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Abstract

The only historic eruptions of potassic basalts on the Earth reported so far took place in 1719–1721 AD in the Wudalianchi

area of northeast China. These historic potassic basalts are characterized by significant 230Th excesses [(230Th/238U) = 1.24–

1.33], and low 143Nd/144Nd (eNd =� 5.0 to � 3.7) and 206Pb/204Pb (16.8–17.1). Strong 230Th excesses, low CaO+Al2O3, and

large bulk partition coefficients (D) in Rb, K, and Zr (DRbiDK>DZr>DYb>DSm) inferred from a melt-normalized spider

diagram suggest phlogopite-bearing garnet peridotites as dominant source rocks. The presence of garnet peridotites as mantle

source, combined with negative eNd in basalts and the geophysically determined lithosphere thickness in the study region (120

km), indicates the generation of these basalts at the depth of 80–120 km in the subcontinental lithospheric mantle. Dynamic

melting inversion (DMI) of between-magma trace element concentration ratios and U–Th disequilibrium data suggests low-

degree partial melting (5–7%) of a slow upwelling (< 1.6 cm/year) mantle source, although extremely low-degree batch partial

melting (0.3–0.5%) of a static source is also possible. Source Nd model ages suggest that the source rocks for the Wudalianchi

basalts were metasomatized at 1.0 Ga, provided that it has not experienced multistage enrichment history. Lithospheric

extension since late Tertiary in the study region was responsible for slow decompression melting of phlogopite-bearing garnet

peridotites in deep subcontinental lithospheric mantle. Recent (< 350 ka) subduction of the Pacific Plate may have produced

lithospheric extension in the study region, but did not directly contribute subduction-related fluids to the source rocks for these

potassic basalts because 230Th enrichments are uncharacteristic of melts generated by subduction. The subducted slab may have

lost fluids released from subducted sediments before the slab can reach the mantle beneath NE China.
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Keywords: Historic basalts; Mantle melting; Mantle metasomatism; Basalt isotopes; Basalt trace elements; China basalts
0009-2541/03/$ - see front matter D 2003 Elsevier Science B.V. All rights reserved.

doi:10.1016/S0009-2541(03)00188-8

* Corresponding author. Tel.: +1-310-794-5047; fax: +1-310-825-2779.

E-mail address: hzou@ess.ucla.edu (H. Zou).



H. Zou et al. / Chemical Geology 200 (2003) 189–201190
2
1. Introduction

Although potassic lavas are widely distributed on

Earth (Bergman, 1987; Foley et al., 1987; Muller et

al., 1992), historic eruptions of potassic basalts

reported so far only occurred in the Wudalianchi (five

big connected lakes) area, located at approximately

48j45VN, 126j10VE. The Quaternary (0.6 Ma–1721

AD) potassic volcanic fields, about 2000 km west of

the active Pacific Plate margin, are situated on the

northern margin of the Songliao Basin in NE China

(Fig. 1), and consist of 14 individual volcanoes (Fig.
Fig. 1. Locations of the Wudalianchi basalts in NE China. The

thickness of lithosphere in the Songliao Basin is from Ma (1987).
2) that cover an area of about 800 km . These potassic

basalts represent an enriched mantle endmember for

the diverse Cenozoic basalts in eastern China (Basu et

al., 1991; Zhang et al., 1991; Zhou and Zhu, 1992;

Zou et al., 2000) and are isotopically similar to EM1

(enriched mantle with low 143Nd/144Nd and moderate

high 87Sr/86Sr, as defined by Zindler and Hart, 1986).

Two of the Wudalianchi cones, Laoheishan (old black

hill) and Huoshaoshan (fire burning hill), erupted

during 1719–1721 AD, according to the Qing Dy-

nasty Records (Anonymous, 1720; Feng and Whit-

ford-Stark, 1986; Wu, 1721). Thus, these historic

lavas offer a unique opportunity to precisely quantify

the magnitude of short-lived 238U–230Th disequilib-

rium (half-life of 230Th = 75,000 years, or 75 ka) at the

time of eruption. We measured U–Th disequilibrium,

together with Nd, Sr, and Pb isotopic compositions, in

these historic lavas in order to gain insights into the

origin of potassic magmas and the variability of

subcontinental lithospheric mantle. Major and trace

element analyses for the same basalts are also

reported.
2. Methods

Th and Nd were measured using a VG 54-30

multicollector thermal ionization mass spectrometer

equipped with a WARP filter and an ion counting

system. Sr and Pb isotope ratios were measured by

VG 54 Sector multicollector thermal ionization mass

spectrometer at UCLA. Repeated analyses for Th

isotopic standards are 232Th/230Th = 1.703� 105F
1.5� 103 (n = 37) [reported errors are 2� standard

deviation (S.D.) throughout this paper] for UC Santa

Cruz Th standard TML-1, which is in accord to the

working value of 1.706� 105F 1.4� 103 (Collerson

et al., 1997; Layne and Sims, 2000). Analyses of the

Woods Hole–UCLA–National High Magnetic Field

Laboratory standard (WUN-1) give 232Th/230Th =

2.303� 105F 2.5� 103 (n = 6), within error of the

analyses obtained using ISOLAB 54 at the National

High Magnetic Field Laboratory (2.327� 105F
2.4� 103) (Zou et al., 2002), Cameca IMS 1270 at

