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A B S T R A C T   

Gold ore deposits in northeastern Hunan Province are hosted within E-W- to ESE-WNW-trending fracture zones 
in Neoproterozoic meta-sediments of the Jiangnan Orogen. These rocks have been subjected to multiple tectonic 
deformations, and the nature of structural control on gold mineralization remains poorly understood. It is unclear 
when the ore-controlling structures were initially formed and why they are favorable for early Cretaceous gold 
mineralization. We present a systematic structural analysis to establish a structural evolution model and analyze 
the structural conditions favorable for gold mineralization. Five deformation events (D1 to D5) were identified 
based on crosscutting and/or overprinting relationships of structural elements. It is established that ore-hosting 
structures were initially formed during early Paleozoic (D2), and gold mineralization took place during early 
Cretaceous (late D4). The reactivation of D2 structures during the late D4 tectonic event, when the stress regime 
transformed from compression to tension, is critical for gold mineralization. It created a structural network 
linking mineralizing fluids to structural-chemical traps in Neoproterozoic rocks, where fluid-rock reactions and 
fluid mixing resulted in gold mineralization. This case study provides a typical example of how structural 
reactivation played a critical role in mineralization, and emphasizes the significance of structural analysis for 
mineral exploration.   

1. Introduction 

Structural reactivation represents temporally separable (intervals 
>1 Ma) deformation events that repeatedly occur along pre-existing 
structures such as faults, shear zones, and other geological contacts 
(Holdsworth et al., 1997, 2001). Many gold deposits around the world 
occur in ancient structures in Precambrian metamorphic rocks (Kerrich 
and Cassidy, 1994; Goldfarb et al., 2005; Goldfarb and Groves 2015). 
The majority of these gold deposits are interpreted to have formed 
simultaneously with or shortly after the formation of the ore-hosting 
structures during orogeny, and are therefore termed orogenic gold de-
posits (Goldfarb et al., 2005). However, many deposits are younger than 
the initial formation of the ore-hosting structures, such as some of those 

in the Abitibi greenstone belt in Canada (Sibson et al., 1988), Capricorn 
Orogen in Western Australia Craton (Miller and Wilson, 2004), Lupa 
Goldfield (Lawley et al., 2013) and Siguiri Gold District (Lebrun et al., 
2017) in Africa, and Qinling Orogen (He et al., 1996), Qinzhou Bay – 
Hangzhou Bay Juncture Orogen (Jiao et al., 2017) and Jiangnan Orogen 
(Deng et al., 2020) in Eastern China. This temporal discrepancy between 
gold mineralization and the initial formation of structures is generally 
attributed to reactivation of the structures, but the nature of the struc-
tural control of mineralization, especially why they were reactivated at 
the right time and right place that are favorable for gold mineralization, 
remains poorly understood. 

Gold mineralization processes are associated with many factors, 
including the sources and paths of mineralizing fluids, and 
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physicochemical conditions (pressure, temperature, and fluid composi-
tion) favorable for gold precipitation at the sites of mineralization. 
Among these factors, the paths of mineralizing fluids and sites of 
mineralization are closely related to structures. Older structures are 
generally reactivated during subsequent tectonic events if prevailing 
stress fields are compatible with slip (Dichiarante et al., 2020), since 
reactivation is mechanically easier than formation of new structures 
(Sibson, 1985, 2001; Holdsworth et al., 1997). These reactivated 
structures are commonly more permeable and act as favorable channels 
for ore fluids (Holdsworth et al., 1997; Li et al., 2019). Fluid-pressure 
fluctuation (Sibson et al., 1988), variable degrees of weakening (Law-
ley et al., 2013), and stress field switching (Carrier et al., 2000; Lebrun 
et al., 2017) during reactivation have also been suggested to be associ-
ated with ore precipitation. However, not all structural reactivation 
results in gold mineralization; structures linking ore-forming fluids with 
favorable structural-chemical traps play a critical role in mineralization. 
The role of structural reactivation in gold mineralization is generally 
complex and requires structural analysis and geochronological – 
geochemical constraints. Here we provide an example of such analysis 
from northeastern Hunan Province, in the Jiangnan Orogen in South 
China. 

The Jiangnan Orogen (Fig. 1A) was formed by Neoproterozoic 

collision between the Yangtze and Cathaysia blocks in South China and 
underwent poly-deformational events from the early Paleozoic to 
Mesozoic (Li et al., 2016a; Xu et al., 2017b). It is well-known for its rich 
gold endowment, with more than 250 gold deposits and occurrences, 
which contain a total reserve of over 970 tons Au (Xu et al., 2017c; 
Zhang et al., 2019a). These gold deposits are mostly hosted within 
fracture zones in Precambrian metamorphic rocks that were initially 
deformed in the Neoproterozoic (Zhou et al., 1989; Li, 1990; Luo and 
Chen, 1995; Shu et al., 1995; Luo et al., 1996; Lu et al., 2006; Wu et al., 
2006; Huang et al., 2012; Dong, 2014; Xu et al., 2017b), but geochro-
nological data suggest that the mineralization may have occurred from 
the early Paleozoic to late Mesozoic (Peng et al., 2003; Deng et al., 2017; 
Xu et al., 2017a; Wang et al., 2019; Zhang et al., 2019b). It remains 
ambiguous when the structural framework was initially constructed, 
how it was reactivated during multiple tectonic events, and how struc-
tural reactivation was related to gold mineralization. 

Among the economically most important gold deposits in the Jian-
gnan Orogen are the Wangu and Huangjindong gold deposits in north-
eastern Hunan Province (Fig. 1B), with a reserve of more than 85 and 80 
tons of gold respectively (Xu et al., 2017c). Various geochronological 
methods (including Rb–Sr dating of quartz and associated fluid in-
clusions, fission-track dating on auriferous quartz, Ar–Ar dating on 

Fig. 1. (A) Simplified tectonic map of the South China block showing location of the Jiangnan Orogen (modified after Ji et al., 2018). (B) Geologic map of 
northeastern Hunan Province showing distribution of structures, lithologies and major intrusions of different ages, and gold deposits (modified after Xu et al., 2017b). 
The scope of the study area (Fig. 3) is indicated as a red box; (C) A conceptual NW-SE cross section of northeastern Hunan Province. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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muscovite and Sm–Nd dating on scheelite) in the Wangu and Huang-
jindong deposits have yielded various ages ranging from the early 
Paleozoic (462–400 Ma; Han et al., 2010; Deng et al., 2020) to late 
Mesozoic (160–70 Ma; Hu et al., 1995; Dong et al., 2008; Deng et al., 
2017; Zhou et al., 2020). Some of the most recent studies suggest that 
the gold mineralization in northeastern Hunan mainly took place in late 
Mesozoic (Xu et al., 2017b; Deng et al., 2020), but there are several key 
questions that remain unanswered: When were the ore-hosting 

structures initially formed? Did mineralization take place at the same 
time as the initial formation of the ore-hosting structures? If not, when 
did it happen and why did it occur in these structures? In particular, it 
remains a puzzle why most of the gold deposits are preferentially hosted 
in Precambrian rocks, and yet the mineralization is of Mesozoic age. In 
other words, it is not well understood why gold mineralization did not 
take place in these structures earlier, and why other structures outside 
the Precambrian rocks, either initially formed or reactivated in 

