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Introduction

Lower-Middle Permian magmatic rocks are widely distrib-
uted in the Tarim Basin and cover an area of ~250,000 km2. 
The rocks are primarily basalt and diabase, with some 
basaltic andesite. Most of the igneous rocks are overlain by 
younger sedimentary strata (Yang et al. 1996, 1997; Chen 
et al. 1997a, b; Jia 1997; Liu et al. 2011; Shangguan et al. 
2012). With the development of the mantle plume theory 
and the confirmation of the existence of the Emeishan large 
igneous province (Ali et  al. 2005; Xu et  al. 2004, 2007; 
Zheng et al. 2010), the Permian igneous rocks in the Tarim 
Basin have received significant attention in recent years. 
Chronological data (Yang et al. 2006a, b; Zhang et al. 2008; 
Chen et al. 2010a) indicate that the major eruptive episode 
occurred in the Early Permian. Yu et al. (2011) have con-
strained the duration of the entire eruption to no more than 
5.5 Ma using SHRIMP U–Pb zircon dating. Geochemical 
analyses demonstrate that the Tarim Basin’s Permian igne-
ous rocks exhibit ocean island basalt (OIB)-like character-
istics and negative ɛNd values, which are consistent with a 
mantle plume origin (Chen et al. 1997a, b; Yang et al. 2005; 
Tian et al. 2010b; Yu et al. 2011; Zhang et al. 2008, 2012; 
Shangguan et al. 2012; Li et al. 2012a, b). Therefore, a pos-
sible Permian large igneous province with a mantle plume 
origin in the Tarim Basin has been proposed by previous 
workers (Zhang et  al. 2008, 2012, 2013; Zhang and Zou 
2013). The igneous rocks including basalt, diabase and 
basaltic andesite in the Tarim Basin may be resulted from 
plume–lithosphere interactions (Yang et  al. 1997; Zhang 
et  al. 2008, 2010a, b, 2012, 2013; Zhang and Zou 2012, 
2013; Zhou et al. 2004, 2009; Pirajno et al. 2009; Tian et al. 
2010a; Zhang et al. 2010c; Li et al. 2011, 2012a, b).

Constrained by the Taklamakan Desert surface in the 
central Tarim Basin, previous studies have primarily used 
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samples from outcrops along the margins of the basin and 
from cores from several wells, and these studies have pre-
dominantly focused on certain rock types, such as flood 
basalts, acid lava and intrusive rocks (Yang et  al. 2007; 
Zhang et  al. 2008; Zhang and Zou 2012, 2013). Studies 
of the internal parts of the basin are rare. In recent years, 
seismic data have been applied to distinguish the sub-
surface volcanic rocks (Davies et  al. 2002; Zhang 2003; 
Brown 2004; Wang et  al. 2006; Wagner-Friedrichs et  al. 
2008; Chen et al. 2009; Li et al. 2009; Sun et al. 2010; Liu 
et al. 2011; Wright et al. 2012; Xu et al. 2012; Magee et al. 
2013a, b; Schofield and Jolley 2013), and these techniques 
highlight a new direction for the study of the igneous rocks 
underlying the thick sedimentary deposits. Zhang (2003) 
predicted the occurrence of igneous rocks by applying 
seismic techniques (including seismic modeling, imped-
ance inversion and seismic attribute analysis) to 2D seismic 
reflection data from the Tazhong area. Wang et al. (2006) 
used coherency analysis to map the distribution of local 
igneous rocks in the Tazhong area using 326  km2 of 3D 
seismic data. Liu et  al. (2011) integrated 2D seismic and 
drilling information to further study the residual area of 
Permian basalts in the Tarim Basin and estimated the area 
to be ~246,000 km2. However, the precision of the predic-
tions in these studies was severely restricted by poor data 
quality and the small areas covered by the seismic data.

The present paper uses 1445 km2 of high-resolution 3D 
seismic reflection data and information from four wells to 
study the igneous rocks in the Tazhong area. Integrating 
geological and geophysical methods, we analyzed in detail 
the features of the Permian igneous rocks.

Geological setting

The Tarim Craton is one of the three major cratons in 
China, occupying an area of over 600,000  km2, and is 
located to the southwest of the Central Asian Orogenic Belt, 
NW China (Fig. 1a). The craton is surrounded by the Tian-
shan Mountains to the north, the Altyn Mountains to the 
southeast and the West Kunlun Mountains to the southwest 
(Fig. 1b) and has a typical two-layered structure consisting 
of a crystalline basement and sedimentary cover. Most of 
the craton is covered by thick Mesozoic and Cenozoic sedi-
ments (Shu et al. 2011). Precambrian–Paleozoic rocks crop 
out primarily along the edge of the Tarim Basin in Kuruk-
tag, Aksu, West Kunlun and the Altyn-Tagh–Dunhuang belt 
(Fig. 1b; Lu et al. 2008a, b; Ge et al. 2012). Permian basalts 
are widely distributed over an area of at least 250,000 km2 
and are found in areas in Keping, Bachu, Tabei (northern 
Tarim Basin), Tazhong (central Tarim Basin) and Taxinan 
(southwestern Tarim Basin) (Fig.  1b; Yang et  al. 2005; 
Chen et al. 2006). This widespread distribution suggests the 

