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The Emeishan large igneous province (ELIP) in SW China is interpreted to be associated with an ancient mantle plume. Most 
of the constraints on the role of mantle plume in the generation of the Emeishan flood basalts were provided by geological and 
geochemical methods, but the geophysical investigation is very limited. In order to better understand the deep structure and 
features of ELIP, we have studied the crustal velocity structure using the data acquired from the Lijiang-Panzhihua-Qingzhen 
wide-angle seismic profile. This profile crosses the three sub-zones of the ELIP (the inner, intermediate, and outer zones), di-
vided based on the differential erosion and uplift of the Maokou limestone. The results provided by the active source seismic 
experiment demonstrate: (1) The average depth of the crystalline basement along the profile is about 2 km. (2) The middle 
crust in the Inner Zone is characterized by high-velocity anomalies, with the average velocity of 6.26.6 km/s, which is about 
0.1– 0.2 km/s higher than the normal one. The velocity of the lower crust in the inner zone is 6.97.2 km/s, higher than those 
observed in the intermediate and outer zones (6.77.0 km/s). Relatively low velocity anomalies appear in the upper, middle 
and lower crusts near the junction of the inner zone and intermediate zone, probably due to the effect of the Xiaojiang fault 
(XJF). (3) The average velocity of the crust is comparatively low on both sides of XJF, especially on the east side, and the av-
erage velocity of the consolidated continental crust is also low there. This may suggest that the XJF extends at least down to 40 
km deep, even beyond through the crust. (4) The depth to the Moho discontinuity decrease gradually from 4753 km in the 
inner zone, via 4250 km in the intermediate zone to 3842 km in the outer zone. In the inner zone, the Moho uplifts locally 
and the (consolidated) crust is characterized by high-velocity anomalies, which are likely related to intensive magma intrusion 
and underplating associated with melting of plume head. Overall the crustal velocity structure in the study area recorded the 
imprint left by the Permian Emeishan mantle plume. 

Emeishan large igneous province, Permian mantle plume, wide-angle seismic reflection/refraction data, Lijiang-Panzhihua- 
Qingzhen profile, crustal velocity 
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Large Igneous Provinces (LIPs) characterized by volumi-
nous volcanic sequences erupted in a short period of time 
(generally several million years) are magmatic formation 
composed of ultramafic extrusive rocks and intrusive rocks 
(Richards et al., 1989; Campbell and Griffiths, 1990; Coffin 
and Eldholm, 1994; Xu, 2002; Xia et al., 2004; Zhang and 
Dong, 2007). As the largest magmatism on Earth scale, the 
LIPs recorded the transfer of massive material and energy 
from the interior to the exterior of the Earth at a certain his-
torical period. Recently, recognition of the potential role of 
LIPs in affecting the earth surface topography, the mass 
extinction, and the formation of regional vast mineral re-
sources has led to an increased interest in the geoscience 
field (Campbell and Griffiths, 1990; Chung and Jahn, 1995; 
Xu and Chung, 2001; Xu Y G et al., 2001, 2004, 2007a, 
2007b, 2013; Ali et al., 2005; Lo et al., 2002; Zhu et al, 
2002; Xu, 2002; He et al., 2003a, 2003b, 2005, 2006a, 
2006b, 2007). 

Mantle plumes can be divided into modern and ancient 
mantle plumes depending on their formation time. The 
Emeishan large igneous province (hereafter ELIP) erupted 
at ~259 Ma is an important large igneous province in China 
(Mathoney and Coffin, 1997; Courtillot et al., 1999; Xu and 
Chung, 2001; Xu et al., 2013). The formation of the ELIP is 
generally considered as a result of an ancient mantle plume 
(Chung and Jahn, 1995; He et al., 2003a, 2003b, 2005, 
2006a, 2006b, 2007; Xu Y G et al., 2004; Zhang et al., 
2006b; Wu and Zhang, 2012). The eruption of massive 
magmas may have caused important changes in the global 
climate and environment and the extinction events in the 
Late Permian. Hence ELIP has attracted a growing interest 
among the scholars (Chung and Jahn, 1995; Xu and Chung, 
2001; Zhang et al., 2006a; Ali et al., 2005; Xu Y G et al., 
2001, 2004, 2007b, 2013; He et al., 2003a, 2003b, 2005, 
2006a, 2006b, 2007; Peate and Bryan, 2008; Wignall et al., 
2009; Zhang Y et al., 2013; Wu et al., 2014). 

