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Abstract: S-wave velocity structures are revealed using double-difference tomography, which shows large-scale
low-velocity anomalies around the Xiaojiang and Lijiang—Xiaojinhe fault zones at 10—25 km depth. In contrast, an
obvious high-speed anomaly exists in the center of Emeishan area, which is consistent with the Emeishan Large
Igneous province. Combined with the geological and geophysical data, the low-velocity anomaly might relate to the
lower crustal flow of central Tibetan Plateau. The high-velocity anomaly associated with mantle plume in Emeishan
would obstruct the crustal flow and limit it around the large deep faults. Meanwhile, the results also show that many
mineral resources are mainly concentrated on the major faults and low-velocity zones, indicating that the lower crustal
flow and the large deep faults provide conditions for mineral fluids and minerals deposit.
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1 Introduction

Yunnan Province, China, located on the
southeastern margin of the Tibetan Plateau, had
experienced the compressive stress associated with
the subduction of the Indian Plate. Due to the
continuous collision between the Indian and
Eurasian plates, the crustal thickness had doubled,
and the surface of the Tibetan Plateau was uplifted,
becoming the highest Plateau in the world. Due to
the tectonic activity, metamorphic and igneous
rocks, including gneiss, schist, and granites, were
exposed in the Yunnan Province [1-3]. The lower
crustal flow and weak lower crust were generally
considered the popular dynamic models in the
southeastern margin of the Tibetan Plateau [4—6].
Yunnan Province, as a necessary passage for the
crustal flow, is the most critical area for heat and
mass exchange. It provides a window to constrain

the spatiotemporal evolution of the crust and the
related tectonic thermal activities for the mineral
system. Therefore, the detailed structure of the crust,
especially the magmatism and fluid associated
with large deposits and ore groups, is of great
significance  for further understanding the
distribution of mineral deposits and the deep
dynamic process of deposit formation.

Seismic imaging was a powerful tool for
exploring the earth’s subsurface. It could identify
mineral deposits and reveal the presence of mineral-
rich layers [7]. Seismic imaging was also used to
detect copper, gold, lead and zinc deposits in the
Yunnan Province [8]. Various mineral deposits,
including copper, lead, zinc, and gold, were
widely spread along the main faults in the Yunnan
Province [7—9]. Most of the mineral deposits in this
area were mainly formed during the Mesozoic and
Cenozoic eras [10,11], which might relate to the
magmatic events and heat gradient flow associated
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with the collision of the Indian and Eurasian
plates [8,12]. Seismic tomography shows that the
low-velocity anomalies correlate well with the main
faults and the range of metallic minerals in this
area [13,14], suggesting that the velocity anomalies
might be responsible for forming metallic minerals
in the Yunnan Province. Thus, the crustal structure
revealed by seismic tomography can provide
important information for crustal deformation and
deep metallogenic environment.

In this study, we applied the high-resolution
double-difference tomography to obtain a detailed
shear wave velocity structure of the crust in Yunnan
Province (Fig. 1) based on the direct-S wave arrival
time. We further compare these results with the active
faults, crustal deformation, and magmatic events.
The relationships between the velocity anomalies in
the crust and the mafic rocks in Yunnan Province
and its surroundings are further discussed in this
paper. Our results can play a vital role in building
the crust structure and its relation to Cenozoic
mineralization associated with heat flux and
volatiles from the lower crust to the asthenosphere
in Yunnan Province and its surroundings.
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2 Data and method

2.1 Data

Eighty-two seismic stations are applied in the
double-difference tomography in the region of
E98°-106° and N22°-28° (Fig. 1) recorded by
the China Earthquake Administration (CEA)
network [15]. The direct S-wave travel time
generated by 17331 earthquakes is collected with a
magnitude larger than 1.0 between January 2009
and December 2020 (https://data.earthquake.cn) in
Yunnan Province and its surroundings. The outliers
of S-wave arrival time are further deleted to improve
the inversion resolution by selecting the phase data
with uncertainties less than +5s relative to the
travel time curves (Fig. 2). Meanwhile, the selected
events are recorded at least eight stations and the
distance of the station-pair should be larger than
10 km. Finally, 138565 direct S-wave travel time
is obtained in this work. 124445 differential event
pairs are also constructed based on these catalog
travel time. All those S-wave travel time and the
event pairs provide good ray coverage and cross-
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Fig. 1 Topographic map and geological structure of Yunnan Province and its surrounding areas (Red triangle represents

the national seismic stations; S—CDB: Southern Chuandian block; CXB: Chuxiong Basin; EHS: East Himalayan
syntaxis; SMR: Simao region; JSJF: Jinshajiang fault; LJF: Lijiang fault; ZMHF: Zemuhe fault; XJF: Xiaojiang fault;

RRF: Red River fault)
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Fig. 2 S-wave travel time before (a) and after (b) filtering
double-difference

correlation for a reliable

tomography.