existence of a Permian large igneous province (Yang et al. 
2007). The rocks are dominated by basalt, andesitic basalt, 
diabase and ultramafic units. Felsic series are also present 
and include syenite, rhyolite, dacite, granodiorite and pyro-
clastic rocks (Yu et al. 2011; Zhang and Zou 2012).

The Tazhong Uplift zone (Fig.  1b), one of the most 
important oil and gas accumulation zones in the Tarim 
Basin (Kang and Kang 1996; Lu et al. 2008a, b; Zhou et al. 
2010; Du et  al. 2011; Xiao et  al. 2000), is located in the 
middle of the Tarim Basin and is bounded by the North-
ern Depression to the north, the Southwestern Depression 
to the south and the Bachu Uplift to the west (Wang et al. 
2009). This NW–SE-trending uplift is 250–300  km long 
and approximately 100  km wide and covers an area of 
~51,000 km2. Early Paleozoic strata in the Tazhong Uplift 
form a broad anticline, and overlying younger Paleozoic 
formations dip toward the west to form a ‘nose-shaped’ 
structure. The Mesozoic and Cenozoic strata feature gen-
tle dips, suggesting an inherited paleo-uplift from the long 
development history of the Tazhong uplift (Xiao et  al. 
2000; He et al. 2005; Zhang et al. 2003).

The research area is situated in the western part of the 
Tazhong Uplift. The Tazhong II fault zone (Cambrian–
Early Ordovician) passes across the area’s southern por-
tion (Fig.  1c), and small NNE-trending faults associated 
with Permian magmatic plugs are also present in the region 
(Li et al. 2013). Except for a hiatus which spans the entire 
Jurassic, sedimentary formations from Cambrian to Qua-
ternary systems are developed in the study area (Fig.  2) 
and approach a total thickness of 10,000 m. The Cambrian 
series consists of a succession of gray to dark gray lime-
stone and dolomite with gypsum and salt layers, which are 
characteristic of an evaporative carbonate platform environ-
ment. The Ordovician carbonate system is predominantly 
composed of thick limestones and dolomites associated 
with an open platform. An unconformity exists between 
the Lower-Middle and Upper Ordovician. The Silurian 
and Devonian series are primarily sandstone and mudstone 
interbedded with tidal-flat sediments. The contact between 
the Silurian and Ordovician series is an angular uncon-
formity. The Carboniferous series is primarily sandstone 
and limestone with intercalated mudstone. The Permian 
series consists of sandstone, mudstone and volcanic rocks. 
The volcanic rocks are primarily observed in the Early Per-
mian Kupukuziman and Kaipaizileike Formations, which 
are dominated by basalts and tuffs separated by layers of 
sandstone. The overlying strata above the Permian are pri-
marily detrital rocks (Fig. 2).

Following the nomenclature used in the field of oil 
exploration, we named the seismic reflection layers as fol-
lows: T40, the reflection interface of the lower boundary 
of the Cretaceous; T50, the lower boundary of the Trias-
sic; T51, the upper boundary of the Kaipaizileike; T52, the 
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Fig. 1   a Topographic map of Asia showing the main tectonic units 
and the location of the Tarim Craton (TC); NCC North China Cra-
ton, SCC South China Craton, EEC East European Craton. b Geotec-
tonic map of Tarim and adjacent terrains showing the distribution of 
the Permian basalts (light blue shading). The distribution of Permian 

basalts is after Yang et al. (2007). The red box is the location of (c). c 
Geological sketch map of the study area; the yellow shading indicates 
the area of tectonic uplift, and the blue shading indicates the area of 
tectonic depression. The green box is the 3D work area. d Close-up of 
the well location
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lower boundary of the igneous rocks in the Kupukuziman; 
T54, the lower boundary of the Permian; T57, the lower 
boundary of the Carboniferous and the Bachu Formation; 
T70, the lower boundary of the Silurian; T80, the lower 
boundary of the Ordovician; and T81, the lower boundary 
of the Upper Cambrian (Fig. 2).

Data and methodology

The 3D seismic data have a recording length of 8 s TWT 
(two-way travel time) and a bin size of 25 m × 25 m. After 
zero-phase pre-stack time migration, the dominant fre-
quency of the reflections generated by the Permian forma-
tions is ~30 Hz.

