
RESEARCH PAPER

The inversion of density structure by graphic processing unit
(GPU) and identification of igneous rocks in Xisha area

Lei Yu • Jian Zhang • Wei Lin • Rongqiang Wei •

Shiguo Wu

Received: 30 August 2013 / Accepted: 25 December 2013 / Published online: 31 January 2014

� The Seismological Society of China, Institute of Geophysics, China Earthquake Administration and Springer-Verlag Berlin Heidelberg 2014

Abstract Organic reefs, the targets of deep-water petro-

leum exploration, developed widely in Xisha area. However,

there are concealed igneous rocks undersea, to which

organic rocks have nearly equal wave impedance. So the

igneous rocks have become interference for future explo-

ration by having similar seismic reflection characteristics.

Yet, the density and magnetism of organic reefs are very

different from igneous rocks. It has obvious advantages to

identify organic reefs and igneous rocks by gravity and

magnetic data. At first, frequency decomposition was

applied to the free-air gravity anomaly in Xisha area to

obtain the 2D subdivision of the gravity anomaly and

magnetic anomaly in the vertical direction. Thus, the dis-

tribution of igneous rocks in the horizontal direction can be

acquired according to high-frequency field, low-frequency

field, and its physical properties. Then, 3D forward model-

ing of gravitational field was carried out to establish the

density model of this area by reference to physical properties

of rocks based on former researches. Furthermore, 3D

inversion of gravity anomaly by genetic algorithm method

of the graphic processing unit (GPU) parallel processing in

Xisha target area was applied, and 3D density structure of

this area was obtained. By this way, we can confine the

igneous rocks to the certain depth according to the density of

the igneous rocks. The frequency decomposition and 3D

inversion of gravity anomaly by genetic algorithm method

of the GPU parallel processing proved to be a useful method

for recognizing igneous rocks to its 3D geological position.

So organic reefs and igneous rocks can be identified, which

provide a prescient information for further exploration.

Keywords Xisha area � Organic reefs and igneous rocks �
Frequency decomposition of potential field � 3D inversion

of the graphic processing unit (GPU) parallel processing

1 Introduction

The northern continental margin of the South China Sea is an

important area for hydrocarbon migration and accumulation

(Yao 1998; Shao et al. 1999; Jin et al. 2003; Tao et al. 2005;

Wan et al. 2006). Organic reefs, which have good source-

reservoir-cap combination of the configuration and favor-

able conditions for hydrocarbon migration developed well in

Xisha area, and organic reefs in this area also have good

porosity, permeability, source rock, passage for hydrocar-

bon migration, and high quality cover. Thus, Xisha area is an

important target area for petroleum exploration (Sun et al.

2008; Yao et al. 2004; Yang et al. 2011). However, there are

numerous volcanoes and igneous rocks in this area because

of multistage structure evolution (Ma et al. 2009). Igneous

rocks and organic reefs have similar wave impedance,

appearance, and strong-amplitude reflection on the seismic

sections, so it is hard to distinguish. Developing the geo-

physical exploration technique to identify organic reefs and

igneous rocks quickly becomes an important research sub-

ject for deep-water petroleum exploration. Yet, compared

with organic reefs, igneous rocks possess typical physical
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properties of high density and high geomagnetic intensity

(Zhang et al. 2003). It is effective to distinguish organic reefs

and igneous rocks by technique of frequency decomposition

and 3D inversion of the GPU parallel processing. The results

can provide prescient information for further exploration.

