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Abstract

Volcanic activity in Northeast China and adjacent regions is widespread, with eruption ages ranging from Late Cretaceous (80Ma)
to about 300 years ago. Volcanic rock types are principally basanite, alkali olivine basalt, and tholeiite, with minor evolved trachyte
and rhyolite. Ultramafic xenoliths, mainly spinel lherzolite and harzburgite, are common in alkali olivine basalt and basanite.

We present newmajor and trace element data from 11 volcanic fields, and helium isotope data from ultramafic xenoliths of three of
those fields. 3He/4He ratio ranges from 5 to 7 times the atmospheric ratio, indicating that previously reported high 3He/4He ratios are
likely due to the contamination by cosmogenic 3He. There is currently no evidence for a high-3He/4He mantle plume component
beneath NE China. Sr–Nd–Pb isotopic data from the literature are reinterpreted to result from mixing between a FOZO end-member
and a LoMu end-member. The LoMu end-member appears to reside within continental lithosphere. Major and trace elements do not
indicate significant contributions from a subducted slab. Differences in depth and the extent of partial melting in the asthenosphere,
both locally within individual fields and regionally between the different volcanic fields, explain most of the correlations between
major and trace elements observed in this study, with deeper melting usually associated with a smaller degree of melting. Highly
potassic basalts are associated with the LoMu end-member and are interpreted to be the products of lithosphere melting.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The origin of intraplate volcanism is diverse and not
always well understood. Most intraplate volcanos have
been attributed to (i) mantle plumes and hot spots, such
as Hawaii and Yellowstone; (ii) continental rift, such as
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the East Africa Rift; (iii) back-arc extension and (iv)
lithosphere delamination and thinning, such as the Basin
and Range. Although volcanism at intraplate settings is
less common than along mid-ocean ridges and subduc-
tion zones, it is of significant importance, for both
preventing geological hazards and understanding mantle
geochemistry.

One notable region of intraplate volcanism is Northeast
China and adjacent areas, as part of the larger volcanic belt
along the easternAsian continentalmargin. Recent basaltic
volcanism inNortheast China surroundingNEChina Plain
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was widespread although volumetrically small. In an area
of about two million square kilometers, there are over 590
volcanos with volcanic rocks covering about 50,000 km2

(Liu, 1999). The ages of tholeiitic and alkali basalts vary
from about 80 Ma to about 300 years ago. (Volcanic rocks
before 80 Ma are calc-alkaline, Ma et al., 2002.) For sim-
plicity, the volcanic area will be referred to as Greater NE
China (Fig. 1); volcanic rocks south of this region (e.g.,
Zou et al., 2000) will not be included. The activity of each
volcanic field varies significantly. Some large volcanic
fields were active for tens of million years, while some
small ones lasted for less than 1 Myr. The major types of
the volcanic rocks are basanite, alkali olivine basalt, and
tholeiite, with minor evolved trachyte and alkaline to
peralkaline rhyolite. Ultramafic xenoliths, mainly spinel
lherzolite and harzburgite, are common in basanite and
alkali olivine basalt (e.g., Fan and Hooper, 1989).

Greater NE China lies on two tectonic units: (i) North
China–Korea Craton (NCKC) and (ii) Central Asian Oro-
Fig. 1. A topography map of Greater Northeast China with volcanic fields ind
Korea Craton and Central Asian Orogenic Belt. Abrreviations of volcani
(Erkeshan), JX (Jixi),MDJ (Mudanjiang), WQ (Wangqing), YT (Yitong),
(Zengfengshan) andWTE (Wangtian'e)),LG (Longgang), KD (Kuandian)
(Penglai), QX (Qixia), HNB (Hannuoba), and DT (Datong). Bold-face type
of age data can be found in Appendix 2 (online).
genic Belt (CAOB, Sengor and Natal'in, 1996). NCKC
formed during the Archean and early Proterozoic. CAOB
is interpreted to be an intercontinental fold belt that under-
went collision and subduction among Siberian Craton,
NCKCand other smallerMongol–Okhotsk blocks. NCKC
and CAOB became part of Eurasia plate as the Mongolo–
Okhotsk Ocean closed during early-Cretaceous (e.g., Yin
and Harrison, 1996). In late Mesozoic to Cenozoic,
tectonic evolution of East Asia is controlled by (i) inden-
tation of the Indian plate and (ii) subduction of the Pacific
plate and Philippine Sea plate. At about 80 Ma (but not
necessarily at the same time for different regions), volcanic
rocks in NE China changed composition from dominantly
calcalkaline series to dominantly alkali series. These more
recent volcanic rocks are the focus of this work.

In addition to field studies and geochronology, nume-
rous geochemical investigations on the volcanic rocks
have been carried out. Based on major and trace elements,
the rocks are highly enriched in incompatible elements
icated. Dashed line is the approximate boundary between North China–
c fields are as follows: KL (Keluo), WDLC (Wudalianchi), EKS
JBH (Jingbohu),CBS (Changbaishan, including TC (Tianchi), ZFS
, XLH (Xialiaohe, borehole samples),CL (Changle),WD (Wudi), PL
indicates that the volcanic field has been sampled in this work. Sources
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(e.g., Zhou and Armstrong, 1982; Basu et al., 1991; Liu,
1992; Jin and Zhang, 1994; Liu, 1995, 1999). Based on
Sr–Nd–Pb isotopic data (e.g., Zhou andArmstrong, 1982;
Peng et al., 1986; Basu et al., 1991; Zhang et al., 1991; Tu
et al., 1992), significant contamination by continental crust
was ruled out, and it was suggested that the mantle may
be viewed as a two end-member mixture between a
depleted mantle and an enriched mantle EM1 (Basu et al.,
1991). Helium isotope data (Xu et al., 1998a; Li et al.,
2002; Xu and Liu, 2002; Wu et al., 2003; Lai et al., 2005)
are scattered, and some seem to indicate a possible high-
3He/4He plume component. Themost extreme heliumdata
are those of Li et al. (2002), with the 3He/4He ratio varying
widely from 0.1 to 700 times the atmospheric ratio.

The origin of intraplate volcanism in this region is
under debate. There are numerous hypotheses to explain
the diffuse volcanism in Greater NE China, including but
not limited to, mantle plume or hotspot (e.g. Deng et al.,
1996, 2004), back-arc extension caused by subduction of
Kula–Pacific plate (e.g., Liu, 1987; Liu et al., 2001; Ren
et al., 2002), mantle upwellingwhile crossing from a thick
lithosphere to a thin lithosphere (Niu, 2005), and thinning/
delamination of the lithosphere beneath Northeast main-
landAsia from a thickness of about 200 km in Paleozoic to
about 80 km in the present (e.g., Menzies et al., 1993;
Griffin et al., 1998; Menzies and Xu, 1998; Wilde et al.,
2003). In this workwe report newmajor and trace element
data, and helium isotopic data. We discuss literature data
quality, investigate the mantle characteristics using our
data and literature data, and examine the origin of
volcanism in Greater NE China.