The four wells, originally deployed for petroleum explo-
ration, end in the Ordovician formations. The logging data 
from these wells include acoustic (AC), density (DEN), 
deep investigative double lateral resistivity (RD) and shal-
low investigative double lateral resistivity (RS).

Identifying the lithology of an igneous rock via log-
ging data is already a well-established technique (Sanyal 
and Mathews 1979; Benoit et  al. 1980). Pan et  al. (2008) 
described igneous rocks from the North Tarim Basin using 
core analysis and thin section identification; and Yang et al. 
(2013) made a lithologic identification model of Tazhong’s 

igneous rocks based on 245 volcanic rock samples from 
well 10 in Tazhong. Combining the models from Pan et al. 
(2008) and Yang et  al. (2013), we corrected the mud log 
cutting descriptions of wells w11, w12, w17 and w16 using 
GR, DEN, AC and RD logs.

The synthetic seismogram calibration and horizon 
interpretation were performed using the Landmark inter-
pretation software. A 30-Hz Ricker wavelet was adopted 
to construct synthetic seismograms for the four wells. 
The Carboniferous Bachu Formation (T57) was used as a 
marker in the calibration because it is widely distributed 
across the Tarim Basin and has an almost constant thick-
ness and parallel reflection pattern.

The TDQ module in the Landmark software was 
applied for time–depth conversion. Based on the syn-
thetic seismogram calibration results of the four wells, 
the TDQ module generated time–depth tables that were 
then interpolated using triangulation methods to construct 
the time–depth volume. The time–depth volume can be 
used for conversion from time to depth or vice versa, and 
therefore, the corresponding depth of any surface can be 
extracted.

The volume of the igneous rock was computed using 
Petrel software. The structural model was constructed 
using the horizons in the depth domain. The grid size in 
this model is 25 m × 25 m (horizontal) × 10 m (vertical).

Fig. 2   Composite stratigraphic column of the Tazhong area. T50—
bottom surface reflection of Triassic strata; T51—top surface reflec-
tion of the Kaipaizileike formation in Permian; T52—bottom surface 

reflection of the Kupukuziman formation volcanic rock in the Per-
mian; T54—bottom surface reflection of Permian strata
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The seismic amplitude and coherency attributes were 
extracted to help identify the igneous rocks (Zhao et  al. 
2008). For the coherency analysis, a third-generation 
high-precision coherency algorithm was adopted to better 
discriminate igneous rocks from sedimentary rocks. This 
method, based on the eigenvalues of a covariance matrix, 
compares multiple traces, estimates similarities and per-
forms strata-based dip and azimuth calculations. Given an 
estimate of the maximum true dip based on the seismic 
data, the range of the apparent dip pairs can be defined. The 
output coherency volumes can indicate the boundaries of 
formations, folds and rock masses; thus, they can be used 
to help recognize specific geological bodies. This method 
offers the advantages of strong anti-noise capabilities and 
high resolution (Gersztenkorna and Marfurtk 1999).

Results

In this study, firstly we determined the different igneous 
rock types (“Lithology” section); secondly, we determined 
the seismic patterns that characterize igneous rocks using 
the well-seismic ties (“Well-seismic calibration” and “Seis-
mic recognition of igneous rocks” sections); thirdly, we 
described the spatial distribution characterization of igne-
ous rocks using amplitude and coherency attributes (“Pla-
nar distribution of volcanic rocks” section); and finally, we 
calculated the thickness and volume of the igneous rocks 
(“Thickness and volume of the igneous rocks” section).

Lithology

The igneous rocks in the study area are dominated by dark 
gray and ash-black basalt, andesitic basalt, andesite, vol-
canic breccia and tuff and are interbedded with dark gray 
mudstone and silty mudstone. Among the igneous rock 
types, tuff and basalt are the most common (Zhu et  al. 
2005; Chang et al. 2003; Yan et al. 2014; Yang et al. 2013; 
Pan et al. 2008).

Compared with the Permian clastic rocks, the volcanic 
rocks are characterized by low gamma, high resistivity, 
high density and low acoustic values (Fig. 3; Table 1). The 
tuff exhibits low GR, relatively high DEN, medium–high 
AC and relatively high RD values; the basalt exhibits low 
GR and AC values, and high DEN and RD values; the 
andesite exhibits low–medium GR, low AC, and high DEN 
and RD values; and the volcanic breccia exhibits low GR 
and AC values, high DEN values and relatively higher RD 
values (see Table 1 for the exact values). Among the four 
lithologies, the features of the basalt are the most distinct: 
The GR results exhibit a box-shaped pattern with micro-
gears, whereas the resistivity curves exhibit a peak-shaped 
or tooth-shaped pattern with large-amplitude variations. 

