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) dispersed intraplate volcanism characterized by small volume of melt and large
compositional variability, occurred over NE China at Jingbohu, Long-gang, Tianchi and Wudalianchi. These
young volcanic rocks provide ideal opportunities for investigating the mechanism of dispersed continental
volcanism using short-lived uranium-series isotopes. We present systematic U-series, Nd, Sr, Pb isotope and
trace element analyses of the young lavas from NE China. Jingbohu lavas display variable extents of 230Th
excesses (10 to 28%) and moderately depleted Nd isotopic compositions (εNd = + 1.5 to + 3.3). Long-gang lavas
have pronounced (33 to 35%) 230Th excesses and slightly depleted Nd isotopic compositions (εNd = + 0.5 to +
0.7). The Tianchi lavas display moderate (12%) 230Th excesses and slightly enriched Nd isotopic compositions
(εNd = − 1.0 to − 1.1). 230Th enrichments in all these volcanic rocks are uncharacteristic of melts generated by
subduction. The strongest evidence against the involvement of subduction-related fluids is derived from the
Long-gang lavas having more than 30% 230Th excesses, low U/Th, Sr/Th and Ba/Th ratios, and positive Nb and
Ta anomalies. The fluids released from the subduction of the Pacific plate under the Eurasian plate might
have already been completely lost before the slab reached the mantle beneath NE China. We postulate that,
in addition to the convective circulation process, the continuous piling up and upward thickening of stagnant
Pacific slab in the mantle transition zone may help drive a broad asthenosphere upwelling far from the
trench, leading to mantle partial melting and the formation of the young volcanoes in NE China. In addition,
our U–Th disequilibrium data provide constraints on magma evolution time. The magma evolution time from
low SiO2 (47.5%) basalt to higher SiO2 (50.4%) basalt at Long-gang is within 10 thousand years (10ka). The
magma evolution time from trachyte to rhyolite at Tianchi volcano is also less than 10ka. If the Tianchi silicic
rocks were evolved from Long-gang basaltic magmas with minor crustal assimilation, then the magma
evolution time from basaltic magma to silicic magmas is less than 110 thousand years.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Dispersed Cenozoic lavas are widely distributed in East Asia and
constitute a diffuse igneous province (e.g., Basu et al., 1991; Flower
et al., 1998; Zou et al., 2000; Choi et al., 2006). Such provinces differ
from large igneous provinces that were generated from mantle plume
melting by having greater compositional diversity and lower rates of
melt production (Flower et al., 1998; Farmer, 2004). In comparison
with the understanding of the formation of flood basalts from large
igneous provinces, how small-volume dispersed continental lavas are
generated is not well understood. Why and where did the melting
occur that eventually led to the formation of such small-volume
dispersed lavas on continent?
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Northeast China is an ideal place to study dispersed continental
volcanism using short-lived uranium-series isotopes, owing to the
presence of diverse small-volume Holocene (b 10,000) lavas at
Wudalianchi, Jingbohu, Long-gang, and Tianchi (the youngest volcano
at Changbaishan or Baitoushan). The eruption ages are 1719–1721 AD
for Wudalianchi, 5200–5500years BP (before present) for Jingbohu
(Fan et al., 2003; Fan et al., 2006), 1500–1600years BP for Long-gang
(Fan et al., 2002), and about 1000years BP for Tianchi (Dunlap et al.,
1992; Horn and Schmincke, 2000; Wei et al., 2007). Lavas from
Jingbohu and Long-gang contain mantle xenoliths, indicating fast
magma transport to the surface.

A U-series study of the Wudalianchi potassic basalts has already
been conducted (Zou et al., 2003). Here we carry out a systematic U–
Th disequilibrium, Nd, Sr and Pb isotope as well as major and trace
element study of the Holocene lavas from Jingbohu, Long-gang and
Tianchi of NE China, in order to 1) investigate the origins of the
Holocene lavas in a diffuse igneous province; 2) assess possible
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Fig. 1. Locations of Holocene volcanoes in NE China. WDLC = Wudalianchi; JBH =
Jingbohu; LG = Long-gang; CBS = Changbaishan (Baitoushan). Tianchi volcano is the
youngest volcano at Changbaishan.
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influence of recent subduction-related fluids beneath NE China; and
3) constrain the magma evolution time scales for evolved lavas from
Tianchi (Fig. 1).
Table 1
Major element (in wt.%) and trace element (ppm) concentrations of lavas from Jingbohu (JB