Fig. 2. Stratigraphic column showing lithology, thickness, age of sedimentary and metasedimentary rocks, tectonic evolution, magmatic activities, and deformation 
events (identified by this study) in northeastern Hunan Province. Modified after Li et al. (2012), Zhang et al. (2019a), and the unpublished internal geologic map of 
Team 402, Hunan Geology and Mineral Resources Exploration and Development Bureau. 
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Mesozoic, are less favorable for mineralization. 
In order to answer the above questions, we conducted a systematic 

structural analysis of the northeastern Hunan from Neoproterozoic to 
late Cretaceous, based on 1:5000 structural observations and measure-
ments in the Wangu and Huangjindong gold deposits and surrounding 
areas. Different deformation events and related paleostress fields were 
reconstructed based on kinematic analysis and various overprinting 
and/or crosscutting relationships observed in the field, in combination 
with geochronological data obtained by previous studies. The structural 
evolution model was then used to explain why certain structures formed 
earlier were more vulnerable for reactivation in later tectonic events, 
and why some of them are more favorable for gold mineralization, from 
the perspective of their role in connecting the sources of mineralizing 
fluids with structural-chemical traps that were favorable for gold 
precipitation. 

2. Geologic setting 

2.1. South China block and Jiangnan Orogen 

The South China continent comprises two blocks, the Yangtze Block 
in the northwest and the Cathaysia Block in the southeast. The early 
Neoproterozoic collision between these two blocks led to the formation 
of the united South China Block, which made up a part of the super-
continent Rodinia (Charvet et al., 1996; Li et al., 2002, 2007; Ye et al., 
2007). The Jiangnan Orogen was created in the southeastern margin of 
the Yangtze Block (Fig. 1A) and a regional unconformity between the 
Neoproterozoic Lengjiaxi (＞820 Ma) and Banxi groups (＜800 Ma) was 
formed during this collision (Fig. 2; Bai et al., 2015; Li et al., 2016a). 
Rodinia gradually evolved into an extensional regime that eventually 
resulted in breakup of the supercontinent during the middle to late 
Neoproterozoic. The Nanhua Rift Basin was formed as a result of this 
process (Wang and Li, 2003). Sedimentation in the Nanhua Rift Basin 
started with the Neoproterozoic Banxi Group and lasted until an orogeny 
in the early Paleozoic (Fig. 1B), which was associated with the closure of 
the Nanhua Rift Basin (Charvet et al., 2010; Faure et al., 2010) and 
assembly of Gondwana (Cawood et al., 2017). This orogeny caused 
uplift and erosion (Charvet et al., 1996; Faure et al., 2010; Li et al., 
2016a), and resulted in an angular unconformity between Middle 
Devonian and Lower Silurian strata (Figs. 1B and 2; Charvet et al., 1996; 
Sun et al., 2005; Shu et al., 2008). 

Since the middle Paleozoic, the South China Block was separated 
from northern Gondwana during lithospheric extension, drifted north-
ward across the Paleo-Tethys, and subsequently collided with the Asian 
segment of Pangea (Cawood et al., 2017). This collision spanned the late 
Permian to late Triassic (early Mesozoic), and caused amalgamation of 
the South China Block with the Indochina and North China blocks (Wang 
et al., 2005; Xu et al., 2009b; Zhang et al., 2009; Faure et al., 2010; Li 
et al., 2014; Shu et al., 2015), which is recorded by widespread intra-
continental deformation and a Triassic unconformity (Fig. 2). 

The South China Block was affected by the subduction of the Paleo- 
Pacific plate since early Jurassic (Zhou et al., 2006). It experienced an 
early stage of shortening in Jurassic and early Cretaceous (Zhou et al., 
2006; Shu et al., 2008; Li et al., 2014) and a late stage of extension from 
late Early Cretaceous to late Cretaceous (ca. 130–82 Ma), which pro-
duced a NE-SW-trending basin-and-range-like structural pattern 
(Figs. 1C and 2; Zhou and Li, 2000; Zhou et al., 2006; Zhang et al., 2012; 
Li et al., 2014; Li et al., 2016b). 

2.2. Regional geology of northeastern Hunan 

The northeastern part of Hunan Province, located in the middle 
segment of the Jiangnan Orogen, is largely occupied by metamorphic 
Precambrian rocks and unmetamorphosed Cretaceous terrigenous 
sedimentary rocks. Besides, Paleozoic and Tertiary sedimentary rocks 
are also present locally (Fig. 1B). 

Neoproterozoic, early Paleozoic, early Mesozoic and late Mesozoic 
magmatic rocks (mainly granitic intrusions) are all present in north-
eastern Hunan (Figs. 1B and 2). Late Mesozoic, S-type granitoids (ca. 
160–130 Ma), are the most widely exposed in the area, mainly occurring 
along several regional NE-SW-trending faults (Fig. 1B and C;Li, 2006; 
Wang et al., 2014). More basic rocks dated at ca. 136 Ma and 93–83 Ma 
also occur in this area (Fig. 2) and show geochemical characteristics 
similar to OIB, which have been interpreted to reflect asthenosphere 
upwelling and mixing with crustal materials in an extensional tectonic 
setting (Jia and Hu, 2002; Jia et al., 2002a, b; Xu et al., 2006). 

The Cretaceous to Tertiary sedimentary rocks are distributed in 
several NE-SW to NNE-SSW-trending rift basins (half grabens). These 
basins are separated by uplifted basement blocks consisting of granitoids 
of mainly Mesozoic ages and metamorphic Neoproterozoic rocks, 
resulting in a basin-and-range like geometry (Fig. 1C). Three approxi-
mately E-W-trending ductile shear zones (Fig. 1B) are identified based 
on geological and geophysical data (Xiao and Chen, 2004). These ductile 
shear zones have been dated at ca. 450–430 Ma by Ar–Ar dating on 
muscovite (Li et al., 2016a). 

2.3. Characteristics of gold mineralization 

There are numerous gold deposits and occurrences in northeastern 
Hunan Province (Fig. 1B), of which the Wangu and Huangjindong gold 
deposits are the most productive (more than 165 tons of gold in total; Xu 
et al., 2017b). These two deposits share similar geological characteris-
tics (Deng et al., 2017, 2020; Xu et al., 2017b) and are both hosted in a 
suite of Neoproterozoic low-grade metamorphic turbidites of the Leng-
jiaxi Group, which are composed of sandy and silty slate and meta-
greywackes (Figs. 1B and 3). 

The Wangu gold deposit, with an average grade of 6.8 g/t Au, is 
arranged in a series of E-W- to ESE-WNW-trending fracture zones dip-
ping moderately to shallowly (60–19◦) to north. Ore bodies occur in 
these fracture zones and are crosscut by NE-SW- to NNE-SSW-trending 
faults. The ore types include auriferous quartz veins, auriferous 
altered cataclasite and minor auriferous altered structural breccia (Xu 
et al., 2017b). 