Geophysics is the main method to identify the modern 
mantle plumes, as it provides us with a present snapshot of 
the structure of the Earth (Courtillot et al., 2003; Lei and 
Zhao, 2006). The geophysical approach encounters its dif-
ficulty in identifying ancient plumes, because the anoma-
lous thermal structure in the interior of the ancient mantle 
plumes no longer exists, and it is rather difficult to correlate 
spatially the surface structure with the deep structure due to 
the tectonic movements after the LIPs’ formation (Xu Y G 
et al., 2004, 2007b; Wu and Zhang, 2012). Campbell (2001) 
listed five criteria related to geological and geochemical 
aspects to identify the ancient mantle plumes: prevolcanic 
uplift, radiating dyke swarm, physical volcanology, hotspot 
tracks, and geochemical characteristics of plume-derived 
basalts. The EILP meets three to four of these aspects (Xu et 
al., 2013). Therefore, an ancient mantle plume model has 
been proposed to explain the formation of the ELIP (He et 
al., 2003a, 2006a, 2007; Xu Y G et al., 2004, 2007b; Zhang 
et al., 2006b). 

In this study, we try to use the geophysical approach to 
identify the imprints left by the ancient mantle plume. The 
volcanism generated by the ancient mantle plumes would 
lead to thermal anomalies in the crust and the mantle litho-
sphere, and also to the intrusion and eruption of magmas, so 
that the material composition of the crust and mantle would 
change correspondingly, which are the imprints of the 
events provoked by ancient mantle plumes. These imprints 
can be recognized by comparing variations of the seismic 
velocity, Vp/Vs ratio, density, anisotropy, rheology, and 
magnetism with the properties in the surrounding areas. The 
variations of the petrophysical properties in the lithospheric 
mantle and especially in the crust will hardly experience 
significant changes with time since there are no apparent 
effects from the heat-induced tectonic movements. In order 
to provide geophysical constraints on the variations of the 
physical properties of the crust and uppermost mantle in 
ELIP, we have determined the crust-mantle seismic velocity 
structure on the basis of the data acquired in the course of 
the COMWIDE-ELIP seismic experiment, which consists 
of an active-source seismic sounding performed across the 
study area, along the Lijiang-Qingzhen profile. 

1  Tectonic setting  

The ELIP is located at the western margin of the Yangtze 
Craton, SW China. The Emeishan basalts are exposed in a 
rhombus-shaped province of 2.5×105 km2 bounded by the 
Ailaoshan-Red River slip fault in the southwest (Figure 1) 
and the Longmenshan thrust fault in the northwest (Xu and 
Chung, 2001; Xu Y G et al., 2001, 2004, 2007a, 2007b, 
2013; He et al., 2003a, 2007; Peate and Bryan, 2008; Wu 
and Zhang, 2012; Zhang Y et al., 2013). The province con-
sists of dominant basaltic lavas and subordinate pyroclastic 
rocks, which were emplaced mainly at ~259 Ma (Zhou et al., 
2002; Zhong et al., 2014). Since then the ELIP has been 
subjected to the Indosinian and Yanshanian movements. 
Since the Cenozoic era, the Emeishan basalts have been 
affected by the interaction of the material flow eastward 
within the Tibet plateau and the intrusion of the Assam ver-
tex (Armijo et al., 1989; Qiao et al., 2004; Chen et al., 2013). 
The ELIP has suffered strong deformation and the destruc-
tion of the history of complex tectonic movements, masking 
partially the original distribution of the basalts.   

The Maokou Formation underlies the Emeishan basalts, 
and the contact between them is an unconformity. Through 
the biostratigraphic comparison and sedimentologic features 
of the Maokou limestone in SW China, He et al. (2003a, 
2003b) suggested differential erosion took place prior to the 
eruption of the Emeishan flood basalts and the erosional 
extent changing regularly in space. According to the extent 
of the erosion of the Maokou Formation, the ELIP is divided 
into three zones: the inner, intermediate, and outer zones 
(Figure 1) (He et al., 2003a, 2003b; Xu Y G et al., 2004,  



 Xu T, et al.   Sci China Earth Sci   July (2015) Vol.58 No.7 1135 

 

Figure 1  Map of the Emeishan large igneous province (ELIP) showing the distribution of basalts (in green color) and the west-east trending active-source 
seismic array between Lijiang-Qingzhen used in this study. Red stars mark shot points, and blue triangles indicate receivers. The hollow red star indicated 
the epicentral location of the Ms 6.5 Ludian earthquake occurred in 2014. The dashed lines outline the boundaries between the inner, intermediate and outer 
zones of ELIP. RRF, Red River fault; XJF, Xiaojiang fault; LJ-XJHF, Lijiang-Xiaojinhe fault; CHF, Chenghai fault; YM-LZJF, Yuanmou-Lüzhijiang fault; 
ANHF, Anninghe fault; ZMHF, Zemuhe fault; LFF, Lianfeng fault; ZTF, Zhaotong fault; WN-SCF, Weining-Shuicheng fault. 