2. Samples and analytical methods

2.1. Samples

Our own samples come from eleven volcanic fields.
They are, from North to South, Wudalianchi (WDLC),
Erkeshan (EKS), Mudanjiang (MDJ), Jixi (JX), Jing-
bohu (JBH), Changbaishan (CBS), Longgang (LG),
Kuandian (KD), Datong (DT), Wudi (WD), and
Changle (CL) (Fig. 1). Because of compositional
similarities, WDLC and EKS are often combined, so
are MDJ and JX, and WD and CL. No attempt was made
to map and sample every volcanic field systematically.
The samples are mainly Quaternary in age, except for
those from MDJ, JX, and CL, and some from CBS. A
brief description of each of the sampled volcanic fields
can be found in Appendix 1 (online).

Basalt samples were collected from fresh outcrops
including quarries and road cuts. Most basaltic samples
are aphyric with microphenocrysts (≤0.2 mm) of
olivine, plagioclase and clinopyroxene. Fe–Ti oxides
exist in some samples. Mantle xenolith samples for
3He/4He isotope analyses are collected from quarries,
fresh road cuts and deep gullies. No other isotopic data
were obtained, but literature data will be used in ex-
ploring mantle characteristics.

2.2. Major and trace element analyses

Fresh basalt samples were cut and cleaned for major
and trace elements analysis. Major elements plus Rb, Sr
and Zr were analyzed by X-ray fluorescence method
(XRF). Other trace elements were analyzed by Induc-
tively Coupled Plasma Mass Spectrometry (ICP-MS).
Most samples were analyzed at Michigan State
University following the procedures of Hannah et al.
(2002). In order to check the accuracy of the analy-
ses, selected samples were re-analyzed at Washington
State University—Pullman following the procedures of
Knaack et al. (1994). The results are shown in Table A1
(online). Standards BCR-2, BHVO-2, K1919, NKT-1 are
measured as unknowns and are compared with reference
values from USGS and literature in Table A1a.

The quality of the analyses is assessed by a number of
ways: (1) by comparisons between standards analyzed as
unknowns and published reference values (Table A1a);
(2) by comparison between MSU and WSU analyses of
the same rocks; and (3) by repeated analyses of the same
rock. Furthermore, if trace element relations appeared
peculiar, attempts were made to check the data. For
example, some data from the MSU lab showed a
significant positive Yb anomaly. We sent some of the
same samples toWSU and found that such anomalies are
not present. Based on these assessments, the accuracy is
within 3% relative for SiO2, TiO2, Al2O3, MgO, and
CaO; 5% for P, Mn, Y, Cu, and Zn; 10% for Fe2O3, K, Sr,
Nb, La, and Ce; 15% for Nd, Zr, Ba, Th, Ta, Pr, Sm, Ho,
Er, and Hf; 20% for Eu, Na, Tb, Dy, V, Sc, and Ga; and
25% for Ho and Gd. The uncertainty for Tm is not
known, but repeated analyses agree well. Concentrations
of other elements (Ni, Cr, Rb, Yb, Lu, Pb, and U) are
more uncertain and are not reported in Table A1b.

2.3. Helium isotope analyses

In order to test whether a high-3He/4He mantle plume
component is present, we collected mantle xenoliths and
carried out He isotopic analyses on 8 mantle xenoliths
from JBH (2 samples), KD (3 samples) and LG (3
samples) volcanic fields. Large and relatively fresh
olivine crystals, typically about 1 mm in maximum size,
were hand-picked from crushed xenolith samples under



Table 1
Helium isotope data in mantle xenoliths from NE China

Location and Sample name Latitude (°N) Longitude (°E) Weight (mg) 4He 10−9 cc/g 3He 10−14 cc/g 3He/4He (Ra)±2σ

KD-HY-2a-2 40.72339 124.76103 470.6 9.53 9.27 7.00±0.17
KD-HY-2b-1 40.72339 124.76103 500.9 2.30 1.81 5.67±0.40
KD-HY-4d 40.72194 124.76117 485.3 0.433 0.289 4.80±1.55
LG-DLW-1d-1 42.33611 126.41672 452.1 4.13 3.16 5.50±0.29
LG-DLW-1f 42.33611 126.41672 477.4 6.98 5.58 5.75±0.18
LG-DLW-1q 42.33611 126.41672 393.6 3.26 2.72 6.01±0.38
JBH-3i-1 44.19588 128.52737 460.0 1.95 1.68 6.21±0.52
JBH-3i-5 44.19588 128.52737 393.6 0.289 0.290 7.23±2.60

All analyses were performed on hand-picked olivine grains from lherzolite (KD and JBH) or harzburgite (LG) by in vacuo crushing using ∼200 high
impact strokes. Uncertainties are the quadrature sum of in run statistics plus uncertainties associated with air standards and blanks. The sample name
can be decoded as follows: KD-HY-2 means fieldwork stop 2, Huangyishan (HY) in the Kuandian (KD) volcanic field, and LG-DLW-1 means
fieldwork stop 1, Dalongwan (DLW) in the Longgang (LG) volcanic field.

Fig. 2. Total alkalis versus SiO2. Lines and fields are based on Le Bas
et al. (1986). Data sources can be found in Appendix 2 (online).
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a binocular microscope. The range of sample sizes
analyzed was between 0.4 and 0.5 g. To avoid possible
contamination from adhering groundmass of the host
basalt or from dust, olivine grains were first ultrason-
ically cleaned in 1 M HCl for 15 to 30 min, and then
rinsed successively by deionized water and ethanol. The
final products were re-examined under the microscope
to ensure the absence of foreign material.