The Huangjindong gold deposit, with grades ranging from 4 to 10 g/t 
Au (Xu et al., 2017b), is characterized by a series of NW-SE-trending 
overturned folds and E-W- to ESE-WNW-trending fracture zones. 
These fracture zones dip to north or south with moderate to shallow dip 
angles (63–14◦). Ore bodies are hosted by these fracture zones and 
crosscut by NE-SW- to NNE-SSW-trending faults. The ore types are 
dominated by auriferous quartz veins and auriferous altered cataclasite, 
with minor auriferous altered structural breccia (Xu et al., 2017b). 

3. Methodology 

A field survey was conducted in the Wangu and Huangjindong areas 
to investigate the relationships between gold mineralization and struc-
tural deformation (Fig. 3). The geometry and kinematics of folds, faults, 
cleavages, lineations and veins were observed and measured as in 
typical structural studies (e.g. Cox et al., 1991) and vein widths and 
quartz textures were documented (Ortega et al., 2006; Lander and 
Laubach, 2015). Stress inversion of fault-slip data was done with the 
software Faultkin (version 7.7.4 by Allmendinger; Angelier, 1984; 
Marrett and Allmendinger, 1990; Allmendinger et al., 2012). Fault-slip 
sense of regional faults was inferred from drag folds and subsidiary 
faults in neighboring outcrops according to the method of Angelier 
(1994). 

Throughout the text, structural events or elements are represented by 
letters suffixed by numbers to represent the local relative timing of 
deformation (Williams, 1985). For example, “D” is used for deformation 
events, while “S” for cleavages, “f” for folds, “L” for lineations and “V” 
for veins. Thus, S1 stands for cleavages developed during the D1 event, 
and so on. 
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4. Results 

4.1. Characteristics of structural deformation 

A regional-scale fault zone, the Changsha-Pingjiang (Changping) 
fault zone traverses the study area (Fig. 1). This fault zone is 60–1100 m 
wide, 680 km long, strikes NE-SW to NNE-SSW, and dips moderately 
(70–43◦) to NW or WNW (Figs. 1 and 3A). Fault rocks in this fault zone 
include fault breccias, cataclasites and mylonites. Silicification and gold 
occurrences occur in the cataclasites. Kinematic indicators suggest 
multi-phase activities for the Changping fault zone. Drag folds devel-
oped in the Neoproterozoic Lengjiaxi Group indicate sinistral strike-slip 
displacement (Fig. 3A), while striations (defined by quartz fibers) on 
subsidiary faults suggest dextral strike-slip displacement (Fig. 3B). In 
addition, syncline and normal faults in the Cretaceous sedimentary rocks 
indicate normal displacement (Fig. 3A). The Wangu and Huangjindong 
deposits are located in the hanging-wall and footwall of the Changping 
fault zone, respectively. The structural characteristics of these two de-
posits are described using 1:5000 outcrop observations and petrography 

below. 

4.1.1. Wangu deposit area 
The Wangu area is located in the northwestern part of the study area, 

about 16 km from the Changping fault zone (Fig. 3). The Wangu deposit 
is hosted in sandy slates, silty slates and metagreywackes of the Neo-
proterozoic Lengjiaxi Group, which is unconformably overlain by 
Cretaceous sedimentary rocks (Fig. 4A). Two generations of folds, 
striking NW-SE (f1) and nearly E-W (f2) respectively, were recognized in 
the Lengjiaxi Group by systematic mapping of bedding (Figs. 4A and 5A, 
C, 6C). Accordingly, two sets of subvertical (90–65◦) axial planar 
cleavages occur in this area, striking NNW-SSE to NW-SE (S1) (Figs. 4A 
and 5B) and E-W to ESE-WNW (S2) (Figs. 4A and 5D) respectively. The 
S1 cleavages are crosscut by the S2 cleavages (Fig. 6B). 

The S2 cleavages are crosscut by a set of subparallel E-W- to ESE- 
WNW-trending fracture zones dipping moderately to shallowly 
(60–19◦) to the north (Figs. 5E and 6D). These fracture zones are 
0.2–14.11 m wide, 200–3280 m long, and extend for more than 2000 m 
to depth (constrained by drilling). Two generations of striations, defined 

Fig. 3. (A) Geologic map of the study area outlined in Fig. 1B, showing distribution of structures, lithologies and major intrusions of different ages, and the location 
of the Wangu deposit area (Fig. 4A) and the Huangjindong deposit area (Fig. 7A). (B) Striations on NE-SW-trending subsidiary faults adjacent to the Changping fault 
zone indicate dextral strike-slip for the Changping fault zone. Stereograms use equal angle (Wulff) projection. 
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by quartz fibers or wear grooves, are developed on fault planes of these 
fracture zones. One generation (L3) indicates dominant strike-slip 
displacement with a minor reverse component (Fig. 5G–I, 6H–I), and 
the other (L4) crosscuts L3 striations and indicates dip-slip normal 
displacement with a minor strike-slip component (Fig. 5K-M, 6H–I). 
Gold ore bodies in the Wangu deposit, including barren quartz veins and 
mineralized quartz-pyrite-arsenopyrite veins, are mostly hosted within 
the E-W- to ESE-WNW-trending fracture zones (Fig. 4A and B). 

Multiple sets of quartz veins occur in this deposit area. The oldest 
veins, indicated by crosscutting relationships, are associated with the 
second deformation event in this study area and thus termed V2. V2 veins 
include three vein sets. One set is subhorizontal (34–3◦) and shows an en 
echelon geometry along the E-W- to ESE-WNW-trending fracture zones 
(Figs. 5F and 6F). These veins are developed in extension fractures, 
0.1–2.5 cm thick and display a density of ~8 veins/m. Another set of V2 
veins is hosted in E-W- to ESE-WNW-trending shear fractures and dip 
moderately to shallowly (56–19◦) to north or to south. These veins are 
generally lens-shaped veinlets, 0.2–1 cm thick and were only observed 
locally, with a density of ~40 veins/m; they crosscut each other and 
display a conjugate geometry (Fig. 6E). The last set is 1–3 cm thick and 
developed within S2 cleavages, with an estimated density of 1 vein every 
100 S2 cleavages (Fig. 6B). The subhorizontal V2 veins, as well as the S2 
cleavages, are crosscut by a subvertical (86–62◦) N–S- to NNW-SSE- 
trending extension vein set (V3) (Figs. 5J and 6G, K). The V3 veins are 
0.2–5 cm thick and developed discretely. Both V2 and V3 veins are 
barren, quartz-dominated, and show massive sealing morphologies. 
Locally, undulose extinction was observed in V2 and V3 veins at 

microscopic scale (Figs. 6M and N). 
The V3 veins are in turn crosscut by approximately E-W-trending 

extension ore veins (V4) (Fig. 6K). The V4 ore veins are 1–10 cm thick 
and show a density of ~7 veins/m within the E-W- to ESE-WNW- 
trending fracture zones. They dip either to north or to south at various 
dip angles (88–5◦) and mainly consist of quartz, pyrite and arsenopyrite 
(Figs. 5N and 6J). The V4 ore veins show massive sealing morphology, 
comb structure (Fig. 6O), and crack-seal texture (Fig. 6P). Gold is pre-
sent as native gold within fractures or invisible gold in arsenopyrite, 
pyrite, and other sulfides in these ore veins (Deng et al., 2017; Xu et al., 
2017b). Locally, another 1- to 10-cm thick extension vein set (V4), which 
is dominated by scheelite and quartz, are developed parallel to the V4 
ore veins (Fig. 6L). 