2 The geological and geophysical characteristics

2.1 Distribution of organic reefs and igneous rocks

in Xisha area

Xisha area is located in the southern part of Qiongdongnan

Basin (Fig. 1a, b). Drilling data showed that there were

Precambrian metamorphic crystalline basements under

Miocene carbonate rocks, so this area was always in

continental environment before Miocene. Xisha Islands

sank with the sea-floor spreading. Carbonate platform and

different types of reefs began to develop since Early

Miocene. Xisha apophysis was submerged during Late

Miocene and formed Cretaceous strata. Organic reefs

developed widely since Pliocene, and formed three big

composite atolls which were named as Yongle, Xuande,

and Xuandedong (Wu et al. 2009; Ma et al. 2010; Zhao

et al. 2011). There are many organic reefs such as Yon-

gxing Island, North reef, Huaguang reef, YuZhuo reef,

Panshi Island, and Langhua reef growing till now (Wei

et al. 2005) (Fig. 1c).

Fig. 1 The general geological and geophysical situation in Xisha area. a The geotectonic division and distribution of carbonate platform in the

northern SCS; b The seismic cross-section image in the northwest of the SCS (Yang et al. 2011); c The relief map of Xisha sea area; d The free-

air gravity anomaly in Xisha sea area; e The magnetic anomaly after reduction-to-the-pole. (A Xisha sea area, B Qiongdongnan Basin,

C Yinggehai Basin, D Zhongjiannan Basin; Circled digit one Bei reef, Circled digit two Chenhang Island, Circled digit three Huaguang reef,

Circled digit four Panshi Island, Circled digit five Yongxing Island, Circled digit six Gaojianshi, Circled digit seven Langhua reef)
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Igneous rocks of the South China Sea mainly distribute

in four areas: uplift areas of the northern continental mar-

gin, Zhongsha-Xisha uplift, Nansha area, and seamount

chain of ocean basin (Li et al. 2010). Igneous rocks can be

divided into intrusive rocks and effusive rocks which

include granites, diorites, basalts, and so on. Some granite

rocks of intermediate-acidic in Xisha area extend roughly

north–east and north–west along fault strike, and some

distribute in the area surrounded by faults. Their shapes are

controlled by deep structures and fault activities. Basic-

intermediate basalts are mainly caused by sea-floor

spreading of the Central Basin (Li et al. 2010).

2.2 Characteristic of gravity and magnetic anomaly

in Xisha area

Gravity anomaly of Xisha area ranges from -35 to

70 mGal. The high value is located in reef islands and the

maximum is in Gaojianshi Island with the value of

70 mGal. The values of other areas are generally lower and

the minimum appears in the eastern researched region with

the value of -35 mGal (Fig. 1d). Gravity anomaly is clo-

sely related to geologic bodies underground. This paper

gives rock density data of the northern South China Sea

according to other research results (Table 1). Geological

data indicate that density difference of igneous rocks

hardly changes with age. Density of intermediate-acidic

igneous rocks ranges from 2.54 to 2.64 g/cm3 and density

of intermediate-basic igneous rocks ranges from 2.70 to

2.75 g/cm3(Li et al. 2010).

Aeromagnetic anomaly of Xisha area which extends

roughly E–W can be divided into three zones: the north

part, the middle part, and the south part. Magnetic anomaly

of the north part and the south part is relatively high, and

the middle part is low. Since it is affected by oblique-

magnetization, aeromagnetic anomaly of this area can not

reflect magnetic features of geologic bodies underground.

Therefore, reduction-to-the-pole at low latitude is needed.

New technique for reduction-to-the-pole is used by Hao

et al., and they divided magnetic inclination into 25 zones

(Hao et al. 2009). We choose 16.5� as inclination and

-0.63� as declination for research area, then get the result

of magnetic anomaly after reduction-to-the-pole (Fig. 1e).

The value of anomaly ranges from -90 to 150 nT with the

characteristic of crumby appearance. The high value is

located in the eastern Gaojianshi Island, Langhua reef,

Panshi Island, Huaguang reef, and Chenhang Island. The

statistics of rock magnetism in the northern SCS show that

sedimentary rocks and epimetamorphic rocks of Cambrian

to Mesozoic are nearly nonmagnetic or weakly magnetic.

High-value magnetic anomaly is mainly caused by volca-

nic rocks and intrusive rocks (Hu et al. 2011). The mag-

netic features lay the groundwork for further study of

organic reefs and igneous rocks. Thus, it is possible to do

further study for organic reefs and igneous rocks based on

the above data (Table 2).