Woods Hole (2.305� 105F 2.3� 103), and Finnigan

Neptune at Woods Hole (2.336� 105F 1.5� 103)

(Ball et al., 2002). Reproducibility of 238U/232Th

ratios is estimated to be < 2%. Nd and Sr isotopic



Fig. 2. A simplified geological map of the Wudalianchi volcanic field (Feng and Whitford-Stark, 1986) showing the locations of the 14

volcanoes and our sample locations in Huoshaoshan and Laoheishan.
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compositions were normalized to 146Nd/144Nd =

0.7219 and 86Sr/88Sr = 0.1194, respectively. The mea-

sured Nd and Sr isotope standard values are 143Nd/
144Nd = 0.511843F 13 (n = 24) for La Jolla and
87Sr/86Sr = 0.710239F 16 (n = 13) for NBS 987. Rep-

licate analyses of Pb isotope standard NBS 981 give
206Pb/204Pb = 16.896F 0.013, 207Pb/204Pb =15.435F
0.014, and 208Pb/204Pb = 36.525F 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 sam-

ples were corrected for mass fractionation of 0.12%/

amu for 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb.

Major element abundances were obtained on fused

La-bearing lithium borate glass disks using a Siemens

MRS-400 multichannel, simultaneous X-ray spec-

trometer at the Ronald B. Gilmore XRF Laboratory

of the University of Massachusetts at Amherst. Rel-

ative errors (2 S.D./mean) for major elements are:

SiO2 (0.4%), TiO2 (0.4%), Al2O3 (0.4%), FeO (0.6%),

MnO (1%), MgO (0.5%), CaO (0.2%), Na2O (0.9%),

K2O (0.4%), and P2O5 (2%). Trace element concen-

trations of selected samples were measured by induc-

tively coupled plasma (ICP) mass spectrometry by the

GeoAnalytical Laboratory at the Washington State
University. Relative errors for most trace element

analyses are estimated to be < 4%, except for Ta

(6%), Cs (6%), Pb (7%), Sc (7%), Th (16%), and U

(16%).
3. Results

Th, Sr, Nd, and Pb isotopic compositions as well

as major element concentrations for the Wudalianchi

basalts are presented in Table 1. Trace element

concentrations on selected samples are given in

Table 2. The samples have K2O>4.4%, K2O/

Na2O>1.1, and show significant enrichment in light

rare earth elements (LREEs) (Fig. 3A). All basalts

have high Th/U (4.5–5.0), similar to the results of

the extremely potassic Gaussberg lamproites (Wil-

liams et al., 1992). On a primitive mantle-normal-

ized spider diagram, the basalts display relative

enrichment in Ba and K, and moderate depletion in

Th, U, and Nb (Fig. 3B). Because the samples were

ground in a tungsten carbide mill that may have

increased Nb concentrations in powders, the basalts

may have more negative Nb anomalies than the appar-

ent ones.



Table 1

Major element concentrations (in wt.%) and isotopic compositions

Samples LS3-1 LE6-4 LHK-1 LW5-2 HL9720 NDW2-2b HK-2 HS2-2 HN6-1

Locations Laohei Laohei Laohei Laohei Laohei Laohei Huoshao Huoshao Huoshao

SiO2 53.48 50.97 51.42 51.08 53.36 53.52 50.37 48.90 51.13

TiO2 2.43 2.28 2.30 2.53 2.32 2.33 2.22 2.34 2.25

Al2O3 13.88 13.32 13.31 13.20 14.17 13.86 13.37 13.00 13.53

Fe2O3
a 8.15 8.94 8.85 9.04 7.45 8.01 9.21 9.64 9.00

MnO 0.12 0.13 0.13 0.13 0.13 0.12 0.14 0.15 0.13

MgO 5.92 7.68 7.65 6.86 5.87 6.01 7.67 7.88 7.25

CaO 5.49 6.67 6.50 6.57 5.11 5.40 7.58 8.03 7.12

Na2O 3.68 3.90 3.85 3.83 3.81 4.00 3.94 4.12 3.82

K2O 5.70 4.90 4.96 5.39 5.53 5.53 4.45 4.73 4.51

P2O5 1.06 1.00 0.99 1.15 0.98 1.03 1.02 1.18 0.93

Total 99.91 99.78 99.95 99.77 99.38 99.79 99.96 99.98 99.69

K2O/Na2O 1.55 1.26 1.29 1.41 1.45 1.39 1.13 1.15 1.18

Mg#b 0.63 0.66 0.67 0.64 0.64 0.63 0.66 0.65 0.65
87Sr/86Sr 0.705365 0.705189 0.705207 0.705295 0.705356 0.705350 0.705111 0.705054 0.705099

