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Because of the abundant geological, geochemical and geophysical studies conducted on the Emeishan large igne-
ous province (ELIP) in South China, the Permian mantle plume model associated with this region is widely ac-
cepted. Furthermore, the dome-shaped structure related with this plume has been determined with success by
sedimentological data and gravity stripping. Although the sediment thickness, upper crust, Moho depth and
the lithosphere-asthenosphere boundary (LAB) are well constrained by active- and passive-source seismological
results, the density anomaly in ELIP is still a poorly constrained issue that needs further attention. With the aim
especially to understand the impact on surface of the magmatic processes that originated in the deep mantle, we
performed the COMGRA-ELIP gravity experiment across this region. Using a stripping method, we determined
the residual gravity in ELIP and surrounding areas. The residual gravity reaches a maximum value of
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Underplating 4150 mGal in the inner zone of ELIP and its strength decreases gradually when measuring from the inner
Emeishan large igneous province zone to the middle and outer zones. Combining active and passive seismic results and the least-squares variance
South China analysis method, we propose a strong density contrast of 0.2 g/cm’ (density of 3.14 g/cm?) for the 15- to 20-km-
thick igneous layer accreted at the base of the crust, as evidence of crustal underplating in ELIP, to explain the

present-day residual gravity anomaly.
© 2016 Elsevier B.V. All rights reserved.
1. Introduction It has been suggested that igneous intrusion at the base of the crust

The Emeishan large igneous province (hereafter ELIP) lies within a
rhombus-shaped area of 250,000 km? bounded by the Lijiang-Xiaojinhe
fault to the northwest and the Red River fault to the southwest (Xu et al.,
2001) (Fig. 1). Inrecent years, ELIP has drawn the attention of the scien-
tific community because of its great importance in understanding the
origin of intraplate igneous structures and its possible synchrony with
the end-Permian mass extinctions (Wignall et al., 2009; Wu and
Zhang, 2012; Cheng et al., 2014; Shellnutt et al., 2012; Shellnutt, 2014;
Xu et al,, 2014a; Yuan et al,, 2014; Zhong et al., 2014). According to
the extent of erosion of the Maokou Formation composed of Mid-Late
Permian carbonates (He et al., 2003, 2006; Xu et al., 2004), the dome-
shaped structure associated with ELIP can be divided into three zones,
namely, the inner, middle and outer zones, and the Xiaojiang fault is
the boundary between the inner and middle zones (Fig. 1). The extent
of the erosion is more apparent in the inner zone, which is proposed
as the site of a rising plume head (He et al., 2003).
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may underlie the flood basalts (White and McKenzie, 1989; Coffin and
Eldholm, 1994). Magmatic underplating occurs when basaltic magmas
are trapped at the Mohorovici¢ discontinuity or within the crust during
its rise to the surface (Cox, 1993). Underplating of magma is an impor-
tant process for crustal formation and subsequent evolution because the
inflow of magma provides a non-tectonic way for growing and thicken-
ing of the crust (Thybo and Artemieva, 2013). Geophysical studies (as
well as igneous petrology and geochemistry) utilize the differences in
density and seismic velocity to identify underplating that occurs at
depth (Behera et al., 2004; Singh et al., 2004; Thybo and Artemieva,
2013), but the density studying in ELIP is still poor.

In an attempt to characterize the subsurface structure that is related
to fossil mantle plume activity, a comprehensive geophysical investiga-
tion was conducted in ELIP, and the properties and geometry of the
crust collectively suggest the existence of a 15- to 20-km-thick and a
150- to 180-km-wide mafic layer overlying the base of the crust in the
inner zone (Chen et al., 2015). In this paper, since the depth of interfaces
and magmatic underplating process seem to be well constrained by
comprehensive geophysical investigation (Xu et al., 2015; Chen et al.,
2015; Chen et al., in preparation), we assess the density of the mafic
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Fig. 1. Tectonic features (main faults) depicted on a topographic map of the Emeishan large igneous province (ELIP). The inset in the top right corner shows a small rectangle on a map of
China that reveals the location of the explored area. The dash lines indicate the inner, middle and outer zones of ELIP. Three instrument sets were deployed from west to east in this region:
a gravity profile (blue diamonds indicate gravity survey points), a passive-source seismic array (pale blue triangles indicate passive seismic stations) and an active-source seismic array
(black inverted triangles indicate active seismic stations). The distribution of Permian basalts is similar to that of Xu et al. (2004, 2007).

layer based on the observed gravity data from the COMGRA-ELIP exper-
iment. Starting from the results obtained by seismology, by least-
squares variance analysis and with the help of the trial-and-error meth-
od, we estimate both the density and the shape of underplating in the
lower crust that fits the residual gravity.

