裂与NW 向塘湾大断裂交

汇处北侧，强烈的燕山运动使断裂交汇处下部物质熔

融，并沿断裂多次脉(涌)动上侵而形成中棚复式岩体

(图 1)。沿遂川-热水断裂有大量温泉出露，如上堡、

丰州、热水、城口等温泉，这表明热水断裂是一条高

热异常带，且现今仍在活动，为热流体的深循环与上

涌提供了条件。 

热水圩地热田位于华南地区复式岩体-诸广山岩

体的北侧，该岩体规模宏大，由印支期和燕山期花岗

岩与花岗闪长岩组成，呈岩基产出[22]。岩体周缘是新

元古界和古生界变质岩。区域断裂纵横交错发育，规

模最大的断裂呈 NNE 向、NW 向和 NEE 向，其中 NNE

向走滑断裂规模最大，控制着区域温泉的分布，在整

个华南地区形成数个温泉带[23-24]。区域上经过多期造

山隆升作用，高山峻岭发育，高程 500~1 200 m。区

域地形南高北低，地表水系向北排泄，热田产出在山

间洼地中，最低高程 347 m。 

 

图 1  热水圩区域地质及岩体分布 

Fig.1  Regional geology and rock mass distribution map of the Reshuiwei Area 

1.2  地热田概况 

热水圩地热田位于印支晚期花岗岩体与变质岩接

触带上，地表被第四系覆盖，平均厚度 2.3ｍ。东部为

印支晚期中粒斑状黑云母花岗岩，西部地层由老到新

依次为新元古代岭秀组砂岩、粉砂质板岩和板岩，震

旦系砂岩、硅质岩和板岩，以及寒武系炭质板岩、砂

岩夹板岩。热田面积４ km
2，有地热勘探钻井 21 口，

钻探深度 200~380m，其中高温井(终孔温度 70~92℃)6

口，中温井(终孔温度 40~70℃)9 口，低温井(终孔温

度小于 40℃)6 口。钻井基本覆盖了整个热田，温度最

高的 2 口井温度达到 90~92℃，单井流量 2 000 t/d。 

1.3  水文地质条件 

研究区基岩为变质砂岩、板岩和花岗岩，岩性致

密且完整、不透水，主要地下水类型为构造裂隙潜水

或构造裂隙承压水。由于研究区经历了多期构造运动

和多次岩浆侵入，断裂交叉发育，断裂破碎带控制了
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地下水分布及循环。 

地下水富集程度由断裂破碎带规模及性质决定，

研究区河谷深切多呈―Ｖ‖形，峡谷多陡崖，裂隙交横

密 集 成 网 ， 地 下 水 类 型 为 HCO3-Na·Mg 型 和

HCO3-Mg·Ca 型。洼陷地区是地下水和地表水共同的

排泄区，热水圩地热田产出在最大的山间洼地，热水

河流经地热田表面，深大断裂经过地热田下方，温泉

在河谷边缘呈线性出露。 

1.4  热储分布及特征 

热水圩地热田热储构造由断裂破碎带及裂隙构成，

主要断裂有 2 组，一组为早期共轭断裂，走向相互垂

直；另一组为后期形成的新断裂，控制了现今河流的

走向，地表温泉在新断裂边出露。中高温温泉水在断

裂交汇带排泄，断裂倾角大，挤压和张性裂隙均有发

育。张裂隙是地下水排泄的主要通道，周边多数张性

裂隙被结晶充填，远离张性裂隙中心则裂隙封闭，现

有的有效热储被限制在洼陷区的有限空间内[25]。 

热水圩地热田温泉最高温度达 98℃，周边有多眼

钻孔(孔深 200~350 m)揭露到了 90℃的热储，揭露的

热储层位之上的地温梯度达 20.90~60.6℃/hm
[26]

(表 1)，

且多数钻孔在揭露热水后地温梯度急剧降低或变为负

值，指示出热水圩地热田具有显著的对流型地热的特

点，因此，地热田钻孔实测的地温梯度不能直接用来

推算深部热储的温度。 

表 1  热水圩地热田主要钻孔地温梯度实测结果 

Table 1  Measured geothermal gradients of major boreholes in the Reshuiwei geothermal field 

孔号 地面高程/m 初见热水孔深/m 孔内最高温度/℃ 
换算后静置水位高

程/m 

最大单位涌水量/ 

(L·s-1·m-1) 
岩性 

地温梯度/ 

(℃·hm-1) 

ZK1 341.905 16.20 92.2 342.528 6.519 花岗闪长岩 35.3 

ZK4 341.734 11.00 91.2 342.504 6.626 花岗闪长岩 20.9 

ZK16 345.516 146.80 88.3 343.206 0.085 花岗闪长岩 60.6 

ZK15 369.594 219.12 83.5 345.774 0.135 花岗闪长岩 25.6 

ZK21 375.084 249.70 84.6 346.564 0.095 花岗闪长岩 26.0 

ZK19 372.372 161.22 88.9 340.772 0.029 花岗闪长岩 26.3 

SK5 369.245 139.50 87.5 340.945 0.261 花岗闪长岩 24.5 

2  研究方法 

本文在前人研究基础上，通过地球化学和地球物

理手段以及其反映的深部地质结构，来推测热水圩地

区深部热物质的上侵过程及有利的聚热、成热条件与

干热岩成因机制。 

2.1  地热温标 

依据温泉或热水孔的水化学资料，利用各类地热

温标公式估算热储温度，是确定深部热储温度和地温

梯度的一种简单实用的方法。SiO2 地热温标是应用最

早也是最常用的地热温标，其理论依据是地热流体中

SiO2 的含量主要取决于不同温度、压力下石英在水中

的溶解度。试验表明，水中 SiO2 的析出量与温度呈函

数关系[27]。 

一般来说 SiO2 温标包括石英和玉髓温标两种，前

者适用于中-高温热储(大于 110℃)温度计算，玉髓温

标用于小于 110℃温度条件。由于用 SiO2 地热温标估

算热储温度在湖南省及周边取得了较好的估算效果
[26,28-29]，且从地热地质条件分析，热水圩地热田深部

热储温度一般大于 110℃，为全面掌握湖南省地热资

源热储温度及深部地热潜能，选取热水圩地热田近年

来所采取的 11 处温泉或地热井的水化学数据，运用

SiO2 地热温标法估算其热储温度。计算公式如下： 

𝑡 =
1 309

5.19−lg𝑊
− 273.15          (1) 

2.2  放射性元素放热 

由于地球仍然含有很多长半衰期的放射性元素，

地壳浅表的放射性元素以 238
U、232

Th、40
K 为主。研

究表明[30-32]，温泉与铀矿在空间分布上有一致性分布

规律，形成的地质构造条件上有相似性，温泉水化学

成分与铀矿化特征及其围岩蚀变之间有一定的相关性。 

放射性元素放热是地壳浅表形成地热异常的重要

原因之一。岩石放射性生热率 A 是指单位体积岩石中

所含放射性元素在单位时间内由放射性衰变所产生的

能量，μW/m
3。岩石生热率可由实测的岩石中铀、钍、

钾 3 种放射性元素质量分数计算获得： 

A=10
−2

×ρ×(9.52×CU+2.56×CTh+3.48×CK)  (2) 

2.3  重、磁异常反演 

B. H. Arney 等[33]利用重力与地震资料对爱达荷

州 Mountain Home 地区进行了干热岩潜力评估。W. J. 

Hinze 等[34]在美国中部大陆利用重、磁异常圈定了干

热岩有利区。A. Rimi 等[35]利用摩洛哥地热田的重、

磁异常数据计算出居里面的深度为 10~40 km，为后续
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评估提供依据。上述研究成果表明，重、磁异常可用

来圈定干热岩有利区段。 

结合研究区以往地质构造研究成果，利用重、磁

异常特征，进一步揭示研究区深部地质结构及其反映

的深部热物质活动状态。基于收集的湖南省航磁数据，

通过磁异常反演，利用下延 20 km 和 30 km 叠加重新

推断中酸性岩体。同时，基于磁异常反演的居里面深

度与岩体、深大断裂相叠加，来判断居里面深度对地

热异常的影响。 

2.4  电法与地震勘探 

S. Thiel 等[36]对干热岩进行三维大地电磁正演模

拟，并在澳大利亚南部 Paralana 验证，结果能够很好

地反映盖层、热储层的电性信息。K. Suzuki 等[37]利用

地震反射波法和可控源音频大地电磁法(Controlled 

Source Audio-frequency Magneto Tellurics，CSAMT)联

合反演对日本 Ogachi 干热岩实验区进行探测，很好地

反映地下储层信息。Gao Ji 等[38]利用三维大地电磁成

像结果首次表征了共和盆地干热岩地热系统的三维分

布特征。 

通过收集―深部探测技术与实验研究‖专项课题

(SinoProbe-02-04)开展的大井-泉州超长大地电磁测深

剖面数据，及其反演的华南壳、幔电性结构模型[39]，

来了解横穿湖南省南部凤凰-热水圩一线的电性结构

及其反映的深部地质结构(图 2)。 

地震波是研究岩石圈内部结构构造的主要参数，

可用来辅助判断有无深部幔源热物质上侵及其通道。

根据台湾-黑水地学断面的其中湖南省凤凰-茶陵段地

震探测资料[40-41]，建立凤凰-茶陵段的速度、密度模型，

为研究湖南东南部深部地质结构提供地震学方面的证

据。 

 
白色箭头指示幔源热物质运移方向 

图 2  沿中国南部北纬 25°剖面 P 波速度扰动的垂直横截面[48] 

Fig.2  Vertical cross section showing disturbances to the P-wave velocity along the 25°N seismic section of southern China 

3  结果与讨论 

3.1  热储温度 

根据式(1)计算得出了热水圩地热田的热储温度，

从表 2 看出，热水圩地热田深部热储的温度为 79.4~ 

143.9℃，其中位于地热田中心部位(泉 1、泉 2、ZK1、

ZK4)的深部热储温度为 135.8~143.9℃。由于采取的井

泉水样多是深部地热水与浅层冷水的混合水，因此用

地热温标法估算的热储温度一般偏小。推断在热水圩

地热田深部很可能赋存有 150℃以上的高温岩体，具

有良好的干热岩赋存潜力。

表 2  热水圩地热田热储温度 SiO2 温标法计算结果 

Table 2  Geothermal reservoir temperatures of the Reshuiwei geothermal field calculated using SiO2 geothermometry 

热泉及 

钻孔编号 

SiO2质量浓度/ 

(mg·L-1) 

SiO2温标计算的 

热储温度/℃ 

热泉及 

钻孔编号 

SiO2质量浓度

/(mg·L-1) 

SiO2温标计算的 

热储温度/℃ 

泉 1 112 143.6 ZK19 30 79.4 

泉 2 112 143.6 ZK21 60 110.5 

ZK1 112.5 143.9 SK5 75 121.7 

ZK4 97.5 135.8 城口 44 95.9 

ZK15 46 98.0 汤湖 62 112.1 

ZK16 88 130.2 —— —— —— 
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3.2  放射性生热及对地热异常的影响 

热水圩地区所在的花岗岩岩体铀丰度一般达

20×10
-6，最高达 50×10

-6；铀浸出率一般达 20%以上；

震旦系、寒武系岩石铀丰度较高，一般达(8~40)×10
-6，

且铀浸出率高达 30%~42%
[42]。根据湖南省地质队近

年来对热水圩地区及周边不同花岗岩岩体的 U、Th、

K 含量测试结果[19]，计算了热水圩地区及周边不同花

岗岩岩体的岩石生热率[43]
(表 3)，热水圩地区花岗岩的

岩石生热率为 3.13~14.84 μW/m
3，生热率平均值为

7.11 μW/m
3。其中中棚岩体岩石生热率为 5.86~14.72 

μW/m
3，生热率平均值为 8.44 μW/m

3；鱼王岩体岩石

生热率为 3.72~14.86 μW/m
3，生热率平均值为 7.07 

μW/m
3，均远远超过中国大陆主要地质构造单元的地

壳平均生热率 1.9 μW/m
3[44]，这两个岩体均以黑云母

花岗岩为主，U、Th、K 含量相对较高，是区内岩石

生热率最高的两个岩体，均位于热水圩温泉附近(图

1)，指示放射性热源是本区的重要热源之一。钻孔取

得的花岗岩样品生热率与地表样品测得岩石生热率相

近，反映了该区岩体放射性生热率较稳定。 

章邦桐等[45]研究认为，深部传导热的热能有限，

放射性元素成矿期在岩浆岩成岩之后 10 Ma 至数 Ga

之后(岩矿时差)，岩浆余热在铀矿成矿期已经缓慢冷

却，区域铀矿床成矿热能主要由放射性元素产生的热

源长期积累形成。岩石圈伸展作用引发的深部热物质

上侵及地热流体大规模循环，在不断演化为富铀热液

流体形成热液型铀矿的同时，也形成地壳浅表的重要

热源。因此，放射性元素热源是本区的重要热源，在

4 000 m 以浅具有较好的干热岩资源远景。 

通过研究区中心的遂川-热水断裂带呈NE向展布，

受遂川-热水断裂带的遂川断裂与热水断裂的叠接区

控制[46]。在断裂带北东部是著名的鹿井铀矿田，其中

丰州铀矿与温泉共伴生；在断裂带南部的城口铀矿，

与城口镇 6 处温泉共伴生，其中锦城温泉水温 75℃，

流量 72 m
3
/h。热水圩温泉及其附近的温泉均与铀矿床

(点)具有密切的空间联系，其中鹿井铀矿田地壳的放

射性生热量至少为 72.66 mW/m
2，远高于全球平均地

壳放射性生热量 40 mW/m
2[47]。这是热水圩地区高热

异常的主要影响因素之一。 

表 3  热水圩地区花岗岩样放射性元素测试及生热率计算结果 

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

岩体 岩性 
元素质量分数 

密度/(103 kg·m-3) 生热率/(μW·m-3) 
U/10-6 Th/10-6 K/% 

益将岩休 石英闪长岩 6.33(1) 18.70(1) 3.15(1) 2.63(1) 3.13(1) 

鱼王岩体 黑云母花岗岩 
5.34~45.30 14.50~52.70  2.37~5.24 2.58~2.69 3.72~14.86 

17.39(28) 34.18(28) 4.16(28) 2.64(28) 7.07(28) 

三江口岩体 黑云母二长花岗岩 

8.87~27.20 13.00~47.60 3.14~5.20 2.61~2.69 4.14~9.51 

16.71(20) 35.27(20) 4.15(20) 2.65(20) 6.99(20) 

东岭岩体 黑云母花岗岩 
7.49~38.90 12.20~49.90 3.13~4.51 2.56~2.66 3.25~11.37 

17.86(8) 27.86(8) 3.79(8) 2.62(8) 6.66(8) 

石窝子岩体 石英闪长岩 9.05(1) 26.70(1) 4.35(1) 2.64(1) 4.48(1) 

中棚岩体 黑云母花岗岩 
15.40~49.80 12.20~45.50 3.20~5.35 2.58~2.68 5.86~14.72 

24.80(10) 28.14(10) 3.98(10) 2.62(10) 8.44(10) 

总计 
5.34~49.80 12.20~52.70 2.37~5.35 2.56~2.69 3.13~14.86 

18.05(68) 32 .53(68) 4.08(68) 2.64(68) 7.11(68) 

注：表中数据 5.34~45.30/17.39(28)为最小值~最大值/平均值（样品数）。 

3.3  重、磁、电、震反映的深部地质结构及聚热分

析 

3.3.1  低速高导体指示的幔源热物质上侵趋势 

Huang 等[48]通过 P 波层析成像结果显示中国中

东部地区 200 km 以上深度范围内为大范围的地震波

速高速异常(图 3)，在 600 km 深度处，扬子地块的东

西两端均为地震波速高速异常，推测东侧的高速异常

体为西太平洋板块的俯冲体。扬子地块上方局部位置

被来自华夏地块的低速异常所取代，扬子克拉通浅部

的低速异常被解释为南部华夏地块的软流圈热物质沿

着地层薄弱区以及断裂带上涌；而在地壳与上地幔顶
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部的区域内呈现为高速异常，表明该区域的高速体并

未被取代，推测来自软流圈的热物质上涌至上地幔顶

部后侵蚀岩石圈，从而导致板块拆沉并产生了 50~200 

km 深度范围内的高速异常，因此该高速异常体大致

为分离的岩石圈。这与―深部探测技术与实验研究‖专

项课题(SinoProbe-02-04)所做的大井-泉州超长大地电

磁测深剖面高导体特征是基本一致的[39]
(图 4)，都反映

了在华夏地块边缘的深大断裂等岩石圈薄弱带，有幔

源热物质的明显上侵趋势。说明除了地幔热流传导外，

局部岩石圈脆弱带，还存在幔源热物质的上侵(图 2、

图 3 中低速高导体，白色箭头反映了幔源热物质运移

方向)，这是形成局部带状(点状)热异常的主要原因之

一。 

根据湖南省三维地球结构模型地壳速度基础数据，

汇编成扬子、华南板块及两板块结合带岩石圈三维结

构的密度、速度柱数据模型，如图 4 所示。邵阳以东

中地壳低速体最明显，低速体 P 波速度为 5.8~6.2 km/s，

主要见于 10~15 km 深度，厚度 4.0~5.2 km(图 5)。区

域低速一般都在 12~15 km 的壳内韧性剪切滑动面产

生，该低速异常体可能位于构造-岩浆作用、构造滑脱

作用的部位，这个构造部位也被很多研究者认为是地

震的多发部位和深部幔源、壳源流体的活跃部位。壳

内低速体多在板块边缘或微地块结合带、深大断裂带

及其次级断裂附近出现，说明这些深大断裂有可能构

成深部热物质上侵的通道，为浅部干热岩的形成提供

重要热源。 

 
白色箭头指示幔源热物质运移方向 

图 3  大井-泉州大地电磁测深剖面南段江南构造带和华夏地块电性结构模型 

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

magnetotelluric sounding profile 

 

 

128



煤田地质与勘探 

Coal Geology & Exploration 

 

 

图 4  扬子地块、华南地块及两地块结合带岩石圈三维结构数据柱模型曲线 

Fig.4  Curves of the data column models of the 3D lithospheric structure in the Yangtze and South China plates and their suture zone 

 
F01：麻阳-澧县断层; F02：通道-安化断层; F03：桃江-城步断层; F04：文家市- 双牌断层; 

F05：郴州-临武断层; F07：花垣-慈利断层; F08：界牌-祁阳断层 

图 5  凤凰-茶陵地壳 P 波速度剖面 

Fig.5  Crustal P-wave velocity profile of the Fenghuang-Chaling section 

3.3.2  重、磁特征反映的深部热结构特征 

从图 6 看出，汝城-桂东一线呈现 NE 向重力负异

常梯度带(图 6a)，长度超过 250 km，宽约 20 km，重

力值为-35~-60 mGal，水平梯度为 1.25 mGal /km，这

主要是对断裂构造和岩浆岩带的综合反映。NE 向串

珠状重力负异常带主要为低密度隐伏-半隐伏花岗岩

带和下古生界地层的综合反映。与重力低值相间分布

的重力高值主要与上古生界碳酸盐地层分布有关。温

泉沿断裂带密集分布，反映了 NE 向断裂对地热资源

具有明显控制作用。汝城盆地也呈现重力负异常，这

是因为该区域虽然地壳厚度相对较大，但岩石圈厚度

却相对较薄所致。岩石圈厚度的局部减薄，可能与软

流圈的上侵有关。 

研究区磁异常曲线起伏较大，但幅值变化不大(图

6b)，这可能与区内大量不同时代、不同类型的浅表层

中酸性岩体相关。根据磁异常反演结果，汝城干热岩

研究区一带居里面为 23~26 km(图 7)，相对周边地区

偏浅。特别是位于莫霍面、居里面的陡变带(图 6c)，

这也是深浅物质交替循环的有利地带，利于深部热物

质的上侵。 
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(a):重力异常；(b):磁异常；(c):深部热结构 

图 6  热水圩地区重、磁特征及其反映的深部热结构模式 

Fig.6  Gravity and magnetic characteristics of the Reshuiwei area and the deep thermal structures they reflected

重、磁特征表明，热水圩地区相对较薄的岩石圈

厚度，软流圈热物质沿深大断裂的上侵，特别是 NE

向深大断裂与NW 向大断裂的交汇部位多呈现相对开

启的应力状态，为深部热物质的上侵(图 6c)提供了有

利条件，使其深部保持了相对高热的地质背景。 

3.4  干热岩形成的其他有利因素 

除上述干热岩形成的有利因素外，热水圩地区干

热岩形成的其他有利因素还有： 

1) 地块结合带与深大断裂控热 

研究区位于华夏地块与扬子地块结合部位的华南

多期复合造山带内，在两地块拼合增生以前属于华夏

古陆北西缘斜坡带，在两地块碰撞后，构成了万洋山-

诸广山走滑岩浆带的重要组成部分。两地块结合带的

走滑和离散走滑，奠定了区域的基本构造形式，造成

了构造形迹纵横交错、组合较为复杂的格局，反映了

区域构造运动不但具有长期性、复杂性，而且具有明

显的阶段性和继承性。特别是其邻近的 NE 向茶陵-郴

州深大断裂与 NW 向常德-安仁深大断裂，均是具有多

期活动的深大走滑断裂，在两条断裂的交汇部位是岩

浆活动及上侵的主要空间。根据大地电磁测深剖面(图

3)，在郴州-临武深大断裂及其东侧较大次级断裂的深

部均有高导低速体自下而上分布的特征，是深部热物

质上侵的有利通道。 

区域内温泉群主要沿NE 向遂川-热水大断裂展布，

表明 NE 向大断裂是主要的控热断裂。就某个单独泉

群来说，地热井(泉)主要沿 NW 向构造形迹展布，表

明区域内NW 向断裂是主要的开启性控水断裂。因此，

NE 向大型控热断裂与 NW 向开启断裂的交汇部位，

也是现今深部热物质上涌的有利通道，继承了中生代

以来的岩浆活动规律，此交汇部位也是干热岩赋存的

有利部位。 

 
图 7  基于磁异常反演的居里面深度、岩体、深大断裂及温

泉点的叠加 

Fig.7  Map showing the superposition of the Curie depth derived 

from magnetic anomaly inversion, plutons, deep faults, and thermal 

spring outcrops  

2) 地球动力学机制 

湖南省东南部地处西太平洋俯冲板片的前缘。大

洋板块的俯冲会导致地壳岩石圈的破碎变形，并形成

一系列 NNE 向深大断裂。深部热对流的加剧促使了

软流圈的强烈隆起，俯冲进入软流圈的大洋板块使深

部热扰动变得更加剧烈，并且随着大洋岩石圈和拆沉

的大陆岩石圈等―冷‖物质的下沉，需要一个上升流来
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平衡，于是上升的软流圈高温物质开始不断的加热和

底侵深部岩石圈，在岩石圈破裂的区域上侵得最快，

当底侵程度逐渐加剧的时候，本来已经裂解的岩石圈

底部开始发生拆沉作用或者使已经变得可塑的岩石圈

向四周流动，从而导致岩石圈减薄，当上侵动力不足

的时候，高温物质便存在于上侵能达到的最大高度，

开始对周围围岩进行加热，一部分热量通过热传导的

方式经薄地壳或断裂带传导到近地表，软流圈剧烈隆

起的地区由于深部持续的热源供应必然形成浅部的高

温热田和地表的高大地热流值。 

新构造运动时期 (距今 10~8 Ma)，中国大陆地壳

受到西南侧印度板块向北低角度俯冲碰撞和东侧西太

平洋板块向西高角度俯冲双重动力体系的控制。受到

东、西两大动力体系的影响，湖南地区应力场以近东

西向的水平挤压为主，这就导致该区的古老构造形迹

在新构造期间发生了不同程度的复活，出现了许多规

模和活动性不等的活动断裂及断块隆起区、裂陷区[49]。

因此，自中新世以来，深大断裂的局部活化与新构造

运动形成的活动断裂，使深部幔源热物质继续沿各级

断裂自深部向浅部上侵。 

3) 热储与盖层 

研究区呈隐伏状态的花岗岩岩体是良好的热储，

其中在构造破碎处形成地热水储层，致密且裂隙不发

育的埋深在 4 000~6 000 m 的花岗岩岩体温度可达

176.80~256.60℃
[21]，形成良好的、近期可勘查开发的

干热岩体。汝城盆地内热导率较低的震旦系至古近系

地层，热导率一般在 1.86~2.14 W/mk，明显低于花岗

岩岩体 2.6~2.7 W/mk 的热导率，构成了深部热储的

良好保温盖层。 

4  干热岩成因模式 

综上所述，热水圩一带地热资源(干热岩)的成因

模式可归纳为：太平洋板块俯冲与回撤，导致板块前

缘形成强烈的热扰动，造成软流圈的隆起和幔源热物

质的上侵，形成相对较高的幔源热源。同时，生热率

较高的地壳岩体与铀矿体放射性产热形成了温度较高

的地壳热源(图 8)。有利的热源条件及沿深大断裂的深

部热物质上侵，使湖南省东南部形成以热水圩花岗岩

体为代表的干热岩有利靶区。郴州-临武、遂川-热水

等深大断裂导水、导热，浅部低温地下水通过断裂流

向深部热源，经加热后对流上升与其他浅部地下水混

合，至山间沟谷或山前平原低洼处出露地面，形成温

泉。 

 

(a) 干热岩形成模式，修改自余辉[50]；(b) 地球动力学机制与热源机制，修改自陈昌昕等[51]
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图 8  湖南省热水圩地热田干热岩形成机制模式 

Fig.8  Formation mechanism and mode of hot dry rocks in the Reshuiwei geothermal field, Hunan Province 

5  结 论 

a. 湖南省热水圩位于西太平洋板块俯冲与回撤

的前缘，中生代以来岩石圈伸展-减薄作用明显；扬子、

华夏地块结合带附近的深大断裂一般均切穿地壳甚至

岩石圈。中新世以来，深大断裂的局部活化与新构造

运动形成的活动断裂，使 NE 向、NW 向深大断裂的

交汇部位多呈开启性良好的构造环境。高导低速体与

深大断裂带的吻合指示这些深大断裂有可能构成深部

热物质上侵的通道，有利于深部幔源热物质的上侵和

热流侧向向上传导，为浅部干热岩的形成提供重要热

源。 

b. 热水圩周边岩体的放射性生热率较高，周边鹿

井、城口等铀矿床、矿点密布，为放射性生热率高值

区，形成壳源异常热源，在不同级次断裂网络的导通

作用下，对干热岩的形成具有重要意义。 

c. 根据综合确定的地温梯度推算，热水圩地热田

呈隐伏状态的、致密的、裂隙不发育的埋深在 4 000~6 

000 m 的花岗岩体温度可达 176.8~256.60℃，是良好

的、近期可勘查开发的干热岩体。 

符号注释： 

A 为岩石生热率，μW/m
3；t 为热储温度，℃；W

为热水中溶解的 H4SiO4 形式的 SiO2 含量，mg/L；CU、

CTh 分别为岩石中的 U、Th 质量分数，10
-6 

%；CK为

K 质量分数，%；ρ 为岩石密度，1 000 kg/m
3。 
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0 引言
近年来，我国煤层气产业取得了实质性进展，在

山西沁水盆地、内蒙古鄂尔多斯盆地等地基本实现
了规模化开发；在南方安徽、贵州、四川等地也取得
了重大突破。

湖南省煤层气资源较丰富 ，地质资源量约
810 亿 m3，其中湘中地区涟源凹陷的渣渡、金竹山、
冷水江等矿区煤层气资源量较大， 地质资源量均超
过了 25亿 m3，具有较好的勘探开发前景。但是，由于
地质条件、勘探投入等因素，湖南省煤层气工作程度
较低，各含煤层气矿区基本处于勘查初期阶段，煤矿
区煤层含气性、储层物性等参数严重匮乏，因此在湘
中地区开展煤层气研究十分有意义。 本文主要介绍
湘中冷水江矿区煤层气地质条件， 分析该区煤层含
气性和储层特征，为该区煤层气勘探开发提供依据。
1 矿区地CAB

冷水江矿区位于涟邵煤田北段中部，行政上隶

属于湖南省新化县、冷水江市管辖。矿区南起化溪、北
至坪溪，东自中连、西至桑梓，含化溪、大跃、晓云、坝
塘、中连、塘冲 6个井田。 地理坐标：北纬 27°38′42″~
27°47′30″；东经：113°20′55″~113°29′01″，南北长约
16.3 km，东西宽约 13.3 km。

冷水江矿区北端为受断层切割的不对称向斜盆
地构造，在化溪以南，主要构造线为 10°~20°，化溪
以北为 45°，延长至笋山以北逐渐近南北走向，呈一
向东突起的弧形。 南东翼宽阔平缓，一般倾角 15°~
30°，具小型波状起伏，西北翼倾角较陡，一般在 50°~
70°，局部地段直立或倒转。 向斜在资江以南急剧变
窄，收敛仰起，在中连一带向斜颇为宽阔，如图 1 所
示。 东翼北端短轴小褶、断裂极为发育，煤层破坏严
重。矿区次级褶曲及断层较发育，构造复杂程度为中
等类型。 矿区出露的地层由老至新依次为泥盆系上
统孟公坳组（D3m），石炭系下统石磴子组（C1s）、测水
组（C1c）、梓门桥组（C1z），石炭系上统壶天群（C2h）
（见图 1）。

湘中冷水江矿区煤s 气地C条%分析 *

杜 江 1，2， 蔡宁波 1，2， 张良平 1

（1. 湖南省地球物理地球化学调查所， 长沙 410014； 2. 湖南省地质新能源勘探开发工程技术研究中心， 长沙 410014）

摘 要： 基于勘探资料和实验数据，分析了冷水江矿区煤层含气性和储层特征，估算了煤层气
资源量。 研究表明： 研究区 3、5煤层累计厚度 3.5 m。 3、5煤层含气量一般大于 8 m3/t， 最高可达
20.37 m3/t。 3、5煤层煤体结构较破碎，孔隙、裂隙发育，渗透性差，吸附性好，储层压力适中。 研究区

煤层气地质资源量 28.37亿 m3，资源丰度 0.61亿 m3/km2，资源前景较好。
关键词： 含气性； 储层特征； 资源量； 冷水江矿区； 煤层气

中图分类号： P618.11 文献标志码： A 文章编号： 1008 － 8725（2024）04 － 114 － 05

Analysis of CBM Geological Conditions in Lengshuijiang Mining Area in
Central Hunan Province

DU Jiang1，2， CAI Ningbo1，2， ZHANG Liangping1

（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 m3/t, up to
20.37 m3/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 28.37×108 m3, and the resource abundance is 0.61×108 m3/km2,
which has good resource prospects.
Key words: gas-bearing property; reservoir characteristics; resources; Lengshuijiang mining area; CBM

* 湖南省自然资源标准项目（2022B02）
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图 1 冷水江矿区地C* 图

2 含煤地s 与煤s

矿区含煤地层为石炭系下统测水组下段
（C1c1），全组厚 102~170 m，一般厚约 130 m，主要发
育粉砂岩、细砂岩、泥质砂岩和砂质泥岩。含煤 7层，
自上而下命名为 1、2、3、4、5、6、7 煤层，具工业价值
煤层 4 层，其中 2、4 煤层局部可采，3、5 煤层为全区
主要可采煤层，如图 2所示。

图 2 冷水江矿区5 合DE 图

3 煤层位于测水组下段（C1c1）中部或中下部，上
距 2煤层约 15 m，厚 0~15.87 m，一般厚 1.5 m，煤层
结构较复杂，夹矸 1~8 层，矿区内最大埋藏深度约
1 050 m。 5 煤层位于测水组下段（C1c1）中部，厚 0~
11.44 m，一般 2.0 m，结构复杂，夹矸 1~10 层，矿区
内最大埋藏深度约 1 100 m。
3 煤s 含气性特征

冷水江矿区主采煤层为 3、5 煤层，总体上煤层
气含量较大，中浅部 3 煤层含气量 1.07~20.37 m3/t，
浓度 18.3%~92.41%，晓云、中连井田含气量一般大
于 8 m3/t；中浅部 5 煤层含气量 0.69~20.10 m3/t，浓
度 21.5%~93.33%，晓云、中连井田含气量一般大于
8 m3/t，如表 1、图 3所示。 冷水江矿区煤层埋深与含
气量关系图如图 4所示。 冷水江矿区煤层厚度与含
气量关系图如图 5所示。

表 1 冷水江矿区煤s 气含R 统计表

煤层气富集规律：（1）南段比北段高，东翼比西翼
高，具体为化溪、晓云、中连井田煤层气含量较高，大
跃、坝塘、唐冲井田埋深较浅，煤层气含量较低（见表
1、图 3）。 （2）一般认为煤层气含量随埋深逐渐增大，
将矿区内煤层埋深与含气量进行拟合，两者呈正相
关；且 5煤层含气量一般高于 3煤层含气量（见表 1、
图 4）。 （3）煤层气含量与煤层厚度密切相关，一般煤
层厚度大则煤层气含量高，将矿区内煤层厚度与含
气量进行拟合，两者呈正相关（见图 5）。 此外，井下观
察瓦斯突出部位常出现在煤包和煤层厚度变化地段。
（4）煤层气含量与煤层本身的结构有关，绝大部分糜
棱煤、粒状煤、鳞片状，煤层气含量较高。
4 煤储s 特征
4.1 宏观煤岩特征与煤体结构

冷水江矿区 3 煤、5 煤，煤岩特征近似，颜色一
般为黑色或灰黑色，条痕淡黑色或褐灰色，玻璃或金
属光泽；细-中条带状结构，局部为线理状、鳞片状
结构；参差状、阶梯状或贝壳状断口。 宏观煤岩类型
以半亮型煤和半暗型煤为主，次为暗淡型煤，光亮型
煤不常见。

3 煤多为粒状、少数块状、线理状、透镜状，机械
强度低，受力易碎小块、薄片及粉状，裂隙为薄膜状
方解石充填，局部见构造镜面，多为碎粒煤，少量为
碎裂煤、糜棱煤。 5煤多为粒状，局部块状，用手捏易
碎，滑动面发育，镜下见揉皱褶曲，多为碎粒煤，少量
为碎裂煤、糜棱煤。
4.2 显微煤岩特征
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（a）3 煤层

（b）5 煤层

图 4 冷水江矿区煤s2a 与含气R 关系图

（a）3 煤层

（b）5 煤层

图 5 冷水江矿区煤s 厚度与含气R 关系图

（a）3 煤层含气量等值线图

（b）5 煤层含气量等值线图

图 3 冷水江矿区煤s 含气R 等值线图
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3、5 煤层显微组分以镜质组为主，次为惰质组，
几乎不含壳质组。 镜质组主要由均质镜质体和基质
镜质体组成，次为结构镜质体，其余组分少量。 惰质

组由丝质体或半丝质体组成，或主要由粗粒体组成。
无机组分主要为石英、黏土矿物，次为方解石和微
量黄铁矿、赤铁矿。 煤的最大镜质组反射率 Ro，max=
2.37%~3.51%，平均 2.95%，为无烟煤二号，高变质
程度的煤孔裂隙较发育，提高了煤的渗透性和基质
孔隙连通性。
4.3 孔裂隙特征

（1）孔隙特征
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煤是一种多孔隙的物质，利用扫描电镜观察和
研究煤储层中的微孔隙和微裂隙是一种行之有效的
方法。 冷水江矿区 3 煤层显微组分以镜质组为主，
其次为丝质体，矿物质有伊利石和高岭石。 孔隙为
残留胞腔孔，发育静压裂隙、层间裂隙、层面裂隙，剪
性裂隙（X形），如图 6（a）、图 6（b）所示。煤体显微构
造有的原生结构完整，有的煤体已变形，角砾，碎粒，
糜棱质多见。 5 煤组分以镜质组为主， 沥青质体较
多，含矿物质，孔隙特征与 3 煤相差不大，局部可见
裂隙，组分间隙，如图 6（c）、图 6（d）所示。 3 煤层孔
隙度 8.62%，5煤层孔隙度 11.04%。

（a）层面、层间裂隙，镜质组为主（3 煤）

（b）垂直层理静压裂隙，原生结构（3 煤）

（c）沥青质体的球粒结构（5 煤）

（d）局部裂隙，有充填物（5 煤）

图 6 煤s. 观w 裂隙特征图

（2）比表面积与孔隙类型
3 煤层比表面积 0.532 m2/g，BJH 最大孔径

4.048 nm，总孔体积 1.436×10-3 cm3/g，液氮吸脱附曲
线如图 7（a）所示。 煤低温液氮吸附曲线呈倒 S 形，
属于 IUPAC 分类方案中的 IV 型曲线。 表明孔隙类
型以两端开口的孔和墨水瓶孔为主。 5 煤层比表面
积 24.987 m2/g，BJH 最大孔径 4.074 nm， 总孔体积
20.99×103 cm3/g，液氮吸脱附曲线如图 7（b）所示。煤
低温液氮吸附曲线呈倒 S 形，属于 BET 分类方案中
的 IV型曲线。孔隙类型以两端开口的孔和墨水瓶孔
为主，同时含有少量的一端开口的孔，大孔不发育。
总的来说，5 煤具有更大的比表面积和孔体积，有利
于吸附更多的甲烷气体。二者孔隙类型相同，以两端
开口的孔和墨水瓶孔为主。

（a）3 煤层

（b）5 煤层

图 7 煤s 吸附脱附曲线图

p. 脱附压力 p0. 吸附压力

（3）渗透性特征
冷水江矿区 3、5 煤层煤体结构破碎，3 煤层为

碎粒煤，局部为糜棱煤，5 煤层多为糜棱煤；渗透率
低 ，3 煤层渗透率 0.005~0.02 mD，5 煤层渗透率
0.001~0.01 mD。
4.4 吸附性特征

依据《煤的甲烷吸附量测定方法（高压容量法）》
（MT/T 752—1997），测试得到 2 组压力和吸附量的
数据对，根据数据对拟合得到兰氏体积 VL和兰氏压
力 pL。 3 煤层兰氏体积为 30.82 mL/g，总体较大，表
明 3煤层具有较强的吸附能力，如表 2所示。 5煤层
吸附性与 3煤层相当。
4.5 储层压力

相邻涟参一井测水组 3、5煤层的储层压力分别
为 3.74、4.38 MPa，储层压力梯度分别为 9.1 kPa/m
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和 9.2 kPa/m，属常压储层，如表 3所示。
表 3 涟参一井煤储s 压力参数表

5 资源R 估算
运用体积法，分别估算 3、5 煤层煤层气地质资

源量，预测过程中要求：（1）以地质边界或人为技术
边界划分估算块段；（2）煤层厚度大于 0.6 m，含气
量大于 4 m3/t；（3）预测深度为风化带边界（或采空区
边界）～埋深 600 m、600～1 000 m、1 000~1 500 m 这
3个区间。 估算结果，冷水江矿区煤层气地质资源可达

28.37 亿 m3，如表 4 所示，资源丰度 0.61 亿 m3/km2，
资源前景可观。 煤层气地质资源量

G=
n

i = 1
Σ0.01AiHiDiCi

式中 Ai———块段 i含气面积，km2；
Hi———块段 i煤层平均净厚度，m；
Di———块段 i 煤的空气干燥基平均质量密

度，t/m3；
Ci ———块段 i 煤的空气干燥基平均含气量，

m3/t。
6 结 '

（1）冷水江矿区位于测水组涟源沉积中心，3、5
煤层为主采煤层，3 煤层一般厚度 1.5 m，5 煤层一
般厚度 2.0 m，累计平均厚度 3.5 m。

（2）3、5 煤层含气量较大，中浅部 3 煤层含气量
为1.07~20.37 m3/t，5煤层含气量为 0.69~20.10 m3/t，晓
云、中连井田含气量一般大于 8 m3/t；中深部煤层含
气量逐渐变大，与埋深呈正相关。

（3）3、5 煤层显微组分以镜质组为主，宏观煤岩
类型以半亮型煤和半暗型煤为主，变质程度高，均为
无烟煤；煤体结构较破碎、孔裂隙较发育、渗透性差、
吸附性好，煤储层压力适中，煤储层特征一般。

（4）冷水江矿区煤层气地质资源 28.37 亿 m3，资
源丰度 0.61亿 m3/km2，资源前景较好。
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表 2 等温吸附试验结果表（空气干燥基）

涟参
一井

3
5

埋深
/m

409.63
478.35

储层压力
/MPa
3.74
4.38

储层压力梯度
/kPa·m-1

9.1
9.2

压力
类型
正常
正常

煤层钻井

表 4 冷水江矿区煤s 气地C 资源估算表
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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., 

2018). In the Jiangnan Orogen, Au and Au-Sb 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 
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δ34S values of pyrite from wall rocks slate range from 6.4‰ to 11.6‰. 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. 
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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 
Wuqiangxi 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. 1a; Wang et al., 2005; 
Zhang et al., 2009; Zheng et al., 2022). The exposed 
strata in the region 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 Huaqiao formations (Wang C S et al., 2013). 
The Aoxi Formation is primarily composed of 
carbonaceous shale, with limestone as the secondary 
lithology, whereas the Huaqiao 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 

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 et al., 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; Lü et 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 (Ptbnw2) of Wuqiangxi 
Formation of the Neoproterozoic Banxi Group, along with 
a small amount of Quaternary deposits (Fig. 2a). Ptbnw2 
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 Ptbnw2. 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 I), 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 II), 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 III), 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; (f) visible 

lattice twin plagioclase. Apy: arsenopyrite; Cal: calcite; Ccp: chalcopyrite; Chl: chlorite; Py: pyrite; Qz: quartz. 
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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 

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. 