2 S.D. 0.000014 0.000011 0.000009 0.000011 0.000010 0.000010 0.000011 0.000013 0.000011
143Nd/144Nd 0.512380 0.512433 0.512425 0.512411 0.512383 0.512390 0.512443 0.512447 0.512439

2 S.D. 0.000008 0.000007 0.000009 0.000006 0.000011 0.000008 0.000007 0.000010 0.000008

eNd
c � 5.0 � 4.0 � 4.2 � 4.4 � 5.0 � 4.8 � 3.8 � 3.7 � 3.9

Sample 147Sm/144Nd 0.1033 0.1067 NA 0.1032 NA NA NA 0.1048 0.1082

Tsample (Nd)
d 943 900 NA 902 NA NA NA 868 904

Source 147Sm/144Nd 0.1154 0.1154 0.1154 0.1154 0.1154 0.1154 0.1154 0.1154 0.1154

Tsource (Nd)
e 1050 973 985 1000 1040 1030 959 953 965

208Pb/204Pb 36.775 37.060 37.000 37.002 36.846 36.953 37.130 37.286 37.216
207Pb/204Pb 15.437 15.445 15.440 15.470 15.449 15.475 15.431 15.461 15.482
206Pb/204Pb 16.830 17.009 16.968 16.988 16.858 16.907 17.047 17.108 17.045

U (ppm) 1.32 1.48 1.43 1.52 1.50 1.49 1.39 1.63 1.31

Th (ppm) 6.08 6.77 6.66 6.77 6.66 6.86 6.76 8.18 6.08

Th/U 4.59 4.58 4.65 4.45 4.45 4.59 4.88 5.02 4.63

(230Th/232Th) 0.883 0.879 0.851 0.873 0.887 0.858 0.772 0.775 0.830

2 S.E. 0.009 0.008 0.010 0.007 0.010 0.007 0.006 0.006 0.008

(238U/232Th) 0.662 0.663 0.653 0.682 0.683 0.661 0.623 0.605 0.656

(230Th/238U) 1.334 1.326 1.302 1.280 1.298 1.297 1.239 1.282 1.265

2 S.E. 0.014 0.012 0.015 0.012 0.015 0.012 0.011 0.010 0.012

a Total iron as Fe2O3.
b Mg# =Mg2 +/(Mg2 + + Fe2 +), assuming Fe3 +/(Fe2 + + Fe3 + ) = 0.15.
c eNd=[

143Nd/144Nd/(143Nd/144Nd)CHUR� 1]� 104; (143Nd/144Nd)CHUR = 0.512638.
d Sample Nd model age T is calculated using 143Nd/144Nd = 0.513114 and 147Sm/144Nd = 0.222 for depleted reservoir (DePaolo, 1988).

Samples 147Sm/144Nd are obtained from Sm and Nd concentrations in Table 2. NA= not applicable due to lack of Sm and Nd concentrations.
e Source Nd model age is calculated using the same depleted reservoir but source Sm/Nd. Source 147Sm/144Nd is calculated using Sm= 0.73

ppm and Nd= 3.81 ppm (Table 3) from dynamic melting inversion, and is applied to both Laoheishan and Huoshaoshan. Source 143Nd/144Nd is

the same as the sample 143Nd/144Nd.
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The basalts have negative eNd (� 5.0 to � 3.7),

high 87Sr/86Sr (0.70505–0.70536), and low 206Pb/
204Pb (16.83–17.11). As with basalts from Northeast-

ern China overall (Basu et al., 1991; Zou et al., 2000),

Sr, Nd, and Pb isotope compositions in the Wudalian-

chi basalts display coherent variations and 87Sr/86Sr

correlates negatively with 143Nd/144Nd and 206Pb/
204Pb (Fig. 4A and B). Note that 206Pb/204Pb is nega-
tively correlated with K2O (Fig. 4C). The striking

aspect of the Th isotope results is significant 230Th

excesses with (230Th/238U) >1.24 (Fig. 5A). (230Th/
232Th) correlates positively with 87Sr/86Sr (Fig. 5B).

As expected from Nd–Sr–Pb isotope correlations,

(230Th/232Th) correlates negatively with 143Nd/144Nd

and 206Pb/204Pb. Laoheishan basalts have higher

(230Th/232Th) and 87Sr/86Sr, and lower 143Nd/144Nd



Table 2

Trace element concentrations (ppm) and concentration ratios

between HS2-2 and HN6-1

LS3-1 LE6-4 LW5-2 HS2-2 HN6-1 (HS2-2)/

(HN6-1)

Precision

(2r%)

