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Abstract

Late Mesozoic calc-alkaline volcanism in the northern Da Hinggan Mountains (NDHM), NE China, exhibits
geochemical and Sr^Nd isotopic characteristics similar to those of Cenozoic calc-alkaline volcanism in the Basin and
Range Province, USA. Whole-rock K^Ar dating results show that these volcanic sequences were erupted during 138^
116 Ma, composed of basaltic andesites/trachyandesites (Group 1), hornblende andesites/trachytes (Group 2) and
rhyolite lavas (Group 3). They are characterized by low MgO contents (9 4.20%), LILE, LREE enrichment and
significant Nb^Ta depletion, as well as a little depleted to slightly enriched Nd and weakly enriched Sr isotopic ratios
(Group 1: initial 87Sr/86Sr = 0.70502^0.70572; ONd(t) =30.78 to +0.91; Group 2: initial 87Sr/86Sr = 0.70497^0.70518;
ONd(t) =+0.86 to +1.26; Group 3: initial 87Sr/86Sr = 0.70510^0.70635; ONd(t) =30.41 to +0.25). The systematic
variations in major and trace elements, homogeneous Sr^Nd isotope data and temporal consistency among three
volcanic groups, indicate that they were derived from a similar mantle source metasomatized by fluids related to the
closure of the paleo-Asian and/or Mongolia^Okhotsk Oceans, and were produced through different degrees of
fractional crystallization of the primary melts. Group 1 basaltic rocks were formed through removal of olivine and
pyroxene of the primary melts, while Group 2 trachytes, which contain the lowest LREE contents (e.g., La= 24^28
ppm) and relatively less enriched Sr and higher Nd isotope ratios, were generated after removal of a few percent of
LREE-rich minerals such as hornblende, clinopyroxene and apatite of melts like Group 1. Group 3 rhyolite lavas
exhibiting the highest abundances of strongly incompatible elements such as Rb and K, moderate LREE contents
(e.g., La= 28^53 ppm) as well as apparently negative Eu and Sr anomalies, represent the final crystallized products
following a plagioclase-predominant fractionation of melts like Group 2. The low MgO contents and evolved affinities
of the volcanic rocks imply that beneath the NDHM there existed many crustal magma reservoirs throughout the
eruption episodes, in which mantle-derived primary melts had experienced intense differentiation. These facts, in
combination with the contemporaneous basin and range tectonic regime, suggest that the extensive calc-alkaline
volcanism in the NDHM was attributed to post-orogenic diffuse extension rather than either an upwelling mantle
plume or Mesozoic oceanic plate subduction.
G 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Certain igneous rock suites are closely associ-
ated with particular tectonic settings, and a large
number of studies have sought to investigate the
causes of melt generation in di¡erent tectonic set-
tings. For instance, calc-alkaline volcanism has
been usually considered to occur in destructive
plate margins, where the mantle has been chilled
by subduction of oceanic crust, and magma gen-
eration is attributed to lowering of the peridotite
solidus by introduction of H2O and other vola-
tiles from the subducted slabs (Gill, 1981; Grove
and Kinzler, 1986; Davies and Stevenson, 1992;
Arculus, 1994). However, more and more evi-
dence suggests that calc-alkaline melts also may
be formed in areas of extension as a consequence
of post-orogenic or post-collisional stress relaxa-
tion (Hawkesworth et al., 1995; Hooper et al.,
1995; Rogers et al., 1995; Turner et al., 1996;
Liege¤ois et al., 1998; Rotturaa et al., 1998; Miller
et al., 1999; Guo et al., 2001; Fan et al., 2001).
Comparative studies between intracontinental and
island arc calc-alkaline volcanics reveal that intra-
plate calc-alkaline volcanic rocks are generated
through partial melting of lithospheric mantle
that had been modi¢ed during previous subduc-
tion, exhibiting some geochemical di¡erences
from island arc volcanics (e.g., Hawkesworth et
al., 1995; Turner et al., 1996; Jahn et al., 1999;
Miller et al., 1999).

The NE China fold belt is the eastern segment
of the gigantic accreting continental margin of the
Mongolia^Okhotsk orogenic belt (Se«ngor et al.,
1993; Se«ngor and Natal’in, 1996), in which late
Mesozoic volcanic rocks are widely distributed.
The volcanic sequences were mainly erupted dur-
ing late Jurassic to early Cretaceous after the ¢nal
collision between the Siberia Craton and the
North China^Mongolian block (Zhao et al.,
1990, 1994; BGMRNM, 1991, 1996; Zhao and
Coe, 1996; van der Voo et al., 1999), accompa-
nied by basin and range tectonics (Li and Yang,
1987; Shao et al., 1994; Guo et al., 2001). These
rocks generally exhibit calc-alkaline to high-K
calc-alkaline a⁄nities and their petrogenesis re-
mains controversial. A mantle plume hypothesis
has been proposed to interpret the extensive late

Mesozoic magmatism in Da Hinggan Mountains
(NDHM) (Lin et al., 1998; Ge et al., 1999),
whereas an active continental margin related to
the Mesozoic subduction of the Kula or Izanagi
Plate has also been put forward (Jiang and Quan,
1988; Zhao et al., 1989, 1994; Faure and Na-
tal’in, 1992; Xia et al., 1993). In order to charac-
terize the late Mesozoic volcanic rocks in the
NDHM, here we report K^Ar dating results, ma-
jor and trace element geochemistry, and Sr and
Nd isotope data for the successive volcanic se-
quences. The purpose of this paper is to under-
stand the source characteristics and petrogenesis
of these volcanic rocks as well as the extensional
mechanism for the widespread melting event.

2. Background geology and petrography

The NDHM are located in NE China, south of
the suture between the North China^Mongolian
Block and the Siberia Craton and north of the
Solonker^Xilinhot^Hegenshan fault (Fig. 1) be-
lieved to mark the subduction zone along the
northern margin of North China block during
the late Paleozoic (Se«ngor et al., 1993). The Pa-
leozoic strata, which are mainly composed of low-
grade metamorphic volcano-sedimentary associa-
tions, epipelagic limestones, and clastic rocks, are
sporadically exposed and intruded by voluminous
Hercynian^early Yanshanian granitic plutons.
Along the lithosphere-scale faults are widely dis-
tributed ophiolite suites and tectonic nappes of
di¡erent ages (Fig. 1), suggesting that multi-stage
oceanic subduction and continent^arc collision
occurred during the closure of the paleo-Asian
and Mongolia^Okhotsk Oceans. Paleogeographic
reconstruction indicates that the orogenic belt had
been entirely uplifted by the end of the late Car-
boniferous due to extensive emplacement of Her-
cynian granitic plutons (BGMRNM, 1991). These
intrusions, together with early Yanshanian gran-
itoids, have positive ONd values that suggest that
the NE China Fold belt is also an important area
for Phanerozoic continental crustal growth (Hong
et al., 1994; Han et al., 1997; Wu et al., 1997,
2000; Chen et al., 2000).

Paleomagnetic evidence and geophysical obser-
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vations imply that the ultimate collision event be-
tween the North China^Mongolian Block and the
Siberia Craton took place no later than the mid-
dle Jurassic (Zhao et al., 1990; Zhao and Coe,
1996; Kuzmin et al., 1996; van der Voo et al.,
1999). During the late Mesozoic, regional tectonic
activity was dominated by faulting and rifting (Li
and Yang, 1987), triggering the formation of ba-
sin and range tectonics and accompanied by ex-
tensive calc-alkaline magmatism.