Sample J99821-1 J99821-5 J99821-6 J99822-1 J99823-1 J99824-1 JB11

Locality JBH JBH JBH JBH JBH JBH JBH

SiO2 47.43 47.84 44.97 50.08 51.08 46.39 46
TiO2 1.69 1.71 1.83 1.79 2.25 1.77 1
Al2O3 15.13 15.08 14.98 16.92 13.57 14.87 17
Fe2O3⁎ 11.76 10.54 11.55 9.95 9.01 10.42 11
MnO 0.17 0.17 0.17 0.14 0.13 0.17 0
MgO 8.04 8.13 8.5 4.39 7.31 9.03 4
CaO 8.46 7.96 8.41 5.64 7.12 8.30 5
Na2O 4.47 4.92 4.96 6.09 3.78 4.77 6
K2O 2.32 2.88 3.27 4.07 4.50 3.00 4
P2O5 0.72 0.91 0.96 1.03 0.93 0.99 1
Total 100.19 100.13 99.6 100.10 99.67 99.71 99
Cs 0.79 0.97 0.69 1.25 0.89 0.87 1
Rb 51.4 57.7 42.5 85.9 58.1 56.5 82
Ba 652 636 668 697 678 680 689
Th 8.13 8.59 7.84 11.41 7.83 8.47 11
U 1.98 2.15 1.64 2.85 1.85 2.18 2
Nb 73.1 68.9 62.6 89.2 82.4 76.5 93
Ta 4.21 4.00 3.57 5.66 4.99 4.43 5
La 59.2 56.5 47.1 65.2 66.8 62.5 67
Ce 106.1 101.9 83.7 118.7 112.6 111.6 123
Pb 5.15 7.02 4.80 10.00 6.30 5.91 7
Pr 11.9 11.4 9.3 13.3 12.4 12.5 13
Sr 1011 960 759 1047 1075 1066 1136
Nd 45.4 43.3 35.3 50.4 46.7 47.8 52
Zr 246 239 199 355 259 254 385
Hf 5.55 5.52 4.63 8.04 5.39 5.57 8
Sm 8.92 8.46 7.18 9.61 9.12 9.38 10
Eu 2.87 2.69 2.43 2.98 2.71 2.99 3
Gd 7.58 7.44 6.47 7.76 7.68 8.35 8
Tb 1.11 1.06 0.94 1.03 1.03 1.14 1
Dy 5.75 5.64 5.13 5.19 5.24 6.06 5
Ho 1.01 1.00 0.92 0.82 0.90 1.03 0
Er 2.36 2.38 2.21 1.72 2.18 2.37 1
Yb 1.64 1.68 1.60 1.07 1.57 1.56 0
Y 25.2 25.0 23.0 20.5 27.5 25.8 20
Lu 0.23 0.25 0.24 0.15 0.23 0.23 0
Eu⁎ 1.04 1.01 1.07 1.02 0.97 1.01 1
Sr/Th 124 112 97 92 137 126 101
Ba/Th 80 74 85 61 87 80 61

Eu anomaly is given by Eu⁎=2EuN / (SmN+GdN), where N denotes normalized values by CI c
2. Analytical methods

Thorium isotopic compositions of most samples were measured
using a VG 54 mass spectrometer equipped with a WARP energy filter
(VG54-WARP) and an ion counting system, except for three samples
(J99821-1, J99824-1 and JB11-11) that were measured by a Cameca
IMS 1270 ion microprobe at UCLA, following Layne and Sims (2000).
The mass resolution for the ion probe IMS 1270 work is at 5000. In
principle, the ion probe technique for Th isotope measurement is
similar to the ISOLAB 54 secondary ion mass spectrometry technique
originally developed at Lamont (England et al., 1992; Bourdon, 1994).

The revised chemicalmethod atUCLAto separate andpurify thorium
involves two columns (1) a 400 μl TRU Spec column to separate Th from
other major and trace elements, and (2) a 100 μl anion resin column to
purify Th. Chemically separated high-purity Th was loaded inside a
circular containment in a 1-inch diameter graphite disk. Repeated
analyses for Th isotopic standards are 232Th/230Th = 1.703×105 105 ±
1.5×103 (n = 37) (2 SD) for UC Santa Cruz Th standard TML-1, which is in
accord to the working value of 1.706×105 ± 1.4×103 (Collerson et al.,
1997; Layne and Sims, 2000). Analyses of a thorium solution standard
(WUN-1) give 232Th/230Th = 2.303×105 ± 2.5×103 (n = 6), within error of
the analyses obtained using ISOLAB 54 at the National High Magnetic
Field Laboratory (2.327×105 ± 2.4×103) (Zou et al., 2002; Stracke et al.,
2003), Cameca IMS1270atWoodsHole (2.305×105 ±2.3×103), Finnigan
Neptune atWoodsHole (2.336×105 ± 1.5×103) (Ball et al., 2002) and VG
Elemental Plasma54-30 (2.316×105 ±0.7×103) atCarnegie Institutionof
H), Long-gang (LG) and Tianchi (TC)

-11 LG 9940 99L11-1 HJ97001A HJ97034 HJ97044 P-2 P-4

LG LG LG LG LG TC TC

.78 47.45 50.38 49.76 48.50 48.51 71.63 64.04
.92 2.52 1.89 1.94 2.39 2.31 0.23 0.57
.06 16.38 17.69 17.70 16.52 17.03 11.27 15.69
.36 11.53 11.47 11.60 11.51 11.42 4.15 5.13
.15 0.17 0.26 0.18 0.19 0.20 0.05 0.10
.67 7.43 4.60 4.46 6.74 5.65 0.36 1.58
.77 7.65 6.00 5.76 8.01 7.82 0.04 0.42
.20 3.97 3.72 4.25 3.42 3.76 4.81 5.68
.59 2.31 3.06 3.01 2.29 2.05 5.39 5.56
.06 0.57 0.00 0.88 0.53 0.67 0.00 0.10
.56 99.99 99.07 99.54 100.09 99.43 99.53 99.59
.22 0.70 2.00 0.57 0.60 0.82 5.76 2.66
.2 56.0 82.9 55.9 55.4 89.7 297.0 116.0