The E-W- to ESE-WNW-trending fracture zones and veins (including 
V2, V3 and V4) therein are both crosscut by numerous equally spaced 
(average spacing being 1 km) NE-SW- to NNE-SSW-trending normal 
faults (Fig. 4A; Xu et al., 2017c), suggesting a deformation event post-
dating gold mineralization. These NE-SW- to NNE-SSW-trending faults 
dip steeply to moderately (79–41◦) to NW or SE. They are barren, 
0.5–20 m wide, and extend for 600–6000 m in length. Fault breccia and 
fault gouge occur in these faults. 

4.1.2. Huangjindong deposit area 
The Huangjindong area is situated in the northeastern part of this 

study area, about 5 km from the Changping fault zone (Fig. 3). The 
Huangjindong deposit is hosted in sandy and silty slate of the Lengjiaxi 
Group and has a structural style characterized by NW-SE-trending 

Fig. 4. (A) Geologic map of the Wangu deposit area. (B) A cross section in the Wangu deposit area showing locations of ore bodies. Section line is marked in Fig. 4A.  
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overturned folds (f1) (Fig. 7A and B, 9A). A NW-SE-trending subvertical 
(88–61◦) axial planar cleavage (S1) is associated with these folds 
(Figs. 7A and 8B). The f1 folds and S1 cleavages are the oldest structures 
mapped in this deposit. The f1 folds are refolded by E-W-trending folds 
(f2) (Figs. 7A and 8C), which are linked to E-W- to ESE-WNW-trending 
subvertical (90–67◦) axial planar cleavage (S2) (Figs. 8D and 9B). 

Similar to the Wangu deposit, the E-W- to ESE-WNW-trending 
cleavages (S2) are crosscut by E-W- to ESE-WNW-trending fracture 
zones (Fig. 9C). These fracture zones are 0.46–12.75 m wide, 270–3300 
m long along strike, and extend to a depth of more than 1400 m 

(constrained by drilling). The majority of these fracture zones dips to 
north and others to south, both with moderate to shallow (63–14◦) dip 
angles. They crosscut each other and show a conjugate geometry 
(Figs. 8E, 9G-H). Striations (defined by wear grooves), drag folds, and 
structural geometries suggest that they have experienced reverse 
(Fig. 9C), strike-slip (Fig. 9E), and normal displacements (Fig. 9F). Gold 
ore bodies are mostly hosted in these E-W- to ESE-WNW-trending frac-
ture zones (Fig. 7A and B). 

The oldest veins (V2) at Huangjindong, identified based on cross-
cutting relationships, are subdivided into two vein sets. The first set is 

Fig. 5. Stereographic data compilations 
of structural data from the Wangu de-
posit area. (A) Poles to bedding of the 
Neoproterozoic Lengjiaxi Group and 
constructed great circle and fold axes 
(in green) for f1. (B) Poles to NNW-SSE- 
to NW-SE-trending cleavages (S1) 
compatible with a NE-SW contraction 
(D1). (C) Poles to bedding of the Neo-
proterozoic Lengjiaxi Group and con-
structed great circle and fold axes (in 
blue) for f2. (D) Poles to E-W- to ESE- 
WNW-trending cleavages (S2) compat-
ible with a N–S contraction (D2). (E) 
Poles to ore-hosting fracture zones in 
the Wangu deposit. (F) Poles to sub-
horizontal extension veins (V2) indi-
cating a subvertical σ3. (G–I) Fault-slip 
data suggesting a stress field with N–S 
compression and E-W tension, which 
characterizes D3. (J) Poles to subvertical 
N–S-trending extension veins (V3) indi-
cating a subhorizontal E-W-trending σ3. 
(K–M) Fault-slip data suggesting a stress 
field with approximately E-W compres-
sion and N–S tension, which character-
izes D4. (N) Poles to ore veins in the 
Wangu deposit suggesting approxi-
mately E-W compression with σ2 ≈ σ3. 
(O–Q) Fault-slip data suggesting a stress 
field with NW-SE tension and a sub-
vertical σ1, which characterizes D5. 
Stereograms in Fig. 5B, D-F, and J use 
lower hemisphere equal area (Schmidt) 
projection, others use lower hemisphere 
equal angle (Wulff) projection. Fault- 
slip data measured on planes of ore- 
hosting fracture zones are represented 
by red great circle with black arrows. 
σ1, σ2, and σ3 represent maximum, in-
termediate and minimum compressive 
stresses, respectively. (For interpreta-
tion of the references to colour in this 
figure legend, the reader is referred to 
the Web version of this article.)   
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0.8–4 cm in thickness and hosted in subhorizontal (28–5◦) extension 
fractures which display an intensity of ~8 fractures/m (Figs. 8F and 9K). 
The second vein set is 1–2.2 cm thick and developed within S2 cleavages 
(about 1 vein every 50 S2 cleavages) (Fig. 9B). The V2 veins are crosscut 
by a set of subvertical (87–56◦) N–S-trending extension veins (V3), 
which are developed simultaneously with minor reverse displacement 
(interpreted to be associated with strike-slip displacement with minor 
reverse component; see section 4.2) along E-W- to ESE-WNW-trending 
faults (Figs. 8J and 9I, K). The V3 veins are 1–45 cm thick. Both V2 
and V3 veins are barren, quartz-dominated, and show massive sealing 
morphologies. In thin section, they display undulose extinction in places 
(Figs. 9O and P). 

The N–S-trending veins (V3) are crosscut by E-W- to ESE-WNW- and 
ENE-WSW-trending extension ore veins (V4) associated with normal 
faulting (Fig. 9I and K). These ore veins are generally 0.2–2.5 cm thick 
and display densities as high as 83 veins/m locally. Dip angles of these 
veins vary from 73◦ to 26◦ (Fig. 8N). The V4 ore veins are mainly 

composed of quartz, pyrite, and arsenopyrite (Fig. 9J). Native gold oc-
curs within fractures in arsenopyrite, while invisible gold mainly occurs 
in arsenopyrite and pyrite in these ore veins (Liu et al., 1989). The V4 ore 
veins show massive sealing morphologies, with comb structure (Fig. 9Q) 
and crack-seal texture (Fig. 9R) observed locally. A vein set (V4) domi-
nated by scheelite and quartz is also present in places. These 
scheelite-quartz veins are generally 1–8 cm thick, accompanied by the 
ore veins, and show similar orientations to the ore veins (Fig. 9L). 

Gold ore bodies at Huangjindong, as well as the ore-hosting E-W- to 
ESE-WNW-trending fracture zones, are crosscut by a series of NE-SW- 
trending normal faults (Figs. 7A and 9M). These NE-SW-trending 
faults mainly dip moderately (65–36◦) to NW, minor to SE. They are 
not mineralized, 0.2–10 m wide, and extend as long as 5000 m along 
strike. Fault gouges and fault breccias are developed in these faults. 
Striations (L5) defined by wear grooves are present on these faults 
(Fig. 9N) and are associated with NW-SE extension, indicating an 
extensional event after gold mineralization (Fig. 8O–Q). 