The andesite GR values are higher than those of the basalts, 
but the RD values are lower. The RD values of the volcanic 
breccia and tuff are significantly lower than those of the 
basalt and andesite. The volcanic breccia and tuff differ 
primarily in density: The volcanic breccia is slightly less 
dense than the tuff (Figs. 3, 5, 6).

Based on the positions of the volcanic rocks, their litholo-
gies and seismic refection characteristics and the volcanic 
lithofacies classification schemes of Li and Wang (1980) and 
Wang et  al. (2003), we divided the igneous rocks into five 
facies: volcanic vent facies, sub-volcanic facies, volcanic 
eruption facies, overflow facies and volcanogenic sedimen-
tary facies. The characteristics of the five lithofacies are 
described in “Seismic recognition of igneous rocks” section.

Well‑seismic calibration

Synthetic seismogram calibration links seismic and drilling 
data. In this study, a 30-Hz Ricker wavelet was adopted to 
perform well-seismic calibration. The results of the calibra-
tion showed that the upper surface of the Permian igneous 
rocks generates a continuous peak reflection (T51) with a 
medium–high amplitude. The bottom surface of the igne-
ous rocks generates a continuous trough reflection with a 
high amplitude (T52). The base of the Permian strata cor-
responds to a continuous and stable peak reflection (T54), 
which is also of medium or high amplitude. The reflection 
features of the other interfaces are shown in Fig. 4.

Subtle characteristics in the seismic reflections of the 
igneous rock can be seen by the amplification of well 
w16 in Fig.  5. The upper surface of the igneous rocks is 
represented by high-amplitude reflections at ~3389  m. In 
between 3460 and 4023 m, the chaotic and low-amplitude 
reflections correspond to volcanic eruption facies igneous 
rocks. The strong amplitude reflections between 4023 and 
4166 m are sub-volcanic facies basalts. The volcanic vent 
facies is observed between 4166 and 4522 m and is charac-
terized by chaotic seismic reflections.

Seismic recognition of igneous rocks

In recent years, seismic data have been used to study 
igneous rocks (Hansen 2006; Jackson 2012; Magee et  al. 
2013a, b; Thomson 2005) using techniques such as seis-
mic reflection characteristics, seismic volume visualization, 
amplitude attributes and RGB frequency decomposition 
(Schofield and Jolley 2013). Based on the horizon calibra-
tion and reflection analysis, we characterized four types 
of reflection patterns for the igneous rocks in the study 
area. These patterns include mushroom-shaped reflections, 
chimney-shaped reflections, strata-concordant reflections 
and funnel-shaped reflections (Fig. 6). The specific features 
of the four types of reflection pattern are as follows:
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The mushroom-shaped reflections (Fig. 6a) have a con-
tinuous convex-upwards upper boundary with strong reflec-
tion strength. The mushroom-shaped flanks, which truncate 
the surrounding rocks, have medium or high amplitudes. 
The internal chaotic reflections exhibit a low amplitude. 
The bottom surface, which has medium or weak ampli-
tude, connects with the deeper vent. The mushroom-shaped 
reflections form large circles in plan view (see Fig. 8a).

Well w16 penetrated the mushroom-shaped reflec-
tions. Rock cuttings retrieved from the well during drill-
ing showed that the root of the mushroom is mostly com-
posed of basalt, tuff and volcanic breccia. The seismic 
reflection is chaotic and can be assigned to the volcanic 
vent facies. The upper part is composed of basalt, andesite 
and tuff, has a high-amplitude seismic reflection and can 
be assigned to the sub-volcanic facies. The lower part is 

Fig. 3   Composite analysis of the four wells in the study area. AC acoustic, DEN density, GR gamma ray, RD deep investigation double lateral 
resistivity; RS shallow investigation double lateral resistivity
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composed of volcanic breccia, tuff and andesite, has a cha-
otic low-amplitude seismic reflection and can be assigned 
to the volcanic eruption facies. The top of the mushroom 
is covered by tuff interbedded with sandstone. The seis-
mic reflection is continuous and has a strong amplitude. 
This part can be assigned to the volcanogenic sedimentary 
facies (Fig. 6a).

Chimney-shaped reflections (Fig. 6b) refer to vertically 
chaotic reflection belts. Volcanic cones are not observed in 
the upper boundaries of chimney-shaped reflections. Con-
tinuous formations become discontinuous and sometimes 
exhibit chaotic reflection bands. Chimney-shaped reflec-
tions feature small dots along layers (see Fig. 8a). No well 
was drilled directly into this feature; however, well w11 
is close to this edifice, and the drilled strata include thick-
bedded basalt and 14 m of tuff. We conclude that the chim-
ney-shaped reflections are small craters.

