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Abstract

Mesozoic volcanism is widespread throughout northeastern China, but precise geochronological constraints were previously
lacking. Twenty samples, including basalt and basaltic andesites, from the Great Xing'an Range were collected and subjected to
40Ar/39Ar dating. The ages mainly concentrate in four periods: ∼163–∼160 Ma, ∼147–∼140 Ma, ∼125–∼120 Ma and
∼116–∼113 Ma, show that the volcanic succession pulsed from ∼160 Ma in the Late Jurassic until the Early Cretaceous. This
result, combined with the previous compilation of data from the adjacent areas, suggest a volcanic migration from west to east in
the northeastern Asia. These volcanic rocks were formed in an extensional setting, as indicated by the occurrence of A-type
granites, mafic dyke swarms, metamorphosed core complexes and basins. The timing (∼160–140 Ma) of mantal underplating and
transition from crustal contraction to extension in this region suggests that all these geological activities occurred immediately
followed the closure of Mongol–Okhotsk ocean, which supposed to be closed by ∼160 Ma. Based on these observations, a shears-
shaped lithospheric delamination mechanism is proposed to construe the geodynamic scenario of northeastern Asia during Late
Mesozoic: the collision between north China and Siberia around ∼160 Ma obstructed the westwards movement of the lithosphere
induced by the subduction of Pacific plate, this tremendous stress caused the thickened lithospheric delaminating from west edge of
the northeast China–Mongolia block at ∼160 Ma and extended gradually eastwards. This led to mantle upwelling and
underplating, resulting volcanism migration from west to east in northeastern Asia during Late Mesozoic.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Late Mesozoic volcanic rocks occur over a vast area
in northeastern China (NEC) and its adjacent areas —
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eastern and southern Mongolia, Korean Peninsula, and
Japan (Fig. 1). Many geological, petrological and
chronological studies were carried out on these mag-
matic activities [1–6], which have not resulted in a
consensus about the mechanism. For instance, a mantle
plume hypothesis has been proposed to interpret this
extensive Late Mesozoic magmatism in the Great
Xing'an Range [7,8]; Fan et al. [5] attributed this mag-
matic event to post-orogenic diffuse extension after the
closure of the paleo-Asia and /or Mongol–Okhotsk
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Oceans; mantle delamination was supposed to be the
mechanism of the significant magmatism in the NEC [6].

It was noted that, largely based on the K–Ar ages, the
igneous rocks turn younger in age oceanwards along the
Asia continental margin [2–4], but its mechanism was
also in dispute. Ridges subduction of Kula-pacific plate
was proposed for this migration of igneous activities by
Kinoshita [2,3], whereas Zhou and Li [4] argued that as
the slab dip angle increased, the simple subduction of
the Kula-pacific could explain the migration of
magmatic activity along southeast China coastal line.

Lacking of precise geochronological data on these
volcanics, especially on the basalts, causes the disputes
and hampers the advancing in the study on the mech-
anism of magmatism in NEC. Recently, an igneous
event ranging from 120 to 130 Ma in northeastern China
was found based on the summary of the dates on plutons
[6]. However, these are still indirect age constraints from
the intrusive rocks whose exact time relation with the
volcanics eruption is unknown. More importantly, pre-
cise dating directly on the volcanic successions in the
Great Xing'an Range is hence highly desirable, which is
crucial to understand the relation between NEC and
Mongol–Okhotsk suture zone. In this paper, results of
40Ar/39Ar dating of the volcanic rocks in the Great
Xing'an Range are presented. In conjunction with the
Fig. 1. Geological setting, volcanics distribution of Northeaster
previous compilations of dating results in the adjacent
areas, including southern and eastern Mongolia [9,10],
northeast China [6,9,11], Korean Peninsula and south-
west Japan [2], the temporal-spatial distribution is
established. This is potentially a powerful tool that can
be used to decipher tectonic mechanisms of the re-
gion during the Late Mesozoic. As a conclusion, a new
model is suggested attempting to explain this temporal-
spatial distribution of volcanism in a frame of plate
tectonics.

2. Some basic observations

In the following, we will summarize and comment on
some basic observations on Late Mesozoic volcanic
rocks and geological settings in NEC:

(1) Late Mesozoic volcanic rocks in NEC cover
∼100,000 km2 in the Great Xing'an Range [12],
with cumulative thickness of the successions is up
to∼4–5 km [13,14]. These rocks comprise a wide
spectrum of rock types, including basalts, basaltic
andesite, trachyte, rhyolite, volcanic clastic and
tuff. Based on the lithological associations and
lava flow sequence, three group divisions in this
region are widely accepted: a) The Tamulan
n China and its adjacent areas. Modified from Meng [9].
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formation, the base of the volcanic sequence, is
composed mainly of basalts and basaltic andesites.
These are commonly subaphyric to weakly por-
phyritic with predominant phencrysts of pyrox-
ene of 1–3 mm with rare olivine and plagioclase.
The matrix is mainly composed of fine-grained
or aphanitic clinopyroxene and plagioclase
(b0.2 mm) and a few opaque oxides. b) The
Shangkuli formation, the most widespread one,
exhibits columnar joints and is comprised mainly
of basaltic andesite, trachyte, minor pyroclastic
tuff and subparallel layers with tuffecous sand-
stone interbeddings in rhyolitic lavas. These rocks
generally show a porphyritic fabric with pheno-
crysts of plagioclase and hornblende of 4–7 mm
grain size. The matrix includes fine-grained
plagioclase and hornblende of 0.2–0.5 mm and
few opaque oxides. c) The Yiliekede formation is
composed mainly of basalts and andesitic basalts.
These are subaphyric to weakly porphyritic with
dominant phenocrysts of pyroxene of 1–3 mm
with rare olivine and plagioclase. The matrix is
mainly composed of fine-grained or aphanitic
clinopyroxene and plagioclase (b0.2 mm) and
opaque oxides are few. In order to constrain the
magmatism from the upper mantle, our works
mainly focused on the lavas of basalts and basaltic
andesites.