The helium isotope analyses were performed at
NOAA/PMEL in Newport, Oregon following proce-
dures described previously (Graham et al., 1998). All gas
extractions were performed by crushing in vacuum to
liberate helium trapped in melt and fluid inclusions.
After loading the sample into a stainless steel chamber
together with a magnetic piston, the piston was lifted and
dropped about 200 times under vacuum using a system
of external solenoids, crushing the sample to a powder.
Non-condensable, reactive gases were gettered over hot
Ti; Ar, Kr and Xe were trapped on activated charcoal
using liquid N2; and neon was separated onto a
cryogenically-controlled charcoal trap at 38 K. The
helium was admitted directly to the mass spectrometer
for isotope ratio and peak height (concentration)
determination. The vacuum line blank for crushing was
b1×10−10 ccSTP for 4He, and line blanks were run
before and after all samples. Simultaneous measurement
of 3He and 4He was performed on a double collector
mass spectrometer especially designed for high precision
helium isotope analysis by J. E. Lupton. The instrument
is equipped with a Baur–Signer ion source (manufac-
tured by ETH, Zurich) that contributes to its high
sensitivity, high linearity, and low mass discrimination.
The collector section is fitted with a Johnston electron
multiplier attached to ion counting electronics and a
Faraday cup. The sensitivity for helium is N10−4 A/Torr,
while the absolute detection limit is b5×104 atoms 3He.
The He isotope data are reported in Table 1.
In summary, care was taken during both sample
collection and analyses to avoid cosmogenic 3He. (1)
Because cosmic ray spallation may produce 3He in old
exposed surface rocks (to about 1 m depth), samples were
collected in quarries, fresh road cuts and deep gullies
(presumably rapidly eroded), and hence may be assumed
to contain negligible amounts of cosmogenic 3He. (2) For
helium isotope analyses, the crushing technique that
releases 3He in fluid inclusions is used, instead of the
melting technique that releases 3He in both inclusions and
the lattice. Because cosmogenic 3He is dominantly
located within the crystal lattice, the crushing method
minimizes the contribution from cosmognic 3He.

3. Results

3.1. Major oxides

Major oxide concentrations from this work are
shown in Fig. 2 in a diagram of total alkalis versus



Fig. 3. K2O/Na2O ratio versus SiO2 and total alkalis for Greater NE
China volcanic rocks with SiO2b55%. See Fig. 1 for abbreviations of
the volcanic fields. Data sources can be found in Appendix 2 (online).
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SiO2. Also shown are literature data we have compiled.
As recognized by previous authors and shown in Fig. 2,
the volcanic rocks in NE China are diverse, ranging
from tholeiitic to alkaline to peralkaline. Specifically,
Wudalianchi and Erkeshan basalts are highly potassic
(Fig. 3), Wudi rocks are low in SiO2, and the rest are
more “normal” alkali and tholeiitic basalts.

Fig. 4 shows major oxides plotted against MgO
concentration. SiO2 is negatively and CaO is positively
correlated with MgO. The upper limit of K2O decreases
linearly with MgO. For each volcanic field, Al2O3 is
linearly anticorrelated with MgO (Fig. 4). At a given
MgO, Al2O3 concentration is lowest at WDLC and
EKS, and highest at LG. The difference in Al2O3 at the
same MgO probably reflects difference in melting
conditions. At a given MgO, WDLC-EKS and WD
display the highest K2O, and DT and CBS show the
lowest K2O. WD samples also exhibit high Na2O and
P2O5 for its very high MgO concentration.
3.2. Trace elements

Trace element concentrations are reported in Table
A1b (online). Selected trace elements and major
elements are plotted in Fig. 5. Some trace elements are
well correlated. Hf and Zr are well correlated with Hf/Zr
ratio slightly below chondrite ratio (Fig. 5C). Fig. 5D
shows that Ta and Nb are well correlated with Nb/Ta
ratio of 17.3 (scatter of ±25%), in agreement with the
chondritic ratio of 17.8 (McDonough and Sun, 1995).

In K2O versus SiO2 (Fig. 5A), WD, CL, JBH,WDLC
and EKS form a positive correlation trend, whereas MD,
JX, DT, CBS, and KD show a negative correlation trend.
Every volcanic filed seems to trend toward a focal zone
of (46±2)% SiO2 and (2.8±0.5)% K2O. Nb and some
other incompatible trace elements (Ta, La, Ce, Th) are in
general negatively correlated with SiO2 (Fig. 5B). The
negative correlation will be addressed in the Discussion.

Most trace element data are shown in Fig. 6 as
“spidergrams” by normalizing to concentrations in the
bulk silicate Earth (BSE) (McDonough and Sun, 1995).
Elements with compatibility in between REE (such as
Zr, Hf, P, Ti, and Y) are not plotted so that the REE part
is clearly shown in Fig. 6, eliminating the need for a
separate REE plot. Lu concentration data have large
uncertainties (as high as 40% relative) and are not
reported in Table A1. Nevertheless, Lu is still shown in
the spidergrams to complete the REE pattern. (Yb is not
shown because the measurement uncertainty is even
larger.) Not all the patterns are identical in shape. One
general feature is the strong enrichment in LREE and
other incompatible elements in recent basalts from
Greater NE China. There is more enrichment in LREE in
WDLC, EKS, and JBH, than in DT. When the LREE
enrichment is less strong, the absolute concentration
of HREE is slightly higher, leading to cross patterns
(Fig. 6G), suggesting that partial melting occurred at
different depths with different partition coefficients.
There is no depletion in high field strength elements
(HFSE) such as Nb and Ta except for WDLC and EKS
regions. There is no excess enrichment of large ion
lithophile elements (LILE) such as Ba and K, except for
both enrichment and depletion of K in CBS, and
depletion of K in CL and WD. In some volcanic fields,
there are depletions of Ba and Th compared to the
extrapolated REE patterns. The difference between the
volcanic fields will be discussed later.

3.3. Helium isotopic data

3He/4He ratios in xenoliths from three of the volcanic
fields (Kuandian, Longgang, and Jingbohu) are



Fig. 4. SiO2, TiO2, Al2O3, Fe2O3
⁎, CaO, Na2O, K2O, and P2O5 versus MgO. See Fig. 1 for abbreviations of the volcanic fields. Data sources can be

found in Appendix 2 (online).
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Fig. 5. Selected elemental plots. See Fig. 1 for abbreviations of the volcanic fields. Data are from this work.
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relatively uniform, ranging from 4.8±1.6 RA to 7.0±
0.2 RA times the atmospheric ratio (RA) at KD (reported
analytical uncertainties are 2σ), from 5.5±0.3 to 6.0±
0.4 at LG, and from 6.2±0.5 to 7.2±2.6 at JBH. There is
no systematic correlation with helium abundance,
although the two analyses with the largest uncertain-
ties are for samples with [He] below 5×10−10 ccSTP/g.
Based on these data there does not appear to be a diffe-
rence in 3He/4He between the 3 localities. Most sig-
nificantly, no high 3He/4He ratios have been measured
in this study, in which samples were collected from
freshly exposed surfaces and all gas extractions were
performed by crushing to minimize the signal of
cosmogenic 3He.