La 94.1 85.8 96.4 111.9 80.1 1.397 4

Ce 169 151 171 195 142 1.373 2

Pr 18.9 16.9 19.1 21.8 16.1 1.354 2

Nd 68.4 62.1 69.7 80.0 59.4 1.347 3

Sm 11.8 11.0 12.0 13.9 10.7 1.299 4

Eu 3.15 2.94 3.23 3.75 2.93 1.280 4

Gd 8.29 7.94 8.62 9.81 7.84 1.251 2

Tb 1.00 0.97 1.04 1.19 0.97 1.227 2

Dy 4.74 4.70 4.90 5.64 4.64 1.216 3

Ho 0.77 0.76 0.80 0.90 0.75 1.200 3

Er 1.78 1.76 1.84 2.03 1.72 1.180 3

Tm 0.22 0.22 0.23 0.24 0.22 1.091 3

Yb 1.21 1.20 1.24 1.31 1.23 1.065 2

Lu 0.18 0.17 0.18 0.18 0.18 1.000 4

Ba 1684 1600 1834 1881 1558 1.207 4

Nb 66.6 66.6 70.4 70.6 57.9 1.219 4

Y 23.2 22.8 23.7 27.0 22.7 1.189 2

Hf 11.5 9.09 10.3 8.33 8.00 1.041 3

Ta 4.10 4.16 4.35 4.38 3.59 1.220 6

Pb 14.5 12.2 14.0 12.2 10.5 1.162 7

Rb 104.4 92.0 99.9 88.8 84.7 1.048 3

Cs 0.76 0.82 0.89 0.82 0.76 1.079 6

Sr 1494 1379 1479 1737 1350 1.287 3

Sc 10.8 13.4 13.0 12.1 13.1 0.924 7

Zr 502 396 444 363 344 1.055 3

Th 5.74 6.50 6.51 7.51 5.71 1.315 16

U 1.23 1.35 1.40 1.47 1.16 1.267 16

Relative two sigma precision values (2r%) for trace element

concentrations are reported in the last column. The U and Th

concentrations from ICP-MS are consistent within 6–11% and 4–

8%, respectively, with those from ID-TIMS (Table 1). These

differences are well within the analytical errors for U and Th by

ICP-MS.
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and 206Pb/204Pb, as compared with Huoshaoshan

basalts.
Fig. 3. (A) C1 chondrite-normalized REE abundance patterns for the

historic potassic basalts. (B) Primitive mantle-normalized spider

diagram for the Wudalianchi potassic basalts. Normalizing values

are from Hofmann (1988). The area between the two dashed lines

represents the range for basalts in other locations of eastern China.
4. Constraints on source rocks

4.1. Isotope constraints

The isotope correlations exhibited by the Wuda-

lianchi basalts could reflect heterogeneities in the

mantle source, or could be the result of assimilation

of continental crust. Crustal materials (late Palaeozoic

to Jurassic granites and pre-Permian schists) in the

study region have higher 206Pb/204Pb (17.60–18.47)
and 87Sr/86Sr (0.7052–0.7145) than these potassic

basalts (Zhang et al., 1995). Contamination of the

basalts by these upper crustal materials would be

evident as a positive correlation in Sr–Pb isotope

diagram, but the opposite is observed. In addition, the

high incompatible element concentrations (e.g., Sr and

Nd) in potassic magmas make their isotopic compo-

sitions less sensitive to crustal contaminations. Al-

though the lower crust may have the required low
206Pb/204Pb, significant 230Th excesses indicate that

these lavas ascended rapidly, which may have limited

interactions with (upper and lower) crustal materials.

Strong 230Th excesses in potassic basalts cannot be

produced from crustal contaminations because bulk

assimilation of crustal rocks with (230Th/238U) = 1.0

can only reduce the extent of 230Th excesses. Devia-

tions in (230Th/238U) from unity could reflect the



Fig. 4. Covariations in (A) 143Nd/144Nd vs. 87Sr/86Sr, (B) 87Sr/86Sr

vs. 206Pb/204Pb, and (C) K2O vs. 206Pb/204Pb. PHL= phlogopite.

Fig. 5. Covariations in (A) (230Th/232Th) vs. (238U/232Th), and (B)

(230Th/232Th) vs. 87Sr/86Sr.
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recent (< 350 ka, or five half-lives of 230Th) metaso-

matic effects of fluids, or could be the result of partial

melting. Because uranium is highly soluble and tho-

rium is relatively insoluble in subduction-related flu-

ids, addition of such fluids into the mantle often

produces 238U-enriched magmas (Elliott et al., 1997;