2. Data processing and Bouguer gravity

In order to understand the gravity response to the magmatic process
in ELIP, during the months of July and August 2012, we carried out the
COMGRA-ELIP experiment for gravity measurement along a west-east
800-km-long profile that crosses the inner, middle and outer zones of
ELIP (Fig. 1). This experiment included 338 measurement points mea-
sured by a Burris gravity meter (No. B65) whose accuracy reaches
15 pGal (Zhang et al., 2011). The observation points were spaced an av-
erage distance of about 2.2 km. Gravity readings were recorded relative
to two base points belonging to the national gravity network of China,
one located at the east part of the profile near Guiyang (Guizhou Prov-
ince) and another at the west part near Lijiang (Yunnan Province). In
order to carry out the terrain correction, in addition to measuring the
relative gravity, we also recorded the elevation of each survey point
using a Trimble GeoXM GPS with precision of up to 1 m.

After a series of gravity reductions that include drift correction, tide
correction, latitude correction, topography correction and Bouguer cor-
rection (Zeng, 2005), the obtained Bouguer gravity is shown in Fig. 2.
The elevations along the reference profile fluctuate greatly in the inner
and middle zones; the sharpest variation occurs in the middle of the
profile and correlates with the Xiaojiang fault, which can be seen clearly
as the boundary between these two zones (Fig. 2, upper plot). The
Bouguer gravity anomaly increases gradually from west to east, from
—330 to — 130 mGal, with a dome-shaped variation in the inner zone

(Fig. 2, lower plot). To some extent, the respective shapes of the topog-
raphy and the Bouguer gravity keep mirror symmetry.

The measured Bouguer gravity is a summation of all density anoma-
lies within the lithosphere including the density difference of the layers
with respect to those of the reference model and the undulation of
intra-crustal and sub-crustal layers. Low-density sediments result in a
negative gravity anomaly relative to the crystalline crust, and removing
this effect due to the sediments will increase the residual anomaly. Con-
trarily, an uplift of the Moho produces a positive gravity anomaly and its
elimination will lead to a reduction in the residual anomaly. In contrast,
a depression of the Moho produces a negative anomaly (Mooney and
Kaban, 2010). Although the topography and free-air effects have been
removed from the Bouguer gravity, in order to isolate the gravity re-
sponse of ELIP we have to remove particular gravitational effects caused
by the sedimentary cover, the undulation of the upper crust, the Moho
and the mantle lithosphere from shallower to deeper depths. This se-
quential procedure, named stripping, was first described by Hammer
(1963) and later developed by other authors (Bielik, 1988; Mooney
and Kaban, 2010; Bielik et al., 2013a, 2013b; Deng et al., 2014a).

3. Gravitational effects

It is generally assumed that any change affecting the horizontality of
the homogeneous reference density model would lead to a change in
the residual gravity anomaly (Mooney and Kaban, 2010), whereas the
gravity from a uniform horizontal layer with invariable density is a con-
stant. Our reference model corresponds to a continental crust with flat
topography (Fig. 3), which consists of a 15-km-thick upper crust with
density 2.7 g/cm® (Mooney and Kaban, 2010) above a 25-km-thick
lower crust with density 2.94 g/cm>® (Mooney and Kaban, 2010; Deng
et al,, 2011). The average density of the lithospheric mantle is set to
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Fig. 2. Topography and Bouguer gravity anomaly along the gravity profile that crosses ELIP from west to east (Fig. 1).

3.33 g/cm?, while that of the asthenosphere is 3.31 g/cm® (Burov, 2010,
2011).