4. Discussion

4.1. Helium isotope characteristics

Helium isotopic ratios are a useful tracer of mantle
source regions. In addition to primordial 3He and 4He,
4He is produced by radioactive decay of U and Th.
Hence in the Earth's interior the 3He/4He ratio decreases
with time due to radioactive decay. A larger (U+
Th)/3He ratio leads to a more rapid decrease of 3He/4He
ratio. The 3He/4He ratio in the mantle, as sampled by
basalts, mantle xenoliths and volcanic gases, is greater
than that in the atmosphere or the crust, due to
primordial 3He still trapped in the mantle and rapid
3He escape from the atmosphere (Clarke et al., 1969).
The 3He/4He ratio in mid-ocean ridge basalts away from
the influence of ocean island hotspots is relatively
uniform, between 6 to 10 times the atmospheric ratio
(Graham, 2002). The highest 3He/4He in the source
regions of island arcs is typically at the low end of the
MORB range (Poreda and Craig, 1989; Porcelli et al.,
1992), and ranges to considerably lower ratios (Hilton
and Craig, 1989) due to the presence of radiogenic
helium derived either from shallow levels in the crust or
from subducted material. In contrast, mantle plumes
sampled at ocean islands such as Hawaii and Iceland
display 3He/4He ratios higher than those in MORB



Fig. 6. Spidergram normalized to the concentration of bulk silicate Earth (McDonough and Sun, 1995). See Fig. 1 for abbreviations of the volcanic
fields. Data are from this work.
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Fig. 7. Helium isotopic data. Solid symbols are data from this work
with 3He/4He analyzed by crushing. Open symbols are literature data
from Xu et al. (1998a), Li et al. (2002) with 3He/4He analyzed by
melting. Two data points from Li et al. (2002) with 3He/4He ratio of
about 700 times Ra are not shown so that the vertical axis is not too
compressed. Error bars are shown at 2σ when the error is larger than
the size of the symbol. One data point with huge error is excluded.
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(Kurz et al., 1983; Hilton et al., 1999). Such high ratios
are usually considered to reflect a relative 3He
enrichment in less degassed and presumably deeper
mantle sources of the plumes (e.g., Kurz et al., 1982;
Class and Goldstein, 2005).

A possible complication of 3He/4He isotopic analy-
ses of subaerial rocks is the presence of cosmogenic
3He, produced primarily via spallation reactions on O,
Mg and Si in silicates due to the penetration of
secondary neutrons that were ultimately produced by
cosmic rays in the atmosphere. The characteristic (e-
folding) penetration distance is about 0.5 m, and results
in a 3He production rate of 100 atoms·g−1·yr−1 in
silicates exposed at the Earth's surface (Kurz, 1986).
While cosmogenic 3He is useful in determining
exposure ages, it needs to be avoided in understanding
mantle 3He/4He characteristics from rocks exposed at
the Earth's surface.

Previous 3He/4He results for mantle xenoliths from
Greater Northeast China basalt are complicated by the
possible presence of cosmogenic 3He. Porcelli et al.
(1987) reported a 3He/4He ratio in a spinel lherzolite
from Northeast China of (49±16) RA. They assumed
that the initial ratio before exposure to cosmic ray
bombardment to be 8 RA, and found that the excess

3He
was consistent with derivation from in situ cosmic ray
spallation. Shangguan et al. (1998) reported 3He/4He
ratios in Changbaishan hot springs to be (5.6±0.3) RA,
consistent with the xenolith results reported here. Xu
et al. (1998a) analyzed 3He/4He by melting of samples,
and found ratios ranging from 8.9 to 11.3 RA for
pyroxenite and lherzolite xenoliths from Kuandian
basalts, and 4.3 to 6.6 RA for xenoliths from Longgang
(also called Huinan) basalts. Li et al. (2002) also
analyzed samples by the melting technique, and
reported 3He/4He between 7.5 and 24 (±26) RA for
megacrysts from Kuandian, and 0.11 to 5.3 RA for
xenoliths, and 4.1 to 694 (±13) RA for megacrysts from
Hannuoba. Xu et al. (1998a) discussed the issue of
cosmogenic 3He inconclusively, and mentioned that
analyses of the samples by crushing would resolve the
issue. Li et al. (2002) did not address the presence of
cosmogenic 3He at all. The 3He/4He results for Long-
gang by Xu et al. (1998a) are in agreement with our
results, but those for Kuandian by Xu et al. (1998a), Li
et al. (2002) differ from ours (Fig. 7) and may be
explained by the presence of small amounts of cos-
mogenic 3He in those earlier analyses. Wu et al. (2003)
measured 3He/4He ratios in augite megacrysts, perido-
tite and alkali basalts in Kuandian using the melting
technique, and obtained ratios of 10 RA for augite
megacryst, 2.6 to 4.5 RA for peridotite, and 0.5 to 0.6 RA
for alkali basalts. Lai et al. (2005) determined 3He/4He
ratios in olivine, orthopyroxene and clinopyroxene of
mantle xenoliths from both Kuandian and Wudalianchi
using the crushing technique, and found the ratio to be
between 4.5 and 7.5 RA, similar to our data for
Kuandian, Longgang and Jingbohu. Because we have
taken care to avoid cosmogenic 3He in both sample
collection and analyses, we interpret our crushing results
to reflect mantle characteristics, whereas the higher
3He/4He ratios (N8 RA) in some previous papers likely
reflect some unknown amount of contamination by
cosmogenic 3He, and the lower ratios reflect crustal
contamination.

In summary, 3He/4He ratios in the mantle xenoliths
of the 3 volcanic fields we have studied in Northeast
China range from 5.5 to 7.0 RA. This range is
significantly below the high 3He/4He ratios of mantle
plumes such as those beneath Hawaii and Iceland. It
overlaps the range for the MORB mantle, and is also
similar to values in some island arc and ocean island
regions. The small variation in the 3He/4He ratio could
be attributed to in-growth of 4He. There is presently no
clear evidence for a high-3He/4He mantle plume
component contributing to the volcanism in NE China,
although the data coverage is still limited. Earlier claims
for the presence of high 3He/4He ratios beneath part of
Japan (proximal to NE China) were recently revisited by
Yokochi et al. (2005), who also concluded that those
high ratios are most likely cosmogenically derived.

Note that we, as well as previous authors, measured
He isotopes in mantle xenoliths rather than in basalt
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directly. Subaerial basalt groundmass does not retain its
original helium (e.g., Lai et al., 2005). The mantle
xenoliths were entrained as deep-sourced magma
erupted and do not strictly record the intrinsic
3He/4He of the basalt mantle source. However, fluid
inclusions in olivine typically undergo significant
reequilibration with the host magma during ascent. We
therefore assume in this reconnaissance study that the
helium released by crushing of the xenoliths is
representative of the helium in the mantle source region
of the basalts.

