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Mesozoic volcanic rocks exposed in the Songliao basin form a major part of the basin fill and are the important
petroleum reservoir rocks. Petrogenesis of these volcanic rocks and their tectonic setting, however, are poorly understood
due to lack of sufficient chemical and isotopic data. These volcanic rocks cover a wide compositional spectrum ranging
from basaltic trachyandesite to high-silica rhyolite. They can be divided into two formations, the upper Jurassic Huoshiling
formation (157–146 Ma) with dominant dark gray andesite and the lower Cretaceous Yingcheng formation (136–113 Ma)
with dominant yellowish rhyolite. Compositionally, these rocks are peraluminous to metaluminous, high-K to medium-K,
calc-alkaline. They are enriched in large-ion lithophile and light rare earth elements, depleted in high field strength and
heavy rare earth elements, and commonly display negative anomalies of Nb, Ti and P. Initial 87Sr/86Sr ratios and initial
εNd-values of these volcanic rocks range from 0.7034 to 0.7106 and from –3.4 to 5.3, respectively, and their δ18O values
vary from 3.2‰ to 14.8‰. Initial 206Pb/204Pb and 207Pb/204Pb ratios have ranges of 17.65 to 18.22 and 15.52 to 15.57,
respectively. The characteristic in Nd and Sr isotopic composition probably indicates a mixing of enriched MORB-like
material and crustal component. Primary magmas for both the Jurassic and Cretaceous volcanic rocks could be derived
from metasomatized enriched MORB-like sources, but the Cretaceous rhyolites commonly show crustal assimilation indi-
cated by high initial 87Sr/86Sr ratios and low initial εNd values. Whether the volcanic rocks in the Songliao basin formed
related either to the post-collisional setting of the Mongolia-Okhotsk suture or the subduction of the western Pacific plate
remains to be discussed.
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plate in Mesozoic (e.g., Zhao et al., 1998; Sun et al., 2000)
or to the closure of the Mongolia-Okhotsk ocean between
the Siberia and North China plates from 255 Ma to 94
Ma (Scotese et al., 1988). The rift model is not evidenced
in the volcanic rock association. They mainly show calc-
alkaline signature and lack of basalts and peralkaline rocks
that are considered for typical rifting environments
(Harangi, 1994). However, the model related to the Pa-
cific plate subduction can hardly explain the sharp change
in sedimentary facies and tectonic system at about 113
Ma in the basin (Fig. 1), since volcanic successions are
all beneath the hiatus and show significant difference in
lithology, distribution and structures from the overlying
sedimentary sequence of NNE-strike that is clearly con-
trolled by the Pacific tectonic regime (e.g., Liu et al.,
1993). The Mongolia-Okhotsk ocean was closed within
the Songliao basin section in middle Jurassic (Zhao et
al., 1996) prior to the volcanism of 157 Ma to 113 Ma in
the basin, therefore, the syn-subduction cannot be favored
for the origin of the volcanic rocks in the Songliao Basin.

INTRODUCTION

Sedimentary basins and mountain ranges formed in
the Mesozoic produce the predominant structural relief
of NE China (e.g., Cheng et al., 1990), though the rela-
tionship between the mountain building and the basin
formation are not well understood yet. Mesozoic volcanic
and pyroclastic rocks comprise a major part of the moun-
tains and the early basin fills. They are also the important
reservoir rocks in the Songliao basin. Three hypotheses
have been previously proposed for the geodynamic set-
ting of the volcanic series in the Songliao basin. Tradi-
tionally, they are considered as products in a continental
rifting environment (e.g., Liu et al., 1993; Liu and Ma,
1998). Other interpretations in contrast considered them
as products in an active continental setting related either
to the subduction of the Pacific plate under the Eurasia
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Previous studies performed on the Songliao Basin have
focused mainly on stratigraphy, petrology, and geophysi-
cal characteristics (Zhu et al., 1997; Cheng et al., 1997;
Zhao et al., 1998; Wang et al., 1999; Shan et al., 2000;
Wang et al., 2002), studies on isotopic and geochemical
signatures of these volcanic rocks are still lacking. This
paper presents the first data of geochemical and Nd-Sr-
Pb isotopic compositions of the Jurassic and Cretaceous
volcanic rocks in the Songliao basin and gives a prelimi-
nary interpretation for genesis of the volcanic rocks that
are essential for tectonic reconstruction of the NE Asia in
Mesozoic.