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; Pl: plagioclase; Cal: calcite.  
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equiv.; Type Ib fluid inclusions have freezing point 
temperatures varied from −8.2°C to −4.8°C, 
homogenization temperatures varied from 183.0°C to 
247.3°C, and salinity varied from 7.6 to 11.1 wt% NaCl 
equiv.; Type II 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% NaCl 
equiv. 
 

6 Isotope Geochemistry 
 
6.1 Oxygen isotope composition 

The δ18OmineralSMOW of quartz from the main 
mineralization stages was analyzed (Table 2; Fig. 9). The 
δ18OSMOW are varied from 16.9‰ to 17.5‰. The δ18OH2O 
are varied from 6.5‰ to 7.5‰. 
 
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 δ34SCDT values of pyrite from slate range 
from 6.4‰ to 11.6‰. The δ34SCDT values of pyrite from 
ore range from 1.7‰ to 6.8‰. The δ34SCDT values of 
arsenopyrite from ore range from 5.6‰ to 5.9‰. 

Fig. 6. Microscopic photos of fluid inclusions in the Mibei gold deposit. 
(a) Oval VCO2 + LCO2 + LH2O two-phase inclusions (type Ia) in quartz at room temperature; (b) irregular VCO2 + LCO2 + LH2O two-phase inclusions 

(type Ia) in quartz at room temperature; (c) LCO2 + LH2O two-phase inclusions (type Ib) and pure liquid H2O inclusions (type III) in quartz at room 

temperature; (d) two-phase, vapor-rich fluid inclusions (type II) in quartz at room temperature. 

 

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

Sample Stage Type Minerals Tice (℃) Th-total (℃) Salinity (%) 

XH-2 Ⅰ Ⅰb Quartz −9.2 to −2.4 205.8 to 273.2 4.0 to 13.1 

MB-2 

Ⅱ Ia Quartz −4.7 to −3.3 191.2 to 208.0 5.4 to 7.4 

Ⅱ Ⅰb Quartz −8.4 to −5.2 181.2 to 232.6 8.1 to 12.1 

Ⅱ Ⅱ Quartz −7.3 to −2.8 222.1 to 259.6 4.6 to 10.8 

MB-3 

Ⅱ Ia Quartz −6.3 to −5.2 205.3 to 213.6 8.1 to 9.6 

Ⅱ Ⅰb Quartz −8.2 to −4.8 183.0 to 247.3 7.6 to 11.1 

Ⅱ Ⅱ Quartz −5.3 to −4.4 219.8 to 225.3 6.9 to 8.3 

XH-3 Ⅲ Ⅰb Quartz −7.8 to −3.8 177.8 to 242.3 6.2 to 11.5  
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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 CO2-bearing 
inclusions (Fig. 6). The ore-forming temperature falls 

within the 177.8℃ to 259.6℃ 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 δ18OSMOW of quartz ranging from 16.9‰ to 17.5‰ 
reflects a low temperature alteration and/or contamination 
process (Deng et al., 2011). The δ18O values of water in 
fluid inclusions within the quartz veins, calculated using 
the equation (1000lnαquartz-H2O = 3.38 × 106 × T−2 – 3.40; 
Clayton et al., 1972), range from 6.5‰ to 7.1‰, which 
resemble those of magmatic water (5.5‰–9.5‰; 
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‰ ≤ 
δ18OH2O ≤ 5.3‰; Peng and Dai, 1998); Mobin (−0.4‰ ≤ 
δ18OH2O ≤ 5.1‰; Ding and Wang, 2009); Taojinchong 
(−2.0‰ ≤ δ18OH2O ≤8.9‰; Yan et al., 1994), and Woxi 
gold deposit at the northwest end of Xuefengshan uplift 
zone (4.3‰ ≤ δ18OH2O ≤ 8.2‰; Luo et al., 1984; Peng and 
Frei, 2004). 

The pyrite in the Mibei gold deposit exhibits low δ34S 
values ranging from 1.7‰ to 6.8‰, which is consisted with 
the δ34SCDT values of arsenopyrite of ore, which ranged 

Fig. 7. Homogenization temperature and salinity histogram of quartz fluid inclusions in the Mibei gold deposit. 

 

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 δ
18

OV-SMOW (‰) δ
18

OH2O (‰) Th-total (℃) 

20MB-2-1 17.5 7.1 222.2 

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  
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from 5.6 to 5.9‰. The δ34S values of gold-bearing sulfides 
are close to the values of magmatic sulfur (δ34S = 0 ± 5‰; 
Ohmoto, 1986). Many gold deposits in the Xuefengshan 
uplift belt, confirmed to have magmatic-hydrothermal 
characteristics in their ore-forming fluids, show similar δ34S 
values of gol sulfides, such as the Woxi gold-antimony 
deposit (−5.8‰ ≤ δ34SW-Py ≤ 0.4‰; Dai et al., 2022), the 
Yuhengtang gold deposit (−5.0‰ ≤ δ34S ≤ 5.3‰; Li W et 
al., 2021), and the Daping gold deposit (0.23‰ ≤ δ34SW-Py ≤ 
1.98‰; Kong et al., 2022). Besides, in this study, the 
δ34SCDT values of pyrite from the surrounding slate of the 
Wuqiangxi Formation were also analyzed, ranging from 6.4 
to 11.6‰, which overlap with δ34S values of pyrite of the 
Mibei gold deposit (5.8‰ ≤ δ34SW-Py ≤ 11.6‰, n = 3; 5.6‰ 
≤ δ34SW-Apy ≤ 5.9‰, 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 

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 δ18O 
values of gold-bearing quartz veins and δ34S values of 
gold-bearing pyrite and arsenopyrite at Mibei in this 
study implied magmatic source of ore-forming fluids. 
Although δ34S 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 Mobin 
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 

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. 

 

Fig. 10. Comparison diagram of metal sulfide δ34S 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. 

 

Table 3 Sulfur isotope values of sulfides in the Mibei gold 

deposit, Hunan 

Sample Mineral δ
34

SV-CDT (‰) 

20XH-1 

Py 

6.4 

2XH-2 11.6 

20XH-3 5.8 

20MB-2-1 5.7 

20MB-2-2 6.8 

20MB-3-2 1.7 

20XH-3-1 
Apy 

5.9 

20XH-3-1 5.6  
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(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 

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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思茅盆地页岩气地质条件及资源潜力分析

杜 江1,2

(1.湖南省地球物理地球化学调查所,湖南 长沙 410014;

2.湖南省地质新能源勘探开发工程技术研究中心,湖南 长沙 410014)

摘 要:根据野外调查及样品测试,从富有机质页岩的地化特征、物性特征及保存条件等分析了思茅盆

地页岩气地质条件。研究表明:思茅盆地发育下密地组、羊八寨组、挖鲁八组及和平乡组四套暗色页岩;

其中,羊八寨组页岩累计厚度普遍大于100m,TOC平均为1.06%~2.54%,Ro平均为1.81%~3.47%,有
机质类型主要为Ⅱ2—Ⅲ型,脆性矿物含量平均为49.5%,为思茅盆地页岩气有利层段。景谷洼陷南部

和普文洼陷受深大断裂、地层抬升剥蚀、岩浆岩和变质岩带影响较小,盖层厚度大,页岩气保存条件相对

较好。思茅盆地与相邻呵叻盆地具有相似的油气地质条件,具有一定的页岩气资源潜力,值得开展进一

步的勘探研究工作。最后,综合考虑页岩分布、有机地化条件和保存条件,预测页岩气有利靶区主要位

于勐班—德化及普文—象明一带。

关键词:页岩气;地质条件;资源潜力;有利靶区;思茅盆地
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0 引言

页岩气是一种自生自储于页岩层系中的游离态、
吸附态非常规天然气[1-2]。页岩气勘探具有近200年

的历史,尤其是近10年来,北美页岩气开发取得了快

速的发展[3-4]。借鉴北美页岩气勘探开发经验,我国

页岩气开发已经实现了局部地区突破,涪陵、长宁、威
远等地相继建成工业化生产示范区[5-7]。

思茅盆地是云南省主要的含油气盆地之一[8],与
泰国呵叻盆地相邻,后者自1982年投入开发以来,已
经建成13亿方天然气、2.5万吨原油的年产能,是泰

国最大油气基地。上世纪末,思茅盆地发现了景谷地

区陆相新近系小油田,并实现了小规模开发外,但是

古生界、中生界(呵叻盆地油气藏目的层位)油气勘探

仍未取得实质性的突破[9-10]。20世纪中至21世纪

初,国 内 学 者 研 究 了 思 茅 盆 地 构 造 沉 积 演 化 背

景[11-13]、岩性组合及有机地化特征,提出了上石炭统

下密地组、上二叠统羊八寨组、上三叠统挖鲁八组及

中侏罗统和平乡组等几套烃源岩,其中挖鲁八组、和
平乡组富有机质页岩厚度小,有机碳含量低,下密地

组分布有限,出露较少,都不是有效的、优质的页岩气

目的层位;另一方面,羊八寨组富有机质页岩分布广

泛,厚度较大,有机碳含量较高,成熟度适中,是思茅

盆地最优质的页岩气目的层位[8,14]。所以,本文在总

结前人研究成果的基础上,利用野外调查及测试数

据,从富有机质页岩的地化特征、物性特征及保存条

件等方面,重点分析了思茅盆地上二叠统羊八寨组页

岩气地质条件和页岩气保存条件,进而分析资源潜

力,优选有利区,为该区页岩气勘探开发提供基础资

料和科学依据。

1 地质概况

思茅盆地位于滇西哀牢山、澜沧江之间,构造位

置属于三江褶皱系北部,处在扬子地台、华南褶皱系、
保山掸那地块之间[11-12],与南部的呵叻盆地相邻,盆
地内发育“三凸两凹”二级构造单元(图1)。该区受

多期构造运动影响,构造演化极为复杂,具有陆壳裂

解、多陆块相互作用、多岛弧一盆演化、陆内碰撞造山、

收稿日期:2023-07-18; 修回日期:2023-10-05
第一作者:杜江(1988—),男,硕士,高级工程师,主要从事煤层气、页岩气地质研究。E-mail:1025774576@qq.com
引文格式:杜江.思茅盆地页岩气地质条件及资源潜力分析[J].矿产与地质,2024,38(1):61-71.

166



图1 思茅盆地构造单元分布图

Fig.1 DistributionmapofstructuralunitsinSimaoBasin

挤压走滑等特征[12-13]。由于多期构造运动的影响,盆
地内发育了一系列的性质复杂的断裂、褶皱。断裂走

向为近SN向,相互切割,东部墨江—江城地区地层

较为破碎,西部景谷—宁洱、勐腊地区相对完整。
思茅盆地发育泥盆系至新近系,缺失下三叠

统、下侏罗统。地史时期伴随始—新特提斯洋的开

启与闭合,形成了多套烃源岩。晚石炭世早期海

侵规模达到高峰,形成了上石炭统灰色粉砂岩、粉
砂质泥岩为主的下密地组,为该区第一套主力烃

源岩(较厚,出露面积小)。早二叠世早期,随着古

特提斯洋重新开启,发生规模海侵,至晚二叠世形

成了一套暗色页岩、砂泥岩为主的羊八寨组,为该

区第二套主力烃源岩(有机质丰度高,烃源岩厚度

大)。中三叠世,中特提斯洋打开,晚三叠世继续

扩张,形成了以灰色泥质粉砂岩与粉砂质泥岩互

层为主的挖鲁八组,为该区第三套主力烃源岩(单
层薄,有机质丰度低)。中侏罗世初期,新特提斯

洋重新开启,盆地内普遍接受沉积,中侏罗统发育

杂色泥页岩、泥灰岩、粉砂岩夹细砂岩,局部地区

为灰色—灰黑色泥岩、页岩夹粉砂岩的和平乡组,

为该区第四套主力烃源岩(厚度较小,有机质丰度

低)(图2)[15]。总体上,羊八寨组富有机质页岩分

布广泛,厚度较大,有机碳含量较高,成熟度适中,
是该区海相页岩气勘探首要目的层位[8,14]。

2 富有机质页岩特征

富有机质页岩厚度是生烃的物质保障,也有利于

页岩气的富集和保存[16]。有机质是页岩生烃的母

质,也是页岩气吸附的主要介质,所以有机质类型、丰
度和成熟度是评价页岩生烃潜力的重要指标[16-18]。
页岩矿物组成与含量往往会影响页岩气开采和压裂

效果,页岩的脆性是评价储层岩石力学特征的重要指

标,决定着页岩气储层的可压裂性,对页岩气的勘探

开发影响重大[19]。
国内外成功开发页岩气的实践来看:商业性开发

的页岩厚度一般大于30m,有机质类型多为Ⅱ2—

Ⅲ,丰度TOC一般大于2.0%,热演化程度Ro一般为

1.1%~3.5%,脆性矿物含量一般为50%左右[16-19]。
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图2 思茅盆地地层综合柱状图(据文献[15]修改)

Fig.2 ComprehensivestratigraphiccolumndiagramofSimaoBasin[15]

2.1 羊八寨组富有机质页岩厚度

思茅盆地上二叠统羊八寨组(P3y)沉积环境为滨

海相、浅海陆棚相[8,13],多发育砂岩、泥岩、页岩、砂泥互

层,局部夹劣质薄煤层,具有交错层理、水平层理、缓波

状交错层理。实测羊八寨组剖面富有机质页岩累计厚

度为80.14~187.6m(表1、图3)。平面上,北部在镇沅

以南、宁洱以北,景谷至墨江一带暗色页岩厚度最大,
累计厚度一般大于140m,向周围逐渐减小。南部象明

至雅邑狭长地带的暗色页岩厚度较大,累计厚度一般

大于120m,并向东、西、南方向逐渐减小(图4)。

表1 思茅盆地页岩气形成条件地质参数对比

Table1 ComparisonofgeologicalparametersofshalegasgenerationconditioninSimaoBasin

层位 剖面名称或采样点
累计厚度

/m

TOC/% Ro/%

范围值 平均值 范围值 平均值
备注

P3y

宁洱德化 85.3 0.90~1.20 1.06 1.79~1.86 1.81 未见顶

景谷小石岩 107.4 0.56~3.43 1.83 2.70~2.90 2.83 未见顶

景谷勐龙 187.6 0.26~1.60 0.55 3.06~3.20 3.13 未见底

墨江雅邑 126.8 1.31~4.72 2.54 3.27~3.38 3.33 未见底

墨江羊八寨 — 2.44~2.67 2.25 3.35~3.54 3.47 采样点

勐腊象明 80.14 0.82~6.78 1.99 3.04~3.94 3.40 未见底

江城嘉禾 — 0.70~1.47 1.11 3.05~3.52 3.29 采样点
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图3 思茅盆地羊八寨组暗色页岩段典型剖面综合柱状图

Fig.3 ComprehensivecolumndiagramofthetypicalprofileofYangbazhaiFormationdarkshaleinSimaoBasin

图4 思茅盆地羊八寨组黑色页岩综合评价图

Fig.4 ComprehensiveevaluationdiagramofYangbazhaiFormationdarkshaleinSimaoBasin
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2.2 羊八寨组富有机质页岩地化特征

2.2.1 有机质类型

岩石热解分析表明,羊八寨组暗色泥页岩有机质

类型以Ⅲ型为主;有机质显微组分壳质组为主,其次

为镜质组,腐泥组含量一般较低,一般小于20%,TI
指数一般为0~40,少量大于40或小于0,有机质类

型多为Ⅱ2型,少量为Ⅱ1型、Ⅲ型。

2.2.2 有机质丰度与成熟度

思茅盆地景谷—宁洱地区羊八寨组暗色泥页岩

TOC值为0.23%~3.43%,一般小于1.5%,平均仅

为0.90%;Ro为1.31%~3.2%,一般小于3.0%,平均

为2.40%,为过成熟早期阶段。墨江—江城地区羊八

寨组暗色泥页岩样品TOC为0.70%~4.72%,一般

大于1.5%,平均高达2.49%;Ro为3.27%~4.42%,平均为

3.69%,为过成熟晚期阶段。勐腊地区羊八寨组暗色泥页

岩样品TOC为0.27%~6.78%,一般为1.0%~3.0%,平
均为1.68%;Ro为3.04%~3.94%,平均值为3.35%,

为过成熟晚期阶段(表1、图4)。羊八寨组富有机质

页岩有机质类型多为Ⅱ2—Ⅲ型。
平面上,TOC高值区主要位于景谷勐班、墨江雅

邑、勐腊象明一带,TOC平均值一般大于2.0%,并向

四周逐渐减小。Ro高值区主要位于盆地边缘深大断

裂附近,Ro值一般大于3.0%,局部可达4.0%,具有

向盆地中部逐渐减小的趋势,低值区位于宁洱、德化

地区,Ro一般为1.5%~2.0%(图4)。

2.3 羊八寨组富有机质页岩物性特征

2.3.1 矿物组分

羊八寨组页岩矿物组分中石英含量最高,一般为

31.8%~57.2%,平均为47.7%,其次为黏土矿物,含
量一般为33.7%~55.5%,平均为45.9%,此外还含

有少量的长石、方解石、白云石、菱铁矿和黄铁矿(图

5、图6)。羊八寨组页岩脆性矿物含量一般为31.8%
~64.4%,平均为49.5%,表明羊八寨组页岩具有较

好的可压性。

图5 思茅盆地羊八寨组泥页岩矿物组成条形图

Fig.5 BargraphofmineralcompositionofYangbazhaiFormationmudshaleinSimaoBasin

图6 思茅盆地羊八寨组泥页岩矿物组成三元图

Fig.6 TernarydiagramofmineralcompositionofYangbazhaiFormationmudshaleinSimaoBasin
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  黏土矿物中又以伊蒙混层与伊利石与为主,含少

量绿泥石与高岭石;伊蒙混层占0%~79%,平均为

55%,伊利石占黏土矿物总量的11%~67%,平均

39%;伊蒙混层和伊利石之和为67%~90%;伊蒙间

层比平均在15%左右。

2.3.2 孔裂隙特征

(1)孔隙类型

羊八寨组页岩发育有机孔、粒间孔、晶间孔、溶蚀

孔和微裂缝,以粒间孔、晶间孔和微裂缝为主,总体来

看,孔隙裂隙不发育,岩石致密(图7)。

图7 思茅盆地羊八寨组页岩孔裂隙类型照片

Fig.7 MicrophotosofporefracturetypesofYangbazhaiFormationshaleinSimaoBasin
(a)有机质及其内部,未见孔隙; (b)碎粒及粒间孔; (c)壳质组碎屑,溶蚀孔,碎粒孔,黏土矿物; (d)有机质内及有机质与黏

土矿物之间微裂缝; (e)泥粒与泥粒孔,碎屑状有机质; (f)壳质组碎屑,溶蚀孔,碎粒孔,黏土矿物。

  (2)孔隙形态特征

根据国际纯粹与应用化学联合会(IUPAC)的分

类,页岩样品的吸附等温线属于Ⅳ型。在较高压力

(P/Po>0.4,其中P为当前压力,MPa;Po为 -196.15℃下

的氮气饱和蒸汽压,约为0.101MPa)处,页岩样品的

吸附曲线与解吸曲线不重合,产生吸附滞后。滞后环

的形状则反映了吸附剂(页岩样品)中所存在孔隙结

构的情况。页岩样品的Ⅳ型等温线和滞后回线说明

页岩主体孔隙为中孔。IUPAC在deBoer滞后环分

类的基础上推荐了一种新的分类标准,将滞后环分为

4类:H1型、H2型、H3型和 H4型。勐腊象明地区、景
谷勐龙地区羊八寨组(P3y)页岩样品滞回环属于 H3
型(图8),反映羊八寨组对应样品是四周开放的平行

板孔,从微孔到大孔各个孔径段的孔隙均较发育,孔
隙的连通性较好,这种孔隙结构对页岩气体的运移有

利。
(3)孔径分布特征

比表面积计算采用Brunauer、Emmett和 Teller
推导出的BET方程,孔径分布采用BJH法计算。羊

八寨组页岩孔径分布相对较简单,孔径分布曲线峰值

相对集中。页岩平均孔径为4.8~8.8nm,其平均值

为6.53nm。根据IUPAC的分类,孔直径小于2nm
的孔隙称为微孔,孔直径在2~50nm的孔隙为中孔,
大于50nm的孔隙为大孔,所以羊八寨组页岩样品孔

径分布在中孔范围。
(4)孔隙比表面积和体积

思茅盆地羊八寨组组泥页岩比表面积在2.708~
26.611m2/g,平均为15.736m2/g。孔体积在0.006
~0.03222mL/g范围内,平均为0.02784mL/g。其

中下密地组比表面积为17.927m2/g,总孔体积平均

值同样为0.03124mL/g;羊八寨组比表面积平均为

21.40m2/g,总孔体积平均在0.01485mL/g。整体

羊八寨组比表面积和总孔体积一般。
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图8 羊八寨组页岩样品吸-脱附曲线

Fig.8 AdsorptiondesorptioncurveofshalesamplesfromYangbazhaiFormation
(a)勐腊象明 (b)景谷勐龙

2.3.3 吸附性特征

羊八 寨 组 暗 色 泥 页 岩 饱 和 吸 附 量 主 要 在1.
18~6.52 m3/t,平 均 值 为 2.92 m3/t,可 见 区

内 羊 八 寨 组 暗 色 泥 页 岩 吸 附 性 较 好,具 有 相 对

较 好 的 储 集 性 能(图9)。平 面 上 泥 页 岩 吸 附 性

能 变 化 较 大,景 谷—宁 洱 地 区 碧 安 附 近 泥 页 岩

吸 附 性 最 好,而 勐 龙 附 近 受 区 域 断 裂 及 岩 浆 岩

影 响,泥 页 岩 局 部 变 质 为 板 岩,吸 附 性 变 差;墨
江 五 素、江 城 象 明 地 区 羊 八 寨 组 泥 页 岩 吸 附 性

能 一 般。

图9 思茅盆地羊八寨组富有机质页岩等温吸附曲线

Fig.9 IsothermaladsorptioncurveoforganicrichshaleofYangbazhaiFormationinSimaoBasin

2.4 其他层位富有机质页岩特征

2.4.1 上石炭统下密地组(C3x)
密地组仅在墨江下密地、江城鲁凸等地零星出

露。本次调查在墨江下密地附近测得剖面一条,岩性

多为灰黄色粉砂、泥岩和深灰—灰黑色的页岩、泥岩,
局部夹劣质薄煤层,该条剖面富有机质页岩累计厚度

为52.4m,富有机质页岩TOC值为0.65%~9.54%,平
均为3.77%,Ro为2.5%~2.81%,平均为2.67%。下密

地组富有机质页岩有机质类型为Ⅱ1—Ⅲ2型。由于

下密地组出露较少,样品数量有限,其地化特征有待

进一步研究。下密地组石英含量为37.5%~62.2%,
平均为48.7%;黏土矿物含量为36.5%~60.7%,平
均为49.8%。

2.4.2 上三叠统挖鲁八组(T3wl)
思茅盆地上三叠统挖鲁八组分布较为局限,在墨

江—江城地区出露。本次调查在墨江一碗水测得典
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型剖面一条,岩性多为深灰色页岩、粉砂质页岩,发育

水平层理,富有机质页岩累计厚度为49.8m。一碗水

剖面富有机质页岩TOC为0.55%~1.05%,平均值

为0.84%,Ro为2.43%~3.06%,平均为2.79%,为过

成熟早期阶段;碧溪一带鲁八组泥页岩 TOC为0.
51%~1.53%,平均值为0.92%,Ro为3.31%~4.
15%,平均为3.88%,为过成熟晚期阶段。挖鲁八组

富有机质页岩有机质类型为Ⅱ型。暂不作为有效的、
优质的页岩气目的层位。

挖鲁八组(T3wl)暗色泥页岩石英含量最高,一
般为42.8%~51.6%,平均47.3%,其次为黏土矿物,
一般为43.2%~49.8%,平均为46.5%;此外还含有

少量的长石、方解石、白云石和黄铁矿。

2.4.3 中侏罗统和平乡组(J2h)
思茅盆地中侏罗统和平乡组出露极为广泛,整个

盆地皆有出露,本次调查在景谷、思茅、景洪等地见暗

色泥岩、钙质泥岩及泥灰岩出露,富有机质页岩厚度

一般为10~26.5m。TOC为0.05%~2.67%,一般

小于0.6%,平均为0.39%。Ro为1.18%~2.26%,平
均值为1.69%,一般小于2.0%,总体上富有机质页岩

成熟度相对较低,属于高成熟阶段和平乡组泥页岩有

机质类型为Ⅱ2型为主,少量Ⅱ1和Ⅲ型。暂不作为有

效的、优质的页岩气目的层位。
和平乡组暗色泥页岩石英含量最高,一般为17.6%

~58.8%,平均42.5%,黏土矿物一般为22.4%~49.1%,平
均为34.4%,此外还含有少量的长石、方解石、白云石和

黄铁矿。脆性矿物含量一般为41.9%~64.1%,平均

为54.65%。

3 页岩气保存条件简析

三江褶皱系思茅盆地具有复杂的构造演化历史,
多旋回、多期次的构造叠加对页岩气藏影响较大,这
也决定了保存条件为页岩气富集的关键因素。因此,
针对主要页岩层位,分析了断裂发育情况、盖层发育、
抬升剥蚀、岩浆活动和变质岩带等对页岩气保存的影

响。

3.1 断层发育情况

断裂对于页岩气保存具有二重性,适当规模的断

裂体系,有利于页岩气的富集保存和产出,但是规模

较大的张性断层极不利于页岩气的保存[13,20-21]。思

茅盆地断层发育、分布广泛,断层性质复杂,具有多期

活动的特点,大多具压扭性—逆冲—走滑性质。从形

成时间分析,断裂的形成时间应为早三叠世、早侏罗

世、晚白垩世、中—晚始新世、渐新世—早更新世五个

强烈构造活动时期,其中渐新世、中新世形成的走滑

断裂具有张性性质,开启性强,属于通天断裂,对页岩

气的保存破坏作用极大。从平面上分析,墨江凸起、
营盘山凸起、澜沧江凸起及景星—江城凹陷受通天断

裂影响较大,页岩气保存条件差,而景谷—勐腊凹陷

的景谷洼陷、普文洼陷受通天断裂影响较小,页岩气

保存条件相对较好(图10)。

图10 思茅盆地深大断裂、岩浆岩和变质岩分布图

(据文献[13]修改)

Fig.10 Distributionmapofdeepfaults,magmaticand
metamorphicrocksinSimaoBasin[13]

3.2 盖层条件

页岩气藏集生储盖为一体,部分学者认为页岩储

层自身为一个封闭的系统,对盖层的研究相对较弱,
但随着国内外页岩气勘探研究理论进步,越来越多的

学者意识到盖层条件的重要性,尤其是复杂地质条件

下盖层对页岩气的富集保存起到了至关重要的作

用[13,21-23]。思茅盆地侏罗系到二叠系发育9套泥质

岩,累计厚度可达1996m。羊八寨组烃源岩的直接

盖层为羊八寨组、长兴组泥质岩,厚度100~600m,
但泥岩成岩程度较高,已达到晚成岩阶段,可塑性变

差而封盖性降低,封盖性能一般。

3.3 抬升剥蚀

地壳抬升剥蚀会破坏区域盖层,降低断层封闭
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性[13,22-23]。思茅盆地生烃演化史表明,该区经历了早

三叠世、早侏罗世、晚白垩世、中—晚始新世、渐新

世—早更新世五次强烈的抬升剥蚀作用,其中以晚白

垩世的抬升剥蚀最为剧烈,直接导致烃源岩埋深减

小,盖层厚度变薄,以及大气水下渗加剧,页岩气运移

散失,极大程度上破坏了页岩气的富集保存(图11)。
盆地边缘墨江凸起、澜沧江凸起及勐醒突起抬升剥蚀

与大气水下渗程度相对较大,其对页岩气藏的破坏较

严重;景谷洼陷、普文洼陷由于上覆地层较厚,受抬升

剥蚀与大气水下渗影响较小。

图11 思茅盆地地层埋藏史(据文献[13])

Fig.11 BurialhistoryofthestratainSimaoBasin[13]

3.4 岩浆活动与变质作用

岩浆活动对具有促进泥页岩成熟及页岩气生成

的积极作用,但如果页岩气成藏后遭到侵人岩体穿刺

和烘烤,将对页岩气保存产生严重破坏[13,24]。思茅盆

地发育多期次岩浆活动,三叠纪的岩浆活动对盆地西

部古生界页岩气保存具有破坏作用,新生代的岩浆活

动对盆地中部的古生界、中生界页岩气保存具有较大

的破坏作用。
思茅盆地内存在两条中新生代接触变质带,其中

沿中部断裂带分布的低压变质带,延伸较长,变质岩

带内二叠系、三叠系、侏罗系已浅变质,对页岩气的保

存具有不利影响(图10)。
平面上,思茅盆地墨江凸起、营盘山凸起、澜 沧

江凸起受岩浆岩或变质岩带影响明显。如墨江、
景谷勐龙等地羊八寨组页岩 Ro多大于3.0%,局
部接近4.0%,再如墨江碧溪挖鲁八组页岩 Ro最

大可达4.15%,都表明上述区域受深大断裂附近

的岩浆岩 影 响,导 致 泥 页 岩 变 质 程 度 急 剧 增 高,
不同程度破坏 页 岩 气 保 存 条 件。景 谷 洼 陷 南 部

益智—宁洱一带及普文洼陷羊八 寨 组 页 岩 Ro多

小于3.0%,其中宁洱德化羊八寨组页岩 Ro平均

值仅为1.81%,说明岩浆活动及变质岩带对页岩

气保存条件破坏较弱,为相对有利区(图10)。

4 页岩气资源潜力分析

上文已述,思茅盆地主要烃源岩层位为上二叠统

羊八寨组,故本节重点分析羊八寨组页岩气资源潜

力。上石炭统下密地组、上三叠统挖鲁八组、中侏罗

统和平乡组等次要烃源岩层暂不论述。
在系统分析羊八寨组富有机质页岩厚度、有

机地化 特 征、矿 物 组 分 及 油 气 保 存 条 件 的 基 础

上,对比相 邻 呵 叻 盆 地 油 气 地 质 条 件。表 明,两
者具有相似的构造格架和地层层序、相似的构造

演化史、相 似 的 构 造 形 态、相 似 烃 源 岩 有 机 地 化

条件,但思 茅 盆 地 后 期 构 造 改 造 较 强 烈,保 存 条

件较差(表2)。总体上,思茅盆地具有一定的页

岩气资 源 潜 力,值 得 开 展 进 一 步 的 勘 探 研 究 工

作。
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表2 思茅盆地与呵叻盆地油气地质条件对比

Table2 ComparisonofoilandgasgeologicalconditionbetweenSimaoBasinandKhoratBasin

对比条件 思茅盆地 呵叻盆地

构造格架与地层层序
“北窄南宽,人字形断裂夹持盆地”,“三隆夹两凹”构造

格局,以T、J、K为盖层

“北窄南宽,人字形断裂夹持盆地”,“三隆夹两凹”构造

格局,以T、J、K为盖层

构造演化史

喜山:挤压抬升褶皱、走滑

印支—燕山:抬升剥蚀,海相转陆相

华力西:海陆交互转海相、特提斯域

喜山:改造相对较弱

印支—燕山:抬升剥蚀,海相转陆相

华力西期:海相、特提斯域

构造形态 发育永安构造,南北向隆起构造 发育普温气田,南北向隆起构造

烃源岩条件

烃源岩:上二叠统羊八寨组(P3y)