4.2. Sr–Nd–Pb isotopes

We did not obtain new Sr–Nd–Pb isotopic data in
this study because there is already a significant body of
isotopic data for Cenozoic NE China basalts (e.g., Zhou
and Armstrong, 1982; Peng et al., 1986; Liu et al., 1989;
Basu et al., 1991; Zhang et al., 1991; Tu et al., 1992) and
there are no special concerns about the quality of the
data. In this section we examine available literature
Fig. 8. Sr–Nd–Pb isotopic data. The two lines in (B) are 4.55 Ga and 4.4
isotopic data about isotopic characteristics. Zhou and
Armstrong (1982) carried out the first Sr–Nd isotopic
study on recent basalts from North and Northeast China,
and recognized mantle heterogeneity in eastern China.
Peng et al. (1986) identified a distinct mantle component
with time-integrated low U/Pb ratio. Liu et al. (1989)
first proposed the presence of a LoMu component in NE
China mantle. Basu et al. (1991), Zhang et al. (1991)
suggested that recent basalts in eastern China can be
attributed to mixing between a MORB-like reservoir
(DM; depleted mantle) and an EM1 reservoir (and with
significant Dupal signature). Later authors (e.g., Tu et al.,
1992; Choi et al., 2005) mostly followed the interpre-
tation of Basu et al. (1991), Zhang et al. (1991).

Fig. 8 compares literature isotopic data in recent NE
China basalts with various mantle end-members.
Examining Sr–Nd isotopes alone (Fig. 8A), NE China
basalts (blue squares) may be viewed to be a mixture of
DM and EM1, but may also be due to mixing of FOZO
and LoMu. Coupling Sr–Nd and Pb isotopes (Fig. 8B,
C, and D), it can be seen that NE China basalts cannot be
5 Ga geochrons. Data sources can be found in Appendix 2 (online).



Table 2
Isotopic end-members

206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 87Sr/86Sr 143Nd/144Nd

LoMu, ref. 1 16.5 15.7 38.5 0.710 0.51125
LoMu, this work 16.0 15.2 36.1 0.706 0.5122
EM1, ref. 2 17.6 15.48 39 0.7055 0.5124
EM2, ref. 2 19.2 15.6 39.6 0.708 0.5126
HiMu, ref. 2 22 16 40.8 0.7028 0.5128
FOZO, ref. 3 19 15.6 39 0.7035 0.5129
DMM, ref. 2 17.5 15.38 36.9 0.7022 0.5134

References: 1. Douglass and Schilling (2000); 2. See references for Fig. 8; 3. Hauri et al. (1994), Stracke et al. (2005).
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produced by mixing DM and EM1. First, the end-
member with low Pb isotopic ratios in NE China differs
from the EM1 end-member in 208Pb/204Pb: in EM1,
208Pb/204Pb is about 38.2; but in NE China, 208Pb/204Pb
is as low as 36.2, indicating a LoMu component (e.g.,
Doe et al., 1982; Liu et al., 1989; Zhou and Zhu, 1992;
O'Brien et al., 1995; Mahoney et al., 1996; Douglass
and Schilling, 2000). In literature, the end-member of
low Pb isotopic ratios is often confused with the
EM1 end-member. For example, Douglass and Schil-
ling (2000) explicitly defined a LoMu end-member
as 206Pb/204Pb = 16.50, 207Pb/204Pb = 15.70, and
208Pb/204Pb=38.5. However, this definition is similar
to EM1 with fairly high 207Pb/204Pb and 208Pb/204Pb
ratios, significantly higher than the LoMu end-member
in NE China and in Smoky Butte, Western US (Fig. 8).
In Fig. 8, there is an end-member with low 206Pb/204Pb
(16.00), low 207Pb/204Pb (15.20), and low 208Pb/204Pb
(36.1), as exemplified by Smoky Buttes and pointed
to by NE China basalts. This end-member, with
87Sr/86Sr=0.706 and 143Nd/144Nd=0.5113, is hereafter
defined as the LoMu end-member (Table 2). We suggest
that one isotopic end-member for NE China basalts is
this LoMu, instead of EM1.

Secondly, the other end-member, with higher Pb
isotopic ratios (e.g., 208Pb/204Pb=38.5), lower 87Sr/86Sr
and higher 143Nd/144Nd, does not point to the DM end-
member whose 208Pb/204Pb is only about 37. Fig. 8C
shows both MORB isotopic trend and NE China trend
point to and roughly meet at FOZO (Hart, 1992; Stracke
et al., 2005). The concept of FOZO (Focal zone) was
introduced by Hart (1992), and post-dated the work of
Basu et al. (1991). Furthermore, trace elements in NE
China basalts exhibit a strongly enriched signature,
opposite to strongly depleted signature of MORB. In
summary, (i) DM could be one end-member for the Nd–
Sr isotope data, but it is not the only choice; (ii) DM
cannot explain the Pb isotopic data, especially
208Pb/206Pb ratios; and (iii) trace element data do not
need contribution from DM. Hence, we suggest that the
other isotopic end-member in NE China basalts is
FOZO. That one end-member of Greater NE China
basalts is FOZO is consistent with the notion that the
FOZO end-member is the focal zone from which most
mantle mixing arrays emanate (Hart, 1992).

The LoMu isotopic feature is encountered in potassic
basalts in continental setting. Commonly invoked LoMu
source is sub-continental lithosphere (e.g., Douglass and
Schilling, 2000) with the presence of a potassic phase
such as phlogopite and/or amphibole (Hawkesworth
et al., 1990), which may produce Ta depletion during
partial melting (Class and Goldstein, 1997). These are
consistent with data for WDLC and EKS (potassic rocks
with Ta depletion).

Another interesting observation is that in 207Pb/204Pb–
206Pb/204Pb diagram, data from NE China basalts are on
both sides of the 4.55-Ga geochron, whereas literature
data onMORB and OIB are mostly on the right hand side
of the geochron because of the absence of the LoMu end-
member in oceanic basalts. If there is enough LoMu
material, then average 207Pb/204Pb and 206Pb/204Pb ratios
of the bulk silicate Earth might lie on the 4.55-Ga
geochron.