3 Frequency decomposition of potential field and 3D

inversion of the graphic processing unit (GPU)

parallel processing

3.1 The research data and workflow

The research region is called Xisha area. Its longitude ranges

from 111.3�E to 112.8�E and its latitude ranges from 15.6�N
to 17.3�N. The researched data comes from Scripps Insti-

tution of Oceanology, University of California San Diego

(http://topex.ucsd.edu/). The grid data of gravity anomaly is

10 9 10 and the magnetic anomaly is 20 9 20. Two kinds of

technology are used in this paper, and they are frequency

decomposition and 3D inversion of the graphic processing

unit (GPU) parallel processing, as is shown in Fig. 2.

The procedure of frequency decomposition (1) change the

gravity and magnetic anomaly from spatial domain to fre-

quency domain by Fourier transform (Chen et al. 2008); (2)

take 0.25 Hz as a step size to extract low-frequency field, then

change the low-frequency anomaly from frequency domain to

spatial domain, and extract high-frequency field at the same

time; (3) select a typical section and extract its low-frequency

anomaly and high-frequency anomaly; (4) analyze and con-

trast the result repeatedly; and (5) conjecture that there are

igneous rocks underground in the area of high density and

high magnetic intensity according to their physical properties

of high density and high magnetic intensity.

The procedure of 3D inversion of the GPU parallel

processing (1) establish 3D density model

(180 9 160 9 10 km3) based on research achievement

(Wang et al. 2002); (2) divide target region into 381,600

(106 9 90 9 40) cells; (3) take 0.85 as crossing-over rate

and 0.08 as aberration rate and apply 3D inversion of

gravity anomaly by genetic algorithm method of the GPU

parallel processing to calculate; (3) choose 600 generations

Table 1 The statistics of rock density in the northern SCS (Hao et al.

2008)

Era Lithology Density

(g/cm3)

Mean density

(g/cm3)

Cenozoic Era basalt 2.47–2.79

Cenozoic Era Neogene sedimentary rock 1.50–2.30

Paleogene 2.26–2.57

Mesozoic Era sedimentary rock 1.85–2.77 2.45

granite 2.51–2.76 2.55

Paleozoic Era Late Paleozoic sedimentary rock 2.34–2.79

Early Paleozoic sedimentary rock 2.52–2.80 2.70

Precambrian Era metamorphic rock 2.08–3.16
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as the final generations to invert gravity anomaly; (4)

search the density of every cell by computer until density

difference between observations and inverted ones

approach to minimum (Lin et al. 2013 forthcoming); and

(5) confine igneous rocks at a certain depth according to

their density (2.54–2.64, 2.70–2.75).

We can obtain the location of igneous rocks in obser-

vation surface by frequency decomposition and confine the

igneous rocks in some certain layer by genetic algorithm

method of the GPU parallel processing. The two techniques

realize 3D space position of the igneous rocks in the target

region.

3.2 Results analysis

Low-frequency and high-frequency anomaly were extrac-

ted by frequency decomposition (Fig. 2), and the results

were showed in Fig. 3. Figure 3a, b showed low-frequency

background field and high-frequency local field of gravity

anomaly separately. Figure 3c, d showed the low-

Table 2 The statistics of rock magnetism in the northern SCS (Hao et al. 2009)

Lithology Era Name of rock Susceptibility 9 10-5SI

variation range mean value

Residual magnetization 9 10-3A/m

variation range mean value

Sedimentary rock N-Q Sandstone, mudstone, shale, conglomerate 0

Metamorphic rock J-Pz1 Metasandstone, killas, schist, gneiss 0–3,693

Migmatitic paragneiss 100–113

Igneous rock N Basalt 63–8,629 129 630–48,700 4,825

K-J Andesite, andesitic porphyrite 0–24,153 116–68,072

K-J Tuff 0–17,953 0–160,000

K-J Rhyolite rhyolite-porphyry 0–1,557 0–11,900

Intrusive rock Diorite 314–10,148 3,086 226–289,600 761

Gabbro 138–40,694 4,161 850–52,400 2,060

Fig. 2 The workflow of identifying organic reefs and igneous rocks by gravity and magnetic anomaly

