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Abstract: A gas field consisting of volcanic reservoir rocks was discovered in block-T units of the 

Xihu Sag, East China Sea Basin. The lithology of the volcanic rocks is dominated by tuff and 

reworked tuff. The lithofacies are dominated by base surge deposits of explosive facies. As the 

architecture model of volcanic facies is still uncertain, it has restricted the progress of exploration 

and development in this area. Using core and cuttings data, the lithology, lithofacies, geochemistry as 

well as grain size characteristics of volcanic rocks were analyzed. Based on these analyses, the 

volcanic rocks in the well section are divided into three eruptive stages. The transport direction of 

each volcanic eruption is analyzed using crystal fragment size analysis. The facies architecture of the 

block-T units was established based on the reconstruction results of paleo-geomorphology. The 

results show that the drilling reveals proximal facies (PF) and distal facies (DF) of the volcanic 

edifices. However, the crater-near crater facies (CNCF) are not revealed. Compared with the 

reservoirs of the Songliao Basin, it is shown that the volcanic rocks in the Xihu Sag have good 

exploration potential; a favorable target area is the CNCF near the contemporaneous fault. 

Key words: East China Sea Basin, Shimentan Formation, tuff, eruptive stage, facies architecture  

 
E-mail: tanghfhc@jlu.edu.cn 

 

1 Introduction 
 

As an important component of basin filling, volcanic rocks are widely distributed in global basins (Einsele, 

2000). Besides, volcanic reservoirs are becoming an important new area for global oil and gas exploration and 

development (Schutter, 2003). Recently, oil companies in China have discovered large-scale oil and gas 

reservoirs in the Paleozoic-Cenozoic volcanic-sedimentary strata on land, which has become an important area 

for a large number of reserves (Chen et al., 1999; Feng, 2008; Liu et al., 2010; Han, 2010). The volcanic rocks 

encountered are characterized by acid-intermediate to basic volcanic rocks, lavas, pyroclastic lavas, pyroclastic 

rocks, and sedimentary pyroclastic rocks (Wang Pujun et al., 2007). Generally, various lithologies can form 

favorable reservoirs (Tang Liangjie et al., 2012; Wu yanxiong et al., 2012; Xiu Lijun et al., 2016), but different 

types of lithological combinations feature variable spatial composition and physical properties of reservoir 

(Tang et al., 2017). Furthermore, different volcanic rock combinations correspond to different lithofacies modes. 

Facies architecture on the other hand plays an important role in the geological-geophysical comprehensive 

identification of volcanic reservoirs (Tang Huafeng et al., 2018). 

Drilling in the basins of China sea, such as Bohai Basin et al., has also revealed the existence of a large 

number of volcanic rocks (Zou Caineng et al., 2008). A small number of wells have obtained economical oil 

flow but failed to achieve major breakthroughs in oil and gas exploration (Wei Guoqi et al., 2018). For example, 

the drilling of the Xihu Sag in the East China Sea Basin reveals Cretaceous volcanic gas reservoirs (Huang and 
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Ye, 2010), which was limited by drilling physical data, thus the distribution law of volcanic reservoirs is not yet 

clearly understood. Moreover, luck of seismic data resolution also contributes in obtain good results of studying 

the filling sequence as well as distribution characteristics of volcanic rock layers of minor thickness which 

required the constraints of fine geological models. 

Therefore, the block-T units of the PB area in the Xihu Sag of the East China Sea Basin are taken as an 

example, with cuttings and logging data to identify the lithology of the studied units. The eruptive stages in this 

study are based on the identification results of the eruptive interval unconformity boundary (EIUB) and the total 

amount of rare earth elements. The paleo-geomorphology reconstruction of the time during the volcanic 

eruption was carried out by analyzing depositional facies and sedimentary thickness. Moreover, characteristics 

of crystal fragment size and the contemporaneous fracture distribution characteristics were used in order to 

analyze the transport direction of the volcanic eruptions. The facies architecture of base surge of block-T units 

was established. By comparing the experience of exploration in the Cretaceous volcanic rocks, it reveals that the 

volcanic rocks in this area show good prospects for exploration. 

 

2 Geological Setting 
 

The East China Sea Basin is located at the front of the western Pacific subduction zone. It is a Cenozoic basin 

developed at the base of the South China Craton (Hide et al., 1977; Zhao et al., 2016). The basin dominated by 

Late Cretaceous-Cenozoic sediments. The nature of the East China Sea Basin is a post-arc rift-type basin formed 

on the active continental margin by thinning of the continental crust due to fracturing and stretching caused by 

ocean-continent subduction. This system is one of many "ditch-arc-basin" systems in the western Pacific Ocean 

(Yan et al., 2001; Ren et al., 2002; Yang et al., 2004; Suo et al., 2014). The East China Sea Basin can be divided 

into three groups (from west to east) according to the principles of stratigraphic distribution and the structural 

characteristics of the basin: The West Depression Group, the Central Uplift Group and the East Depression 

Group (Lee et al., 2006; Zahirovic et al., 2014; Han et al., 2015; Jiang et al., 2016, Su Ao et al., 2018). From 

north to south, the West Depression Group comprises the Changjiang, Taibei and Pengjiayu Sag; the Central 

Uplift Group is composed of the Hupijiao, Haijiao, South Yushan and Fuzhou uplifts; and the East Depression 

Group is made up of the Fujiang, Xihu and Diaobei Sag (Jiang et al., 2015). 
The Xihu Sag is located in the northeastern part of the East China Sea Basin (Li et al., 2007, 2009; Yang et al., 

2011). It is adjacent to the Diaoyu Island Uplift-Fold Belt in the east, the Haijiao Uplift to the west, the Fujiang 