2.2 Method

The S-wave travel time ¢ is first calculated
along the ray path from an event i to a seismic
station k using the ray theory:

t, =Ti+.[ikuds (1)

where u is the slowness, ds is the differential of ray
path length, and 7 is the original time of the event i.
Since the relation between travel time and
earthquake event is nonlinear, the residual travel
time » can be obtained by Taylor expansion from
Eq. (1). The double-difference tomography is built
based on the residual time between different events
using the result of (r;—r/ )™ . A similar equation
for event j measured from station k is subtracted
from the S-wave travel time. The residual time
between two events (i, j) at the same station £ can
be written as follows [16]:
i J

%Am g +j _k 5uds—aiAm J —J %5uds=r,§ —rkj
om i om J

(2)
where Am/(=(Adx’, Ady’, Adz’, Adt’)) is the
perturbation of two sources. Since the crustal
structure of the Yunnan Province has strong
heterogeneity in both vertical and horizontal
directions, a one-dimensional initial velocity model
should be challenging to invert an accurate
result. The 3D seismic wave velocity model
of SWChinaCVM—-1.0 observed by the adjoint
inversion from body wave and surface wave [17,18]
is considered the initial model for the double-

difference tomography. The lateral grid interval
0.5°%0.5° is finally designed, based on the model
resolution and regional seismic ray distribution
density. The vertical grid notes are set at —5, 0, 1, 3,
5,6, 8,10, 15, 20, 30, 35, 40 and 50 km.

Figure 3 shows the distribution of residual
travel time before and after inversion. The residuals
before inversion are distributed between —4 to 4 s,
reflecting a specific deviation between the initial
and real models. The residuals after inversion are
concentrated from —2 to 2 s, indicating that the final
velocity model is better than the initial model in
fitting the actual observation time.
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Fig. 3 Histogram of travel time residuals for S-wave
before (a) and after (b) inversion

2.3 Checkboard test

The checkboard resolution test was used to
evaluate the resolution of seismic velocity models
and the ray path coverage [18—21]. The positive and
negative perturbations of 5% are added to the initial
S-wave model. The synthetic travel time is then
measured within the same distribution of station-to-
events following the actual data. The checkboard
test (Fig. 4) shows that the velocity anomalies can
be recovered well from the surface to the depth of
35 km with good ray-path coverage.

3 Results

3.1 Horizontal slices

The horizontal slices in the depths of 0, 5, 10,
15, 20, 25, 30 and 35 km (Fig. 5) show the lateral
heterogeneities in the crust. At a shallow depth of
0—15 km, shear wave images show that the
Lijiang—Xiaojinhe and the Zemuhe faults located at
the boundary of the Chuandian block have apparent
low-velocity anomalies. Meanwhile, the velocity
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Fig. 5 Horizontal slices of S-wave velocity and mineral deposits (Blue squares represent porphyry (Au—Cu—Mo);

yellow squares represent Au deposit; green squares represent carbonatite; cyan squares represent Ni—Cu(—PGE) sulfide

deposit; purple represents Fe—Ti—V oxide deposit; LI-XJHF: Lijiang—Xiaojinhe fault

anomalies are relatively dispersed, indicating that
velocity anomalies are mainly influenced by
shallow geological structures. At a depth of
15-35 km, the low-velocity anomalies extended
from the north Chuandian block to the southwest
along the Lijiang—Xiaojinhe fault zone with a belt
shape. At the same time, the low-velocity anomaly
zone along the Xiaojiang fault zone also appears on

the western margin of the Yangtze craton, which is
consistent with the surface wave inversion [4]. The
columnar high-speed anomalous body is also found
in the center of the southern Chuandian block,
which extends from the surface to a depth of 30 km.
Meanwhile, this high-velocity anomaly extends
from the center of Emeishan to the northeast and
reaches the Zemuhe fault and the southwest margin
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of the Sichuan Basin. In addition, the low-velocity
anomalies are centered in the deep large faults, such
as the Xiaojiang fault, and Lijiang-Xiaojinhe fault.
At a depth of 20—30 km, our inversion shows that
the high-velocity anomalies distribute in the Simao
and Baoshan blocks.