Gill et al., 1991). Thus, although recent (< 350 ka)

metasomatism by fluids derived from deeper mantle

cannot be excluded, significant 230Th excesses in all

samples suggest that the potassic basalts are not

directly related to the addition of fluids from sedi-

ments subducted beneath this portion of the circum-

Pacific volcanic belt in the last 350 ka. Assuming,

therefore, that the Th enrichment of the basalts is the

result of the melting process, the extent of 238U–230Th

disequilibrium depends on bulk partition coefficients
of U and Th, melting rate, mantle porosity, and

melting time (McKenzie, 1985; Williams and Gill,

1989; Zou and Zindler, 2000). Only the bulk partition

coefficients of U and Th, and therefore the source

mineralogy, determine whether (230Th/238U) is greater

or less than 1. As garnet is the major mantle mineral

that has DTh
gtbDU

gt (Beattie, 1993; LaTourrette et al.,

1993; Salters and Longhi, 1999), significant excesses

in 230Th [(230Th/238U) = 1.24–1.33; Fig. 5A] in all

samples indicate that the basaltic melts were produced

in the presence of residual garnet. Although subcalcic

clinopyroxenes under high pressure may have

DTh
cpx <DU

cpx (Landwehr et al., 2001; Turner et al.,

1996; Wood et al., 1999) and may help explain
230Th enrichment, Landwehr et al. (2001) have dem-

onstrated that very small porosity (10� 5), small melt-

ing rate (10� 5 kg/m3/year), and high-pressure

conditions (z 90 km) are all required to generate

(230Th/238U) like those of the Wudalianchi basalts

by melting of a spinel peridotite source. At such

conditions, garnet would be normally stable and,

given its D values for U and Th, would have the



Fig. 6. (A) Rare earth element concentration ratios (HS2-2/HN6-1)

decrease from QLa to QLu, satisfying requirement 3 for partial mel-

ting inversion. (B) A melt-normalized spider diagram for Huosh-

aoshan basalts using between-magma concentration ratios to identify

elemental compatibility for the Wudalianchi mantle source.
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dominant role in 230Th enrichment. Thus, we view the

origin of the Wudalianchi basalts in the presence of

residual garnet as necessary.

The strong correlation between (230Th/232Th) and

(238U/232Th) (Fig. 5A) indicates that the range of

(230Th/232Th) in the potassic basalts is mainly con-

trolled by a range of (238U/232Th) ratio in the source.

Because (230Th/232Th) also covaries with 87Sr/86Sr

(Fig. 5B), 143Nd/144Nd, and 206Pb/204Pb, the correla-

tion between (230Th/232Th) and (238U/232Th) is more

likely due to source heterogeneity rather than an iso-

chron. Similarly, the systematic correlations among
87Sr/86Sr, 143Nd/144Nd, 206Pb/204Pb, and K2O (Fig. 4)

can be attributed to variable contributions from two

components in a mixed mantle source—one that ap-

parently has variable proportions of garnet peridotite

and a metasomatic component. In this case, we prefer a

petrogenetic model of melting of a mantle with small-

scale heterogeneity (composite source model) in our

case rather than mixing of melts from two large-scale

mantle source regions. High K2O contents (>4.4 wt.%)

in the Wudalianchi basalts may require the presence of

a potassic phase, most likely phlogopite, in the mantle

source of these basalts. Since phlogopites often have

high Rb/Sr and Pb/U (Ionov and Hofmann, 1995; Ro-

senbaum, 1993), high 87Sr/86Sr and low 206Pb/204Pb in

Wudalianchi basalts are also consistent with the pre-

sence of phlogopite.Melting amantle source withmore

phlogopite-bearing metasomatic component can pro-

duce melt with higher K2O and 87Sr/86Sr but lower
206Pb/204Pb.

4.2. Trace element constraints

The trace element data support the interpretation

from isotopic data that both residual garnet and

phlogopite are present in the source. Here we use

‘‘between-magma concentration ratios’’ (Zou and

Zindler, 1996) or ‘‘enrichment ratios’’ (Class and

Goldstein, 1997) to constrain relative elemental com-

patibility and thus source mineralogy. The method is

essentially to normalize trace element concentrations

in primary basalts by another cogenetic basalt, and we

call it a melt-normalized spider diagram. This melt-

normalized spider diagram is conceptually equivalent

to the ‘‘enrichment ratio pattern’’ proposed by Class

and Goldstein (1997) to evaluate the source mineral-

ogy of Grande Comore, although Class and Goldstein
(1997) obtained enrichment ratios from element var-

iation diagrams. The requirements to build such a

melt-normalized spider diagram are the same as those

for dynamic melting inversion (DMI) (Zou and Zin-

dler, 1996; Zou et al., 2000): (1) selected lavas have

the same isotopic compositions and have high Mg# to

avoid significant fractional crystallization; (2) highly

incompatible and less-so-highly incompatible ele-

ments have large but different between-magma con-

centration ratios formed at different degrees of partial

melting; and (3) low-degree ( f1) melt/high-degree ( f2)

melt concentration ratios (Q) for rare earth elements

satisfy a regular order according to their bulk distri-

bution coefficients (QLa>QCe>QNd>QSm>QLu). Such

melt-normalized Q value is inversely correlated with

D, and is independent of source concentrations.