806 1192 778 782 968 15.3 148
.22 6.67 9.99 6.69 7.26 10.70 46.93 14.26
.71 1.31 1.94 1.35 1.44 1.52 9.79 2.72
.8 58.7 76.3 56.5 58.4 72.8 201.3 68.1
.75 3.49 4.60 3.41 3.87 5.57 16.33 5.37
.3 46.2 68.6 45.5 45.7 58.7 135.0 67.2
.0 84.9 122.4 83.6 88.8 109.5 301.4 138.9
.31 4.39 6.59 4.79 5.89 7.69 37.14 14.67
.8 9.50 13.15 9.32 9.64 11.7 34.4 16.0

795 955 711 693 802 6.85 56.15
.5 35.8 47.5 35.3 33.1 39.2 113.6 56.3

208 286 213 209 265 1724 560
.46 5.12 6.46 5.18 5.72 7.08 48.00 14.48
.11 7.09 8.53 6.99 6.54 7.64 25.40 10.90
.24 2.42 2.85 2.39 2.35 2.80 0.32 0.74
.09 6.25 7.18 6.29 7.01 6.92 25.70 10.00
.07 0.94 1.05 0.94 0.94 0.97 4.11 1.56
.21 5.29 5.94 5.22 4.53 4.57 21.44 7.56
.81 0.97 1.10 0.97 0.83 0.89 4.27 1.47
.66 2.42 2.92 2.46 2.18 2.15 11.20 3.63
.87 1.94 2.54 1.90 2.11 1.70 9.73 3.42
.1 23.8 28.3 24.3 22.4 21.6 96.7 29.4
.11 0.29 0.39 0.29 0.38 0.31 1.36 0.49
.06 1.09 1.08 1.08 1.05 1.15 0.04 0.21

119 96 106 95 75 0.1 3.9
121 119 116 108 90 0.33 10
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Fig. 2. Total alkali vs. silica (TAS) plot. The classification is based on Le Bas et al. (1986).
The dotted line is the division between alkaline series and subalkaline series (Irvine and
Baragar, 1971).

Fig. 3. CI chondrite-normalized REE abundance patterns for the lavas from (a) Jingbohu,
(b) Long-gang and (c) Tianchi.
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Washington (Pietruszkaet al., 2002). Reproducibilityof 238U/232Th ratios
is estimated to be b 1.5%, based on isotope dilution analyses of U/Th
ratios of TML-1 from 3 separate dissolutions.

Major and trace elements were measured by ICP-MS at the
GeoAnalytical Center at the Washington State University and the
Institute of Geology and Geochemistry, Chinese Academy of Sciences.
Sample powders were prepared with an agate mill to avoid potential
contamination of Ta and Nb by a tungsten carbide mill. Nd, Sr and Pb
isotopic compositions as well as U and Th concentrations were
measured using VG 54WARP at UCLA. Analytical details on Nd, Sr and
Pb isotopes and U and Th concentrations at UCLA using TIMS have
been documented in Zou et al. (2003). Nd and Sr isotopic compositions
were normalized to 146Nd/144Nd = 0.7219 and 86Sr/88Sr = 0.1194,
respectively. The measured Nd and Sr isotope standard values are
143Nd/144Nd = 0.511843 ± 13 (n = 24) for La Jolla and 87Sr/86Sr =
0.710239 ± 16 (n = 13) for NBS 987. Replicate analyses of Pb isotope
standard NBS 981 give 206Pb/204Pb = 16.896 ± 0.013, 207Pb/204Pb =
15.435 ± 0.014, and 208Pb/204Pb = 36.525 ± 0.041. Relative to the
following values for NBS981: 206Pb/204Pb = 16.9356, 207Pb/204Pb =
15.4891, and 208Pb/204Pb = 36.7006 (Todt et al., 1996), Pb isotopic data
in samples were corrected for mass fractionation of 0.118% per atomic
mass unit (AMU) for 206Pb/204Pb, 0.117% per AMU for 207Pb/204Pb, and
0.119% per AMU for 208Pb/204Pb.

3. Results

We selected 14 samples for major and trace element analyses,
including 7 samples from Jingbohu, 5 samples from Long-gang and 2
samples from Tianchi. Major and trace element concentrations (in
wt.%) are presented inTable 1. In the total alkali vs. silica (TAS) diagram,
all samples belong to the alkaline series (above the dotted line in
Fig. 2). The 12 samples from Jingbohu and Long-gang are alkali basalts
and the 2 samples from Tianchi are trachyte (P-4) and rhyolite (P-2). In
detail, the 7 samples from Jingbohu are basanite and phototephrite,
and the 5 samples from Long-gang are trachybasalts. The alkali basalts
from Jingbohu and Long-gang have similar SiO2 content (47–50%). The
MgO content varies from 9.0% to 4.4% for Jingbohu, and from 7.4% to
4.5% for Long-gang. The total alkali contents range from 6.8% to 10.8%
for Jingbohu, and from 5.7% to 7.2% for Long-gang. Except for sample
J99823-1, the alkali basalts have K2O/Na2O b 1.0. The alkali basalts
from Jingbohu and Long-gang have high TiO2 contents, ranging from
1.7 to 2.4%.
All alkali basalts from Jingbohu and Long-gang are enriched in light
rare earth elements (LREEs) over heavy rare earth elements (HREEs)
(Fig. 3). They do not display any negative Eu anomalies. In the spider
diagram (Fig. 4), none of the samples shows any appreciable depletion
in high field strength elements, such as Nb and Ta.