(2) The volcanic rocks also occur in the other parts of
NEC, including Songliao Basin, Jiaodong penin-
sular, Yanshan and Liaoxi area. In the south and east
of Mongolia along its border with China, volcanics
are also the dominant rock, such as in Gobi Basin
[10]. The distribution of these volcanics are con-
strained by the tectonic lines parallel to both the
Mongol–Okhotsk suture and Pacific plate suduc-
tion zone (Fig. 1).

(3) They exhibit very similar initial Sr (0.704–0.706)
and Nd (εNd(t): −0.78–+1.26) isotopic ratios
despite their lithological differences [5], and
significant LILE, LREE enrichment and strong
Nb–Ta depletion. This slightly enriched Sr and
weakly depleted to slightly enriched Nd isotopic
ratios and enrichment of incompatible elements
seem to favor a lithospheric mantle rather
than depleted mantle reservoirs in their origin
[5,15,16]. Granitic plutonism also companied
eruption of the volcanic rocks in NEC in Late
Mesozoic time. Plutons are mainly alkali and
perakaline and geochemically resemble the volca-
nics, with ratios of initial 87Sr/86Sr (∼0.705) but
high positive value of εNd(t) (∼+2.5), implying
considerable mixing of mantle and crustal materi-
als [17].

(4) Extensional structures reworked the NEC during
Late Mesozoic time. Basins began developing,
such as Erlian, Hailar, Songliao basins and eastern
Gobi basin in southeastern Mongolia. In eastern
Gobi basin across the boarder of eastern Mongolia
and China, a volcanic interlayer at the lower part
of basin boreholes yield a 40Ar/39Ar age of 155
±1 Ma [18]. Although there are no date on the
cored volcanic rocks in the Erlian basin, equiva-
lents of the Xinganling Group in outcrops in West
Liaoning are well constrained by 40Ar/39Ar and
K–Ar from ∼156 Ma [9]. Volcanism started in
Songliao basin at Late Jurassic basted on the
40Ar/39Ar and K–Ar ages 157.9±2.7 Ma on a
basalt at the base of a drill [11]. These dates
suggests that the basins in NEC began rifting at
∼155 Ma synchronously.

(5) Topographically, there is a sharp altitude contrast
in NEC between the high plateaus to the west and
hilly plains to the east along the Great Xing'an
Range. The Great Xing'an Range, which repre-
sents the steepest altitude gradient from the east to
west of NEC, also coincides with the steepest
gradient in gravity anomalies and crustal thickness
[19]. Interestingly, it also marks the steepest gra-
dient in mantle seismic velocity clearly seen at
depths of 100 km and 150 km [19]. The sudden
seismic velocity decrease across the Great Xing'an
Range from the west to the east is consistent with
the interpretation that at such depths the mantle
beneath the plateaus in the west is “cold” and “fast”
lithosphere whereas beneath the east it is the “hot”
and “slow” asthenosphere. The latter is consistent
with the recognition that the lithosphere beneath
eastern China, including NEC, is anomalously
thin, considering the geologically perceived cra-
tonic nature in the North China. Petrologically, the
existence of Paleozoic diamondiferous kimberlites
in the NEC (e.g., Fuxian in Liaoning Province,
Mengyin in Shandong Province) [20–23], all
indicates that the NEC lithosphere must have
been ∼200 km thick back in the Paleozoic.
However, recent studies of mantle xenoliths [24–
29] indicate a much thinner present-day litho-
sphere, perhaps no more than 80 km thick beneath
NEC. This is confirmed both by seismic studies
[30] and mantle tomography [19]. Hence, the
lithosphere beneath NEC must have lost 120 km
thick bottom portion [31], probably in the
Mesozoic [23,29,31–37].
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3. The 40Ar/39Ar dating techniques

Twenty groundmass samples were obtained from
basalts and basaltic andesites collected from lavas as
showed in Fig. 2 and Table 1.

These samples were dated by using the step-heating
40Ar/39Ar method. In order to constrain the eruption age
and avoiding excess argon, a binocular microscope was
used to carefully remove the 60–80 mesh granules of
processed groundmass. 40Ar/39Ar measurements were
performed at Institute of Geology and Geophysics of
Chinese Science Academy (IGGCAS), Beijing. A number
of neutron fluence monitors (standards) have been
intercalibrated at 40Ar/39Ar Lab. of IGGCAS [38]: relative
to 18.6MaBrionemuscovitemonitor [39], nine total fusion
analyses of Mt Dromedary (NW Wales, Australia) biotite
(Ga 1550), gave a mean age of 98.5±0.6 Ma, consistent
with the 98.5±0.8 Ma and 98.8±0.5 Ma ages determined
by Spell and McDougall [40] and Renne et al. [41]
respectively.

Groundmass wafers weighing between 3–16 mg,
multiple samples of the 18.6±0.4 Ma neutron fluence
monitor mineral Brione muscovite were irradiated in
Fig. 2. Detailed volcanic distribution
vacuo within a cadmium-coated quartz vial for 45.8 h in
position H8 of the facility of Beijing Atomic Energy
Research Institute reactor (49-2). Six to eight replicate
analyses of the monitors from each position in the vials
were conducted to constrain the vertical neutron fluence
gradient to within ±0.7%. This additional uncertainty
was propagated into the plateau and inverse isochron
ages. However, complete external errors including those
arising from the decay constants and primary K–Ar
standards were not propagated.