120 Earthq Sci (2014) 27(1):117–125

123



frequency background field and high-frequency local field

of magnetic anomaly after reduction-to-the-pole. As shown

in Fig. 3a, the high value anomaly distributed in reef

islands of Yongxing Island, Gaojianshi Island and Langhua

reef. Drilling data showed that there were Precambrian

metamorphic basements which might cause high-value

gravity anomaly. Figure 3b showed that some areas of high

gravity anomaly in high-frequency field concentrate in

Chenhang Island, Huaguang reef, Panshi Island, eastern of

Gaojianshi Island, and Langhua reef, so there seemed to

have some geological bodies of high magnetic intensity

underground. As shown in Fig. 3c, the magnetic anomaly

was roughly along the north–south direction with a zonal

distribution. The value in middle of the research region was

Fig. 3 The frequency decomposition a Low-frequency field of gravity anomaly; b High-frequency field of gravity anomaly; c Low-frequency

field of magnetic anomaly after reduction-to-the-pole; and d High-frequency field of magnetic anomaly after reduction-to-the-pole
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low, and the lowest reached up to -120nT. The value of

the eastern part and the western part was higher, and the

highest could approach to 180nT. This proved the existence

of the magnetic basement. The magnetic basement was

made up of Mesozoic intrusive rocks, volcanic rocks, and

Paleozoic rocks with magnetic intensity (Hu et al. 2011).

Figure 3d showed that the high magnetic anomaly of high-

frequency field concentrated in Langhua reef, Gaojianshi

Island, Chenhang Island, Huaguang reef, and Panshi Island.

And high magnetic anomaly in the western part distributed

more widely than eastern part. The results of frequency

decomposition showed that there were igneous rocks under

Langhua reef, Gaojianshi Island, Chenhang Island, Huag-

uang Island, and Panshi Island. Figure 6 gave the distri-

bution of igneous rocks in the horizontal plane.

Density difference was the foundation and precondition

of gravity inversion, and we made data statistic induction

and analysis in this paper to establish a reasonable struc-

ture of 3-D density model. The data indicated that there

were some certain density differences between different

formations of Nanhai. The density difference between

Paleogene and Mesozoic, Paleogene and Mesozoic gran-

ites were 0.2–0.5 g/cm3, 0.3–0.5 g/cm3, respectively. It

had obvious density difference between sedimentary for-

mation and basement. According to these data, we estab-

lished initial density model in this paper as follows (Wang

et al. 2002): seawater density was 1.03–1.04 g/cm3; the

density of Cenozoic sedimentary formation was

1.8–2.24 g/cm3; and as the depth increased, Cenozoic

sedimentary formation gradually changed to basement, and

the density increased to 3 g/cm3, so we set the cell density

that below Cenozoic sedimentary formation increased from

2.24 to 3.2 g/cm3.

We applied 3D inversion of gravity anomaly by genetic

algorithm method of the GPU parallel processing to Xisha

area (111.3�E–112.8�E, 15.6�N–17.3�N) based on the ini-

tial density model, and the results were shown in Fig. 4.

Figure 4a showed observations of the free-air gravity

anomaly, and the values ranged from -35 to 70 mGal. We

took 10 km as downward inversion depth and divided the

target region into 106 9 90 9 40 hexahedron cells, then

inverted the gravity anomaly by genetic algorithm method

of the GPU parallel processing after stripping away of

regional field 10 km below. Figure 4b was inverted gravity

anomaly, the values, and distribution characteristics of

which were similar to observations. Figure 4c was the

difference between observations and the inversion values.