Strata-concordant reflections (Fig.  6c) refer to later-
ally continuous high-amplitude reflections. The strata have 
attitudes that are parallel to the layering of the underly-
ing and overlying formations. Variations in the amplitude 
are related to impedance differences and the thickness of 
the igneous rocks. Generally, the strong strata-concordant 
reflections lie far from the craters in plan view, and the 
amplitude decreases with increasing distance from the cra-
ter (Fig.  8b). The drilling results from well w12 reveal a 
sandwich-shaped structure. The lower part of the strata-
concordant layered reflections includes 44 m of basalt, and 
the upper part is a >10-m-thick tuff. Between these for-
mations are clastic rocks with a thickness of ~30  m. The 

Table 1   Log response characteristics of Permian lithology in study 
area

AC sonic, DEN density, GR gamma ray, RD deep investigate double 
lateral resistivity

Lithology GR (API) DEN (g/cm3) AC (μs/ft) RD (Ω m)

Mud >90 <2.4 >85 <1.8

Tuff 20–67
Mean 37.6

1.9–2.5
Mean 2.35

58–101
Mean 75.6

0.5–21
Mean 2.6

Basalt 19–42
Mean 32.6

2.2–2.8
Mean 2.65

45–92
Mean 65.3

2.5–805
Mean 84.2

Andesite 35–87
Mean 52.4

2.4–2.9
Mean 2.71

55–85
Mean 62.3

2.2–314
Mean 48.6

Volcanic breccia 21–63
Mean 34.7

2.4–2.8
Mean 2.61

54–89
Mean 68.2

0.6–26
Mean 3.1

Fig. 4   Calibrated seismic section through well w17 with synthetic 
seismogram. The location of the profiles is indicated in Fig. 8b. TWT 
two-way travel time, T50 bottom surface reflection of Triassic strata, 
T51 top surface reflection of the Kaipaizileike formation in Permian, 
T52 bottom surface reflection of the Kupukuziman formation vol-

canic rock in the Permian, T54 bottom surface reflection of Permian 
strata, T57 bottom surface reflection of Carboniferous strata, T62 
bottom surface reflection of mid-Silurian strata, T70 bottom surface 
reflection of Silurian strata, T80 bottom surface reflection of Ordovi-
cian strata, T81 top surface reflection of mid-Cambrian strata
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basalts belong to the overflow facies, whereas the clastic 
rocks and tuff primarily belong to the volcanogenic sedi-
mentary facies.

The funnel-shaped reflections (Fig.  6d) have a flat or 
concave-down upper boundary. The internal reflections of 
the funnel are chaotic. Normal faults are usually present in 
the overlying formations. In plan view, the funnel-shaped 
reflections form large circles or ovals (Fig.  8a) and are 
interpreted to be typical calderas (“Planar distribution of 
volcanic rocks” section).

Based on the four recognized patterns, the top and bot-
tom of the igneous rocks and volcanic edifices were iden-
tified (Fig. 7). Most volcanic edifices in the study area are 
well preserved, and the main features are as follows: Mul-
tiple craters are distributed throughout the seismic profiles; 
beneath each volcanic cone, we observe a near-vertical 
volcanic vent; the formations near the vents are slightly 
uplifted as a result of intense magmatic activity; mushroom-
shaped or approximately mushroom-shaped cones are found 

at the top; and normal faults cut the overlying strata. All of 
the volcanic edifices lie between T51 and T52 (Fig. 7).

Planar distribution of volcanic rocks

Both the craters and calderas exhibit chaotic and low-
amplitude reflections inside the volcanic edifices in the 
seismic data, which are different from the continuous 
reflections generated by the surrounding formations. Con-
sidering this discrepancy, we adopted a third-generation 
high-precision coherency algorithm based on the eigenval-
ues of a covariance matrix.

In the coherency map (Fig.  8a), the dark red areas with 
coherency values indicate continuous wave groups in the seis-
mic data, corresponding to stable sedimentation. The green 
and blue areas with high values indicate discontinuous zones, 
corresponding to strong lateral variations in the horizon. Sev-
eral sub-circular or elliptical anomalies with high coherency 
values are evident in Fig.  8a, corresponding to the craters 

Fig. 5   Calibrated seismic section through well w16 with synthetic seismogram and the log response feature
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Fig. 6   Seismic reflection 
patterns for volcanic rocks 
(yellow area in the figure). a 
Mushroom-shaped reflections. 
b Chimney-shaped reflections. 
c Strata-concordant strong 
reflections. d Funnel-shaped 
reflections. TWT two-way travel 
time
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observed in the vertical seismic sections. Well w16 was drilled 
in the center of the volcanic craters, and wells w18 and w1 
were drilled along the flanks of the volcanic edifices (Fig. 7). 
The two linear, high-coherency belts observed in Fig. 8a are 
fault zones. The WNW-trending belt in the southern part of the 
study area is the Tazhong II fault zone, and the NNE-trending 
belt in the western part is the w18 fault zone.