GEOLOGICAL SETTING AND SAMPLES

The Songliao basin is situated on the Mongolia-North
China block (Fig. 1). To the north, this basin is bounded
to the Mongolia-Okhotsk collisional belt. This belt formed
when the Mongolia-Okhotsk ocean was closed during
early Jurassic to the Jurassic-Cretaceous transition (Zhao

et al., 1990; Sengör and Natal’in, 1996). Magmatism, as
well as thrusting and folding, related to this collisional
event are widespread throughout Mongolia and eastern-
most Russia (Zorin, 1999). This long-lived suturing event
first started in the west (Mongolia) and ended in the east
at the present-day Okhotsk Sea. The Nenjiang and Jiayi
fault (Fn and Fj in Fig. 1) separate the basin from the
Daxingan and Zhangguangcai mountain ranges, respec-
tively. The southern boundary of the basin is the
Xilamulun fault (Fx in Fig. 1) that represents a late
Permian suturing between the Mongolia and North China
plates (Wang and Fan, 1997; Zhang et al., 1999). The
underlying basement is considered to comprise mainly
Paleozoic marine metasediments (slates and phyllites),
Paleozoic carbonates, andesites and granites, as well as
Precambrian gneisses and schists (Wang et al., 1993).
However, a recent study shows that the Precambrian rocks
are actually absent in the basement beneath the basin and
the gneisses and schists are mainly deformed Paleozoic
magmatic rocks (Wu et al., 2001).
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Fig. 1.  Map of the Songliao basin, showing stratigraphic column, tectonic setting, and sample locations. Samples come from
drillholes and outcrops (those with asterisks). The basin is bounded by Nenjiang fault (Fn), Jiayi fault (Fj) and Xilamulun fault
(Fx). The stratigraphic column is compiled from outcrops exposed on the southeast and drill-hole sections in the centre of the
basin.
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The Songliao Basin is predominantly composed of
volcanic rocks of late Jurassic and early Cretaceous age
(Wang et al., 2002). The thickness of the volcanic suc-
cession ranges from 1300 m to 2800 m as revealed by the
drilling. It comprises most of the lower part of the basin
fill (Wang et al., 1993; Wang et al., 1996). The volcanic
rocks are overlain by an Albian to Maastrichtian sedi-
mentary sequence of up to 6000 m in thickness (Gao,
1995; Wang et al., 1996).

A geological reconnaissance of the Mesozoic volcanic
succession within and around the Songliao Basin has been
recently carried out based on the outcrops and related drill
cores. The sampling in this study benefited from unpub-
lished maps of the distribution of the Mesozoic volcanic
rocks summarized in an unpublished report by the Daqing
Oil Company. According to the temporal and spatial dis-
tribution of the volcanic rocks, seventeen representative
samples are chosen for geochemical and isotopic analy-
ses, which were collected from outcrops and drillholes of
the basin as well (localities see Fig. 1). The ages of these
volcanic rocks have been constrained by available 40Ar/
39Ar and K/Ar data (Wang et al., 2002). For a compari-
son with the Mesozoic volcanic rocks, a Permian marine
metasediment sample (sample Ms257) and an intercalated
andesite (sample An249) within the Permian
metasediments were also collected for analysis, as the
upper crust of the study area consists predominantly of
the Permian metasediments (Jilin Geological Survey,
1988; Heilongjiang Geological Survey, 1993).