The NDHM are widely covered by late Meso-
zoic volcanic rocks (Fig. 1, BGMRNM, 1991),
which comprise a wide spectrum of rock types,
including basaltic trachyandesite, trachyandesite,
trachyte, and rhyolite lava £ows and rhyolitic
tu¡. On the basis of lithological associations and
temporary relationships, we divide the studied
volcanic sequences into three groups.

Samples in Tamulangou Fm. (termed Group 1)
were collected at Murui Farm and Qiyi Prairie,
composed mainly of basaltic trachyandesites and
trachyandesites. They are commonly subaphyric
to weakly porphyritic with predominant pheno-
crysts of pyroxene of 1^3 mm with rare olivine
and plagioclase found. The matrix is mainly com-
posed of ¢ne-grained or aphanitic clinopyroxene
and plagioclase (6 0.2 mm) and a few opaque
oxides.

The volcanic rocks in Jixiangfeng Fm. (termed
Group 2) were sampled about 4 km north of Gen-
he town along the railway pro¢le. The volcanic
sequences exhibit a columnar joint and comprise
mainly hornblende trachytes with minor pyroclas-
tic tu¡s. These rocks generally show a porphyritic
fabric with phenocrysts of hornblende and plagio-
clase of 4^7 mm grain sizes. The matrix includes

Fig. 1. Simpli¢ed tectonic map and distribution of late Mesozoic volcanic rocks in NDHM, NE China (after BGMRNM, 1991).
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¢ne-grained plagioclase and hornblende of 0.2^0.5
mm and a few opaque oxides.

Samples of Shangkuli Fm. (termed Group 3)
were mainly gathered adjacent to Halar and Tu-
lihe towns (Fig. 1). The volcanic sequence occurs
in subparallel layers with tu¡ecous sandstone in-
terbeddings in rhyolitic lavas. The rhyolites show
a subaphyric to weakly porphyritic texture with a
few phenocrysts of quartz and biotite of about 2^
3 mm. A detailed description of ¢eld relationships
among these volcanic sequences, and their erup-
tion ages, are illustrated in Fig. 2.

3. Analytical techniques

All samples were crushed to about mm-scale
grain size after removal of weathered rims and
handpicked under a magni¢er to exclude xeno-
crysts and amygdaloid. Only fresh and xenocryst-
and amygdaloid-free rock chips were selected.
These slips were washed in puri¢ed water in an
ultrasonic bath and crushed in a WC jaw crusher.
A split was ground to 6 160 mesh grain size in an
agate ring mill, and this material was used for
major and trace element analyses. Major element
analysis was carried out by a traditional wet
chemical method at Changsha Institute of Geo-
tectonics, Chinese Academy of Sciences (CAS).
The analytical errors for major oxides are less
than 2%. Trace element ICP-MS analysis was per-
formed at Guangzhou Institute of Geochemistry,
CAS. The detailed analytical procedure follows
that reported by Liu et al. (1996). Reproducibility
is better than 95%, and the analytical error for
most of the trace elements is less than 5% and
about 10% for Ni, Sc, and V.

Sr and Nd isotopic ratios were measured at the
Institute of Geology and Geophysics, CAS. Rock
chips of 6 20 mesh are applied to perform Sr and
Nd isotope analysis. Before being ground to
6 160 mesh in an agate rill mill and dissolved,
these chips were leached in puri¢ed 6 N HCl for
24 h at room temperature to avoid the in£uence
of surface alteration or weathering, especially for
Sr isotopic ratios. The Sr and Nd isotope ratios
were respectively normalized to 86Sr/88Sr = 0.1194
and 146Nd/144Nd=0.7219. The La Jolla standard
yielded 143Nd/144Nd=0.511862V 10 (n=13) and
NBS987 gave 87Sr/86Sr = 0.710240V 11 (n=6).
The whole procedure blank is less than 2^
5U10310 g for Sr and 5U10311 g for Nd. Ana-
lytical errors for Sr and Nd isotopic ratios were
given as 2c. The 87Rb/86Sr and 147Sm/144Nd ratios
were calculated using the Rb, Sr, Sm and Nd
abundance obtained by ICP-MS. The initial
87Sr/86Sr and 143Nd/144Nd ratios were corrected
using their whole-rock mean K^Ar ages of 135
Ma for Tamulangou Fm., 127 Ma for Jixiangfeng
Fm., and 116 Ma for Shangkuli Fm.

K^Ar dating was performed at Guangzhou In-
stitute of Geochemistry, CAS. Except for horn-

Fig. 2. Late Mesozoic volcano-sedimentary column and vol-
canic eruption ages in the NDHM. The thickness of volca-
no-sedimentary sequences is from BGMRNM (1991, 1996).
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Table 1
Major oxide contents (in wt%) of late Mesozoic volcanics in the NDHM, NE China

Group Sample Location Age SiO2 Al2O3 Fe2O3FeO CaO MgO K2O Na2O P2O5 MnO TiO2 LOS Total Mg#
(Ma)

Group 1 (Tamulangou Fm.) HLR-11 Qiyi Prairie 129.5 V 2.0 56.82 17.63 3.43 2.82 6.09 3.81 1.84 3.69 0.38 0.08 1.03 2.86 100.48 0.54
HLR-13 Qiyi Prairie 55.74 17.97 3.65 3.06 6.83 2.50 1.91 4.19 0.40 0.11 1.07 2.64 100.07 0.41
HLR-19 Qiyi Prairie 54.86 17.23 3.03 3.38 6.89 2.59 1.69 4.14 0.37 0.09 1.00 3.92 99.19 0.43
EGN-19 Murui Farm 126.1 V 2.0 55.22 17.70 6.47 1.27 6.63 1.45 1.83 3.97 0.62 0.11 1.36 3.08 99.71 0.27
EGN-20 Murui Farm 56.12 17.50 5.80 1.27 6.22 2.27 2.18 4.02 0.62 0.12 1.28 2.26 99.66 0.39
EGN-21 Murui Farm 55.82 17.43 5.80 1.00 6.83 1.82 2.42 4.27 0.62 0.12 1.31 2.50 99.94 0.34
EGN-24 Murui Farm 56.68 17.91 6.04 1.32 4.46 1.77 2.45 5.32 0.58 0.10 1.23 2.32 100.18 0.32
EGN-26 Murui Farm 52.66 17.50 6.51 1.61 5.75 2.73 2.79 4.00 0.82 0.13 1.49 3.32 99.31 0.40
EGN-27 Murui Farm 54.34 17.70 5.80 1.04 4.60 1.82 3.06 4.29 0.72 0.12 1.52 4.78 99.79 0.34
EGN-28 Murui Farm 54.40 17.23 5.34 1.83 7.71 2.41 1.95 3.90 0.58 0.16 1.28 3.24 100.03 0.40
EGN-29 Murui Farm 54.68 17.23 4.63 2.36 7.44 2.73 2.05 4.09 0.60 0.13 1.26 2.24 99.44 0.43
EGN-30 Murui Farm 51.62 17.57 7.50 1.20 7.57 2.73 1.51 4.01 0.68 0.10 1.54 3.60 99.63 0.38
EGN-31 Murui Farm 52.10 17.50 6.25 2.98 3.38 4.00 1.68 5.00 0.69 0.11 1.58 3.84 99.11 0.46
EGN-32 Murui Farm 138.5 V 2.2 51.36 17.59 5.85 2.19 8.38 2.73 1.66 4.00 0.62 0.12 1.53 4.08 100.11 0.40
EGN-34 Murui Farm 57.60 17.31 4.01 1.76 4.87 1.68 1.32 5.22 0.48 0.11 1.11 4.70 100.17 0.36
EGN-35 Murui Farm 54.30 18.87 5.41 0.80 5.81 2.86 1.56 4.20 0.47 0.10 1.20 4.52 100.10 0.48