TOC:0.26%~6.78%,平均约为1.5%
干酪根:Ⅱ2~Ⅲ型为主

Ro:1.79%~3.94%

烃源岩:上二叠统(P3)

TOC:0.11%~6.83%,平均1.01%
干酪根:Ⅱ型为主

Ro:1.75%~5.01%

成藏模式 构造、不整合面有关的复合圈闭 古潜山式油气藏,构造、不整合面复合圈闭

保存条件

(1)三叠—白垩系盖层

(2)侏罗系膏盐膏盐分布范围零星

(3)后期构造改造强

普温气田:(1)三叠—白垩系盖层

(2)白垩系膏盐广布

(3)后期构造改造弱

5 有利区优选

参考中国地调查局2015年制定的《页岩气基础

地质调查工作指南》中对于页岩气有利区划分标准,
考虑构造发育情况及富有机质页岩厚度、有机碳含

量、成熟度及保存条件,预测了羊八寨组富有机质页

岩有利区两处:勐班—德化有利区和普文-象明有利

区(图4)。勐班—德化有利区富有机质页岩累计厚度

80~120m,有机碳含量平均为1.83%,镜质体反射率

1.81%~2.83%;普文—象明有利区富有机质页岩累计

厚度大于100m,TOC平均为1.99%,Ro为3.40%;两处

有利区内构造相对简单,盖层厚度大,受岩浆活动和

变质作用影响小,保存条件较好(图10)。

6 结论

(1)思茅盆地发育上石炭统下密地组、上二叠统

羊八寨组、上三叠统挖鲁八组及中侏罗统和平乡组4
套烃源岩。羊八 寨 组 富 有 机 质 页 岩 厚 度 最 大(>
100m),有机质丰度高(TOC平均为1.06%~2.54%),成
熟度适中(Ro平均为1.81%~3.47%);羊八寨组页岩

矿物组分以石英、黏土矿物为主,含少量长石、方解

石、白云石、菱铁矿和黄铁矿,脆性矿物含量高(平均

大于49.5%);页岩主要发育粒间孔、晶间孔和微裂

缝,孔径3~5nm,主要为中孔。羊八寨组为思茅盆

地最优质的页岩气目的层位。
(2)景谷洼陷、普文洼陷远离深大断裂,受新生代

的走滑断裂、地层抬升剥蚀、岩浆活动、接触变质作用

影响较小,盖层稳定且厚度较大,保存条件相对较好。
(3)思茅盆地与呵叻盆地具有相似的构造格架、

地层层序、构造演化史、构造形态、烃源岩有机地化条

件,具有一定的页岩气资源潜力,但后期构造改造较

强烈,保存条件较差,也具有较大的风险。
(4)思茅盆地页岩气有利区位于勐班—德化和普

文—象明一带,该区羊八寨组富有机质页岩累计厚度

大(80~120m),有机碳含量较高(TOC平均为1.83%
~1.99%),热演化程度适中(Ro为1.81%~3.40%),保
存条件较好,是下一步勘探研究重点方向。
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AnalysisofshalegasgeologicalconditionandresourcepotentialinSimaoBasin

DUJiang1,2

(1.GeophysicalandGeochemicalSurveyInstituteofHunan,Changsha410014,Hunan,China;

2.HunanGeologicalNewEnergyExplorationandDevelopmentEngineeringTechnologyResearchCenter,

Changsha410014,Hunan,China)

Abstract:Basedonfieldinvestigationandsampletesting,thegeologicalconditionofshalegasinSimaoBasin
isanalyzedfromthegeochemicalcharacteristics,physicalpropertiesandpreservationconditionoforganic
richshale.ThestudyresultshowsthattherearedevelopedforfoursetsofdarkshaleinSimaoBasin,Xiami-
diFormation,YangbazhaiFormation,WalubaFormationandHepingxiangFormation.Amongthem,be-
causethecumulativethicknessofshaleinYangbazhaiFormationisgenerallygreaterthan100meters,with
anaverageTOCof1.06%-2.54%andanaverageRoof1.81%-3.47%,andtheorganicmattertypeis
mainlyII2-3type,withanaveragebrittlemineralcontentof49.5%,YangbazhaiFormationisafavorable
shalegaslayerinSimaoBasin.ThesouthpartofJingguDepressionandPuwenDepressionarelessaffected
bydeepfaults,stratigraphicupliftanderosion,magmaticrocksandmetamorphicrockbelts,andthereisa
thickcoverrocklayer,resultinginrelativelygoodconditionforshalegaspreservation.SimaoBasinhasa
similaroilandgasgeologicalconditiontotheadjacentKhoratBasin,andthereisacertainshalegasresource
potential,whichisworthfurtherexplorationandresearchwork.Finally,forthecomprehensiveconsidera-
tionofshaledistribution,organicgeochemicalcondition,andpreservationcondition,itispredictedthatthe
favorabletargetareaforshalegasismainlylocatedintheMengban-DehuaandPuwen-Xiangmingareas.
Keywords:shalegas,geologicalcondition,resourcepotential,favorabletargetarea,SimaoBasin
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第 １０ 卷　 第 ６ 期 中　 国　 地　 质　 调　 查 Ｖｏｌ． １０　 Ｎｏ． ６

２０２３ 年 １２ 月 ＧＥＯＬＯＧＩＣＡＬ ＳＵＲＶＥＹ ＯＦ ＣＨＩＮＡ Ｄｅｃ． ２０２３

ｄｏｉ： １０． １９３８８ ／ ｊ． ｚｇｄｚｄｃ． ２０２３． ０６． １２
引用格式： 巩书华，李少青，王焕银，等． 湖南张家界市永定区地质灾害发育规律及易发性评价研究［Ｊ］． 中国地质调查，２０２３，
１０（６）： １０１ － １１０． （Ｇｏｎｇ Ｓ Ｈ，Ｌｉ Ｓ Ｑ，Ｗａｎｇ Ｈ Ｙ，ｅｔ ａｌ． Ｒｅｓｅａｒｃｈ ｏｎ ｔｈｅ ｄｅｖｅｌｏｐｍｅｎｔ ｌａｗ ａｎｄ ｓｕｓｃｅｐｔｉｂｉｌｉｔｙ ｅｖａｌｕａｔｉｏｎ ｏｆ ｇｅｏｌｏｇｉｃａｌ
ｄｉｓａｓｔｅｒｓ ｉｎ Ｙｏｎｇｄｉｎｇ Ｄｉｓｔｒｉｃｔ ｏｆ Ｚｈａｎｇｊｉａｊｉｅ Ｃｉｔｙ ｉｎ Ｈｕｎａｎ Ｐｒｏｖｉｎｃｅ ［Ｊ］． Ｇｅｏｌｏｇｉｃａｌ Ｓｕｒｖｅｙ ｏｆ Ｃｈｉｎａ，２０２３，１０（６）： １０１ － １１０． ）

湖南张家界市永定区地质灾害发育规律及易发性
评价研究

巩书华１，２， 李少青３， 王焕银３， 王克营１，２， 蔡宁波１，２， 杜 江１，２

１． 　 ４１０１１４ ２．
　 ４１０１１４ ３． 　 ４２７０００

： 张家界市复杂的地质构造背景造就了独特的地貌景观，同时存在众多地质灾害隐患。 通过分析张家界

市永定区 ２０１４ 年至 ２０２２ 年详细的地质灾害调查资料，对区内地质灾害发育规律及易发性进行研究。 结果表

明： 区内地质灾害类型以滑坡为主，地质灾害空间分布以中部断层发育区与东北部页岩地层区最多，时间分布

相对集中在 ５、６、７ 月雨季； 区内地质灾害与地形地貌、岩土体类型、构造活动密切相关，并受降雨及人类工程

活动影响； 在碎屑岩丘陵地貌中灾害点密度最高； 在志留系砂质页岩岩组中地质灾害最易发； 受构造影响明

显，断褶构造带处灾害点密集； 灾害高发期与雨季耦合，诱发因素主要是降雨； 不合理地切坡建房、道路建设等

工程活动加剧地质灾害的发生。 采用易发程度指数法，基于 ＡｒｃＧＩＳ 信息统计分析，将全区地质灾害易发程度

划分为高易发区、中易发区与低易发区。 研究可为永定区国土空间规划、地质灾害防治、旅游路线及重大工程

建设规划提供指导。
： 地质灾害； 孕灾条件； 发育规律； 易发性； 张家界

： Ｐ６９４　 　 　 ： Ａ　 　 　 ： ２０９５ － ８７０６（２０２３）０６ － ０１０１ － １０　

： ２０２２ － １１ － ０７； ： ２０２３ － １０ － ２６。
： 湖南省自然资源厅“湖南省张家界市永定区 １∶ １０ ０００ 地质灾害调查和风险评价（编号： 湘地调［２０２２］６７）”项目资助。

： 巩书华（１９８８—），男，高级工程师，主要从事水工环地质调查研究工作。 Ｅｍａｉｌ： ｓｈｕｈｕａ． ｇｏｎｇ＠ ｑｑ． ｃｏｍ。

０　

地质灾害是由内因和外因共同作用影响下使

地质环境恶化，并造成生命财产损失或资源环境破

坏的灾害事件。 内因主要包括地形地貌、岩土体类

型、构造活动等； 外因包括降雨、地震等自然因素

以及人类工程活动等诱发因素［１］。 近年来。 地质

灾害发生频率与强度不断增大，严重威胁了人民生

命财产安全，也制约了社会的可持续发展［２ － ３］。 随

着地质灾害危害性受到越来越多关注，各国学者对

地质灾害发育规律及评价方法的研究工作也逐渐

深入，针对不同地貌单元、不同地质灾害类型以及

不同易发性及风险性评价模型与方法均有较多研

究。 如徐伟等［４］ 对西南红层地区地质灾害发育规

律与成灾模式进行了总结分析； 张殿发等［５］ 分析

了贵州喀斯特地貌地质灾害形成环境； 方琼等［６］研

究了湖南省地貌与地质灾害影响关系。 传统地质灾

害易发性与风险性评价方法主要有信息量法［７］、逻
辑回归法［８］、频率比和证据权法［９］、层次分析法［１０］

等。 近年来，有学者提出不同方法模型组合评价，如
确定性系数和逻辑回归的组合模型［１１］、信息量法与

遗传法融合模型［１２］、模糊层次分析法与熵权法的主

客观赋权模型［１３］，提升了易发性评价的精准度。
湘西北张家界市为著名的旅游城市，复杂的地

质构造背景造就了绝美的地貌景观，但也存在着众

多地质灾害隐患，加之新构造运动、澧水等河流侵

蚀等内外地质作用影响，突发性地质灾害易发。 以

往研究多注重景区等特定范围的地质灾害发育规

律分析［１４ － １５］，缺乏对全区的灾害发育特征研究。
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为此，本文根据近几年张家界市永定区地质灾害调
查与评价工作，对区内地质灾害的孕灾地质条件和
空间发育规律进行分析，划定全区地质灾害易发程
度分区，旨在为相关部门国土空间规划、地质灾害
防范与灾害趋势研判提供参考。

１　

永定区地处武陵山脉腹地，位于扬子地台元第

三隆起带的南端。 地势整体呈西北高、东南低的特
点，并由西向东倾斜，向沅水呈梯级递降，中部低洼，
成半环状山丘盆地（图 １）。 气候为中亚热带山原型
季风湿润气候，年平均降雨天数为 １５４． ７ 天，年均降
雨量约为 １ ５２０． ６ ｍｍ，平均气温为 １６． ８ ℃。 春末夏
初处于冷暖气流交替过渡期，是境内雨水最集中的
时期。 境内水系以熊壁岩—陈家湾—余家山—李家
庄为分水岭，北部为澧水水系，南部为沅水水系。 研
究区地层出露较齐全，仅石炭系有缺失。

１　
Ｆｉｇ． １　 Ｄｉｓｔｒｉｂｕｔｉｏｎ ｏｆ ｌａｎｄｆｏｒｍ ｄｉｖｉｓｉｏｎ ａｎｄ ｇｅｏｌｏｇｉｃａｌ ｈａｚａｒｄｓ

２　

２． １　
通过查阅研究区 １∶ ５ 万地质灾害调查资料以及

最新风险普查和巡排查数据［１６ － １７］，统计区内地质灾
害点共计 ４１８ 处，灾害类型以滑坡（含变形趋势为滑坡
的隐患点）为主，崩塌（含变形趋势为崩塌的隐患点）、
泥石流、地面塌陷等为次。 其中： 滑坡数量占灾害点
总数的 ８８． ０４％； 崩塌数量占灾害点总数的 ７． １７％；
泥石流数量占灾害点总数的 ３． ５９％； 地面塌陷数量占
灾害点总数的 １． ２０％。 故滑坡是区内主要的地质灾
害类型，其次为崩塌，最后为泥石流和地面塌陷等。

２． ２　
（１）地质灾害分布受地层岩性制约明显。 区

内地质灾害在空间分布上总体是以中部断层发育
区与东北部页岩地层区最多，西部及东南部相对
较少。 志留系分布区的灾害点数量最多，占灾害
点总数的 ３０％ ； 其次为寒武系中碎屑岩组分布区
的灾害点数量，占灾害点总数的 １２％ ； 最后为奥
陶系中碎屑岩组分布区的灾害点数量，占灾害点
总数的 ９． ３３％ 。

（２）时间分布相对集中在雨季。 通过对研究区
近 １０ ａ 来各月发生的地质灾害的数量进行统计，并
与区内各月份降雨特征对比发现，区内各类地质灾
害月发生数量集中在 ５、６、７ 月，这 ３ 个月内发生的地

·２０１·
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质灾害数量占灾害点总数的 ８９％ （图 ２）。 这 ３ 个月
是研究区每年降雨时间最长、累积降雨量最大的时
期，说明降雨是本区地质灾害发生的关键诱发动力。
降雨量达到一定量值后，会诱发大量的突发性地质灾
害，暴雨来临时要注意区域性的群发地质灾害防治。

２　
Ｆｉｇ． ２　 Ｆｒｅｑｕｅｎｃｙ ｏｆ ｇｅｏｌｏｇｉｃａｌ ｄｉｓａｓｔｅｒｓ ｉｎ Ｙｏｎｇｄｉｎｇ

Ｄｉｓｔｒｉｃｔ ｂｙ ｍｏｎｔｈ

３　

３． １　
研究区地貌单元，根据地貌成因、形态、海拔

高度和相对切割深度，大体可划分为侵蚀堆积地
貌、侵蚀构造地貌、剥蚀构造地貌以及溶蚀构造地
貌 ４ 个大类 ８ 个亚类（表 １）。 不同的地貌单元在
斜坡类型、坡高、坡度等微地貌特征上有一定差
别，发 生 的 地 质 灾 害 类 型、 数 量、 规 模 也 不
同［１８ － １９］ 。 统计显示： 滑坡、崩塌及不稳定斜坡在
各个地貌单元均有发育； 泥石流主要分布在具有
宽阔的汇水区、丰富物源和合适地形因子（沟谷纵
比降与坡度）的碎屑岩低山与丘陵洼地地貌中；
地面塌陷主要分布在溶蚀构造地貌中，基本为岩
溶塌陷。 区内地貌单元与灾害数量及密度的相关
分析显示，地质灾害发育密度最高的为碎屑岩丘
陵，达到 ３６． ６１ 处 ／ １００ ｋｍ２，其次为丘陵洼地、碎
屑岩低山和红层低丘岗地。

１　
Ｔａｂ． １　 Ｓｔａｔｉｓｔｉｃｓ ｏｆ ｇｅｏｌｏｇｉｃａｌ ｈａｚａｒｄ ｄｉｓｔｒｉｂｕｔｉｏｎ ｉｎ Ｙｏｎｇｄｉｎｇ Ｄｉｓｔｒｉｃｔ

成因形态类型 地层岩性
分布面积 地质灾害

面积 ／ ｋｍ２ 百分比 ／ ％ 数量 ／ 处 百分比 ／ ％ 密度 ／ （处·１００ ｋｍ － ２）
侵蚀堆积地貌 第四系黏土、砂土、砂砾层等 ８７． ２５ ４． ２７ １２ ２． ８８ １３． ７５

侵蚀构造
地貌

碎屑岩低山 下志留统—中志留统砂页岩 ５５６． ０８ １３． ４８ １２６ ３０． ２２ ２２． ６６

红层低山 白垩系砂岩 １４１． ９０ ３． ９７ １４ ３． ３６ ９． ８７

浅变质岩低山 五强溪组变质长石石英砂岩、板岩 １７４． ５１ ５． ０９ １３ ３． １２ ７． ４５

剥蚀构造
地貌

红层低丘岗地 白垩系砂岩、砾岩、砂砾岩等 ２３． ０１ ０． ７１ ５ １． ２０ ２１． ７３

碎屑岩丘陵 奥陶系—志留系砂页岩 ３２５． ０６ １０． ０６ １１９ ２８． ５４ ３６． ６１

溶蚀构造
地貌

中山台地溶丘洼地
寒武系—奥陶系中厚层状灰岩、白
云岩

１０１． １３ ３． ４８ ７ １． ６８ ６． ９２

低山峰丛洼地
寒武系—奥陶系灰岩、白云质灰岩、
泥灰岩等

１９２． ６２ ６． ８７ １４ ３． ３６ ７． ２７

丘陵洼地 石炭系—二叠系白云质灰岩、灰岩 ４４３． １６ １６． ９６ １０７ ２５． ６６ ２４． １４

　 　 地形坡度是影响地质灾害发生的重要因素［２０］，
通过将研究区地形坡度按区间进行划分统计，发现

区内 ６８％以上的地质灾害分布在［２５°，４５°）之间，其
中以［２５°，３５°）区间最多，占比为４１． ６７％（表２）。 针

对单一灾种，滑坡、不稳定斜坡在各个坡度区间均有

分布，在［２０°，４５°）地形坡度间数量较集中，此类土

质滑坡的坡度集中区间在其他研究中也有证

实［２１］； 崩塌坡度范围为 ６０°以上，且发育较少，以
岩质崩塌为主，集中在低山区； 泥石流集中在主沟

纵坡坡度为［２０°，６０°）区间，这主要是因为区内泥

石流大多是沟谷型，若沟谷纵坡坡度较小，则泥石

流无势能到动能的转换，泥石流运动会停滞，反之，
坡度较大，则泥石流能量转换大，运移速度快，在地

形上，流程一般较短，汇水面积不大。
２　

Ｔａｂ． ２　 Ｇｅｏｌｏｇｉｃａｌ ｈａｚａｒｄ ａｎｄ ｓｌｏｐｅ ｓｔａｔｉｓｔｉｃｓ ｉｎ
Ｙｏｎｇｄｉｎｇ Ｄｉｓｔｒｉｃｔ

坡度区间
灾害数
量 ／ 处

比例
／ ％

滑坡 ／
处

崩塌 ／
处

泥石
流 ／ 处

地面塌
陷 ／ 处

［０°，２５°） １６ ９． ５２ １５ ０ ０ １
［２５°，３５°） ７０ ４１． ６７ ６６ ２ ２ ０
［３５°，４５°） ４４ ２６． １９ ４３ ０ １ ０
［４５°，５５°） ２３ １３． ６９ ２３ ０ ０ ０

≥５５° １５ ８． ９３ １１ ４ ０ ０

·３０１·
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３． ２　
岩土体是各类地质灾害形成的物质基础，其类

型特征关系着地质灾害的发生几率和发育时

长［２２］。 通过分析研究区岩土体类型与地质灾害分

布关系（图 ３）发现： 区内滑坡主要发生在碎屑岩类

中，在志留系粉砂质页岩、页岩、粉砂岩半坚硬 － 坚

硬岩组中分布最多，灾害点密度最大； 崩塌在灰

岩、白云岩夹泥质灰岩半坚硬 － 坚硬岩组中分布最

多，灾害点密度最大； 泥石流在粉砂质页岩、页岩、
粉砂岩半坚硬 －坚硬岩组中分布最多，灾害点密度

最大。 上述 ３ 个岩组为研究区主要易崩易滑工程

地质岩组，其中以志留系砂质页岩岩组中地质灾害

最易发，地面塌陷仅在区内碳酸盐岩岩组中有少量

分布。

１． 灰岩夹泥质灰岩、砂岩半坚硬 － 坚硬岩组； ２． 灰岩、白云岩夹泥质灰岩半坚硬 － 坚硬岩组； ３． 粉砂质页岩、页岩、粉砂岩半坚硬 －

坚硬岩组； ４． 红层砾岩、含砾砂岩、砂岩平坚硬 － 坚硬岩组； ５． 硅质页岩、灰质页岩半坚硬 － 坚硬岩组； ６． 第四系冲积物； ７． 浅变质

岩、砂岩坚硬岩组； ８． 地面塌陷； ９． 崩塌； １０． 泥石流； １１． 滑坡； １２． 水系； １３． 乡镇点

３　

Ｆｉｇ． ３　 Ｒｅｌａｔｉｏｎｓｈｉｐ ｂｅｔｗｅｅｎ ｒｏｃｋ ｍａｓｓ ｔｙｐｅｓ ａｎｄ ｇｅｏｌｏｇｉｃａｌ ｈａｚａｒｄ ｄｉｓｔｒｉｂｕｔｉｏｎ ｉｎ Ｙｏｎｇｄｉｎｇ Ｄｉｓｔｒｉｃｔ

３． ３　
永定区经历多期构造运动，新构造运动也较为

强烈，整体形成 ＮＥ—ＮＮＥ 向断褶构造格局［２３ － ２４］。
构造对区内地质灾害分布的影响表现为，邻近大型

褶皱与断裂带，灾害点密度明显增大，距离断裂褶皱

构造 １ ｋｍ 范围以内的地质灾害点数量占总数的

５５． ９８％，其中断裂构造附近灾害点数量占总数的

３９． ２３％，褶皱构造附近灾害点数量占总数的

１６． ７５％（图 ４）。 断裂周边分布较多的是滑坡和不稳

定斜坡，灾害点沿断裂构造带两侧分布，这主要是由

于断层沿走向易形成临空面及沟谷，可为滑坡等地

质灾害的发生提供条件。 褶皱附近同样以滑坡及不

稳定斜坡最为发育，且在顺向坡易形成顺层滑坡，逆
向坡则多形成崩塌。 此外，由于背斜核部和两冀产

生的节理裂隙较向斜多，岩石破碎程度较向斜大，导
致背斜分布的地质灾害数量也比向斜略多（图 ５）。

·４０１·
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４　
Ｆｉｇ． ４　 Ｒｅｌａｔｉｏｎｓｈｉｐ ｂｅｔｗｅｅｎ ｇｅｏｌｏｇｉｃａｌ ｓｔｒｕｃｔｕｒｅｓ ａｎｄ ｇｅｏｌｏｇｉｃａｌ ｄｉｓａｓｔｅｒ ｄｉｓｔｒｉｂｕｔｉｏｎ

５　
Ｆｉｇ． ５　 Ｒｅｌａｔｉｏｎｓｈｉｐ ｂｅｔｗｅｅｎ ｄｉｆｆｅｒｅｎｔ ｆｏｌｄ ｓｔｒｕｃｔｕｒｅｓ ａｎｄ

ｇｅｏｌｏｇｉｃａｌ ｈａｚａｒｄ ｄｉｓｔｒｉｂｕｔｉｏｎ ｉｎ Ｙｏｎｇｄｉｎｇ Ｄｉｓｔｒｉｃｔ

４　

４． １　
研究区降雨丰沛且集中，常形成短时强降水，

这种突发暴雨是区内地质灾害发生的主要诱发因

素［２５］。 以 ２００３ 年 ７ 月 ７—９ 日区内特大暴雨为例，
其中 ８ 日的降雨量突破 ４１７． ３ ｍｍ，９ 日降雨量达

１１０ ｍｍ，这次暴雨降水量占全年降雨量总和的

３８． ４％ 。 期间全区发生地质灾害 ６６ 处，占全年地

质灾害总数的 ５２． ８％ 。
永定区年均降水量平面分布大致有 ２ 个中心，

分别为永定区南部地区四都坪和东南部谢家垭一

带。 区内年降水超过 １ ５００ ｍｍ，总体上向东北逐渐

减小。 在年均降雨量［１ ０００，１ ２００） ｍｍ 区间，地质

灾害点数量最多，占灾害点总数的 ５１． ４％ ； 其次为

降水量小于等于 １ ０００ ｍｍ 区间，灾害点数量占灾

害点总数的 ２４． ４％ ； 大于 １ ５００ ｍｍ 降水区间内，
灾害点发生数量最少，仅占灾害点总数的 ３． １％ 。
由此可见，研究区地质灾害的数量并不是单纯随年

降水量增多而上升，以往研究也表明，灾害发生前

１０ ｄ 的有效降雨量对地质灾害影响更大［２６ － ２７］。
４． ２　

永定区人为因素主导及参与诱发的地质灾害

类型基本为滑坡和少量崩塌，统计有 ９７ 处，占统计

·５０１·
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总数量的 ４３． １１％ 。 通过对区内人口密度与地质灾

害分布相关性分析（图 ６），灾害点主要分布在人类

活动程度较高的东北部地区以及澧水南岸 １０ ｋｍ
之内区域，这也说明人口较多的地区对自然环境的

改造程度更多，人为增加了许多地质灾害风险。 据

调查，区内影响地质灾害发生的人类工程活动主要

为不合理地切坡修路、建房，其次为矿山开采、地下

水超采、植被破坏等活动。

６　
Ｆｉｇ． ６　 Ｒｅｌａｔｉｏｎｓｈｉｐ ｂｅｔｗｅｅｎ ｒｏｐｕｌａｔｉｏｎ ｄｅｎｓｉｔｙ ａｎｄ ｇｅｏｌｏｇｉｃａｌ ｈａｚａｒｄ ｄｉｓｔｒｉｂｕｔｉｏｎ ｉｎ Ｙｏｎｇｄｉｎｇ Ｄｉｓｔｒｉｃｔ

５　

５． １　
本次评价方法采取易发程度指数法［２８ － ３０］，在

研究区选取地形地貌、地质构造、岩土体类型、植被

覆盖情况、降雨量、人类工程活动及地质灾害点密

度作为灾害易发性分区评价指标，将其与地质灾害

发生的关系和权重系数建立地质灾害易发指数模

型，对单灾害类型易发程度分区后再综合叠加分

析。 易发程度指数计算公式为

∑
１

。 （１）

式中： 为评价单元（１ ｋｍ × １ ｋｍ）地质灾害易发

程度指数； 为各评价因子权重； 为各评价因子

分级值。
综合崩塌、滑坡、泥石流易发性指数和地面塌

陷易发性指数，将两者易发性分区结果叠加分析，
其中每个评价单元的信息叠加将满足如下逻辑运

算公式［２８］

ＢＨＬ ∪ Ｔ 。 （２）
式中： 为评价单元地质灾害易发性综合指数；

ＢＨＬ为崩、滑、流地质灾害易发性指数； Ｔ 为地面

塌陷地质灾害易发性指数。
计算得到研究区所有地质灾害类型的易发性

综合指数值，采用 ＡｒｃＧＩＳ 自然断点法数据统计，并
结合前人经验，得到研究区易发程度分区阈值划分

标准： 当 ＞ ６ 时，为地质灾害高易发区； ３≤ ≤
６，为地质灾害中易发区； １≤ ≤３ 为地质灾害低易

发区； ＜ １ 时为地质灾害非易发区。
５． ２　

根据易发程度指数评价方法，将全区地质灾害

易发程度划分为高、中、低 ３ 类易发区（图 ７）。
高易发区主要分布在区内东北部桥头乡至阳

湖坪街道一带及东南端谢家垭乡至王家坪镇南部

红层发育区，面积为 ８６０． ５１ ｋｍ２。 以低山丘陵地貌

为主，局部地形切割深，山体坡度陡，断褶构造复

杂，岩性以志留系页岩及白垩系砂页岩为主。 人口
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密度大，多切坡建房与公路修建等工程活动，地质

环境较脆弱，灾害点密集。 区内有地质灾害点

１６５ 处，占全区灾害点总数的 ７３． ３３％ ，灾害点密度

为 １９． １７ 处 ／ １００ ｋｍ２。
中易发区主要分布在西北部罗塔坪乡、三家馆

乡南部及四都坪至西溪坪 街 道 一 带， 面 积 为

７２０． ２１ ｋｍ２。 以中低山丘陵地貌为主，地形坡度较

陡，构造发育，岩性以碳酸盐岩为主，人类工程活动

多为矿山开采及公铁路施工。 区内有地质灾害点

５５ 处，占全区灾害点总数的 ２４． ４４％ ，灾害点密度

为 ７． ６４ 处 ／ １００ ｋｍ２。
低易发区主要分布在罗塔坪乡北部局部区域、

茅岩河镇至三家馆乡一线、四都坪乡南部及谢家垭

乡至王家坪镇北部一带，面积为 ５８８． ４８ ｋｍ２。 该区

地貌包含低山丘陵、冲洪积阶地平原及中低山台地

溶丘洼地，坡度变化大，地质构造相对简单。 区内

有地质灾害点 １７ 处，占全区灾害点总数的 ２． ２２％ ，
灾害点密度为 ２． ８９ 处 ／ １００ ｋｍ２。

７　
Ｆｉｇ． ７　 Ｇｅｏｌｏｇｉｃａｌ ｄｉｓａｓｔｅｒ ｓｕｓｃｅｐｔｉｂｉｌｉｔｙ ｚｏｎｉｎｇ ｉｎ Ｙｏｎｇｄｉｎｇ Ｄｉｓｔｒｉｃｔ

６　

（１）张家界永定区地质灾害类型以滑坡为主，
崩塌、泥石流、地面塌陷等为次。 空间分布以中部

断层发育区与东北部页岩地层区最多，受岩性控

制，以志留系分布区的灾害点数量最多； 时间分布

相对集中在 ５、６、７ 月雨季。
（２）区内地质灾害与地形地貌、岩土体类型、构

造活动密切相关，并受降雨及人类工程活动影响。
主要规律为： 在碎屑岩丘陵地貌中灾害点密度最

高； 在坡度范围［２５°，４５°）之间，发育 ６８％ 以上的

地质灾害，其中以［２５°，３５°）区间最集中； 在志留

系砂质页岩岩组中地质灾害最易发； 受构造影响

明显，断褶构造带处灾害点密集； 灾害高发期与雨

季耦合，突发性降雨诱发强烈； 人口密集区切坡建

房、道路建设等活动强烈，加剧地质灾害的发生。
（３）根据研究区地质灾害现状、孕灾条件要素、

人类工程活动等诱发因子，采用易发程度指数法，
基于 ＡｒｃＧＩＳ 信息统计分析，将全区地质灾害易发

程度划分为高易发区（东北部桥头乡至阳湖坪街道

一带及东南端谢家垭乡至王家坪镇南部红层发育

区）、中易发区（西北部罗塔坪乡、三家馆乡南部及

四都坪至西溪坪街道一带）与低易发区（罗塔坪乡

北部局部区域、茅岩河镇至三家馆乡一线、四都坪

乡南部及谢家垭乡至王家坪镇北部一带）。 研究成
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果可为永定区国土空间规划、地质灾害防治、旅游

路线及重大工程建设规划提供指导。
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湘东南东风岩体锆石 U-Pb 年代学、Hf同位素组成
及稀土矿床特征 *

张锦煦 1，林碧海 1，廖凤初 2，孙 骥 1，谭仕敏 1，何艳林 2，周 超 1，朱继华 1，

熊 雄 1，李 超 1，陈剑锋 1, 2, 3**

（1 湖南省地质调查所，湖南 长沙 410116；2 湖南省地球物理地球化学调查所，湖南 长沙 410116；3 中南大学有色金属成

矿预测与地质环境监测教育部重点实验室，湖南 长沙 410083）

摘 要 文章对湘东南地区的东风岩体进行了锆石 LA-ICPMS U-Pb 年龄、Hf 同位素以及岩石地球化学分

析，以研究岩石成因及形成构造背景，并对东风风化壳离子吸附型重稀土矿的成因进行了探讨。东风岩体 2 件

二长花岗岩的锆石 U-Pb 年龄为（433.5±2.6）Ma 和（432.0±2.5）Ma，显示为加里东晚期。东风岩体锆石 εHf (t)值介

于-5.12~-7.45，计算得到二阶段地幔亏损模式年龄（TDM2）介于 1714~1882 Ma，显示其成岩物质为壳源的特征。东

风岩体的地球化学特征显示其为高钾钙碱性、强过铝质的花岗岩，在成因类型判别图解中显示为 S 型花岗岩，构造

背景判别图解显示为后碰撞构造环境。综合东风岩体花岗岩的地球化学特征和 Hf 同位素特征，笔者认为，东风岩

体形成于扬子板块与华夏板块陆内汇聚的后碰撞伸展环境，为增厚地壳减压熔融和软流圈地幔上涌诱发古老地壳

物质重熔形成的 S 型花岗岩。东风稀土矿床为一个由富轻稀土元素的母岩经风化后形成的大型重稀土矿床，富含

稀土元素的高 Y 型花岗岩母岩为矿床的形成提供了重要物质基础，气候及地形地貌条件为稀土元素发生淋滤迁移

和吸附富集提供了重要保证。

关键词 东风花岗岩体；加里东期；锆石 U-Pb 定年和 Hf 同位素；离子吸附型稀土矿；矿床成因；湘东南

中图分类号：P618.7 文献标志码：A

Zircon U-Pb chronology, Hf isotopes and REE deposit characteristics of
Dongfeng granitic pluton in southeastern Hunan Province

ZHANG JinXu1, LIN BiHai1, LIAO FengChu2, SUN Ji1, TAN ShiMin1, HE YanLin2, ZHOU Chao1, ZHU JiHua1,
XIONG Xiong1, LI Chao1 and CHEN JianFeng1, 2, 3

(1 Geological Survey Institute of Hunan Peovince, Changsha 410116, Hunan, China; 2 Geophysical and Geochemical Survey
Institute of Hunan, Changsha 410116, Hunan, China; 3 Key Laboratory of Metallogenic Prediction of Nonferrous Metals and

Geological Environment Monitoring, Ministry of Education, Central South University, Changsha 410083, Hunan, China)

Abstracts

This paper presents new zircon LA-ICP-MS U-Pb ages, Lu-Hf isotope and geochemical data of the Dongfeng
granitic pluton in southeastern part of Hunan Province, aiming to constrain its petrogenesis and tectonic implica‐
tion, and to explore the metallogenic mechanism of the Dongfeng ion adsorption type heavy rare-earth deposit.
The LA-ICP-MS zircon U-Pb analysis of two biotite monzogranite yielded 206Pb/238U ages of (433.5±2.6)Ma and
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(432.0±2.5)Ma, respectively, suggesting that the Dongfeng granitic pluton formed in Late Caledonian. The gran‐
ites contain high K2O and belong to calc-alkali, strongly peraluminous (A/CNK=1.12~1.43), and geochemically
classified as S-type granite. The primitive mantle-normalized trace element spider diagram shows that the Dong‐
feng monzogranite is relatively depleted in Ba, Nb, Sr, P, Ti and relatively enriched in Rb, (Th+U), Nd, (Zr+Hf)
as well as zircon εHf(t) (-5.12 to -7.45) and 176Hf/177Hf (0.282 300 to 0.282 374) values indicating that this pluton
is mostly product of crust melting. Tectonic setting discrimination diagrams show characteristics of monzogranite
produced in post-collisional extensional environment. Hf isotopic and geochemical analyses indicate that the
Dongfeng monzogranite belongs to S-type granite, derived from the partial melting of old crustal materials, when
asthenosphere mantle upwelling, causing remelting of crustal materials under the geodynamical background of ex‐
tensional environment after intraplate convergence between Yangtze Plate and Cathaysia Plate. The Dongfeng de‐
posit is a newly discovered, large-sized ion adsorption type heavy rare-earth deposit, with an averaging grade of
0.050%~0.099% of REO, which formed from weathering of biotite monzogranite enriched in LREE, the high con‐
tent of Y in parent granite provides the major sources in the formation of the deposit. Topographic features and cli‐
matic characteristics in the Dongfeng area are the key conditions for eluviation and sorption inducing the forma‐
tion of ion adsorption type rare-earth deposit.