2007b). The inner zone with a diameter of about 400 km, 
where the Maokou Formation was strongly eroded, encloses 
the west of Yunnan and the south of Sichuan. The thickness 
of the remaining Maokou Formation is usually less than 100 
m, mostly about 50 m. The Maokou Formation was partly 
eroded and its thickness increases to 200450 m in the in-
termediate zone, which includes a large part of the east of 
Yunnan and north Sichuan. The thickness of the Maokou 
Formation in the outer zone, where the erosion was gener-
ally weak, is 250600 m approximately. There is a short 
sedimentary hiatus between the Maokou limestone and the 
Emeishan basalts in this zone. 

The 650-km-long profile between Lijiang and Qingzhen 
is an active-source seismic sounding oriented in EW direc-
tion across the ELIP, which begins at Lijiang, Yunnan 
province, passes by Panzhihua, and arrives up to Qingzhen 
in Guizhou province (Figure 1). The profile has an elevation 
of about 15002000 m and is located on the Yunnan-Gui-      
zhou-Sichuan plateau. The geological structures along the 
profile are complex and are mostly eroded mountain lands. 
There is an incomplete stratigraphic series of Quaternary 
deposits along the survey line, but the Early-Middle Triassic 
and Middle-Upper Devonian sedimentary strata and the con-

tinental flood basalts are widely distributed. 
The Lijiang-Qingzhen profile crosses several main faults 

from west to east: Lijiang-Xiaojinhe fault (LJ-XJHF), Cheng-   
hai fault (CHF), Yuanmou-Lüzhijiang fault (YM-LZJF), 
Anninghe fault (ANHF), Xiaojiang fault (XJF), and Wein-
ing-Shuicheng fault (WN-SCF) (Figure 1). LJ-XJHF in NS 
direction is an active sinistral strike-slip fault (Xiang et al., 
2002). CHF is about 200 km long from Ninglang in the 
north to Midu in the south. The ultrabasic rocks are distrib-
uted sporadically along CHF. YM-LZJF with the NS trend 
is a major active fracture in the Sichuan-Yunnan region and 
is the dominant fault in the basin located in the central  
region (Bai and Wang, 2003). ANHF is an important  
strike-slip fault that borders between Tibet and the South 
China block (He and Yasutakyr, 2007). XJF with a trend 
nearly in NS direction is a large active fault, whose south 
segment intersects the Qujiang fault and the Honghe fault 
which are in NW direction, thus constructing a special and 
complex wedge block structure (He et al. 1993; Yu et al., 
1997). WN-SCF is located in the region of Weining- 
Shuicheng in Guizhou. It is the boundary of the stratigraphic 
district in central and northwestern Guizhou (Zhang et al., 
2009). 
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2  Data acquisition and seismic phases 

2.1  Data acquisition 

In June 2012 the Institute of Geology and Geophysics, Chi-
nese Academy of Sciences, carried out six explosions along 
the Lijiang-Panzhihua-Qingzhen profile nearly in EW di-
rection; the amount of explosives reached up to 17.5 tons 
TNT, while the amount of a single shot was about 2.4–3.9 
tons. The combined underground blasting was designed to 
be the shooting mode, and the shots were spaced 60–90 km. 
The in-line profile was extended approximately 650 km in 
length and 323 portable digital seismographs stations were 
spaced 1.5–2.0 km and deployed to record the field data 
(Figure 1). 

2.2  Analysis of seismic phases 

Seismic phases identified include Pg, Pm, Pc, and Pn phases. 
Pg is the refracted seismic phase from the crystalline base-
ment in the shallow crust and makes up the first arrivals; 
Pm is the strongly reflected phase from the Moho disconti-
nuity; Pn is the refracted phase from the weak velocity gra-
dient layer in the uppermost mantle, with an apparent velocity 
of about 8.0–8.1 km/s. The reflected phases from the sec-
ond-order velocity discontinuity within the crust are waves 
with relatively weak energies, and are collectively known as 
the Pc phase. There are mainly three groups of intra-crustal 
reflection phases, which are denoted usually as P1, P2, and 
P3 to increasing depths. 