Sag to the north, and the Diaobei Sag to the south. Overall, it features a long strip distribution from southwest to 

northeast. From west to east, the Xihu Sag is composed of the West Slope Group, the Central Inverse Anticline 

Group and the East Steep Slope Fault-Uplift Group (Zhu et al., 2012; Su et al., 2013) (Fig. 1). Tectonic 

movements have frequent occurring since the Mesozoic. There are three main tectonic movements, the Yandang 

Movement, the Yuquan Movement and the Longjing Movement. Magmatic activity in the depression is also 

very strong and has led to the development of various volcanic rocks, including rhyolite, andesite, and tuff. The 

block-T units are part of the West Slope Group of the Xihu Sag, which is high in the west and low in the east. It 

represents a Cenozoic sedimentary area that developed from north to south in three northeast-facing paleo-nasal 

ridges (Yang and Yang, 2009). 
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Fig. 1. Simplified structural map showing the position of the tectonic units and strata in the Xihu Sag. 

 

3 Lithologic Characteristics of Volcanic Rocks 
 

A total of six wells in the study area penetrated the pyroclastic rocks of the Shimentan Formation (Fig. 2a). 

The drilling thickness is 42.4 m for the B1 well, 22 m for the B2 well, 50 m for the B3 well, 35.8 m for the B4 

well, 41 m for the B5 well and 169.5 m for the B2S well. A relatively complete volcanic rock revealed by 

drilling can be identified by a combination of geology, logging, and seismic methods. Seismic identification of 

volcanic facies in the unexplained area of drilling is based on seismic reflection shape, internal structure and 

seismic attributes. This research has been established by previous scholars (Chen Jianwen et al., 2000; Tang 

Huafeng et al., 2007; Zhang Yongzhong et al., 2008; Xu and Shang, 2008; Yi Jian et al., 2011; Liu et al., 2017). 

By observing the seismic section, the volcanic conduit facies are disorderly reflected inside, middle-weak 

amplitude, middle-low frequency, poor continuity, and only distributed near the fracture; the base surge 

subfacies are a parallel-subparallel reflection structure, showing a mat-shaped geometric shape, high-middle 

amplitude, high-middle frequency and good continuity; the volcanogenic sedimentary facies are far from the 

eruption center, with middle-high amplitude, middle frequency, good continuity and distributed in the relatively 

low terrain (Fig. 2b). Overall, the filled volcanic deposit features a mat-like draping, and the thickness is not 

large, the thinnest being approximately 20 m and the thickest approximately 250 m (Fig. 2c). 
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Fig. 2. Well position and distribution characteristics of volcanic facies in the study area. 

 

In line with the classification scheme of grainsize and composition (Sun Shanping et al., 2001; Wang Pujun et 

al., 2016), two types of rocks, namely, tuff and reworked tuff, are identified in this area by core, cuttings data 

and main element analysis results (selecting particles of tuff from cuttings samples). Tuff (clastic grainsize <2 

mm) is volcanic ash cemented by greater than 90% volcanic material, with angular fragment shapes crystal and 

occasionally explosive cracks can be found. Its edges are harbor-like, and both sorting and rounding are poor. 

These tuffs can be finely divided into rhyolitic tuff, dacitic tuff and andesitic tuff of about 34%, 28% and 5%, 

respectively (Fig. 3a/b/c). The reworked tuff is mostly volcanic ash cemented with volcanic material ranging 

from 50% to 90%. The reworked tuff is characterized by certain rounding or containment of external clastic; the 

external clastic include granite and metamorphic rocks (Fig. 3d) with poor sorting. Drilling reveals that the 
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thickness ratio of this rock is about 33%. 
 

Fig. 3. Characteristics of volcanic rocks of the Shimentan Formation in block-T units of Xihu Sag. 
Note: the depth is measured depth. 

 

4 Volcanic Eruptive Stages 
 

The thickness of the volcanic stratum in this area is relatively thin, with drilling revealing that the vertical 

depth reached up to several tens of meters. The basin filling process is very complicated in relation to the 

volcanic stratum interface and lithologic sequence. The interface, lithology and rare earth element data are used 

to comprehensively divide the eruptive stages, which is described in detail below. 

 

4.1 Features of boundaries 

According to the genetic classification scheme of features boundaries, the sedimentary rock interbeds or 

weathering crust can be used as an identification mark for the eruptive interval unconformity boundary, whereas 

the interface of the rock composition change can be used as an identification feature of the eruptive 

unconformity boundary (Tang Huafeng et al., 2013; Tang et al., 2015; Yi Jian et al., 2015; Zhao Ranlei et al., 

2016; Tang et al., 2017). Therefore, two types of interfaces are developed in the thin volcanic strata of the area: 

an eruptive interval unconformity boundary (EIUB) and an eruptive unconformity boundary (EUB) (Fig. 4). In 

the B1 and B4 wells, a 4 m-thick layer of mudstone and tuffaceous sandstone interlayer is developed. 

Considering typical depositional rates, the interface experienced at least a 40,000-year eruption break. The B2 

and B3 wells have interbedded layers of rhyolitic tuff and dacitic tuff, as indicated by high to relatively high 

gamma ray curve. Based on this information, the eruption period of each well can be discerned. 
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Fig. 4. Correlation of volcanic rock eruptive stages of the Shimentan Formation in block-T units of Xihu Sag. 
Note: well depth is measured; EIUB: eruptive interval unconformity boundary; EUB: eruptive unconformity boundary. 