Interfering nucleogenic reactions were checked for
every irradiation by using CaF and K2SO4,. The correc-
tion factors in this study are [36Ar/37Ar]Ca=0.000261±
0.000014; [39Ar/37Ar]Ca = 0.000724 ± 0.000028;
[40Ar/39Ar]K=0.000880±0.000023. Mass discrimina-
tion was monitored using an on-line air pipette from
which multiple measurements are made before and after
each incremental-heating experiments. The mean over
this period is 1.00831±0.00017 per amu and the un-
certainty of this value is propagated into all age
calculations.

Groundmass wafers were placed into a Ta tube
resting in the Ta crucible of an automated double-
in NEC and sampling spots.



Table 1
40Ar/39Ar dating results

Sample Rock Formatio Position Plateau
age(Ma)

Inverse isochron
age(Ma)

Integrated
age(Ma)

40Ar/39Ar
Initials

MZL04-6 Basalt Tamulan 49°28′22″E 160.0±0.8 160.0±0.9 161.0±0.8 298±6
117°25′42″N

MZL10 Basalt Tamulan 48°16′09.9″E 162.6±0.7 162.4±0.8 160.7±0.7 299±19
116°15′17.2″N

MZL13 Basaltic andesite Tamulan 48°15′37.1″E 162.0±0.8 162.1±1.2 162.0±0.8 337±46
116°16′32.2″N

MZL16 Basalt Tamulan 48°14′01.2″E 147.0±0.8 146.5±0.8 151.3±0.8 266±32
116°17′48.2″N

ERBY04-1 Basalt Tamulan 49°50′32″E 139.7±0.7 140.7±1.1 139.7±0.7 273±16
119°57′34″N

ERBY04-4 Basaltic andesite Tamulan 49°50′47″ E 140.3±0.7 142.4±1.0 139.5±0.7 270±19
119°57′37″N

ERBY1-9 Basalt Tamulan 49°50′32″E 142.7±0.7 142.9±0.7 142.1±0.7 286±27
119°57′35″N

GH07 Basalt Shangkuli 50°19′54″E 123.3±0.6 123.4±0.9 124.9±0.6 305±9
120°14′52.7″N

GH10 Basalt Shangkuli 50°26′22.6″E 121.2±0.6 120.9±0.7 122.1±0.6 340±71
120°48′12.6″N

TH08 Basalt Shangkuli 52°19′30.2″E 123.7±0.6 124.5±0.8 122.8±0.6 270±24
124°40′39.7″N

TH24 Basaltic andesite Shangkuli 52°39′37.7″E 125.6±0.6 123.7±1.6 125.8±0.6 389±70
124°19′38.1″N

TH22 Basalt Shangkuli 52°28′01″E 122.3±0.6 122.4±0.8 122.4±0.6 295±27
124°33′24.8″N

ELC04-1 Basalt Shangkuli 50°40′04″E 124.5±0.6 124.7±0.7 126.0±0.6 292±8
122°35′57″N

ZLT04-8 Basalt Shangkuli 48°00′10″E 122.2±0.6 121.7±0.7 122.4±06 302±5
122°46′20″N

GH04-1 Basalt Shangkuli 50°21′32″E 123.9±0.6 120.7±1.3 121.9±0.6 325±16
120°26′49″N

YKSNQ04-4 Basalt Yiliekede 49°12′22″E 115.8±0.6 116.4±0.8 115.7±0.6 289±9
120°36′50″N

GH04-4 Basalt Yiliekede 50°59′17″E 114.5±0.6 114.3±0.7 115.2±0.6 299±5
121°19′16″N

YKS04-3 Basalt Yiliekede 48°50′40″E 106.2±0.6 106.1±1.1 101.2±0.5 294±7
121°34′50″N

JGD04-4 Basalt Yiliekede 49°56′53″E 115.3±0.6 116.0±0.6 114.6±0.6 286±6
124°22′48″N

YKSNQ04-1 Basaltic andesite Yiliekede 49°12′47″E – 114.3±1.0 113.2±0.6 300±11
120°36′50″N
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vacuum resistance furnace. These were incrementally-
heated in 15 steps of 10 min each from 700 or 750 °C to
1400 or 1500 °C. Following 5 additional minutes of gas
purification on Al–Zr getters, isotopic measurements
were made on a mass spectrometer MM5400 with a
Faraday cup and an electron multiplier of which the
latter was used as the collector during this study. Hot
system blanks determined several times each day prior
to degassing the samples were typically 3×10−16 mols
of 40Ar and 9 × 10− 19 mols of 36Ar in nearly
atmospheric ratios and 2–3 orders of magnitude smaller
than sample signals [42]. Although the mean blank
errors were generally ∼2% for 40Ar and ∼5% for 36Ar,
the large size of the samples relative to the blank
minimized the impact of propagating these errors into
the final age calculations.

Plateau ages were determined from 3 or more
contiguous steps, comprising N50% of the 39Ar re-
leased, revealing concordant ages at the 95% confidence
level. The uncertainties in plateau ages reflect multipli-
cation by the MSWD and were obtained by standard
weighting of errors for individual steps according the
variance [43]. Thus, more precise determinations were
given greater weight than those of lower precision and
the overall uncertainty about the mean value may be
greatly reduced. Because no assumption is made



Fig. 3. Age spectra (A–G), and isotope correlation (a–g) diagrams of samples from Tamulan formation. The plateau ages are indicated by the
arrows. The solid circle denote the steps used in fitting inverse isochron. 2 sigma errors are quoted for the points plotted in isotope correlation
diagrams.