The evolved lavas from Tianchi are also enriched in LREE over
HREE. The Tianchi lavas have significant negative Eu anomalies ((Eu⁎)
0.04 is for rhyolitic sample P-2 and 0.21 for trachytic sample P-4),
suggesting considerable plagioclase fractionation. The Tianchi tra-
chyte (P-4) and especially rhyolite (P-2) display strong negative
anomalies in Ba, Sr, and Ti (Fig. 4).

The Nd, Sr, Pb and U-series isotope data are presented in Table 2.
The Sr, Nd and Pb isotope data show highly restricted range within
each locality. The εNd values are + 1.5 to + 3.2 for Jingbohu, + 0.5 to + 0.7
for Long-gang, and − 1.0 to − 1.1 for Tianchi. The 87Sr/86Sr values range
from 0.7039 to 0.7044 for Jingbohu, 0.7044 to 0.7045 for Long-gang,
and 0.7050 to 0.7052 for Tianchi. The 206Pb/204Pb ratios are 17.88 to
18.00 for Jingbohu, 17.91 to 17.95 for Long-gang, and 17.54 to 17.56 for
Tianchi. Samples from Jingbohu, Long-gang and Tianchi display higher
εNd and 206Pb/204Pb, but lower 87Sr/86Sr than Wudalianchi potassic
basalts (Fig. 5). The Nd isotope compositions indicate that source rocks
for the Jingbohu and Long-gang lavas are moderately depleted and
may represent asthenospheric melts. The slightly negative εNd value



Fig. 4. Primitive mantle (Sun and McDonough, 1989) normalized spider trace element
diagrams for lavas from (a) Jingbohu, (b) Long-gang, and (c) Tianchi.
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of the Tianchi evolved lavas may be attributed to minor crustal
assimilation during fractional crystallization process.

The U–Th isotope results are presented on a (230Th/232Th) vs. (238U/
232Th) equiline diagram in Fig. 6. All samples, in particular, the Long-
gang samples, display significant 230Th excesses (Fig. 6). The (230Th/
238U) values are 1.09 to 1.28 for Jingbohu, 1.33 to 1.35 for Long-gang,
and 1.12 for Tianchi. Interestingly, the three samples (LG9940, 99L11-1,
HJ97001A) from Long-gang exhibit (230Th/238U) ratios (1.33 to 1.35)
within measurement uncertainties, in spite of their MgO range (7.43%,
4.60% and 4.46%, respectively). The two Tianchi samples (P-2 and P-4)
Table 2
U–Th disequilibrium and Nd, Sr and Pb isotopic compositions

Samples J99821-5 J99821-1 J99822-1 J99823-1 J99824-1 JB

Locations Jingbohu Jingbohu Jingbohu Jingbohu Jingbohu Ji

U 1.93 1.76 2.62 1.93 1.98 2.
Th 7.55 7.21 9.53 8.15 7.86 9.
U/Th 0.256 0.244 0.275 0.237 0.252 0.
(238U/232Th) 0.777 0.743 0.836 0.721 0.765 0.
(230Th/232Th) 0.909 0.855 0.938 0.922 0.876 0.
(230Th/238U) 1.17 1.15 1.12 1.28 1.15 1.
87Sr/86Sr 0.704114 0.704409 0.703938
2SE 0.000009 0.000006 0.000009
143Nd/144Nd 0.512801 0.512713 0.512805
2SE 0.000008 0.000008 0.000008
εNd 3.2 1.5 3.3
208Pb/204Pb 37.958 38.044
207Pb/204Pb 15.505 15.508
206Pb/204Pb 18.000 17.876

εNd=[(143Nd/144Nd)/ (143Nd/144Nd)CHUR−1]×1000, where (143Nd/144Nd)CHUR=0.512638.
have identical (230Th/238U) value (1.12), despite their differences in
MgO content (1.6% for P-4 and 0.4% for P-2) and SiO2 content (64% for
P-4 and 71.6% for P-2). The (230Th/238U) values are not correlated to
εNd values. For example, the Long-gang lavas have the highest (230Th/
238U) (1.33 to 1.35) but only the intermediate εNd value (+ 0.5 to + 0.7).

The Holocene basalts fromwestern USA are also plotted in Fig. 6 for
reference purposes. In general, the NE China basalts have higher 230Th
excesses and lower U/Th ratios than the western USA basalts.