 

4.2 Characteristics of rare earth elements 

Consistent with the crystallization separation inherent within the same magma chamber, the incompatible 

elements in the magma chamber will gradually enrich in the melt (Ge Wenchun et al., 2000; Aiko et al., 2008). It 

can be considered that the total amount of incompatible elements of volcanic rocks erupted at same times should 

be similar, while incompatible elements of different eruption time intervals should be different, due to different 

eruption period of the volcanic rocks can be discerned (Yuan, 2005; Li Jianhua et al., 2016). According to the 

characteristics of the interface, the eruption of volcanic rocks in this area should have lasted between tens of 

thousands and hundreds of thousands of years (Tang et al., 2017). In concert with the lithological point of view 

the acidic rocks in the area can be regarded as the eruption product of the same magma source.  

To further understand the characteristics of volcanic products, we selected fresh rock samples (without 

weathering surface). All of them are dacitic and rhyolitic tuff, which can be seen sharp-edged, wedge-shaped 

and irregular shaped debris materials under the microscope (Fig.3b/c). The rock samples were cleaning and 

drying before crushed to ~200 meshes for analysis. Whole-rock major and trace element compositions of the 

samples analyzed during this study were determined in test center of Jilin University. Major element 

compositions were determined by X-ray fluorescence (XRF; Rigaku RIX 2100 spectrometer) using fused-glass 

disks. Trace element compositions were analyzed by ICP–MS (Agilent 7500a with a shield torch) after acid 

digestion of samples in Teflon bombs. The detailed procedures are the same as descriptions by Liu et al. (2008). 

Analytical uncertainties are in the range 1%–3%. The analytical precision for major elements is better than 5%, 

and for trace elements, generally better than 10% (Rudnick et al., 2004). The samples of well B2, B2S, and B4 

showed upward enrichment of the total amount of rare earth elements, and samples of wells B3 and B5 revealed 

the same total amount of rare earth elements. Together, these findings indicate that the total amount of rare earth 

elements can play a significant role in the comparison of volcanic strata in this area. 

 

4.3 Eruptive stages 

In accordance with the rock sequence revealed by drilling, the eruptive interval unconformity boundary 

(EIUB) and the total amount of rare earth elements, the volcanic eruption periods are compared across the area. 

Three stages can be differentiated based on the volcanic strata of the area (Fig. 4). The first stage is revealed by 
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the sediments of the B4 and B1 wells. The top interface of the period is an eruptive interval unconformity 

boundary (EIUB), and B4 reveals a lower total rare earth value (76 ppm); its lithology is rhyolitic tuff. 

Geochemical samples were not taken in the B1 well, but the lithology is andesitic tuff. As the two wells are far 

apart they should contain products from different eruption centers. The second stage is revealed by the rocks of 

the widely distributed B2, B5, B4 and B2S wells. The top interface of the period is an eruptive interval 

unconformity boundary (EIUB), with the B2 and B2S well logging data showing high gamma readings. The 

total amount of rare earth elements for each well varies, ranging from 127 to 145 ppm. The lithology consists of 

rhyolitic and dacitic tuff. The third stage is revealed by the sediments of the B2, B3 and B2S wells. Based on 

lithological identification point of view, the B1 wells also develop volcanic rocks in this period. The total 

amount of rare earth elements between 162 and 188 ppm. The lithology is rhyolitic tuff, dacitic tuff and 

reworked tuff; a small amount of tuffaceous sandstone is also developed. 

 

5 Volcanic Lithofacies Architecture 
 

The volcanic facies of this area are mainly the base surge subfacies. In addition, the facies architecture is 

affected by the topography and eruptive material (Chang et al., 2018). To establish the facies architecture, the 

paleo-geomorphic characteristics and crystal fragment size distribution characteristics of volcanic eruptions 

should be taken into consideration. 

 

5.1 Paleomorphology 

Since only one well in the area penetrated the volcanic rocks of the Shimentan Formation, we choose to use 

the depositional facies and sedimentary thickness in an attempt to reconstruct the ancient landforms present at 

the time of volcanic eruption. There are three types of lithologic sequences in the overlying strata of volcanic 

rocks. One is mudstone-coal (four wells), the next is siltstone-mudstone (one well), and the third is sandstone 

(one well). The coal seam which is selected from the overlying strata is used as the marker layer, then layer 

flattening was performed. The presence of the sandstone and siltstone indicates that the terrain was higher than 

the topography of the mudstone and is identified as a relatively high area when the paleomorphology is 

reconstructed. According to this model, the thickness of the stratum revealed by the seismic data extends 

downward to determine the ancient topography at the time of volcanic eruption. From the B3 well to the B4 well, 

and then to the B2S well the results show that the topography appears as an ancient slope, whereas the north side 

is an uplift and the south is a depression. However, the slope seems small; from the B3 well to the B2 well and 

then the B1 well, the paleo-geomorphology suggests a contemporaneous area of uplift and depression. The 

relative topography is high to the east and low to the west, with the topographical difference greater in the 

north-south direction (Fig. 5). 
 

Fig. 5. Paleo-geomorphological reconstruction section of the Shimentan Formation in block-T units of the Xihu Sag. 

 

5.2 Crystal fragment size characteristics 

The lithology of the study area is mainly tuff, where its lithofacies is characterized as base surge subfacies. 

Due to the transportation of air waves, the size of eruptive accumulation and distribution follows thusly: crater 

to near crater facies are coarse, proximal facies are fine, and distal facies are even finer.  