Fig. 6. Field photographs from the Wangu deposit. (A) Subvertical NW-SE-trending cleavages (S1) occurring in metasandstones. (B) Subvertical NW-SE-trending 
cleavages (S1) crosscut by subvertical E-W-trending ones (S2). (C) A meso-scale fold (f2) with subvertical ENE-WSW-trending axial plane. (D) Subvertical WNW- 
ESE-trending cleavages (S2) crosscut by ore-hosting E-W-trending fracture zones. (E) Barren E-W- to ESE-WNW-trending quartz veins (V2) showing a conjugate 
geometry. (F) Subhorizontal barren quartz veins (V2) occurring in a reverse fracture zone. (G) Subvertical E-W- to ENE-WSW-trending cleavages (S2) crosscut by 
steeply to moderately dipping N–S-trending barren quartz veins (V3). (H and I) L3 and L4 striations on the same fault planes of ore-hosting fracture zone. Note the 
striations linked to D3 are overprinted by those linked to D4. (J) An auriferous quartz vein characterized by mineral assemblage of quartz, pyrite and arsenopyrite, 
termed ore vein. (K) Crosscutting relationships between subhorizontal barren quartz vein (V2), subvertical barren quartz vein (V3), and approximately E-W-trending 
ore vein (V4). Note that V3 crosscuts V2 and is in turn crosscut by V4. (L) A WNW-ESE-trending scheelite-quartz-dominated vein (V4) accompanying ore vein (V4) with 
similar orientation. (M–N) V2 (M) and V3 (N) barren quartz veins showing undulose extinction. (O–P) Auriferous quartz-pyrite-arsenopyrite veins (V4) showing comb 
structure (O) and crack-seal texture (P). (M–P) are taken under crossed-polarized light. Abbreviations: Apy, arsenopyrite; Py, pyrite; and Qz, quartz. 
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4.2. Sequence of deformation and paleostress analysis 

Based on overprinting and crosscutting relationships, the structural 
elements documented above are grouped into five deformation events, 
labelled D1 to D5. D1 to D4 were only observed in the Neoproterozoic 
Lengjiaxi Group, while D5 was observed in both the Neoproterozoic 
Lengjiaxi Group and the Cretaceous sedimentary rocks (Fig. 10). The 
characteristics of individual deformation events and their relationships 
with each other, including reactivation of pre-existing structures, as well 
as their relationships with gold mineralization, are described below. 

D1-deformation: As the earliest deformational epoch observed in 
this study area, D1 is a ductile event characterized by folds (f1) and 
cleavages (S1) (Fig. 10A). The f1 folds are mainly NW-SE-trending but 
locally WNW-ESE-trending (Figs. 5A, 7A and 8A). Remnants of these 
folds were observed locally in the Huangjindong area (Fig. 9A). The S1 
cleavages generally strike NW-SE and mostly dip steeply (90–61◦) to NE 
(Figs. 4A, 5B and 7A, 8B). 

Folds and cleavages developed in incompetent sedimentary rocks 
between two blocks are commonly parallel to the boundary of compe-
tent blocks (Wang, 2010; Bai et al., 2012). As documented by Bai et al. 
(2012), the oldest structures (i.e., folds and cleavages) in the Neo-
proterozoic Lengjiaxi Group in the Jiangnan Orogen are 
NE-SW-trending in the southwestern segment but E-W-, WNW-ESE- and 

NW-SE-trending in the middle segment, apparently controlled by the 
morphology of the boundary between the Yangtze and Cathaysia blocks. 
The NW-SE-trending folds (f1) and cleavages (S1) in this study area (the 
middle segment of the Jiangnan Orogen; Fig. 1A) are associated with the 
first deformation event since the formation of the Lengjiaxi Group and 
are parallel to the competent boundary of the Yangtze block to the 
northwest. Therefore, they are interpreted to be caused by the Neo-
proterozoic (ca. 820–800 Ma) collision between the Yangtze and 
Cathaysia blocks under a regional NW-SE shortening (Figs. 2 and 10A; 
Cawood et al., 2017). The regional, deep Changping fault zone may have 
been initiated at this time (Fig. 10A). 

D2-deformation: Structural elements associated with the second 
deformation event are dominated by early-stage folds (f2) and associated 
cleavages (S2), and late-stage E-W- to ESE-WNW-trending fracture zones 
and barren quartz veins (V2) (Fig. 10B). S2 cleavages crosscut S1 cleav-
ages (Fig. 6B) and are in turn crosscut by the E-W- to ESE-WNW-trending 
fracture zones (Figs. 6D and 9C). 

The f2 folds have axes generally striking E-W and plunging shallowly 
(20–10◦) to west and east in the Wangu and Huangjindong area, 
respectively (Figs. 5C and 8C). Associated axial planar cleavages (S2) 
strike E-W- to ESE-WNW and dip steeply (90–65◦) to north or south 
(Figs. 4A, 5D and 6B, G, 7A, 8D). 

The geometry of E-W- to ESE-WNW-trending fracture zones and the 

Fig. 7. (A) Geologic map of the Huangjindong deposit area (modified after Xu et al., 2017b). (B) A cross section in the Huangjindong deposit area showing the 
location of ore bodies (see Fig. 7A for its location). 
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development of subhorizontal veins (V2) reflect an approximate N–S 
compression with a vertical σ3 (Fig. 5E and F, 6E, F, 8E, F). This stress 
field is compatible with the early-stage folds (f2) (Figs. 5C and 8C) and 
cleavages (S2) (Figs. 5D and 6B, G, 8D) in this study area, as well as the 
approximately E-W-trending folds in pre-Devonian basement in the 
South China Block which have been interpreted to be associated with the 
early Paleozoic orogeny (Qiu et al., 1998; Chen and Rong, 1999; Qiu, 
1999; Hao et al., 2010; Bai et al., 2012). As such, the ~E-W-trending 
folds, S2 cleavages, E-W- to ESE-WNW-trending fracture zones, and V2 
veins in this study area are interpreted to be formed during the early 

Paleozoic. A switch from ductile-to brittle deformation during the D2 
event, indicated by the change of structural styles from the early to late 
stage, probably resulted from the uplift and erosion linked to the early 
Paleozoic orogeny (Fig. 2; Charvet et al., 1996; Faure et al., 2010; Li 
et al., 2016a). This is further supported by Ar–Ar dating (ca. 400 Ma; 
Deng et al., 2020) on muscovite crosscutting barren veins within the 
E-W- to ESE-WNW-trending fracture zones in the Huangjindong deposit. 
This tectonic regime may have caused sinistral strike-slip displacement 
along the Changping fault zone, which is consistent with drag folds in 
the Neoproterozoic Lengjiaxi Group (Figs. 3A and 10B). 