184 F. Wang et al. / Earth and Planetary Science Letters 251 (2006) 179–198



Fig. 3 (continued).

185F. Wang et al. / Earth and Planetary Science Letters 251 (2006) 179–198
regarding the trapped component, the preferred ages are
inverse isochrones, calculated from the plateau steps
using the York [44] regression algorithm. Errors are
reported at the 2σ confidence level. Analyses results are
provided in the Supplementary data table.

4. 40Ar/39Ar analysis results

The age results from the step-heating experiments are
presented in Table 1. The age spectra and isotope cor-
relation (inverse isochron) diagrams are illustrated in
Figs. 3–5. For each sample the argon release age spectra
and inverse isochrones are presented. Both the plateau
and inverse isochron age uncertainties are given at 2σ
level, and do not include systematic errors related to
standards or the 40K decay constants, which should be
considered if these results are compared to ages esti-
mates obtained from other radioisotopic systems [45].

In the following section, we will first have a general
evaluation of data quality, and then discuss the ages of
every formation separately.

4.1. The 40Ar/39Ar data

Most of the samples present well-resolved plateaus,
consistent inverse isochron ages and initial 40Ar/36Ar
ratios indistinguishable from the atmospheric value
(295.5) (Table 1, Figs. 3–5). However, some of the age
spectra are complicated and may warrant further dis-
cussions. 39Ar loss in the 40Ar/39Ar dating of ground-
mass of volcanic rocks is a common phenomenon
and can be seen in this study. Samples yielding



Fig. 4. Age spectra (H–P), and isotope correlation (h–p) diagrams of samples from Shangkuli formation. The plateau ages are indicated by the arrows.
The solid circle denotes the steps used in fitting inverse isochron. 2 sigma errors are quoted for the points plotted in isotope correlation diagrams.
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characteristics age spectra that typically display high
apparent ages for the low-temperature steps, or low
apparent ages for the high temperature steps have found
and discussed in some groundmass 40Ar/39Ar dating
works [46–48]. The low temperature discordant sec-
tions start at high apparent ages that monotonically
decrease towards the age plateau (e.g. MZL16 in Fig. 3
and ELC04-1 in Fig. 4); or the high temperature ages



188 F. Wang et al. / Earth and Planetary Science Letters 251 (2006) 179–198
decrease from the age plateau to the abnormal low
values (such as MZL13 and MZL04-6 in Fig. 3). This
observations can be explained by the recoil of 39Ark
(increasing the apparent ages) in combination with the
Fig. 5. Age spectra (Q–V), and isotope correlation (q–v) diagrams of samples
The solid circle denotes the steps used in fitting inverse isochron. 2 sigma e
preferential degassing of alteration phases (increasing
the atmospheric component) that are located intersti-
tially and in the surface of plagioclase or clinopyroxene
in the groundmass [47]. The intermediate temperature
from Yiliekede formation. The plateau ages are indicated by the arrows.
rrors are quoted for the points plotted in isotope correlation diagrams.
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steps exhibit age plateaus that are high in their
radiogenic component (90–100%). This may suggest
the effects of alteration and 39Ark recoil to the plateau
portions of the age spectra are negligible [48]. This is
confirmed by the fact in this study that all plateau ages
are consistent with their inverse isochron ages at the 2σ
confidence level and that 40Ar/36Ar intercept values are
indistinguishable from or slightly lower than the 295.5
atmospheric ratio (Table 1), ruling out excess 40Ar.

It seems that the argon release pattern of YKSNQ04-1
cannot be explained by 39Ar loss from the recoil simply,
because the lowest temperature step accounting for more
than 20% of released argon, shows lower age (110.0 Ma,
supplement table, Fig. 5V) than most higher temperature
steps. This pattern may be a result from combination
effect of 39Ar recoil and 40Ar loss from alteration. Al-
though no meaningful plateau can be obtained, the inter-
mediate temperature steps show a well-defined inverse
isochron (Fig. 5v) with intercept age of 114.3±1.0 Ma,
consistent with the integrated age (113.2±0.6Ma, Table 1
and Fig. 5V).

On the contrary, alteration of the minerals may cause
the strong loss of 40Ar from the crystals, and we will
observe argon release patterns characterized by low
apparent age for the low-temperature steps, such as
sample YKS04-3 (Fig. 5T). The 30% of the released
argon was affected apparently by such loss (Fig. 5T) and
it cannot immediately eliminate such affect at the higher
temperature steps, therefore, the plateau at the higher
temperature steps of YKS04-3 should be the minimum
limit of the “real age” which may be the reason showing
∼10 Ma lower in age than those from same formation
(Yiliekede).

The age spectrum of sample GH07 seems exhibiting
40Ar loss pattern at first glance which shows the highest
ages at the highest temperature steps (Fig. 4H). But only
two steps (∼18% of released argon) show lower ages, and
importantly the first (lowest temperature) step shows
higher age (∼120 Ma) than the second (higher temper-
ature) step (∼115 Ma) suggesting that the 40Ar loss may
not be the reason for these two lower ages. This is
confirmed by the wide plateau (N70% of argon released)
for the following higher temperature steps. Therefore, the
highest three apparent ages at highest temperature steps,
we prefer to explain these highest apparent ages by excess
argon trapped in anion sites [49]. It was reason that at high
temperatures of laboratory extraction the excess argon
would be trapped in anion sites of the mineral structure
[49]. Supporting evidences for this mechanism was
offered by Claesson and Roddick [50], who showed that
the release of excess argon 40Ar from calcic plagioclases
at high temperature was accompanied by chlorine-derived
38Ar suggesting that they originated from anion sites.