Key words: Dongfeng granitic pluton, Caledonian, zircon U-Pb geochronology and Hf isotope, ion adsorp‐
tion type rare-earth deposit, ore genesis, southeastern Hunan Province

湘东南地区地处南岭中段，位于华夏地块与扬

子地块结合部位的东侧（图 1a），区域NE向茶陵—郴

州大断裂从区内通过（图 1b）。区内多时代的花岗岩

及其成矿作用长期以来为地质学者研究的重点，前

人已对区内花岗岩地球化学特征及其侵位年龄、构

造背景、成矿作用等进行了深入研究，特别是在年代

学方面积累了较多的数据，如张文兰等（2011）获得

彭公庙岩体的 LA-ICP-MS 锆石 U-Pb 年龄 436.2~
435.3 Ma，与 程 顺 波 等（2013）获 得 该 岩 体 锆 石

SHRIMP U-Pb年龄（441.1±3.1）Ma比较吻合，证实其

形成于加里东期；Wang 等（2007a）获得五峰仙岩体

的LA-ICP-MS锆石U-Pb年龄为（236.0±6）Ma，与陈

迪等（2017）获得的（233.5±2.5）Ma 的锆石 SHRIMP
U-Pb 年龄在误差内一致，表明其形成于印支期；锡

田岩体的锆石 U-Pb年龄显示其有印支期和燕山期

花岗岩，其中印支期花岗岩的侵位时限为 225~220
Ma（陈迪等，2013；姚远等，2013；Liang et al., 2016;
Wu et al., 2016），燕山期花岗岩为 155~150 Ma（马铁

球等，2005；陈迪等，2013；周云等，2013；牛睿等，

2015；Zhou et al., 2015; Liang et al., 2016）；万洋山岩

体和诸广山北体均有加里东期、印支期和燕山期的

花岗岩出露（伍光英等，2008；陈迪等，2016；郭爱民

等，2017）。受多时代花岗岩浆活动的影响，该区发

生了大规模多金属成矿作用。东风岩体位于该区茶

陵—郴州大断裂东侧、彭公庙岩体与万洋山岩体之

间（图 1b），走向近南北，长约 15 km，东西宽约 3 km，

出露面积 43 km2。岩体西侧侵入于寒武系—奥陶系

浅变质砂岩、板岩中，东部与泥盆系跳马涧组石英砂

岩呈沉积接触（图 1c），据此可推断其应为加里东期

岩体，但缺乏准确的年龄数据。

湘东南所在南岭地区不仅是中国钨锡等有色金

属的富集地，也是中国离子吸附型稀土矿的矿集区

（王登红等，2013），近年来湖南省地调院在该区开展

了区域性找矿工作，在万洋山、彭公庙、东风岩体内

陆续新发现了一批如青广坪、塘窝、白面石、牛头坳、

东风等稀土矿床（点）（图 1b），经初步调查评价，这些

矿床（点）均具备寻找中大型离子吸附型稀土矿的潜

力（湖南省地质调查院，2014；2018）。离子吸附型稀

土矿床可分为轻稀土矿床和重稀土矿床，一般认为

稀土矿的成矿作用对母岩的稀土元素成分具有明显

的继承性（周美夫等，2020），表现为重稀土矿在相对

富重稀土元素的母岩中富集，而轻稀土矿的母岩则

具有相对富轻稀土元素的特征（Li et al., 2017）。而

本文的研究显示，该区东风岩体内的东风稀土矿床

则为一由富轻稀土元素的花岗岩作为母岩经风化后

形成的重稀土矿床，其成矿作用研究对丰富稀土成

矿理论及拓宽重稀土矿的找矿方向具有重要意义。

笔者在对东风岩体进行系统的岩石矿物学野外

考察以及稀土矿含矿性调查基础上，获得 2 件花岗

岩样品的锆石LA-ICPMS U-Pb年龄、Hf同位素数据
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图1 湘东南地区大地构造位置简图（a）、花岗岩分布图（b）和东风岩体地质简图（c）（据柏道远等，2006修改）

Fig. 1 Geotectonic location (a), distribution of granitic plutons (b) in southeastern Hunan Province and geologic sketch of the
Dongfeng pluton (c) (modified after Bai et al., 2006)

及一批地球化学数据，据此对东风岩体侵位时限、岩

石成因、构造背景，以及东风稀土矿床的成矿特征等

问题进行探讨。

1 岩体地质特征及含矿性特征

由原湖南省地质调查院在该区所完成的 1∶1万

地质测量成果显示，与相邻彭公庙岩体、万洋山岩体

等大岩基内产出有大量晚期侵入的岩脉不同，东风

岩体地表极少有石英脉和细晶岩脉出露，且岩体内

未见有基性岩脉，其岩性单一，为粗中粒（少）斑状黑

云母二长花岗岩。整个岩体地表风化严重（图 2a），

经浅井与浅钻工程揭露，其风化壳在垂向上可分为 4
层，即腐殖层、残坡积层、全风化层和半风化层（图

3）。全风化层厚度基本大于 10 m（山顶陡坎及河沟

处除外），最厚部位约为 38 m，呈土黄色或紫红色；腐
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殖层和残坡积层厚度较小，一般在2~4 m左右，山顶部

位不足2 m，甚至小于1 m；半风化层厚度不清。

在地表极少部位（河流中）见有未（弱）风化基

岩，其岩性为粗中粒（少）斑状黑云母二长花岗岩，灰

白色，粗中粒结构和似斑状结构，块状构造（图 2b）。

斑晶含量约占 3%~8%，成分以钾长石为主，石英次

之。基质矿物组成主要为钾长石（25%~35%）、斜长

石（20%~35%）、石英（22%~30%）和黑云母（5%~
10%），副矿物主要有独居石、磷灰石、榍石、锆石等。

花岗岩蚀变十分普遍，多见有高岭土化、绿泥石化、

钾长石化、绢云母化、硅化等。其中，钾长石化、高岭

土化等与矿化关系密切。钾长石多呈半自形板状，

具条纹结构，内部常包裹细粒石英、黑云母，斑晶常

具有卡式双晶（图 2c），基质见有格子双晶发育（图

2d）；斜长石多呈自形-半自形板状，多见聚片双晶，

内部偶见有鳞片状绢云母化（图 2d）等蚀变；石英为

他形粒状，大者常具碎裂纹及波状消光（图 2c~f），部

分颗粒被长石侵蚀，具溶蚀港湾结构（图 2e~f），另偶

见细小（0.2~0.4 mm）等轴状石英呈锯齿状镶嵌集合

体产出（图 2e），可能为受重结晶作用而成；黑云母呈

片状或细片状集合体，部分蚀变形成绿泥石（图 2e），

显示蚀变残余结构，见与副矿物独居石、磷灰石等共

生（图2f）。

东风风化壳离子吸附型稀土矿产于东风岩体内

部，原湖南省核工业地质局 301 队对东风稀土矿普

查时实施了钻探工程，见矿厚度一般 4.50~12.00 m，

最厚达 20.9 m，REO 品位 0.050%~0.248%。在东风

岩体内部圈定的多个稀土矿体规模较大，形态较好，

矿体均呈层状赋存于花岗岩全风化层中（图 3），产状

与全风化层产状及地形坡向基本一致，倾角较地形

坡角略平缓，其中单个矿体的平均厚度最大可达15 m，

一般为 4~8 m，矿体平均品位（REO）为 0.052%~
0.099%。对矿体所采集的多件样品测试显示，Y2O3

的配分含量最高可达 53.8%，平均为 40.7%，表明稀

土矿的矿化以重稀土元素为主。经资源储量估算，

在探矿权范围内获得 333+334类稀土（REO）资源量

10.87 万 t，表明东风稀土矿的稀土远景资源量达到

大型（湖南省核工业地质局三〇一大队，2018）。

图2 东风岩体野外露头、岩石学特征和显微岩相学特征

a. 东风岩体野外露头；b. 花岗岩手标本照片；c. 钾长石斑晶具卡式双晶结构（+）；d. 钾长石具条纹结构，斜长石绢云母化（+）；e. 黑云母绿泥石

化（+）；f. 黑云母中的独居石和磷灰石（+）

Ap—磷灰石；Bi—黑云母；Chl—绿泥石；Kf—钾长石；Mnz—独居石；Pl—斜长石；Qz—石英；Ser—绢云母

Fig. 2 Photos of filed geology, petrological and micrograph of the Dongfeng pluton
a. Outcrop of the Dongfeng intrusive body; b. Hand specimen of granite; c. K-feldspar shows Carlsbad twin texture(+); d. K-feldspar shows stripe

structure and plagioclase shows sericite-alteration(+); e. Chlorite altered biotite(+); f. Monazite and apatite coexisting with biotite(+)

Ap—Apatite; Bi—Biotite; Chl—Chlorite; Kf—Feldspar; Mnz—Monazite; Pl—Plagioclase; Qz—Quzrtz; Ser—Sericite
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2 样品分析测试

本次分析测试样品的采集位置见图 1b，用于挑

选锆石的样品DF01和DF02采集于新开公路陡坎花

岗岩全风化层，其中，样品 DF01采集于岩体北部边

缘，DF02采集于岩体中部位置；用于主、微量元素分

析的样品（MT01~06）为采集于切割较深河沟处的未

遭受风化蚀变的新鲜花岗岩。

主、微量元素的分析测试在中国科学院地球化

学研究所矿床国家重点实验室完成，主量元素在

Axios（PW4400）型 X 射线荧光光谱仪中完成，测

试精度优于 3%；微量元素测试采用 Finnigan MAT
公司生产的 ELEMENT 型高分辨等离子质谱仪

完成。

锆石单矿物是在无污染的环境下用人工重砂方

法初选（包括手工碎样、水洗、磁选），然后在双目镜

下挑选，选出晶形较好、具代表性的锆石用环氧树脂

充分固定、抛光，制成样品靶。锆石的 CL 图像和

LA-ICPMS U-Pb定年在中国科学院地球化学研究所

矿床地球化学国家重点实验室完成。

锆石 U-Pb 测试分析仪器为 Perkinelmer 生产的

ELAN DRC-e型等离子质谱仪，配套GeoLasPro 193
nm型准分子激光剥蚀系统，所用束斑直径为 32 µm。

原始测试数据用 ICPMSDataCal 软件进行处理（Liu
et al., 2008；2010）。普通 Pb校正方法参照 Andersen
（2002），206Pb-238U 加权平均年龄和协和图解由 ISO‐
PLOT 软件获得（Ludwig et al., 2003）。单个数据点

误差均为1σ。
锆石Hf 同位素分析在中国地质大学（武汉）GPMR

实验室Neptune多接收MC-ICP-MS 仪器上进行。激

光剥蚀所用斑束直径为44 μm。详细仪器条件和数据

获取详见Hu等（2012）。为了校正176Lu和176Yb对176Hf
的干扰，取176Lu /175Hf=0.026 56 和 176Yb /173Yb=0.793
81（Blichert et al., 1997; Segal et al., 2003）为定值。采

用173Yb /171Yb=1.130 17 和179Hf /177Hf=0.7325 分别对

Yb同位素和Hf 同位素进行指数归一化质量歧视校正

（Segal et al., 2003）。锆石标样GJ-1的 176Hf/177Hf 标准

值为0.282 013±0.000 019（Hu et al., 2012）。

3 锆石U-Pb年龄及Hf同位素特征

3.1 锆石U-Pb年龄

东风岩体 2件花岗岩样品DF01与DF02中的锆

石均呈浅黄色至无色，绝大部分锆石晶型为自形-半
自形；锆石为柱状，大小 150~400 μm，长轴与短轴之

比多介于2~4，锆石的阴极发光图像均显示出岩浆锆

石所特有的韵律环带（Hoskin et al., 2003; 吴元保等，

2004）（图 4）。本次选择了环带清晰、无裂纹、锆石表

面清晰的位置对其进行分析。

对样品 DF01 进行了共计 21 个点的测试（图 4，
表 1），这些锆石的普通铅含量总体很低，其中，07、05
和 11 号测试点的年龄值明显高于其他测点，对应

图 3 东风岩体风化壳柱状图

Fig. 3 Crust weathering profile of the Dongfeng pluton
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图4 东风花岗岩体的锆石阴极发光图像（白圈为U-Pb测试位置，黄圈为Hf同位素测试部位）

Fig. 4 CL images of zircon from the Dongfeng monzogranite（white and yellow circles indicating the laser spot of U-Pb dating and
Hf isotope analysis, respectively）

的 206Pb /238U 年 龄 值 分 别 为（1767.4 ± 24.8）Ma、
（996.7±12.6）Ma、（981.0±8.9）Ma，这些年龄值明显

偏高的锆石为继承锆石。其余 18个测点在U-Pb年

龄曲线图（图 5a）中的 206Pb/238U年龄值相接近，其加

权平均值为（433.5±2.6）Ma（MSWD=0.29）（图 5b）。

对样品 DF02完成的 17个点的分析测试（图 4，表 1）
结果表明，锆石中的普通铅含量很低，这 17 个点

的 206Pb /238U 年龄相近（图 5c），其加权平均值为

（432.0±2.5）Ma（MSWD=0.06）（图5d）。

3.2 Hf同位素特征

对样品DF01和DF02锆石U-Pb测年的打点部位

分别进行了15个点的Hf同位素测试（图4）。
本次分析的2件样品共计30颗锆石的176Yb/177Hf

和176Lu/177Hf比值范围分别为 0.007 212~0.041 416和

0.000 234~0.001 628（表 2），176Lu /177Hf 比值均小于

0.002，表明这些锆石在形成以后，仅具有较少放射成

因Hf的积累，因而可以用初始 176Hf/177Hf 比值来代

表锆石形成时的 176Hf/177Hf比值（吴福元等，2007）。

考虑到 2件样品的 fLu/Hf的平均值为-0.97，明显小于

铁镁质地壳的 fLu/Hf（-0.34，Ameilin et al., 1999）和硅

铝质地壳的 fLu/Hf（-0.72，Vervoort et al., 1996），因

此，其二阶段模式年龄更能反映其源区物质从亏损

地幔抽取的时间（或其源区物质在地壳的平均存留

年龄）。

其中，样品 DF01共 15颗锆石的（176Hf/177Hf）i的

变化范围在 0.282 300~0.282 374（表 2，图 6b），Hf同
位素成分比较均一，加权平均值 0.282 332，对应的

εHf(t)变化范围为-4.74~-7.45，平均值-6.32（图6a、c）；

地壳模式年龄（TDM2）变化范围 1714~1882 Ma，加权

平均值1811 Ma（图6b）。

样品 DF02 共 15 颗锆石的（176Hf/177Hf）i 的变化

范围 0.282 305~0.282 369（表 2，图 6b），Hf同位素成

分比较均一，加权平均值 0.282 333，对应的 εHf(t)变
化范围在-5.12~-7.28，平均值-4.42（图 6a、c），地壳

模式年龄（TDM2）变化范围 1733~1871 Ma，加权平均

值1816 Ma（图6d）。

4 岩石地球化学特征

东风花岗岩体的主、微量元素分析结果见表 3，
结果显示花岗岩 w（SiO2）为 68.48%~73.39%，平均

70.34，稍低于中国花岗岩的平均含量（71.63%）（黎

彤等，1998），从TAS图（图 7a）可以看出，所有点均落

入花岗岩与花岗闪长岩区域；w（Al2O3）较高，变化于
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表 1 东风岩体花岗岩LA-ICP-MS的锆石U-Pb分析结果

Tabe 1 Zircon U-Pb dating results of the Dongfeng granitic pluton

样品点号

DF01-01

DF01-02

DF01-03

DF01-04

DF01-05

DF01-06

DF01-07

DF01-08

DF01-09

DF01-10

DF01-11

DF01-12

DF01-13

DF01-14

DF01-15

DF01-16

DF01-17

DF01-18

DF01-19

DF01-20

DF01-21

DF02-01

DF02-02

DF02-03

DF02-04

DF02-05

DF02-06

DF02-07

DF02-08

DF02-09

DF02-10

DF02-11

DF02-12

DF02-13

DF02-14

DF02-15

DF02-16

DF02-17

w(B)/10-6

232Th

81

93

64

136

65

240

41

95

229

172

188

67

137

109

63

79

141

143

115

175

93

19

16

109

25

49

51

24

33

65

48

79

123

32

16

19

59

31

238U

183

197

123

147

121

857

67

141

939

575

432

135

463

453

136

304

277

434

376

430

279

94

68

291

95

159

158

92

115

188

259

211

277

102

83

97

182

102

Th/U

0.44

0.47

0.51

0.92

0.54

0.28

0.61

0.67

0.24

0.30

0.43

0.49

0.30

0.24

0.46

0.26

0.51

0.33

0.30

0.41

0.33

0.60

0.50

0.24

0.39

0.30

0.29

0.40

0.34

0.26

0.68

0.26

0.20

0.30

0.60

0.68

0.27

0.31

同位素比值
207Pb/206Pb

0.05447

0.05456

0.05394

0.05316

0.06619

0.05080

0.15644

0.05083

0.04822

0.04854

0.06051

0.04964

0.04915

0.05223

0.05134

0.05028

0.05207

0.05269

0.05447

0.05585

0.05697

0.05710

0.05535

0.05746

0.05439

0.05316

0.05481

0.05228

0.05413

0.05269

0.05560

0.05834

0.05934

0.05423

0.05447

0.05515

0.05423

0.05215

±1σ

0.00184

0.00123

0.00139

0.00149

0.00136

0.00088

0.00265

0.00198

0.00090

0.00090

0.00106

0.00206

0.00122

0.00133

0.00195

0.00127

0.00136

0.00138

0.00121

0.00119

0.00164

0.00136

0.00144

0.00083

0.00102

0.00088

0.00094

0.00109

0.00186

0.00084

0.00252

0.00085

0.00082

0.00088

0.00147

0.00144

0.00097

0.00108

207Pb/235U

0.52602

0.52645

0.50964

0.50856

1.52293

0.47728

6.79408

0.48925

0.45978

0.46535

1.37727

0.47613

0.47390

0.50371

0.49553

0.48593

0.50188

0.51205

0.52477

0.54087

0.55239

0.54054

0.52923

0.55344

0.52273

0.51143

0.52770

0.49875

0.51569

0.50891

0.53067

0.56102

0.56926

0.51970

0.51704

0.52449

0.51973

0.49821

±1σ

0.01929

0.01412

0.01218

0.01323

0.03473

0.00902

0.14291

0.02044

0.00897

0.00969

0.02644

0.01956

0.01284

0.01450

0.02045

0.01255

0.01297

0.01575

0.01174

0.01251

0.01754

0.01411

0.01496

0.01191

0.01085

0.00841

0.01032

0.01096

0.01808

0.00926

0.02528

0.00906

0.00836

0.00913

0.01455

0.01352

0.01211

0.01096

206Pb/238U

0.06986

0.07008

0.06924

0.06979

0.16720

0.06804

0.31543

0.06980

0.06959

0.06935

0.16436

0.06973

0.06987

0.06971

0.06962

0.06984

0.06970

0.06991

0.06990

0.06972

0.07007

0.06943

0.06949

0.06984

0.06930

0.06944

0.06949

0.06928

0.06894

0.06966

0.06891

0.06940

0.06926

0.06938

0.06910

0.06918

0.06915

0.06936

±1σ

0.00115

0.00128

0.00090

0.00095

0.00228

0.00069

0.00505

0.00119

0.00099

0.00082

0.00160

0.00096

0.00097

0.00121

0.00120

0.00077

0.00070

0.00110

0.00086

0.00078

0.00114

0.00150

0.00141

0.00155

0.00088

0.00069

0.00101

0.00101

0.00080

0.00082

0.00105

0.00067

0.00055

0.00072

0.00086

0.00077

0.00107

0.00093

年龄/Ma
207Pb/206Pb

390.8

394.5

368.6

344.5

813.0

231.6

2417.6

231.6

109.4

124.2

620.4

189.0

153.8

294.5

257.5

209.3

287.1

322.3

390.8

455.6

494.5

427.8

509.3

387.1

344.5

405.6

298.2

376.0

316.7

435.2

542.6

588.9

388.9

390.8

416.7

388.9

300.1

300 .0

±1σ

71.3

50.0

62.0

32.4

42.6

71.3

28.7

90.7

44.4

42.6

37.8

96.3

59.3

59.3

88.9

57.4

59.3

59.3

50.0

48.1

51.8

57.4

31.5

42.6

37.0

38.9

48.1

77.8

35.2

134.2

33.3

29.6

37.0

61.1

54.6

40.7

48.1

48.0

207Pb/235U

429.2

429.5

418.2

417.5

939.7

396.2

2085

404.4

384.1

388.0

879.3

395.4

393.9

414.2

408.7

402.1

413.0

419.8

428.3

439.0

438.8

431.3

447.2

427.0

419.4

430.3

410.9

422.3

417.7

432.3

452.2

457.5

424.9

423.2

428.1

425.0

410.5

410 .0

±1σ

12.8

9.4

8.2

8.9

14.0

6.2

18.6

13.9

6.2

6.7

11.3

13.5

8.8

9.8

13.9

8.6

8.8

10.6

7.8

8.2

9.3

9.9

7.8

7.2

5.6

6.9

7.4

12.1

6.2

16.8

5.9

5.4

6.1

9.7

9.0

8.1

7.4

7.0

206Pb/238U

435.3

436.7

431.6

434.9

996.7

424.3

1767.4

435.0

433.7

432.3

981.0

434.5

435.4

434.4

433.8

435.2

434.3

435.6

435.5

434.5

432.7

433.1

435.2

431.9

432.8

433.1

431.8

429.8

434.1

429.6

432.6

431.7

432.4

430.7

431.2

431.0

432.3

432 .0

±1σ

6.9

7.7

5.4

5.7

12.6

4.1

24.8

7.2

6.0

4.9

8.9

5.8

5.9

7.3

7.2

4.6

4.2

6.6

5.2

4.7

9.1

8.5

9.3

5.3

4.2

6.1

6.1

4.8

5.0

6.3

4.1

3.3

4.3

5.2

4.6

6.5

5.6

6.0

12.82%~15.09%，平均 14.15%，A / CNK 值为 1.12~
1.43，A/NK 值 1.42~1.88，在 A/CNK-A/NK 图解（图

7b）中，均落入过铝质区域；w(K2O＋Na2O)为 5.94%~
8.42%，平均 7.03%；K2O/Na2O 值变化于 1.26~2.36，
平均 1.79，表现为富 K 的特征；在 K2O-SiO2图解（图

7c）中，样品均落在高钾钙碱性系列与钾玄岩系列。

东风岩体花岗岩具有与万洋山岩体、彭公庙岩

体二长花岗岩相同的微量元素和稀土元素基本一

致的特征（图 8）。东风岩体花岗岩的稀土元素总体

含量中等（表3），∑REE为（140~186）×10-6，∑LREE/
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图5 东风花岗岩体的锆石U-Pb谐和曲线图（a，c）和加权平均年龄图（b，d）
Fig. 5 LA-ICPMS U-Pb Concordia age plots (a, c) and weighted average diagrams for zircons (b, d) from the Dongfeng monzogranite

∑HREE值为 1.72~2.22，表明东风岩体花岗岩轻、重

稀土元素分馏较明显，δEu 值为 0.41~0.75，平均值

0.56。在稀土元素配分模式图（图 8a）中，东风岩体

花岗岩显示为一明显右倾的曲线，配分曲线具有较

明显的 Eu负异常，同时，LREE一侧相对较陡（分馏

明显）、重稀土元素部分较为平坦（分馏不明显）的特

征。HREE的相对亏损可能与锆石、磷灰石、独居石

等的分离结晶有关，而Eu负异常明显则反映出岩浆

结晶作用过程中斜长石、钾长石的分离结晶作用较

明显。相较于花岗岩基岩，风化层花岗岩稀土矿体

（湖南省核工业地质局 301 队，2018）中的稀土元素

（除Ce外）均有明显富集，尤其是重稀土元素富集更

加明显（图 8b），Eu负异常也更加明显，配分曲线整

体相对较平坦。

从以原始地幔对岩体微量元素进行标准化的微

量元素蛛网图（图 8c）中可以看出，东风岩体花岗岩

不相容元素 Rb、（Th+U）、Nd、（Zr+Hf）富集，而 Ba、
Nb、Sr、P、Ti 明显亏损，显示出壳源花岗岩的特征

（Chappell et al., 1992; Bea et al., 2011; Dong et al.,
2013）。微量元素Ba、Sr亏损，说明岩石中存在有斜

长石的熔融残留相或结晶分离相（Patino et al. 1991;
1995），P、Ti亏损可能与磷灰石、钛铁矿的分离结晶

有关，而Nb可能由于富集到含钛的黑云母中而出现

亏损（李昌年，1992），同时，Nb、Ta 发生了较明显分

馏，显示Nb相对亏损而Ta相对富集，也暗示花岗岩

具有壳源花岗岩特征（陈小明等，2002）。

5 讨 论

5.1 东风岩体的侵位年龄

以往关于东风岩体的研究较少，仅在湖南省地

质调查院（1972；2005）完成的 1∶20万永兴幅区域地
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注：εHf(t) =10 000 × {[(176Hf /177Hf)S − (176Lu /177Hf)S × (eλt − 1)]/[(176Hf /177Hf)CHUR,0 − (176Lu /177Hf)CHUR × (eλt − 1)] − 1}；TDM1=1/λ× ln{1 + [(176Hf /177Hf)S −
(176Hf/177Hf)DM]/[(176Hf/177Hf)S−(176Hf/177Hf)DM]}；TDM2=TDM1−(TDM1−t)×[(fcc−fs)/(fcc−fDM)]；fLu/Hf=(176Lu/177Hf)S/(176Lu/177Hf)CHUR−1，其中，λ=1.867×

10−11/a(Soderlund et al., 2004)；(176Lu/177Hf)S 和(176Hf/177Hf)S 为样品同位素组成；(176Lu/177Hf)CHUR=0.0332 and (176Hf/177Hf)CHUR,0=0.282 772 (Bli‐

chert-Toft et al., 1997)；(176Lu/177Hf)DM=0.0384，(176Hf/177Hf)DM=0.283 25(Griffin et al., 2000)；(176Lu/177Hf)mean crust=0.015；fcc=[(176Lu/177Hf)mean crust/

(176Lu/177Hf)CHUR]−1；fs=fLu/Hf；fDM=[(176Lu/177Hf)DM/(176Lu/177Hf)CHUR]−1；t=锆石结晶年龄。

表2 东风花岗岩体的锆石Hf同位素组成

Table 2 Zircon Hf isotopic data of the Dongfeng granitic pluton
样品点号

DF01-01

DF01-02

DF01-03

DF01-04

DF01-05

DF01-06

DF01-07

DF01-08

DF01-09

DF01-10

DF01-11

DF01-12

DF01-13

DF01-14

DF01-15

DF02-01

DF02-02

DF02-03

DF02-04

DF02-05

DF02-06

DF02-07

DF02-08

DF02-09

DF02-10

DF02-11

DF02-12

DF02-13

DF02-14

DF02-15

年龄/Ma

435.3

436.7

431.6

424.3

435.0

433.7

432.3

434.5

435.4

434.4

433.8

435.2

434.3

435.6

435.5

433.1

435.2

431.9

432.8

433.1

431.8

429.8

434.1

429.6

432.6

431.7

432.4

430.7

431.2

432.3

176Yb/177Hf

0.024900

0.023967

0.023993

0.023736

0.021173

0.025003

0.029973

0.028634

0.037054

0.038118

0.027766

0.007212

0.034256

0.024174

0.025263

0.028238

0.028170

0.041416

0.026685

0.019290

0.028671

0.028706

0.010141

0.027864

0.029583

0.027559

0.019608

0.021711

0.037607

0.023397

176Lu/177Hf

0.001015

0.000942

0.000972

0.000958

0.000863

0.000987

0.001036

0.001081

0.001417

0.001556

0.001031

0.000234

0.001364

0.000968

0.001001

0.001108

0.001098

0.001648

0.001039

0.000650

0.001122

0.001119

0.000343

0.001092

0.001157

0.001115

0.000781

0.000836

0.001520

0.000918

176Hf/177Hf

0.282360

0.282374

0.282343

0.282346

0.282345

0.282346

0.282326

0.282343

0.282310

0.282314

0.282300

0.282301

0.282323

0.282338

0.282311

0.282331

0.282316

0.282349

0.282305

0.282308

0.282318

0.282347

0.282311

0.282369

0.282329

0.282317

0.282343

0.282317

0.282366

0.282329

2σ

0.000016

0.000014

0.000016

0.000019

0.000019

0.000025

0.000030

0.000039

0.000038

0.000018

0.000025

0.000018

0.000024

0.000023

0.000021

0.000025

0.000018

0.000013

0.000025

0.000015

0.000016

0.000025

0.000015

0.000013

0.000032

0.000020

0.000017

0.000075

0.000029

0.000018

εHf(0)

-14.58

-14.08

-15.19

-15.07

-15.11

-15.06

-15.78

-15.17

-16.32

-16.18

-16.70

-16.67

-15.86

-15.35

-16.31

-15.60

-16.12

-14.97

-16.50

-16.41

-16.04

-15.01

-16.29

-14.26

-15.67

-16.10

-15.19

-16.08

-14.37

-15.68

εHf(t)

-5.30

-4.74

-5.97

-6.01

-5.79

-5.81

-6.57

-5.93

-7.16

-7.07

-7.45

-7.17

-6.70

-6.05

-7.02

-6.40

-6.87

-5.94

-7.28

-7.07

-6.86

-5.88

-6.85

-5.12

-6.49

-6.93

-5.90

-6.85

-5.32

-6.44

TDM1/Ma

1261

1238

1283

1278

1277

1279

1309

1286

1344

1343

1345

1316

1323

1290

1329

1304

1324

1298

1337

1320

1322

1281

1305

1251

1309

1324

1277

1314

1269

1301

TDM2/Ma

1748

1714

1788

1784

1779

1779

1826

1787

1865

1859

1882

1866

1836

1796

1857

1815

1847

1786

1871

1858

1844

1780

1845

1733

1821

1848

1784

1842

1746

1818

fLu/Hf

-0.97

-0.97

-0.97

-0.97

-0.97

-0.97

-0.97

-0.97

-0.96

-0.95

-0.97

-0.99

-0.96

-0.97

-0.97

-0.97

-0.97

-0.95

-0.97

-0.98

-0.97

-0.97

-0.99

-0.97

-0.97

-0.97

-0.98

-0.97

-0.95

-0.97

质矿产调查与 1∶25 万衡阳幅区域地质矿产调查报

告中提到将其形成年龄定为加里东期，但并未有准

确的年代学数据作为支撑。

本次对东风岩体采集的 2件粗中粒黑云母二长

花岗岩锆石样品（DF01、DF02）的 LA-ICP-MS U-Pb
定年结果分别为（433.5±2.6）Ma 和（432.0±2.5）Ma，
两者在误差范围内非常一致，可以代表东风岩体的

形成年龄。同时，2件样品的年龄与沈渭洲等（2008）
利用LA-ICP-MS U-Pb定年获得的万洋山岩体黑云

母二长花岗岩形成年龄（433.8±2.2）Ma一致，与张文

兰等（2011）获得彭公庙岩体两件中粗粒黑云母花岗

岩锆石LA-ICP-MS U-Pb的定年结果（435.3±2.7）Ma
和（436.2±3.1）Ma在误差范围内也相同。东风岩体

侵位年龄 433 Ma左右，根据前人对华南加里东花岗

岩早晚期岩浆活动的侵位时限划分标准（舒良树，

2006；张芳荣等，2009），东风岩体的形成年龄对应于

加里东晚期。这与野外所观察到岩体与奥陶系天马

山组呈侵入接触关系、外接触带见有明显的角岩化
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图6 东风岩体花岗岩锆石 εHf(t)值图解（a）、176Hf/177Hf比值U-Pb年龄图解（b）、锆石 εHf(t)值图解（c）和Hf同位素地壳模式年龄

（TDM2）柱状图（d）
Fig. 6 εHf(t) ages diagram(a), 176Hf/177Hf U-Pb ages diagram(b), histogram of zircon εHf(t) ages(c) and histogram of zircon

Hf-isotope crust model age (TDM2)(d) of the Dongfeng granitic pluton

等蚀变的地质现象相符。此外，东风岩体花岗岩与

彭公庙岩体、万洋山岩体二长花岗岩具有相同的微

量元素特征（图 8），暗示这 3个岩体的加里东期花岗

岩有可能为起源于同一岩浆房的岩浆同时侵位形

成，岩体在深部有可能相连。

5.2 岩体的成因类型及地质背景

东风花岗岩体黑云母二长花岗岩具有高钾钙

碱性、强过铝质特征（图 7b、c），铝饱和指数 A/
CNK 值均大于 1.1（1.12~1.43），经过标准矿物计算

得到的刚玉分子含量为 1.87%~4.82%；104Ga/Al值
介于 2.13~2.64，平均值（2.44）小于 A 型花岗岩的

最低值（2.6）（Whalen et al., 1987），在岩石类型判

别图解（图 9a）中，测点均落入 I&S 型花岗岩区域

或附近，在w（K2O）-w（Na2O）图解（图 9b）中，样品落

点较分散，但除个别点落入A型花岗岩区域内，大多

数的点均落入 S 型花岗岩区域内或附近，这些特征

均表明东风岩体花岗岩的岩石类型为S型花岗岩。

在稀土元素配分图（图 8a）中，东风岩体花岗岩

稀土元素显示一条明显右倾的曲线，其轻、重稀土元

素比值 LREE/HREE较高（5.32~6.86）。岩体具有较

高的Yb含量、大离子亲石元素（LILE）含量以及相对

较低的HREE、Sr和高场强元素（HFSE）含量，以及计

算得到的分异系数（Di）为 80.38~86.95（表 3），这些

特征均显示东风岩体花岗岩岩浆可能经历了一定程

度的结晶分异作用，但其 Nb/Ta 值介于 6.56~10.90
（平均 9.26），Zr/Hf值介于 34.49~38.45（平均 35.04），
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表3 东风岩体花岗岩样品的主量元素（w（B）/%）和微量元素（w（B）/10-6）分析结果

Table 3 Major and trace element compositions of the Dongfeng granitic pluton（w（B）/%）and trace elements
w（B）/10-6