Group 2 (Jixiangfeng Fm.) GH-5 Genhe 63.26 17.45 2.05 1.36 5.41 1.18 0.90 4.44 0.20 0.11 0.53 3.46 100.35 0.40
GH-8 Genhe 126.9 V 2.0 64.22 17.38 2.05 1.36 4.33 1.41 2.53 4.66 0.19 0.10 0.50 1.86 100.59 0.44
GH-10 Genhe 65.68 16.77 2.65 0.62 3.58 1.18 4.62 3.65 0.19 0.10 0.52 1.02 100.58 0.41
GH-12 Genhe 64.32 17.25 2.45 1.02 3.92 1.27 4.89 3.62 0.20 0.09 0.49 1.10 100.62 0.41
GH-14 Genhe 64.96 17.18 2.10 1.26 3.99 1.18 1.81 5.50 0.19 0.11 0.48 1.54 100.30 0.40
GH-15 Genhe 65.70 16.77 2.28 0.84 3.52 0.91 4.26 4.76 0.18 0.14 0.51 0.86 100.73 0.36
GH-16 Genhe 63.40 16.84 2.43 0.89 3.38 1.27 3.10 4.76 0.19 0.09 0.47 3.40 100.22 0.43
GH-19 Genhe 66.80 16.23 2.52 0.77 3.79 0.91 3.33 4.70 0.18 0.10 0.51 0.82 100.66 0.35
GH-28 Genhe 60.96 17.25 4.10 1.11 4.73 1.27 3.02 4.89 0.26 0.17 0.47 1.88 100.11 0.32

Group 3 (Shangkuli Fm.) EGN-12 Halar 71.48 15.15 1.19 0.38 1.76 0.91 5.52 3.70 0.06 0.04 0.25 0.24 100.68 0.53
EGN-14 Halar 70.06 15.29 0.95 0.62 1.83 0.73 5.80 3.78 0.06 0.07 0.26 0.52 99.97 0.47
YTH-1 Tulihe 74.04 13.53 0.55 0.57 1.49 0.82 5.00 3.52 0.02 0.08 0.13 1.06 100.81 0.58
YTH-2 Tulihe 76.32 13.12 0.49 0.57 1.01 0.45 4.52 3.19 0.01 0.05 0.13 0.78 100.64 0.44
YTH-4 Tulihe 74.10 14.07 0.51 0.46 1.01 1.00 5.04 3.51 0.01 0.05 0.12 0.82 100.70 0.66
YTH-8 Tulihe 116.4 V 1.8 76.44 12.58 0.51 0.44 1.35 0.45 4.10 3.52 0.02 0.05 0.12 0.80 100.38 0.47
YTH-13 Tulihe 75.16 12.85 0.58 0.44 1.35 0.64 4.75 3.23 0.01 0.04 0.11 0.76 99.92 0.54
YTH-26 Tulihe 75.42 12.98 0.76 0.37 0.95 0.45 4.19 3.74 0.01 0.04 0.13 0.50 99.54 0.43
YTH-28 Tulihe 75.92 13.12 0.72 0.39 1.22 0.45 4.61 3.29 0.01 0.03 0.11 0.56 100.43 0.44
YTH-29 Tulihe 74.92 12.72 0.62 0.36 1.22 0.41 4.79 3.82 0.01 0.03 0.10 0.58 99.58 0.45
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Table 2
Trace element contents (in ppm) and Sr^Nd isotope data of late Mesozoic volcanic rocks in the NDHM, NE China

Formation Tamulangou (Group 1)

Sample EGN-19 EGN-20 EGN-21 ENG-24 ENG-26 ENG-28 ENG-30 ENG-32 ENG-34 HLR-11 HLR-13HLR-19
Age (Ma) 126.1 V 2.0 138.5 V 2.2 129.5 V 2.0

Sc 11.49 10.61 10.28 10.50 9.23 9.15 9.41 11.41 10.24 9.01 9.46 9.20
V 145.9 133.2 134.1 123.4 142.9 134.3 193.1 180.0 116.1 122.4 127.2 115.5
Co 19.90 20.47 20.71 16.01 23.59 24.46 23.06 34.15 19.66 18.66 22.08 20.54
Ni 31.92 28.42 30.66 24.85 24.34 39.06 38.76 50.17 34.59 34.88 40.35 38.34
Rb 45.18 51.81 55.72 48.26 62.88 77.95 42.62 51.46 47.31 45.59 40.08 38.08
Sr 1143 1019 1071 1379 1195 1103 1112 1122 770 1095 1060 1023
Ba 1223 964.4 1054 1635 1373 958.8 851.8 847.9 790.6 911.8 806.5 753.7
Nb 11.35 10.68 10.69 10.49 17.89 11.63 10.35 9.96 7.85 5.99 5.61 5.72
Ta 0.70 0.63 0.66 0.66 1.21 0.82 0.66 0.68 0.51 0.44 0.41 0.43
Th 5.55 5.32 5.22 6.09 12.74 10.23 7.52 8.97 5.76 4.82 4.55 4.53
U 1.29 1.19 1.21 1.25 3.01 2.64 1.57 1.64 1.39 1.39 1.33 1.36
Zr 327.8 307.7 300.7 339.5 318.4 237.5 240.7 230.5 246.2 203.3 192.0 197.5
Hf 8.46 7.77 8.23 8.65 8.21 7.00 6.42 6.49 6.46 5.73 5.65 5.57
Y 19.15 17.96 18.46 16.84 24.79 19.33 18.63 19.24 15.96 15.59 14.88 15.30
La 63.41 57.03 59.90 58.68 69.52 51.99 48.53 48.29 44.20 30.76 29.38 28.55
Ce 137.6 131.8 129.5 132.9 147.5 116.8 109.9 109.5 91.20 72.58 69.75 65.00
Pr 16.41 15.35 16.11 15.58 18.48 14.23 13.71 14.19 12.34 8.82 8.68 8.51
Nd 57.79 54.06 55.47 54.25 61.33 48.83 49.15 50.86 43.61 31.76 32.90 30.92
Sm 10.19 9.66 9.81 9.93 11.65 9.43 9.46 9.60 8.25 6.55 6.55 6.18
Eu 2.70 2.55 2.58 2.60 2.82 2.43 2.65 2.75 2.48 1.97 1.90 1.88
Gd 8.89 8.09 8.74 8.06 10.17 8.89 8.13 8.47 7.24 5.77 5.64 5.61
Tb 0.97 0.89 0.92 0.88 1.15 0.95 0.95 0.95 0.78 0.66 0.68 0.67
Dy 4.31 4.20 4.12 3.77 5.27 4.38 4.27 4.52 3.54 3.27 3.23 3.35
Ho 0.72 0.70 0.71 0.68 0.92 0.75 0.70 0.75 0.62 0.59 0.60 0.56
Er 1.92 1.81 1.80 1.73 2.39 1.88 1.81 1.88 1.54 1.55 1.53 1.54
Tm 0.25 0.24 0.24 0.24 0.29 0.26 0.23 0.25 0.21 0.23 0.21 0.22
Yb 1.47 1.52 1.51 1.49 2.01 1.64 1.43 1.52 1.31 1.44 1.42 1.45
Lu 0.20 0.21 0.21 0.19 0.28 0.23 0.20 0.21 0.18 0.20 0.20 0.21
NEu 0.85 0.86 0.84 0.86 0.77 0.80 0.90 0.91 0.96 0.96 0.93 0.96