4.2. Dating results

4.2.1. Tamulan formation
Seven samples (MZL04-6, MZL10, MZL13,

MZL16, ERBY 04-1, ERBY04-4 and ERBY1-9) were
collected from the Tamulan Formation (Fig. 2), which
yielded well-defined age spectra with plateau ages in two
ranges from 160.0±0.8 to 162.6±0.7Ma and 139.7±0.7
to 147.0±0.8Ma (Table 1, Fig. 3). Apart from ERBY04-
4, all these plateau ages are quite consistent with their
respective intercept ages (Table 1, Fig. 3) obtained from
the isotope correlation diagrams (Fig. 3). Regression of
the data on the isotope correlation diagram indicate that
the trapped initial 40Ar/36Ar ratios are, as shown in Table 1
and Fig. 3, suggest no measurable excess argon was caught
when they erupted. Fig. 3f shows that the inverse isochron
age for ERBY04-4 is 142.4±1.0 Ma, which is a little
higher than its plateau age 140.3±0.7 Ma (Fig. 3F). The
initial 40Ar/36Ar ratio of this sample, 270±19, is appar-
ently lower than the atmospheric value, implying that the
background contribution in the data and should be con-
sidered when interpreting plateau age. As no assumptions
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are made about the initial 40Ar/36Ar ratios on the inverse
isochron age, we regard that the inverse isochron age of
ERBY04-4, 142.4±1.0 Ma, is preferred.

The dating result of samples from Tamulan formation
clearly show that they are in two distinct duration: from
∼160 to∼163Ma and∼140 to∼147Ma. This suggests
that the lavas which were previously defined as “Tamulan
Formation” [12] may not be the real one formation. But in
this paper, we follow the tradition to use the term
“Tamulan Formation” for these lavas of two periods.

4.2.2. Shangkuli formation
Eight samples (GH07, GH10, TH08, TH24, TH22,

ELC04-1, ZLT04-8 and GH04-1) were collected from
Shangkuli formation at different sites (Fig. 2). Six
samples show fine-defined age spectra over 70% of 39Ar
released (Fig. 4) giving a plateau age range from 121.2±
0.6 to 124.5±0.6 Ma (Table 1, Fig. 4). Apart from TH24
and GH04-1, the samples exhibit consistent inverse
isochron ages (Table 1, Fig. 4) with their plateau ages
respectively. The initial values of 40Ar/36Ar of these
samples agree with that of the air (Table 1, Fig. 4)
suggesting they trapped only atmospheric argon when
they formed. TH24 and GH04-1 show different spec-
trum ages with inverse isochron ages as well as initial
40Ar/36Ar values higher than atmospheric value (389±
70 and 325±16 respectively, Table 1 and Fig. 4). This
implies that excess argon was trapped when they
Fig. 6. The sketch shows the spatial and temporal trends of peak magma
southeastern Mongolia—Great Xin'an Range to the southwestern Japan. Data
study.
formed. Therefore, we regard the inverse isochron age
as being more objective, as no assumptions are made
about the initial 40Ar/36Ar ratios.

These dates suggest that the Shangkuli formation was
formed during ∼120–∼125 Ma.

4.2.3. Yiliekede formation
Five basaltic rocks (YKSNQ 04-4, GH04-4, YKS04-

3, JGD04-4 and YKSNQ04-1) were sampled from
Yiliekede formation in different localities (Fig. 2). Four
of these samples (YKSNQ 04-4, JGD04-4, and GH04-4)
yielded age spectra with plateau ages from 106.2±0.6 to
115.8±0.6 Ma (Table 1, Fig. 5). In the 36Ar/40Ar versus
39Ar/40Ar correlation diagrams (Fig. 5), the data of the
four samples define intercept ages consistent with their
respective plateau ages (Table 1); and the 40Ar/36Ar
initial ratios are quite consistent with the atmospheric
40Ar/36Ar ratio (295.5) as well (Table 1, Fig. 5). How-
ever, dating on the sample YKSNQ04-1 shows no sta-
tistically meaningful plateau age (Fig. 5V), but its
consistent integrated age (113.2±0.6 Ma) and inverse
isochron age (114.3±1.0 Ma), and initial 40Ar/36Ar (300±
11) indistinguishable from atmospheric value suggest these
ages are reasonable.

The sample YKS04-3 show a much lower age than
those from the same formation. As discussed above, this
may be caused by the 40Ar loss from the alteration.
Therefore, if exclude YKS04-3, the dating results from
tism in NE Asia, strongly suggesting an eastwards migration from
come from the age compilations and summaries in [2,6,10,11] and this



Fig. 7. Speculative geodynamic scenario of northeastern Asia during Late Mesozoic. ∼160–140 Ma: the closure of Mongol–Okhotsk Ocean
obstracted the movement of the northeast China–Mongolia block from the subduction of paleo-Pacific plate; the thickened lithosphere started to
delaminate from the west edge of the block due to the strong strain, this resulted in the upwelling of the asthenosphere and induced magmatism and
undrplating. ∼130–120 Ma: as the delamination propagated eastwards like an opening shears, the magmatism propagated eastwards. ∼100–80 Ma:
continued propagation of delamination and magmatism. This course ended until the delaminated lithosphere detached completely. See text for details.
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Yiliekede formation indicate that the eruption of the
formation was constrained in a duration between ∼113
and 116 Ma.