The Jurassic volcanic rocks are composed of rhyolite,
andesite,  trachyte,  trachyandesite and basaltic
trachyandesite, while the Cretaceous rocks are rhyolite,
perlite, dacite, andesite, basaltic trachyandesite and
tephrite (after classification of LeMaitre et al., 1989). All
these volcanic rocks are porphyritic and phenocryst-poor
(less than 5%), except the Jurassic rhyolite containing

phenocryst up to 30%. The phenocryst assemblages are
complex, commonly with quartz, feldspar (sanidine,
anorthoclase and plagioclase), biotite, hornblende, mag-
netite, ilmenite and pyroxene. Cumulophyric intergrowth
is common amongst the phenocrysts.

ANALYTICAL METHODS

Major elements were determined by chemical meth-
ods and trace elements were analyzed by X-ray fluores-
cence technique at the analytical centre of the Jilin Uni-
versity, China. Rare earth elements (REE) were deter-
mined with an Inductively Coupled Plasma-Atomic Emis-
sion Spectrometry (ICP-AES) at Jilin Institute of Geol-
ogy, China. Detection limits of the analysed elements are
given in Table 1. Analytical precision (standard devia-
tion) was <5% for trace and rare earth elements. Concen-
trations of Sm, Nd, Rb, Sr, Th, U and Pb were analyzed
using dilution method and isotopic compositions of Sr,
Nd, Pb and O were measured using Finnigan MAT262
and MAT252 mass spectrometers at Universität Tübingen,
Germany. Analytical procedures are outlined in Chen et
al. (2000). 143Nd/144Nd ratios are normalized to 146Nd/
144Nd = 0.7219 and Sm isotopic ratios to 147Sm/152Sm =
0.56081. 87Sr/86Sr ratios are normalized to 86Sr/88Sr =
0.1194. Isotopic analyses of the Ames Nd standard yielded
143Nd/144Nd = 0.512135 ± 10 (2σ, n = 3) and the NBS
987 Sr standard yielded 87Sr/86Sr = 0.710256 ± 10 (2σ,
n = 5). The Pb standard NBS 981 was measured for the
determination of the thermal fractionation of Pb isotopes,
and the isotopic ratios were corrected for 0.11%
fractionation per atomic mass unit. For the measurement
of O isotopes, about 95–100% of oxygen was yielded at a
reaction temperature of 550°C (Clayton and Maveda,
1963). The ratios are reported in the δ-notation relative
to Vienna Standard Mean Ocean Water (V-SMOW). Pre-
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cision is better than ±0.1‰ based on replicate analyses
of both in-house standard (NCSU quartz, δ18O = 11.6‰)
and samples.

ANALYTICAL RESULTS

Major and trace element data are given in Table 1.
Volcanic rocks from both the Jurassic and Cretaceous are
wide ranging in composition, covering peraluminous and/
or metaluminous, high-K and/or medium-K, and potassic
calc-alkaline. Tholeiitic sample An122 (Fig. 2B) might
be altered since it has low Na2O and high LOI contents.
Primitive mantle normalized trace element data are plot-
ted in order of decreasing incompatibility from left to right
(Fig. 3). The normalized patterns show that the rocks are
enriched in incompatible elements. Most of the samples
have negative anomalies in high field strength elements
like Nb, Ti and P. Not significant anomalies in Zr and Y
can be observed in almost all the studied samples. All the
samples (Fig. 3) show positive Pb anomaly. Negative
anomalies of Sr can be observed for all the Cretaceous

