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Abstract The geochemical characteristics of melt inclu-

sions and their host olivines provide important information on

the processes that create magmas and the nature of their

mantle and crustal source regions. We report chemical

compositions of melt inclusions, their host olivines and bulk

rocks of Xindian basalts in Chifeng area, North China Craton.

Compositions of both bulk rocks and melt inclusions are

tholeiitic. Based on petrographic observations and composi-

tional variation of melt inclusions, the crystallizing sequence

of Xindian basalts is as follows: olivine (at MgO[*5.5

wt%), plagioclase (beginning at MgO = *5.5 wt%), clino-

pyroxene and ilmenite (at MgO \5.0 wt%). High Ni con-

tents and Fe/Mn ratios, and low Ca and Mn contents in

olivine phenocrysts, combining with low CaO contents of

relatively high MgO melt inclusions (MgO[ 6 wt%), indi-

cate that Xindian basalts are possibly derived from a pyrox-

enite source rather than a peridotite source. In the CS-MS-A

diagram, all the high MgO melt inclusions (MgO[6.0 wt%)

project in the field between garnet ? clinopyroxene ? liquid

and garnet ? clinopyroxene ? orthopyroxene ? liquid near

3.0 GPa, further suggesting that residual minerals are mainly

garnet and clinopyroxene, with possible presence of ortho-

pyroxene, but without olivine. Modeling calculations using

MELTS show that the water content of Xindian basalts is

0.3–0.7 wt% at MgO = 8.13 wt%. Using 20–25 % of partial

melting estimated by moderately incompatible element ratios,

the water content in the source of Xindian basalts is inferred

to be C450 ppm, much higher than 6–85 ppm in dry litho-

spheric mantle. The melting depth is inferred to be *3.0

GPa, much deeper than that of tholeiitic lavas (\2.0 GPa),

assuming a peridotite source with a normal mantle potential

temperature. Such melting depth is virtually equal to the

thickness of lithosphere beneath Chifeng area (*100 km),

suggesting that Xindian basalts are derived from the

asthenospheric mantle, if the lithospheric lid effect model is

assumed.

Keywords Melt inclusion � Olivine chemistry �
Pyroxenite source � Water � Basalts � North China Craton

Introduction

For years, it was thought that peridotite (olivine

mode [40 %), the predominant lithology in the upper

mantle, is the source of mafic magmas (peridotite melts;

e.g., Green and Ringwood 1963; Ringwood 1975;

McKenzie and Bickle 1988; McDonough and Sun 1995).

Based on this assumption, with a normal mantle potential

temperature, the melting depth of alkali basalts is inferred

to be deeper than that of tholeiitic basalts, and the alkali-to-

tholeiitic transition would occur at depth of 40–60 km

(e.g., DePaolo and Daley 2000). Thus, the temporal vari-

ation in lithospheric thickness can be reconstructed

(DePaolo and Daley 2000; Xu et al. 2004), if three con-

ditions are meet: (1) Basalts are confirmed to be derived

from asthenospheric mantle with a normal mantle potential

temperature; (2) change of volcanic mafic rock type
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(e.g., from tholeiitic basalts to alkali basalts) with time is

defined; and (3) the lithospheric lid effect model (the final

melting depth is controlled by the thickness of lithosphere

above) is assumed (e.g., Niu et al. 2011).

However, this conventional view is challenged, because

melting of pyroxenite, another lithology primarily com-

posed of pyroxene, garnet and possibly olivine (olivine

mode \40 %; Kogiso et al. 2004), can also produce basalts

(pyroxenite melts; e.g., Hofmann and White 1982; Weaver

1991; Hauri and Hart 1993; Hirschmann and Stolper 1996;

Hauri 1996; Hofmann 1997; Lassiter and Hauri 1998;

Stracke et al. 2003, 2005; Ren et al. 2004, 2005, 2006,

2009; Kogiso et al. 2004). Compared with peridotite,

pyroxenite has lower solidus and shorter melting interval,

corresponding to greater melting depth and higher melt

productivity (e.g., Yasuda et al. 1994; Takahashi et al.

1998). This suggests that the alkali-to-tholeiitic transition

could occur deeper than previously thought. It is thus

pivotal to identify the source lithology of basalts before

discussing their petrogenesis.