4.3. Major and trace elements

4.3.1. Trace element data quality
There were numerous publications of trace element

data on Greater NE China basalts (see references on
Fig. 9). However, the quality of literature data is not
always easy to assess. Goldstein et al. (2003) published
an editorial and suggested the standards for publication
of chemical data. Previous workers might not have
followed them. Because reanalyzing the same samples
reported in literature is not a practical option, below we
make rough assessment using concentration plots of two
elements known to have similar compatibility. In such
plots, excellent correlations are expected if data quality
is high. Fig. 9A shows Ta versus Nb (literature data and
our own data). The concentrations of these two elements



Fig. 9. (A) Ta versus Nb concentration plot (log–log scale to show
large variations). (B) Ho versus Y concentration plot. Data sources can
be found in Appendix 2 (online).
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are essential for assessing whether there is significant
HFSE depletion using “spidergrams”, which is a
characteristic of island arc basalts. Figs. 5D and 9
show that with our own data Ta and Nb are highly
correlated as expected. Literature data are of variable
quality and there is no relation between data quality and
year of publication. For example, the quality of data by
Zhi and Feng (1992) is about the same as our data.
However, Nb/Ta ratio of more recent data by Zhang
et al. (2002) ranges from 15 to 128, and that of data by
Fan et al. (2002) ranges from 10.7 to 15.1, deviating
significantly from Nb/Ta ratio established by other
analyses.

Fig. 9B shows Ho versus Y. Excellent correlation is
evident. Our data again show excellent correlation
between Ho and Y with Y/Ho ratio at 28.1 (±20%),
similar to the BSE ratio of 28.9 (McDonough and Sun,
1995). Literature data show a total deviation of 40% in
Y/Ho ratio, i.e., with less scatter than that on the Ta
versus Nb diagram.
Because literature data (even very recent data) are of
variable quality and it is difficult to evaluate the quality
a priori, one cannot simply compile literature data to
examine the enrichment or depletion of specific
elements (such as Nb, Ta, Ba, and Rb). In the future it
will be important for authors to acquire more trace
element data and to follow the standard procedures
(Goldstein et al., 2003) in presenting geochemical data.
In discussion below, we will emphasize our own trace
element data (although limited) to investigate source
characteristics and address the origin of volcanic rocks
in NE China.

4.3.2. Trace element characteristics from spidergrams
Trace element abundances normalized to BSE

(McDonough and Sun, 1995) are plotted in spidergrams
in Fig. 6. For all samples, there is no significant
(meaning outside analytical uncertainty) Eu anomaly,
and there is Th depletion to various degrees. Except for
WDLC and EKS, there is no depletion of Nb and Ta.
Although Zr and Hf are not included in the diagrams as
outlined in section 3.2, examination of the data shows
that there is no depletion. There is occasional depletion
of Ba and K in some samples, which is opposite to
enrichment of large ion lithophile elements in subduc-
tion-related basalts, but is largely consistent with other
intraplate volcanics, such as East Australia basalts.

In summary, there is no depletion of high field
strength elements (except for WDLC and EKS, which
will be addressed later) and no enrichment of large ion
lithophile elements in most basalts from Greater NE
China. Hence, there is no geochemical evidence for the
involvement of subduction slab in the production of
Greater NE China basalts.

4.4. Variations among different volcanic fields

In this section, we use major and trace elements to
further infer the partial melting conditions in the mantle
and examine difference among volcanic fields. In order
to infer mantle conditions, we correct for shallow level
fractionation by adding olivine incrementally to a basalt
until theMg# of the basalt is 73%, roughly in equilibrium
with mantle peridotite (e.g., Hart et al., 1997). The
correction is not applied to basalt with MgOb6 wt.%,
nor to basalt that would require more than 30% addi-
tional olivine, because for such basalt olivine may not be
the dominant mineral of low-pressure fractionation.
Before correction, the ferric Fe content is assumed to be
10% of total Fe and major oxide total is normalized to
100%. KD,Fe/Mg and KD,Mn/Mg between olivine and melt
are assumed to be 0.33 and 0.25 respectively (e.g.,



Fig. 10. (A) Normalized La/Sm ratio versus corrected La concentra-
tion. (B) Normalized (Dy/Er) ratio versus corrected SiO2. Data are
from this work.

120 Y. Chen et al. / Lithos 96 (2007) 108–126
Roeder and Emslie, 1970; Jones, 1984). In plots
discussed below, although plotting the corrected data
changes the details, the overall trends are the same as
plotting original data. That is, the correction does not
significantly affect the diagrams and conclusions below,
but makes it self-consistent to treat these melts as mantle-
derived.

Compositional variations of mantle-derived basalts
may be ascribed to (i) heterogeneity in the mantle, and/or
(ii) the degree and (iii) depth of partial melting. (The
depth affects the mineralogy such as presence of garnet.)
Isotopic ratio variations are ascribed to mantle hetero-
geneity treated as a mixture of some end-members.
Concentrations of major and trace elements of mantle-
derived basalts (after correction of shallow depth frac-
tionation) can be easily affected by the degree and depth
of partial melting. Hence one often first investigates the
effect of the degree and depth of partial melting of a
homogeneous mantle (e.g., Shaw, 1970; Allegre et al.,
1977; Zou and Zindler, 1996; Zou, 2000) even when
there is isotopic heterogeneity (e.g., Hart et al., 1997),
and only those features that cannot be explained by deg-
ree and depth of partial melting would be explained by
mantle heterogeneity.

If the mantle source before melting is compositionally
and mineralogically homogeneous, elements with dif-
ferent incompatibility would correlate. Plotting C1/C2

versus C1 would result in a straight line (Allegre et al.,
1977; Hofmann et al., 1986):
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where C is concentration, D is the bulk partition
coefficient of the minerals weighted in the proportions
in the source, P is the bulk partition coefficient of the
minerals weighted in the proportions in which they melt,
subscripts 1 and 2 indicate elements 1 and 2, superscript
0 represents original value in the source.

Fig. 10A shows (La/Sm) ratio normalized to
chondrite versus La concentration. For most volcanic
fields (such as WDLC and EKS, MDJ and JX, JBH, LG,
KD, and DT), La/Sm versus La is roughly a straight line.
However, when all volcanic fields in Greater NE China
are viewed together, recent Greater NE China basalts
roughly follow a curved trend. East Australia basalts
(Zhang et al., 2001) and Honolulu peralkaline basalts
(Clague and Frey, 1982) also follow curved trends. East
Australia basalts follow the similar trend as Greater NE
China, but Honolulu basalts follow a different trend.
The observations suggest that for a given volcanic field,
the variation in the partition coefficients of La and Sm is
small enough so that a linear trend is produced from a
homogeneous source mantle. However, for the whole
volcanic province (11 volcanic fields), the partition
coefficients vary so that the overall trend is curved. The
variation in the partition coefficients is attributed to the
variation in mineralogy as well as mineral proportions in
the source mantle (e.g., due to variation in the depth of
melting). Other figures show similar relations, and the
relation can be more curved if the difference in the
degrees of incompatibility of the two elements is large.
Furthermore, there can be more scatter if one of the
elements shows anomalies in the spidergram.