2.2.1  First arrivals 

The first-arrivals of Pg are recorded at offsets from tens to 
more than one hundred kilometers. The apparent velocity 
near the shots increases rapidly and then is stabilized at 6.0– 
6.3 km/s with the increase of the offset. The travel time 
curves of the Pg phases reflect the thickness of the sedi-
mentary cover and the velocity structure of the crystalline 
basement. The advance or delay of the local travel times is 
generally related with local uplifts and depressions of the 
surface. 

The first arrivals corresponding to Pg phases generated 
by the 6 shots along the Lijiang-Qingzhen profile can be 
correlated about 60–120 km in EW direction and they all 
are clear and have high signal-to-noise ratio (Figures 2–7). 
The reduced travel time is calculated using the reduction 
velocity of 6.0 km/s, and its value is about 0.5 s at 60 km 
along the profile, where the Pg seismic phase presents nearly 
horizontal and hence its apparent velocity is near 6.0 km/s. 

A preliminary indication of the results from the Pg phas-
es is that the shallow covering layer along the profile is not 
too thick and the velocity is up to 4.0 km/s. Based on the 
picked first-arrival Pg phases from the six shots, the velocity 
structure of the upper crust is inverted by the finite differ-
ence method (Vidale, 1988; Hole, 1992; Zhao et al., 2004; 
Lan and Zhang, 2013a, 2013b; Lan et al., 2012a, 2012b; Liu 

et al., 2012; Zhao et al., 2014; Ma and Zhang, 2014). The 
velocity structure of the upper crust so determined can be 
considered as the initial model of the shallow crust that is 
used to then invert the crustal velocity structure (Xu et al., 
2014a). 

2.2.2  Later arrivals 

Compared with the first arrivals, which are clear and easy to 
be traced, the later arrivals, such as Pc, Pm, and Pn are 
characterized by low signal-to-noise ratio due to the thick 
Moho in the Yunnan-Guizhou-Sichuan region (Xiong et al., 
1993; Teng, 1994; Liu et al., 2001; Wang et al., 2002; Bai 
and Wang, 2003; Chen et al., 2010; Sun et al., 2012; Zhou 
et al., 2012; Zhang E H et al., 2013; Zhang Z J et al., 2013; 
Teng et al., 2013). Taking the Moho depth in this region as 
the reference, the later arrivals are traced by the exchange 
principle of the travel times of the seismic phases between 
two shots. The results are shown in Figures 2–7.  

Generally speaking, the intercepts of the travel time curves 
of the seismic phases, which are the picked reduced travel 
times, mainly reflect the depth of the reflection interfaces. 
The Moho depth becomes deeper as the reduced travel time 
of Pm phase increases. The curve slopes of the seismic 
phases mainly reflect the average velocities of the strata 
above the Moho. For Pm phases, a large offset may lead to a 
total reflection and the apparent velocity at this offset is 
approximated to the velocity of the lower crust at the reflec-
tion point. Let us see the Pm phases reflected from the Mo-
ho discontinuity as examples: from east to west, on the left 
side of the first shot (Figure 2(a)), the reduced travel time of 
Pm phase is about 2.3 s at offset of 150 km and no phases 
are traced around an offset of 200 km; on the left of the 
second shot (Figure 3(a)), the reduced travel time of Pm 
phase is about 3.3 s at offset of 150 km and no phases are 
traced around the offset of 200 km; on the left of the third 
shot (Figure 4(a)), the reduced travel time of Pm phase is 
2.2 s at offset of 200 km, and no phases are traced at offset 
of 150 km; on the left of the fourth shot (Figure 5(a)), the 
reduced travel time of Pm phase is about 2.7 s at offset 150 
km. From east to west, the reduced travel times of the Pm 
phases increase gradually and then decrease, which indi-
cates that the Moho discontinuity along the profile is gradu-
ally deeper and then becomes shallower.  