5. Discussion

5.1. The volcanic succession in the Great Xing'an Range

Geologists believed that there was evidence of
continuous volcanic eruption in the Tamulan Formation
during the Late Jurassic time (∼160) and throughout the
Late Jurassic–Early Cretaceous times (∼160–∼90) in
the Great Xing'an Range. This belief was based on data
from widespread volcanic bodies of ages determined by
Rb–Sr and Sm–Nd dating methods [7,12,51]. A recent
study [6] showed that this giant igneous event in the
Great Xing'an Range can be constrained in a short
duration of 10Ma from∼120 to∼130Ma, based on U–
Pb dating on intrusive bodies. However, the results of
our dating on the three main volcanic formations in the
Great Xing'an Range do not supported these views.

Our dating indicates that the three main formations,
Tamulan, Shangkuli and Yiliekede, formed in short
durations of ∼163–160 and ∼147–140, ∼125–120,
∼116–113 Ma respectively. But it should be noted that
this conclusion need to be ascertained by the further
work due to the representation of the samples. Tanmulan
Formation indicates the start of the igneous activity
during the Late Jurassic time in this region.

5.2. Migration of Late Mesozoic volcanic activity in
Northeast Asia

Volcanism during the Late Mesozoic time occurred
not only in the Great Xing'an Range, but widespread in
NEC and its adjacent areas, such as south and east
Mongolia, the Korean Peninsula and southwest Japan.
Our dating results place a precise constraint on the
timing of this volcanic succession and the main stage as
the Great Xing'an Range for the first time. These data,
combined with recent age compilations of igneous ac-
tivity in the adjacent regions [2,6,10,11], strongly sug-
gests that igneous activity migrated from west to east in
Northeast Asia during the Late Mesozoic (Fig. 6). This
migration was constrained between the Mongol–
Okhotsk suture and Pacific Plate subduction zones.

In south and east Mongolia, southeast of the
Mongol–Okhotsk suture, the volcanic activity contin-
ued for the past 160 Ma peaking around 160–140 Ma
[10]. Largely based on the K–Ar 10 isotopic ages of the
volcanic successions, there is marked similarity in
compositional parameters of most of the volcanic
rocks throughout the entire period of formation of this
region. The various volcanic associations are dominated
by basic rocks, accounting for no less than 95% of the
total volume of the volcanic rocks [10]. They are
presented by subalkaline olivine-basalts and alkali
basaltoids, displaying geochemistry similar to that of
their equivalents in northern China. Study of isotopic
composition of these volcanic rocks and associated
mantle xenoliths like iherzolites suggests that their
primary melts were derived from the lithospheric mantle
[10].

Volcanic rock also spread in Yanshan range, south of
the Great Xing'an Range (Fig. 1), with a cumulative
thickness of the volcanic succession up to ∼4 km [14].
Zircon U–Pb ages and 40Ar/39Ar plateau ages for the
volcanic rocks [52–59] constraint a duration of 130–
150 Ma, with a peak of ∼135–145 Ma. They take
similarities with those in the Great Xing'an Range geo-
chemically and petrologically.

To the east of the Great Xing'an Range lies the
Songliao basin, the largest oil- and gas-producing basin
in China. Mesozoic igneous rocks are widespread
throughout the basin. The newly obtained core section
from drilling and high-quality deep seismic reflections
in recent years provide good selection of samples and
better understanding of the structure of the volcanic
successions buried in the basin. Recent 40Ar/39Ar and
K–Ar ages [11] revealed that the volcanic activities
mainly were during 120–130 Ma.

Late Mesozoic volcanic rocks are also widespread in
the Liaoxi area (Western Liaoning Province) to the south
of Songliao Basin. Recently obtained ages for the
volcanics from this area concentrate mostly between
128.4±0.2 to 120.3±0.7 Ma [42,53,54,60–63]. The
compilation of ages younger than 150 Ma, including
those of intrusive rocks, indicates that 120–130 Ma is
the peak time of igneous activity in this area [6].

Based on the description above, a general view of the
spatial and temporal distribution for Late Mesozoic
volcanic activity in the NEC and its adjacent area can be
derived. From west to east, the peak time of igneous
activities changed from 160–140 Ma (in east Gobi of
Mongolia and west Great Xing'an Range) to 120–
130 Ma (Songliao–Liaoxi area and Liaodong peninsu-
la), suggesting supporting the migration of volcanic
front in the Late Mesozoic time in NEC and its adjacent
areas.

It is worthy to note that the migration of magmatism
eastwards is a common feature along east Asian conti-
nental margin, including eastern coast of China, Korea
peninsula and southwest Japan [2,4]. Igneous rocks
intruded in the east of Jiaodong peninsula of China and
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Gyeongsang Basin of Korea aged mainly ∼100 Ma in
late Early Cretaceous, and further eastwards to vast
region of southwest Japan the magmatism mainly aged
∼80 Ma [2]. This pattern of magmatism along the
eastern Asia continental margin was attributed to the
ridge subduction [2] or angle-changing [4] of paleo-
Pacific plate. However, they cannot explain the above
phenomena observed in the inland of NEC and its ad-
jacent areas.

5.3. Mechanism for the Late Mesozoic magmatism in
northeastern Asia

The data present above indicate that the igneous
activity in northeastern Asia had migrated from west to
east, i.e. from central and east Mongolia and the Great
Xing'an Range of China (∼140–160 Ma) to Songliao–
Liaodong region (120–130 Ma) to Korea peninsular
(100 Ma), and farther to Southwest Japan (80 Ma). So
what cause this migration? Here we discussed the deep
processes under the frame of plate tectonics to attempt to
explain the mechanism of magmatism migration in
northeastern Asia.