The fractionation-corrected concentrations of incom-
patible elements such as Th and La, as well as trace ele-
ment ratios such as La/Sm, increase with decreasing
degree of partial melting. The SiO2 activity of mantle
partial melts decreases with increasing depth of partial
melting (e.g. Carmichael et al., 1970; Carmichael, 2004)



Fig. 11. Normalized (Dy/Er) ratio versus (La/Sm) ratio. The 2σ relative
errors for La/Sm and (Dy/Er) ratio are 18% and 25% respectively. Data
are from this work.

Fig. 12. Corrected La concentration and normalized (La/Sm) ratio
versus corrected SiO2. Data are from this work.
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assuming olivine and orthopyroxene are coexisting in the
mantle (very robust). Because calculation of SiO2 activity
requires knowledge of H2O content in the melt (Carmi-
chael, 2004) in equilibrium with the mantle, which is not
available, we will simply use SiO2 content to be a rough
indicator of SiO2 activity. Heavy rare earth elements may
indicate the percentage of garnet in the mantle, which in
turn is roughly correlated with depth of melting. Because
Yb and Lu concentrations are not well analyzed in this
work, we use Dy/Er ratio for this exercise.

In Fig. 11, normalized (Dy/Er) ratio is plotted against
(La/Sm) ratio, together with calculated grids of the degree
of partial melting and the percentage of garnet in the
source region using forward modeling. This diagram is
constructed by analogy to (Dy/Yb) versus (La/Sm) dia-
grams used by Fram and Lesher (1993). One difference is
the use of proportion of garnet here instead of depth on
constructing the grids because relating proportion of gar-
net with depth requires additional assumptions. The parti-
tion coefficients are from Donnelly et al. (2004). The
diagram shows that the degree of partial melting ranges
from 0.5% to 10% with lower degree of partial melting at
WDLC, EKS, JBH, LG and KD, and higher degree of
partial melting at MDJ, JX, DT and CBS (highest degree
of melting). The high degree of partial melting at CBS
suggests high temperature or high water content in the
mantle, and is consistent with CBS being the largest
volcano in Greater NE China. Because the variation in
(Dy/Er) ratio is small, and 2σ error bar for (Dy/Er) ratio is
about 25%, the proportion of garnet in the source region is
not well resolved, but roughly in the range of 0 to 10%.

Fig. 10B shows normalized (Dy/Er) ratio versus
corrected SiO2. Both are related to the depth of mantle
partial melting. A low SiO2 means melting at greater
depth. A high (Dy/Er) ratio means more garnet in the
source and hence greater depth. Hence there should be a
negative correlation between (Dy/Er) ratio and corrected
SiO2. This is indeed so in Fig. 10B, with subparallel and
nearly identical trends for NE China and East Australia
basalts, except for WDLC and EKS region.

Fig. 12 shows corrected La concentration and
normalized La/Sm ratio versus corrected SiO2 (roughly
related to the depth of melting). There is negative
correlation between La and SiO2, and between La/Sm
and SiO2 for recent NE China basalts as well as East
Australia basalts and Honolulu peralkaline basalts.
(Again, WDLC and EKS are off the general trend.) The
observed negative correlation can be explained by
different degree of partial melting at different depth,
with smaller degree at greater depth. Furthermore, at a
given volcanic field, there is large variation in corrected
La and SiO2 content, as well as La/Sm ratio, indicating a
large range of depth and degree of partial melting, and
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minimal mixing of melts generated at different depths.
The different trends for various volcanic fields in Fig. 12
probably reflect different degrees of partial melting at a
given depth (or a given SiO2). That is, at a given depth
(such as 70 km), the degree of partial melting is highest at
WD, CL, MDJ, and JX, followed by DT, LG, CBS, KD,
and JBH. WDLC and EKS are outliers, and have the
highest SiO2 content at the same (La/Sm) ratio or the same
corrected La concentration. The results imply that there is
regional difference in geothermal gradient or in volatile
contents in the mantle, which led to the difference in the
degrees of partial melting at the same depth.

4.5. WDLC and EKS

Basalts of WDLC and EKS are different in many
aspects from the rest of recent basalts in Greater NE
China. The differences are summarized below:

(i) Basalts of WDLC and EKS are potassic. Never-
theless, on trace element spidergram, there is no
additional K enrichment. Hence the highly
potassic nature is attributable to very small degree
of partial melting.

(ii) La concentration and La/Sm ratios are high,
suggesting very small degree of melting.

(iii) SiO2 content in WDLC and EKS basalts is high
relative to the incompatible trace element concentra-
tions (Fig. 12), suggesting shallow depth of melting.

(iv) Depletion of Nb, Ta and Th suggests melting of
continental lithosphere (Turner and Hawkes-
worth, 1995).

(v) Dy/Er ratio is high, suggesting garnet presence in
the source region.

(vi) Isotopically, WDLC and EKS are near the
extreme end of the LoMu isotopic end-member,
similar to Smoky Buttes lamproites.

The above characteristics are best explained by small
degrees of partial melting of the continental lithosphere at
shallow depth in the presence of phlogopite and/or
amphibole (Class and Goldstein, 1997). The inferred
presence of garnet in the source region is difficult to
reconcile with shallow depth, but might be due to garnet-
bearing eclogite veins. If themantle source region contains
high water content, partial melting of the relatively cold
lithosphere would be facilitated.

4.6. Depletion of large ion lithophile elements

Basalts from WD and CL show significant depletion
(by about a factor of 2) of large ion lithophile elements
(K and Ba). Furthermore, basalts from CBS display both
depletion and enrichment of large ion lithophile
elements. Because K and Ba are easily mobilized in
fluid, the depletion (as well as occasional enrichment)
may be attributed to fluid activity in the source mantle.
Removal of fluid (dehydration) would deplete the large
ion lithophile elements, and addition of fluid would
enrich these elements. It is hence important in the future
to investigate water content in the mantle source region
or in pre-eruptive basalt.

4.7. Summary and synthesis

4.7.1. Plume/hotspot volcanism?
He isotopic data presented in this work suggest that

there is no high-3He/4He mantle plume involved in NE
China volcanism. Furthermore, seismic tomographic
images of Zhao et al. (2004) show that the seismic
velocity anomalies beneath volcanic fields are shallow,
without any deep roots that would be consistent with a
deep-seated hotspot or mantle plume. Hence, the plume
or hot spot hypothesis for recent NE China volcanism
does not have strong support.