By correcting the structural model many times and using 
forward calculation by ray tracing to calculate the travel 
times of multi-phases (Cerveny et al., 1988; Vidale, 1988; 
Zelt and Smith, 1992; Cerveny, 2001; Xu T et al., 2004; Xu 
et al., 2006, 2010, 2014b; Li et al., 2013; Lan et al., 2013a, 
2013b), we obtained the final crust-mantle model. The iden-
tification of seismic phases has a great impact on the veloc-
ity structure and therefore the geophysical model for the 
study region needs to be the most accurate possible to ade-
quately constrain the medium. The depth error of an inter-
face is about ±1 km and the velocity error is about ±0.1 
km/s. In Figures 2–7 we show original seismograms and  
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Figure 2  Shot point Sp01 of the Lijiang-Qingzhen profile. (a) Original seismograms and multiple P-phases picked for analysis (blue crosses) and calculat-
ed travel times (red circles); (b) seismic interfaces and ray diagram; (c) synthetic seismograms. A velocity of 6.0 km/s was used for reduced time. 

multiple P-phases picked for analysis and also computed 
travel times; seismic interfaces and ray diagrams; and syn-
thetic seismograms. 

2.3  Travel time fitting and ray coverage 

The fit between observed and calculated travel times for all 
P-phases recorded from the 6 shots fired along the Li-
jiang-Qingzhen profile reveals a good agreement (Figure 8). 
Furthermore, the ray coverage diagram is rather dense and 
allows seeing a good illumination of the crust (Figure 9). 
These two facts result in a reliable velocity structure.  

3  Seismic velocity structure 

3.1  2D velocity structure 

The 2D velocity structure of the crust along the Lijiang- 

Qingzhen profile is shown in Figure 10 (lower panel). Intra- 
crustal reflectors (P1, P2, and P3) and the Moho discontinu-
ity are drawn following the reflection points of the ray paths 
(small circles). The crust is divided approximately into up-
per crust (from the surface to P1), middle crust (from P1 to 
P3), and lower crust (from P3 to the Moho discontinuity). 
The shallowest layers are characterized by strongly varying 
velocities that reach a value up to 5.8 km/s (Figure 10). 
Taking as reference the crustal velocity structure of China 
and the Yunnan-Guizhou-Sichuan region (Xiong et al., 
1993; Deng et al, 2011; Teng et al., 2013; Zhang E H et al., 
2013), Xu et al (2014a) showed that the crystalline base-
ment along the profile corresponds to a velocity about 5.8 
km/s and a depth about 2 km and there is a significant un-
dulation in the horizontal direction. It would be the result of 
the intense regional tectonic activity. The low-velocity zones 
in the shallowest part of upper crust are located mainly in 
three regions: the region between YM-LZJF and ANHF, the  
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Figure 3  Shot point Sp02 of the Lijiang-Qingzhen profile. Same legend as in Figure 2. 

eastern side of XJF, and the east of WN-SCF. The velocities 
of covering layers in these regions are about 4.0 km/s. A 
high velocity zone is located to the east of CHF where is the 
outcrop region of basic and ultrabasic rocks in the inner 
zone. The velocity in this zone is up to 6.0 km/s.   

The average velocity in the middle crust is 6.2–6.6 km/s, 
and the lateral velocity variation along the profile is signifi-
cant (Figure 10). The inner zone is characterized by a high- 
velocity anomaly that locally presents amplitude of about 
0.1–0.2 km/s; near the intermediate zone, there are low- 
velocity characteristics presented in the upper, middle, and 
lower crusts. The velocity of the lower crust is 6.9–7.2 km/s 
in the inner zone, and 6.8–7.0 km/s in the intermediate and 
outer zones (Figure 10). 

The depths of the Moho referred in this paper are depths 
relative to the geoid. In the inner zone the Moho depth 
along the profile is about 47–53 km; however, the Moho 
depth is 42–50 km in the intermediate zone and 38–42 km 

in the outer zone (Figure 10). The Moho depth gradually 
decreases from the intermediate zone to the outer zone, 
which has its correspondence in the Bouguer gravity anom-
aly (Figure 10(a)). 

3.2  Comparison of velocities 

Based on the velocity distribution in the whole crust, the 
average velocity is about 6.3–6.5 km/s in the inner zone, 
6.2–6.4 km/s in the intermediate zone, and 6.3 km/s in the 
outer zone (Figure 11). The average velocity is compara-
tively higher in the inner zone and relatively lower near 
XJF. 