The edifices in the study area are large in both number 
and size, and the distances between the edifices are small. 
For convenience, we numbered the large craters with area 
greater than 10  km2 from 1 to 7 in Fig.  8a. The areas of 
these volcanic edifices are as follows: The largest craters, 
1 and 7, have areas of 43.88 and 30.54 km2, respectively, 
whereas that of crater 1 is 24.47 km2. The areas of the four 
other craters are between 12.47 and 15.11  km2. The dis-
tances between the edifices are small: The nearest linear 
distance is 5.93 km between craters 2 and 3; and the lin-
ear distances between the other edifices are roughly around 
12 km (see Fig. 8a for the exact values). There are also dif-
ferences in the geometries of the edifices. For example, 1, 
3, 6 and 7 are sub-circular vents; 5 is an elliptical caldera; 
and 2 and 4 are irregular mushroom-shaped volcanos with 
NNE faults.

We used RMS amplitudes to analyze the lateral distribu-
tion of the Permian igneous rocks. In Fig. 8b, high amplitudes 
are represented by red and yellow shading, and low ampli-
tudes are represented by green and blue shading. Volcanic 
cones, which are composed of mixed volcanic debris of dif-
ferent sizes, generate chaotic low-amplitude reflections. The 
round low-amplitude anomalies in Fig. 8b represent the loca-
tions of volcanic craters, which are consistent with the coher-
ency results (Fig. 8a). The amplitude of the top surface reflec-
tion, an indicator of thickness, decreases with decreasing 
thickness. In Fig. 8b, the yellow- and red-colored areas repre-
sent thicker volcanic rocks, whereas green-colored areas rep-
resent thinner volcanic rocks. The low amplitudes in the areas 
around well w18, which are affected by the ENE-trending 
faults, do not reflect the true thickness of the igneous rocks.

Thickness and volume of the igneous rocks

Thick lower Permian igneous rocks were encountered in all 
four wells. The thickness of the igneous rocks is 1133 m 
in well w16, 120 m in well w11, 152 m in well w12 and 
172 m in well w17. Because the thickness of the igneous 
rocks in the study area exceeds the vertical resolution of the 

Fig. 7   a Section A–A’ through volcanic craters (yellow area); b section B–B’ through volcanic craters (yellow area). Locations of the two pro-
files are indicated in Fig. 8a. TWT two-way travel time
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seismic data (approximately 30  m), we can directly iden-
tify and trace the top (T51) and bottom surfaces (T52) of 
the igneous rocks in the seismic profiles. Away from the 

craters, the T51 and T52 reflection surfaces are continu-
ous, have high amplitudes and are easy to track. Because 
the T52 reflection surface changes greatly near the craters, 
we used the lower surface of the mushroom-shaped and 
funnel-shaped reflections to calculate the thickness (Fig. 9).

Using the TDQ module in the Landmark software, T51 
and T52 were obtained in the depth domain. The thick-
ness of the igneous rocks was calculated using the differ-
ence between T52 and T51 and a correction for the drilled 
thickness, resulting in a thickness map of the igneous rocks 
(Fig. 10). Large variations in thickness are observed, which 
rapidly decreases from 1100 to 300 m in the crater to sev-
eral tens of meters in the northeastern part of the study 
area. In the central area, the thickness of the igneous rocks 
is greater than that in the other areas because of the over-
lapping eruption material from multiple craters.

Using T51 and T52 horizons of the depth domain, the 
structure model of the igneous rocks, which has a grid size 
of 25 m × 25 m (horizontal) × 10 m (vertical), was con-
structed using Petrel software. Based on this model, using 
an integral algorithm, the volume of the igneous rocks is 
estimated to be 178 km3.

Discussion

Eruption patterns of the igneous rocks

Our data reveal that a central-vent eruption with multi-
ple craters occurred in the Early Permian in the Tazhong 
area. According to the seismic reflection pattern, mush-
room-shaped and funnel-shaped reflections are the seis-
mic responses of volcanic edifices, and the chimney-
shaped reflections are the seismic responses of volcanic 
vents (Figs.  6, 7). The results are supported by well data. 
Wells w16, w18 and w1 were drilled into different cra-
ters (Fig. 6a). Well w16 was drilled into the volcanic vent, 
encountering 1133 m thickness of Carboniferous to Permian 
volcanic rocks. Wells w18 and w1 were drilled into the 
flanks of the edifices, encountering 285 and 426 m of vol-
canic rocks, respectively. In the study area, seven large vol-
canic craters > 10 km2 in area have been identified (Fig. 8a). 
The thickness of the volcanic rocks decreases with distance 
from the craters, and the thickness of the igneous rocks gen-
erally decreases from SW to NE (Fig.  10). The volcanic 
rock strata are relatively thin near the No. 2 fault zone in 
Tazhong and the ENE-trending faults in the western part. 
Therefore, we propose a central-vent eruption with multiple 
craters in the Early Permian. This conclusion differs slightly 
from that of a previous study in the Tarim Basin (Chen et al. 
2010b), which proposed that the volcanic rocks were line-
arly distributed along the faults. In our study, craters were 
also observed in the fault zones. The collapse of the craters 