Fig. 8. Stereographic data compilations 
of structural data from the Wangu de-
posit area. (A) Bedding poles measured 
in the Lengjiaxi Group and constructed 
great circle and fold axes (in green) for 
f1. (B) Poles to NW-SE-trending cleav-
ages (S1) associated with NE-SW 
contraction (D1). (C) Bedding poles 
measured in the Lengjiaxi Group and 
constructed great circle and fold axes (in 
blue) for f2. (D) Poles to E-W- to ESE- 
WNW-trending cleavages (S2) linked to 
N–S contraction (D2). (E) Poles to ore- 
hosting fracture zones in the Huangjin-
dong deposit. (F) Poles to subhorizontal 
extension veins (V2) indicating a sub-
vertical σ3. (G–I) Fault-slip data sug-
gesting N–S compression and E-W 
tension characterizing D3. (J) Poles to 
subvertical N–S-trending extension 
veins (V3) indicating a subhorizontal E- 
W-trending σ3. (K–M) Fault-slip data 
suggesting approximately E-W 
compression and N–S tension charac-
terizing D4. (N) Poles to ore veins in the 
Huangjindong deposit. (O–Q) Fault-slip 
data suggesting NW-SE tension accom-
panied by a subvertical σ1 which char-
acterizes D5. Stereograms in Fig. 8B, D- 
F, and J use lower hemisphere equal 
area (Schmidt) projection, others use 
lower hemisphere equal angle (Wulff) 
projection. Fault-slip data measured on 
planes of ore-hosting fracture zones are 
represented as red great circles with 
black arrows. σ1, σ2, and σ3 represent 
maximum, intermediate and minimum 
compressive stresses, respectively. (For 
interpretation of the references to 
colour in this figure legend, the reader is 
referred to the Web version of this 
article.)   
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D3-deformation: This event is manifested as veins (V3) and faults in 
the Neoproterozoic Lengjiaxi Group (Fig. 10C). D3-deformation is 
inferred to postdate D2-deformation based on crosscutting relationship 
of S2 (early D2-deformation) and V2 (late D2-deformation) by V3 (e.g., at 
Wangu and Huangjindong; Fig. 6G, K, 9K). 

The L3 striations imply a paleostress field with N–S compression and 
E-W tension (Fig. 5G–I, 8G-I), compatible with the geometries of V3 

veins (Figs. 5J and 8J). The Changping fault zone might be subject to 
sinistral strike-slip displacement under this stress regime, which is 
indicated by drag folds in the Neoproterozoic Lengjiaxi Group (Figs. 3A 
and 10C). Although both D2-and D3-deformations are linked to N–S 
compression, the tensional stress (i.e., σ3) is subvertical during D2- 
deformation, but subhorizontal during D3-deformation. 

Despite lack of geochronological evidence, this reconstructed stress 

Fig. 9. Field views from the Huangjindong deposit. (A) WNW-ESE-trending overturned anticline (f1) developed in the Lengjiaxi Group. (B) E-W-trending folds (f2) 
and associated E-W-trending subvertical axial planar cleavages (S2). Note these cleavages are locally filled with barren quartz veins (V2). (C) WNW-ESE-trending 
cleavages (S1) crosscut by an E-W-trending ore-hosting fracture zone. (D–F) Two sets of striations (L3 and L4) suggesting strike-slip (E) and normal faulting (F) 
occur on the roof of an E-W-trending ore-hosting fracture zone (D). (G and H) Two sets of ENE-WSW-trending ore-hosting fracture zones with mutual crosscutting 
relationship. (I and J) N–S-trending barren quartz veins (V3) crosscut by a fault showing an early reverse displacement and a later normal displacement. Note 
auriferous quartz-pyrite-arsenopyrite veins (V4) are associated with normal displacement of the ENE-WSW-trending fault. (K) Crosscutting relationships of sub-
horizontal barren quartz vein (V2), subvertical barren quartz vein (V3), and nearly E-W-trending auriferous quartz vein (V4). Note that V2 is crosscut by V3 while both 
of them are crosscut by V4. (L) Scheelite veins (V4) showing similar orientations to ore veins (V4). (M and N) A nearly E-W-trending gold ore body is crosscut by an 
NE-SW-trending fault (M), which bears striations (L5) indicating NW-SE tension linked to D5-deformation (N). (O) V2 barren quartz veins showing undulose 
extinction with sericite occurring in cracks. (P) V3 barren quartz veins showing undulose extinction. (Q–R) Auriferous quartz-pyrite-arsenopyrite veins (V4) showing 
comb structure (Q) and crack-seal texture (R). (O–R) are taken under crossed-polarized light. Abbreviations: Apy, arsenopyrite; Py, pyrite; Qz, quartz; and 
Ser, sericite. 
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field is compatible with the structural elements associated with the early 
Mesozoic orogeny in the South China Block, which occurred in an 
intracontinental tectonic setting since ca. 250 Ma and are characterized 
by E-W- to ESE-WNW-trending folds, and NE-SW- to NNE-SSW-trending 
sinistral strike-slip faults (Fig. 2; Wang et al., 2005; Xu et al., 2009b; 
Zhang et al., 2009; Shu et al., 2015). Consequently, D3-deformation is 
considered to be generated by this orogeny. The N–S compression 

probably stemmed from the collision of the South China Block with the 
North China to the north and Indochina Blocks to the southwest (Faure 
et al., 2014). 

D4-deformation: The structural styles associated with the defor-
mation event include ore veins (V4), scheelite-quartz veins (V4) and 
faults in the Lengjiaxi Group (Fig. 10D and E). In the Wangu and 
Huangjindong deposits, striations (L3) formed during D3-deformation 

Fig. 10. Sketch maps showing evolution of structural elements, stress field through multiple tectonic events (from D1 to D5-deformation) and their relationship with 
gold mineralization in northeastern Hunan Province. Scale is approximate. 
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are overprinted by those (L4) developed during D4-deformation (Figs. 6I 
and 9D), and N–S-trending subvertical barren veins (V3) are crosscut by 
~ E-W-trending ore veins (V4) (Figs. 6K and 9I-K). All these overprinting 
and crosscutting relationships suggest that D4-deformation is a defor-
mation event postdating D3-deformation. 

As the orientation of σ3 corresponds to the pole of the planes rep-
resenting veins on stereographic diagrams (Miller and Wilson, 2004b), 
the variable opening directions for the V4 ore veins indicate an uniaxial 
E-W compression with σ2 ≈ σ3 (Figs. 5N and 8N). This E-W compression 
is compatible with L4 striations (Fig. 5K-M, 8K-M), which were partly 
observed on fault planes of the ore-hosting E-W- to ESE-WNW-trending 
fracture zones and indicate normal movement sense (Figs. 6I and 9F). 
The Changping fault zone possibly underwent dextral shear under this 
stress regime (Fig. 10D and E), which is indicated by striations on sub-
sidiary faults in adjacent outcrops (Fig. 3B). 

This stress regime is also compatible with the numerous NE-SW- to 
NNE-SSW-trending folds and thrust structures in the South China Block, 
which have been interpreted to be formed during the Jurassic to early 
Cretaceous tectonic event (Fig. 2; Xu et al., 2009b; Li et al., 2014). 
Moreover, the ore veins (V4) and scheelite-quartz veins (V4) have been 
constrained to 142–130 Ma (Deng et al., 2017) and 129.7 Ma (Zhou 
et al., 2020), respectively. Hence, D4-deformation was probably caused 
by the subduction of the Paleo-Pacific plate beneath the South China 
Block during the Jurassic to early Cretaceous tectonic event (Zhou et al., 
2006). 