87Rb/86Sr 0.1475 0.1509 0.1526 0.1111 0.1329 0.1782 0.1207 0.1079
87Sr/86Sr V 2c 0.705445V 14 0.705834V 14 0.705566 V 13 0.705405V 12 0.705584V 12 0.706073V 17 0.705240V 13 0.705222V 14
87Sr/86Sr(i) 0.705150 0.70553 0.70526 0.70518 0.705320 0.705720 0.70502 0.705020
147Sm/144Nd 0.1081 0.1070 0.1148 0.1163 0.1141 0.1144 0.1252 0.1209
143Nd/144Nd V 2c 0.512580V 9 0.512559V 8 0.512523 V 12 0.512571V 8 0.512579V 6 0.512609V 10 0.512621V 6 0.512602V 8
ONd(t) 0.45 0.06 30.78 0.13 0.32 0.91 0.85 0.55

The initial Sr and Nd isotope ratios for the three groups of volcanic rocks are corrected by K^Ar ages of 135 Ma, 127 Ma and 116 Ma, respectively. 87Rb/86Sr
and 147Sm/144Nd ratios are calculated using the Rb, Sr, Sm and Nd contents obtained by ICP-MS analysis.
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Table 2 (Continued).

Formation Group 2 (Jixiangfeng Fm.) Group 3 (Shangkuli Fm.)

Sample GH-5 GH-10 GH-16 GH-19 GH-28 EGN-12 EGN-14 YTH-1 YTH-8 YTH-28
Age (Ma) 126.9 V 2.0 116.4 V 1.8

Sc 3.47 3.31 3.00 3.66 9.41 3.54 3.97 0.91 0.79 0.70
V 35.23 34.10 33.47 33.49 80.54 7.70 8.19 4.95 4.48 4.39
Co 4.50 7.96 4.28 6.05 9.97 5.81 3.31 2.08 1.80 1.63
Ni 0.90 0.62 0.74 0.66 2.60 0.20 0.06 0.45 0.08 0.29
Rb 29.81 107.5 93.17 85.22 73.58 241.4 231.1 213.1 168.8 189.4
Sr 1467 533.0 538.2 631.0 608.1 113.1 131.4 69.9 91.30 72.80
Ba 809.0 1008 963.6 1119 1044 617.8 669.1 251.0 259.5 202.0
Nb 6.22 6.16 6.23 6.10 5.52 14.94 14.50 12.81 10.93 11.39
Ta 0.60 0.59 0.59 0.57 0.52 1.34 1.27 1.33 1.18 1.13
Th 9.22 9.45 9.68 9.14 8.09 27.73 25.75 28.10 24.30 23.75
U 3.30 3.23 3.25 3.07 2.86 3.10 4.30 5.74 6.01 5.50
Zr 199.3 196.5 190.9 190.5 155.4 158.3 146.0 128.3 110.3 102.4
Hf 5.71 5.74 5.73 5.59 4.88 5.80 5.42 5.35 4.78 4.48
Y 18.77 17.69 17.65 17.33 19.50 23.40 25.22 18.26 17.00 15.21
La 27.21 26.74 27.12 28.07 23.86 42.44 53.46 34.11 33.40 28.17
Ce 58.16 58.83 58.58 60.60 51.84 80.23 111.96 74.03 69.27 60.10
Pr 7.19 7.05 6.68 6.75 6.51 10.65 12.47 7.98 7.79 6.53
Nd 24.15 23.18 24.13 23.41 23.73 33.43 40.38 23.53 23.30 18.83
Sm 4.96 4.93 4.74 4.76 4.91 6.44 7.63 4.64 4.39 3.80
Eu 1.39 1.44 1.33 1.31 1.46 1.12 1.29 0.51 0.51 0.40
Gd 4.88 4.65 4.62 4.59 5.07 5.86 7.13 4.28 4.10 3.50
Tb 0.62 0.64 0.58 0.57 0.67 0.80 0.92 0.59 0.56 0.49
Dy 3.47 3.45 3.37 3.19 3.70 4.31 4.91 3.30 3.12 2.67
Ho 0.68 0.69 0.69 0.62 0.75 0.88 0.93 0.64 0.59 0.52
Er 1.94 1.86 1.83 1.82 1.98 2.45 2.67 1.80 1.65 1.45
Tm 0.31 0.31 0.30 0.29 0.30 0.40 0.43 0.30 0.27 0.24
Yb 2.12 2.08 2.11 2.00 2.03 2.88 3.00 2.02 1.79 1.66
Lu 0.34 0.33 0.33 0.30 0.30 0.42 0.44 0.29 0.26 0.24
NEu 0.85 0.91 0.86 0.85 0.89 0.55 0.53 0.35 0.36 0.33

87Rb/86Sr 0.5848 0.5019 0.2654 0.3508 6.1884 5.0973 8.8400 5.3589
87Sr/86Sr V 2c 0.706065V 13 0.705872V 10 0.705657V 9 0.705612V 13 0.715215V 23 0.713957V 10 0.720923V 19 0.714545V 12
87Sr/86Sr(i) 0.705010 0.70497 0.70518 0.704980 0.705010 0.705550 0.70635 0.705710
147Sm/144Nd 0.1287 0.1187 0.1230 0.1250 0.1164 0.1142 0.1192 0.1140
143Nd/144Nd V 2c 0.512645V 8 0.512637V 11 0.512621V 7 0.512643V 8 0.512590V 7 0.512583V 9 0.512558V 9 0.512566V 8
ONd(t) 1.24 1.24 0.86 1.26 0.25 0.15 30.41 30.18
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blende andesites and dacites that exhibit porphyr-
itic fabrics, only glassy or aphanitic samples were
selected for K^Ar analysis. Rock slips were
crushed to 0.2^0.9 mm grain size. 38Ar diluent
was added after the samples were entirely molten
at 1300‡C in a vacuum Ar extraction system at
1039^10310 mbar. Released gases from the molten
samples were puri¢ed with Ti spongy. Then a Ti
evaporated pump and a Zr^Al pump were used in

turn to further purify the Ar gas. Finally, the
puri¢ed Ar gas was collected using a ‘C-shape’
pipe at a temperature below liquid nitrogen and
the Ar content measured by a mass spec-
trum MM-1200. K contents were measured by
atomic absorption. Age calculation parameters
used in this paper are: K40 = 0.1167%, Ke =
5.811U10311/yr, Kb = 4.962U10310/yr. The ana-
lytical result for Chinese standard ZBH-2506 is

Fig. 3. K2O^SiO2 (a) and TAS (b) plots of the late Mesozoic volcanic rocks in the NDHM (Le Bas et al., 1986). Note that all
of the volcanic rocks in NDHM show calc-alkaline to high-K calc-alkaline characters. The boundary between alkaline and subal-
kaline series is from Irvine and Baragar (1971). The shaded area denotes the variation range of late Mesozoic basaltic lavas in
the NDHM (Ge et al., 1999). Symbols as shown in the ¢gure.
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132.32 V 2.09 Ma (its international recommended
age is 132.0 Ma). K^Ar dating results, major and
trace element compositions and Sr and Nd iso-
tope data are listed in Tables 1 and 2.