Laoheishan basalts are similar in their trace element

concentrations (Table 2) and consequently do not
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reflect significantly different degrees of partial melting

(requirement 2). In contrast, the two Huoshaoshan

basalts (HN6-1 and HS2-2) have large but different

concentration ratios (Fig. 6A) and generally satisfy all

requirements (Tables 1 and 2). Dividing trace element

concentrations in HS2-2 by HN6-1, and then sorting

these between-magma concentration ratios, we obtain

such a melt-normalized spider diagram for Huosh-

aoshan (Fig. 6B). Since lower Q values indicate higher

D (more compatible), Fig. 6B demonstrates that Zr is

more compatible than Sm and even Yb (DZr>DYb>

DSm). This is consistent with the presence of residual

garnet in the source rocks because DZr>DSm in garnet

peridotite whereas the opposite is true for spinel

peridotite (McDade et al., in press). Similarly, K and

Rb are more compatible than Sm and even Yb (DRbi
DK>DYb>DSm), strongly suggesting the presence of

residual phlogopite that preferentially retains K and Rb

in the source rocks.

4.3. Major elements and geophysical constraints

Garnet- and phlogopite-bearing source rocks could

be garnet pyroxenites or garnet peridotites. If garnet

pyroxenites are the source rocks, the partial melts

would be enriched in Al2O3 and especially CaO

(Hirschmann and Stolper, 1996; Kogiso and Hirsch-

mann, 2001). However, CaO +Al2O3 in these potassic

basalts are even lower than other Cenozoic alkali

basalts in northeast China (Fig. 7). Therefore, we
Fig. 7. CaO+Al2O3 vs. MgO plot. Data sources: Zhi et al. (1990),

Basu et al. (1991), Zhang et al. (1991), Liu et al. (1994), and Zou

(unpublished data).
suggest that the dominant source rocks are garnet

peridotites rather than garnet pyroxenites. For garnet

peridotites to be present in the source, the initiation of

melting must have occurred at depths >80 km. To

estimate the maximum depth of melting, we use Nd

isotopic compositions and geophysical evidence. Be-

cause asthenospheric mantle source produces basalts

with positive eNd, the negative eNd values (� 5.0 to

� 3.7) suggest that the mantle source is most likely to

be lithospheric mantle. Since the thickness of litho-

sphere in the study region determined geophysically is

about 120 km (Fig. 1) (Ma, 1987; Xu, 1996), we

regard 120 km as the maximum depth. Therefore, the

potassic basalts are likely derived from depths of 80–

120 km.
5. Quantitative modeling

The magnitude of (230Th/238U) ratios in basalts

can be used to constrain the conditions of melting

(Beattie, 1993; Sims et al., 1999). If the source rocks

are static in a closed system before instantaneous

melt extraction begins, then net elemental fraction-

ation is the cause of the U–Th disequilibrium and,

based on the batch melting equation of Shaw (1970),

we have:

ð230Th=238UÞ ¼ ð230Th=238UÞ0
DU þ f ð1� DUÞ
DTh þ f ð1� DThÞ

:

ð1Þ

Rearranging Eq. (1), we obtain:

f ¼ DU � DTh

ð230Th=238UÞ
ð230Th=238UÞ0

 !
,

ð1� DThÞ
ð230Th=238UÞ
ð230Th=238UÞ0

� ð1� DUÞ
 !

ð2Þ

where DU and DTh are bulk partition coefficients for

U and Th, respectively, and f is the total degree of

partial melting. For a secular equilibrium source, or

(230Th/238U)0 = 1.0, to produce (230Th/238U) = 1.24–

1.33 in melts, the calculated partial melting degrees

from Eq. (2) vary from 0.53% to 0.31% (Fig. 8).



Fig. 8. Estimates of the degrees of partial melting from (230Th/238U)

using Eq. (2). Bulk partition coefficients are DU = 0.005 and DTh =

0.003 for garnet peridotites. Bulk partition coefficients are given by

Di =SKixi, where Ki is the mineral/melt partition coefficient and xi is

its mineral proportion in the source. Mineral/melt partition coe-

fficients are: KTh (gt) = 0.019, KU (gt) = 0.041, KTh (opx) = 0.0002,

KU (opx) = 0.0005 (Salters and Longhi, 1999), KTh (cpx) = 0.015, KU

(cpx) = 0.010 (Lundstrom et al., 1994), KTh (phl) = 0.0011, KU

(phl) = 0.0014 (LaTourrette et al., 1995), KTh (ol) =KU (ol) = 0.0001

(assumed). Mineral proportions are: xol = 57%, xopx = 17%, xgt = 10%,

xcpx = 6%, and xphl = 10%. Mineral abbreviations: gt = garnet, opx =

orthopyroxene, cpx = clinopyroxene, ol = olivine, and phl = phlogo-

pites.

Fig. 9. Constraints on melting rate and porosity from (230Th/238U)

using Eq. (3). qf = 2800 kg/m3 and qs = 3300 kg/m3. Bulk partition

coefficients are the same as in Fig. 8. Because both KTh (phl) and KU

(phl) are small and similar, the presence of phlogopites in the garnet

peridotite source does not significantly affect U–Th disequilibrium.