Only cuttings samples, crystal fragments (contain mainly quartz and feldspar) beside statistics on grainsize 

characteristics were carried out to determine the associated facies of the volcanic eruption products. The“Grain 

Size Analysis and Porosity Analysis Image System”developed by Sichuan University were used to analyze the 
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grain size of cuttings. Firstly, the image of cuttings is placid under the microscope, then the length and diameter 

statistics of the particles in the field of view are performed by software, and finally the distribution of each 

grainsize range required is automatically generated. At the same time, using median and sorting coefficient 

proposed by Walker (1971) to define the sorting and the grainsize concentration tendency in order to reduce the 

human error in histogram observation. With regard to parameters, the volcanic grainsize parameter analysis 

definition scheme proposed by Cas (1987) is used. The standard deviation within the range of 0-2 represents 

good sorting while value greater than 2 represents poor sorting. The larger the standard deviation (σФ), the worse 

the sorted (Cas et al., 1987). 

It can be seen from figure 6 that the median grain diameter of the first stage is smaller, with a good sorting; 

the second stage contains larger grains, with good sorting; the third stage contains finer grains, poorly sorted 

compared to the first stage. This shows that the energy of the volcanic eruption has undergone a 

weak-strong-weak change process through time. The median grain diameter of volcanic rock in the first stage 

shows that the value of well B1 is smaller than that of well B4, indicating that B4 is closer to the eruption center. 

In the second stage, the B2 well grainsize is small and well sorted, indicating that B2 is distal relative to the 

volcanic eruption center. The grainsize of B5 and B4 is large, good sorting, indicating that it is close to the 

volcanic eruption center. The B2S grain size is medium, indicating that it is away from the volcanic eruption 

center. In the third stage, the B2 well grainsize is small and well sorted, indicating that it is away from the 

volcanic eruption center. The grain size in the B3 well is coarse, indicating that it is close to the volcanic 

eruption center. The B2S well has a medium grain size, whereas the B1 well has a medium grain size with good 

sorting, combined with their lithology characteristics, this indicates that these wells are away from the volcanic 

eruption center. 
 

 
Fig. 6. Crystal fragment size characteristics in volcanic rocks of the Shimentan Formation in the block-T units of the Xihu 

Sag. 

 

5.3 Base surge subfacies architecture 

From the lithology, eruptive stages and crystal fragment size characteristics, the volcanic rock thickness 

revealed by drilling in this area is limited, but also shows a complicated process of formation through time and 

space. There are three stages of eruption with multiple eruption centers in each stage. Seismic data show that 

two active faults are developed in the Shimentan Formation in this area. Combined with the thickness of the 

stratum and the variation of crystal fragment size in each stage, it can be seen that the eruption center of the 

volcanic rocks in this area is distributed in a ‘bead’ along the two faults. In the first stage, the intensity of 

volcanic activity is slightly smaller, and only the B1 and B4 wells are revealed, though it could be speculated 

that wells B3 and B5 should also be featured. The first eruption continued through an interval of tens of 

thousands of years, and then, the volcanic rock of the second stage developed, then its eruption center migrated. 

In the third stage, the volcanic eruption center may increase, but due to the limitation of the terrain, the plane 

shape of the volcano is obviously asymmetrical (Fig. 7). 
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Fig. 7. Volcanic eruption models of the Shimentan Formation in block-T units of Xihu Sag. 

 

The volcanic facies pattern as a whole can be divided into three zones (Fig. 8a). The first zone is the 

crater-near crater facies area, which is dominated by crystal tuff. Quartz and feldspar minerals in the pyroclastic 

rock are mainly coarse particles with a high content and display various shapes after fracturing. Their shapes are 

primarily angular, with poorly sorting. Simultaneously, a small amount of core data reveals that it can also 

contain breccia (Fig. 3) in addition to a weakly fused structure which can be seen locally. The second zone is the 

proximal facies area, which is dominated by tuff. The size of quartz and feldspar in the pyroclastic rock is 

smaller, their content is reduced, their shape is angular to subangular (Fig. 8b/c), and their sorting improves. The 

third zone is the distal facies, which is dominated by tuff and reworked tuff (Fig. 8d/e). Its characteristic rock 

composition consists of external clastics, such as sub-circular granite cuttings, quartz and feldspar clastics and 

flaky mudstone cuttings. However, it is also appearing like tuffaceous sandstone and quartz/feldspar crystals. 

But its size is small with better sorting (Fig. 8f/g). The base surge subfacies in this area can extend for several 

kilometers and the thickness is usually tens of meters. 
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Fig. 8. Base surge subfacies architecture of the Shimentan Formation in block-T units of Xihu Sag. 
Note: well depth is true vertical depth, the sample positions are shown in Fig.4. 

 

6 Discussion 
 

The base surge subfacies are characterized by the movement of air waves near the surface, so the ancient 

topography has an important influence on the volcanic facies distribution pattern. The influence of 

paleotopography on volcanoes mainly includes uplift and faulting. 

 

6.1 The relationship between uplift region and facies architecture  

The uplifted area can be subdivided into the paleo-uplift that existed before volcanic activity and the uplift 

formed by volcanic activity. For example, the B2 well uplifted area existed before volcanic activity commenced. 

It compartmentalizes the eruption of the first stage, resulting in no cross-covering of the volcanic products on 

both sides. However, as the filling of the volcano continues, the original low-lying area becomes flat, and the 

height difference in the area other than the crater is smaller and tends to flatten; therefore, the uplift in the area 

of the B2 well in the second and third stages is relatively low, and drape filling is accepted. Furthermore, with 

the advent of the crater new uplift zones were created. The distribution of eruptions in the later period is limited 

by the crater uplift area that had been formed in the early stage, which can only be spread between the volcanoes 

and their lowlands. Some similar valley filling may occur. The characteristics are significantly different from 
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those of circular distribution characteristic of the typical base surge deposit. 