4. Results

4.1. K^Ar dating

Five fresh samples with weakly porphyritic to
aphyric fabrics were selected to perform K^Ar
dating for determining the eruption ages of the
late Mesozoic volcanic rocks. Three basaltic tra-
chyandesite samples respectively from the lower,
middle, and upper segments of the Tamulangou
Fm. gave K^Ar apparent ages of 138.5 V 2.2 Ma,
129.5 V 2.0 Ma and 126.1 V 2.0 Ma. These dating
results are in good agreement with the K^Ar age
range (145^126 Ma) of most of the previous stud-
ies on Tamulangou Fm. (BGMRNM, 1991). One
trachyte sample from the Jixiangfeng Fm. and
one rhyolite sample from Shangkuli Fm., respec-
tively, gave K^Ar apparent ages of 126.9 V 2.0 Ma
and 116.4 V 1.8 Ma. All of the K^Ar ages are
consistent with the ¢eld relations shown in Fig. 2.

4.2. Major and trace elements

The late Mesozoic volcanic rocks in the
NDHM are calc-alkaline (Fig. 3a) and plot as
basaltic trachyandesites and trachyandesites
(Group 1), trachytes and dacites (Group 2), and
rhyolites (Group 3) in the TAS ¢gure (Fig. 3b).
Group 1 samples span a range of 53.48^60.33%
SiO2 with MgO of 1.50^4.20%, Group 2 62.16^
66.91% SiO2 and 0.91^1.43% MgO, Group 3
70.45^76.76% SiO2 and 0.41^1.0% MgO. Low
MgO (0.41^4.20%) and compatible element con-
tents (Ni = 0.06^50.17 ppm, Co=1.63^34.15 ppm
and V=4.39^193.1 ppm) indicate that these vol-
canics are all di¡erentiates of parental melts.

A clear di¡erentiation trend among three
groups of rocks is observed in the SiO2 vs. major
and trace element variation diagrams (Fig. 4).
There is a negative correlation between SiO2 and
MgO, FeO* (total FeO=FeO+Fe2O3), CaO,
P2O5, TiO2, V, Ni, Co, Zr. K2O and Rb generally

increase following the increase in SiO2 for Group
1 and 2 samples but decrease for Group 3 (Figs.
3a and 4k). Ba and Al2O3 contents vary slightly
from Group 1 to Group 2 while they rapidly de-
crease toward Group 3 (Fig. 4c,j).

Group 1 possesses the highest REE contents
(4REE=154.7^333.8 ppm, average 248.3 ppm)
and Group 2 the lowest (4REE=127.1^138.3
ppm, average 135.1 ppm). In the chondrite-nor-
malized REE patterns (Fig. 5), all three groups
exhibit LREE enrichment with similar LREE
fractionation (La/SmCN =2.83^4.79). Group 1
rocks are characterized by the highest LREE/
HREE ratios (La/YbCN = 13.91^29.15, average
21.80) and the strongest HREE fractionation
(Gd/YbCN = 3.14^4.90; average 4.17) compared
with Group 2 trachytes (La/YbCN = 7.94^9.48,
average 8.69; Gd/YbCN = 1.77^2.02, average
1.87) and Group 3 rhyolites (La/YbCN = 9.95^
12.61, average 11.49; Gd/YbCN = 1.65^1.93, aver-
age 1.77). Group 1 and Group 2 display slightly
negative Eu anomalies (Eu*/Eu= 0.77^0.96 for
Group 1 and Eu*/Eu= 0.85^0.91 for Group 2)
whereas Group 3 has signi¢cantly negative Eu
anomalies (Eu*/Eu= 0.33^0.55).

In the primitive mantle (PM)-normalized spi-
dergrams (Fig. 5), all of the samples display
LILE, LREE enrichment and signi¢cant Nb^Ta
depletion, completely di¡erent from MORB, OIB
and CFB that show no or insigni¢cant HFSE
anomalies (Smedley, 1986; Sun and McDonough,
1989). With regard to Sm, Zr and Hf anomalies
are negligible, whereas Ba, Sr, P, and Ti anoma-
lies vary from Group 1 through Group 2 to
Group 3. For instance, Ba and Sr vary from pos-
itive anomalies in Group 1 through insigni¢cant
anomalies in Group 2 to strongly negative
anomalies in Group 3. Ti and P depletion is ob-
served in Group 2 and Group 3 rocks but is in-
signi¢cant in Group 1 samples.

All three groups generally have much higher
Ba/La and lower Nb/La ratios than those of
MORB, OIB and intraplate basalts (Sun and
McDonough, 1989). When plotted in the Ba/Nb
versus Nb/La diagram (Fig. 6), they overlap the
variation range of orogenic andesites. Addition-
ally, Groups 1 and 2 show similar Sr contents
and Zr/Y ratios to those of Cenozoic calc-alkaline
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volcanics of the Basin and Range Province (BRP)
but have much higher Sr contents and Zr/Y ratios
than those of island arc volcanics as illustrated in
Fig. 7a,b (Hawkesworth et al., 1995; Hunter and
Blake, 1995).

4.3. Sr and Nd isotope data

All of the late Mesozoic volcanic rocks in the
NDHM display very similar initial Sr and Nd
isotopic ratios despite their lithological di¡erences

Fig. 4. Harker diagrams of the late Mesozoic volcanic rocks in the NDHM. A clear magma di¡erentiation trend is displayed
among Groups 1, 2 and 3. All major oxides are loss-free normalized to 100%. Symbols as in Fig. 3.

Fig. 5. Chondrite-normalized REE patterns (a^c) and primitive mantle-normalized spidergrams (d^f) of the late Mesozoic vol-
canic rocks in the NDHM. Chondrite values are from Taylor and McLennan (1985); primitive mantle value is from Sun and
McDonough (1989).
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(Table 2). Group 1 spans an 87Sr/86Sr range of
0.705222^0.706073 and a 143Nd/144Nd range of
0.512523^0.512621; when t=135 Ma, the initial
87Sr/86Sr ratio ranges from 0.70502 to 0.70572
and ONd(t) from 30.78 to +0.91. Group 2 spans
an 87Sr/86Sr range of 0.705612^0.706065 and a
143Nd/144Nd range of 0.512621^0.512645; when
t=127 Ma, the initial 87Sr/86Sr ratio ranges
from 0.70497 to 0.70518 and ONd(t) from +0.86
to +1.26. Group 3 spans an 87Sr/86Sr range of
0.714545^0.720923 and a 143Nd/144Nd range of
0.512558^0.512590; when t=116 Ma, the initial
87Sr/86Sr ratio ranges from 0.70501 to 0.70635
and ONd(t) from 30.41 to +0.25. In the initial
87Sr/86Sr(i) vs. ONd(t) variation diagram (Fig. 8),
all of the samples plot in a narrow band, over-
lapping the Sr and Nd isotopic data of Cenozoic
calc-alkaline volcanic rocks in the BRP reported
by Hawkesworth et al. (1995).

5. Discussion

The late Mesozoic volcanic rocks in the
NDHM show systematic variations in major and
trace element concentrations and have homogene-
ous Sr and Nd isotopic ratios. We ask: (1) Which
magmatic processes control the geochemical evo-
lution of the melts? (2) Are all three groups of

rocks derived from similar primitive melts? (3)
And, if so, what is the source for the primitive
melts? (4) In addition, what causes the extensive
melting that occurred in the NDHM during late
Mesozoic?