In Figure 12(a) we show the average P-wave velocity of 
the sedimentary cover along the Lijiang-Qingzhen profile, 
whereas in Figure 12(b) we show the average velocity of the 
consolidated continental crust as defined by different velocity 
contours from 5.8 to 6.1 km/s. The consolidated continental  
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Figure 4  Shot point Sp03 of the Lijiang-Qingzhen profile. Same legend as in Figure 2. 

crust makes reference to the part from the crystalline base-
ment to the Moho discontinuity. The results demonstrate 
that after removing the effect of the cover layer, the average 
velocity in the inner zone is the largest with a value about 
6.4–6.5 km/s, whereas the velocities in the intermediate and 
outer zones are 6.3–6.4 km/s. Moreover, from a view of the 
entire profile, the iso-velocity contours within the interval 
of horizontal distance 100–260 km are very close, but the 
iso-velocity contours in other regions are further apart. A 
greater density of contours indicates that near the inner zone, 
the shallow part of the crust is characterized by less cover-
age layers with low velocities, larger velocity gradients, and 
high-velocity anomalies. Correspondingly, there are mas-
sive basic and ultrabasic rocks with high velocities outcrop-
ping to the surface in this zone.   

The average velocity of the whole crust (Figure 11) and 
the consolidated crust (Figure 12(b)) are relatively lower on 
both sides of XJF, especially on the east side. Based on the 
velocity structure of the upper crust (Xu et al., 2014a) and 

the crustal velocity structure (Figure 10), it is estimated that 
XJF extends at least down to 40 km depth and maybe even 
beyond through the crust. 

A significant feature of the velocity structure along the 
profile is that there is a low-velocity thick zone in the upper 
crust on the east side of XJF, at horizontal distance between 
300 and 400 km. This low-velocity zone extends along 100 
km and reaches a depth of about 10–15 km in its deeper part. 
The feature is revealed by the undulated thickness of the 
sedimentary cover along the Lijiang-Qingzhen profile (Fig-
ure 13(a)). In this same illustration (Figure 13(b)), we also 
can see the variable thickness of the consolidated continen-
tal crust as defined by different velocity contours from 5.8 
to 6.1 km/s.  

4  Discussion 

The Lijiang-Panzhihua-Zhehai profile (Xiong et al., 1993)  
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Figure 5  Shot point Sp04 of the Lijiang-Qingzhen profile. Same legend as in Figure 2. 

was an active source seismic profile similar to the Lijiang- 
Panzhihua-Qingzhen profile. The profile was about 360 km 
long and is overlapped with our profile. The results from the 
Lijiang-Zhehai profile indicated that there were four low 
velocity zones and a high velocity zone in the upper crust at 
the overlap area. The low velocity zones were located in the 
regions near Lijiang, Yongsheng, between the east of Pan-
zhihua and Huaping and east of Huili, respectively. The 
high velocity zone was located in the region between Huili 
and Panzhihua where basic and ultrabasic rocks outcrop on 
surface. Xiong et al. (1993) thought that this high velocity 
body was closely related to the metallogenic rocks in Pan-
zhihua. The results above are almost consistent with the fine 
structure of the upper crust along the Lijiang-Qingzhen pro-
file (Xu et al., 2014a). 

There is a low velocity layer with velocity 5.5–5.7 km/s 
in the middle crust along the Lijiang-Zhehai profile. How-
ever, no significant seismic phases were observed along the 

Lijiang-Qingzhen profile in support of this view. Along the 
Lijiang-Zhehai profile, the velocity values in the lower crust 
ranged from 6.6 to 6.8 km/s, and the velocity contours up-
lifted under the region of Panzhihua, which indicated that 
the high velocity body in the upper crust at this region 
might have its origin in a deep tectonic movement (Xiong et 
al., 1993). 

The results from the Lijiang-Qingzhen profile indicate 
that in the inner zone the velocity is generally higher and 
the Moho discontinuity uplifts. The results mentioned above 
are supported by the observation data provided by the per-
manent/temporary broadband seismic array in the study area. 
Other studies based on ambient seismic noise show that the 
S-wave velocity structure presents significant high-velocity 
anomalies at depth of 10 km in the inner zone (between the 
shots Sp04 and Sp05) (Liu et al., 2014). There is also an 
S-wave high-velocity anomaly at 25 km depth in the middle 
crust (Yao et al., 2008). Moreover, the crust in the inner  
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Figure 6  Shot point Sp05 of the Lijiang-Qingzhen profile. Same legend as in Figure 2. 

zone is locally characterized by significant S-wave high- 
velocity anomalies (Zhou et al., 2012). The results obtained 
by teleseismic body wave tomography indicated that a high- 
velocity body exists from the bottom of the lower crust to 
the uppermost mantle and its thickness is about 20 km (Liu 
et al., 2001). The results supplied by Pn-wave tomography 
showed a higher velocity in the uppermost mantle in the 
region of ELIP (Lei et al., 2014). 