3.1. Gravitational effect of the sediments

When processing the Bouguer gravity field, the first step is to re-
move the effect of the sedimentary cover by forward modeling its grav-
ity anomaly, which is a linear problem (Nagy, 1966; Li and Oldenburg,
1998). There are several methods to calculate the gravity anomaly,
such as the cuboid method (Deng et al., 2014a, 2014b) and the polygon
method (Jia and Meng, 2009; Wang et al., 2014a, 2014b). In this study,
we use the latter one, assuming that the gravity anomaly is generated
by a horizontal polygonal prism lying parallel to the y axis, such that

O“ 270 ' Sedimen
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2.94
40

3.33

150

v g/cm3

Fig. 3. Left: the reference lithospheric/asthenospheric structure described in terms of the
respective depths and densities of the major layers. Right: sketch illustrating the
laterally varying lithosphere.

the subsurface mass can be divided into a finite number of these prisms
(Jia and Meng, 2009). Operating in the x-z plane (z axis is downward),
the gravity anomaly at the origin point (0, 0) is given by:

N
£(0,0) = ZGer,»] ('sin 61 cos @;— cos 6;; sin ¢;)
i=1
. I'i1
x | sing; In ot AB; cos ¢;
i2

where G is the gravitational constant, p is the density in the 2D polygo-
nal element within the x-z plane and the remaining parameters related
with the geometry are clearly described in Jia and Meng (2009).

Since the COMWIDE-ELIP experiment has provided a detailed veloc-
ity model for the upper crust (Xu et al.,, 2014b), in our calculation, we
took the velocity contour 5.8 km/s as the lower limit of the sedimentary
cover (Zhang and Klemperer, 2010; Zhang et al., 2013), together with a
density of sediments equal to 2.4 g/cm>. Nevertheless, the length
spanned by the mentioned seismic experiment is not as long as that of
our gravity profile, by which we took into account the sediment thick-
ness provided by the Simao-Zhongdian profile (Zhang et al., 2006) for
the western transect and the thickness supplied by the CRUST1.0
model for the eastern transect (Laske et al., 2013). Fig. 4a (lower plot)
shows the contour of the sediment thickness across the Lijiang-
Qingzhen profile, which varies considerably from one location to anoth-
er. The average thickness is about 2 km, although the deepest depth
could be 7 km. Using the linear forward method mentioned above, we
calculated the gravitational effect of the sediments (Fig. 4a, upper
plot). The density contrast is 0.3 g/cm> with respect to the reference
model (Fig. 3). The maximum of the gravity anomaly is about
—40 mGal in the inner and middle zones of ELIP, but it has a sudden de-
crease below — 75 mGal at the beginning of the outer zone and then in-
creases again to ~— 20 mGal.
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Fig. 4. (a) Gravitational effect of the sediment cover (upper panel) and sediment thickness across the Lijiang-Qingzhen profile (lower panel) (Xu et al., 2014b). (b) Gravitational effect of
the undulated upper crust (upper panel) and upper crust thickness along the profile mentioned above (lower panel) (Xu et al., 2015). (c) Moho depth (lower panel) as determined by
active-source constraints (green dash line) and also by receiver functions (black continuous line), and gravitational effect of the undulated Moho (upper panel) along the study profile
(Chen et al., 2015). (d) Gravitational effect of the undulated LAB (upper panel) and LAB depth along the study profile (lower panel) (Chen et al., in preparation). The density values of

the different structures are the ones associated to the reference model (Fig. 3).

3.2. Gravitational effect of the variation in thickness of the upper crust

The crust may be divided into the upper and lower crust. The former
has a felsic bulk composition that is similar to granite (Wedepohl, 1995),
while the latter has a middle-to-mafic composition (Christensen and
Mooney, 1995). Because of this difference in composition, there is a
sharp density contrast between the upper and lower crustal layers.
Therefore, the undulations of the boundary between these two major
layers must be taken into consideration for interpretation of gravity
anomaly.