5.1. Magma di¡erentiation

Despite a wide spectrum of rock types for the
late Mesozoic volcanics in the NDHM, their ho-
mogeneous Sr^Nd isotope data and systematic
variations in major and trace elements imply
that signi¢cant crustal contamination did not
take place during melt ascent. For Group 1 rocks,
mass balance considerations suggest that such fea-
tures as high Ba/Nb and La/Nb ratios in the rocks
cannot realistically be attributed to crustal con-
tamination of MORB, or of low La/Nb magmas
(e.g., Hawkesworth et al., 1995). High Ba/Nb and
La/Nb ratios are thus widely ascribed to source
characteristics of a continental mantle lithosphere.
On the other hand, the homogeneous Sr and Nd
isotopic ratios and weakly variable K2O/TiO2

(0.98^2.01) and K2O/P2O5 (2.22^4.84) ratios sug-
gest an insigni¢cant role of crustal contamination
during magma evolution. Group 2 trachytes that
develop relatively less enriched Sr and higher Nd
isotopic ratios than Group 1 cannot be explained
by crust contamination. As shown in Fig. 9a,b,

Fig. 6. Ba/La vs Nb/La variation diagrams of the late Mesozoic volcanic rocks. All samples have lower Nb/La ratios but higher
Ba/La ratios than MORB, probably indicating a melting source di¡erent from that of MORB. Data source: E-MORB and N-
MORB (Sun and McDonough, 1989); BRP (Hawkesworth et al., 1995); orogenic andesites (Gill, 1981). Symbols as in Fig. 3.
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the slightly varied initial Sr and Nd isotopic ratios
(initial 87Sr/86Sr = 0.70497^0.70635; ONd(t) =30.77
to +1.26) from Group 1 through Group 2 to
Group 3, indicate that Group 3 rhyolite lavas
are probably highly fractional derivatives of the
parental melts. On the other hand, mixing be-
tween two magma chambers could be an alterna-
tive process to generate the wide spectrum of rock
types, but this possibility may be negligible as few
enclaves were found.

The high SiO2 and low MgO (9 4.20%) con-
tents of late Mesozoic rocks indicate that these
rocks all are di¡erentiates. A clear di¡erentiation
relationship among the three groups is suggested
by the systematic variations in major and trace
elements. With regard to typical intraplate and

extension-related basalts (e.g., Smedley, 1986;
Sun and McDonough, 1989; Hawkesworth et
al., 1995; Rogers et al., 1995), Group 1 rocks
show much lower MgO, FeO*, Ni and other com-
patible element concentrations. This means that
these rocks were erupted to the surface after re-
moval of Fe- and Mg-rich minerals such as olivine
and orthopyroxene from the mantle-derived pri-
mary melts. Group 1 samples have the highest
compatible element contents such as MgO,
FeO* (total FeO), Ni, Sc, V, Co as well as the
highest REE, Sr, and Ba concentrations, possibly
representing the parental magmas from which
Groups 2 and 3 were derived. Group 2 trachytes,
which possess moderate MgO, FeO*, Ni, V, Co as
well as Sr and Ba concentrations but the lowest

Fig. 7. A comparison of Sr content and Zr/Y ratio of the late Mesozoic volcanic rocks in the NDHM with those of Cenozoic
volcanics in the BRP and island arc volcanics in Japan (Hawkesworth et al., 1995). Group 1 and Group 2 rocks possess similar
Sr contents and Zr/Y ratios to those from BRP but higher than those from island arc volcanics. Symbols as in Fig. 3.
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REE, are produced after removal of feldspar and
a few percent of LREE-rich minerals. Group 3
rhyolite lavas containing the lowest MgO, FeO*,
Ni, V, Co, moderate REE and strongly negative
Eu and Sr anomalies as well as the highest con-
tents of strongly incompatible elements like K, Rb
U, and Th, may represent the latest fractional
melts after removal of most ferromagnesian
phases and plagioclase.

The remarkable variation trend from Group 1
to Group 2 is that a rapid decrease in LREE (also
MREE) occurs following magma evolution, which
requires fractional crystallization of LREE- and
MREE-rich minerals. It is generally suggested
that hornblende is characterized by MREE en-
richment and moderately enriched LREE con-
tents. Additionally, it is also a major host for
HFSE and V, whereas clinopyroxene and apatite
are the major repositories of LREE, especially
apatite in which the LREE contents can be thou-
sands of times those of chondrite (Vannucci et al.,
1991; Francis and Ludden, 1995; Ionov et al.,
1997; O’Reilly and Gri⁄n, 2000). Hornblende
fractionation is predominant during magma evo-
lution in accordance to the rapid decrease in
MREE, V, Zr, TiO2, FeO* (Figs. 4 and 5) and
the obvious positive correlation between Zr and

Fig. 8. 87Sr/86Sr(i) vs. ONd(t) plots of the late Mesozoic volcanics in the NDHM. All of the rocks exhibit slightly depleted to
weakly enriched Nd isotopic ratios as well as slightly enriched Sr isotopic ratios, overlapping the variation range of the Cenozoic
volcanic rocks in the BRP, USA (Hawkesworth et al., 1995; Rogers et al., 1995). UCC denotes the upper continental crust. Sym-
bols as in Fig. 3.

Fig. 9. Variation diagrams of initial 87Sr/86Sr isotopic ratio
(a) and ONd (b) with SiO2 for the late Mesozoic volcanic
rocks in the NDHM. Note that the slight variations in 87Sr/
86Sr(i) and ONd(t) from Group 1 through Group 2 to Group
3 suggest an important role of FC process during magma
evolution. Symbols as shown in the ¢gure.
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TiO2, as shown in Fig. 10a. Due to moderate
LREE contents in hornblende, removal of a few
percent of hornblende could not lead to a rapid
decrease in LREE; hence, other LREE-rich repo-
sitories must also be removed during magmatic
evolution so as to generate the REE patterns in
Group 2. As illustrated in Fig. 4, the negative
covariation between SiO2 and P2O5 implies that
apatite was signi¢cantly fractionated. Further evi-
dence from the obvious positive correlation be-
tween P2O5 and 4REE content (Fig. 10b) also
indicates an important role of apatite fractiona-
tion for the lowering of LREE contents from
Group 1 to Group 2. Here, the maximum P2O5

decrease can be up to 0.63%, roughly equal to 1%
of apatite being fractionated. Such an amount of
apatite fractionation would lead to a decrease in
LREE of tens to hundreds of ppm. On the other
hand, a few percent of clinopyroxene fractiona-
tion is necessary to account for the lowering of
CaO, Sr and LREE, whereas plagioclase fraction-
ation is insigni¢cant on the basis of the slight
variation in Al2O3 and similar Eu anomalies.

Plagioclase-dominated fractionation is evident
for Group 3 rhyolite lavas. For instance, these
rocks show strongly negative Eu anomalies, neg-
ative correlation between Al2O3 and SiO2 as well
as signi¢cant Sr depletion in the PM-normalized
spidergrams compared with Groups 1 and 2. Ad-
ditionally, the negative correlation between Ba,
Rb and SiO2 observed in rhyolite lavas (Fig.
4j,k) also implies fractionation of a few biotites
and alkali feldspars. Due to highly evolved a⁄nity
in Group 3, such as high SiO2 (71.17^76.76%),
K2O (4.12^5.83% and K2O/Na2O s 1.20) and
low MgO (0.41^1.0%) as well as moderate REE
contents, at least two di¡erentiation stages must
be responsible for the generation of Group 3. The
¢rst stage was characterized by predominant frac-
tionation of LREE-rich minerals such as horn-
blende, clinopyroxene and apatite to generate
evolved melts like Group 2. The fractionated
phases in the second stage was dominated by pla-
gioclase as well as a few biotites and alkali feld-
spars, which had led to a rapid decrease in CaO,
Al2O3, Sr, Ba, K, Rb and signi¢cantly negative
Eu anomalies.