组分

SiO2

TiO2

Al2O3

TFe2O3

MnO

MgO

CaO

Na2O

K2O

P2O5

SO3

SrO

烧失量

总和

K2O+Na2O

K2O/Na2O

A/NCK

A/NK

σ

Di

V

Cr

Ga

Rb

Sr

Y

Zr

Nb

Sn

Cs

Ba

La

MT01

68.48

0.55

14.93

4.63

0.11

1.00

1.48

2.45

5.19

0.16

0.02

0.02

1.26

100.28

7.64

2.12

1.21

1.55

2.27

81.87

55.3

29.1

20.2

212

101

55.3

183

14.21

6.98

11.80

731

33.9

MT02

71.42

0.48

13.01

4.19

0.11

1.12

1.60

2.48

3.62

0.12

0.01

0.02

1.46

99.64

6.10

1.46

1.19

1.62

1.3

81.58

53.1

48.3

18.2

177

105

53.1

209

13.22

6.35

11.30

455

30.6

MT03

73.39

0.34

12.82

3.03

0.08

0.69

1.13

2.13

5.02

0.09

0.01

0.01

0.85

99.59

7.15

2.36

1.16

1.43

1.67

86.95

39.1

26.6

14.7

188

89.1

39.1

152

8.70

5.22

8.52

719

28.8

MT04

70.18

0.43

14.35

3.84

0.11

0.85

2.00

3.06

3.86

0.10

0.01

0.01

0.84

99.64

6.92

1.26

1.12

1.56

1.75

81.56

48.8

41.2

20

236

90.5

48.8

157

11.95

14.00

30.50

298

28.7

MT05

69.64

0.52

14.71

4.41

0.10

1.05

1.34

2.47

3.47

0.14

0.01

0.02

1.85

99.73

5.94

1.40

1.43

1.88

1.31

80.38

55.2

27.7

19.8

171

99.1

55.2

211

13.29

3.22

11.50

438

42.7

MT06

68.91

0.45

15.09

3.82

0.10

0.90

1.57

2.70

5.72

0.11

0.02

0.01

0.61

100.01

8.42

2.12

1.12

1.42

2.72

83.72

50

29.9

17

212

128

50.0

185

10.39

4.98

8.27

917

27.0

组分

Ce

Pr

Nd

Sm

Eu

Gd

Tb

Dy

Ho

Er

Tm

Yb

Lu

Hf

Ta

W

Pb

Th

U

104Ga/Al

Zr/Hf

Nb/Ta

Th/U

∑REE

LREE

HREE

L/H

(La/Yb)N

Y/∑REE

δEu

δCe

TZr/℃

MT01

75.9

8.55

33.3

7.50

1.34

7.32

1.12

6.97

1.37

3.95

0.55

4.02

0.53

4.76

1.33

1.43

41.88

18.5

3.60

2.56

38.45

10.71

5.14

241.61

160.49

81.13

1.98

6.05

0.23

0.54

1.06

808.8

MT02

77

7.5

29.2

6.71

0.95

7.53

1.19

7.42

1.55

4.8

0.66

4.74

0.68

6.06

1.41

2.31

33.82

17.9

4.68

2.64

34.49

9.40

3.82

233.63

151.96

81.68

1.86

4.63

0.23

0.41

1.21

824.9

MT03

56.4

6.87

26.2

5.76

1.09

5.72

0.886

5.16

0.96

3.11

0.47

3.23

0.43

4.36

0.91

9.83

40.12

15.3

2.71

2.17

34.86

9.53

5.65

184.17

125.12

59.05

2.12

6.40

0.21

0.57

0.95

795.7

MT04

69.2

7.08

26.0

6.26

1.15

6.28

1.07

6.26

1.20

3.67

0.52

3.83

0.51

4.81

1.82

4.9

33.71

17.8

3.48

2.63

32.64

6.56

5.11

210.53

138.39

72.14

1.92

5.38

0.23

0.55

1.16

789.5

MT05

79

10.4

39.2

8.17

1.38

7.97

1.16

7.17

1.30

3.96

0.53

3.81

0.48

6.08

1.57

2.98

29.51

21.6

4.24

2.54

34.70

8.48

5.09

262.43

180.85

81.58

2.22

8.04

0.21

0.52

0.89

840.3

MT06

54.6

6.45

24.9

5.66

1.41

5.76

0.908

5.12

1.01

3.17

0.44

2.81

0.39

5.27

0.95

4.95

41.66

12.9

3.95

2.13

35.10

10.90

3.27

189.63

120.02

69.61

1.72

6.89

0.26

0.75

0.98

801.5

注：比值单位为1。

显示其远没有达到高分异花岗岩（Nb/Ta＜5，Zr/Hf
＜26，Bau, 1996; Ballouard et al., 2016; 吴福元等，

2017）的程度。

从微量元素进行标准化的微量元素蛛网图（图

8c）可以看出，样品均具有明显的 Rb、（Th+U）、Nd、
（Zr+Hf）富集，而 Ba、Nb、Sr、P、Ti亏损，表明东风岩

体花岗岩具有地壳物质熔融产物的特征（Chappell
et al., 1992；凤永刚等, 2008；Bea et al., 2011；Dong et
al., 2013）。

Hf同位素示踪研究已经广泛地应用于一些重要

地球化学储库（如亏损地幔、球粒陨石和地壳等）的

源区判别（吴福元等，2007）。东风岩体两件花岗岩

样品单颗粒锆石的Hf同位素组成都比较均一，具有

相似的 εHf(t)值变化范围（集中于-11~-5，表 2，图
6c），且Hf同位素二阶段模式年龄非常集中（变化于

1.71~1.88 Ga，表 3，图 6d）。Hf同位素 εHf(t)＜0表明

岩石为古老地壳部分熔融而形成（Vervoort et al.,
1996; Griffin et al., 2002; 2006），东风岩体花岗岩

εHf(t)＜0，且在 εHf(t)-t图解（图 6a）和 176Hf/177Hf-t图解

（图 6b）中，样品点均集中分布于亏损地幔线及球粒
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图7 东风岩体花岗岩TAS图解（a, 底图据Le Bas, 1986）、ANK-ACNK图解（b, 底图据Rollinson, 1993）和w（K2O）-w（SiO2）图

解（c，底图据Maniar et al., 1989）
Fig. 7 TAS diagram (a, base map after Le Bas et al., 1986), ANK-ACNK diagram (b，base map after Rollinson, 1993)

and w（K2O）-w（SiO2）diagram (c, base map after Maniar et al., 1989) of the Dongfeng monzogranite

图8 东风岩体花岗岩基岩（a）、风化层（b）稀土元素球粒陨石标准化图和东风岩体花岗岩基岩微量元素原始地幔标准化蛛网

图（c）（标准化值据Boynton, 1984; Sun et al., 1989）
万洋山岩体、彭公庙岩体二长花岗岩数据来源自柏道远等，2006；伍光英等，2008；陈迪等，2016；风化层数据源自湖南省核工业地质局

301 队，2018

Fig. 8 Chondrite-normalized REE patterns for the Dongfeng monzogranite (a) and REE ore body (b), and primitive mantle-normalized
trace element spider diagram for the Dongfeng monzogranite (c) (chondrite and mantle values after Boynton, 1984; Sun et al., 1989)
Wanyangshan and Penggongmiao data are from Bai et al., 2006; Wu et al., 2008; Chen et al., 2016; REE values in Ore body from 301 Brigade

of Hunan Nuclear Geological Bureau, 2018

陨石演化线之下（Wu et al., 2006；吴福元等，2007），

由此可推断东风岩体花岗岩为古老地壳物质部分熔

融的产物。二阶段模式年龄介于 1714~1882 Ma，样
品DF01的继承锆石（点 07）的形成年龄也在此范围

内，与前人统计得到的华夏板块Hf同位素二阶段模

式年龄（Xu et al., 2007; Yu et al., 2010; Zhao et al.,
2013）一致，而明显区别于扬子地块（Liu et al., 2008;
Zhao et al., 2013）。

综上所述，东风岩体的微量元素特征、锆石 Hf
同位素特征以及继承锆石的形成年龄均表明东风岩

体成岩物质来源于华夏地块古老地壳物质的部分熔

融。尽管岩浆结晶锆石没有显著幔源特征的 Hf 同
位素记录，但是计算显示东风岩体花岗岩具有较高

的“锆石饱和温度”（Watson et al., 1983）（789.5~
824.9℃，平均 810℃，表 3），暗示地幔岩浆很可能为

花岗岩的形成提供了热源（王涛等 , 2013; 任飞等 ,
2021）。

前人对华南地区加里东期构造环境的研究表

明，460~440 Ma期间扬子地块和华夏地块发生陆内

俯冲和汇聚挤压，造山带发生快速褶皱缩短和逆冲

加厚（舒良树等，2008）而形成岩石圈山根。其后岩

石圈地幔与软流圈之间对流，引起岩石圈拆沉和上

地幔的隆起，导致幔源岩浆的产生和底侵，引起下地

壳的部分熔融，同时后碰撞构造环境下深大断裂（本

区为茶陵—郴州大断裂，图 1a）伸展松弛促使中下地

壳减压熔融，从而诱发了南岭在 440~420 Ma期间的
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图9 东风岩体花岗岩的w(Y)-Ga/Al图解（a，底图据Whalen et al., 1987）和w(K2O)-w(Na2O)图解（b，底图据Collins et al., 1982）
Fig. 9 w(Y)-Ga/Al diagram (a, base map after Whalen et al., 1987) and w(K2O)-w(Na2O) diagram (b, base map after Collins et al.,

1982) of the Dongfeng monzogranite

大面积中酸性岩浆（本区为万洋山—彭公庙等岩体）

的侵入活动（徐先兵等，2009；Wang et al., 2007b；
2010; Wan et al., 2010; Li et al., 2010; 张菲菲等，

2010；程顺波等，2013；2016；Chen et al., 2019）。

在微量元素构造判别图解（图 10）中，东风岩体

与邻区万洋山岩体、彭公庙岩体加里东期花岗岩一

样，所有数据点均落入后碰撞区域（Post-CLOG），进

一步表明东风岩体形成于后碰撞环境。

综上所述，东风岩体形成于扬子板块与华夏板

块陆内汇聚后的后碰撞伸展环境，为增厚地壳减压

熔融和软流圈地幔上涌诱发古老地壳物质发生重熔

作用形成的S型花岗岩。

5.3 东风稀土矿床特征

近年来对南岭地区风化壳离子吸附型稀土矿的

研究显示，加里东期（王彦斌等，2010；孙艳等，2012；
赵芝等，2012）、印支期（于扬等，2012；张爱梅等，

2010；郑国栋等，2012）和燕山期（陈正宏等，2008；Li
et al., 2003; 李建康等，2012）的花岗岩均可作为稀土

矿床的成矿母岩（王登红等，2013；赵芝等，2014），因

此，离子吸附型稀土矿床的形成对花岗岩的时代没

有选择性。原岩中稀土元素的含量则对矿床的形成

起到关键性的作用，花岗岩岩体原岩中稀土元素丰

度愈高，对成矿愈有利，稀土矿床的母岩在成岩过程

中一般经历过稀土元素的预富集过程（周美夫等，

2020）。南岭离子吸附型稀土元素矿体一般比基岩

中的稀土元素含量富集 2~5倍，因此，在基岩的稀土

丰度大于 150×10-6的情况下就可形成离子吸附型稀

土矿床（苏晓云等，2014）。一般富轻稀土元素的花

岗岩母岩经风化后形成轻稀土型风化壳，富重稀土

元素者则风化形成重稀土风化壳，但近年在赣南地

区也有轻稀土矿床中有重稀土矿体的报道（王登红

等，2017；陈斌锋等，2019；赵芝等，2022）。

东风岩体花岗岩基岩中的稀土元素总量∑REE
为（184.2~264.2）×10-6（表 3），要高于南岭地区已知

的 4 个含稀土矿的徐敦、竹州、宁化、益将加里东期

花岗岩体的稀土元素含量（（124~224）×10-6，地矿部

南岭项目组，1989；王彦斌等，2010）。LREE/HREE
值介于 1.72~2.22，显示出轻稀土元素富集的特征，其

中，岩体中的 w（Y）非常高，为（39.1~55.3）×10-6（表

图 10 东风岩体构造判别图解（底图据Pearce et al., 1984; 1996）
万洋山岩体、彭公庙岩体数据引自柏道远等，2006；伍光英等，2008；

陈迪等，2016

Fig. 10 Tectonic setting discrimination diagram of the Dong‐
feng pluton (base map after Pearce et al., 1984; 1996)

Wanyangshan and Penggongmiao data are from Bai et al., 2006; Wu et

al., 2008; Chen et al., 2016
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3），Y/∑REE=21%~26%，属于高 Y 型花岗岩（张旗

等，2022），因此，东风稀土矿床的母岩属稀土元素含

量较高的高 Y 轻稀土型花岗岩。风化壳矿体中的

LREE / HREE 值多介于 0.50~1.00，Y/∑ REE=36%~
52%（湖南省核工业地质局 301队，2018），显示出花

岗岩母岩在经历风化作用后，重稀土元素特别是 Y
得到了高程度的富集。对比基岩与稀土矿体的特

征，不难看出东风稀土矿床是一典型的由富轻稀土

元素的母岩经风化后形成的重稀土矿床。

风化壳离子吸附型稀土矿的形成一般经历了内

生作用（成矿母岩）和外生作用（风化过程）两阶段

（裴秋明等，2015；张恋等，2015）。东风岩体具显著

的内生作用成矿：花岗岩起源于古老地壳物质重熔，

分异指数Di（80.38~86.95）及微量元素特征反映岩浆

有一定的分离结晶作用，矿物的显微岩相学特征则

表明花岗岩内部经历了蚀变作用和重结晶作用（图

2b~f），而结晶分异作用可促成重稀土元素的富集

（张恋等，2015），热流体的蚀变作用（图 2e）可致黑云

母等矿物减少、稀土元素矿物的形成，从而导致稀土

元素的分馏和富集（吴澄宇等，1990；张恋等，2015）。

总体来说，相对南岭地区其他离子吸附型 HREE 矿

床的原岩通常为高分异的花岗岩类（毛景文等 ,
2022），东风岩体花岗岩的分异程度并不高，这也与

在岩体内基本未见到石英脉及细晶岩脉的地质现象

相符（吴福元等，2017）。与高分异花岗岩中较低的

稀土元素含量相比，东风岩体分异程度不高的花岗

岩相对更富含稀土元素，为后期次生富集形成稀土

矿床提供了物质基础，同时，母岩体中的高Y含量更

是可以形成重稀土矿床的关键。

东风岩体具有良好的外生作用成矿条件，岩体

所处地理位置为亚热带季风性湿润气候区（目前年

降水量为 1500 mm 左右），属海拔在 400~600 m、地

形较缓的丘陵-低山区，此为离子吸附型稀土矿形成

的十分有利的气候和地形地貌条件（王登红等，

2013；范飞鹏等，2014；裴秋明等，2015；张民等，

2022），万洋山岩体和彭公庙岩体内与东风岩体地形

地貌条件相似的部位也发现了一批离子吸附型稀土

矿床（图 1a）。东风岩体含稀土矿风化壳具有明显的

层状分带特征，由上往下可分为腐殖层、残坡积层、

全风化层和半风化层（图 3）。由腐殖层至半风化层，

伴随大气降水淋滤作用的逐渐减弱，其 pH值逐渐升

高。在腐殖层和残坡积层中，除Ce元素易由Ce3+氧

化成 Ce4+以方铈矿的形式富集于表层外（Li et al.,

2017；王长兵等，2021），稀土元素（尤其为重稀土元

素）在较低的 pH 值环境下迁移能力强（范飞鹏，

2014），部分稀土元素从稀土元素矿物中分解释放出

来在大气降水的淋滤作用下发生向下迁移。全风化

层中随着 pH值升高，稀土元素迁移能力减弱，黏土

矿物对稀土元素离子的吸附能力增强，本层以及从

风化壳上部（腐殖层、残坡积层）释放迁移来的稀土

元素离子大部分被黏土矿物吸附，尤其是在表生环

境中迁移能力十分强的Y元素（裴秋明等，2015），在

本层得到高度富集而形成有工业价值的稀土矿体。

东风矿区全风化层厚度达 10~38 m（图 3），不仅为稀

土矿的成矿作用提供了物质来源，也提供了稀土矿

体的储存空间。而半风化层中淋滤作用相对很弱，

稀土元素得不到迁移，其品位一般与基岩相当，不具

工业价值。因此，华南地区高钇轻稀土型母岩花岗

岩在风化后可形成重稀土矿床，在今后风化壳离子

吸附型稀土矿床的找矿工作中应引起重视。

6 结 论

（1）2件二长花岗岩的锆石U-Pb定年结果分别

为（433.5±2.6）Ma 和（432.0±2.5）Ma，表明东风岩体

形成于加里东晚期。

（2）岩石主、微量元素地球化学以及锆石 Hf同
位素等特征表明，东风岩体形成于在扬子板块与华

夏板块陆内汇聚后的后碰撞伸展环境，为增厚地壳

减压熔融和软流圈地幔上涌诱发古老地壳物质重熔

所形成的S型花岗岩。

（3）东风稀土矿床为一由富轻稀土元素的母岩经

风化后形成的重稀土矿床，分异程度不高、富含稀土

元素的高Y型花岗岩为矿床的形成提供了关键的物

质基础，东风岩体所处地理位置的气候及地形地貌特

征为稀土元素的淋滤迁移和吸附富集提供了重要

保证。

致 谢 二位匿名审稿专家对本文进行了辛勤

细致的审查，提出的宝贵意见促进了本文的进一步

完善与提高，在此表示衷心感谢。
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Abstract: As coal pore development is decisive for choosing the engineering site and predicting the
CO2 storage capacity, this paper provides a new method to define the double T2 cutoff values by using
cumulative amplitude ratio measured by nuclear magnetic resonance measurements, classifies the coal
pore systems, and analyzes the influences on cumulative amplitude ratio. The following cognitions are
achieved. The minimum ratio always varies narrowly and ranges from 0.9 to 1.1, which is quite stable
and approximately equals to 1. Ranges of maximum and average ratios are 1.2–3.5 and 1.1–1.8,
respectively. T2c1 represents the dividing point of diffusion pore and permeation pore, and its average
value is about 4.1 ms. T2c2 represents the dividing point of permeation pore and cleat, with an average
value of about 81.9 ms. The volumetric proportions of diffusion pore range from 1.5% to 76.2%, with
an average value of 34.6%; the volumetric proportions of permeation pore are from 14.9% to 98.5%,
with an average of 46.8%; while the volumetric proportions of cleat are between 8.4% and 57.5%, with
an average of 26.6%. According to the different influencing degrees on maximum and average ratios,
three types of parameters can be divided. The first type is strong correlation parameters and includes
permeability, volumetric percentage of cleat, and relative volumetric percentage of cleat. The second
type is medium correlation parameters, such as volumetric percentage of diffusion pore. The third type
is weak correlation parameters, including T2 cutoff values, porosity, and maximum vitrinite reflectance.
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Introduction

CO2 geological storage is of great significance
for reducing CO2 emission and protecting the
atmosphere.1,2 Regarding all types of geological

reservoirs, coal is essential for its wide distribution and
abundant resource, and CO2 storage in coal can also be
used for enhancing coalbed methane (CBM)
recovery.3,4

Coal pores are complexly developed within the
matrix by organic, inorganic, or tectonic origins.5–8

The development of coal pores influences the behavior
of coal as a reservoir rock for coalbed methane or CO2
adsorption,9–11 and a migration channel for CO2
injection as well.2,12–13 Therefore, coal pore
development needs to be investigated in detail to help
choose the engineering site and predict the CO2
storage capacity.

Coal pores distribute in a wide range in the
matrix.14,15 According to various migration patterns,
coal pore systems are thereby classified as diffusion
pore, permeation pore, and cleat.16 Generally, gas
always diffuses in the diffusion pore,17 permeates in
permeation pore, and finally drains out via cleat.18

While for water, diffusion pores are totally filled with
irreducible water; cleats are totally filled with movable
water; and two types of water are both filled in
permeation pores.19 As a result, the accuracy of coal
pore system classification influences the gas migration
and water occurrence.

Researchers presented different classification
methods for coal pores by using routine measurements
of mercury intrusion porosimetry, nitrogen adsorption
isotherm, or scanning electron microscopy, as found in
Refs.17,20–22 Different classification results are thereby
obtained, and three pore systems of diffusion pore,
permeation pore, and cleat are then classified. Recently,
nuclear magnetic resonance (NMR) technology has
been widely used in pore structure analysis and pore
size distribution since it is nondestructive and
convenient.16,23–25 T2 cutoff value is used to classify the
pore system to diffusion pore, permeation pore, and
cleat, which is the puzzle during classification. Yao
et al.23,26 classified coal pore systems according to peak
distributions of T2 spectra. Zou et al.25 classified coal
pore systems by using irreducible water saturation
curve. Zheng et al.27 determined pore systems by using
a multifractal-based method.

Cumulative amplitude ratio is introduced in this
article, and then we proposed an accurate and

convenient NMR dual T2 cutoff determination method
for coal samples. Coal pore systems for 10 samples are
then classified, and the influences of parameters on
cumulative amplitude ratio are deeply investigated.

Samples and experiment
Sample preparation
Ten coal samples sized 250 mm × 250 mm × 100 mm
are collected from the underground coal mines in
Qinshui basin of Shanxi Province of China. The
maximum vitrinite reflectance of 10 coal samples
varies from 1.24% to 2.33%. More information is listed
in Table 1. It should be noted that basic information of
samples QBSX01-05 has been presented in authors’
former studies in Refs. 16, 19, 25.

All the samples were prepared as cylinder samples
with the diameter of 25 mm and the height of 30 to
50 mm, and they were used for routine analyses of
porosity and permeability and NMR measurements
under the fully water saturated and centrifuged
conditions.

Experimental theory
Routine analyses
Helium porosity and air permeability were both tested.
The measurements were simulated under situ stress
conditions using a triaxial cell with an isotropic
ambient pressure of 2.5 MPa. Porosity was measured
using helium expansion while absolute permeability
was measured using a bubble flowmeter that used
flowing air through the core sample until the variation
of permeability became stable, as discussed in Zou
et al.25 in detail.

NMR measurement
Detailed theories of mercury intrusion porosimetry
(MIP) and NMR measurements can be found in
Refs.25,28,29 It establishes a linear relationship between
pore radius and transverse relaxation time as listed in
the following equation:

1/T2 = ρ2(S/V ) (1)

where, T2 is the transverse relaxation time, referring to
the relaxation time of fluid; ρ2 is a constant
representing the transverse relaxation strength; S/V is
the surface to volume ratio related to the pore radius.

Equation (1) supports the theory basis for coal pore
analyzing by NMR. Before measurements, the cylinder

2 © 2023 Society of Chemical Industry and John Wiley & Sons, Ltd. Greenhouse. Gas. Sci. Technol. 0:1–12 (2023); DOI: 10.1002/ghg.2240
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Table 1. Basic information of 10 coal samples.

Sample ID Coal mine Location Coal seam Geological
timea

Buried
depth/ m

Ro,max/%

QBSX01 Malan coal mine Gujiao County, Taiyuan City 8 C 200 1.40

QBSX02 Xiqu coal mine Gujiao County, Taiyuan City 2 P 130 1.57

QBSX03 Fanshigou coal mine Gujiao County, Taiyuan City 2 P 200 1.55

QBSX04 Zhenchengdi coal mine Gujiao County, Taiyuan City 8 C 300 1.32

QBSX05 Dangdangling coal mine Lingshi County, Jinzhong City 10 C 180 1.24

QBSX06 Xinjing coal mine Yangquan City 3 P 500 2.17

QBSX07 Shibangou coal mine Xiangyuan County, Changzhi City 3 P 320 1.97

QBSX08 Xinzhuang coal mine Gaoping County, Jincheng City 3 P 280 1.88

QBSX09 Xialiang coal mine Xiangyuan County, Changzhi City 3 P 390 2.04

QBSX10 Xinyuan coal mine Shouyang County, Jinzhong City 3 P 580 2.33

a
P-Permian; C-Carboniferous.

samples were dried for 24 h in a drying oven at 70°C,
pumped in a vacuum for 8 h, and then saturated in
distilled water for 8 h. These fully water saturated
samples were tested by NMR measurements to obtain
pore distributions. After that, the fully water-saturated
samples were centrifuged under the centrifugal
pressure of 200 psi (absolute) according to Refs.24–26

Finally, NMR measurements under the centrifuged
condition were conducted to obtain irreducible water
situation.

The NMR instrument has a constant magnetic field
strength of 1200 gauss and a resonance frequency of
2.38 MHz. The measurement parameters were set as
follows: echo spacing, 0.6 ms; waiting time, 5 s; echo
numbers, 2,048; numbers of scans, 64.

Result and discussion
Results for routine analyses
Results of routine analyses for 10 samples are listed in
Table 2. Helium porosity varies between 2.12% and
5.36%, while air permeability ranges from 0.025 to
0.159 mD. As the smaller diameter of molecular
nitrogen compared with the water molecule cluster, the
porosity analyzed by helium injection is a little higher
than that by water saturation.25 It indicates that helium
porosity is more effective and accurate than the general
water porosity. Air permeability here is the core
permeability. Because lots of big cleats are not involved
in the core sample caused by the limited sample size,
core permeability is generally lower than reservoir

Table 2. Results of routine analyses for 10
samples.

Sample ID Helium
porosity/%

Air perme-
ability/
mD

QBSX01 4.56 0.159

QBSX02 3.88 0.064

QBSX03 4.49 0.044

QBSX04 4.10 0.047

QBSX05 5.36 0.091

QBSX06 5.18 0.055

QBSX07 4.12 0.102

QBSX08 3.23 0.078

QBSX09 3.62 0.089

QBSX10 2.12 0.025

permeability. In the field situation, well testing is always
used to obtain the reservoir permeability. However,
core permeability is a guide to study the CBM geology
as it is much convenient to test. Meanwhile, core
permeability combined with simulated big cleats is also
adopted in reservoir simulation to make the core
permeability close with the reservoir permeability.

T2 spectra
NMR measurements of the 10 coal samples at fully
water-saturated and centrifuged conditions yield NMR

© 2023 Society of Chemical Industry and John Wiley & Sons, Ltd. Greenhouse. Gas. Sci. Technol. 0:1–12 (2023); DOI: 10.1002/ghg.2240 3
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Figure 1. T2 spectra for ten samples and T2 cutoff value determination.

T2 spectra, which are shown as red solid and dot lines
in Fig. 1, respectively. To facilitate comparison, the
highest amplitude is set artificially to 100, and other
amplitudes are transferred based on the ratio. Then the
amplitude is normalized. It should be noted that the T2

spectra at fully water saturated and centrifuged
conditions for samples QBSX01-05 have presented in
authors’ former studies in Ref. 16, 19, 25, and they are
modified and analyzed in this paper for the coal pore
system classification.

4 © 2023 Society of Chemical Industry and John Wiley & Sons, Ltd. Greenhouse. Gas. Sci. Technol. 0:1–12 (2023); DOI: 10.1002/ghg.2240
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The T2 distribution in fully water saturated condition
represents the distribution of coal pore size, with the
smaller pores having shorter relaxation times; while the
T2 distribution in centrifuged condition represents the
distribution of irreducible water within coal pores. The
amplitude is a measure of the number of pore volume,
and the continuity of the T2 spectrum depicts the
connectivity of each coal pore.

Several findings are shown from Fig. 1. First, the 10
samples generally have good connectivity, and their T2
spectra always show as two or three peaks. In the
spectra with three peaks, the amplitudes at two
conditions coincide in the left peak, separate in the
middle peak, while the centrifuged T2 spectra
disappears in the right peak, such as in samples
QBSX01, QBSX02, and QBSX10, which corresponds to
the feature of irreducible water occurrence in different
pore systems.16 Second, centrifuged amplitudes are
always lower than the fully water-saturated values
because producible water can be partly centrifuged.
However, several abnormal cases show that centrifuged
amplitudes have increase just a little compared with
fully water-saturated amplitudes, such as in samples
QBSX02, QBSX05, and QBSX08. Al-Mahrooqi et al.30

suggested that the poor connection of the sample
caused water to be retained at the surface or inside the
adsorption pores after centrifuging, leading to the
increase of relaxation time amplitude.

Cumulative amplitude ratio and its
dynamic variation
Generally, fluid in diffusion pores cannot be
centrifuged, but it can be partly centrifuged in
permeation pores, and can be entirely centrifuged in
cleats.31,32 Then, diffusion pores are totally filled with
irreducible water; cleats are totally filled with movable
water; while two types of water are both filled in
permeation pores. Thus, T2c2 locates at the position
when the centrifuged amplitude disappears
permanently, which is easy to be identified as shown in
Fig. 1. It should be pointed out that when the cleat
system lacks in some samples, leading to the collective
disappearances of centrifuged amplitude and fully
saturated amplitude. Then, no T2c2 is marked, such as
in samples QBSX06, QBSX08 and QBSX09. T2c1 is
quite difficult to distinguish. Cumulative amplitude
ratio is introduced in this paper, which equals to the
ratio of cumulative amplitude in fully water-saturated

condition and centrifuged condition expressed as
follows:

ri =
∑i

0 Ai
c

∑i
0 Ai

f

(2)

where, i is the T2 time, ms; ri is the cumulative
amplitude ratio at the T2 time of i; Ac

i is the
normalized amplitude under centrifuged condition at
the T2 time of i; Af

i is the normalized amplitude under
fully saturated water condition at the T2 time of i.

The cumulative fully saturated amplitude concerns
diffusion pore, permeation pore and cleat; while the
cumulative centrifuged amplitude only concerns the
diffusion pore. Therefore, the cumulative amplitude
ratio for diffusion pore is 1, and a ratio above 1 is for
permeation pore and cleat systems. Thus, the dividing
location for cumulative amplitude ratio of approximate
1 and above 1 can thus be defined as T2c1.

Curves of cumulative amplitude ratio for 10 coal
samples are calculated as shown in the green lines in
Fig. 1, and the values are listed and plotted in Fig. 2. It
should be noted that the average ratio in the table is
calculated by all ratios within the entire T2 range for
each sample.

For three types of values in Fig. 2, the minimum ratio
varies narrowly for 10 samples, ranging from 0.9 to 1.1.
Therefore, the minimum ratio is quite stable and
approximately equals to 1, which also indicates that
approximate 1 and above 1 for cumulative amplitude
ratio can be set as the dividing location of T2c1 as
discussed above. Ranges of maximum and average
ratios are 1.2–3.5 and 1.1–1.8, respectively.

T2 cutoff values
Observing the cumulative amplitude ratios in Fig. 1,
except sample QBSX05, the other samples quite
perfectly satisfy the theory in cumulative amplitude
ratio and its dynamic variation section, and there is an
obvious dividing point of cumulative amplitude ratio
between approximate 1 and above 1 in each of these
samples, as revealed in Fig. 3. It should be noted that
the zigzag line in the figure indicates that the T2c1
locations for all samples are different. For this type of
T2 spectrum, T2c1 is easy to identify.

The cumulative amplitude ratio of sample QBSX05 is
special. There is still a cumulative amplitude ratio
region with values approximately equal to 1 at the
beginning of the T2 spectrum. However, an unstable

© 2023 Society of Chemical Industry and John Wiley & Sons, Ltd. Greenhouse. Gas. Sci. Technol. 0:1–12 (2023); DOI: 10.1002/ghg.2240 5
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Figure 2. Cumulative amplitude ratio for each coal sample.

Figure 3. T2c1 identifications for sample QBSX07 (left) and all samples except QBSX05 (right).

Table 3. T2 cutoff values for each coal sample.

Sample ID T2c1/ ms T2c2/ ms Sample ID T2c1/ ms T2c2/ ms

QBSX01 7.2 124.5 QBSX06 3.6 -a

QBSX02 3.2 50.0 QBSX07 3.8 47.7

QBSX03 2.8 41.6 QBSX08 2.4 -

QBSX04 6.9 86.4 QBSX09 0.1 -

QBSX05 5.2 124.5 QBSX10 5.5 98.5

a - indicates that no value is identified.

stage with an initial decrease and then increase in ratio
follows, which is distinct with other samples. It may be
caused by the poor connection and complex pore
structure of some pores in the sample. Therefore, the
dividing point of amplitude ratio between values
approximately equal to 1 and unstable values is roughly
set as T2c1.

Finally, T2c1 and T2c2 are both identified for all the
samples as shown in Fig. 1, and their values are listed in

Table 3. T2c1 ranges from 0.1 to 7.2 ms with an average
of 4.1 ms; while T2c2 is between 41.6 and 124.5 ms,
with an average value of 81.9 ms.

Pore type classification
Based on the T2 cutoff values in Table 3, volumetric
proportions of diffusion pore, permeation pore, and
cleat for 10 samples are calculated as shown in Fig. 4. It
can be seen from the figure that the volumetric

6 © 2023 Society of Chemical Industry and John Wiley & Sons, Ltd. Greenhouse. Gas. Sci. Technol. 0:1–12 (2023); DOI: 10.1002/ghg.2240
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proportions of diffusion pore range from 1.5 to 76.2%,
with an average value of 34.6%; the volumetric
proportions of permeation pore are from 14.9% to
98.5%, with an average of 46.8%; while the volumetric
proportions of cleat are between 8.4% and 57.5%
exclude samples QBSX06, QBSX08, and QBSX09, with
an average of 26.6%. It is also revealed that the
permeation pore is the most developed for 10 samples.

Influence on cumulative amplitude ratio
Cumulative amplitude ratio is critical in this study. As
can be seen from Fig. 2, the maximum and average
ratios vary complexly, while the minimum ratio is quite
stable. To discuss the factors influencing the maximum
and average ratios, the following analyses are
conducted.

Maximum vitrinite reflectance
Scatter diagrams of maximum vitrinite reflectance
versus maximum and average ratios are shown in

Fig. 5. The relationships in the figure indicate that the
maximum vitrinite reflectance has a weak and negative
influence on both maximum and average ratios.
Maximum ratio reflects the development of
permeation pore or cleat. As the minimum ratio is
quite stable, the average ratio is mainly influenced by
the maximum ratio. Hence, both the maximum and
average ratios represent the development of
permeation pore or cleat system. Maximum vitrinite
reflectance concerns the development of the entire pore
system including diffusion pores within the matrix,
therefore its influences on both the maximum and
average ratios are relatively weak.

Porosity and permeability
Scatter diagrams of porosity and permeability versus
maximum and average ratios are shown in Fig. 6. The
relationships in Fig. 6 indicate that the porosity has a
weak and positive influence on the two ratios, while the

© 2023 Society of Chemical Industry and John Wiley & Sons, Ltd. Greenhouse. Gas. Sci. Technol. 0:1–12 (2023); DOI: 10.1002/ghg.2240 7
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Figure 6. Scatter diagrams of porosity (left) and permeability (right) versus maximum
and average ratios.
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Figure 7. Scatter diagrams of volumetric percentages of diffusion pore (left) and cleat
(right) versus maximum and average ratios.

permeability has a strongly and positively linear
relationship with both the maximum and average
ratios, of which the fitting degrees are 0.78 and 0.61,
respectively.

As a result, permeability is the critical factor for
maximum and average ratios, while the impacts of
porosity on both the maximum and average ratios are
relatively weak. As discussed above, both the maximum
and average ratios represent the development of
permeation pore or cleat system. Porosity concerns the
development of the entire pore system, therefore its
influences on both the maximum and average ratios are
relatively weak. The maximum and average ratios are
both strongly influenced by permeability, which could
be attributed to the permeation mainly occurring
within the permeation pore or cleat system.

Volumetric percentages of different pore
systems
Scatter diagrams of volumetric percentages versus
maximum and average ratios are shown in Fig. 7. The
figure indicates that the volumetric percentage of

diffusion pore has strongly and negatively exponential
correlations with both the maximum and average ratios
with fitting degrees of about 0.51 and 0.54, respectively;
while the volumetric percentage of cleat system has
strongly and positively linear relationships with both
the maximum and average ratios, with fitting degrees
of about 0.83 and 0.66, respectively.

As discussed above, both the maximum and average
ratios represent the development of permeation pore or
cleat system. Therefore, the volumetric percentage of
cleat system has strong and positive relationships with
both the maximum and average ratios. Conversely, the
volumetric percentage of diffusion pore system has
negative correlations with both the maximum and
average ratios.

To deep investigate relationships of volumetric
percentage of pore system versus maximum and
average ratios, a relative volumetric percentage of cleat
is defined in this paper as expressed follows,

Vrc = Vc

Vd + Vp
(3)

8 © 2023 Society of Chemical Industry and John Wiley & Sons, Ltd. Greenhouse. Gas. Sci. Technol. 0:1–12 (2023); DOI: 10.1002/ghg.2240
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where, Vrc is the relative volumetric percentage of cleat,
decimal; Vc is the volumetric percentage of cleat,%; Vd
is the volumetric percentage of diffusion pore,%; Vp is
the volumetric percentage of permeation pore,%.

The scatter diagram of relative volumetric percentage
of cleat versus maximum and average ratios is shown in
Fig. 8. The figure indicates that the relative volumetric
percentage of cleat has strong and positive linear
correlations with both the maximum and average
ratios, which is caused by the fact that the cleat has
positive relationships with the two ratios and that the
diffusion pore has negative relationships with both the
ratios. Compared with the relationships in Fig. 7, the
relationships in Fig. 8 are obviously stronger and
clearer, with higher fitting degrees, which indicate that
the relative volumetric percentage of cleat is the most
important parameter among all the volumetric
percentage values.

T2 cutoff values
Scatter diagrams of T2 cutoff values versus maximum
ratio and average ratio are shown in Fig. 9. The figure
indicates that T2c1 has a negative relationship with
maximum or average ratio, while T2c2 has a positive
relationship with maximum or average ratio, although
the correlations are relatively weak.

T2c1 represents the volumetric percentage of diffusion
pore, while T2c2 represents the volumetric percentage
of cleat. Therefore, T2c1 has negative relationships with
both the two ratios, and T2c2 has positive relationships
with both the two ratios, as discussed in the volumetric
percentages of different pore systems section.