volcanic rocks (Figs. 3D, 3E and 3F), whereas the Jurassic
volcanic rocks exhibit positive anomalies of Sr (Figs. 3B
and 3C) except for the rhyolites (Fig. 3D). The Creta-
ceous volcanic rocks show negative anomalies of Ba simi-
lar to Sr (Figs. 3E and 3F), but the Ba-content of the
Jurassic volcanic rocks vary irregularly from each other.
Some intermediate volcanic rocks show significant posi-
tive Th anomaly (Figs. 3B and 3F). Chondrite-normal-
ized rare earth element patterns show distinct fractionation
between light rare earth elements (LREE) and heavy rare
earth elements (HREE) in the analyzed samples (Fig. 4),
indicated by the values of LaN/SmN ratio ranging from
2.48 to 5.64 (mean 3.62) and the values of GdN/YbN ratio
ranging from 1.26 to 2.48 (mean 1.73). All the acidic
volcanic rocks show significant negative Eu anomaly re-
gardless of geological age (Fig. 4C), but intermediate
rocks show minor negative Eu anomaly with Eu/Eu* val-
ues ranging from 0.61 to 0.90 (Table 1).

Analytical data of Nd, Sr, Pb and O isotopes of repre-
sentative samples are given in Table 2. The Jurassic vol-
canic rocks have initial 87Sr/86Sr ratio from 0.70338 to
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0.70528, while the Cretaceous volcanic rocks have
slightly higher initial 87Sr/86Sr ratio from 0.70448 to
0.70660. The Permian metasediment sample Ms257 yields
a high initial 87Sr/86Sr ratio of 0.71055. The analyzed sam-
ples show considerable variation in initial εNd value. The
Jurassic andesite (sample An157) collected from western
Songliao basin has an initial εNd value of +5.3 correspond-
ing to a low initial 87Sr/86Sr value of 0.70338. This sam-
ple has similar Nd-Sr isotopic composition to the Permian
oceanic andesite sample An249 (Fig. 5A). The Cretaceous
rhyolite sample Rh126 has low initial εNd value of –3.4
at a initial 87Sr/86Sr ratio of 0.70513 (Fig. 5B), while ini-
tial εNd values range from 0.4 to 3.1 for the other Jurassic

volcanic rocks and from 1.6 to 3.2 for the other Creta-
ceous volcanic rocks. The analyzed samples yielded Pb
isotopic composition from 17.65 to 18.22 for initial 206Pb/
204Pb ratio, 15.52 to 15.57 for initial 207Pb/204Pb ratio,
and 36.46 to 38.21 for initial 208Pb/204Pb ratio, plotted in
the field between the depleted mantle and bulk silicate
earth (Fig. 8; Brownlow, 1996). The analyzed samples
show a large variation in oxygen isotope composition with
δ18O-values ranging from 3.24‰ to 14.77‰. The vol-
canic rocks and the Permian metasediment and andesite
as well are characterized by young Nd-model ages rang-
ing from 1000 and 400 Ma. The Jurassic andesite (An157)
has the youngest Nd-model age of 400 Ma.
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MAGMA SOURCE OF THE JURASSIC AND

CRETACEOUS VOLCANIC ROCKS

According to the Jilin Geological Survey (1988) and
Heilongjiang Geological Survey (1993), the Permian
andesite is interbedded with deep marine sediments and
may represent an island arc volcanic rock. This interpre-
tation seems to be supported by the andesite sample An249
that has high initial εNd value of 3.4 and Mg*-value of
0.76. Nevertheless, the magma must have experienced
mixing or contamination of crustal material as indicated
by its negative anomalies of Nb, Ti, Zr and P as well as
Sr and Ba (Fig. 3A; cf., Benito et al., 1999). Negative
Eu-anomaly of this sample can be attributed to fractional
crystallization of plagioclase. Sr and Nd isotopic compo-
sitions of the Jurassic andesite (sample An157) are simi-
lar to that of the Permian oceanic andesite (Fig. 5A). The
former also has a high Mg*-value of 0.65 and is further
characterized by low 87Sr/86Sr and high 143Nd/144Nd ra-
tios, compared with other Jurassic volcanic rocks. Like
the Permian andesite, the Jurassic andesite (sample
An157) could derive directly from an E-MORB-like
magma source. This interpretation can be supported by
regional tectonic settings. A mid-Jurassic ophiolite has
been recognized in the adjacent area of the Songliao ba-
sin (Zhao et al., 1996), indicating the occurrence of sub-
duction prior to the late Jurassic volcanism in the region.