According to the P-wave velocity obtained from the COMWIDE-ELIP
experiment (Xu et al., 2015), it is possible to deduce the undulations or
the thickness of the upper crust (Fig. 4b, lower plot); the largest depth
of the upper crust locates in the boundary between the inner and middle
zones. Fig. 4b (upper plot) shows the gravitational effect caused by the
undulations of the upper crust and a density contrast of 0.24 g/cm>
with respect to the reference model (Fig. 3). The gravity anomaly de-
creases progressively in the inner zone of ELIP to the east and reaches
more than — 110 mGal at the boundary with the middle zone. From
this point to the east, the anomaly rises continuously within the middle
and outer zones.

3.3. Gravitational effect of the Moho undulation

Teleseismic receiver functions have proven to be a powerful tool for
estimating the crustal thickness (Ammon et al., 1990). By the H-k stack-
ing technique and further migration of receiver functions, Chen et al.
(2015) have estimated the Moho depth along the reference profile
(Fig. 4c, lower plot). The Moho depth is about 50 km in the inner zone,
but reaches 58 km at the boundary with the middle zone. The Moho
rises in the middle zone and remains in 40 km in the outer zone of
ELIP, so that the difference in the Moho depth could exceed 10 km
when going eastward from the inner zone to the outer one. Here, we
also present the Moho depth delimited by active-source constraints
(green dash line in Fig. 4c) (Xu et al., 2015). In active-source seismology,
the energy that propagates down is reflected back when it finds a high-
impedance boundary, while the receiver functions, determined from
teleseismic data, report on the sampled Moho points. Because the
Moho is actually not a thin interface, but a transition zone, the receiver
functions detect rather the bottom interface of this transition zone,
while the active-source seismic exploration detects its top of interface,
which means that active-source method we will get a less Moho depth
than receiver functions. Fig. 4c (upper plot) shows the gravitational
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effect caused by the Moho undulation, determined by receive functions,
and a density contrast of 0.39 g/cm? with respect to the reference model
(Fig. 3). The negative gravity anomaly reaches —200 mGal in the inner
zone of ELIP, in correspondence with the deeper Moho, while it increases
in the middle zone and is larger than — 50 mGal in the outer zone.

3.4. Gravitational effect of the undulated LAB

Although significantly less, the variations in the thickness of the sub-
crustal lithosphere also affect the gravity anomaly measurements. The
lithosphere is defined as the cold and rigid outer shell of the Earth
through which heat is transmitted by conduction. With the advantage
of separating the primary conversions from the multiples by the S-
wave arrival times, the S-wave receiver functions are a suitable tool to
determine LAB (Kind et al., 2012). Following this method, Chen et al.
(in preparation) have obtained the undulations of LAB beneath the
passive-source seismic array (Fig. 1). The LAB in ELIP that depicts the
mantle lithosphere thickness is shown in Fig. 4d (lower plot). The
inner zone has the thinnest lithospheric thickness with a value around
110 km whereas the middle and outer zones have a lithospheric thick-
ness of about 160 km. Fig. 4d (upper plot) shows the gravitational effect
of the undulations of LAB calculated with a density contrast of
0.02 g/cm? with respect to the reference model (Fig. 3). Given the in-
volved depths around an average value of 150 km, the resultant gravity
anomaly is small everywhere. In the inner zone, the gravity anomaly
reaches its lowest value of about — 10 mGal, while the gravity anomaly
is nearly zero in the middle and outer zones.

Table 1
Uncertainties related to the layer thickness, density and induced gravity anomaly. See the
text for more details.

Source Uncertainty in Uncertainty in Uncertainty in
thickness density difference gravity anomaly
(km) (g/cm?) (mGal)

Observed gravity 1

Sediment 0.5 0.10 ~10

Upper crust 2 0.10 ~40

Undulation of the 2 0.06 ~30

Moho
Mantle lithosphere 10 0.02 ~10

4. Residual gravity and uncertainties

The step-by-step elimination of the gravitational effects associated
with the sediments, the upper crust, the Moho and the lithospheric
mantle, allows us to obtain the residual gravity along the study profile
as illustrated in Fig. 5. Fig. 5a, b and c present the stripped residual grav-
ity anomaly after removing successively from the Bouguer gravity the
gravitational effects associated with the sediments, crust and upper
mantle. Fig. 5d presents the final residual gravity. A remarkable positive
gravity anomaly extends over the inner and middle zones of the igneous
province. The anomaly reaches its largest value of almost 150 mGal in
the inner zone, and it decreases gradually in the middle zone and be-
comes a negative anomaly in the outer zone of ELIP. In order to remove
the bias caused mainly by data imprecision and the measurement er-
rors, we used a low-pass filter with the purpose of obtaining the filtered
residual gravity (blue line in Fig. 5d), which is the curve that we will
consider hereafter.