D5-deformation: This deformation event is indicated by normal 
faults in both the Neoproterozoic Lengjiaxi Group and the Cretaceous 
sedimentary rocks. Ore bodies composed of V2 (barren quartz veins), V3 
(barren quartz veins) and V4 (ore veins and scheelite-quartz veins) are 
crosscut by NE-SW- to NNE-SSW-trending faults bearing L5 striations 
(Figs. 4A, 7A, 9M-N), indicating that D5-deformation postdates D4- 
deformation. 

The D5 structural characteristics, especially L5 striations, suggest 
NW-SE tension with a vertical σ1 (Li et al., 2016a, Fig. 5O–Q, 8O-Q). This 
is consistent with the late Early Cretaceous to late Cretaceous (ca. 
130–82) stress regime which has been interpreted to be caused by the 
rollback of the Paleo-Pacific slab and have produced a NE-SW-trending 
basin-and-range-like structural pattern in the South China Block (Fig. 2; 
Zhou and Li, 2000; Zhou et al., 2006; Zhang et al., 2012; Li et al., 
2016b). The regional NE-SW-trending Changping fault zone may have 
experienced normal movement under this stress regime, as indicated by 
drag folds (syncline) and normal faults in the Cretaceous sedimentary 
rocks in its northwest (Figs. 3A and 10F). 

5. Discussion 

The gold deposits in northeastern Hunan Province are mainly hosted 
in the E-W- to ESE-WNW-trending fracture zones within the Neo-
proterozoic Lengjiaxi Group. These fracture zones have been considered 
to be initially formed before the late Mesozoic (Fig. 2; Xu et al., 2017c), 
but the actual timing has been uncertain. Wen et al. (2016) suggested 
that these fracture zones were formed during the early Paleozoic or early 
Mesozoic orogeny, as the geometries of the E-W- to ESE-WNW-trending 
fracture zones are associated with N–S compression during these orog-
enies. However, Fu et al. (1999) interpreted the E-W- to 
ESE-WNW-trending fracture zones to be formed during the early 
Paleozoic or Neoproterozoic orogeny, because they are overprinted by 
early Mesozoic structures. This argument is also supported by the 
occurrence of quartz veins older than 400 Ma within the E-W- to 
ESE-WNW-trending fracture zones (Deng et al., 2020). In addition, the 
E-W- to ESE-WNW-trending fracture zones truncate the E-W- to 
ESE-WNW-trending cleavages (S2) (Figs. 6D and 9C), which in turn 
crosscut the NW-SE-to NNW-SSE-trending cleavages (S1) associated with 
the Neoproterozoic orogeny (Fig. 6B). This indicates that the E-W- to 
ESE-WNW-trending fracture zones postdate the Neoproterozoic defor-
mation and were formed during the early Paleozoic orogeny (Fig. 2). 

The geometries (Figs. 5E and 8E) and ductile-to-brittle structural char-
acteristics (see section 4.2) of the E-W- to ESE-WNW-trending fracture 
zones are also consistent with the early Paleozoic orogeny (Charvet 
et al., 1996; Qiu et al., 1998; Chen and Rong, 1999; Qiu, 1999; Faure 
et al., 2010; Hao et al., 2010; Li et al., 2016a). 

The timing of gold mineralization has also been controversial, with 
opinions ranging from early Paleozoic (Han et al., 2010) to late Meso-
zoic (Hu et al., 1995; Dong et al., 2008; Deng et al., 2017; Zhou et al., 
2020) orogenies. The late Mesozoic ages are believed to be more plau-
sible based on the following considerations. First, the early Paleozoic 
ages (ca. 462 Ma and 425 Ma; Han et al., 2010), which were obtained 
from Rb–Sr dating of quartz and associated fluid inclusions, may not be 
directly related to the age of mineralization due to the nature of the 
analysis (bulk fluid inclusions). Second, quartz veins (V2) that are con-
strained to the early Paleozoic (>400 Ma) by Ar–Ar dating on muscovite 
(Deng et al., 2020) and vein geometries (Figs. 5F and 8F) are all barren. 
Finally, quartz veins (V3) that are constrained to the early Mesozoic by 
vein geometries (Figs. 5J and 8J) are also barren. Thus, the age of gold 
mineralization, which is closely associated with V4 veins, is likely 
post-early Mesozoic. Some of the late Mesozoic ages obtained from 
Rb–Sr dating of quartz and associated fluid inclusions (152 Ma and 70 
Ma; Dong et al., 2008) and fission-track dating on quartz (160–115 Ma; 
Hu et al., 1995), which were proposed to represent gold mineralization 
ages, were too broad to be useful. However, a few more recent 
geochronological studies on Sm–Nd dating of scheelite (Zhou et al., 
2020) and Ar–Ar dating of muscovite (Deng et al., 2017) associated with 
V4 veins were able to constrain the gold mineralization ages to ca. 
142–130 Ma. This age interval is consistent with the structural and stress 
analysis that indicates D4 deformation event and V4 formation took 
place in the Jurassic to early Cretaceous (Fig. 10). 

It is remarkable to note that both barren veins formed in the early 
Paleozoic and early Mesozoic orogenies and auriferous veins formed in 
the Jurassic to early Cretaceous tectonic events are controlled by the 
same E-W- to ESE-WNW-trending fracture zones. Since these structures 
were initially formed in the early Paleozoic, it follows that gold miner-
alization was related to reactivation of these structures. Structural 
reactivation has been shown to be controlled by the orientations of pre- 
existing structures, differential stress, fluid pressure, and friction coef-
ficient (Sibson, 1985, 2001). Favorably oriented structures are easy to be 
reactivated, while others require more demanding conditions such as 
relatively low differential stress level in combination with high fluid 
pressure (Sibson, 1985). Effective principal stresses, which are principal 
compressive stresses minus fluid pressure, are among the most impor-
tant factors controlling faulting and fracturing. Buildup of fluid pressure 
generally pushes the Mohr stress circle towards left and induces reac-
tivation (Sibson et al., 1988), and low friction coefficient is also favor-
able for structural reactivation (Sibson, 1985). It has been widely 
accepted that pre-existing structures represent structural weakness, with 
tensile strength (T) approaching zero (Sibson, 1985). Consequently, 
reactivation of pre-existing structures commonly occurs in preference to 
the formation of new faults in a new round of deformation (Sibson, 
1985, 2001). Indeed, the E-W- to ESE-WNW-trending fracture zones and 
the regional NE-SW-trending Changping fault zone in northeastern 
Hunan Province may have been reactivated multiple times since they 
were formed (Fig. 10). 