Note that if / is very small, we have [1 + qf//[qs(1�/)]]c 1, then

Ṁ has a near-linear relationship with / in Eq. (3), resulting in near-

straight lines in figure.
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The requirement of very low degrees of melting

(< 0.5%) can be relaxed somewhat if the solid mantle

has been upwelling. Indeed, the study region has been

undergoing extension since late Tertiary (Ma, 1987).

The extension is manifested by formation and remo-

bilization of a graben and several high-angle normal

faults around the Wudalianchi fields (Zhang et al.,

1991). Both the inversion of geopotential data (Liu,

1978) and earthquake focal mechanism solutions (Ma,

1987) suggest that, at present, the Wudalianchi area

and adjacent regions are still under a tensile stress

field. For a dynamic upwelling mantle source, we

need to consider the ingrowth of 230Th within the re-

sidual solid in the melting column (e.g., Elliott, 1997).

There are two ingrowth models: dynamic melting

model (McKenzie, 1985; Williams and Gill, 1989;

Zou and Zindler, 2000) and equilibrium percolation

model (Spiegelman and Elliott, 1993). Dynamic melt-

ing is a ‘‘zero-Damkohler number’’ model (melt–

solid reaction is very slow relative to melt migration

velocity) whereas the latter is an ‘‘infinite Damkohler

number’’ model (melt–solid reaction is very fast rela-

tive to melt migration velocity) (Sims et al., 1999). In

all likelihood, reality lies somewhere between the two

endmember models (Hart, 1993). Since the equilibri-
um percolation model involves varying parameters, it

is unlikely to invert these parameters from one mea-

surement in (230Th/238U). We thus choose dynamic

melting model for inversion by rewriting Eq. (30) in

Zou and Zindler (2000) as:

Ṁ ¼ ðk238 þ k230Þtqf/ þ qsð1� /ÞDU b� Zk230 tqf/ þ qsð1� /ÞDTh b

ðZ � 1Þ½1þ qf/=½qsð1� /Þ��

ð3Þ

where Z represents measured (230Th/238U) activity

ratios, / is the melting porosity, Ṁ is the melting

rate, and qf and qs 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 Ṁ and /, we cannot

obtain unique solutions for Ṁ and / but can, never-

theless, 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. 9. For

melting rates to be non-negative, the melting porosity

/ must be < 0.6%. For non-negative values of /, the
melting rate Ṁ must be < 1.6� 10� 4 (kg/m3/year)

(Fig. 9). The melting rate can be used to estimate solid

mantle upwelling velocity (W) in a one-dimensional



Table 3

Calculation of partial melting degrees and mantle source compo-

sitions for the Huoshaoshan basalts

D HS2-2 HN6-1 Q f1 (%) f2 (%) C0 (C0)N

La 0.0021 111.9 80.1 1.397 5.17 21.9

Nd 0.0095 80.0 59.4 1.347 4.07 5.56 3.81 8.3

Sm 0.0180 13.9 10.7 1.299 4.86 6.65 0.73 4.9

Eu 0.0228 3.75 2.93 1.280 5.29 7.26 0.21 3.7

Gd 0.0279 9.81 7.84 1.251 5.35 7.35 0.59 3.0

Tb 0.0330 1.19 0.97 1.227 5.42 7.44 0.076 2.1

Average 5.00 6.85

The bulk partition coefficients are the same as Zou and Zindler

(1996) for garnet peridotites. U = 0.4%. Increasing U from 0.4% to

0.5% results in an increase in f by about 0.2%, and decreasing U
from 0.4% to 0.3% results in a decrease in f by about 0.2%. REE

abundances for C1 chondrites to normalize source concentration C0

are from Anders and Ebihara (1982).
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melting column, by rewriting Eq. (7) in Sims et al.

(1999) as:

W ¼ Ṁ

qsðdf =dzÞ
ð4Þ

where z (in km) represents the depth at a melting

column. If the melt productivity df/dz= 0.003 km� 1 is

used (Asimow et al., 1997; McKenzie and Bickle,

1988), then the maximum solid mantle upwelling rate

W is about 1.6 cm/year. The inference of slow

upwelling is consistent with the fact that the Wuda-

laichi basalts are situated on the margin (rather than

the center) of the Songliao Basin.

The degree of partial melting ( f) for dynamic

melting cannot be obtained from the U–Th disequi-

librium data because f is determined by melting rate,

porosity, and melting time (Eq. (40) in Zou and

Zindler, 2000) and, as illustrated above, is not unique.

However, we can apply the dynamic melting inversion

method to obtain f from between-magma trace ele-

ment concentrations ratios (Zou and Zindler, 1996;

Zou et al., 2000). The DMI method uses variations of

between-magma concentration ratios (Q) for two

incompatible elements that have different bulk parti-

tion coefficients, and does not require assumptions

regarding source-incompatible element concentrations

or ratios. The advantage for this approach is that the

degree of partial melting and source compositions can

be calculated independently. It has been demonstrated

that DMI is an effective method for studying the

petrogenesis of basalts (e.g., Lustrino et al., 2002;

Zhang et al., 2002).