Fig. 8   Prediction maps for the distribution of igneous rocks. a 
Coherency map with time window between horizon T51 and T52. 
Green-colored areas with large coherency values indicate discon-
tinuous seismic wave groups, corresponding to positions of volcanic 
craters. Light-colored areas with small coherency values indicate 
continuous seismic wave groups, corresponding to non-crater areas. 
b RMS amplitude with time window between horizon T51 and T52. 
Blue-colored areas with low amplitude indicate positions of volcanic 
craters. Yellow- and red-colored areas with large amplitude denote 
large thickness of volcanic rocks. Green-colored areas with medium 
amplitude denote small thickness of volcanic rocks. Blue-colored 
areas with small amplitude denote positions of volcanic craters
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resulted in a flat or concave top surface in the volcanic edi-
fices, thereby generating faults in the overlying formations. 
Small normal faults were found in the strata overlying the 
volcanic edifices (Fig. 6). The coherence analysis also indi-
cates that the fault zones deformed the eruption instead of 
controlling the eruption.

Timing of the eruption of the igneous rocks

All of the recognized volcanic edifices extend from horizon 
T52 to T51. No crater is observed in younger formations 
above T51 or in older layers beneath T52. Thus, the tim-
ing of the volcanic eruptions is constrained to between the 
Kupukuziman and Kaipaizileike Formations, in agreement 
with the result of Yu et al. (2011).

The ages for the Kupukuziman and Kaipaizileike basalts 
are concentrated between 287 and 295  Ma (Table  2). 
Yu et  al. (2011) obtained SHRIMP zircon U–Pb ages 
of 289.5  ±  2.0  Ma for the Kupukuziman basalts and 
288.0 ± 2.0 Ma for the Kaipaizileike basalts in the northern 
Tarim Basin, which limited the duration of the entire erup-
tion to no more than 5.5 Ma. Geochronological data have 
also been reported from other areas of the Tarim Basin: A 
K–Ar age of 289.6 ± 5.6 Ma (Li et al. 2008) and an 40Ar–
39Ar weighted mean age of 290.1 ±  3.5  Ma (Yang et  al. 
2006a) were obtained from the Permian basalts exposed in 
the southwestern Tarim Basin; and LA-ICPMS zircon U–
Pb ages of 290.9 ± 4.1 and 286.6 ± 3.3 Ma were obtained 
from the Permian picrite–basalt–rhyolite suite in the north-
ern Tarim Basin.

Only one age result has been obtained from Permian 
basalts within the internal part of the Tarim basin. Yang 
et al. (1996) obtained K–Ar ages of 282.7 ± 4.1 Ma for 
basalts in a 3595.15  m drilling in Mancan. Our study 
constrains the age of the Permian igneous rocks in the 
internal part of the Tarim basin. Based on our data and 
the geochronological studies, we conclude that the thick 
Tarim basalts erupted during a relatively short period of 
time (<5 Myr) in the Early Permian (Tian et al. 2010b; Yu 
et al. 2011).

Fig. 9   Interpretation of the top and bottom surfaces of igneous rocks for thickness and volume estimation. TWT two-way travel time

Fig. 10   Thickness of igneous rocks in the study area. In volcanic cra-
ters, the contour interval is 200 m; elsewhere the contour interval is 
25 m
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A Permian large igneous province in the Tarim Basin

In the 1445-km2 study area, the volume of the igneous 
rocks is 178  km3. The average thickness of the igneous 
rocks is 123 m (volume divided by area). As a conservative 
estimate, the volume of the entire Tarim igneous province 
(with an area of approximately 250,000 km2) is 0.3 × 105 
km3. Four large igneous provinces are recognized in Asia: 
the Siberian Traps, Deccan Traps, the Emeishan large igne-
ous province and the Tarim large igneous province (Cof-
fin and Eldholm 1994; Xu et al. 2001; Ivanov 2007; Sheth 
2007). The size of the Siberian Traps large igneous prov-
ince is enormous: 7 × 106 km2 in area and 4 × 106 km3 in 
volume (Ivanov 2007). The volume of the Deccan traps is 
8.2 × 106 km3 (Chandrasekharam 2003). The original vol-
ume of the Emeishan large igneous province is estimated 
to be 0.6 × 106 km3 with a rhombic area of 250,000 km2 
(Yin et  al. 1992). These volumes are far greater than the 
estimated volume of the Tarim igneous rocks. However, the 
volume of the Tarim igneous rocks is a minimum estimate, 
for the following reasons: (1) The thicknesses of the igne-
ous rocks in the Tarim Basin are obviously underestimated; 
according to Li et  al. (2011) results, drill-hole data indi-
cate that the average thickness of the Tarim Basin’s igne-
ous rocks is approximately 400–500 m, which is about four 
times the thickness of the volcanic rock. (2) The associated 
intrusives are not taken into account. (3) The volume esti-
mated in our study is calculated using an integral algorithm. 
The results will be overestimated by simply multiplying the 
basal area by the thickness. If the second algorithm of basal 
area multiplied by thickness is used, the average thickness 
of the igneous rocks is about 500 m, and then the volume 
of the Tarim Basin’s igneous rocks is likely greater than 
0.125 × 106 km3. Therefore, we suggest that the eruptive 