Influencing degree analysis
The above analyses indicate that these parameters have
different influencing degrees on cumulative maximum

and average ratios. According to the influencing
degrees, the parameters can be divided into three types.
The first type is strong correlation parameters, referring
to those parameters that have high influencing degrees
with two ratios (generally close to or higher than 0.8),
including permeability, volumetric percentage of cleat,
and relative volumetric percentage of cleat. The second
type is medium correlation parameters, referring to
those parameters that have medium influencing
degrees with two ratios (generally around 0.6), such as
volumetric percentage of diffusion pore. The third type
is weak correlation parameters, representing those
parameters that only have positive or negative
tendencies with low fitting degrees, such as T2 cutoff
values, porosity, and maximum vitrinite reflectance.

In conclusion, maximum and average ratios mainly
concern developments of the permeation pore and cleat
system, while they have relatively weak correlations
with those parameters representing developments of
the entire pore system. Meanwhile, T2 cutoff values are
defined with relative values of cumulative amplitude
ratios for each NMR spectrum, but have weak
correlations with absolute values of maximum and
average ratios for different NMR spectra.

Conclusions
This paper introduces a new term of cumulative
amplitude ratio by using NMR measurements under
the fully saturated water and centrifuged conditions.
Based on the cumulative amplitude ratio, the double T2
cutoff values are defined, and coal pore systems are
classified in this paper. The following cognitions are
achieved.

Ten samples generally have good connectivity, and
their T2 spectra always show two or three peaks.
Centrifuged amplitudes are always lower than the fully
water saturated values because producible water can be
partly centrifuged. However, several abnormal cases
are caused by the poor connection of some pores in the
samples. The minimum ratio varies narrowly and
ranges from 0.9 to 1.1, and it is quite stable and
approximately equals to 1. Ranges of maximum and
average ratios are 1.2–3.5 and 1.1–1.8, respectively.

T2c1 represents the dividing point of diffusion pore
and permeation pore, and its average value is about
4.1 ms. T2c2 represents the dividing point of
permeation pore and cleat, with an average value of
about 81.9 ms. The volumetric proportions of diffusion
pore range from 1.5% to 76.2%, with an average value

© 2023 Society of Chemical Industry and John Wiley & Sons, Ltd. Greenhouse. Gas. Sci. Technol. 0:1–12 (2023); DOI: 10.1002/ghg.2240 9
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Figure 9. Scatter diagrams of T2c1 (left) and T2c2 (right) versus maximum and average
ratios.

of 34.6%; the volumetric proportions of permeation
pore are from 14.9 to 98.5%, with an average of 46.8%;
while the volumetric proportions of cleat are between
8.4% and 57.5%, with an average of 26.6%.

Three types of parameters are divided according to
the different influencing degrees on maximum and
average ratios. The first type is strong correlation
parameters, including permeability, volumetric
percentage of cleat, and relative volumetric percentage
of cleat. The second type is medium correlation
parameters, such as volumetric percentage of diffusion
pore. The third type is weak correlation parameters,
such as T2 cutoff values, porosity, and maximum
vitrinite reflectance.
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Petrogenesis of Mesozoic Li-, Cs-, and Ta-rich (LCT) pegmatites from the 
Neoproterozoic Jiangnan Orogenic Belt, South China: An alternative origin 
model for the LCT type pegmatite 
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A B S T R A C T   

According to the classical petrogenesis model, Li-, Cs-, and Ta-rich (LCT) pegmatites juxtaposed in the same 
regional zonation are generally formed by unidirectional successive crystallization differentiation of the common 
parental granitic melt. However, this model cannot explain the origin of the Mesozoic LCT pegmatites from the 
East Jiangnan Orogenic Belt (JOB), South China. Herein, we studied the geology, zircon U–Pb ages, Hf isotope 
compositions, monazite U–Th–Pb ages, and Nd isotope compositions of three types of pegmatites in Renli, East 
JOB, South China to reveal their petrogenesis. The Renli pegmatites distributed in or around the Mufushan 
batholith, show mineralization zoning with distance from the batholith. The studied pegmatites were formed at 
the Early Cretaceous, with a decreasing trend from ca. 141 Ma for two-mica microcline pegmatite (type I) to 134 
Ma for muscovite–albite–spodumene pegmatite (type III). The Renli pegmatites have coupled Hf–Nd isotope 
compositions and consistent Hf isotope compositions with the Mufushan granites. From the spatial–temporal, 
source and differentiation relationships between the Renli pegmatites and the Mufushan granites, we propose 
that type I pegmatites originates from biotite monzogranite while type II (muscovite–microcline–albite 
pegmatite) and type III pegmatites originate from the two-mica monzogranite and muscovite monzogranite, 
respectively, indicating a new model of parallel differentiations of triple granitic melts for the origin of LCT 
pegmatites in South China. The Renli pegmatites have a similar Hf isotope composition to the Neoproterozoic 
granitoids and the backarc sedimentary rocks of the Lengjiaxi Group formed during the Jiangnan orogeny. 
Combining with previous studies, we suggest that the Mesozoic Renli LCT pegmatites originated from reworking 
materials of the Neoproterozoic JOB caused by slab roll back of the paleo-Pacific Ocean plate during subduction.   

1. Introduction 

Granitic pegmatites (hereinafter referred to as pegmatites) have 
garnered immense attention because of their rare-earth element 
enrichment namely Li, Be, Nb, Ta, and Cs, which are listed as strategic 
mineral sources by many countries. Although the favorable tectonic 
settings of pegmatites still remain under debate, the Li-, Cs-, Ta-rich 
(LCT) pegmatites appear dominantly in convergent orogenic belts and 
correlate with orogenic, especially postorogenic, magmatisms (Černý, 

1991; Černý et al., 2012) and supercontinent assembly temporally (e.g., 
McCauley and Bradley, 2014; Tkachev, 2011). In China, LCT pegmatites 
are widely exposed in the Altai, East Tianshan, West Kunlun, and 
Songpan–Ganzi Orogenic Belts, and most of them have been proposed to 
form in a postorogenic extension stage after accretion or collision 
orogeny (e.g., Lv et al., 2012, 2021a; Li et al., 2020a; Fei et al., 2020; 
Wang et al., 2020; Yan et al., 2022). 

The Jiangnan Orogenic Belt (JOB), South China, is a convergence 
zone formed by Yangtze and Cathaysia block collision during the 
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Neoproterozoic (e.g.,Wang et al., 2014a, 2017; Zhou et al., 2009). Thus 
far, two periods of rare-metal pegmatites have been verified in the JOB. 
The early-one is represented by the Neoproterozoic pegmatite exposed 
only in the Fanjingshan area, West JOB. It comprises tens of pegmatites 
with limited Nb–Ta–Sn mineralization, which genetically relates to the 
Fanjingshan muscovite granite, and is formed by the partial melting of 
sedimentary rocks and high degrees of fractional crystallization of 
granitic melts after continental collision at ca. 830 Ma (Lv et al., 2021a). 
The late one is comprises of>1000 pegmatites distributed in or around 
the Yanshanian Mufushan batholith (YMB), East JOB. Recent explora
tion reveals that plenty of pegmatites have large potential for rare-metal 
(Nb–Ta ± Li ± Be) mineralizations, especially those exposed in the Renli 
mining area, South YMB (Zhou et al., 2019a, b) (Fig. 1). The YMB mainly 
comprises granodiorite, biotite monzogranite (BMG), and two-mica 
monzogranite (TMG) (Wang et al., 2014b), and the highly fractionated 
granitic phase, such as muscovite granite, is almost absent. In addition, 
lots of the pegmatites are widely distributed in the granodiorite, BMG 
and TMG (Fig. 1), and they have distinct mineral assemblages and 
mineralizations. These granite-hosted pegmatites also differ to those 
emplaced in sedimentary rocks. According to the classical model, a 
successive and (sub)vertical fractionation sequence of a granitic melt, 
normally featured by a lower biotite granite, an intermediate two-mica 
granite, and an upper muscovite granite, is essential for pegmatite 
regional zonation generation, and the most fractionated granite phase is 

directly responsible for all types of pegmatites in the same zonation (e. 
g., Černý, 1991; London, 2018). Moreover, pegmatites derived from the 
upper fractionated granitic melt are impossible to emplace in the lower 
granitic phase. Therefore, the classical model is hard to explain the 
pervasive occurrence of pegmatites in various granitoids. Were they 
originated from a common granitic source or multiple sources, still re
mains unanswered? 

Although some studies have been conducted on the granites and 
adjacent pegmatites in the Mufushan area, especially the geochronology 
(Li et al., 2019, 2020b; Xiong et al., 2020; Zhou et al, 2020), mineral
izing mechanism (Liu et al., 2019; Zhou et al., 2019a), and magma 
ecolution (Wang et al., 2019; Yang et al., 2019; Zhou et al., 2019b) 
studies of the Renli No.5 pegmatite, which is the most remarkable Nb–Ta 
mineralization dike in the Mufushan area, it is not enough to reveal the 
petrogenesis of various pegmatites, especially the relationship between 
pegmatites and granitoids. Herein, monazite and zircon U–(Th)–Pb 
chronology was used to study the formation ages of the three types of 
pegmatites, including the Nos. 7, 2, 3, and 47 pegmatites, distributed in 
the Renli mining area, South YMB, and Nd–Hf isotope compositions to 
determine their source, aiming to decipher the petrogenesis of LCT 
pegmatite that formed in the JOB, South China. 

Fig. 1. Tectonic outline of the JiangnanOrogen Belt(a) and the geological sketch map of the Mufushan area (b) (modified from Li et al., 2021).  
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2. Geological setting 

The Renli pegmatite-type rare-metal deposit is located in the 
Mufushan region, the central–eastern segment of the JOB in South China 
(Fig. 1a). The JOB, also referred to as the Jiangnan Orogen, Jiangnan 
paleocontinent, Jiangnan block, and Jiangnan fold belt (Cawood et al., 
2013;Shu et al., 1994; Wang et al., 2006; Xu et al., 2017;Yao et al., 2014; 
Yu et al., 2021), was formed by the Neoproterozoic amalgamation of the 
Yangtze and Cathaysia blocks due to the subduction and collision pro
cesses before ca. 820 Ma (Li, 2006; Li et al., 2009; Shan et al., 2017; 
Wang et al., 2014a; Zhao et al., 2011) and reactivated at ~ 130 Ma 
because of the paleo-Pacific plate subduction toward the Eurasic plate 
(Shu and Zhou, 2002; Wang and Zhou, 2002; Wang and Shu, 2012). The 
central–eastern JOB is an important polymetallic metallogenic belt in 
South China and hosts large amounts of Au, Sb, W, Cu, Co, Pb, Zn, and 
even Be, Nb, and Ta ore deposits/spots(Deng et al., 2017; Hu and Peng, 
2018; Lv et al., 2021a; Wang et al., 2017a; Wen et al., 2021; Xiong et al., 
2020; Xu et al., 2017; Zhou et al., 2019b; Zou et al., 2018). 

The Mufushan complex massif, located at the junction of Hunan, 
Hubei, and Jiangxi Provinces with an exposure area of>2000 km2, is 
composed of the extensive Yanshanian granitoid batholith (ca.158–138 
Ma) (Ji et al., 2017, 2018; Li, 2017, Li et al., 2020b; Wang et al., 2014b; 
Xu et al., 2019a,b; Xiong et al., 2020) and local Neoproterozoic granitic 
stocks (ca. 838–816 Ma) (HIGS, 2009; Shan et al., 2017) in the western 
and southwestern regions (Fig. 1).The YMB comprises several periods of 
intrusions (Fig. 1), including diorite(154 Ma,Wang et al., 2014b), 
granodiorite (151–149 Ma; Ji et al., 2018; Wang et al., 2014b), BMG 
(155–148 Ma; HIGS, 2009; Ji et al., 2017, 2018; Li et al., 2017; Wang 

et al., 2014b; Xiong et al., 2020), medium-grained TMG (146–138 Ma, Ji 
et al., 2017; Li et al., 2020b; Wang et al., 2014b), and fine-grained TMG 
(137 Ma; HIGS, 2009), with a decreasing trend in age from the reported 
zircon U–Pb ages. 

Exposed as strata around the YMB (except northeast) or as frag
mentation isolated in the batholith is the Lengjiaxi Group of the Neo
proterozoic Qingbaikou system, which is ~ 6,700–10,127 m thick 
comprising sericitized slate, carbonaceous sericite silty slate, gray
wacke, and schist (Gao et al., 2011; Yang et al., 2020); schist occurs in 
the exocontact zone of the YMB within 0–6 km. Moreover, the lower 
Paleozoic Cambrian, Ordovician, and Silurian systems are found in the 
northeast. 

Several ore deposits distributed around the YMB can be found, 
namely, the Taolin and Lishan large-scale Pb–Zn–fluorite deposits (Ding 
and Rees, 1984; Shan et al., 2017; Yu et al., 2021) and Duanfengshan 
and Renli Nb–Ta–(Li) rare-metal deposits. The latter two are the newly 
discovered, large-superlarge scale rare-metal deposits situated in the 
north and south of Mufushan batholiths, respectively(Li et al., 2017; Li 
et al., 2018; Li et al., 2020a; Li et al., 2021; Wei et al., 2021; Zhou et al., 
2019b). Moreover, high amounts of rare-metal (Be, Nb, and Ta) peg
matites (Fig. 1) were found in the exocontact zone of the YMB. 

3. Ore deposit geology 

Located within the contact zone between the southern YMB and 
Lengjiaxi metasedimentary strata, the Renli rare metal ore deposit 
(Fig. 2) is the largest known granitic pegmatite rare-metal deposit with 
high-grade Ta and Nb (10791 t of Ta2O5, average grade at 0.036 wt%; 

Fig. 2. Geological map of the Renli rare-metal deposit (modified from Li, 2017). Pegmatite spatial zonation: type I–microcline pegmatite; type II–microcline-albite 
pegmatite; and type III–albite pegmatite. 
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14057 t of Nb2O5, average grade at 0.047 wt%; Zhou et al., 2019b). The 
exposed strata in the south of the mining area belongs to the Neo
proterozoic Lengjiaxi Group (Fig. 2) and comprises garnet-bearing two- 
mica schist, sericite schist, and banded slate, with NW-trending and NW- 
dipping (dip angles 20–50◦). The fault structures in the mining area are 
mainly NE-oriented, with a smaller number of NNE-oriented faults, 
which cut the metasedimentary rocks, granites, and pegmatites (Li et al., 
2020a,b, Li et al., 2021; Xiong et al., 2020). 

Neoproterozoic and Yanshanian granitic intrusive rocks are exten
sively exposed in the Renli mining area (Fig. 2). The former is medium- 
to fine-grained and weakly gneissic biotite plagioclase granite that 

occurs in the southwestern and southern regions of the district. The 
latter is composed of (1) coarse- to medium-grained BMG occurring in 
the north with a gneissoid margin, (2) medium- and fine-grained TMG 
occurring in the northeast, (3) a small amount of fine- to medium- 
grained muscovite monzogranite (MMG) dikes, and (4) plenty of 
pegmatite dikes/veins. Precious zircon U–Pb age analysis shows that the 
granites exposed in the Renli district have consistent zircon U–Pb ages of 
140–138 Ma (Li et al., 2020b; Xiong et al., 2020) while the BMG samples 
obtained from the drillings of ZK708, ZK1616, and ZK7201 (locations in 
Fig. 2) show an older age of ca.146 Ma (Li et al., 2017). 

Several hundreds of pegmatite dikes are found in the Renli mining 

Fig. 3. Field photographs of pegmatites in the Renli mining area. Outcrop of type I pegmatites in BMG (a); outcrop of type II pegmatites in TMG (b); beryl-bearing 
pegmatite (c); coltan-bearing pegmatite samples (d); spodumene-bearing pegmatite(e); outcrop of spodumene–albite pegmatite of the No.47 (f); outcrop of two mica- 
microcline pegmatite of the No.7 pegmatite (g); outcrop of microcline–albite pegmatite of the No.2 pegmatite (h, i) and the later pegmatite intrusion (h); outcrop of 
microcline–albite pegmatite of the No.3 pegmatite (j, k); spodumene–albite pegmatite of the No.47 (l). Ab = albite; Brl = Beryl; Bi = Biotite; Mc = microcline; Ms =
Muscovite; Qtz = quartz; Grt = Garnet; Spd = spodumene. 

J.-F. Chen et al.                                                                                                                                                                                                                                 

262



Ore Geology Reviews 153 (2023) 105276

5

area. About 140 dikes have large sizes (width > 1 m): 95 hosted in the 
YMB and 45 dikes emplaced in the Lengjiaxi Group as an intrusion. The 
pegmatites show diverse mineral assemblages and mineralizations with 
distance from the YMB. Almost all the pegmatite dikes hosted in the 
BMG belong to biotite–muscovite–microcline pegmatite (type I) 
(Fig. 3a) and basically lack rare-metal minerals, but occasionally some 
beryl or small needle-like coltan. The pegmatites in the TMG belong to 
muscovite–microcline–albite pegmatite (type II) (Fig. 3b), and contain a 
certain amount of beryl (Fig. 3c) and coltan (Fig. 3d). These pegmatites 
emplaced in granites generally exhibit irregular shapes, unconstant 
strikes and limited scales. There are two classifications of pegmatite 
dikes in the Lengjiaxi Group (Fig. 3f). The first is muscovi
te–microcline–albite pegmatite (type II) and locates in an ~ 1–1.7 km- 
wide contact zone between the YMB and schist (Fig. 2). It is featured by 
significant Nb and Ta mineralizations, such as Nos. 2, 3, and 5 pegmatite 
dikes, containing 15 %, 13 %, and 58 % of the total Ta2O5 and 17 %, 13 
%, and 53 % of the total Nb2O5 in the Renli Nb–Ta ore deposit, 
respectively. Coltan is the main rare-metal mineral and appears as 
needle-like or euhedral tabular crystals, with 0.1–1.5 cm grain sizes and 
intergrowth with quartz and albite (Fig. 3d and 4c). The second classi
fication is muscovite–albite–spodumene pegmatite (type III), which lo
cates in the southern and southwestern parts of the mining area and is 
identified by the presence of spodumene (Fig. 3e and 4d, e) and few 
lepidolite (Fig. 4e) and less coltan (Fig. 4f) compared to type II. With 
distance from the batholith, the dominant alkaline elements of pegma
tite change from K to K + Na and then to Na(+Li), and the rare-metal 
mineralization type changes from Be to (Be + )Nb + Ta and then to 
(Be + )Nb + Ta + Li. The above geology and mineralization charac
teristics indicate the Li–Cs–Ta (LCT) affinity of the Renli pegmatites. 

4. Sampling 

Zircon separation, U–Pb dating, and Hf isotope analysis, were per
formed on the RL7-2, RL2-2, and RL47-1 samples collected from Nos. 7, 
2, and 47 pegmatites, respectively (Fig. 2). Monazite separation, U–Pb 
dating, and Nd isotope analysis were performed on the RL2-1, RL2-2, 

and RL3-1 collected from Nos. 2, and 3 pegmatites, respectively (Fig. 2). 

4.1. RL7-2 

RL7-2 was collected from No.7 pegmatite, which is the largest type I 
pegmatite in the Renli mining area. The outcrop of the No. 7 pegmatite is 
2000-m long and 80–140-m wide, with a strike and dip angles of 
330◦–350◦ and 50◦–80◦, respectively. The pegmatite has simple internal 
zonation, i.e., a graphic pegmatite zone, a bio
tite–muscovite–microcline–quartz zone, and a locally developed blocky 
microcline zone. RL7-2 was collected from the biotite-muscovite- 
microcline-quartz zone with a composition of 60 % microcline, 25 % 
quartz, 10 % muscovite, and 4 % biotite (Fig. 3g). 

4.2. RL2-1 and RL2-2 

RL2-1 and RL2-2 were collected from No.2 pegmatite, which is the 
largest type II pegmatite in the Renli mining area. It shows three large 
outcrops with average length of 2900 m and width of 50 m. The largest 
outcrop of the pegmatite shows a complex shape featuring branch and 
recombination, with strike and dip angles of 310◦–330◦ and 25◦–40◦, 
respectively. and was intrusion of a late small pegmatite vein with a 
sharp contact (Fig. 3h, i). The No.2 pegmatite is almost homogeneous in 
mineralogy and texture with no evident internal zonation. For com
parison, the later intrusion vein is uneven in mineral proportion and 
size. RL2-2 was collected from the foot wall of the No. 2 pegmatite 
(Fig. 3h) and has a composition of 25 % microcline, 35 % albite, 30 % 
quartz, and 8 % muscovite (Fig. 4a, b). RL2-1 was collected from the 
later pegmatite intrusion in the No. 2 pegmatite (Fig. 3h) and has a 
composition of 10 % microcline, 35 % albite, 40 % quartz, and 12 % 
muscovite and is identified by remarkable Nb–Ta mineralization. 

4.3. RL3-1 

RL3-1 was collected from the No. 3 pegmatite (Fig. 3j), which also 
belongs to the type II pematite. It is located near the No. 5 pegmatite 

Fig. 4. Photomicrographs of pegmatite samples from the Renli deposit. muscovite–microcline–albite pegmatite (type II) (a, b); euhedral coltan in type II pegmatite 
(c); muscovite–albite–spodumene pegmatite (type III) (d, e); euhedral coltan in type III pegmatite (f). 
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(Fig. 2) featured by large-scale Nb–Ta mineralization. It shows a tabular 
shape in outcrop (Fig. 3j) and has a length of 1280 m and a width of 2–6 
m, with general strike and dip angles of 280◦–310◦ and 25◦–35◦, 
respectively. The No. 3 pegmatite also shows simple mineralogy and 
internal zonation including only a graphic zone and a muscovi
te–quartz–albite zone. RL3-1 was collected from the muscovi
te–quartz–albite zone and is composed of 10 % microcline, 40 % albite, 
30 % quartz, and 18 % muscovite (Fig. 3k). Coltan is the dominant ore- 
forming mineral (Fig. 4c). 

4.4. RL47-1 

RL47-1 was collected from the No.47 pegmatite (Fig. 3f), which is 
the largest spodumene-rich pegmatite of the type III pegmatite exposed 
in the Renli mining area. The pegmatite is located in the western part of 
the Renli mining area and intruded into the schist of the Lengjiaxi Group 
(Fig. 2). It is ca.2000-m long and 1.5–7.0-m wide with a strike of NNW 
300–310◦ and a dip angle of 25–35◦. The No.47 pegmatite also shows 
simple internal zonation that mainly comprises an albite–spodumene 
zone and a muscovite-quartz zone. The RL47-1 sample was collected 
from the albite–spodumene zone with rock-forming minerals of 40 % 
albite, 30 % spodumene, 20 % quartz, and 8 % muscovite (Fig. 3l). 

5. Analytical methods 

All preparatory and analytical works were performed at the State Key 
Laboratory of Ore Deposit Geochemistry (SKLODG), Institute of 
Geochemistry, Chinese Academy of Sciences. The work details are as 
follows. 

5.1. Zircon U–Pb dating and Hf isotope analysis 

Zircons were separated from the pegmatites using conventional 
density and magnetic separation techniques and then hand-picked under 

a binocular microscope. Zircons were mounted onto epoxy and polished 
to about half their thickness. Transmitted and reflected light microscopy 
and cathodoluminescence (CL) imaging were performed on the zircons 
to reveal their internal structure (Fig. 5). 

Zircon U–Pb dating was performed using laser ablation inductively 
coupled plasma mass spectrometry (LA–ICP–MS; GeoLasPro laser abla
tion system) coupled with an Agilent 7700ICP-MS system. A 193-nm ArF 
excimer laser, homogenized by a set of beam delivery systems, was 
focused on a zircon surface with 10 J/cm2 flux under conditions of 32 
μm spot size, 30 kV accelerating voltage, and 5 Hz repetition rate for 40 
s. Helium was used as a carrier gas to transport the aerosol to the ICP–MS 
system. Zircon 91,500 was used as an external standard for the correc
tion of instrumental mass discrimination and elemental fractionation 
(Wiedenbeck et al., 1995). Zircon GJ-1 and Plešovice were treated as 
quality control references for geochronology. Zircon common Pb con
centration was externally calibrated against NIST SRM 610 with Si as an 
internal standard, whereas Zr served as the internal standard for the 
other trace elements (Hu et al., 2011; Liu et al., 2010a). Data reduction 
was performed offline with ICPMSDataCal (Liu et al., 2010b). 

Hf isotope compositions were subsequently obtained from the same 
zircon spots previously analyzed for U–Pb dating, as guided by CL im
ages. Zircon Hf isotopic analyses were performed using a Nu Plasma 
high resolution multiple-collector (MC)-ICP-MS (Nu Instruments ltd., 
UK) equipped with a GeoLas 2005 193 nm ArF excimer laser ablation 
system at the SKLODG, GIGCAS under conditions of 60 μm spot size, 10 
Hz repetition rate, 15–20 J/cm2 energy density, and He carrier gas. Raw 
count rates for 172Yb, 173Yb, 175Lu, 176(Hf + Yb + Lu), 177Hf, 178Hf, 
179Hf, and 180Hf were collected simultaneously. The correction of the 
isobaric interference of 176Lu on 176Hf was done by measuring the in
tensity of an interference-free 175Lu isotope, and 176Lu/177Hf ratios were 
calculated using a recommended 176Lu/175Lu ratio of 0.02669. Simi
larly, correction of the interference of 176Yb on 176Hf was done by 
measuring an interference-free 172Yb isotope, and 176Hf/177Hf ratios 
were calculated using a 176Lu/172Yb ratio of 0.5886 (Chu et al., 2002). 

Fig. 5. Cathodoluminescence (CL) images of zircons from the Renli pegmatite. White and yellow circles indicate the laser spots of U–Pb dating and Hf isotope 
analysis, respectively. 
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The correction of time-dependent drifts of Lu–Hf isotopic ratios was 
performed via linear interpolation based on the variations of 91,500 and 
Penglai. For data quality evaluation, 91,500 and GJ-1 were reanalyzed 
as unknowns. The obtained 176Hf/177Hf ratios were 0.282295 ±
0.000027 (n = 14, 2σ) for 91,500 and 0.282904 ± 0.000006 (n = 30, 
2σ) for Penglai, which is in good agreement with the recommended 
176Hf/177Hf ratios within 2σ (0.282307 ± 58 and 0.282906 ± 0.000010; 
Griffin et al., 2006; Li et al., 2010). 

A decay constant for 176Lu of 1.865 × 10− 11a− 1 (Scherer et al., 2001) 
and chondritic ratios of 176Hf/177 Hf = 0.282772 and 176Lu/177Hf =
0.0332 (Blichert-Toft and Albarède, 1997) were adopted for the calcu
lation of the initial 176Hf/177Hf and εHf(t) values. Depleted mantle Hf 
model ages (TDM) were calculated from the measured 176Lu/177Hf and 
176Hf/177Hf ratios of the zircons, assuming a present 176Hf/177Hf ratio of 
0.283250 and a 176Lu/177Hf ratio of 0.0384 for the depleted mantle 
(Griffin et al., 2002). The average crustal 176Lu/177Hf value of 0.015 was 
adopted for the calculation of the two stage model ages (Griffin et al., 
2002). 

5.2. Monazite U–Pb dating and Nd isotope analyses 

Monazite U–Th–Pb dating was done by LA-ICP-MS. Laser sampling 
was performed using a GeolasPro LA system comprising a COMPexPro 
102ArF excimer laser (193 nm wavelength and 200 mJ maximum en
ergy) and a MicroLas optical system. ICP–MS (Agilent 7700e ICP–MS 
instrument) was performed for acquiring ion-signal intensities. Helium 
was used as the carrier gas and argon was used as the make-up gas; both 
were mixed using a T-connector before they were entered into the 
ICP–MS instrument. A “wire” signal smoothing device was included in 
this LA system through which smooth signals are produced even at very 
low laser rates down to 1 Hz (Hu et al., 2008). The spot size of the laser 
was set to 24 μm, and the frequency of the laser was 5 Hz. Monazite 
standard Harvard 117,531 (272 ± 2 Ma; Tomascak et al., 1996) and 
glass NIST610 were used as external standards for U–Th–Pb dating and 
trace element calibration, respectively. The pegmatite monazite stan
dards Coqueiro and Paraíso (Goncalves et al., 2016) were used as a 
secondary standard to monitor data quality. Each analysis incorporated 
a background acquisition of ~ 20–30 s followed by 50 s of data acqui
sition from the sample. The Excel-based software ICPMSDataCal was 
used to perform offline selection and integration of background and 
analyzed signals, time-drift correction, and quantitative calibration for 
trace element analysis and U–Th–Pb dating. Concordia diagrams were 
constructed, and Isoplot 4.15 was used to performed weighted mean 
calculations (Ludwig, 2011). 

In situ monazite Nd isotope measurements were conducted using a 
Nu Plasma III MC–ICP–MS (Nu Instruments) that was attached to a 
RESOlution-155 ArF 193 nm laser ablation system (Australian Scientific 
Instruments). Monazite was ablated in a mixture of helium (350 mL/ 
min) and nitrogen (2 mL/min) atmospheres at 30 s baseline time, 40 s 
ablation time, 60 μm spot size, 6 Hz repetition rate, and 6 J/cm2 energy 
density. The interference of 144Sm on 144Nd was derived from the 147Sm 
intensity using a natural 144Sm/147Sm ratio of 0.205484 (Isnard et al., 
2005). The mass bias factor of Sm with a true value of 1.08680 was 
calculated from the measured isotopic ratio of 147Sm/149Sm (Isnard 
et al., 2005). The mass bias of 143Nd/144Nd was normalized to 
146Nd/144Nd of 0.7129 with an exponential law. One apatite standard 
Durango every-five samples and other two apatite standards (AP1 and 
MAD) every 30 unknown samples were treated as quality control. The 
measured 143Nd/144Nd ratio for the apatite standard AP1 was 0.512342 
± 0.000014 (n = 12), near the recommended value (AP1: 0.512352 ±
0.000024) (Yang et al., 2014). 

6. Analytical results 

6.1. CL and Th–U features of zircon samples 

For the RL7-2 sample, the zircons are euhedral (Fig. 5a) and trans
parent or translucent. Zircons lengths are from 100 to 300 µm, with 
length/width ratios of 2:1–4:1. Most zircons exhibit weak oscillatory 
growth zoning, and a few of them are almost black (grains 12–16) in 
their CL images (Fig. 5a). Their Th and U contents are in the ranges of 
82–620 and 5154–21886 ppm, respectively, with consistent Th/U ratios 
of 0.02–0.03 (Table 1). 

For the RL2-2 sample, the zircons are euhedral to subhedral and 
translucent and 80–120-µm long, with length/width ratios of 1:1 to 3:1 
(Fig. 5b). Some zircons exhibit weak (grains 1, and 2) to clear (grains 3, 
4, 5, 6, and 9) oscillatory growth zoning, and some (grains 7, 10, 11, 12, 
13, and 14) show a blurred and spongy inner core and weak oscillatory 
growth zoning in outer rims. Their Th and U contents are 293–3749 and 
4292 to 45588 ppm, respectively, with Th/U ratios of 0.02–0.09 
(Table 1). 

For the RL47-1 sample, the zircons are subhedral and translucent, 
with crystal sizes 70–110-µm long, with length/width ratios of 
1:1–1.5:1. All the zircon grains exhibit irregular and weak oscillatory 
growth zoning (Fig. 5c). Their Th and U contents are 235 –30401 and 
4012–74993 ppm, respectively, with Th/U ratios of 0.03–0.41 (Table 1). 

6.2. CL and Th–U features of monazite samples 

The monazites from the RL2-1, RL2-2, and RL3-1 samples exhibit 
almost the same feature, as shown in the CL images (Fig. 6a, b, c); they 
are euhedral to subhedral, 80–130-μm long, and 40–100-μm wide with 
low length/width ratios. In addition, most of the grains lack oscillatory 
growth zoning in their CL images. They contain high Th 
(118,000–266,000 ppm) and U (18,000–83,000 ppm) contents and 
relatively low Pb (1200–3000 ppm) contents (Table 2). 

6.3. Zircon U–Pb ages 

For the RL7-2 sample of microcline pegmatite, U–Pb age determi
nation was performed on 18 zircons (Fig. 5a). Nos. 9 and 18 grains 
yielded old 206Pb/238U ages of 150.1 ± 1.0 and 149.5 ± 1.4 Ma, 
respectively, indicating the occurrence of zircon xenocryst. The other 16 
zircons yielded 206Pb/238U ages of 139.6–142.6 Ma, with a lower 
intercept age of 141.8 ± 1.1 Ma (MSWD = 0.21) and a weighted mean 
206Pb/238U age of 141.5 ± 0.8 Ma (MSWD = 0.22, Fig. 7a, b; Table 1), 
which may represent the crystallization age. 

For the RL2-1 sample of microcline–albite pegmatite, 14 zircon 
grains were analyzed (Fig. 5b). Nos. 7 and 12 grains yielded 206Pb/238U 
ages of 166.5 ± 1.3 and 149.0 ± 1.1 Ma, respectively, indicating the 
occurrence of zircon xenocryst. The age obtained from the No. 02 grain 
largely deviated from the concordia diagram owing to the effect of 
common Pb on the 207Pb/235U age. The other 11 zircon grains yielded 
consistent 206Pb/238U ages of 136.4–138.4 Ma, with a lower intercept 
age of 137.0 ± 1.0 Ma (MSWD = 0.13) and a weighted mean 206Pb/238U 
age of 137.1 ± 0.8 Ma (MSWD = 0.15, Fig. 7c, d; Table 1), indicating the 
crystallization age. 

For the RL47-1 sample of spodumene–albite pegmatite, 16 zircons 
were analyzed. Nos. 07, 12, and 16 grains yielded old 206Pb/238U ages of 
151.4–165.8 Ma, consistent with those of the inherited zircons from the 
RL7-2 and RL2-1 samples within error. Nos. 04 and 08 grains yielded 
young 206Pb/238U ages of 99.4 and 111.4 Ma, respectively, probably 
caused by significant Pb loss due to metamictization. The other 11 zircon 
grains yielded a 206Pb/238U age population of 132.7–135.7 Ma, with a 
lower intercept age of 134.3 ± 1.6 Ma (MSWD = 0.43) and a weighted 
mean 206Pb/238U age of 134.5 ± 0.8 Ma (MSWD = 0.38, Fig. 7e, f; 
Table 1), representing the crystallization age. 
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Table 1 
Zircon U-Pb dating results of the Renli pegmatite.  