 

6.2 The relationship between faults and facies architecture 

Two contemporaneous faults developed in the study area: the west fault (F1) that controls the basin boundary 

with a large fault throw; and the east fault (F2) who controls the local topography with a small fault throw. It can 

be seen from Fig.7 that the volcanic distribution at the boundary of the fault is mostly semi-circular on the plane 

and mostly wedge-shaped on the section; this is related to the large fault throw because the base surge is air 

wave transportation near the surface. It is difficult to cross the barrier when the terrain is relatively high but can 

only be moved, dispersed and accumulated on the lower terrain. Therefore, the contemporaneous fault with large 

fault throw controls the base surge deposit to exhibit a semicircular distribution on the plane and a wedge shape 

on the section. The contemporaneous faults on the east side are small and the thickness of volcanic deposits on 

both sides of the fault is also different. The thickness of the thrown side is large, whereas the distribution range 

should be large. Thus, the existence of contemporaneous faults significantly controls the planar morphology and 

profile morphology of the base surge deposit distribution, resulting in asymmetry in the distribution, which is in 

contrast to typical base surge subfacies models.  

 

6.3 Significance of exploration  

Current drilling reveals only the proximal facies and the distal facies. Compared to other regions undergoing 

exploration in volcanic sediments (Table 1), the physical properties of the crater-near crater facies here are better, 

and the drilling reveals a higher rate of economical oil and gas flow (Tang et al., 2010; Wang and Chen, 2015). 

Therefore, the oil and gas exploration prospects in this area are good, especially the reservoirs near the 

contemporaneous fault. If the reservoir conditions are the same as those of the B2S well, the production capacity 

should be even higher. The exploration target should be focused on the crater-near crater facies. In line with the 

characteristics of the lithofacies architecture, the near crater facies belt should be concentrated in the vicinity of 

the two syngenetic fault zones, which are distributed in a beaded shape. The plane distribution may be 

asymmetric, and the favorable reservoir distribution range of the descending disk is likely to be larger. 

Table 1 Reservoir characteristics of different volcanic facies type 

Volcanic facies 

type 
Description 

Songliao Basin Block-T 

Units of 

Xihu Sag 

Characteristics of porosity and 

permeability 

Characteristics of  

pore-throat 

Characteristics of gas 

production 

Crater-near 

crater facies 

Corresponding to 

volcanic conduit facies, 

extrusive facies and air 

full subfacies; the 

lithology changes greatly. 

   

None 

Proximal facies 

Close to the eruption 

centre, dominated by 

volcanic clastic rocks, 

corresponding to effusive 

facies, base surge 

subfacies, pyroclastic 

flow subfacies.    

Low 

production 

Distal facies 

Far from the crater, 

later modified, mixed 

with non-volcanic 

debris, corresponding 

to volcanogenic 

sedimentary facies 
   

Low 

production 

Note: The description of volcanic facies type refers to Tang Huafeng et al., 2007 and Huang Yulong et al., 2014; Data from more than 80 wells in the 

northern part of the Songliao Basin, modified by Tang Huangfeng et al., 2008; Wang et al., 2015. 

 

7 Conclusions 
 

(1) Two types of rocks, namely, tuff and reworked tuff, are identified based on the classification scheme of 

grainsize and composition. Tuff can be subdivided into rhyolitic tuff, dacitic tuff and andesitic tuff. The 

lithofacies are dominated by base surge deposits of explosive facies. Based on the unconformity interface of the 

eruption and the total amount of rare earth elements, the volcanic rocks in the well section are divided into three 
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stages. On the whole, the median grain diameter of the first stage is smaller and moderately to well sorted; the 

second stage is larger and poor to moderately sorted; and the third stage is small with poor to moderate sorting, 

indicating that the energy of the volcanic eruption has undergone a weak-strong-weak process. 

(2) The volcanic rocks in this area are the product of multi-stage, multi-center eruptions, and the syngenetic 

faults control the distribution of volcanic eruption centers and facies. The dispersion of the eruption is limited by 

the uplift area and can only be spread between the volcano or the lowland of the volcano. The plane shape of the 

volcano is obviously asymmetrical, with some features similar to gully filling may occur. 

(3) At present, drilling reveals the proximal facies and the distal facies of the volcanic edifice, though the 

crater-near crater facies are not revealed. Compared with the exploration experience of the Songliao Basin, it is 

known that the volcanic rocks in the Xihu Sag have a good exploration potential, the favorable target area is the 

crater-near crater facies area near the syngenetic fault. 

 

Acknowledgements 
 

Thanks to Xu Yuanyin, Yin Yongkang, He Kailun, Zhu Chenxi, and Guo Tianchan for sample collection and 

laboratory testing. This study was supported by the National Natural Science Foundation of China (41472304), 

and the MOST (2012CB822002). We would like to thank all the people who provided us with invaluable help. 

 

References 

Aiko Tominaga, Takumi Kato, Tomoaki Kubo, Masanori Kurosawa, 2008. Preliminary analysis on the mobility of trace 

incompatible elements during the basalt and peridotite reaction under uppermost mantle conditions. Physics of the Earth and 

Planetary Interiors, 174(1):50–59. 

Cas R.A.F., Wright J.V., 1987.Volcanic successions: Modern and Ancient. London: Chapman & Hall, 96. 

Chang Yu, Goto Kazuhisa, Sekine Yasuhito, Tajika Eiichi, 2018. Depositional processes of impactites from the YAX-1 

drill core in the Chicxulub impact structure inferred from vertical profiles of PDF orientations and grain size distributions of 

shocked quartz. Meteoritics & Planetary Science, 53(7): 1323–1340.  