volume in the Tarim Basin was large enough to classify the 
region as a large igneous province.

Most geochemical data support an OIB-like mantle 
plume source for the Permian igneous rocks in the Tarim 
Basin (Yang et al. 1997; Zhang et al. 2008, 2010a, b; Zhang 
and Zou 2012, 2013; Zhou et al. 2004). However, the loca-
tion of the plume center is still debated. The pre-volcanic 
lithospheric uplift is the most suitable criterion for identi-
fying an ancient plume (Campbell and Griffiths 1990; Far-
netani and Richards 1994), and the crust domal has been 
observed in many plume-related large igneous provinces 
(Williams and Gostin 2000; He et al. 2003). The center of 
the mantle may be the apex of the uplift (White and McKen-
zie 1995 and He et al. 2003). For the Emeishan large igne-
ous province, the thickest part of the lava layer occurs in the 
center of the plume (Xu et al. 2001; Thompson et al. 2001; 
He et al. 2003, 2006). In the Tarim Basin, the thickest por-
tions of the Permian igneous rocks are in Tazhong and NW 
Tarim (Yang et al. 2007). Based on the foregoing, we infer 
that the Tazhong area was the likely eruptive center of the 
mantle plume. Limited by the working area of 1445  km2, 
the study area may be only part of the eruption center. The 
plume, which may originated from the core–mantle bound-
ary, penetrated the overlying material, interacted with the 
lithosphere and finally resulted in the eruption of multiple 
volcanic craters in Tazhong, generating thick tuff deposits.

Conclusions

1.	 High-precision 3D seismic data reveal that the Permian 
volcanic rocks in the Tarim Basin lie between horizons 
T51 and T52, which correspond to the upper surface 
of the Kaipaizileike Formation and the lower surface 

Table 2   Ages of Permian large 
igneous province in the Tarim 
basin

Area Sampling location Lithology Age (Ma) Method References

Keping Top of Kaipaizileike Basalt 288 ± 2.0 SHRIMP Yu et al. (2011)

Bottom of Kupukuziman Basalt 289.5 ± 2.0 U–Pb

Keping Bottom of Kaipaizileike Basalt 295.3 ± 4.1 LA–ICP–MS Zhang et al. (2010a)

291.9 ± 4.5 U–Pb

Keping Bottom of Kupukuziman Basalt 291.9 ± 2.2 LA–ICP–MS Zhang et al. (2010b)

Top of Kupukuziman Basalt 293.9 ± 4.6 U–Pb

Keping Kupukuziman Basalt 289.0 ± 6.1 K–Ar Zhang et al. (2003)

Kaipaizileike Basalt 287.2 ± 5.6

Keping Kaipaizileike Basalt 288.4 ± 4.4 K–Ar Yang et al. (2005)

Keping Kupukuziman Basalt 292.4 ± 0.5 K–Ar Liu and Li (1991)

Damusi Qipan formation Basalt 289.6 ± 5.6 K–Ar Li et al. (2008)

Yingan Kupukuziman Basalt 290.1 ± 3.5 Ar–Ar Yang et al. (2006a, b)

Yingmai Bottom of basalt Rhyolite 290.1 ± 3.5 LA–ICP–MS Tian et al. (2010b)

Top of basalt Rhyolite 286.6 ± 3.3 U–Pb

Mancan Drilling 3595.15 m Basalt 282.7 ± 4.1 K–Ar Yang et al. (1996)
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of the Kupukuziman Formation, respectively. Thus, the 
eruption age of the Permian volcanics is no younger 
than that of the Kaipaizileike Formation.

2.	 The seven craters of area >10 km2 are closely spaced 
with the linear distances between them all being less 
than 13  km. The volume of magma within the 1445-
km2 study area is estimated to be 178 km3.

3.	 The eruptive volume in the Tarim Basin was large 
enough to classify the region as a large igneous prov-
ince; with the thickness portions of the Permian igne-
ous rocks centered in the Tazhong area which was the 
likely eruptive center of a possible mantle plume.
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