Receiver function analysis was carried out using high- 
quality broadband teleseismic waveform data recorded by 
stations belonging to the Chinese National Digital Seismic 
Network; the results indicated that the Moho discontinuity 
in the inner zone uplifts and the depth is 48–58 km between 
the shots Sp04 and Sp05; to the east of the shots Sp03 and 
Sp04, the Moho is generally shallower from the inner zone 
to the intermediate zone and the outer zone and the depth is 
about 46–48 km (Chen et al., 2010). The Moho depth ob-
tained by the receiver function method is the thickness from 

the Moho discontinuity to the surface. By removing the im-
pact of the topography, the depth features of the Moho men-
tioned before are similar to these obtained from wide-angle 
seismic data. Moreover, the teleseismic receiver function 
analysis with data recorded by regional stations in Yun-
nan-Guizhou- Sichuan gave rise to a similar undulation of the 
Moho depth, although with a more smooth lateral variation 
(Sun et al., 2012). The comparison of the Moho depth along 
the Lijiang- Qingzhen profile obtained by different methods 
is shown in Figure 14. Terrain correction was carried out for 
all depths and the depths became the thicknesses from the 
geoid to the Moho discontinuity. The results are different, as 
can be seen, but all show the same west-east trending. 

The Bouguer gravity anomaly increases gradually in 
ELIP (Figure 10(a)) and the Moho discontinuity is gradually 
shallower from the inner zone to the outer zone along the 
profile (Figure 10(b)). The significant feature of the gravity 
anomaly curve is its uplift in the inner zone (Deng et  
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Figure 7  Shot point Sp06 of the Lijiang-Qingzhen profile. Same legend as in Figure 2. 

 

Figure 8  Observed (crosses) and calculated (circles) travel times for all P-phases recorded from the six shots fired along the Lijiang-Qingzhen profile 
revealing a good agreement. 

al., 2014). This indicates some features of the deep structure 
in the inner zone: high-density anomalies exist in the crust, 
which correspond with the seismic high velocity anomalies 

or the Moho depth variation. The features of the velocity 
model from the gravity observation are consistent with 
those of the velocity model here determined. 
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Figure 9  Ray coverage diagram for the six shots fired along the Lijiang-Qingzhen profile that allows seeing the illumination of the crust. Inverted triangles 
on top mark the shot points. 

 

Figure 10  Bouguer gravity anomaly (a) and 2D seismic velocity structure of the crust (b) along the Lijiang-Qingzhen profile. Intra-crustal reflectors (P1, 
P2, P3) and the Moho discontinuity are drawn following the reflection points of the ray paths (small circles). Shot points (inverted blue triangles), regional 
faults (arrows with head down), and the three zones in which ELIP is conventionally divided are indicated on top in agreement with the nomenclature ex-
pressed in caption of Figure 1. 

 

Figure 11  Average P-wave velocity of the whole crust beneath the Lijiang- 
Qingzhen profile. The vertical dashed lines divide the profile into the inner, 
intermediate, and outer zones; XJF is the acronym for the Xiaojiang fault. 

From the gravity curve (Figure 10(a)), the range of the 
gravity anomaly (wavelength) in the inner zone is ~250 km 
(between 50 and 300 km). There is an empirical relationship 
between the range of the density anomaly (z) and the range 
of the observed gravity anomaly (wavelength ), which is  
≈2z (Artemieva, 2011). On the basis of this relationship, 
we can deduce z≈40 km, which indicates that the gravity 
anomaly in the inner zone is the product of the density 
anomaly on crustal scale, including the topography of the 
Moho discontinuity. Based on the generally positive corre-
lation between crustal density and seismic velocity, the 
above result provides a support to our velocity model.  
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Figure 12  Average P-wave velocity of the sedimentary cover (a) and the 
consolidated continental crust (b) as defined by different velocity contours 
from 5.8 to 6.1 km/s along the Lijiang-Qingzhen profile. The consolidated 
continental crust makes reference to the part from the crystalline basement 
to the Moho discontinuity. XJF is the acronym for the Xiaojiang fault. 

 

Figure 13  Thickness of the sedimentary cover (a) and the consolidated 
continental crust (b) as defined by different velocity contours from 5.8 to 
6.1 km/s along the Lijiang-Qingzhen profile. XJF is the acronym for the 
Xiaojiang fault. 