The tectonic setting of NEC in the Late Mesozoic is
still in dispute. Some characteristics of the volcanic
rocks show that they are similar to those of island of
continental marginal arcs [64,65]; however, there are
many aspects that do not share the common features
with arc volcanics [66]. On the researches of the chemi-
cal analysis of the rocks, the volcanics of NEC and its
adjacent area do not show obvious compositional polar-
ity, and incompatible elements mass fraction are higher
than those of the typical arc volcanic rocks [5,17,64,66].
Recent study show that these rocks exhibits geochem-
ical and Si, Nd isotopic characteristics similar to those of
Cenozoic volcanism in the Basin and Range Province,
USA, and are attributed to intraplate volcanism [5].
Importantly, most of volcanic rocks in NEC, especially
in central and south of Mongolia, are far away
(N1000 km) from the Mesozoic subduction zone of
Pacific side, even the Japan Sea did not opened yet at
that time. Therefore, it is difficult to explain the tectonic
environment by a direct relation to the pacific plate
subduction.

The wide occurrence of A-type granites and alkaline
rocks of Late Mesozoic age in NEC and its adjacent area
also suggests that the NEC was not in an compressive
regime during that time [6]. For instance, several Early
Cretaceous A-type granitic plutons have been reported
in the Great Xing'an Range, such as Linxi A-type
granitic bodies (145–111 Ma, Zircon U–Pb [67]), the
Woduhe and Baerzhe bodies (129–122 Ma, Rb–Sr WR,
[68]); in Zhangguangcailing range, examples are
Baiushileizi [69], Lazishan [70] and Loushan [70]
bodies in age range of 123–127 Ma (zircon U–Pb). In
the southeast of NEC, Wulingshan, Qiancengbei and
Jiashan A-type granites were reported of an age range of
113–132 Ma (zircon U–Pb, [52]). A carbonatite in
Shandong was reported with K–Ar age on phlogopite of
122.9–122.5±0.7 Ma [71]. Since A-type granites and
alkaline rocks developed either in post-orogenic or ano-
rogenic setting, we propose their occurrence supports our
contention that the NEC and its adjacent areas were in an
extensional regime in the Late Mesozoic time.

Other evidences for the extensional setting in NEC
and its adjacent areas in Late Mesozoic time come from
the intrusion of dyke swarms, exhumed metamorphic
core, and formation of basins. Dyke swarms are
products of typhonic magmatism which may provide
important information of the deep. Several dyke swarms
have been reported [72], including Gufeng lamprophyre
swarm (146.6±2.9 Ma, K–Ar on biotite, [72]), Linxi
diabasic dyke swarm (100.6±2.7 Ma, K–Ar on biotite,
[51]) in the Great Xing'an Range, and north Beijing
bimodal dyke swarms (114–124 Ma K–Ar on biotite,
[17,51]). The above cited ages of dyke swarms indicates
their emplacement in the Early Cretaceous, synchronous
with the development of intrusions and extrusions.

Early Cretaceous metamorphic core complexes were
reported in China–Mongolia border areas [73,74] and in
northeast Mongolia–Russia border region [75,76].
Exhumation of this complexes implies a rapid extension
setting [9]. The timing is constrained by 40Ar/39Ar
dating of synkinematic biotite at 129–126 Ma for the
Yagan–Onch Hayrhan core complex at China–Mon-
golia border [74]. The K–Ar ages on biotites for all the
gneiss granitoids of the core complexes at northeast
Mongolia–Russia border place them between 110 and
140 Ma [76–78]. Apatite fission track thermo-chronol-
ogy study of the Baikal–Mongolia region reveals a rapid
cooling process from 140 Ma to 120 Ma, indicating that
extensional denudation reduced the temperature of the
deep-seated core to 120 °C at 140 Ma, and to 70 °C at
120 Ma [75]. The Early Cretaceous Yunmengshan,
Miyun, Hohhot and Chengde metamorphic complexes
are reported developed along Yanshan Mountains [9,52].

The age of detachment faults that controlled the
Yiwulvshan and Louzidian–Dachengzi metamorphic
complexes in Liaoxi is 127–116 Ma and 133–118 Ma
respectively [79,80]. In the Liaodong peninsular, the
Wazidian, yinmawanshan, Miaoling and Gudaoling
plutons were emplaced along the detachment fault of
the Liaonan metamorphic complexes [6], south Liaon-
ing province.
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5.4. A shears-shaped delamination model

It has been recognized that NEC and its adjacent
areas was characterized by lithospheric thinning during
the Mesozoic [14,23,31,34,35,81] and Os isotopic
constrains indicates that this thinning was accomplished
by delamination [35,82], coincide with the extension
setting spatially and temporally. Therefore, it is vital to
understand the tectonic regime controlling delamination
and its link to widespread Mesozoic magmatism in NEC
and its adjacent areas.

Several models have been proposed to explain the
extensional features, widespread magmatism and litho-
spheric thinning. For example, Pacific backarc exten-
sion model [83–85], the hotpot and plume model
[86,87], subduction model of Pacific Plate beneath
eastern China [4,69,85,88,89], intraplate rifting model
[90], Triassic collision model between the Yangze and
North China cratons [23,35], and lithospheric mantle
delamination model [6].

Backarc extension [83–85] may be the most popular
view due to some arc signatures of the widespread calc-
alkaline volcanic and I-type granitic rocks [4]. But this
mechanism fails to account for the fact that Late Meso-
zoic extension occurred over a vast area, as manifested
above, more than 2000 km from the Pacific subduction
zone. The hotpot and plume model [86,87] argued that a
mantle avalanche, induced by the closure of Tethys [91]
and breakup of Gondwana [92] of 180 Ma ago, caused
temperature rising in the upper mantle and ensuing
erosion of the overlying lithospheric mantle from the
rising asthenosphere. This resulted in lithospheric
thinning. However, basalts and gabbros of mantle-de-
rived mafic rocks, the predicted products of mantle
plume activity, are rarely documented in the NEC and its
adjacent areas [6]. A super plume was inferred around
∼125 Ma [93], which may affected the whole earth. It
has been proposed that the Early Cretaceous mid-Pacific
super-plume increased subduction rates at its outer
margins, which assisted in the lithospheric delamination
in the eastern China [6], but it is hard to explain the
magmatism migration.