3.2 Vertical profiles

The vertical profiles of the shear wave velocity
along the N24°, N25°, N26°, and E103° are plotted
in Fig. 6, which are marked with profiles of AA4’,
BB', CC', and DD', respectively. The profile image
of E103° shows that the low-velocity anomalies
mainly spread along the Xiaojiang fault with a
depth of 15—35 km (DD’ in Fig. 6). At a depth of
30 km, this low velocity is continuous from the
Zemuhe fault to the intersection of the Xiaojiang
fault and Red River fault. However, in the shallow
depth between 10 and 25 km, the low-velocity
anomaly is blocked by a high-velocity anomaly
around the center south of the Chuandian block
(BB', and CC' in Fig. 6). For the vertical seismic
profiles of N26° and N25° (BB’, and CC' in Fig. 6),
a significant high-velocity anomaly extends from
the center of the southern Chuandian block at about
E101-102° to the northeast part. It reaches the
southwest part of the Sichuan basin, which
separates the low velocity into two parts (BB', CC’
in Fig. 6). One low-velocity anomaly focuses on the
Xiaojiang fault, and the other low-velocity anomaly
spreads in the Lijiang—Xiaojinhe fault zone. This
high-velocity anomaly is generally considered as
the Emeishan Large Igneous province, which is
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marked by ELIP in Fig. 6 (BB—DD").
4 Discussion

Previous literature [22—24] shows that Yunnan
Province is enriched in many mineral deposits, such
as gold, silver, copper, and lead—zinc (Fig. 7). These
deposits may relate to geothermal activity, forming
through hydrothermal fluids and magmatic events
in the region. For example, the gold deposits in the
Yunnan Province might be caused by intrusions
around the active faults. Similarly, the copper
deposits might relate to the volcanic rocks in this
area [25]. Magmatic events, such as magma
intrusion into the crust, can also significantly
affect the mineral deposit formation in Yunnan
Province [26]. The heat and pressure generated by
these events can lead to the formation of mineral
deposits [26].

4.1 Main fault and mineral deposits

The horizontal images of the seismic velocity
image in our study show large-scale low-velocity
anomalies at a depth of 15-35km, crossing the
Xiaojiang fault, the Lijiang—Xiaojinhe, and the
northern Red River fault zones (Fig. 5). The Yunnan
Province region is known for its rich mineral
deposits, and a strong correlation between the
location of mineral deposits in Yunnan Province and
the presence of certain types of faults and fractures
in the subsurface are observed (Fig.7) [24,25].
Geological data show that many mineral deposits
are widely spread around the Lijiang—Xiaojinhe
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XJF ZMH-XIJF
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Fig. 6 Vertical profiles along N24° (44"), N25° (BB"), N26° (CC"), and E103° (DD") for S-wave velocity and mineral
deposits (The dashed lines represent the distribution of low speed; the blue and yellow squares represent porphyry

(Au—Cu—Mo) and Au deposit, respectively; the green squares, cyan squares, and purple squares represent carbonatite,
Ni—Cu(—PGE) deposit, and Fe—Ti—V oxide deposit, respectively)



Ya SUN, et al/Trans. Nonferrous Met. Soc. China 33(2023) 34763486 3481
Longitude/(°)
N28 E|99 ) E100 E101 E102 E1.03 E1|04
= z *S\\\ » chh"\ng
g ‘3 >/ 9
BT : Ve
& %) ial g(hun\n -
N6y (& "5
> TCT |
3 !. 4
E ;’ gchong' ‘\ “
= <
5
s \'\\
N24 b \ %
BST
B\
\ »
LST
e
N22 \ ‘(

Quaternary sediments
= Neogene sediments
I Plaeogene sediments
= Quaternary Igneus rocks
= Neogene Igneus rocks
mmm Plaleogene Igneus rocks

Au deposit
B Porphyry (Au—Cu—Mo)
B Carbonatite-related FEE
B Fe-Ti-V oxide deposit
Ni—Cu(-PGE) sulfide deposits
Fault o City

Fig. 7 Distribution map of mineral deposits in Yunnan Province and its surrounding orogens (modified after XU et al [3])