4. Discussion

4.1. Assessment of the influence of fluids released from subducted Pacific
slab

A fundamental question regarding the geodynamics in NE China is
whether or not the dispersed volcanoes are physically and chemically
associated with the subduction of the Pacific plate. Recent study of
seismic topography indicates 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 (Zhao, 2004; Lei and
Zhao, 2005). The stagnant slab may carry fluids deep into the mantle
(Zhao, 2004; Lei and Zhao, 2005). It was proposed that the deep
dehydration process of the stagnant Pacific slab, together with
convective circulation process in the mantle wedge, led to mantle
melting and the formation of intraplate volcanoes in NE China (Zhao,
2004; Lei and Zhao, 2005).

Our U–Th disequilibrium data, together with trace element data,
can be used to evaluate the possible influence of subduction-related
fluids in deep mantle. Uranium is highly mobile in oxidizing aqueous
fluids whereas Th behaves as an immobile high field strength element.
The subduction-related fluids are thus highly enriched in U relative to
Th. Lavas formed by subduction-related fluid-induced melting often
display 238U excesses or U–Th equilibrium (Gill and Williams, 1990;
Elliott et al., 1997; Bourdon et al., 2003; Turner et al., 2003), as well as
high U/Th ratios (Fig. 7). The significant 230Th excesses in the alkali
basalts from Jingbohu and Long-gang argue against flux melting. The
strongest evidence against fluid-induced melting comes from the
Long-gang volcanoes. Long-gang is closer to the subduction trench
compared with Wudalianchi and Jingbohu. The significant 33–35%
230Th excesses in the Long-gang lavas are uncharacteristic of any
subduction-related volcanism.

Although arc lavas with rare 230Th enrichments have been
observed from Nicaragua, central America (Reagan et al., 1994;
Thomas et al., 2002), these arc lavas from Nicaragua are also
characterized by very high (238U/232Th) ratios (1.4 to 2.8) (Fig. 7). In
contrast, the (238U/232Th) ratios of the young lavas from NE China are
0.72 to 0.84 for Jingbohu and 0.60 to 0.62 for Long-gang (Table 2).
11-11 LG9940 99L11-1 HJ97001A P-2 P-4

ngbohu Long-gang Long-gang Long-gang Tianchi Tianchi

45 1.25 1.70 1.12 8.89 2.25
81 6.14 8.61 5.65 42.57 10.90
250 0.204 0.197 0.198 0.209 0.206
759 0.621 0.601 0.601 0.634 0.628
825 0.827 0.809 0.796 0.711 0.705
09 1.33 1.35 1.33 1.12 1.12

0.704467 0.704443 0.704488 0.705154 0.705020
0.000009 0.000011 0.000011 0.000009 0.000015
0.512665 0.512674 0.512663 0.512582 0.512586
0.000008 0.000008 0.000008 0.000008 0.000009
0.5 0.7 0.5 −1.1 −1.0

38.394 38.480 38.457 37.934 37.897
15.570 15.556 15.546 15.541 15.532
17.910 17.953 17.931 17.560 17.540



Fig. 5. Covariations in (a) εNd vs. 87Sr/86Sr, (b) εNd vs. 206Pb/204Pb, and (c) 87Sr/86Sr–
206Pb/204Pb for the Holocene lavas from NE China.

Fig. 6. U–Th disequilibrium data for Jingbohu, Long-gang and Tianchi lavas. The
Wudalianchi U–Th isotope data are from Zou et al. (2003). The U–Th isotopes data forW
USA Holocene basalts are from Asmerom and Edwards (1995) and Reid (1995).

Fig. 7. Comparison of U–Th disequilibrium data of NE China young lavas with those of
island arcs. Data sources for island arcs: Nicaragua (Reagan et al., 1994), Tongga-
Kermadec (Turner et al., 1997), Mariana (Elliott et al., 1997), Kamchatka (Turner et al.,
1998; Dosseto et al., 2003), Aleutians (Turner et al., 1998), Tonga (Turner et al., 1997),
Costa Rica (Thomas et al., 2002) and Sunda (Turner and Foden, 2001).
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Their U/Th ratios are even lower than the continental basalts from
western USA (Fig. 6). Thus significant 230Th excesses togetherwith low
U/Th ratios in the NE China volcanic rocks argue against the influence
of the fluids released from the subducted Pacific slab.

In addition to U–Th disequilibrium data, we can assess the possible
role of subduction-related fluids using trace element data. During the
slab dehydration process, Ba and Sr are highly mobile in fluids from
the subducted slab whereas Th is much less mobile. Thus fluid fluid-
induced melting would produce lavas with high Ba/Th and Sr/Th
ratios. With exception of several samples from Sunda, arc lavas
produced by fluid-induced melting typically have Ba/Th ratio ranging
from 130 to 970 (Bourdon et al., 2003) and Sr/Th ratios ranging from
187 to 1641 (Hawkesworth et al., 1997). The Jingbohu and Long-gang
lavas exhibit rather low Ba/Th and Sr/Th ratios. The Ba/Th ratios range
from 61 to 90 for the Jingbohu lavas, and from 91 to 135 for the Long-
gang lavas. The Sr/Th ratios are 92–140 for Jingbohu and 75–133 for
Long-gang (Fig. 8).