Regardless of this smoothing, it is important to estimate the errors
involved in the calculation of the residual gravity. Deng et al. (2014a)
addressed an analysis of this type and reached some important conclu-
sions. The overall error derives from uncertainties in: (1) the gravity
measurement and (2) the thickness and density estimated for (a) the
sediment; (b) the upper crust; (c) the lower crust; and (d) the mantle
lithosphere. Of all these factors, the error associated with the gravity
anomaly measurement is the smallest one, given that the observation
accuracy with a Burris gravimeter is better than 1 mGal. However, the
other factors may give rise to larger errors with a magnitude of
10 mGal or more.

In our gravity modeling, we consider that the density in the sedi-
ment, upper crust, lower crust and sub-crustal lithosphere is a constant,
which is a simplification of the real conditions considering the data sup-
plied by the boreholes described in Deng et al. (2014a). The standard
deviation of the crustal density is based on the uncertainty in the veloc-
ity—-density formulas given by Christensen and Mooney (1995). For each
major crustal layer, this amount is about +0.05 g/cm> (Mooney and
Kaban, 2010). We expect that this uncertainty is reduced when we av-
erage the densities of several layers, as usually in seismic models of
the crust (Mooney and Kaban, 2010). Here, we calculated the gravity
anomaly according to the density difference or contrast. The density dif-
ference between sediments and the upper crust is 0.24 g/cm>, but the
uncertainty in the average density of the sediments is 0.05 g/cm?>, the
same as the uncertainty in the density of the upper crust, so that the un-
certainty affecting the density difference around this interface is
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Table 2
Numerical results for estimating the source depth and shape.
Window length (s) zat zat zat zat zat zat zat zat zat zat zat zat zat zat zat
gq=01 g=02 gq=03 g=04 g=05 g=06 gq=07 g=08 g=09 g=10 g=11 gq=12 qg=13 q=14 q=15

40 53.25 55.53 57.73 59.86 61.93 63.94 65.90 67.81 69.68 71.50 73.28 75.03 76.74 78.41 80.06
45 44.69 47.00 49.23 51.38 53.45 55.47 5743 59.33 61.18 62.99 64.75 66.48 68.17 69.82 71.44
50 36.31 38.68 40.96 43.14 45.25 47.28 49.25 51.16 53.01 54.81 56.56 58.27 59.94 61.57 63.16
55 29.62 32.10 34.47 36.74 38.92 41.02 43.05 45,00 46.89 48.72 50.50 52.23 53.92 55.56 57.16
60 26.28 29.01 31.62 34.13 36.53 38.84 41.06 43.20 45.26 47.26 49.20 51.07 52.89 54.67 56.39
65 27.57 30.68 33.65 36.49 39.21 41.81 4431 46.72 49.04 51.28 53.46 55.56 57.61 59.60 61.54
70 30.03 33.27 36.36 39.31 4213 4484 47.45 49,96 52.39 54.73 57.01 59.22 61.37 63.46 65.51
75 3042 33.61 36.66 39.59 4241 45.11 47.72 50.23 52.66 55.02 57.31 59.53 61.70 63.81 65.86
80 28.70 31.68 34.56 37.32 40.00 42.58 45.07 47.49 49.84 52.12 54.34 56.50 58.60 60.66 62.67
85 2591 28.60 31.18 33.66 36.07 3839 40.65 42.84 4497 47.05 49.08 51.07 53.01 5491 56.77
90 2441 26.88 29.23 31.46 33.59 35.62 37.57 3945 41.27 43.03 44.73 46.39 48.01 49.59 51.13
95 23.72 26.01 28.15 30.15 32.03 33.81 35.50 37.11 38.65 40.14 41.57 42.96 4431 45.62 46.90
100 26.19 28.46 30.52 3240 34.15 35.77 37.30 38.75 40.14 41.48 42.77 44.03 45.27 46.47 47.66
Average value (km) 31.32 33.96 36.49 38.90 41.20 43.42 45.56 47.62 49.61 51.55 53.43 55.26 57.04 58.78 60.48
Standard deviation 8.65 8.54 8.46 8.42 8.41 8.43 8.48 8.54 8.62 8.72 8.83 8.95 9.08 9.21 9.35