Overall, the parental magmas for the late Me-

sozoic volcanic rocks had undergone an extensive
magmatic evolution, which can be described as
the following sequence. Before eruption to the
surface, strong olivine and pyroxene fractionation
happened to form Group 1 rocks. The following
fractional crystallization of hornblende (major)+
clinopyroxene (a few percent)+apatite (about
1%)Volivine (minor) from melts like Group 1 oc-
curred to produce Group 2 trachytes, whereas the
¢nal plagioclase-predominant fractionation with
minor biotite and alkali feldspar from melts like
Group 2 took place to generate Group 3 rhyolite
lavas.

5.2. Source characteristics

The slightly enriched Sr and weakly depleted to
slightly enriched Nd isotopic ratios, signi¢cant
LILE, LREE enrichment and strong Nb^Ta de-
pletion observed in the Group 1, 2 and 3 rocks
seem to favor a lithospheric mantle rather than
depleted mantle reservoirs (e.g., asthenosphere
or mantle plume) in their origin (Hawkesworth
et al., 1995; Rogers et al., 1995; Guo et al.,
2001). Nb^Ta depletion in mantle-derived melts
is usually attributed to: (1) residual HFSE-rich
minerals such as rutile, phlogophite, and amphi-
bole during partial melting process; (2) crustal
contamination during magma ascent; and (3) sub-
duction-related metasomatism. It has been widely
accepted that phlogophite and amphibole are un-
stable in convecting mantle and are ¢rst to be
melted during magma generation (Olafsson and
Eggler, 1983), so the possibility for residual phlo-
gophite and amphibole can be negligible. Ionov et
al. (1999) pointed out that rutile was usually gen-
erated during £uid/melt metasomatism in an o¡-
cratonic lithosphere or an oceanic mantle reser-
voir to host Ti and other HFSE. Accordingly, if
rutile had been retained in the melting sources
after magma generation, then besides the Nb^Ta
depletion, the primary melts derived from such
mantle reservoirs should also have exhibited sig-
ni¢cantly negative Zr, Hf, and Ti anomalies.
However, as observed in the PM-normalized spi-
dergrams for Group 1 basaltic rocks (Fig. 5),
these samples show no or insigni¢cant Ti, Zr,
and Hf anomalies, precluding the possibility for
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residual rutile in the melting source. As aforemen-
tioned, signi¢cant crustal contamination of
MORB-like or other low La/Nb magmas could
not well account for the geochemical and Sr^Nd
isotope data. Probably, the observed Sr and Nd
isotope ratios were mainly inherited from the
melting source.

The spatial distribution of ophiolite suites and
tectonic nappes indicates that multi-stage oceanic
subduction occurred in the late Paleozoic (Se«ngor
et al., 1993; Se«ngor and Natal’in, 1996; Robinson
et al., 1999; Zhang and Zhou, 2001 and references
therein). Dehydration of £uid-bearing minerals

such as hornblende and chlorite will occur when
oceanic crust and pelagic sediments are sub-
ducted. The released £uids are characterized by
LILE and LREE enrichment relative to HFSE.
These £uids metasomatize the overlying mantle
peridotites, leading to LILE and LREE enrich-
ment and HFSE depletion in the mantle reservoir.
For instance, the very low Nb/Sr (0.004^0.012)
and Nb/Ba (0.005^0.012) ratios and slightly en-
riched initial Sr isotopic ratios for Group 1 and
Group 2 are likely to be a result of the involve-
ment of a subduction component rather than a
within-plate enrichment process (Ormerod et al.,
1988). The strong U and Th enrichment in the
spidergrams also favors a recent addition of pe-
lagic sediments or altered oceanic crust in the
melting source. However, geophysical and geolog-
ical observations indicate that there did not exist
contemporaneous oceanic plate subduction during
the late Mesozoic (Engebretson et al., 1985; Li
and Yang, 1987; Zhao and Coe, 1996). On the
other hand, the higher Sr content and Zr/Y ratio
of the late Mesozoic volcanics in the NDHM than
those of typical island arc volcanics suggest an
origin di¡erent from the metasomatized mantle
wedge (Gill, 1981; Grove and Kinzler, 1986; Da-
vies and Stevenson, 1992; Arculus, 1994; Hunter
and Blake, 1995). All of these facts suggest that
the primitive melts for late Mesozoic volcanics in
the NDHM were derived from decompression
melting of an enriched continental lithospheric
mantle, which had been previously metasomatized
by £uids derived from subducted slabs during the
closure of the paleo-Asian and/or Mongolia^
Okhotsk Oceans.

Rhyolite lavas can be produced either through
remelting of lower ma¢c crust or fractional crys-
tallization of mantle-derived melts (e.g., Borg and
Clynne, 1998). Ge et al. (2000) noted that rhyolite
lavas from the Da Hinggan Mountains could be
grouped into two petrogenetic types. One type,
containing relatively higher TiO2 contents and
high initial 87Sr/86Sr ratios (s 0.710), was prob-
ably derived from remelting of lower/middle crust
(Ge et al., 2001), whereas the low-TiO2 type was
formed through magma di¡erentiation of the ba-
saltic magmas. The low TiO2 contents and initial
Sr isotope ratios in Group 3 and the clear di¡er-

Fig. 10. Elemental variation diagrams of TiO2 vs. Zr (a) and
P2O5 vs. REE (b) for the late Mesozoic volcanics in the
NDHM. Arrow indicates the magma evolution trend follow-
ing an increase in SiO2. In (a), hornblende fractionation is
signi¢cant during magma evolution from Group 1 to Group
2. In (b), the positive correlation between P2O5 and REE
contents suggests an important role of apatite fractionation
for the lowering of REE concentrations from Group 1 to
Group 2, while it is insigni¢cant from Group 2 to Group 3.
cpx, clinopyroxene; ap, apatite; sp, spinel; mgt, magnetite;
hb, hornblende; bi, biotite; pl, plagioclase. Symbols as
shown in the ¢gure.
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entiation relationship, as well as similar isotopic
ratios to Groups 1 and 2, indicate that they prob-
ably represent the ¢nal di¡erentiates rather than
crustal remelting products.

5.3. Partial melting of lower lithosphere during
post-orogenic extension

The origin and tectonic setting of the late Me-
sozoic volcanism in the NDHM have been long
debated and three major viewpoints have been
proposed (e.g., Jiang and Quan, 1988; Faure
and Natal’in, 1992; Xia et al., 1993; Lin et al.,
1998; Ge et al., 1999; Guo et al., 2001). The ma-
jor controversy is focused on the following ques-
tions: (1) What kind of role did the interaction
between the ancient Paci¢c Plate and the East
Asian continental margin play in the formation
of basin and range tectonics in NE China?
(2) Could the extensive Mesozoic magmatism in
NE China be regarded as a large igneous province
(LIP) over a mantle plume? and (3) What was the
relationship between lithospheric extension and
large-scale calc-alkaline magmatism?