High field strength elements such as Nb and Ta behave similarly to
the immobile Th during slab dehydration. The fluid-induced melting
thus can generate lavas with negative anomalies in Nb and Ta.
Jingbohu and Long-gang alkali basalts display positive Nb and Ta
anomalies (Fig. 4), which does not indicate the involvement of
subduction-related fluids or sediments.

To sum up, the significant 230Th excesses, low U/Th, Ba/Th and Sr/
Th ratios, and the positive anomalies in Nb and Ta, consistently argue
against the involvement of subduction-related fluids to generate the
young volcanoes in NE China.

How far can Pacific subduction-related fluids go? The underlying
mantle to generate the NE Japan alkali basalts was strongly affected by
the fluids released from the subducting Pacific plate (Kimura and
Yoshida, 2006). The alkaline basalts from NE Japan indeed display
positive 238U excesses (Yokoyama et al., 2003; Yokoyama et al., 2006),
consistent with significant influence of subduction-related fluids. The
underlyingmantle to generate the SW Japanese alkali basalts was only
slightly influenced by the subduction-related fluids. The alkaline
basalts from SW Japan show reduced influence of subduction-related
fluids. The intensity of the influence of subduction-related fluids thus



Fig. 8. Sr/Th vs. Th diagram. The Sr and Th concentration data of arc lavas are from
Hawkesworth et al. (1997).

Fig. 9. Tectonic features of the NE Asia and NW Pacific (modified after Tatsumi et al.
(1990) and Lei and Zhao (2005) to emphasize the accumulation and thickening of the
stagnant slab). U-series data and trace element data argue against the deep dehydration
process. We suggest that the piling up and thickening of the stagnant Pacific slab in the
transition zone, together with the convective circulation process in the mantle wedge,
help drive the asthenosphere upwelling and induce decompression melting.
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decreases with distance from the trench (Nakamura et al., 1985). The
basalts from NE China do not show any influence of the subduction-
related fluids. The distance from the young volcanoes of NE China to
the Japan trench is about 1000 km, and subduction-related fluids thus
may not go as far as 1000 km, although absence of evidence from
young volcanoes is not always the evidence of absence of fluids in
deep slab.

4.2. Melt generation mechanism

Melt can be generated by heating (temperature increase), decom-
pression (pressure decrease) or the addition of fluids that reduced the
mantle solidus temperature. If we can rule out the involvement of
deep dehydration processes in the generation of the NE China lavas,
then the remaining possibilities include (1) hot plume melting above
the mantle solidus, and (2) decompression melting.

3He/4He ratios are a useful tracer of mantle plume origin. Their low
3He/4He ratios, ranging from 5 to 7 times the atmospheric ratio (Chen
et al., 2007), are not consistent with deep mantle plume origins (Chen
et al., 2007). The dispersed nature of the volcanism does not support
plume melting, either. Although dispersed volcanism preceded the
Deccan Traps, the volume was significantly higher than NE China. In
addition, recent seismic topographic images show that the seismic
velocity anomalies beneath volcanic fields in NE China are shallow,
and lack any deep roots that would indicate a deep-seated hotspot or
mantle plume (Zhao et al., 2004). Furthermore, continental lavas
generated by plume melting would reveal compositional trends of
early lithospheric melts followed by asthenospheric magmas after the
lithosphere has thinned (Turner et al., 1996; Rodgers et al., 2006). In
contrast, the lithospheric melt with negative εNd (− 3.7 to − 5.0) at
Wudalianchi (Zou et al., 2003) is the youngest melt in the NE China.
Thus there is no substantial evidence for the presence of a Cenozoic
mantle plume beneath NE China.

If neither plume melting nor deep dehydration fluid-induced
melting is the main mechanism to generate melt in NE China, then
decompression melting might play the dominant role in the melt
generation. The decompression melting of the upwelling astheno-
sphere may be related to the extensional stresses in back-arc regions
(Nakamura and Uyeta, 1980) induced by rolling back of the Pacific
Plate that started from Miocene (Ren et al., 2002).

We further postulate that, in addition to the convective circulation
process in the mantle wedge induced by slab rolling back, the piling
up and upward thickening of the dry and stagnant Pacific slab in the
mantle transition zone may contribute to the asthenosphere upwel-
ling far from the trench (Fig. 9). The thickness of the subducting Pacific
slab beneath Japan is 80–90 km (Zhao et al., 1994; Deal and Nolet,
1999). In comparison, the thickness of the piling up stagnant slab
underneath NE China is 150–200 km (Zhao, 2004). We speculate that
the upward thickening of the piling up slab may help drive a broad
asthenosphere upwelling underneath NE China far away from the
trench. In this sense, the stagnant Pacific slab may have contributed
forces, rather than materials (fluids), to the melt generation beneath
NE China (Fig. 9). Clearly, the slab rolling back played important role in
generating the melts above the mantle wedge not too far from the
trench before the slab became flat. The basalts in the back-arc
Japanese Sea may be generated by slab rolling back. In comparison, in
places far from the trench where underneath slab already became flat
and stagnant, the continuous slab piling up and upward thickening
may play potentially important geodynamic role to the asthenosphere
upwelling for the generation of young basalts in NE China.