(LT: Lhasa terrane; BT: Burma terrane; TCT: Tengchong terrane; BST: Baoshan terrane; CMSZ: Changning— Menglian

suture zone; LCT: Lincang terrane; LST: Lanping—Simao terrane; MF: Milc fault; SF: Shan fault; YC: Yangtze craton;
LCIJF: Langcangjiang fault; JSJF: Jinshajiang fault; ALS—RRF: Ailaoshan—Red River fault; JCF: Jinhe—Chenghai fault;

MLF: Mopanshan—Lvzhijiang fault)

fault and the Zemuhe fault zone with a belt
distribution [25], which is consistent with the
low-velocity anomaly distribution. The anomalies
around the large faults indicate that mineral
deposits may be found in these areas, and
mineral-rich pockets or veins were formed within
the low-velocity anomaly zones [26]. All those
observations suggest that the mineral deposition
system is linked to the movement of these faults,
corresponding to the rotation of the low-velocity
anomaly along the Lijiang—Xiaojinhe and northern
Red River faults. These also suggest that the
distribution of mineral deposits is not uniform, and
they only concentrate in specific areas along the
large faults.

Magnetotelluric results reveal two high
conductivity and low resistance channels at a depth
of 20—40 km [27]. One channel distributes along
the Eastern Himalaya Syntaxis (EHS), and the other
spreads along the Xianshuihe fault and Xiaojiang
fault zones. The second channel is consistent with

the low-speed zone below the Xiaojiang fault zone,
strengthening the link between mineral deposition
and fault movement in the Yunnan Province [28,29].
The intense pressure and heat can cause ductile
deformation and less resistance to this action at the
depth. However, the fault would become inactive
when the shear zone cools, which might result
in a higher resistivity [30]. The low-resistivity
anomalies can reflect this ductile deformation in the
crust, which might relate to various factors, such as
fluids, partial melting, and sulfide minerals [31].
Furthermore, the low resistivity and low-velocity
channels may indicate the presence of mineral-rich
fluids in these faults. The minerals in the fluids may
deposit minerals as they pass through rock
formations. The mineral deposits such as tin,
tungsten, and lead—zinc were deposited in the
granites along the active faults [31,32]. We argue
that active faults play a crucial role in mineral
deposit formation in Yunnan Province. The
movement of these faults leads to crustal
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deformation and rupture of rock layers, creating
favorable conditions for mineralization. All those
results have shown that mineral deposits such as tin,
tungsten, and lead zinc are usually related to active
faults in Yunnan Province [32,33]. These faults can
cause the uplift and erosion of rock layers, exposing
new mineral deposits.

Additionally, the movement of these faults can
also cause a change in the existing mineral deposits,
leading to the formation of new minerals and metals.
Geological data identified that several areas in
Yunnan Province have a high potential for gold
mineralization based on the presence of active
faults and magmatic events [32]. The Dadu River
gold deposit is located on the northwest margin of
the Yangtze River estuary and has obvious
mineralization, which can be traced back to
30—20 Ma. Geological data suggested that this
mineralization might relate to the Cenozoic
Xiaojiang fault system [33]. A strong correlation
between the location of mineral deposits and certain
types of faults and fractures in the subsurface was
deduced in Yunnan area. Red River fault served as a
high-flux conduit of primary magma to collect and
release gases, forming multiple gold ore deposits
(Ailaoshan gold) at the intersections of faults [34].
The lower crustal flow might exacerbate the activity
of faults, resulting in a specific crustal-scale shear
zone, which provides further
migration of ore-bearing fluids and ore deposits.

conditions for

4.2 Emeishan Large Igneous province

The observed high S-wave velocity in the depth
of 10-30 km in the Emeishan area is consistent
with the distribution of mafic and ultramafic
rocks [35,36]. This high-velocity anomaly was
generally considered the Emeishan Large Igneous
province, marked by ELIP (Figs. 5, 6, 44—DD").
The study of peridotite phenocrysts and their
inclusions confirms that abundant Neoproterozoic
intrusive igneous rocks with granodioritic to mafic—
ultramafic compositions are widely distributed in
this region [35]. It implies that mineral deposit
system in the Yunnan Province is related to the
ELIP [37].