 

Figure 14  The Moho depth along the Lijiang-Qingzhen profile compared with the depth obtained in previous studies (Xiong et al., 1993; Li et al., 2006; 
Chen et al., 2010; Sun et al., 2012) and this study. Regional faults (arrows with head down) and the three zones in which ELIP is conventionally divided are 
indicated on top in agreement with the nomenclature expressed in caption of Figure 1. 

5  Evidence of an ancient mantle plume 

The erosive volume of uplifted crust is the largest in the 
inner zone of the ELIP (He et al., 2003a, 2003b). From bot-
tom to top, the basalt rocks there vary from low-Ti lavas to 
high-Ti lavas, and the picrites are locally distributed (Zhang 
et al., 2006b; Zhang Y et al., 2013). However, we also found 
high-Ti lavas in the intermediate zone. Low-Ti lavas are 
formed with a high degree of partial melting of the mantle, 
whereas high-Ti lavas are formed with a small degree. 
Based on features of the dome-shaped uplift of the crust and 
the spatial distribution of the basalts, the inner zone of the 
ELIP is interpreted as the impact site of an ancient mantle 
plume head (Xu Y G et al., 2004; Deng et al., 2014). In the 
inner zone, a high degree of partial melting of the mantle 

led to the formation of voluminous magmas. Part of these 
magmas erupted toward the surface, and the other part re-
mained at different depths of the crust in the form of intru-
sive rocks and magmatic underplating. These mafic basalts 
could be recognized in the seismic velocity structure. In the 
inner zone of the ELIP the Moho discontinuity is character-
ized by local uplift (Figure 10) and the consolidated conti-
nental crust presents high P-wave velocity anomalies (Fig-
ures 10–12(b)), which may be the imprint of magma intru-
sion and underplating. The melting of a mantle plume 
would generate picritic magmas with about ~20% MgO 
(Zhang et al., 2006b; Zhang Y et al., 2013), which are char-
acterized by a great density. When the picritic magmas rise 
to the Moho, their density was higher than that of the sur-
rounding crust. As a consequence of this density contrast, 
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magmas are trapped at the Moho boundary and the mag-
matic underplating occurred. In the course of magmatic un-
derplating highly magnesium magmas experience fractional 
crystallization and the minerals including spinels, olivines, 
and clinopyroxenes tend to be accumulated on the bottom of 
the lower crust. Residual magmas subsequent to intensive 
fractionation will have low density and gain their buoyancy 
to rise to the upper levels of the crust. It is possible that 
similar processes would appear many times through devel-
opment of magma chamber or intraplating during magma 
ascent to the surface. These processes explain why the ma-
jority of flood basalts are strongly fractionated rather than 
being primitive. This is further supported by the 
high-velocity anomalies in the crust (Figure 10; Farnetani et 
al., 1996; Xu Y G et al., 2004, 2013; Xu and He, 2007). In 
the inner zone of the ELIP, the Moho is characterized by a 
local uplift (Figure 10) that might be caused by the uplift of 
the ascending plume head. The resulting magmatic under-
plating could cause the thinning of the crust so that the 
space so generated was rapidly filled by the inflow of mag-
ma. 

6  Conclusions 

We have obtained the crustal velocity structure along the 
Lijiang-Qingzhen profile on the basis of the data acquired 
through an active source wide-angle seismic experiment. 
The middle crust in the inner zone is characterized by high- 
velocity anomalies, with the average velocity of 6.2–6.6 
km/s, which is about 0.1–0.2 km/s higher than the normal 
one. The velocity of the lower crust in the inner zone is 
6.9–7.2 km/s, higher than those observed in the intermediate 
and outer zones (6.7–7.0 km/s). The depth to the Moho dis-
continuity decreases gradually from 47–53 km in the inner 
zone, via 42–50 km in the intermediate zone to 38–42 km in 
the outer zone. In the inner zone of ELIP, the Moho is 
characterized by local uplift and the consolidated continen-
tal crust presents high P-wave velocity anomalies, which 
may be the imprint of magma intrusion and underplating 
caused by the Permian mantle plume. Of course, the results 
presented here are preliminary and still need to be comple-
mented with other geophysical studies in order to obtain 
more information on the Vp/Vs ratio, density, anisotropy, 
rheology, and magnetism, and thus provide new constraints 
on the lithosphere. 
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