q = 0.5 indicates a vertical cylinder for the source; g = 1.0 indicates a horizontal cylinder; g = 1.5 indicates a sphere.

0.1 g/cm’. A similar argument is valid for the uncertainty in the average
density of the upper and lower crust, which is 0.05 g/cm> for the two
layers, so the uncertainty in the density difference related to the inter-
face separating both layers is 0.1 g/cm>. The uncertainty in the average
density of the lower crust is 0.05 g/cm?; but it is hard to determine
the average density of the mantle lithosphere. Burov (2010, 2011) con-
sidered the density of mantle lithosphere equal to 3.33 g/cm>, and that
of the asthenosphere at 3.31 g/cm>. We presume the uncertainty in the
average density of mantle lithosphere and the asthenosphere is
0.01 g/cm?, respectively. So the uncertainty in the density difference
about the Moho interface is 0.06 g/cm?, and about LAB is 0.02 g/cm?>.
Consequently, the uncertainties in density difference between sedi-
ments and upper crust, upper crust and lower crust, crust and mantle
lithosphere, lithosphere and asthenosphere are estimated to be 0.1,
0.1, 0.06 and 0.02 g/cm’, respectively.

In our study, the sediment thickness can be estimated with an error
of around 0.5 km using the ray tracing method (Xu et al., 2014b), and
hence the error calculated for the gravity anomaly reaches about
10 mGal considering the uncertainty in density mentioned above. Anal-
ogously, the upper crust explored by deep seismic sounding yields an
uncertainty in thickness less than 2 km (Xu et al., 2015), which corre-
sponds to an error in gravity anomaly of not more than 40 mGal consid-
ering the density uncertainty. As the dominant frequency of the Moho
converted Ps wave is 1 Hz in the case of the receiver functions calcula-
tion, and the average S-wave velocity is close to 3.7 km/s, the wave
length comes to be 3.7 km, which corresponds to a resolution of less
than 2 km. In such case the uncertainty in the gravity anomaly is less
than 30 mGal. Lastly, the uncertainty in the estimation of the litho-
sphere thickness is generally accepted that is about 10 km, which corre-
sponds to an error in gravity less than 10 mGal. All these uncertainties
are summarized in Table 1.

By combining all error sources, the cumulated error inherent to the
gravity anomaly varies around 90 mGal along the reference profile.
However, it should be noted that all these uncertainties are not correlat-
ed and therefore the total uncertainty would be less than the total sum
of all of them (Mooney and Kaban, 2010). In summary, the residual
gravity anomaly ranges from — 50 to + 150 mGal (Fig. 5d) yielding a
signal-to-noise ratio higher than 2, which is clearly better than the
ratio found in our previous analysis (Deng et al., 2014a).

5. Crustal underplating

The interpretation of the residual gravity is often subject to ambigu-
ity due to the multiple solutions for the structure model (Zeng, 2005).
Fortunately, our passive seismic investigation has revealed the crustal