Chen Jianwen, Wang Defa, Zhang Xiaodong, Li Changshan, 2000. Analysis of volcanic facies and apparatus of Yingcheng 

Formation in Xujiaweizi Faulting Depression, Songliao Basin Northeast China. Earth Science Frontiers (China University of 

Geoscience, Beijing), 7(4): 371–375 (in Chinese with English abstract). 

Chen Zhenyan, Yan Huo, Li Junsheng, Ge Zhang, Zhang Zhanwen, Liu Baozhu, 1999. Relationship between Tertiary 

volcanic rocks and hydrocarbons in the Liaohe Basin, People’s Republic of China. AAPG Bulletin, 83(6): 1004–1014. 

Einsele G, 2000. Sedimentary basins. Berlin: Springer. 

Feng Zhiqiang, 2008. Volcanic rocks as prolific gas reservoir: A case study from the Qingshen gas field in the Songliao 

Basin, NE China. Marine and Petroleum Geology, 25(4–5): 416–432. 

Ge Wenchun, Lin Qiang, Sun Deyou, Wu Fuyuan, Li Xianhua, 2000. Geochemical research into origins of two types of 

Mesozoic rhyolites in Daxing’Anling. Earth Science Journal of China University of Geosciences, 25(2):172–178 (in Chinese 

with English abstract). 

Han Dakuang, 2010. Status and challenges for oil and gas field development in China and directions for the development 

of corresponding technologies. Engineering Sciences, 12(05):51–57 (in Chinese with English abstract). 

Hildc T.W.C., Uycda S., Krocnkc, L., 1977. Evolution of the Western Pacific and its margin. Tectonophysics, 38(1–

2):145–165.  

Huang Yulong, Shan Junfeng, Bian Weihua, Gu Guozhong, Feng Yuhui, Zhang Bin, Wang Pujun, 2014. Facies 

classification and reservoir significance of the Cenozoic intermediate and mafic igneous rocks in Liaohe Depression, East 

China. Petroleum Exploration and Development, 41(6): 671–680 (in Chinese with English abstract). 

Huang Zhichao, Ye Jiaren, 2010. Petroleum resources and regional selection evaluation in the East China Sea. Geological 

Science and Technology Information, 29(05):51–55 (in Chinese with English abstract). 

Hyun-Chul Han, Youn Soo Lee, Jong Sun Hwang, Seung-Gu Lee, Youngho Yoon, Vaughan Stagpoole, 2015. Geophysical 

characteristics of the Hupijiao Rise and their implication to Miocene volcanism in the northeastern part of the East China Sea. 

Marine Geology, 363: 134–145. 

Jiang Suhua, Li Sanzhong, Chen Xueguo, Zhang Huixuan, Wang Gang, 2016. Simulation of oil–gas migration and 

accumulation in the East China Sea Continental Shelf Basin: a case study from the Xihu Depression. Geological Journal, 

51(S1): 229–243. 

Jiang Zhenglong, Li yanjun, Du hailing, Zhang Yunfei, 2015. The Cenozoic structural evolution and its influences on gas 

accumulation in the Lishui Sag, East China Sea Shelf Basin. Journal of Natural Gas Science and Engineering, 22: 107–118. 

Lee, G.H., Kim, B., Shin, K.S., Sunwoo, D., 2006. Geologic evolution and aspects of the petroleum geology of the 

northern East China Sea shelf basin. AAPG Bulletin, 90(2): 237–260. 

Li Jianhua, Qu Weihua, Zhao Ranlei, Liu Hongtao, Tang Huafeng, 2016. Constraint of incompatible elements in ECS to 

comparison of thin layer volcanostrata: a case study of rhyolitic volcanostrata of Huoshiling Formation in Wangfu fault 

depression, southern Songliao Basin, NE China. Global Geology, 35(1):264–275 (in Chinese with English abstract). 

Li Chunfeng, Zhou Zuyi, Ge Heping, Mao Yunxin, 2007. Correlations between erosions and relative uplifts from the 

 

 
This article is protected by copyright. All rights reserved. 



 

13 

 

central inversion zone of the Xihu Depression, East China Sea Basin. Terrestrial, Atmospheric and Oceanic Sciences, 18(4): 

757–776. 

Li Chunfeng, Zhou Zuyi, Ge Heping, Mao Yunxin, 2009. Rifting process of the Xihu Depression, East China Sea Basin. 

Tectonophysics, 472(1): 135–147. 

Liu Cai, Chi Huanzhao, Shan Xuanlong, Hao Guoli, 2017. The Identification and Modeling of the Volcanic Weathering 

Crust in the Yingcheng Formation of the Xujiaweizi Fault Depression, Songliao Basin. Acta Geologica Sinica (English 

Edition), 91(4): 1339–1351. 

Liu Jiaqi, Meng Fangchao, Cui Yan, Zhang Yutao, 2010. Discussion on the formation mechanism of volcanic oil and gas 

reservoirs. Acta Petrologica Sinica, 26(1):1–13 (in Chinese with English abstract). 

Liu Yongsheng, Hu Zhaochu, Gao Shan, Günther Detlef, Xu Juan, Gao Changgui, Chen, Haihong,2008. In situ analysis of 

major and trace elements of anhydrous minerals by LA-ICP-MS without applying an internal standard. Chemical Geology, 

257:34–43. 

Ren Jianye, Kensaku Tamaki, Li Sitian, Zhang Junxia, 2002. Late Mesozoic and Cenozoic rifting and its dynamic setting 

in Eastern China and adjacent areas. Tectonophysics, 344 (3): 175–205. 

Rudnick Roberta L, Gao Shan, Ling Wenli, Liu Yongsheng, McDonough William F, 2004. Petrology and geochemistry of 

spinel peridotite xenoliths from Hannuoba and Qixia, North China Craton. Lithos, 77: 609–637. 