4.3. Mantle upwelling rate

(230Th/238U) in young basalts produced by decompression melting
is sensitive to the rate of melting that is related to the solid mantle
upwelling rate (McKenzie, 1985; Williams and Gill, 1989; Zou and
Zindler, 2000). In the following, the Tianchi samples are excluded for
the estimate of the mantle upwelling rate owing to their evolved
feature in the magma chamber.

Two models have been proposed to quantify the extent of U–Th
disequilibrium during decompression melting: (1) the dynamic
melting model that was originally proposed by McKenzie (1985) and
revisited by Williams and Gill (1989) and Zou and Zindler (2000), and
(2) equilibrium percolation model (Spiegelman and Elliott, 1993;
Lundstrom et al., 1995). Dynamic melting is a “zero-Damkohler
number” channel flowmodel (melt–solid reaction is very slow relative
to melt migration velocity) whereas the equilibrium percolation
model is an “infinite Damkohler number” model (melt–solid reaction
is very fast relative to melt migration velocity) (Sims et al., 1999; Zou,
2007). In all likelihood, reality lies somewhere in between the two
end-member models and melt transport might be a fractal tree model
(Hart, 1993). Recent Th–Ra and U–Pa disequilibrium data strongly
support melt extraction via channels as the main mechanism of melt
migration from the Earth's mantle (e.g., Bourdon et al., 2003; Stracke
et al., 2006). In addition, since the equilibrium percolation model
involves varying parameters, it is unlikely to invert these parameters
from one measurement in (230Th/238U). We thus choose dynamic



Fig. 10. Estimate of the maximum rate of mantle melting from U–Th disequilibrium
data. Bulk partition coefficients are DU=0.005 and DTh=0.003 for garnet peridotites.
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melting model for inversion by rewriting Eq. (30) in Zou and Zindler
(2000) as

:
MMax ¼ λ238 þ λ230ð Þbρf�þ ρs 1−�ð ÞDUc−Zλ230bρf�þ ρs 1−�ð ÞDThc

Z−1ð Þ 1þ ρf�= ρs 1−�ð Þ½ �½ � ð1Þ

where Z represents measured (230Th/238U) activity ratios, ϕ is the
melting porosity,M

.
is the melting rate, ρf and ρs represent the density

of melt and solid, respectively. It should be emphasized that in the
dynamic melting model, there is replenishment of materials to the
melting column from below, and the melting rate is closely related to
mantle upwelling rate and melt productivity. Because we have only
one equation but two unknowns in M

.
and ϕ, we cannot obtain unique

solutions for M
.
and ϕ but can, nevertheless, put some quantitative

constraints on these variables. Melting rates and porosity in a garnet
peridotite source that satisfy this relationship for a given value of
(230Th/238U) are shown in Fig. 10. For melting rates to be non-negative,
themelting porosity f must be b 2.0% for (230Th/238U) = 1.10, and b 0.3%
for (230Th/238U) = 1.35. For non-negative values of ϕ, the melting rates
M
.
must be b 5.2×10− 4 (kg/m3/year) for (230Th/238U) = 1.10, and

b0.8×10− 4 (kg/m3/year) for (230Th/238U) = 1.35 (Fig. 8). The melting
rate can be used to estimate solid mantle upwelling velocity (W) in a
one-dimensional melting column, by rewriting Eq. (17) in Spiegelman
and Kenyon (1992) as

W ¼
:
M

ρs df =dzð Þ ð2Þ

where z (in km) represents the depth at a melting column. If the melt
productivity df / dz = 0.003 km− 1 is used (McKenzie and Bickle, 1988;
Asimow et al., 1997), then the maximum solid mantle upwelling rate
WMax is b 5.2 cm/year for (230Th/238U) = 1.10, and b 0.8 cm/year for
(230Th/238U) = 1.35.

If the solid mantle upwelling rates are similar in the NE China
region, to satisfy the two constraints (W b 5.2 cm/year andW b 0.8 cm/
year), then the smaller of the maximum rates is taken as the
maximum upwelling rate for the region. We thus suggest that the
mantle upwelling rate is b 0.8 cm/year. This indicates that the mantle
upwelling caused by the accumulation and upward thickening of the
stagnant slab is very slow in the NE China region.

4.4. Magma evolution time

U-series isotopic systematics in evolvedmagmas, such as trachyte
and rhyolite, can be used to constrain the timescales of magma
evolution (e.g., Bourdon et al., 1994; Hawkesworth et al., 2000;
Condomines et al., 2003). Our U-series data of the Tianchi silicic
rocks provide constraints on the time scale of magma evolution for
Tianchi lavas from trachyte to rhyolite. Although these two samples
erupted almost at the same time, the trachyte magma may have
formed slightly earlier than the rhyolitic magmas in the magma
chamber. The trachyte and rhyolite display different extent of
fractional crystallization with SiO2 = 64 and 71%, respectively. Their
Eu anomalies are 0.21 for trachyte and 0.04 for rhyolite. But they
have identical 12% 230Th excesses. This indicates that the period of
time required for the magma to change from 64% SiO2 to 71% SiO2 is
smaller than the resolution of U–Th disequilibrium, which is about
10,000years (10ka).