The Emeishan basalts exhibit distinct Petro-
chemical characteristics, with two main chemical
groups (low-titanium and high-titanium). The
low-titanium basalts have similar attributes to
arc-related basalts, while the high-titanium basalts

resemble ocean island basalts [37]. The erosion of
the high-titanium basalts has contributed to the
generation of Ti—rich placers in the eastern part of
the ELIP (Figs.5, 6) [37]. Several extensively
studied gabbro intrusions in the ELIP, particularly
linked to Fe—Ti—V oxide mineralization, include the
Panzhihua, Taihe, Baima, Hongge, and Xinjie
intrusions (Figs. 5, 6) [38]. The Hongge and Xinjie
intrusions exhibit ultramafic rocks that are
mineralized with disseminated sulfides rich in
nickel (Ni), copper (Cu), and platinum group
elements (PGE) (Fig.2) [37,38]. Geological data
revealed that the ore fluid has a mantle source
derived from the degassing of primary melts [38].
Due to the continuous subduction of the Indian
Plate and its association with the activity of the
mantle plume and the intrusion of basic and
ultrabasic materials, the mineral deposit system is
likely to be unique in the vicinity of ELIP. These
mineral deposits in ELIP might derive from the
upper mantle upwelling associated with the
continuous collision of the Indian Plate. On the
other hand, Tengchong volcanic had a large-scale
eruption in the late Paleozoic period. The
geochemical properties of the original magma, such
as high magnesium content, suggest that the
mineral deposits were likely formed from the
intrusion of basic and ultrabasic mantle source
materials into the crust [37—-39].

4.3 Dynamic model

The intrusion of ultrabasic materials into the
crust can form mineral deposits. It was generally
considered that the precipitation of minerals
from fluids was released during the magma’s
solidification [40]. These fluids are rich in metal
ions, which can precipitate to form metallic mineral
deposits. Additionally, the high temperatures
and pressures of the lower crust can cause
metamorphism of the surrounding rocks, resulting
in the formation of new minerals. The location and
concentration of the mineral deposit in the Yunnan
Province are likely formed by the ultrabasic mantle
source materials associated with asthenospheric
upwelling [37,38]. The low-velocity anomalies are
widely distributed in the lower crust around the
southeastern margin of the Tibetan Plateau, which
was interpreted as partially molten material in the
lower crust and upper mantle [27]. However, the
low-velocity anomalies are surrounded by the
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high-velocity anomaly, which might be considered
a lithospheric barrier blocking the southeastward
low crustal molten material flow. The lower crustal
flow then converged near the relatively weak
region at the interaction of the Xiaojiang fault,
Lijiang—Xiaojinhe fault, and the north Red River
fault [41-43]. Geological data show that large
mineral deposits are spread in these convergence
areas (Fig.7) [44]. Then, this lower crustal flow
might further promote the formation of mineral
resources.

Three hypotheses for the formation of regional
mineral deposits are then proposed: (1) The deep
subduction of the Indian continent caused the
Tibetan lower crust to move eastward [28], resulting
in the formation of the metamorphic rocks. This
metamorphism also created heat-flow conduits,
which allows metamorphic fluids to move through
faults and crustal-scale shear zones as hydrothermal
and epithermal fluids, leading to mineral migration

’""’f.'k Crust
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Mohg
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LAB
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and mineral deposits. (2) Due to a low-velocity
layer in the lower crust, stress cannot be transmitted
between the upper crust and upper mantle, resulting
in a decoupling of deformation between the
crust and upper mantle [44]. The lower crustal
material might associate with the upper mantle
upwelling [44] and gathering at the bottom of the
crust via a heat flow. Meanwhile, partial melting of
the metasomatized lithospheric mantle can provide
a well-linked architecture for transporting the mineral-
rich melts and fluids in the crustal-scale shear zone,
forming large-volume mineralized zones. (3) Due to
the collision of the Indian and Eurasian plates, a
large magmatic system has been formed, resulting
in large volumes of magma. When magma rose to
the surface, it would cool and form a wide range of
metallic minerals. Combined with the geological
data and our observations, a new dynamic model
for the formation of mineral resources is then
proposed and drawn in Fig. 8.
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5 Conclusions

(1) Shear wave velocity images are obtained
using double-difference tomography in the Yunnan
Province. The observed low-velocity zone mainly
spread in the Lijiang-Xiaojinhe and Xiaojiang fault
zones, which might relate to the low crustal flow.
Emeishan Large Igneous Rock, with the high
velocity has obstructed the low crustal flow.

(2) The relationship between the low-velocity
zone and various metallic minerals was analyzed,
and it is proposed that the metamorphic fluids have
moved through faults and weak crust shear zones as
hydrothermal and epithermal fluids, leading to
mineral migration and deposit.

(3) A dynamic model for deep mineralization
is built, which provides a new understanding of the
relation between the mineral deposition system and
the low crustal flow. It also significantly improves
the mine exploration in Yunnan Province and its
surroundings.
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