Schutter SR., 2003. Occurrences of hydrocarbons in and around igneous rocks. Geological Society, London, Special 

Publications, 214: 35–68. 

Su Ao, Chen Honghan, Wang Chunwu, Li Peijun, Zhang Hui, Xiong Wanlin, Lei Mingzhu, 2013. Genesis and maturity 

identification of oil and gas in the Xihu Sag, East China Sea Basin. Petroleum Exploration and Development, 40(5): 558–

565. 

Su Ao, Chen Honghan, Wu You, Lei Mingzhu, Li Qian, Wang Cunwu, 2018. Genesis, origin and migration-accumulation 

of low-permeable and nearly tight-tight sandstones gas in the central western part of Xihu Sag, East China Sea Basin, Acta 

Geologica Sinica, 92(1): 184–196 (in Chinese with English abstract). 

Sun Shanping, Liu Yongshun, Zhong Rong, Bai Zhida, Li Jiazhen, Wei Haiquan, Zhu Qinwen, 2001. Classification of 

pyroclastic rocks and trend of volcanic sedimentology: a review. Acta Petrologica Et Mineralogica, 20(03): 313–317+328 

(in Chinese with English abstract). 

Suo Yanhui, Li Shanzhong, Yu Shan, Somerville, Liu Xin, Zhao Shujuan, Dai Liming, 2014. Cenozoic tectonic jumping 

and implications for hydrocarbon accumulation in basins in the East Asia Continental Margin. Journal of Asian Earth 

Sciences, 88: 28–40. 

Tang Huafeng, Cryton Phiri, Gao Youfeng, Huang Yulong, Bian Weihua, 2015. Types and characteristics of 

volcanostratigraphic boundaries and their oil–gas reservoir significance. Acta Geologica Sinica (English Edition), 89(1): 

163–174. 

Tang Huafeng, Hu Jia, Li Jianhua, Chen Meifu, Gao Youfeng, 2018. The discussion on geological interpretation about the 

typical seismic facies of volcanic rocks of rifted period in Songliao Basin, NE China. Oil Geophysical Prospecting, 

53(05):1–12 (in Chinese with English abstract). 

Tang Huafeng, Kong Tan, Wu Chengzhi Wang Pujun, Peng Xu, Gao Youfeng, 2017. Filling Pattern of volcanostratigraphy 

of cenozoic volcanic rocks in the Changbaishan Area and possible future eruptions. Acta Geologica Sinica (English Edition), 

91(5): 1717–1732. 

Tang Huafeng, PangYanming, Bian WeiHua, Wang Pujun, Min Feiqiong, Ding Rixin, 2008.Quantitative analysis on 

reservoirs in volcanic edifice of Early Cretaceous Yingcheng Formation in Songliao Basin. Acta Petrolei Sinica, 29(6)：841–

845 (in Chinese with English abstract). 

Tang Huafeng, Sun Haibo, Gao Youfeng, Yi Jian, Yao Ruishi, 2013. Types and characteristics of volcanostratigraphic 

boundary and its signification of reservoirs. Journal of Jilin University (Earth Science Edition), 43(05): 1320–1329 (in 

Chinese with English abstract).  

Tang Huafeng, Wang Pujun, Jiang Chuanjin, Bian Weihua, Huang Yulong, 2007. Physical model and seismic recognition 

of concealed volcanic edifices of Yingcheng Formation in Songliao Basin, Cretaceous, NE China. Progress in Geophysics, 

22(2): 530–536 (in Chinese with English abstract). 

Tang Huafeng, Xu Zhengshun, Wu Yanhui, Wu Yanxiong, 2010.Charactertics and controlling factors of volcanic reservoir 

flow units of Yingcheng Formation in the Songliao Basin. Acta Geologica Sinica, 26(1)55–62. 

Tang Huafeng, Zhao Xinying, Shao Mingli, Sun Xianda,Zhang Yan, Cryton Phiri, 2017. Reservoir origin and 

characterization of gas pools in intrusive rocks of the Yingcheng Formation, Songliao Basin, NE China. Marine and 

Petroleum Geology,  

Tang Liangjie, Huang Taizhu, Qiu Haijun, Cui Zehong, Wan Guimei, Jin Xianmei, Yang Suju, 2012. The tectonic 

characteristics and hydrocarbon accumulation of late Hercynian volcanic rocks in the Tahe area, Tarim Basin. Acta 

Geologica Sinica, 86(8): 1188–1197 (in Chinese with English abstract). 

Wang Pujun, Chen Shumin, 2015. Cretaceous volcanic reservoirs and their exploration in the Songliao Basin, northeast 

China. AAPG Bulletin, 99(3): 499–523. 

Wang Pujun, Jiao Yangyang, Yang Kaikai, Zhang Zengbao, Bian Weihua, 2016. Classification of volcanogenic 

successions and its application to volcanic reservoir exploration in the Junggar Basin, NW China. Journal of Jilin University 

(Earth Science Edition), 46(04): 1056–1070 (in Chinese with English abstract).  

Wang Pujun, Zheng Changqing, Shu Ping, Liu Wanzhu, Huang Yulong, Tang HuaFeng, Cheng Rihui, 2007. Classification 

of deep volcanic rocks in Songliao Basin. Petroleum Geology & Oilfield Development in Daqing, 26(04): 17–22 (in Chinese 

 

 
This article is protected by copyright. All rights reserved. 



 

14 

 

with English abstract). 

Walker G.P.L., 1971. Grainsize characteristics of pyroclastic deposits. Geology, 79: 696–714. 