In the Nd-Sr diagram (Fig. 5A), all the Jurassic vol-
canic rocks are plotted between the MORB area and
sediments probably represented by the Permian
metasediment (sample Ms257).  If  the Permian
metasediment (Ms257) is used as one of the end mem-
bers, the subducted sediment, and model compositions
of mantle and MORB of Taylor and McLennan (1985)
are considered for the other end member, a mass ratio of
MORB/subducted sediment for the magma source can be
estimated at about 16:1 to 10:1. However, no simple cor-
relation can be observed between the volcanic rocks and
the MORB/subducted sediments in the (87Sr/86Sr)i vs.
(206Pb/204Pb)i plot (Fig. 8). This can be caused by differ-
ent movability of Pb, Th, and U during the subduction of
oceanic crust and sediments (Allegre et al., 1986;
Fontignie and Schilling, 1996; Chen et al., 2002). An-
other case is that the subducted sediments have more vari-
ant Pb composition the Permian metasediment (Ms257).
The Jurassic volcanic rocks have more heterogeneous Pb
isotopic composition than the Cretaceous ones. A nega-
tive correlation between initial 87Sr/86Sr ratios and mag-
matic differentiation index (Fig. 6A) suggests that mag-
mas of the Jurassic volcanic rocks escaped from contami-
nation by crustal material during the magma ascending.
The Jurassic andesite (sample An157) and the Permian
oceanic andesite are plotted far from the other Jurassic
samples (Fig. 6A), suggesting a derivation from a sepa-
rate magma source. Sample An157 also shows unique el-
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ement signatures, such as no negative Nb- and Ti-anomaly
and minor positive Zr-anomaly, likely implying high frac-
tion of MORB component in the magma source.

The Nd-Sr isotopic composition shows that both the
Jurassic and Cretaceous volcanic rocks fit in mixing curve
of two components (Figs. 5A and 5B). However, there
are differences between the volcanic rocks forming in
different magma episodes. Most of the Cretaceous vol-
canic rocks are more homogeneous than the Jurassic vol-
canic rocks, as indicated in Sr, Nd, Pb, and O isotopic
compositions and geochemical compositions of the
analyzed samples. Nb/Y ratios range from 0.63 to 1.43
for the Jurassic andesite but from 0.82 to 0.84 for the
Cretaceous andesite. It is commonly accepted that varia-
tion in the values of Nb/Y ratio can be attributed to the
heterogeneity of magma source (e.g., Elburg and Foden,
1999). A mean value of initial 87Sr/86Sr ratio of 0.70484
is obtained from six Jurassic samples (Fig. 5A) and
0.70465 from five Cretaceous samples (Fig. 5B). The
Jurassic volcanic rocks have lower initial εNd-values than
the Cretaceous ones (mean values of 1.55 and 2.78, re-
spectively). Contribution of crustal component is less
important in the Cretaceous mafic to intermediate vol-
canic rocks than in the Jurassic ones. This can be sup-
ported by the negative anomalies of Ba and Sr in the Cre-
taceous volcanics (Figs. 3E and 3F). The Cretaceous acid

volcanic rocks seem to be slightly contaminated by crustal
material during the magma ascending. Differences in oxy-
gen and Sr isotopic signatures between the Jurassic and
Cretaceous volcanic rocks can be obviously observed in
Figs. 6 and 7. Magmatic differentiation in source region
is clearly indicated in basaltic trachyandesite, tephrite,
andesite, and dacite, while rhyolites show contamination
in some extend. Rhyolite sample Rh126 has low initial
εNd-value and Rb/Sr ratio but high δ18O value, probably
suggesting lower crustal assimilation (e.g., Brownlow,
1996). Sample Tr146 has lower δ18O value (4.26‰) can
imply later imprint by meteoric water. The Jurassic and
Cretaceous volcanic rocks have similar Pb isotopic com-
position (Fig. 8), showing involvement of MORB mate-
rial in the magma sources.