nature and geometry in the inner zone of ELIP (Chen et al., 2015). Sev-
eral distinct crustal properties, including high Vp/Vs ratio, low heat
flow, a thick crust and the intra-crustal geometry, strongly support a
15- to 20-km-thick mafic layer extending laterally about 150-180 km
over the base of the crust in the inner zone (Chen et al., 2015). Second,
from active seismology, Xu et al. (2015) have found high P-wave veloc-
ity in the lower crust and a P3 interface that is also located at ~35 km
depth in the inner zone. Third, the depth of that buried mass is consis-
tent with the depth by using a least-squares variance analysis method
(Abdelrahman et al., 2001, 2006), which estimated that the cause of
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Fig. 6. (a) Adjustment of observed and calculated gravity anomalies in the inner zone of
ELIP. (b) Misfit between observed and calculated gravity. (c) 2D average density
anomaly model due to crustal underplating. Ul means underplating interfaces reported
by Chen et al. (2015), while P3 makes reference to the interface found by Xu et al.
(2015), in both cases at 35 km depth approximately.
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the residual gravity could be a vertical cylinder-shaped body at a depth
of 38.9-41.2 km (average values with less variance), in the light of the
numerical results concerning the depth of the gravity anomaly source
(Table 2).

This mafic layer is interpreted as a result of magmatic underplating
related to the Permian mantle plume, and it offers a good starting
point to try to explain the gravity anomaly determined by progressive
stripping. Owing to the mafic layer formed as a result of this process,
such a layer could be the main cause of the residual gravity, although
other factors also could contribute to the observed anomaly, which is
certainly hard to detect.

By applying the trial-and-error method to the residual gravity, we
find the density contrast of 0.2 g/cm? for the 15- to 20-km-thick mafic
layer overlying the base of the crust (Fig. 6¢), which fits reasonably
well to the residual gravity in the inner zone of ELIP (Fig. 6a). Other bod-
ies buried in the upper crust and/or in the lithospheric mantle could ex-
plain the resultant misfit between observed gravity and calculated
gravity (Fig. 6b). But essentially the encountered high density is consis-
tent with the previous geochemical results (Xu et al., 2004; Xu and He,
2007) and accredited geophysical results (Liu et al., 2001; Xu et al.,
2014b; Chen et al., 2015), thus providing clear evidence for crustal un-
derplating associated to the past volcanism in Emeishan. This process
could be the cause of the non-tectonic uplift of 1-1.5 km in the inner
zone of ELIP, such as has been suggested by Chen et al. (2015).

The density contrast of 0.2 g/cm> taken as sign of an underplating
process admits the comparison with other cases worldwide, namely:
0.2 g/cm?® in the Early Permian igneous province in Denmark (Thybo
and Schénharting, 1991); 0.1 g/cm? in the western continental margin
of the British Isles (Watts and Fairhead, 1997); 0.15 g/cm’ in the Maha-
nadi delta of Eastern India (Behera et al., 2004); 0.12 g/cm? in the
Rajamal Traps volcanic igneous province in Eastern India (Singh et al.,
2004); 0.2 g/cm® in the North Atlantic (Sallarés and Calahorrano,
2007); 0.2 g/cm? in the South Atlantic margins (Dragoi-Stavar and
Hall, 2009); and 0.2 g/cm® in the northern Hikurangi margin, New
Zealand (Scherwath et al., 2010). Furthermore, numerical simulation
of ultramafic magmatic mass intrusion into continental crust (Gerya
and Burg, 2007) is also compatible with a very strong density contrast.
Therefore, our results seem to further support the presence of a mag-
matic layer in the lower crust related to the Permian mantle plume.

6. Conclusions

Based on the results provided by recent active- and passive-source
seismic experiments, we modeled the residual gravity and the inner
density structure in the Emeishan large igneous province in south
China. Regarding the first target, we followed a gravity stripping process
consisting of the progressive removal of the gravitational effects due to
the sediments, the undulated upper crust, the lower crust and the man-
tle lithosphere. The resultant residual gravity is positive in the inner and
middle zones of ELIP, and its strength (up to + 150 mGal) is larger with-
in the inner zone and then decreases gradually in the middle zone and
becomes negative in the outer zone.

According to previous knowledge and our latest geophysical obser-
vations, we assumed that the residual gravity anomaly beneath the
inner zone has its origin in the lower crust. For the density modeling,
we considered a simple density model consisting of a 15- to 20-km-
thick layer with density contrast of 0.2 g/cm? (density of 3.14 g/cm?)
overlying the base of the crust. This model fits reasonably well with
the residual gravity in the inner zone, and reveals magmatic under-
plating in the lower crust associated to the Permian volcanism in ELIP.
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