4.7.2. Back-arc volcanism?
Seismic tomography (Zhao et al., 2004) shows that the

Pacific plate subducts from Japan trench and gradually
flattens at a depth of 400 to 600 km (in the transition zone)
in the NE China volcanic region. The horizontal slab un-
derlies the volcanic fields in greater NE China, consistent
with the suggestion that recent NE China basalts are
related to back-arc extension (e.g. Basu et al., 1991; Liu
et al., 2001; Ren et al., 2002). The linear volcanic belt
along Changbaishan is roughly parallel to Japan Trench,
also consistent with the suggestion. However, there is no
slab signature in recent NE China basalts. Classical back-
arc basalts show affinities with island arc basalts with
LILE enrichment and HFSE depletion, and this signature
diminishes as the distance of back-arc spreading center to
the island or continental arc increases (Taylor and
Martinez, 2003). Therefore, the complete absence of
slab signature may be attributed to the great distance
(N1000 km) between NE China volcanic fields and Japan
Arc. Hence, the back-arc extension hypothesis cannot be
ruled out by geochemistry. Because there is no evidence
for the involvement of slab fluid, partial melting in the
mantle of NE China is not helped by water from dehy-
drated Pacific slab even if the volcanism is due to back-arc
extension. Whether the slab and the subduction process
are causing a corner flow in the big mantle wedge (Chen,
personal communication) cannot be evaluated from
geochemistry currently.
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4.7.3. Volcanism due to asthenosphere upwelling when
cross the Gravity Gradient Line?

This hypothesis was advanced byNiu (2005). In Fig. 1,
one can see a sharp topographic boundary between the
low-lying East China and high-lying West China. The
boundary is slightly to the east of Daxing'anling in its
north segment, and to the east of Erdos in its south
segment. The boundary was referred to as the Gravity
Gradient Line by Niu (2005). Niu (2005) argues that
because the lithosphere thickness changes rapidly across
the boundary, from about 150 kmwest of the boundary to
about 80 km east of the boundary, the volcanism in
Greater NE China is due to decompression from 150 km
depth to 80 km depth when asthenospheric flow crosses
the boundary from west to east. Although this model can
explain the few volcanic activities on the immediate east
of the Gravity Gradient Line, it does not explain volcanic
activities on the west of the Line, nor does it explain the
volcanic activities about 700 km to the east of the
boundary.

4.7.4. Volcanism due to delamination of continental
lithosphere?

Based on the presence of diamondiferous kimberlitic
rocks, thermobarometry of mantle xenoliths found in
kimberlites, and other lines of argument, the lithosphere
thickness of the North China Craton (which extends
to Liaoning of NE China; see the long-dashed line in
Fig. 1) was about 200 km during Paleozoic (e.g.,
Menzies et al., 1993; Griffin et al., 1998; Menzies and
Xu, 1998). At present, the lithosphere ranges from about
60 km in the Bohai region (Liu, 1987; Ma et al., 2002) to
about 120 km (Xu et al., 1998b; Ma et al., 2002). One
suggestion was that the thinning of the lithosphere
during the Mesozoic brought hot asthenosphere closer
to the surface, leading to decompressional melting. The
localized distribution of the volcanic fields on the
borders of NE China Plain may be attributed to the
pathways for magma to come to the surface.

Although our data cannot pin down the exact origin,
the weight of various lines of evidence, including the
absence of high 3He/4He ratios, the lack of HFSE
depletion and LILE enrichment, the diffuse distribution
of volcanic rocks, the strongly alkaline nature of the
volcanic rocks, the enrichment of incompatible ele-
ments, and the involvement of both asthenospheric and
lithospheric mantle in mantle partial melting, seems to
be most easily reconciled by diffuse volcanism due to
lithosphere thinning. Nevertheless, it is possible that
subduction played a role in thinning the lithosphere. For
example, the current pile-up of the subducted slab at
400–700 km depth will eventually avalanche into the
lower mantle (Tackley et al., 1993). When this happens,
mantle convection would be enhanced, which might
lead to erosion or delamination of a thick lithosphere.
Similar pile-up and avalanche could have happened in
the past and led to lithosphere thinning of North China
Craton. This speculation may be evaluated through
geodynamic mantle convection models.

There is a difficulty (or paradox) to account for
volcanism in Greater NE China by delamination
because delamination occurred mostly in NCKC, but
volcanism in this region is mostly north of NCKC.
Whether and how delamination in North China–Korea
Craton could affect NE China will require future studies.

4.8. Future research directions

Accurate and detailed mapping of the volcanic rocks
is the first and critical step for all subsequent investiga-
tions. Detailed geochronological investigations of
volcanic history of individual volcanic fields based on
mapping will be necessary to reveal the spatial-time
evolution of volcanic activities. Both mapping and
dating should be intensified in the future.

To further understand partial melting that produced
the volcanos in Greater NE China, it will be important to
determine the pre-eruptive water content in various
volcanic fields. From the pre-eruptive water content in
basalts, it may be possible to estimate H2O/K2O ratio in
the mantle source, and the role of H2O in controlling the
depth and degree of partial melting. The regions with
anomalous trace element patterns may be related to
water and hydrous minerals in the mantle. For example,
high water content in the mantle source would be
consistent with and help to explain partial melting at
relatively low temperatures in the lithospheric mantle in
WDLC and EKS. Loss of a fluid component from the
mantle source could explain the depletion of large ion
lithophile elements in WD and CL.

Our preliminary modeling indicates that some
CBS basalts formed by high degree of mantle partial
melting, which is consistent with CBS being the largest
volcano in Greater NE China. More systematic sampling
and comprehensive investigation of major and trace
elements is necessary to check whether this is true for the
basement building stage of Mount Changbai. Further-
more, whether the high degree of partial melting is related
to high water content in the mantle, or whether it is due a
hotter mantle may be resolved by thermobarometry and
determination of water content in the mantle.

A broader spatial coverage of the volcanic fields for
3He/4He analyses is clearly needed to rule out any role
for a high 3He/4He mantle plume in the volcanism of NE
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China. Particular attention needs to be paid to sample
collection and analyses aimed at minimizing the
contribution of cosmogenic 3He.

Because reliable trace element data are still scarce, it
will be important in the future to obtain high-quality
trace element data for all volcanic fields. Accurate
mapping of crustal and lithospheric thickness might help
to relate compositional characteristics to geophysical
properties.
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