For dynamic partial melting inversion, the highly

incompatible element has a bulk partition coefficient

Da of about 0.001, and the ideal Db for the less-so-

highly incompatible element would be between 0.01

and 0.1, so that Qb is different enough from Qa and

from 1.0. Thus, La is suitable for Da, and Nd, Sm, Eu,

Gd, and Tb are suitable for Db. As mentioned above,

the pair of HN6-1 and HS2-2 from Huoshaoshan

satisfies the DMI requirements. The La concentration

ratio (HS2-2/HN6-1) is taken as Qa, and the Sm

concentration ratio is used to derive Qb for this pair:

Qa ¼ QLa ¼ 111:9=80:1 ¼ 1:397

Qb ¼ QSm ¼ 13:9=10:7 ¼ 1:299:
Because our U–Th disequilibrium data require that /
must be < 0.6%, we choose / = 0.4% for the Wuda-

lianchi basalts. Using these concentration ratios and

/, and solving the system of Eqs. (3) and (4) in Zou et

al. (2000), we obtain X1 = 4.54% and X2 = 6.34%.

Substituting these values into Eq. (5) in Zou et al.

(2000), we have f1 = 4.86% for HS2-2 and f2 = 6.65%

for HN6-1. Similarly, using the La concentration ratio

for Qa, but Nd, Eu, Gd, or Tb (instead of Sm) to

obtain Qb, four additional sets of f1 and f2 can be

obtained. Averaging all the obtained values yields

X1 = 4.62%, f1 = 5.00%, X2 = 6.48%, and f2 = 6.85%.

Substituting these average values for X1 or X2 into Eq.

(1) in Zou et al. (2000), we can calculate source

concentrations (C0) for La, Nd, Sm, Eu, Gd, and Tb,

respectively (Table 3). The DMI results clearly dem-

onstrate a small degree (4–7%) of partial melting of

an LREE-enriched source.

Source Sm and Nd concentrations calculated from

DMI can be used to better constrain the source Nd

model ages for Huoshaoshan. Sample Nd model ages

are calculated as about 900 Ma (Table 1); however,

sample Nd model ages are minimum ages because

Sm/Nd ratios in melts are smaller than source Sm/Nd

ratios. According to DMI results, source Sm/Nd =

0.73/3.81 = 0.1916, which is about 10% higher than

sample Sm/Nd. If we use source Sm/Nd ratio of

0.1916 for Huoshaoshan and assume a similar source

Sm/Nd for Laoheishan, then the calculated source Nd

model ages are about 1000 Ma (Table 1). If there is no

multistage history of mantle enrichments in the
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source, then 1000 Ma may be regarded as the age for

this enrichment source. The coherent variations in Sr,

Nd, and Pb isotopic ratios (Fig. 4) suggest that the

mantle metasomatism could be either a single event or

an episodic or continuous process by melts with

similar geochemical signatures (Bailey, 1982). U–

Th disequilibrium data argue against recent ( < 350

ka) source enrichment by subduction-related fluids,

but cannot preclude other possible enrichment events

between 1000 Ma and 350 ka.
6. Concluding remarks

The Wudalianchi potassic basalts of northeastern

China are characterized by strong excess of 230Th

relative to 238U, by unradiogenic Pb and Nd and

radiogenic Sr isotope ratios, and by large enrichments

in incompatible trace elements. Phlogopite-bearing

garnet peridotites as source rocks are suggested from

significant enrichment in 230Th relative to 238U, and

low CaO+Al2O3. Large partition coefficients in K,

Rb, and Zr (DRbiDK>DZr>DYb>DSm) inferred from

the melt-normalized spider diagram also support the

presence of residual garnet and phlogopite in the

source. The depth of partial melting is estimated as

80–120 km based on the presence of residual garnet,

the negative eNd (indicative of subcontinental litho-

spheric mantle origin), and the thickness of the

lithosphere in the study region (120 km). Dynamic

melting inversion of trace element concentration ratios

and U–Th disequilibrium data suggest low-degree

partial melting (5–7%) of a slow upwelling (< 1.6

cm/year) mantle source, although U–Th disequilibri-

um data can also be explained by an extremely low

degree of batch partial melting (0.3–0.5%) of a static

source. We prefer the dynamic melting model because

the mantle in the study region has been upwelling

since late Tertiary. Since 230Th enrichments are un-

characteristic of melts generated by subduction, the

source rocks were not metasomatized by fluids re-

leased during subduction of the Pacific sediments in

the last 350 ka. The significant 230Th excesses in the

potassic basalts contrast with the near-secular equilib-

rium in many low eNd basalts derived from subconti-

nental lithospheric mantle in southwest United States

(Asmerom, 1999; Asmerom and Edwards, 1995;

Reid, 1995; Reid and Ramos, 1996), indicating the
different melting parameters and variability in the

compositions of the subcontinental lithospheric man-

tle. Further studies are needed in order to identify/

isolate the dominating factor(s) in making these differ-

ences in U–Th disequilibrium in subcontinental man-

tle-derived basalts.
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