PETROGENESIS AND POSSIBLE TECTONIC SETTING

Possible petrogenesis for the Jurassic and Cretaceous
volcanic rocks exposed in the Songliao basin is summa-
rized in a sketch diagram (Fig. 9) for further discussion
below. As shown above, geochemical and isotopic char-
acteristics are different for the Jurassic and Cretaceous
magma sources. There were probably two types of pri-
mary magmas for the Jurassic volcanic rocks: an E-
MORB-like and a metasomatized one. The former is char-
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Fig. 6.  Sr isotope ratios for the volcanic rocks of the Songliao basin plotted against magmatic differentiation index (MDI; Gast
et al., 1964).

Fig. 7.  δ18O values (in ‰ relative to V-SNOW) versus MDI (Gast et al., 1964) plots of the volcanic rocks of the Songliao basin.
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acterized by high initial εNd values and low 87Sr/86Sr ra-
tios, while the latter exhibit Sr-Nd isotopic composition
similar to the bulk earth. For the Cretaceous volcanic
rocks, only one type of primary magma source can be
observed, which is characterized by moderate initial εNd-
value and 87Sr/86Sr ratio. Nevertheless, it is very possible
that two secondary magma chambers formed in the upper
and lower crust. This interpretation may be supported by
the fact that there are several layers of low seismic ve-
locity (Vp < 6.0 to 6.4 km/s) and low electric resistivity
(3 to 8 Ωm) between depth range of 10 to 30 km under
the Songliao basin (Zhang et al., 1998; Yang et al., 1999).

Previous explanations on the tectonic setting for the
formation of the volcanism in the Songliao basin can be
summarized in either continental rifting or subduction-
related model. However, either tectonic model has to con-
sider following observations: (a) The youngest recognized
ophiolite complex, east of the Songliao basin, dated at
169 ± 6 Ma, represents part of a middle Jurassic suture of
the Mongolia-Okhotsk belt (Zhao et al., 1996). By the
mean of palaeotectonic reconstruction, Sengör and
Natal’in (1996) have shown that the collision at the Mon-
golia-Okhotsk suture should have lasted from early
Jurassic to the Jurassic-Cretaceous transition and ended
before Albian. (b) A thick coal-bearing clastic sequence
formed during late Jurassic and early Cretaceous (Wang
et al., 2002). The interbedded volcano-clastic succession
is distributed approximately parallel to the Mongolia-
Okhotsk suture zone. On top of the succession exists a
regional hiatus above that is a basin-wide, oil-bearing
sedimentary sequence up to 6000 m of NNE-strike (Wang
et al., 1993), suggesting a sharp change of the tectonic
regime. (c) Geochemical and isotopic characteristics of
the volcanic rocks show mixture signature of MORB and
crustal material, similar to volcanic rocks forming in arc

settings (e.g., Hess, 1989). (d) Significant differences in
geochemical and isotopic compositions between the
Jurassic to Cretaceous volcanic rocks shows increasing
involvement of MORB material with time, probably sug-
gesting a decreasing influence of subduction component
on the magma sources. Although the sedimentary se-
quence overlying the Jurassic and Cretaceous volcanic
succession, which formed in different tectonic setting, is
commonly accepted to be controlled by the subduction
of the Pacific plate (e.g., Wang et al., 1993; Gao, 1995),
this tectonic event can hardly explain the formation of
the volcanogenic succession under the heretofore obser-
vations. In this case, we favor a post-collisional setting
for the enormous Jurassic—Cretaceous volcanic activity,
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as the collision along the Mongolia-Okhotsk suture ended
about 10 Ma earlier than the volcanism in the Songliao
basin.
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