Spot.no. Content (ppm) Th/U Isotopic ratios and 1σ errors  Corrected ages and ± 1σ errors(Ma) 
232Th 238U 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ  207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ 

RL7-2–01 262 13,681  0.02  0.04837  0.00078  0.15049  0.00285  0.02226  0.00034  116.8 37.0  142.3  2.5  141.9  2.1 
RL7-2–02 301 13,301  0.02  0.05058  0.00077  0.15711  0.00295  0.02210  0.00026  220.4 35.2  148.2  2.6  140.9  1.7 
RL7-2–03 515 17,752  0.03  0.04824  0.00075  0.15012  0.00273  0.02221  0.00029  109.4 37.0  142.0  2.4  141.6  1.8 
RL7-2–04 481 16,973  0.03  0.04808  0.00080  0.14968  0.00274  0.02221  0.00027  101.9 38.9  141.6  2.4  141.6  1.7 
RL7-2–05 540 20,961  0.03  0.05069  0.00076  0.15738  0.00293  0.02203  0.00026  233.4 35.2  148.4  2.6  140.5  1.6 
RL7-2–06 494 19,119  0.03  0.04850  0.00069  0.15208  0.00242  0.02229  0.00023  124.2 33.3  143.7  2.1  142.1  1.4 
RL7-2–07 149 5161  0.03  0.04925  0.00081  0.15278  0.00247  0.02211  0.00019  166.8 38.9  144.4  2.2  141.0  1.2 
RL7-2–08 301 13,432  0.02  0.05040  0.00081  0.15519  0.00285  0.02189  0.00028  213.0 37.0  146.5  2.5  139.6  1.8 
RL7-2–09 394 16,175  0.02  0.05055  0.00080  0.16774  0.00248  0.02355  0.00015  220.4 37.0  157.5  2.2  150.1  1.0 
RL7-2–10 392 16,224  0.02  0.05180  0.00085  0.16231  0.00280  0.02225  0.00024  276.0 41.7  152.7  2.4  141.8  1.5 
RL7-2–11 240 11,569  0.02  0.04818  0.00082  0.15121  0.00269  0.02224  0.00023  109.4 34.3  143.0  2.4  141.8  1.4 
RL7-2–12 369 15,831  0.02  0.04890  0.00077  0.15424  0.00260  0.02237  0.00024  142.7 41.7  145.6  2.3  142.6  1.5 
RL7-2–13 620 21,886  0.03  0.05154  0.00080  0.16062  0.00237  0.02217  0.00021  264.9 37.0  151.2  2.1  141.3  1.4 
RL7-2–14 312 15,240  0.02  0.04861  0.00073  0.15284  0.00250  0.02230  0.00023  127.9 32.4  144.4  2.2  142.2  1.4 
RL7-2–15 502 21,170  0.02  0.04856  0.00073  0.15161  0.00247  0.02215  0.00023  127.9 30.6  143.3  2.2  141.2  1.5 
RL7-2–16 442 16,775  0.03  0.04775  0.00070  0.14996  0.00237  0.02230  0.00023  87.1 35.2  141.9  2.1  142.2  1.4 
RL7-2–17 369 15,769  0.02  0.04951  0.00077  0.15532  0.00285  0.02228  0.00029  172.3 4.6  146.6  2.5  142.1  1.8 
RL7-2–18 82.2 5354  0.02  0.04914  0.00086  0.16172  0.00272  0.02346  0.00023  153.8 36.1  152.2  2.4  149.5  1.4 
RL2-1–01 1260 28,673  0.04  0.05500  0.00092  0.16485  0.00280  0.02157  0.00024  413.0 37.0  154.9  2.4  137.6  1.5 
RL2-1–02 2725 33,633  0.08  0.09234  0.00217  0.27988  0.00774  0.02160  0.00023  1475.9 44.4  250.6  6.1  137.8  1.4 
RL2-1–03 1037 21,431  0.05  0.05782  0.00164  0.17659  0.00637  0.02171  0.00034  524.1 61.1  165.1  5.5  138.4  2.2 
RL2-1–04 3749 45,584  0.08  0.05347  0.00104  0.16133  0.00308  0.02146  0.00020  350.1 42.6  151.9  2.7  136.9  1.2 
RL2-1–05 1969 27,434  0.07  0.05237  0.00123  0.15892  0.00387  0.02159  0.00030  301.9 49.1  149.8  3.4  137.7  1.9 
RL2-1–06 744 16,729  0.04  0.04984  0.00103  0.15199  0.00342  0.02166  0.00036  187.1 48.1  143.7  3.0  138.1  2.3 
RL2-1–07 1387 31,138  0.04  0.05088  0.00093  0.18810  0.00326  0.02617  0.00021  235.3 42.6  175.0  2.8  166.5  1.3 
RL2-1–08 2150 24,766  0.09  0.04930  0.00074  0.14827  0.00246  0.02143  0.00018  161.2 35.2  140.4  2.2  136.7  1.1 
RL2-1–09 1521 28,848  0.05  0.05134  0.00103  0.15250  0.00322  0.02143  0.00024  257.5 46.3  144.1  2.8  136.7  1.5 
RL2-1–10 421 17,567  0.02  0.04980  0.00100  0.14930  0.00355  0.02156  0.00027  187.1 46.3  141.3  3.1  137.5  1.7 
RL2-1–11 293 4292  0.07  0.05138  0.00115  0.15323  0.00366  0.02138  0.00022  257.5 51.8  144.8  3.2  136.4  1.4 
RL2-1–12 456 20,229  0.02  0.05375  0.00102  0.17597  0.00367  0.02338  0.00017  361.2 75.0  164.6  3.2  149.0  1.1 
RL2-1–13 799 29,160  0.03  0.04877  0.00081  0.14700  0.00257  0.02147  0.00024  200.1 38.9  139.3  2.3  136.9  1.5 
RL2-1–14 1003 22,893  0.04  0.05293  0.00089  0.16040  0.00318  0.02154  0.00027  324.1 38.9  151.1  2.8  137.4  1.7 
RL47-1–01 346 7482  0.05  0.05070  0.00097  0.14909  0.00300  0.02116  0.00021  228 72.2  141.1  2.7  135.0  1.4 
RL47-1–02 332 4012  0.08  0.06548  0.00175  0.19309  0.00585  0.02120  0.00033  791 62  179.3  5.0  135.3  2.1 
RL47-1–03 448 13,133  0.03  0.05061  0.00110  0.14980  0.00406  0.02128  0.00033  233 50.0  141.7  3.6  135.7  2.1 
RL47-1–04 1224 33,028  0.04  0.05088  0.00086  0.10979  0.00195  0.01554  0.00015  235 38.9  105.8  1.8  99.4  1.0 
RL47-1–05 1487 11,614  0.13  0.05534  0.00102  0.16236  0.00360  0.02105  0.00024  433 40.7  152.8  3.1  134.3  1.5 
RL47-1–06 801 12,531  0.06  0.05459  0.00078  0.15895  0.00225  0.02090  0.00013  394 31.5  149.8  2.0  133.4  0.8 
RL47-1–07 6425 17,515  0.37  0.05287  0.00081  0.18498  0.00374  0.02518  0.00045  324 39.8  172.3  3.2  160.3  2.8 
RL47-1–08 1635 15,312  0.11  0.05734  0.00099  0.13847  0.00266  0.01743  0.00028  506 38.9  131.7  2.4  111.4  1.7 
RL47-1–09 30,401 74,933  0.41  0.05350  0.00105  0.15668  0.00424  0.02080  0.00027  350 44.4  147.8  3.7  132.7  1.7 
RL47-1–10 1023 19,724  0.05  0.05333  0.00101  0.15812  0.00327  0.02119  0.00025  343 42.6  149.1  2.9  135.2  1.6 
RL2-47–11 2868 24,224  0.12  0.04814  0.00073  0.14221  0.00236  0.02116  0.00023  106 32.4  135.0  2.1  135.0  1.5 
RL2-47–12 235 6880  0.03  0.05085  0.00101  0.18425  0.00379  0.02605  0.00038  235 46.3  171.7  3.3  165.8  2.4 
RL2-47–13 674 19,012  0.04  0.05968  0.00112  0.17783  0.00471  0.02117  0.00031  591 40.7  166.2  4.1  135.1  2.0 
RL2-47–14 3366 19,083  0.18  0.06209  0.00176  0.18821  0.00940  0.02113  0.00037  676 63.9  175.1  8.0  134.8  2.4 
RL2-47–15 1359 24,812  0.05  0.05697  0.00096  0.16756  0.00259  0.02108  0.00024  500 37.0  157.3  2.3  134.5  1.5 
RL2-47–16 553 18,075  0.03  0.05391  0.00111  0.17891  0.00390  0.02377  0.00029  369 46.3  167.1  3.4  151.4  1.8  
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6.4. Monazite U–Th–Pb ages 

Although monazite incorporates significant amounts of 230Th into its 
structure during crystallization, the effect of excess 206Pb from the decay 
of initial 230Th (Schärer, 1984) can be avoided by using of the Th–Pb 
system. Monazites typically contain a relatively low amount of radio
genic 207Pb, affording 207Pb/235U ages less precise than 206Pb/238U and 
208Pb/232Th ages. The analyzed monazites contain abundant 232Th 
(Table 2) and significant 208Pb, with high Th/U ratios of 2.6 to 37.2 
(average 9.8). Because Th–Pb dating of monazite has advantages over 
the U–Pb dating because of better counting statistics and smaller pro
portion of common 208Pb, we adopted the208Pb/232Th age as the best 
candidate for the crystallization time of monazite (e.g., Ayers et al., 
2002; Cottle et al., 2015; Xiong et al., 2020; Ying et al., 2017). 

LA–ICP–MS U–Th–Pb dating was performed on the three groups of 
monazite samples from microcline–albite pegmatite (RL2-1, RL2-2, and 
RL3-1) (Fig. 6). Table 2 lists the dating results. 

Twenty monazite grains from the RL2-1 sample yielded consistent 
208Pb/232Th ages of 135.1–138.0 Ma, with a weighted mean 208Pb/232Th 
age of 136.5 ± 0.4 Ma (MSWD = 1.12, Fig. 8a, b; Table 2). Nineteen 
spots on 19 monazite grains from the RL2-2 sample defined a 
208Pb/232Th age population of 135.1–139.0 Ma, with a weighted mean 
208Pb/232Th age of 137.0 ± 0.5 Ma (MSWD = 1.5, Fig. 8c, d; Table 2). 
Twenty spots on 20 monazite grains from the RL3-1 sample yielded 
208Pb/232Th ages between 134.9 and 137.9 Ma, with a weighted mean 
208Pb/232Th age of 136.5 ± 0.4 Ma (MSWD = 0.82, Fig. 8a, b; Table 2). 

6.5. Zircon Hf isotope composition 

The zircons analyzed for U–Pb age were chosen for Hf isotopic 
composition analysis. Fig. 5 shows the specific ablation spots, and 
Table 3 lists the results. 

The zircons from RL7-2 have 176Lu/177Hf and 176Hf/177Hf ratios of 
0.000673–0.002803 and 0.282443–0.282523, respectively. According 
to the U–Pb ages, the εHf(t) values are calculated to be − 8.69 to − 5.86 
(average − 7.29), the fLu/Hf values are measured to be − 0.98 to − 0.92, 
and the TDM2 ages are calculated to be 1535 to 1740 Ma (average 1652 
Ma). 

For RL2-2, the Hf isotope compositions of the zircons from RL2-2 are 
similar to those of RL7-2: 176Lu/177Hf ratios of 0.000048–0.001929, 
176Hf/177Hf ratios of 0.282436–0.282533, εHf (t) values of − 8.87 to −
5.42 (average − 6.58), fLu/Hf from − 1.00 to − 0.94, and TDM2ages of 
1513–1748 Ma (average 1606 Ma). 

Zircons from RL47-1 have 176Lu/177Hf and 176Hf/177Hf ratios of 
0.000031–0.000122 and 0.282432–0.282570, respectively. The calcu
lated εHf (t) values are − 9.07 to − 4.18 (average − 6.26), the fLu/Hf 

values are − 1.00, and the TDM2ages are 1451–1759 Ma (average 1582 
Ma). 

6.6. Monazite Nd isotope composition 

Sm–Nd isotope composition analysis was conducted on euhedral or 
large monazite grains with concordant U–Th–Pb age from the RL2-1, 
RL2-2, and RL3-1 samples, with the ablation site overlying the 
U–Th–Pb spots (Fig. 6). Table 4 lists the results. 

For the RL2-1 sample, 16 monazites were analyzed (Fig. 6a). The 
results are as follows. 143Nd/144Nd ratios of 0.512153–0.512309 with 
147Sm/144Nd ratios of 0.13–0.20, εNd(t) of − 8.77 to − 6.42 (average −
7.60), and TDM2 ages of 1452–1643 Ma (average 1548 Ma). 

For the RL2-2 sample, 15 monazites were analyzed (Fig. 6b). The 
results are as follows. 143Nd/144Nd ratios of 0.512144–0.512322 with 
147Sm/144Nd ratios of 0.13–0.17. The corresponding εNd (t) values are 
between − 8.81 and − 5.38 (average − 7.62), and TDM2 ages are 
1368–1647 Ma (average 1549 Ma). 

For the RL3-1 sample, the results for the Nd isotope compositions of 
the monazite grains are as follows: 147Sm/144Nd ratios of 
0.512093–0.512387 with 147Sm/144Nd ratios of 0.14–0.20, εNd(t) values 
of − 9.74 to − 4.89 (average − 7.94), and TDM2 ages of 1328 to 1721 Ma 
(average 1575 Ma). 

7. Discussion 

7.1. Geochronology of the Renli pegmatite 

Granitic pegmatites commonly contain certain amounts of accessory 
and ore minerals, such as zircon, apatite, monazite, and columbite group 
minerals, which are adaptable for dating. Zircon and monazite were 
chosen because of the high closure temperature of the U–Pb system 
(>600 ◦C; Mezger et al., 1989; Sevigny and Hanson, 1992) and the wide 
application of zircon Hf and monazite Nd isotope compositions. The 
zircon grains collected from RL7-2, RL2-1, and RL47-1 display weak 
luminescence (Fig. 3), high U and Th contents, and low Th/U ratios 
(Table 1), which are distinct from the typical magmatic zircon described 
by Hoskin and Schaltegger (2003). However, it is difficult to exclude the 
magmatic origin of these zircons by the features mentioned above. For 
instance, the weak luminescence of zircon probably results from the 
suppression of CL emission caused by high U4+ abundance and its ra
diation damage on the crystal lattice (Nasdala et al., 2003). In addition, 
the very low Th/U ratio can be ascribed to the preferential incorporation 
of U4+ into zircon owing to its small ionic radius compared to Th4+ and 
the large partition coefficient of U compared to Th in H2O-rich fluids 
(Rollinson and Windley, 1980). In addition, some zircons from the RL7- 

Fig. 6. CL images of monazites the Renli pegmatite. White and yellow circles indicate the laser spots of U–Th–Pb dating and Nd isotope analysis, respectively.  

J.-F. Chen et al.                                                                                                                                                                                                                                 

267



OreGeologyReviews153(2023)105276

10

Table 2 
Monazite U-Th-Pb dating results of theRenli pegmatite.  

Spot.no. Content (ppm) Common Pb  Isotopic ratios and 1σ errors  Corrected ages and ± 1σ errors(Ma) 

Pb(Total) 232Th 238U 207Pb/235U 1σ 206Pb/238U 1σ 208Pb/232Th 1σ  207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ 208Pb/232Th 1σ 

RL2-1–01 1582 195,894 24,197  0.5   0.15150  0.00290  0.02124  0.00017  0.00671  0.00004   333.4  40.7  143.2  2.6  135.5  1.0  135.1  0.8 
RL2-1–02 1327 146,232 25,447  5.8   0.15004  0.00262  0.02120  0.00016  0.00671  0.00004   253.8  38.9  141.9  2.3  135.2  1.0  135.2  0.9 
RL2-1–03 1554 179,255 27,157  6.8   0.14876  0.00250  0.02131  0.00015  0.00678  0.00004   220.4  37.0  140.8  2.2  135.9  1.0  136.5  0.8 
RL2-1–04 2030 232,388 35,883  4.6   0.14753  0.00212  0.02130  0.00013  0.00683  0.00004   211.2  31.5  139.7  1.9  135.9  0.8  137.6  0.7 
RL2-1–05 1667 175,314 34,534  5.6   0.14587  0.00237  0.02103  0.00017  0.00683  0.00004   205.6  35.2  138.3  2.1  134.2  1.1  137.6  0.8 
RL2-1–06 1469 172,576 25,033  3.3   0.14798  0.00242  0.02138  0.00015  0.00681  0.00004   198.2  33.3  140.1  2.1  136.4  0.9  137.2  0.9 
RL2-1–07 1050 115,539 21,221  2.8   0.15051  0.00288  0.02082  0.00020  0.00675  0.00005   298.2  41.7  142.4  2.5  132.9  1.3  135.9  1.0 
RL2-1–08 1390 172,499 22,215  3.8   0.14945  0.00265  0.02115  0.00016  0.00671  0.00004   255.6  37.0  141.4  2.3  134.9  1.0  135.2  0.9 
RL2-1–09 1784 199,284 34,676  3.0   0.14961  0.00233  0.02114  0.00017  0.00675  0.00004   253.8  31.5  141.6  2.1  134.8  1.1  136.0  0.9 
RL2-1–10 1439 178,569 22,456  9.6   0.14919  0.00292  0.02155  0.00021  0.00680  0.00005   211.2  44.4  141.2  2.6  137.5  1.3  137.0  1.1 
RL2-1–11 1589 207,782 22,035  9.0   0.14826  0.00263  0.02141  0.00019  0.00676  0.00005   205.6  37.0  140.4  2.3  136.6  1.2  136.2  0.9 
RL2-1–12 1444 171,205 24,788  0.8   0.14860  0.00252  0.02130  0.00015  0.00678  0.00004   220.4  37.0  140.7  2.2  135.9  1.0  136.5  0.9 
RL2-1–13 1569 171,543 30,348  0.4   0.14971  0.00228  0.02141  0.00017  0.00684  0.00005   233.4  31.5  141.7  2.0  136.5  1.1  137.8  0.9 
RL2-1–14 1546 185,470 25,637  2.3   0.15034  0.00285  0.02135  0.00016  0.00679  0.00004   239.0  40.7  142.2  2.5  136.2  1.0  136.7  0.9 
RL2-1–15 1230 150,858 19,069  4.4   0.15261  0.00277  0.02135  0.00017  0.00685  0.00005   279.7  40.7  144.2  2.4  136.2  1.1  138.0  0.9 
RL2-1–16 1523 155,648 33,273  1.7   0.14854  0.00238  0.02123  0.00018  0.00672  0.00004   233.4  31.5  140.6  2.1  135.4  1.1  135.3  0.8 
RL2-1–17 1259 164,672 17,338  6.4   0.15234  0.00303  0.02129  0.00016  0.00672  0.00005   276.0  42.6  144.0  2.7  135.8  1.0  135.4  0.9 
RL2-1–18 1656 191,548 29,525  4.1   0.14331  0.00250  0.02111  0.00016  0.00681  0.00005   153.8  37.0  136.0  2.2  134.7  1.0  137.1  1.0 
RL2-1–19 1920 240,717 28,038  3.2   0.14766  0.00249  0.02143  0.00017  0.00681  0.00005   190.8  39.8  139.8  2.2  136.7  1.1  137.2  1.0 
RL2-1–20 1744 208,827 28,865  7.3   0.14968  0.00257  0.02123  0.00016  0.00676  0.00005   242.7  37.0  141.6  2.3  135.4  1.0  136.1  1.1 
RL2-2–01 1428 148,079 30,104  10.9   0.15842  0.00299  0.02161  0.00018  0.00688  0.00006   344.5  36.1  149.3  2.6  137.8  1.2  138.5  1.3 
RL2-2–02 1710 182,486 34,749  9.0   0.15253  0.00237  0.02138  0.00018  0.00690  0.00005   333.4  31.5  144.1  2.1  136.3  1.1  139.0  0.9 
RL2-2–03 1685 211,484 25,320  4.7   0.15321  0.00264  0.02169  0.00019  0.00684  0.00005   253.8  43.5  144.7  2.3  138.3  1.2  137.9  1.1 
RL2-2–04 1683 180,693 34,789  7.5   0.14592  0.00239  0.02131  0.00016  0.00678  0.00005   176.0  37.0  138.3  2.1  135.9  1.0  136.7  1.0 
RL2-2–05 1504 179,008 25,851  3.6   0.15034  0.00257  0.02145  0.00018  0.00678  0.00005   231.6  69.4  142.2  2.3  136.8  1.1  136.6  1.0 
RL2-2–06 1547 152,283 35,912  5.8   0.14628  0.00240  0.02115  0.00017  0.00680  0.00005   211.2  35.2  138.6  2.1  134.9  1.1  137.0  1.0 
RL2-2–07 1899 244,897 26,679  7.5   0.15062  0.00281  0.02171  0.00019  0.00680  0.00005   211.2  37.0  142.5  2.5  138.5  1.2  137.0  1.0 
RL2-2–08 1380 173,150 20,850  9.9   0.15149  0.00288  0.02133  0.00024  0.00685  0.00006   264.9  36.1  143.2  2.5  136.0  1.5  138.0  1.1 
RL2-2–09 1898 222,870 32,919  4.2   0.14783  0.00240  0.02151  0.00016  0.00679  0.00004   187.1  35.2  140.0  2.1  137.2  1.0  136.8  0.8 
RL2-2–10 1240 175,933 12,313  7.4   0.14928  0.00356  0.02190  0.00015  0.00686  0.00004   164.9  53.7  141.3  3.1  139.6  1.0  138.2  0.7 
RL2-2–11 1900 215,446 34,884  5.7   0.14644  0.00207  0.02145  0.00013  0.00681  0.00004   168.6  − 0.9  138.8  1.8  136.8  0.8  137.2  0.7 
RL2-2–12 1638 222,032 19,589  5.0   0.14961  0.00272  0.02152  0.00018  0.00681  0.00004   213.0  40.7  141.6  2.4  137.3  1.2  137.2  0.8 
RL2-2–13 1216 138,250 21,826  5.8   0.14630  0.00236  0.02137  0.00014  0.00685  0.00004   176.0  35.2  138.6  2.1  136.3  0.9  138.0  0.8 
RL2-2–14 1806 219,452 28,946  7.4   0.13863  0.00235  0.02116  0.00017  0.00672  0.00005   76.0  35.2  131.8  2.1  135.0  1.1  135.5  0.9 
RL2-2–15 1510 177,188 25,681  6.3   0.13872  0.00250  0.02095  0.00014  0.00677  0.00004   101.9  38.9  131.9  2.2  133.6  0.9  136.4  0.7 
RL2-2–16 1267 160,468 18,109  3.9   0.14090  0.00288  0.02096  0.00019  0.00679  0.00005   139.0  45.4  133.8  2.6  133.7  1.2  136.9  1.0 
RL2-2–17 1661 202,878 26,530  8.3   0.13225  0.00241  0.02070  0.00016  0.00670  0.00004   20.5  40.7  126.1  2.2  132.1  1.0  135.1  0.9 
RL2-2–18 1612 188,794 27,938  5.0   0.13175  0.00233  0.02046  0.00016  0.00674  0.00004   53.8  43.5  125.7  2.1  130.5  1.0  135.7  0.8 
RL2-2–19 1448 175,624 23,354  6.2   0.13043  0.00245  0.02035  0.00017  0.00675  0.00004   39.0  − 162.0  124.5  2.2  129.9  1.1  136.0  0.8 
RL3-1–01 1258 118,772 30,843  4.0   0.14805  0.00253  0.02103  0.00016  0.00670  0.00004   239.0  32.4  140.2  2.2  134.1  1.0  134.9  0.9 
RL3-1–02 1670 156,337 41,618  6.0   0.14451  0.00213  0.02088  0.00015  0.00676  0.00004   211.2  31.5  137.1  1.9  133.2  0.9  136.2  0.8 
RL3-1–03 1382 135,250 32,966  6.5   0.14842  0.00232  0.02103  0.00016  0.00676  0.00005   255.6  33.3  140.5  2.1  134.2  1.0  136.1  0.9 
RL3-1–04 1720 143,535 48,759  9.0   0.14519  0.00213  0.02087  0.00015  0.00678  0.00004   209.3  25.0  137.7  1.9  133.2  1.0  136.5  0.9 
RL3-1–05 1561 132,416 43,555  6.8   0.14913  0.00228  0.02104  0.00017  0.00675  0.00005   257.5  26.9  141.1  2.0  134.2  1.1  135.9  0.9 
RL3-1–06 1810 185,408 41,443  11.5   0.14803  0.00210  0.02103  0.00015  0.00679  0.00004   239.0  62.0  140.2  1.9  134.2  1.0  136.7  0.8 
RL3-1–07 1918 180,318 48,187  6.7   0.14734  0.00236  0.02107  0.00017  0.00685  0.00005   233.4  33.3  139.6  2.1  134.4  1.0  137.9  0.9 
RL3-1–08 1781 166,380 45,575  7.4   0.14780  0.00237  0.02077  0.00017  0.00684  0.00005   264.9  33.3  140.0  2.1  132.5  1.1  137.7  1.0 
RL3-1–09 1699 143,574 48,894  15.3   0.14822  0.00269  0.02068  0.00022  0.00671  0.00006   283.4  34.3  140.3  2.4  132.0  1.4  135.2  1.2 
RL3-1–10 1335 118,737 35,201  6.4   0.14894  0.00260  0.02116  0.00015  0.00684  0.00005   239.0  32.4  141.0  2.3  135.0  0.9  137.8  1.1 
RL3-1–11 3054 265,815 82,616  10.0   0.15005  0.00206  0.02103  0.00017  0.00684  0.00004   333.4  25.9  142.0  1.8  134.2  1.0  137.7  0.9 
RL3-1–12 2401 199,801 67,957  5.9   0.15032  0.00262  0.02088  0.00023  0.00677  0.00007   300.1  35.2  142.2  2.3  133.2  1.4  136.3  1.4 
RL3-1–13 2496 209,077 70,659  7.8   0.14621  0.00211  0.02068  0.00017  0.00678  0.00004   250.1  29.6  138.6  1.9  132.0  1.1  136.5  0.9 
RL3-1–14 2585 202,549 77,270  12.4   0.14716  0.00246  0.02069  0.00021  0.00678  0.00005   261.2  31.5  139.4  2.2  132.0  1.3  136.5  1.1 
RL3-1–15 1723 158,458 43,236  10.1   0.15145  0.00264  0.02114  0.00015  0.00681  0.00004   276.0  39.8  143.2  2.3  134.9  0.9  137.2  0.8 
RL3-1–16 1865 180,899 44,475  4.8   0.14795  0.00240  0.02104  0.00017  0.00679  0.00005   239.0  30.6  140.1  2.1  134.2  1.1  136.8  1.0 
RL3-1–17 2824 254,639 75,144  6.2   0.14576  0.00194  0.02051  0.00013  0.00673  0.00004   261.2  24.1  138.2  1.7  130.9  0.8  135.6  0.8 
RL3-1–18 1726 165,226 41,774  6.5   0.14771  0.00243  0.02089  0.00014  0.00678  0.00004   250.1  35.2  139.9  2.2  133.3  0.9  136.6  0.8 
RL3-1–19 1787 166,262 45,280  7.8   0.14290  0.00209  0.02078  0.00016  0.00673  0.00004   187.1  25.0  135.6  1.9  132.6  1.0  135.6  0.9 
RL3-1–20 1998 192,709 48,407  2.8   0.14678  0.00237  0.02070  0.00016  0.00676  0.00004   253.8  31.5  139.1  2.1  132.1  1.0  136.3  0.9  

J.-F. Chen et al.                                                                                                                                                                                                                                 

268



Ore Geology Reviews 153 (2023) 105276

11

2, RL2-1, and RL47-1 samples feature growth zoning in CL images, 
which supports a magmatic origin. 

However, most zircons from the Nos. 2, 7 and 47 pegmatites are 
highly rich in U (4012–33028 ppm), with low Th/U ratios (mostly below 
0.1) (Table 1), and weak or mosaic luminescence (Fig. 5), indicating that 
they suffered from later reworking event(s). A high abundance of U and 
its radioactive decay destroys the zircon lattice, i.e., metamictization, 
and make zircons susceptive to fluid alteration, leaching, and recrys
tallization, which is featured by spongy texture and mosaic lumines
cence. The loss of radiogenic Pb daughters lose from metamict zircons 
occurs through diffusion because their large ionic radius will induce 
younger U-Pb ages. In addition, the 206Pb/238U and 207Pb/235U ages 
obtained from metamict zircons reworked by later fluids could be 
discordant in most cases, with discordant younger ages owing to Pb- 
losing induced by fluid leaching or older ages owing to the incorpora
tion of common Pb in zircon. The recrystallization effect on U-Pb age 
depends on the degree and time of recrystallization: the former affects 

the age concordance and the latter determines whether it can be 
distinguished from zircon crystallization age under specific conditions of 
analysis technique. However, mostly concordant 206Pb/238U and 
207Pb/235U ages are obtained from the zircons (with concordance > 90 
%), indicating limited effect from Pb losing and acquisition. In addition, 
zircons from the early pegmatites, such as the No. 7 pegmatite (type I) 
and the No. 2 pegmatite (type II), have distinct 206Pb/238U ages from 
those of the late pegmatites, such as the No. 47 pegmatite (type III), 
indicating the limited effect from multistage magmatic activities. Zir
cons from RL2-1 pegmatite show a weighted average 206Pb/238U age of 
137.1 ± 0.8 Ma, which is consistent with that obtained from the 
monazite of the same sample (137.0 ± 0.5 Ma). These ages are evidently 
older than the upper age limit of the same type of pegmatite represented 
by the Ar–Ar (125.0 ± 1.40 Ma) and Re–Os ages (130.1 ± 1.1 Ma), such 
as the No.5 pegmatite, Considering the high closure temperatures of U- 
Pb system in zircon and monazite (>600 ◦C, Cherniak and Watson, 
2000; Compeland, 1990) as compared to those of muscovite Ar-Ar 

Fig. 7. Tera-Wasserburg of zircon U–Pb age plots (a, c, and e) and weighted average age diagrams (b, d, and f) of the Renli Nos. 7, 2 and 47 pegmatites, respectively.  
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(425 ◦C, Harrison et al., 2009) and molybdenite re-Os (500 ◦C, Suzuki 
et al., 1996), there is no doubt that the zircon U-Pb ages were free from 
late thermal events. 

In some cases, metamictization could magnify the apparent age 
because of a “high U effect” (Williams and Hergt, 2000; Li et al., 2013). 
In Fig. 9, the apparent 206Pb/238U ages do not show a positive or 
negative correlation with the U contents of zircon (Fig. 9a); similarly, 
the apparent 208Pb/232Th ages are independent of the U and Th contents 
of monazite (Fig. 9b and c), implying limited effects of high U and Th 
contents on the apparent 206Pb/238U and 208Pb/232Th ages, respectively. 
It has been demonstrated that a high U effect is mainly observed in the 
dating results by secondary-ion mass spectrometry rather than 
LA–ICP–MS (Zhao et al., 2014; Zhang et al., 2017), and the 208Pb/232Th 
ages obtained from Th-rich monazite are also consistent with the zircon 

or coltan U–Pb age proven by another group (Xiong et al., 2020) and this 
study (see ages of RL2-2 in Fig. 7c and 8c). Therefore, our zircon and 
monazite U–Pb ages can represent the formation times of the studied 
pegmatites. 

To ensure the accuracy of the U–Pb ages for the different types of 
pegmatite in the Renli mining area, both zircon U–Pb and monazite 
U–Th–Pb geochronology studies were performed on the Renli pegma
tites. The RL2-2 from the No. 2 pegmatite (type II) gave a zircon U–Pb 
age of 137.1 ± 0.8 Ma (Fig. 7c, d), Which is consistent with the monazite 
Th–Pb age of 137.0 ± 0.5 Ma (Fig. 8c, d) within the range of error, 
indicating that both zircon U–Pb and monazite Th–Pb ages are mutually 
supportive and convincible. The RL7-2 sample from the No. 7 pegmatite 
(type I) gave a zircon 206Pb/238U age of 141.5 ± 0.8 Ma (Fig. 7a, b), 
while the RL47-1 sample from the No. 47 pegmatite (type III) gave a 

Fig. 8. Monazite U–Th–Pbconcordia age plots (a, c, and e) and weighted average diagrams (b, d, and f) of the Renli No. 2, later intrusion dike, and No. 3 pegmatites, 
respectively. 
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zircon 206Pb/238U age of 134.5 ± 0.8 Ma (Fig. 7e, f). In addition, the 
RL3-1 from the No. 3 pegmatite (type II) gave a monazite weighted mean 
208Pb/232Th age of 136.5 ± 0.4 Ma (Fig. 8e, f), and the RL2-1 sample 
from the late pegmatite intrusion in the No. 2 pegmatite yielded a 
monazite 208Pb/232Th age of 136.5 ± 0.4 Ma (Fig. 8a, b), consistent with 
the zircon and monazite U–Th–Pb ages of the No. 2 pegmatite within 
error, indicating the two stages of magma activities in the No.2 
pegmatite at least in a very short period of time. In summary, our dating 
results suggest that (1) the pegmatites were gradually formed from type I 
to type III with distance from the YMB and with time from ca. 141 to 
134 Ma; and (2) the formation ages are virtually unanimous for the same 
type of pegmatite but evidently distinguishable for different types of 
pegmatite. 

7.2. Genetic relationship between pegmatite and granite 

It has been suggested that rare-metal pegmatites can be formed by 
the anatexis of sedimentary rocks without parental granites (Barros and 
Menuge, 2016; Dill, 2015, 2016; Knoll et al., 2018; Lv et al., 2018, 
2021b; Müller et al., 2017; Zhang et al., 2019); meanwhile, it is 
commonly believed that pegmatites originate from the crystallization 
differentiation of granitic magmas (Černy and Ercit, 2005; Černy et al., 
2012; London, 2014, 2018, London et al., 2020; Roda-Robles et al., 
2018). The pegmatite regional zoning around the Mufushan batholith in 
the Renli area (Fig. 2) suggests a closely spatial relationship between the 
Mufushan granites and Renli pegmatites. In addition, previous chro
nology studies and the dating results herein suggest a successive activity 
timeline for the igneous rocks in the YMB (Table 5; Fig. 10). The diorite, 
granodiorite, BMG, two-mica granite, and MMG have zircon U–Pb ages 
of 154.0 ± 1.9, 151.5 ± 1.3, 154–140, 146–138, and 141.0 ± 1.2 Ma, 

Table 3 
Zircon Hf isotopic compositions of the Renli pegmatites.  