As shown in Fig. 4c, the difference in most area was less

than 5 mGal which proved the method was reliable. To see

3D density structure intuitively and clearly, we used three

dimensional visualization technologies and extracted four

density sections. The results were also showed in Fig. 6a.

Because the inversion values were close to observations,

we could select a typical section for further study in the

next step.

In order to confirm that the inversion results were reli-

able, we chose BB’ as interpretation profile. BB’ profile

started at the end of the seismic profile and crossed

Xiyong-1 well. The seismic data and drilling data all pro-

vided reference for interpretation. Inversion results of the

profile were showed in Fig. 5a, b. Figure 5a was the dif-

ference between observations and inversion values of

profile BB’. We could see inversion values fit the obser-

vations well, and the BB’ profile also reflected the geologic

situation underground well. Figure 5b was the density

section of profile BB’ below sea level. Drilling data of

Fig. 4 Inversion results of the 3D gravity anomalies a Observations values of the free-air gravity anomaly; b Inversion values of the free-air

gravity anomaly; c The difference between the observations values and the inversion values
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Xiyong-1 well showed that it was 1.3-km-thick Quaternary

and Eogene sedimentary formation at the top, corre-

sponding to sedimentary formation of � in Fig. 5b. The

drilling crossed sedimentary formation of � and entered

into the sedimentary formation of `, demonstrating that it

was thin weathering crust and mega-thick Precambrian

metamorphic basement that under carbonate rocks. Sedi-

mentary rocks and epimetamorphic rocks of Cambrian to

Mesozoic of the research region were nearly nonmagnetic

or weak magnetic. Magnetic anomaly of the research

region was mainly caused by volcanic rocks and intrusive

rocks (Hu et al. 2011). Finally, we confined igneous rocks

at the layer of ´–ˆ according to the burial depth of

magnetic basement and density of igneous rocks (Hao et al.

2009; Li et al. 2010). Compared with seismic profile in

Fig. 5c, we draw the conclusion that the burial depth of

igneous rocks in this area ranges from about 4 to 7 km. At

the same time, four density profiles were given as a ref-

erence by three dimensional visualization. The results were

showed in Fig. 6.

Fig. 5 Inversion results of profile BB’ for contrast a The difference between the observations values and the inversion values of profile BB’;

b Density section of profile BB’ below sea level; c Seismic section joined with profile BB’ in adjacent area
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4 Conclusions

We obtained 3D space distribution of the igneous rocks by

frequency decomposition and 3D inversion of gravity

anomaly by the genetic algorithm method of the GPU

parallel processing. So organic reefs and igneous rocks

could be identified based on this. The main conclusions of

this paper were as follows:

1) We applied frequency decomposition to gravity

anomaly and magnetic anomaly, and extracted low-

frequency background field and high-frequency anom-

aly field. In this paper, we considered that there were

igneous rocks in the area of high gravity anomaly and

high magnetic anomaly in the high-frequency anomaly

field according to their physical properties of high

density and high magnetic intensity. Thus, we

obtained the distribution of the igneous rocks in the

horizontal plane. The igneous rocks mainly distributed

in Langhua reef, Gaojianshi Island, Chenhang Island,

Huaguang Island, and Panshi Island.

2) We established initial 3D density model by former

researches, and applied 3D inversion of gravity

anomaly by genetic algorithm method of the GPU

parallel processing to invert and calculate the density

structure. The gravity anomaly between observations

and the inversion values was less than 5 mGal. The

results showed that using GPU parallel technology

could reduce the elapsed of inversion from more than

17 days to 7 h in 600 generations. Thus, GPU parallel

technology greatly improved the efficiency of the

gravity inversion.

3) We obtained 3D space distribution of igneous rocks in

Xisha area, and the inversion results showed that there

were large-scale igneous rocks underground. It was

inferred that the burial depth of igneous rocks in this

area ranges from about 4 to 7 km. 3D distribution of

the igneous rocks can be obtained by Fig. 6.
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