Lin et al. (1998) and Ge et al. (1999) noted that
the extensive late Mesozoic magmatism in the Da
Hinggan Mountains was induced by an upwelling
mantle plume on the basis of the large-scale and
multiple lithological associations of basaltic lavas.
However, existence of an upwelling mantle plume
is unlikely for the following reasons. Firstly, OIB-
like basaltic rocks are lacking in the NDHM. Sec-
ondly, LIPs refer to voluminous (106km3 scale)
magma generation and eruption within a few mil-
lion years. Our K^Ar dating results and previous
geochronological studies show that the volumi-
nous calc-alkaline volcanism persisted for at least
20 Myr (BGMRNM, 1991, 1996; Ge et al., 2001).
Thirdly, the upwelling of a mantle plume is gen-
erally associated with updoming of lithosphere
and active rifting in the center of the rift zone
(Trucotte and Emerman, 1983), whereas passive
rifting is accompanied by subsidence and strong
sedimentation (Smedley, 1986). The coeval basin
and range tectonics and extensive sedimentation
in the NDHM tend to con¢rm that passive litho-
spheric extension occurred during the late Meso-
zoic. Finally, the evolved a⁄nities of the volcanic

rocks in the NDHM suggested the existence of
crustal magma reservoirs throughout the eruption
episodes, in which the primary melts were
strongly fractionated. In other words, the amount
of lithospheric extension beneath the NDHM in-
creased gradually rather than abruptly, and mag-
matism appears to have resulted from di¡use ex-
tension rather than rapid lithospheric thinning
impacted by an upwelling mantle plume (Ruppel,
1995; Guo et al., 2001).

Undoubtedly, the East Asian continental mar-
gin has interacted with the circum-Paci¢c tectonic
domain during late Mesozoic (Takahashi, 1983;
Faure and Natal’in, 1992). However, the nature
of the continental margin and the in£uence caused
by interaction between the continental margin and
the oceanic plate need to be further assessed. Pre-
vious studies have revealed that around the East
Asian continental margin there existed an accre-
tion melange belt along the Japan Sea, suggesting
that the oceanic plate moved northward in a
strike-slip way during the middle^late Jurassic to
the early Cretaceous (Engebretson et al., 1985;
Faure and Natal’in, 1992; Zhao et al., 1994). In
other words, the contemporaneous oceanic sub-
duction toward the East Asian continental margin
was insigni¢cant. Moreover, in the NDHM and
Mongolia^Okhotsk orogenic belt, the late Meso-
zoic volcanism and rift-faulting basins extend
westerly into eastern Mongolia, where the hori-
zontal distance exceeds 1700 km from the East
Asian continental margin. Hence, it is di⁄cult to
interpret the calc-alkaline magmatism and exten-
sional tectonics as a consequence of the interac-
tion between the East Asian continental margin
and the subducted Izanagi or Kula Plate.

Hawkesworth et al. (1995) attributed the Ceno-
zoic (s 20 Ma) calc-alkaline magmatism in the
BRP to lithospheric thinning and extension,
which had triggered decompressional melting of
the hydrous mantle lithosphere. Many similarities
such as in the tectonic regime and magmatism are
displayed between the BRP and the NE China
fold belt, e.g., crustal extension and formation
of rift-faulting basins as well as widely distributed
calc-alkaline volcanism. This leads to an explana-
tion for the extensive melting in terms of post-
orogenic extension.
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The widespread ophiolite suites and tectonic
nappes in the NE China fold belt imply long-
term plate subduction and continent^arc and/or
microcontinent^continent collisions before the
collision between the North China^Mongolian
Block and the Siberia Craton (Robinson et al.,
1999; Zhang and Zhou, 2001 and references
therein). In the course of plate subduction, the
overriding upper mantle peridotites had been
metasomatized by £uids released from subducted
slabs, leading to introduction of water and other
volatiles to the mantle peridotite and lowering of
its solidus (e.g., Gill, 1981; Arculus, 1994). After
¢nal closure of the Mongolia^Okhotsk Ocean and
collision between the North China^Mongolian
Block and the Siberia Craton in the middle Juras-
sic (Zhao et al., 1994; Zhao and Coe, 1996; van
der Voo et al., 1999), the regional structural de-
formation style had transformed from the pre-
dominance of compression in the syn-tectonic
stage into lithospheric extension during the post-
orogenic stage. Extensional tectonics in orogenic
belts usually develop during the post-orogenic
stage in response to readjustment of the thickened
lithosphere or lithospheric thinning by means of
mantle convection, lithospheric collapse, slab
breako¡ and/or detachment (England and House-
man, 1989; Platt and England, 1994; Ruppel,
1995; Davis and von Blanckenburg, 1995).
When the amount of extension, or thinning factor
L, is enough to make the geotherm graze the sol-
idus, decompressional melting will take place
(McKenzie and Bickle, 1988; Daley and DePaolo,
1992; Turner et al., 1996; Miller et al., 1999).

The development of typical intracontinental ex-
tensional tectonics, fault-rifting basins (Li and
Yang, 1987), and extensive calc-alkaline magma-
tism suggest that post-orogenic extension was pre-
dominant in the NDHM during late Mesozoic.
Following the lithospheric extension and/or oro-
genic collapse, passive rifting and asthenospheric
upwelling occurred (Shao et al., 1994, 1998),
which induced geothermal elevation from a cold
and thickened lithosphere to a hot and rift-related
one. Due to lower solidus of hydrous peridotites,
decompressional melting of the lower enriched
lithospheric mantle produced the primitive melts.
In the crustal magma reservoirs, the primary

melts had experienced a di¡erent degree of frac-
tionation to form the wide spectrum of rock types
with voluminous ma¢c cumulates retained in the
crust. This is in good agreement with the seismic
investigations that beneath the NE China fold
belt there exist several km-thick low-velocity
layers within the crust (Yuan, 1996).

6. Concluding remarks

The late Mesozoic volcanism in the NDHM is
characterized by signi¢cant LILE and LREE en-
richment but HFSE depletion with a little en-
riched to slightly depleted Nd and weakly en-
riched Sr isotope ratios. The rocks generally
display similar geochemical and isotopic charac-
teristics to Cenozoic calc-alkaline rocks of the
BRP, and show higher Sr contents and Zr/Y ra-
tios compared with island arc volcanics. Group 1
rocks of the Tamulangou Fm. were derived from
a lithospheric mantle metasomatized by £uid re-
leased from subducted slabs during Paleozoic^
early Mesozoic time, when closure of the paleo-
Asian and Mongolia^Okhotsk Oceans took place.
Decompressional melting of such metasomatized
mantle reservoirs and early di¡erentiation of fer-
romagnesian minerals of the primitive magmas
can account for their genesis. Group 2 trachytes
of the Jixiangfeng Fm. were generated by frac-
tionation of the parental melts (like Group 1)
after removal of LREE-rich minerals such as
hornblende and clinopyroxene, as well as minor
apatite. Group 3 rhyolite lavas of the Shangkuli
Fm. represent the ¢nal di¡erentiates after a pla-
gioclase-predominant fractionation.

The low MgO and high SiO2 contents of the
rocks and clear di¡erentiation relationship among
Groups 1, 2 and 3 imply the existence of crustal
magma reservoirs beneath the NDHM through-
out the whole eruption sequence. Due to their
distinguishable geochemical features from island
arc volcanics and LIPs, the late Mesozoic calc-
alkaline volcanism in the NDHM and contempo-
raneous basin and range tectonics are attributed
to post-orogenic di¡use extension rather than ei-
ther an upwelling mantle plume or Mesozoic oce-
anic subduction of the ancient Paci¢c plate.
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