Spot no. Age (Ma) 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 2σ εHf(0) εHf(t) TDM1 TDM2 fLu/Hf 

RL7-2–01  141.9  0.039240  0.001114  0.282475  0.000011  − 10.52  − 7.51 1102 1666  − 0.97 
RL7-2–02  140.9  0.020978  0.000629  0.282493  0.000008  − 9.86  − 6.83 1063 1622  − 0.98 
RL7-2–03  141.6  0.021658  0.000721  0.282503  0.000013  − 9.52  − 6.49 1052 1601  − 0.98 
RL7-2–04  141.6  0.034302  0.001013  0.282490  0.000009  − 9.96  − 6.95 1077 1630  − 0.97 
RL7-2–05  142.8  0.045529  0.001350  0.282490  0.000008  − 9.98  − 6.97 1088 1633  − 0.96 
RL7-2–06  142.1  0.040751  0.001235  0.282500  0.000009  − 9.61  − 6.61 1070 1609  − 0.96 
RL7-2–07  141.0  0.025670  0.000673  0.282477  0.000011  − 10.45  − 7.42 1087 1659  − 0.98 
RL7-2–08  139.6  0.029114  0.000793  0.282451  0.000009  − 11.37  − 8.38 1127 1719  − 0.98 
RL7-2–09  150.1  0.014481  0.000487  0.282513  0.000007  − 9.16  − 5.92 1031 1572  − 0.99 
RL7-2–10  141.8  0.049005  0.001607  0.282523  0.000009  − 8.82  − 5.86 1048 1561  − 0.95 
RL7-2–11  141.8  0.066265  0.002248  0.282503  0.000008  − 9.51  − 6.61 1095 1609  − 0.93 
RL7-2–12  142.6  0.040757  0.001247  0.282495  0.000009  − 9.81  − 6.80 1078 1622  − 0.96 
RL7-2–13  141.3  0.082928  0.002748  0.282452  0.000009  − 11.32  − 8.48 1186 1726  − 0.92 
RL7-2–14  142.2  0.054018  0.001652  0.282443  0.000008  − 11.65  − 8.69 1164 1740  − 0.95 
RL7-2–15  141.2  0.052622  0.001616  0.282462  0.000008  − 10.95  − 8.00 1135 1696  − 0.95 
RL7-2–16  142.2  0.029245  0.000832  0.282490  0.000009  − 9.97  − 6.93 1072 1629  − 0.97 
RL7-2–17  142.1  0.072106  0.002803  0.282461  0.000010  − 11.01  − 8.15 1175 1706  − 0.92 
RL7-2–18  149.5  0.023870  0.000613  0.282530  0.000010  − 8.56  − 5.34 1011 1535  − 0.98 
RL2-1–01  137.6  0.002218  0.000048  0.282436  0.000007  − 11.88  − 8.87 1125 1748  − 1.00 
RL2-1–02  137.8  0.008493  0.000259  0.282461  0.000010  − 11.01  − 8.01 1097 1695  − 0.99 
RL2-1–03  138.4  0.005733  0.000143  0.282477  0.000009  − 10.42  − 7.40 1071 1656  − 1.00 
RL2-1–04  136.9  0.005691  0.000133  0.282534  0.000012  − 8.41  − 5.42 993 1530  − 1.00 
RL2-1–05  137.7  0.015539  0.000405  0.282513  0.000013  − 9.15  − 6.16 1028 1578  − 0.99 
RL2-1–06  138.1  0.023182  0.000523  0.282533  0.000009  − 8.45  − 5.47 1004 1534  − 0.98 
RL2-1–07  166.5  0.026489  0.000607  0.282534  0.000008  − 8.43  − 4.85 1006 1516  − 0.98 
RL2-1–08  136.7  0.055431  0.001686  0.282442  0.000010  − 11.67  − 8.83 1166 1745  − 0.95 
RL2-1–09  136.7  0.009392  0.000238  0.282519  0.000009  − 8.95  − 5.98 1017 1565  − 0.99 
RL2-1–10  137.5  0.019882  0.000372  0.282524  0.000011  − 8.77  − 5.79 1013 1554  − 0.99 
RL2-1–11  136.4  0.057849  0.001929  0.282482  0.000010  − 10.25  − 7.43 1116 1657  − 0.94 
RL2-1–12  149.0  0.008457  0.000143  0.282539  0.000009  − 8.25  − 5.00 987 1513  − 1.00 
RL2-1–13  136.9  0.050026  0.001795  0.282495  0.000010  − 9.80  − 6.96 1094 1627  − 0.95 
RL2-1–14  137.4  0.056076  0.001722  0.282522  0.000010  − 8.85  − 5.99 1053 1566  − 0.95 
RL47-1–01  135.0  0.004557  0.000122  0.282487  0.000008  − 10.08  − 7.13 1057 1637  − 1.00 
RL47-1–02  135.3  0.002929  0.000074  0.282502  0.000009  − 9.57  − 6.61 1036 1604  − 1.00 
RL47-1–03  135.7  0.002723  0.000069  0.282508  0.000010  − 9.33  − 6.36 1027 1589  − 1.00 
RL47-1–04  99.4  0.002653  0.000067  0.282511  0.000010  − 9.23  − 7.05 1023 1605  − 1.00 
RL47-1–05  134.3  0.002000  0.000058  0.282432  0.000010  − 12.01  − 9.07 1130 1759  − 1.00 
RL47-1–06  133.4  0.002177  0.000054  0.282446  0.000009  − 11.51  − 8.59 1111 1728  − 1.00 
RL47-1–07  160.3  0.003288  0.000076  0.282537  0.000010  − 8.33  − 4.82 988 1510  − 1.00 
RL47-1–08  111.4  0.005039  0.000110  0.282536  0.000012  − 8.34  − 5.91 989 1542  − 1.00 
RL47-1–09  132.7  0.002462  0.000063  0.282501  0.000009  − 9.58  − 6.67 1036 1606  − 1.00 
RL47-1–10  135.2  0.002296  0.000061  0.282549  0.000010  − 7.88  − 4.92 970 1498  − 1.00 
RL47-1–11  135.0  0.003875  0.000105  0.282570  0.000014  − 7.14  − 4.18 942 1451  − 1.00 
RL47-1–12  165.8  0.005089  0.000129  0.282573  0.000014  − 7.03  − 3.41 939 1425  − 1.00 
RL47-1–13  135.1  0.002555  0.000075  0.282511  0.000009  − 9.22  − 6.26 1022 1582  − 1.00 
RL47-1–14  134.8  0.002742  0.000080  0.282530  0.000009  − 8.57  − 5.62 997 1541  − 1.00 
RL47-1–15  134.5  0.001104  0.000031  0.282485  0.000010  − 10.15  − 7.20 1057 1641  − 1.00 
RL47-1–16  151.4  0.001460  0.000034  0.282498  0.000010  − 9.71  − 6.39 1040 1603  − 1.00 

εHf(t) = 10,000 × ({[(176Hf/177Hf)S − (176Lu/177H f)S × (eλt − 1)] / [(176Hf/177Hf)CHUR, 0 − (176Lu/177Hf)CHUR × ((eλt − 1)] − 1}. TDM = 1/λ × ln{1 + [(176Hf/177Hf)S −

(176Hf/177Hf)DM] / [(176Hf/177Hf)S − (176Hf/177Hf)DM]}. TDM C = TDM − (TDM − t) × [(fcc − fs) / (fcc − fDM)]. fLu/Hf = (176Lu/177Hf)S / (176Lu/177Hf)CHUR − 1, where, λ 
= 1.867 × 10− 11/a (Soderlund et al., 2004); (176Lu/177Hf)S and (176Hf/177Hf)S are the measured values of the samples; (176Lu/177Hf)CHUR = 0.0332 and 
(176Hf/177Hf)CHUR,0 = 0.282772 (Blichert-Toft and Albarède, 1997); (176Lu/177Hf)DM = 0.0384 and (176Hf/177Hf)DM = 0.28325 (Griffin et al., 2000); (176Lu/177Hf)mean 

crust = 0.015; fcc = [(176Lu/177Hf)mean crust / (176Lu/177Hf)CHUR] − 1; fs = fLu/Hf; fDM = [(176Lu/177Hf)DM / (176Lu/177Hf)CHUR] − 1; t = crystallization time of zircon. 
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respectively (Li et al., 2019, 2020b; Wang et al., 2014b; Xiong et al., 
2020). However, the disparate Hf and Nd isotope compositions do not 
support the genetic relationship between the intermediate rock and acid 
rock (Wang et al., 2014b). The prolonged magma activity from the 
Mufushan granite sequence (154–140 Ma) to the Renli pegmatite 
sequence (141.5–130.8 Ma) (Table 5; Fig. 10) supports a closely tem
poral relationship between them. In addition, Nos. 2, 7, and 47 

pegmatites have consistent zircon Hf isotope compositions (this work) 
with the Mufushan BMG and TMG (Li et al., 2020a, b), with εHf (t) values 
and two-stage model ages (TDM2) in ranges of − 10 to − 5 (Table 3; 
Fig. 11b, c) and 1.5–1.8 Ga (Table 3; Fig. 11d), respectively, indicating a 
source connection. 

However, the parental granite of the Renli pegmatites remains 
controversial. For example, Li (2016) suggested that the BMG is the 

Table 4 
Monazite Nd isotopic data of the Renli pegmatite.  

spot Age(Ma) 147Sm/144Nd 143Nd/144Nd 2σ εNd(0) εNd(t) TDM TDM2 

RL2-1–01  136.5  0.1525427  0.5122086  0.000028  − 8.38  − 7.61 2342 1549 
RL2-1–02  136.5  0.1569837  0.5121531  0.00003  − 9.46  − 8.77 2672 1643 
RL2-1–03  136.5  0.1500268  0.5121642  0.000024  − 9.24  − 8.43 2355 1615 
RL2-1–04  136.5  0.1961955  0.5123087  0.000024  − 6.42  − 6.42 7226 1452 
RL2-1–05  136.5  0.1671111  0.5122375  0.000023  − 7.81  − 7.30 2975 1524 
RL2-1–06  136.5  0.1652963  0.5121652  0.000023  − 9.22  − 8.68 3089 1635 
RL2-1–07  136.5  0.1550979  0.5122091  0.000023  − 8.37  − 7.64 2442 1552 
RL2-1–08  136.5  0.1622110  0.5122321  0.000026  − 7.92  − 7.32 2710 1525 
RL2-1–09  136.5  0.1450644  0.5122629  0.000029  − 7.32  − 6.42 1969 1452 
RL2-1–10  136.5  0.1501454  0.5122145  0.000024  − 8.26  − 7.45 2240 1536 
RL2-1–11  136.5  0.1480716  0.5122366  0.000024  − 7.83  − 6.99 2119 1498 
RL2-1–12  136.5  0.1464113  0.5121981  0.000021  − 8.58  − 7.71 2153 1557 
RL2-1–13  136.5  0.1520852  0.5122452  0.000021  − 7.66  − 6.89 2235 1490 
RL2-1–14  136.5  0.1368375  0.5121532  0.000022  − 9.46  − 8.42 1975 1614 
RL2-1–15  136.5  0.1661190  0.5121958  0.000022  − 8.63  − 8.10 3046 1588 
RL2-1–16  136.5  0.1389485  0.5122022  0.000024  − 8.50  − 7.50 1931 1540 
RL2-2–01  137.0  0.1611028  0.5122201  0.000024  − 8.15  − 7.53 2688 1543 
RL2-2–02  137.0  0.1565784  0.5122030  0.000021  − 8.49  − 7.79 2521 1564 
RL2-2–03  137.0  0.1521509  0.5123223  0.00004  − 6.16  − 5.38 2048 1368 
RL2-2–04  137.0  0.1508650  0.5121834  0.000043  − 8.87  − 8.07 2340 1586 
RL2-2–05  137.0  0.1557368  0.5122163  0.00004  − 8.23  − 7.51 2450 1541 
RL2-2–06  137.0  0.1469657  0.5121958  0.000026  − 8.63  − 7.76 2176 1561 
RL2-2–07  137.0  0.1489083  0.5121437  0.000021  − 9.64  − 8.81 2363 1647 
RL2-2–08  137.0  0.1461180  0.5121856  0.000024  − 8.82  − 7.94 2172 1576 
RL2-2–09  137.0  0.1390080  0.5121632  0.000023  − 9.26  − 8.26 2012 1602 
RL2-2–10  137.0  0.1501978  0.5122501  0.000023  − 7.57  − 6.76 2157 1480 
RL2-2–11  137.0  0.1470500  0.5121727  0.00003  − 9.08  − 8.21 2231 1598 
RL2-2–12  137.0  0.1498649  0.5122133  0.000021  − 8.28  − 7.47 2233 1538 
RL2-2–13  137.0  0.1533907  0.5121815  0.000026  − 8.90  − 8.15 2442 1593 
RL2-2–14  137.0  0.1520429  0.5122256  0.000025  − 8.04  − 7.27 2282 1521 
RL2-2–15  137.0  0.1530462  0.5122232  0.000024  − 8.09  − 7.33 2325 1527 
RL3-1–01  136.5  0.1437782  0.5121508  0.000023  − 9.50  − 8.58 2175 1628 
RL3-1–02  136.5  0.1628774  0.5121573  0.000023  − 9.38  − 8.79 2967 1645 
RL3-1–03  136.5  0.1489253  0.5121720  0.000023  − 9.09  − 8.26 2297 1602 
RL3-1–04  136.5  0.1606525  0.5121633  0.000031  − 9.26  − 8.63 2826 1632 
RL3-1–05  136.5  0.1570257  0.5122168  0.000024  − 8.22  − 7.53 2504 1542 
RL3-1–06  136.5  0.1943988  0.5122060  0.000039  − 8.43  − 8.39 7346 1612 
RL3-1–07  136.5  0.1452257  0.5120930  0.000025  − 10.63  − 9.74 2348 1721 
RL3-1–08  136.5  0.1515641  0.5121946  0.000022  − 8.65  − 7.87 2339 1570 
RL3-1–09  136.5  0.1648371  0.5121420  0.000026  − 9.68  − 9.12 3132 1672 
RL3-1–10  136.5  0.1606383  0.5122224  0.000024  − 8.11  − 7.48 2658 1538 
RL3-1–11  136.5  0.1638258  0.5122651  0.000026  − 7.27  − 6.70 2698 1475 
RL3-1–12  136.5  0.1500175  0.5121992  0.000031  − 8.56  − 7.75 2272 1560 
RL3-1–13  136.5  0.1671529  0.5122302  0.000028  − 7.95  − 7.44 3002 1535 
RL3-1–14  136.5  0.1966343  0.5123871  0.000031  − 4.89  − 4.89 6734 1328  

Fig. 9. Zircon 206Pb/238U age vs U (a), monazite 206Pb/238U age vs U (b), and monazite 208Th/232U age vs Th (c) diagrams of the Renli Nos. 2, 3, 7 and 47 pegmatites.  
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parental granite of type II pegmatite with Nb–Ta mineralization based 
on the locally spatial relationship between them. Xiong et al. (2020) 
hold that the Nb–Ta-mineralized pegmatite is genetically related to 
MMG rather than BMG according to the temporal-spatial relationship 
between them and the whole rock chemical compositions of the mon
zogranites. Li et al. (2021) have recently amended their previous pro
posal and suggested the closest petrogenetic relationship of TMG with 
the Renli rare-metal pegmatites based on the geochemical characteris
tics of muscovites from different types of pegmatites and granites in the 
Renli mining area. 

From the classical model of LCT pegmatite (Černý, 1991; Shearer 
et al., 1992), the most fractionalized granitic phase in a common granite 

sequence (such as muscovite granite) is directly responsible for the 
origin of pegmatites exposed in the same regional zoning (Fig. 12a). 
However, the petrogenesis of the Renli pegmatite is difficult to explain 
using this model. First, the MMG shows a small quantity and limited 
scale and occurs as dikes in BMG (Wang et al., 2014b; Xiong et al., 
2020), thus, it is difficult to provide abundant source materials for 
numerous pegmatites and sufficient Nb, Ta, and Li ore-forming elements 
for type II and III pegmatites, respectively. Moreover, the deep-buried 
majority of the MMG can be excluded because of the wide exposure of 
the lower phases (biotite granite and two-mica granite), indicating a 
high-level denudation of the YMB. Second, type I pegmatite generally 
occurs as veins and schlierens in the BMG (Fig. 3e) with a gradual 

Table 5 
The age statistics on igneous rocks from Mufushan area, South China.  

Sample number Lithology Type Age (Ma) Dating method Note Reference 

18RL-28 Pegmatite Nb-Ta 140.2 ± 0.95 coltan U-Pb No. 5 Xiong et al., 2020 
18RL-8 Nb-Ta 140.7 ± 0.50 Monazite U-Pb No. 5 
MRLm-4 Be-Nb-Ta 125.0 ± 1.40 Ar-Ar No. 5 Li et al., 2019 
RLN1-6 Nb-Ta 133.0 ± 2.60 coltan U-Pb  Li et al., 2020b 
RL5 Nb-Ta 131.2 ± 2.40 zircon U-Pb No. 5 
ZK1616-M1-4 Nb-Ta 130.1 ± 1.1 Re-Os No. 5 Zhou et al., 2020 
H17 Li 130.8 ± 0.9 Ar-Ar No. 106 Liu et al., 2019 
RL7-2 Barren 141.5 ± 0.8 zircon U-Pb No. 7 This work 
RL2-2 Nb-Ta 137.1 ± 0.8 zircon U-Pb No. 2 
RL2-1 Nb-Ta 136.5 ± 0.4 Monazite U-Pb No. 2 
RL2-2 Nb-Ta 137.0 ± 0.5 Monazite U-Pb No. 2 
RL3-1 Nb-Ta 136.5 ± 0.4 Monazite U-Pb No. 3 
RL47-1 Li 134.5 ± 0.8 zircon U-Pb No. 47 
PJ-9–7-4 Be 130.5 ± 0.90 Ar-Ar Daxing Li et al., 2017 
DFS3-3 Nb-Ta 127.7 ± 0.90 Ar-Ar Duanfengshan 
07MFS25-2 Diorite Diorite 154.0 ± 1.9 zircon U-Pb  Wang et al., 2014a 
07MFS13-1 Granodiorite Granodiorite 151.5 ± 1.3 zircon U-Pb  
07MFS01-1 Granite Biotite monzogranite 148.3 ± 1.4 zircon U-Pb  
07MFS18-1 TW leucogranite 145.8 ± 0.9 zircon U-Pb  
QD49 Two-mica monzogranite 131.8 ± 1.5 zircon U-Pb  Ji et al., 2017 
H16 141.0 ± 1.2 zircon U-Pb  Liu et al., 2019 
RLG-2 138.3 ± 0.3 zircon U-Pb  Li et al., 2020b 
RLG-3 Prophyritic biotite monzogranite 140.7 ± 0.7 zircon U-Pb  
RLG-4 Biotite monzogranite 140.3 ± 0.7 zircon U-Pb  
CQSK 142.9 ± 0.9 zircon U-Pb  Xu et al., 2019a,b 
18RL-26 154.1 ± 0.98 zircon U-Pb  Xiong et al., 2020 
18RL-10 Muscovite Monzogranite 141.0 ± 1.2 zircon U-Pb   

Fig. 10. Statistics on geochronological method and ages of the Mesozoic YMB and Renli rare-metal pegmatites, showing the time sequence of igneous rocks in the 
Mufushan area. 
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contact, and the ore-forming mineral of biotite in the BMG is absent in 
the MMG, indicating a sharp composition discontinuity. Third, no 
pegmatite regional zoning around the MMG in the Renli mining area and 
the periphery or interior of the Mufushan batholith is observed. More
over, the possibility that all three types of pegmatites commonly sourced 
from the BMG can be excluded based on the following: (1) the occur
rence of three phases of granite and three types of pegmatite indicates 
that fractional crystallization is the dominating mechanism for their 
formations. Further, it is impossible that, in this case, the type III 
pegmatite (muscovite–albite–spodumene pegmatite) originates from the 
BMG owing to a large composition gap between them; (2) the type I 
pegmatite hosted in the BMG evidently differs to the type II pegmatite 
hosted in the TMG in mineral assemblage and mineralization (e.g., the 
former is barren and contains a certain amount of biotite which is absent 
in the latter). Further, both types occur as schlierens, veins, branches, 
and pods in the BMG and TMG, without oriented distribution controlled 
by faults or joints, Further, there is no development of the chill border in 
the contact zone (Fig. 3a, b). All these evidences support the cogenetic 
relationship between the type I pegmatite and BMG and the type II and 
TMG. Accordingly, it is not possible that the type I pegmatite was 
sourced from a deep-buried biotite granite instead of the exposed BMG. 
The temporal–spatial and source relationships between the BMG and the 
type I pegmatite are confirmed herein; however, the occurrence of deep 
biotite granites in the Mufushan area is also denied by the geophysical 
study (Ji et al., 2018). Importantly, no other buried granitoids has been 

found in the depth of 15 km at least according to the forward gravity 
modeling along two trending profiles across the Dayunshan-Mufushan 
batholiths (Ji et al., 2018). With consideration of the effective derive 
distance of pegmatite from source granites (<10 km), it is meaningless 
for the pegmatites even if deep granites do exist with bury depth over 15 
km. 

Although lack of the physical connection of the type III pegmatite 
with specific granite, the type III pegmatite is close to the MMG in 
composition (similar rock-forming minerals of albite, quartz and 
muscovite) and formation age (ca. 135 Ma and 141 Ma, respectively; 
Table 5). In addition, an exposure of MMG has been demonstrated in 
Huangboshan area. The MMG has U-Pb age of 141 Ma (Xiong et al., 
2020) and is close to the No.47 spodumene-rich pegmatite (no>1 km, 
Fig. 2), indicating a close temporal-spatial connection between them. 
More importantly, previous works demonstrated that the BMG and TMG 
belong to different batchs of granitic intrusion rather than the crystal
lization differentiation production of the same one batch of magma (Ji 
et al., 2018). The occurrence of MMG dyke in the BMG and TMG also 
supports that the MMG was the latest intrusion. Therefore, its reasonable 
that the majority of the MMG could be sealed in the early BMG and TMG 
or covered by Neoproterozoic sedimentary rocks due to its limited 
volume. 

The BMG exposed in the Renli area was dated at 154.1 ± 2.5 Ma 
(Xiong et al., 2020) and 140.7 ± 0.7 Ma (Li et al., 2020a), and BMG host 
type I pegmatite in adjacent area of Renli was dated at 142.9 ± 0.9 Ma 

Fig. 11. Zircon εHf(t) vs U–Pb age diagram (a, b). Histogram of zircon εHf(t) values(c). Histogram of zircon Hf-isotope crust model age(TDM2) (d). Zircon data of BMG 
and TMG are from Li et al. (2020a), Li et al. (2020b). 
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(Xu et al., 2019a,b), the latter two ages coincide with the U–Pb age of the 
No. 7 pegmatite (141.5 ± 0.8 Ma, this work) within range of error, 
indicating a temporal relationship. Moreover, the No. 7 pegmatite shows 
a similar zircon Hf isotope composition to the BMG (Fig. 11), indicating 
a source connection. Although the TMG shows similar U–Pb ages 
(141–138 Ma, Li et al., 2020b; Liu et al., 2019) and Hf isotope compo
sition to the type I pegmatite (Fig. 11), it is excluded to be the parental 
rock of the latter because the type I pegmatite commonly occurs in the 
BMG as schlieren or vein, with a gradual contact, and it is almost absent 
in the TMG, indicating a close spatial connection of the type I pegmatite 
with the BMG. Importantly, the type I pegmatite has primitive compo
nents (higher K/Rb and Nb/Ta ratios and lower Li, Rb, and Cs contents) 
compared to the TMG from a previous study (Li et al., 2021). 

The Nos. 2 and 3 pegmatites have zircon and monazite U–Th–Pb ages 
of 137.1 –136.5 Ma, and the No. 47 pegmatite was formed at ~ 134.5 Ma 
(Figs. 7, 8), which are slightly younger than the ages of the TMG 
(141–138.3 Ma, Li et al., 2020b; Liu et al., 2019). The TMG occupies a 
large proportion of the Mufushan batholith and hosts plenty of Be and 
Be–Nb–Ta-mineralized pegmatites, i.e., the type II, (Fig. 1). Similar to 
the type I pegmatite, the type II pegmatite occurs as veins and schlierens 
in the TMG with gradual contacts between them (Fig. 3b). Moreover, the 
studied types II pegmatite has consistent zircon Hf isotope compositions 
with the TMG (Fig. 11). The above mentioned evidence supports that the 
TMG could be the parental rock of types II pegmatite in the Renli mining 
area. 

Hence, we propose a new parallel differentiation model for the 
generation of the Renli LCT pegmatites, i.e., the types I, II and III peg
matites were derived from the BMG, TMG and MMG, (Fig. 12b), 
respectively. In Black Hills, South Dakata, USA, plenty of pegmatites 
distributed in/around the Harney Peak Granite. Three trajectories of 
fractional crystallization were identified after analyzing a mass of 
composition data of potash feldspar from pegmatite and granite samples 
(Shearer, 1992). Except the pegmatites sharing a same trajectory of 
fractional crystallization with the Harney Peak Granite, the Li-, Rb-, Cs- 
enriched zoned pegmatites and F-, sn-, Be-enriched pegmatites show 
distinct differentiation trajectories to any specific granites. They could 
be formed by anatexis rather than fractional crystallization of granitic 
melts (Shearer, 1992). Although the pegmatites from Renli and Black 
Hills both have various origins and types, but they are essentially 
different in source. The types I, II, and III pegmatites from Renli have a 

common source indicated by their consistent Hf isotope compositions 
(Fig. 11b). In contrast, the three pegmatite arrays, i.e., the Harney Peak 
Granite-related pegmatites, Li-, Rb-, Cs-enriched zoned pegmatites and 
F-, sn-, Be-enriched pegmatites from Black Hills were derived from 
distinct sources (Shearer, 1992). In a nutshell, the differences among 
pegmatites in Renli resulted from the level of fractional crystallization of 
a common melt, and for the pegmatites from Black Hills, source and 
partial melting degree are dominating factors. 

It is still unclear what factors control the differentiation of granitic 
melts, however, the differentiation mechanism considerably restricts the 
spatial relationship between pegmatite and parental granite. If crystal- 
melt fractionation was the dominating way, the interior residual melts 
were hard to accumulate and migrate adequately. Therefore, they were 
hard to extract from the source magma (Černý, 1991). Pegmatites 
originating from these melts are generally emplaced in their source 
rocks, such as the type I pegmatite in Renli. If melt fractionation was 
controlled by filter pressing and gravity convection–diffusion, the re
sidual melts were inclined to accumulate in the uppermost domes of 
source melt (Černý, 1991), and emplaced commonly out of their 
parental rocks owing to low viscosity and sudden extractions promoted 
by the enrichment of volatiles and pressure variations, respectively, such 
as the type III pegmatite. 

7.3. Source of the Renli pegmatite 

Zircon has been used effectively as a proxy for tracing crust–mantle 
evolution by the combination of its U–Pb age and Hf isotope composi
tion (Amelin et al., 1999; Griffin et al., 2002; Scharer et al., 1997). 
Zircons formed in pegmatites, especially those having rare-metal min
eralizations, are commonly rich in Hf and transform to hafnon some
times. High Hf content in pegmatite-forming melt endows the authority 
on provenance identification by Hf isotopes. It has been demonstrated 
that metamictization, recrystallization, and metasomatism hardly 
modify the original Hf isotope composition of zircon from highly 
differentiated pegmatite (Chen et al., 2018; Lv et al., 2012; Tang et al., 
2017). Monazite is a common mineral and widely applied in chronology 
and isotope studies because of the Th, U, and light rare earth element 
enrichment and the high closure temperatures of U–Pb and Sm–Nd 
isotope systems (e.g., Cottle et al., 2019; Fisher et al., 2020; Liu et al., 
2012; Pandur et al., 2020; Pearce et al., 1999). 

Fig. 12. Classical model for LCT pegmatite (a) (after Černý, 1991; Shearer et al., 1992) and a schematic model for Renli LCT pegmatites (b).  
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Zircons from the Nos. 2, 7, and 47 pegmatites have almost the same 
Hf isotope composition, also coincident with those of the BMG (Li et al., 
2020a) and TMG (Li et al., 2020b) in the Renli area (Fig. 9). The peg
matites show εHf(t) values − 10 to − 5 (Table 3; Fig. 9b, c) and TDM2 of 
1.5–1.8 Ga (Table 3; Fig. 9d). Monazites from the Nos. 2 and 3 

pegmatites in the Renli area have negative εNd(t) values (Table 4; 
Fig. 13a), with>90 % of the data in the range of − 10 and − 6 (Table 4; 
Fig. 13b), and the TDM2 of 1.4–1.7 Ga (Table 4; Fig. 13c), consistent with 
the zircon Hf isotope compositions of εHf(t) (− 10 to − 5) and 
TDM2(1.5–1.8 Ga) mentioned above. The monazites from the RL2-1 
sample show εNd(t) values of − 6.42 to − 8.77 (Table 4), with corre
sponding εHf(t) values of − 5.78 to − 8.97 based on the conversion 
formula by Vervoort et al. (1999). These values are consistent with the 
εHf(t) values (− 4.85 to − 8.87, Table 3) of zircons from the RL2-1 
sample, indicating the coupled Nd–Hf isotope compositions of the 
Renli pegmatites. 

The JOB is a Neoproterozoic convergent orogen formed by Yangtze 
and Cathaysia block amalgamation (e.g., Wang et al., 2014a, 2017b; 
Zhou et al., 2009). Although a large number of granites were generated 
during orogenesis, only the Fanjingshan granite contributed to pegma
tite formation and rare-metal mineralization in the western JOB. A 
systematic study of pegmatite, granite, and sedimentary rocks demon
strated that the Fanjingshan granite–pegmatite suite has Sn–Nb–Ta 
mineralization and originates from the partial melting of sedimentary 
rocks from the Fanjingshan Group at ca.830 Ma (Lv et al., 2021a). The 
Lengjiaxi Group exposed in the Renli area (Figs. 1 and 2) has a similar 
maximum deposit age (ca. 860–820 Ma) to the Fanjingshan Group and 
contemporaneous strata in the JOB (e.g., the Shuangqiaoshan Group in 
Jiangxi and the Sibao Group in Guangxi). They were formed by depo
sition in a backarc setting with varying sources from eastern to western 
JOB (e.g., Wang et al., 2014a, 2017b)and are regarded as the major 
source of Neoproterozoic granites (e.g., Li et al., 2003; Wu et al., 2006a, 
b; Zheng et al., 2007). 

Compared to the Neoproterozoic Fanjingshan rare-metal gran
ite–pegmatite suite (εHf(t) = +1.13 – − 9.51, TDM2 = 2.31–1.65 Ga, Lv 
et al., 2021a), the Renli granite and pegmatite have relatively depleted 
zircon Hf isotope composition (εHf(t) = -3.0 – − 10.8 TDM2 = 1.88–1.39 
Ga, Fig. 14), indicating the contribution of more juvenile crust materials 
to the Renli granite and pegmatite. However, they totally match with the 
Neoproterozoic granitoids exposed in northeastern Hunan (Figs. 14 and 
15) in zircon Hf isotope compositions, indicating their common source. 
Although the younger (TDM2 < 1.2 Ga) and older (TDM2 > 2.0 Ga) 
components of the Lengjiaxi Group are absent in the Renli granite and 
pegmatite according to the statistics of comparison of model age 
(Fig. 15), the Renli granite and pegmatite could be sourced from the 
sedimentary rocks of Lengjiaxi Group. Because a few of inherited zircons 
have been observed in the BMG and TMG of the YMB with dominating 
ages of 700–900 Ma (Li et al., 2020b; Wang et al., 2014b; Xiong et al., 
2020), and these zircon U-Pb ages are totally consistent with the 
dominating age of detrital zircons (690–950 Ma, Li et al., 2020b) from 
the Lengjiaxi Group, indicating a strong source connection of the 
Mesozoic granite-pegmatite suite with the Neoproterozoic sedimentary 
rocks. 

In conclusion, the Renli LCT pegmatites and their parental granites 
originate from the partial melting of the sedimentary rocks from the 
Neoproterozoic JOB. 

7.4. Petrogenetic and mineralization model of the Renli pegmatite 

Based on the distribution location of pegmatite worldwide, Dill 
(2015, 2016) summarized five types of geodynamic settings for 
pegmatite formation, namely, Alpine, Variscan, Rift, Andean, and island 
arc. Among them, the Variscan type orogen setting is the uppermost for 
pegmatite formation because of the largely thickened crust. A thinned 
crust and alkaline magmatism characterize the Rift setting (Dill, 2015), 
indicating a facilitated setting for Nb-, Y-, and F-rich pegmatite (Černý, 
1991). In comparison, the Andean and island arc settings are averse to 
pegmatite formation, and pegmatites are generally formed in hinterland 
far away from the active continental margin (Dill, 2016). The Mesozoic 
geology of South China is different from that of the Andean subduction 
setting and Japan Island Arc (e.g., Mao et al., 2014). Tectonic studies 

Fig. 13. Monazite εNd(t) vs Th–Pb age diagram(a). Histogram of monazite εNd 
(t) values(b). Histogram of monazite Nd-isotope crust model age (TDM2) (c). 
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have indicated that the Mufushan granite and pegmatite might be 
formed in (1) a postorogenic setting after the early Triassic collision 
between South China and North China blocks (Li et al., 1993; Zhou et al., 
2006), or (2) a syn-orogenic subduction setting induced by the sub
duction of the paleo-Pacific Ocean plate under the South China block (Li 
and Li, 2007; Jiang et al., 2009; Sun et al., 2012). However, the second 
setting is preferentially considered here owing to the face that (1) the 
activities of the Mufushan granite and pegmatite largely lag behind the 
postorogenic granites formed at 243–214 Ma after collision (e.g., Wang 
et al., 2007) and (2) the Middle Jurassic–Early Certaceous granites and 
related rare metal ore deposits mainly concentrate in the South China 
block (e.g., Wang et al., 2014b). Further, they show a NE-striking dis
tribution vertical to the northwestward subduction. Although the syn
–orogenic stage is commonly characterized by extrusion stress and 

thickened crust compressional setting, an extension setting is preferen
tially considered for the Mufushan granite and pegmatite during the 
Late-Jurassic to Early Cretaceous, according to the following. (1) the 
bimodal magmatic suites comprise gabbro and granite that have been 
confirmed in Mufushan area (Wang et al., 2014b; Chen et al., 2021), and 
the juxtaposing of gabbro and granite generally indicates extensional 
settings (Bonin, 2004; Pin and Paquette, 1997; Tang et al., 2013); (2) the 
pervasive Mesozoic granitoids and volcanic rocks in South China have 
been attributed to the production of lithospheric extension caused by the 
roll back of the paleo-Pacific Ocean plate (Zhou et al., 2006; Li and Li, 
2007), especially for the Late Jurassic to the Early Cretaceous granitoids 
exposed in Mufushan and Lianyunshan (Wang et al., 2014; Wang et al., 
2016; Ji et al., 2017). In addition, the Late Jurassic to Early Cretaceous 
lithospheric extension also promoted the generations of the Pb–Zn, W, 
and other rare-metal ore deposits in South China (Shu et al., 2021; Yu 
et al., 2020; Zhao et al., 2017). Combined with previous studies, we 
propose the following geodynamic scenario for the YMB during the early 
Yanshanian: 

Lithospheric extension and intense magmatism in South China have 
been caused by the long-distance subduction the paleo-Pacific plate in 
the Late Jurassic to the Early Cretaceous (e.g., Li and Li, 2007; Shu et al., 
2021). In the Mufushan area, the underplating of mantle magma causes 
the generation of high-Mg diorite at ca. 154 Ma and a large volume of 
granitic magma derived by the partial melting of the JOB crust at ca. 
148 Ma (Wang et al., 2014b). The initial granite-forming melts of the 
BMG, TMG, and MMG were successively formed by the sufficient crys
tallization differentiation of the granitic magma because of the extended 
heat supply from the prolonged mantle magmatisms (154–137 Ma, Chen 
et al., 2021; Wang et al., 2014b). Meanwhile, the types I, II and III 
pegmatite-forming melts were derived by crystallization differentiation 
of the BMG, TMG and MMG melts, respectively. The type I melt had 
hardly escaped from its parental melt owing to the evident lack of vol
atile components. However, the types II and III pegmatite-forming melts 
were extracted from their parental magma and mostly emplaced in pe
ripheral sedimentary rocks, i.e., the Lengjiaxi Group (Figs. 2, 12b). 

Comparatively, syn-orogenic LCT pegmatites are rarer than those 
formed in the postorogenic extension setting (Černý, 1991; Lv et al., 
2018). In the Chinese Altai, the Devonian syn-orogenic pegmatite was 
formed by the partial melting of Early Paleozoic accreted materials in a 
fore-arc extension setting caused by the subduction of the ocean ridge 
and the upwelling of the asthenosphere mantle (Lv et al., 2018), 
accompanied by with coeval high temperature metamorphism (e.g., 

Fig. 14. Diagram of εHf(t) value vs crystallization ages of detrital and igneous zircons from the JOB. Data of zircon are from Li et al. (2020b), Lv et al. (2021a), Wang 
et al. (2011), Wang et al. (2014a), and this work. 

Fig. 15. Histogram of zircon Hf-isotope crust model age (TDM2) of pegmatite, 
granite and schist from the Mufushan area and northeastern Hunan. Data of the 
Lengjiaxi Group from Wang et al. (2016) and Li et al. (2020a), , Li et al. 
(2020b); data of the Neoproterozoic granite from Ma et al.(2009) and Wang 
et al. (2014a); data of Renli pegmatite and granite from Li et al. (2020a, , Li 
et al. (2020b) and this work. 
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720 ◦C–650 ◦C). Conversely, the Mufushan pegmatites were formed in 
inland far away from the active continental margin, and sourced from 
the backarc sedimentary materials accreted in the Neoproterozoic 
Jiangnan orogeny rather than the newly accreted materials during the 
subduction of paleo-Pacific Ocean. The specific reasons caused in these 
discrepancies are still unclear and need to be studied in the future. The 
prolonged heat supply may be critical to the differentiation of the rare- 
metal granite–pegmatite suite formed in a subduction setting. Moreover, 
the source inherited from ancient orogen and further enrichment of rare- 
metal elements caused by the cycling of ancient orogenic crust may 
contribute to the mineralization of the inland synorogenic peraluminous 
magmas. These factors may explain the barren property of the Neo
proterozoic granites in Northeast Hunan Province although they have 
the same source as the YMB from the sedimentary rocks of the Lengjiaxi 
Group. However, future work on the migration and enrichment mech
anisms of rare-metal elements during crust reworking and cycling 
should be done. 

8. Conclusions  

(1) The results of zircon U–Pb and monazite U–Th–Pb dating reveal 
that the Renli biotite–muscovite–microline pegmatite (type I) 
was formed at ca. 141 Ma, muscovite–microcline–albite pegma
tite(type II) at ca. 137 Ma, and albite–spodumene pegmatite(type 
III) at ca. 134 Ma, with decreasing ages from the barren pegmatite 
to the Li mineralization pegmatite.  

(2) The biotite–muscovite–microline pegmatite (type I) originates 
from the BMG, while the muscovite–microcline–albite pegmatite 
(types II) and albite–spodumene pegmatite (type III) may origi
nate from the TMG and MMG, respectively, indicating a new 
petrogenesis model of parallel differentiations of triple source 
granitic melts for the LCT pegmatites in South China. 

(3) The Renli LCT pegmatites have coupled Hf–Nd isotope compo
sitions with model ages of 1.4–1.8 Ga, and the Hf isotope com
positions are similar to that of the Neoproterozoic granitoids and 
match with the sedimentary rocks from the Neoproterozoic 
Lengjiaxi Group, indicating that the Renli LCT pegmatites origi
nated from the reworking materials of the Neoproterozoic JOB. 
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