Wei Guoqi, Li Jun, She Yuanqi, Zhang Guangwu, Shao Liyan, Yang Guiru, Guan Hui, Yang Shen, Lin Jie, Wang Rong, 

2018. Distribution laws of large gas fields and further exploration orientation and targets in China. Natural Gas Industry, 

38(04): 12–25 (in Chinese with English abstract). 

Wu YanXiong, Wang Pujun, Bian Weihua, Yu Miao, Wang Peng, Wang Bo, 2012. Poroperm characteristics of deep 

volcanic reservoirs in Songliao Basin. Qil & gas geology, 33(02): 236–247+264 (in Chinese with English abstract). 

Xiu Lijun, Shao Mingli, Tang Huafeng, Dong Changchun, Gao Youfeng, 2016. Types and characteristics of volcanic 

reservoir por-fracture units of Cretaceous Yingcheng Formation in Songliao Basin, NE China. Journal of Jilin University 

(Earth Science Edition), 46(01): 11–22 (in Chinese with English abstract). 

Xu Yinxin, Shang Hua, 2008. Application of volcanic rock seismic interpretation technique to deep natural gas exploration 

in Changling fault depression of Songliao basin. Oil Geophysical Prospecting, 43(Suppl.): 63–70 (in Chinese with English 

abstract). 

Yan Pin, Zhou Di, Liu Zhaoshu, 2001. A crustal structure profile across the northern continental margin of the South 

China Sea. Tectonophysics, 338(1): 1–21. 

Yang Lina, Yang Dongjie, 2009. Research of the structure features of seismic reflection in Pingbei area of Xihu Sag. 

Offshore oil, 29(3): 7–13 (in Chinese with English abstract). 

Yang, F.L., Xu, X., Zhao, W.F., Sun, Z., 2011. Petroleum accumulations and inversion structures in the Xihu depression, 

East China Sea Basin. Journal of Petroleum Geology, 34(4): 429–440. 

Yang Shunchun, Hu Shengbiao, Cai Dongsheng, Feng Xiaojie, Chen Linlin, Gao Le, 2004. Present–day heat flow, thermal 

history and tectonic subsidence of the East China Sea Basin. Marine and Petroleum Geology, 21(9): 1095–1105. 

Yi Jian, Wang Pujun, Tang Huafeng, Yao Ruishi, Hao Guoli, Gao Youfeng, 2015. Geological property, geological 

connotation and reservoir significance of volcanostratigraphic boundary: a case study of the Mesozoic & Cenozoic volcanic 

rocks in volcanic rocks in northeastern China. Acta Petreolei Sinica, 36(03): 324–336 (in Chinese with English abstract). 

Yi Jian, Shan Xuanlong, Tang Huafeng, Zhang Yangyang, Chen Yuping, 2011. The geological–geophysical two–

dimensional dissection of basin buried volcanic edifies Take the first member of Yingcheng Formation in Yaoyingtai region 

of southern Songliao Basin as an example. China Journal of Geophysics, 54(2): 588-596 (in Chinese with English abstract). 

Yuan Zugui, 2005. Using elemental capture spectroscopy(ECS) data to study depositional environment．Nuclear 

Electronics ＆ Detection Technology, 25(4): 347–352 (in Chinese with English abstract)． 

Zahirovic, S., Seton, M., Müller, R.D., 2014. The Cretaceous and Cenozoic tectonic evolution of Southeast Asia. Solid 

Earth, 5(1): 227–273. 

Zhao Ranlei, Wang Pujun, Zhao Hui, Yi Jian, Yu Taiji, Yang Di, Kong Tan, Tang Huafeng, 2016. Reservoir significance of 

volcanostratigraphic boundary: a case study of Huoshiling Formation, Southern Songliao Basin. Acta Petrolei Sinica, 37(04): 

454–463. 

Zhao Zhigang, Wang Peng, Qi Peng, Guo Rui, 2016. Regional Background and Tectonic Evolution of East China Sea 

Basin, Earth Science, 41(03): 546–554 (in Chinese with English abstract). 

Zhang Yongzhong, He Shunli, Zhou Xiaofeng, Cheng Rihui, 2008. Seismic reflective characteristics of the volcanic 

apparatus of the deep gas fleld in Southern Xingcheng Area. Acta Geoscientica Sinica, 29(5): 577–581 (in Chinese with 

English abstract). 

Zhu Yangming, Li Ying, Zhou Jie, Gu Shengxiao, 2012. Geochemical characteristics of Tertiary coal–bearing source rocks 

in Xihu depression, East China Sea basin. Marine and Petroleum Geology, 35(1): 154–165. 

Zhu Weilin, Mi Lijun, Zhang Houhe, Deng Hannan, Xu Qingmei, Gao Le, Wu Jingfu, Yang Guang, Yang Jihai, Xue 

Yongan, Shi Rongfu, Yang Shaokun, 2010. Atlas of oil and gas basins, China sea. Beijing: Petroleum industry press, 76 (in 

Chinese). 

Zou Caineng, Zhao Wenzhi, Jia Chengzao, Zhu Rukai, Zhang Guangya, Zhao Xia, Yuan Xuanjun, 2008. Formation and 

distribution of volcanic hydrocarbon reservoirs in sedimentary basins of China, Petroleum exploration and development, 

35(3): 257–271 (in Chinese with English abstract). 

About the first author 

Dai Xiaojuan, female; born in 1991 in Tai’an City, Shandong Province, PhD student of College of Earth Sciences, Jilin 

University. Her current research focus on volcanostratigraphy and volcanic reservoirs. Email: 741654454@qq.com; phone: 

+86–15776575939.  

 

 

 

 
This article is protected by copyright. All rights reserved. 