A question that follows from the above discussions is why the ore- 
hosting structures, which were initially formed in the early Paleozoic 
orogeny, were not mineralized until early Cretaceous (ca. 142–130 Ma). 
The absence of gold mineralization during the early Paleozoic and early 
Mesozoic may be related to many factors, including lack of ore fluids 
and/or lack of structures connecting the ore fluids with the ore-hosting 
structures. Based on fluid inclusion data, H–O, He–Ar and S–Pb isotopes, 
and regional geological setting, it has been proposed that the ore- 
forming fluids for gold mineralization in northeastern Hunan may 
have been derived from various sources including metamorphic, 
magmatic and mantle-derived fluids (Mao et al., 1997; Mao and Li, 
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1997; Mao et al., 2002; Li et al., 2011; Deng et al., 2017, 2020). The ore 
fluids may have been developed as mixtures of fluids from different 
sources and stored at depth in the upper crust. No gold mineralization 
would occur until the ore fluids were tapped by deep structures and 
drained to structures suitable for ore precipitation. The connection be-
tween the E-W- to ESE-WNW-trending fracture zones and ore fluid 
sources has been interpreted to be associated with a change of these 
fracture zones from contraction to extension (Xiao et al., 2002; Xiao and 
Chen, 2004; Xu et al., 2017c), which is supported by the structural an-
alyses presented in this study. However, the change of the E-W- to 
ESE-WNW-trending fracture zones from contraction to extension does 
not necessarily lead to gold mineralization, because these 
shallow-dipping structures could hardly reach the ore fluids at depth. 

Here we propose that the ore fluids were tapped by the Changping 
fault zone in late D4, when the stress regime was transitional from 
compressional (D4) to tensional (D5). This stress switch is interpreted to 
be a continuous process, as D4-deformation and D5-deformation were 
caused by the subduction (Zhou et al., 2006) and slab rollback (Zhou and 
Li, 2000; Zhou et al., 2006; Zhang et al., 2012) of the Paleo-Pacific plate 
beneath the South China Block. In this process, the approximately 
E-W-trending σ1 (σ1 > σ2 > σ3) reduced progressively as a response to 
the rollback of the Paleo-Pacific plate. At the same time, σ2 also grad-
ually decreased as a result of the simultaneous crust thinning (Jia and 
Hu, 2002; Jia et al., 2002a, b; Xu et al., 2006). This change of stress 
eventually led to a stress field with σ1 > σ2 ≈ σ3 (Fig. 10E), which is 
supported by the orientations of the ore veins (Figs. 5N and 8N). At this 
time, the effective stress normal to the Changping fault zone was 
reduced to the extent that faulting took place, causing seismic activities 
and breaching the ore fluid reservoir, as depicted by the fault-valve 
model (Sibson et al., 1988; Sibson and Scott, 1998). While the 
NE-SW-trending Changping fault zone underwent oblique contraction 
and dextral strike-slip displacement, as suggested by striations (Fig. 3B), 
the E-W- to ESE-WNW-trending fracture zones were subject to extension, 
which created abundant dilation space to drain fluids from the 
Changping fault zone (Fig. 10E). This process of focused fluid release 
from depth through the Changping fault zones to the E-W- to 
ESE-WNW-trending fracture zones may have been repeated multiple 
times in relation to fluid pressure fluctuated between lithostatic and 
hydrostatic values, as recorded by the crack-seal texture of auriferous 
veins (Figs. 6P and 9R). 

Finally, a question that remains to be answered is why gold deposits 
are preferentially hosted in the Precambrian rocks. In addition to the 
favorable structural conditions to drain the ore fluids as discussed above, 
the relatively reducing environment in the Precambrian rocks may have 
played the role of chemical traps. As the ore fluids flowed into the E-W- 
to ESE-WNW-trending fracture zones, reducing fluids in the country 
rocks were also sucked toward these structural sites. As the solubility of 
Fe is relatively high in reducing fluids, the mixing of ore fluids with the 
Fe-rich reducing fluids may lead to sudden precipitation of large 
amounts of pyrite and arsenopyrite, resulting in sulfidation, as recorded 
in the ore veins and wall-rock alteration (Deng et al., 2020). Sulfidation 
has been suggested as the major mechanism of gold precipitation in the 
Wangu and Huangjindong gold deposits (Deng et al., 2020). 

The above discussions demonstrate that the timing of the initial 
formation of structures, their orientations and geometries and spatial 
relationships with each other, and the evolution of regional stress fields, 
are all important factors that control whether or not and how the 
structures may be reactivated in the tectonic history of a region, espe-
cially in terranes that have been subject to multiple tectonic events. 
Whether or not a reactivated structure may be mineralized further de-
pends on several factors, the most important being connection with 
structures linked to the source of the ore-forming fluids and structural- 
chemical traps that can attract (drain) ore fluids and precipitate ores. 
In the case of northeastern Hunan, the NE-SW-trending regional 
Changping fault zone is the critical structure that tapped ore fluids at 
depth, and the E-W- to ESE-WNW-trending fracture zones developed in 

the Neoproterozoic meta-sedimentary rocks represent effective 
structural-chemical traps for gold mineralization. The tectonic condi-
tions favorable for reactivating and connecting these structures were 
best satisfied in early Cretaceous. Based on this model, E-W- to ESE- 
WNW-trending fracture zones in the Neoproterozoic meta-sedimentary 
rocks that are located close to the Changping fault zones, especially 
those showing evidence of reactivation in early Cretaceous time, would 
be favorable gold exploration targets. This example demonstrates the 
importance of understanding the nature of the structural control of 
mineralization for mineral exploration. 

6. Conclusions 

1.The gold deposits in northeastern Hunan are hosted by E-W- to 
ESE-WNW-trending fracture zones developed within meta- 
sedimentary rocks of the Neoproterozoic Lengjiaxi Group that were 
first deformed in Neoproterozoic (D1). 
2.The E-W- to ESE-WNW-trending fracture zones were initially 
formed during the early Paleozoic orogeny (D2), under a N–S 
compressional stress regime.  

3. The E-W- to ESE-WNW-trending fracture zones were reactivated 
multiple times in association with different tectonic events, including 
early Triassic (D3) and Jurassic to early Cretaceous (D4). 
4.Gold mineralization took place during the reactivation of the E-W- 
to ESE-WNW-trending fracture zones in the late phase of D4, when 
the regional stress field changed from E-W-trending σ1 (σ1 > σ2 > σ3) 
to E-W-trending σ1 (σ1 > σ2 ≈ σ3), in association with the transition 
of the regional tectonic setting from plate subduction (D4) to plate 
roll-back (D5) of the Paleo-Pacific plate. This stress transition trig-
gered the faulting along the NE-SW-trending regional Changping 
fault zone, breaching the ore fluids at depth. 
5.The E-W- to ESE-WNW-trending fracture zones were favorable for 
gold mineralization during late D4 because the extensional reac-
tivation of these fracture zones created structural traps for the 
drainage of ore fluids episodically released through the Changping 
fault zone. Furthermore, mixing of the ore fluids with Fe-rich 
reducing fluids from the Precambrian country rocks facilitated sul-
fidation and gold precipitation. 
6.The gold mineralization in northeastern Hunan provides a good 
example about how reactivation of pre-existing structures may have 
played a critical role in gold mineralization in poly-deformation 
terranes. Understanding the nature of the structural control of 
mineralization is important for gold exploration. 
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