For the three Long-gang basaltic samples (LG9940, 99L11-1, and
HJ97001A) with U–Th isotope data, their SiO2 contents vary from
47.5% to 50.4% and their MgO contents range from 7.4% to 4.5%. All
three samples have essentially identical Nd, Sr and Nd isotopic
compositions. Their similar 33–35% 230Th excesses indicate that the
magma evolution time required for the magma to change from 47.5%
SiO2 to 50.4% SiO2 is also smaller than the resolution of the U–Th
disequilibrium method (10ka).

After evaluating the magma evolution time within basaltic rocks
from Long-gang, and the magma evolution time from trachyte to
rhyolite from Tianchi, another question arises from the magma
evolution time from basaltic magma to silicic magma (trachyte and
rhyolite). If the silicic magmawas derived from a basaltic magma, then
the evolution time is:

230Th
238U

 !
silicic

¼ λ230

λ230−λ238
1−e λ238−λ230ð Þt
h i

þ
230Th
238U

 !
basalt

e λ238−λ230ð Þt ð3Þ

where λ238 = 1.55125×10−10year− 1 and λ230 = 9.156×10− 6year− 1

(Cheng et al., 2000). The magma evolution time can be calculated by

t ¼ 1
λ238−λ230

ln

230Th
238U

� �
silicic

− λ230
λ230−λ238

230Th
238U

� �
basalt

− λ230
λ230−λ238

: ð4Þ

Since λ238bλ230, Eq. (4) can be simplified as

t ¼ 1
λ
ln

230Th=238U
� �

basalt
−1

230Th=238UÞ
silicic

−1
� ð5Þ

The Long-gang basalts might be amore likely source for the Tianchi
lavas as compared with the Jingbohu lavas. Long-gang is spatially
closer to Tianchi, and both Long-gang and Tianchi belong to the
greater Changbaishan volcanic field. In addition, the Long-gang lavas
have (238U/232Th) ratios of 0.601–0.621, similar to Tianchi (0.628–
0.634), whereas the Jingbohu lavas have much higher and variable
(238U/232Th) (0.721–0.836) (Table 2). The εNd values (+ 0.5 to + 0.7) of
the Long-gang lavas are not very different from the Tianchi lavas (− 1.0
to − 1.1). The slight difference in εNd values between the Long-gang
and Tianchi lavasmay revealminor assimilation of the Tianchi lavas by
crustal materials during fractional crystallization.

If we use (230Th/238U)0 of 1.35 from Long-gang lavas as the starting
magma and use (230Th/238U) of 1.12 for Tianchi trachytic magma, then
the magma evolution time from basaltic magma to trachytic magma is
calculated as 110ka. Note that assimilation of magma by older bulk
crustal materials with (230Th/238U) of unity would reduce the extents
of 230Th excesses of the crystallizing Tianchi magmas. Thus the time
interval of 110ka from basaltic magma to trachytic magma represents
the maximum magma evolution time.

.

.
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5. Conclusions

1. The small-volume Holocene volcanic rocks from Jingbohu, Long-
gang, and Tianchi of NE China display positive 230Th excesses (9 to
35%). Their εNd values are + 1.5 to + 3.3 for Jingbohu lavas, + 0.5 to +
0.7 for the Long-gang lavas and − 1.1 to − 1.0 for the Tianchi lavas. All
the volcanic rocks show positive Nb and Ta anomalies, low Ba/Th,
Sr/Th and U/Th ratios. The chemical and isotopic compositions of
the alkali basalts from Jingbohu and Long-gang indicate melting in
the asthenospheric mantle.

2. The positive 230Th excesses, positive Nb and Ta anomalies and low
Sr/Th, Ba/Th and U/Th ratios of the alkali basalts from Jingbohu and
Long-gang argue against chemical influence of the fluids released
from the subducted Pacific slab. The small-volume volcanoes from
NE China were not generated from the sediment melting or flux
melting as a result of the subduction of the Pacific plate. The Pacific
subduction may contribute the force for back-arc extension but did
not directly contribute materials (metasomatic fluids). Such slab
contribution is in the sense of physics rather than chemistry. The
subduction-related fluids may have been lost before they could
reach the mantle beneath NE China 1,000 km away from the
trench.

3. The piling up and upward thickening of the stagnant subducted
Pacific slab beneath NE China, together with the convective corner
flow induced by slab rolling back, may provide the dynamic force to
generate slow (0.8 cm/year) mantle upwelling far from the trench,
leading to mantle decompression melting to form the young
volcanoes at Jingbohu, Long-gang and Tianchi.

4. The magma evolution time form low SiO2 (47.5%) basalt to higher
SiO2 (50.4%) basalt at Long-gang volcano is less than 10 thousand
years. The magma evolution time from trachyte to rhyolite at
Tianchi volcano is also less than 10ka. If the Tianchi silicic magmas
were evolved from more primitive basaltic magmas similar to the
Long-gang basalts, the magma evolution time from basaltic magma
to silicic magmas is less than 110 thousand years.
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