Delamination of the lithospheric mantle will bring
hot asthenosphere into contact with the Moho [94]. This
should promote massive crustal melting and predicts a
progressive migration of the resultant volcanism in the
direction of delamination propagation [95]. The distri-
bution of the massive igneous rocks in NEC and its
adjacent areas temporally and spatially implies a pos-
sible relationship of the magmatism with the Pacific
Plate subduction and the closure of Mongol–Okhotsk
Ocean in some way. Therefore, we proposed a shears-
shaped delamination model of the lithospheric mantle
beneath NE Asia, induced by paleo-Pacific Plate sub-
duction showing in Fig. 7. Continued subduction of
paleo-Pacific Plate moved the Northeast China–Mon-
golia Block northwestwards, and the closure of
Mongol–Okhotsk Ocean eventually led to collision
between the Northeast China–Mongolia and Siberia by
∼160 Ma [76]. This collision then obstructed the north-
westward movement of the region, which shortened and
thickened the lithosphere of NEC and its adjacent areas.
The strain intensified gradually enough to have the
thickened lithosphere delaminated at ∼160 Ma starting
from the southeast Mongolia—the great Xin'an Range,
like a shears opened eastwards (Fig. 7). This led to
asthenosphere upwelling, extensional tectonic setting,
underplating, and ensued extensive magmatism activity
propagation eastwards. The high degree of crustal
melting accompanied the process to produce the geo-
chemical and isotopic features discussed above. As the
“shears” opened eastwards, alkali granitic plutonism
became more pronounced, indicative of existence of
voluminous magma ponds in the lower crust and in-
volvement of mantle melts. The magmatic underplating
played a crucial role in generation of the alkali granite
plutons [96]. Climax of plutonism was then followed by
widespread normal basins and formation of metamor-
phic core complexes in the upper crust. During ∼130–
120 Ma, the delamination reached its climax and left the
most widespread volcanic formation (such as Shangkuli
Formation in the Great Xing'an Range) in NEC.

Geochemical and timing evidences were reported for
the magmatic underplating beneath the crust of north-
eastern China. Granulite xenoliths form the Cenozoic
Hannuoba basalts, North China, was regarded as meta-
morphosed facies of magmatic underplating in north-
eastern China [97,98]. Zircons from these granulite
xenoliths yielded two U–Pb age populations of ∼160–
140 and ∼140–80 Ma [97,98]. Combination of Nd, Sr
and Pb isotopic compositions, these two age periods
were explained that the granulites were the products of
∼160–140 Ma basaltic underplating and ∼140–80 Ma
granulite-facies metamorphism [98]. Those Precambri-
an protoliths underwent granulite-facies metamorphism
at 150–80 Ma [98]. Zircons of magmatic origin from an
olivine pyroxenite xenolith suggest basaltic underplat-
ing at 97–158 Ma [98]. The overlapping timing for the
granulite-facies metamorphism and the basaltic under-
plating indicate that the Mesozoic granulite-facies
metamorphism was induced by heating from the basaltic
underplating at the base of the crust.

Recent studies on the tectonic transition from
contractional to extensional deformation during Late
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Mesozoic in NEC and its adjacent areas [9,99,100] lends
further support to this interpretation. Studies on the basins
and extensional structure in NEC and its adjacent areas
show that contracted high-standing plateau caused by
subduction of Pacific Plate and collision of north China
and Siberia had transited from crustal compression to
extension during 150–140 Ma [9,99,100]. This is con-
sistent with the scenario of our shears-shaped delamina-
tion model.

6. Conclusions

Precise 40Ar/39Ar dating on volcanic succession of
the Great Xing'an Range suggests that volcanism started
∼160 Ma ago in the Late Mesozoic time, and indicates
that the three main formations (Tamulan, Shangkuli and
Yiliekede) formed in short durations of ∼163–160,
∼147–140, ∼120–125, and ∼113–116 Ma. Combined
with the previous studies of data compilation on the
widespread volcanic rocks in NEC and its adjacent areas,
it reveals that the volcanismmigrated fromwest to east in
the whole northeast Asia, accompanied by the intrusions.

The close spatial-temporal relationship of these
igneous rocks with metamorphic core complexes, intru-
sion of A-type granites and mafic dyke swarms, develop-
ment of basins, suggests an extensional tectonic setting in
NEC and its adjacent areas during Late Mesozoic.

An important magmatic underplating beneath NEC
occurred during ∼160–140 Ma, and the tectonic tran-
sition from crustal contraction to extension in North
China timed around ∼150–140 Ma, implies that the
extension in NEC and its adjacent areas immediately
followed the closure of the Mongol–Okhotsk Ocean.

A shears-shaped delamination mechanism for the
geodynamic scenario beneath the northeast Asia is sug-
gested, which states that the collision between north
China–Mongolia and Siberia obstructed the westwards
movement of the region from the subduction of paleo-
Pacific plate, causing a rise of strain in the lithosphere
and finally resulting in a shears-like lithospheric
delamination starting from the west of NEC around at
∼160 Ma ago. Then, mantle upwelling and under-
plating, leading to a crustal melting in an extensional
setting, processed eastwards gradually in the whole
Cretaceous, and induced the migration of volcanism.
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