Cenozoic basalts are widespread in eastern North China

Craton (NCC) (Fig. 1a). They were thought to be peridotite

melts formed in asthenospheric mantle (e.g., Fan and

Hooper 1991; Xu 2001). The rock types of these basalts

gradually change from tholeiitic basalts with subordinate

subalkali basalts in Early Tertiary to alkali and strongly

Fig. 1 a Simplified geological

map of eastern China.

b Distribution of Cenozoic

basalts in Chifeng area, northern

edge of the NCC (modified after

Jia et al. 2002). The location of

Xindian basalts is marked with

black four-point star in the

southeastern side of the area
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alkali basalts in Late Tertiary and Quaternary (Fan and

Hooper 1991; Liu et al. 1992a; Menzies and Xu 1998; Xu

2001, 2007; Xu et al. 2004). In view of the normal mantle

potential temperature in the eastern NCC during Cenozoic,

this temporal variation of basalts was explained as a result

of lithospheric thickening during Cenozoic (Menzies and

Xu 1998; Xu 2001, 2007; Xu et al. 2004). However, recent

studies on Cenozoic basalts from Shandong province, Subei

basin and Shuangliao, eastern NCC, showed that basalts

from these areas were pyroxenite melts (Chen et al. 2009;

Zhang et al. 2009; Wang et al. 2011; Zeng et al. 2011; Xu

et al. 2012), thus casting doubt on the previous assumption

of peridotite melts and assessment on variation in litho-

spheric thickness. Moreover, these existing studies were

mainly focused on alkali basalts, but tholeiitic basalts were

paid less attention, possibly due to their limited distribution

in these areas. Besides, basalts of several volcanoes in all

these recent studies were investigated together, and frac-

tional crystallization was poorly constrained in a single

volcano, due to little variation of major elements of bulk

rocks (e.g., Zhang et al. 2009; Zeng et al. 2011). Last but

not least, H2O is important for magma formation (e.g.,

Kushiro 1968, 1969, 1972; Mysen et al. 1980; Gaetani and

Grove 1998; Falloon and Danyushevsky 2000; Asimow

and Langmuir 2003; Asimow et al. 2004; Parman and

Grove 2004; Liu et al. 2006; Wood and Turner 2009). Yet,

up to now, the water contents of Cenozoic basalts in NCC

have still not been constrained.

Olivine chemistry has the potential ability to identify the

source lithology (e.g., Herzberg 2011; Putirka et al. 2011).

Ni and Ca are compatible in olivine and clinopyroxene,

respectively (Hart and Davis 1978; Kinzler et al. 1990;

Beattie et al. 1991; Herzberg 2006; Herzberg and Asimow

2008), while Mn prefers to enter garnet (Pertermann and

Hirschmann 2003; Balta et al. 2011). Thus, compared to

peridotite melts, pyroxenite melts have higher Ni contents

and Fe/Mn ratios, but lower Ca and Mn contents, due to

higher garnet and clinopyroxene mode, but lower olivine

mode in the residual source. Olivine, commonly crystal-

lizing at the early stage, will inherit these features. In other

words, olivines from pyroxenite melts will have higher Ni

and Fe/Mn, but lower Ca and Mn (e.g., Sobolev et al. 2007;

Herzberg 2011).

Melt inclusions are little magma droplets trapped in

crystals during their growth within magmatic systems

(Sorby 1858; Roedder 1979). They can record information

on volatile contents before eruption and petrogenetic pro-

cesses such as crystallization, magma mixing and crustal

contamination and allow reconstruction of the primary melt

compositions (Sobolev and Kostyuk 1975; Sobolev 1996;

Fig. 1 continued
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Lowenstern 1995, 2003; Frezzotti 2001; Danyushevsky

et al. 2002; Schiano 2003; Ren et al. 2005; Kamenetsky

2006; Kent 2008; Métrich and Wallace 2008; Moore 2008;

Blundy and Cashman 2008; and references in these

papers). Comparing with whole rocks, melt inclusions have

advantages as below (Kent 2008): (1) Because of being

trapped in different minerals growing at various stages of

magma evolution, melt inclusions often bear wider com-

positions than bulk rocks (e.g., Sobolev and Shimizu 1993;

Nielsen et al. 1995; Gurenko and Chaussidon 1995; Saal

et al. 1998, 2005; Kent et al. 1999, 2002; Norman et al.

2002; Sours-Page et al. 2002; Ren et al. 2004, 2005;

Jackson and Hart 2006; Kamenetsky and Gurenko 2007).

More importantly, compositions of melt inclusions within

the earliest mineral phenocrysts, for example, olivines with

the highest Fo, are comparable to those of the primitive

magmas (e.g., Sobolev and Shimizu 1993; Sobolev 1996).

(2) Now that being trapped at relatively high pressure, melt

inclusions could preserve volatile components (such as

H2O, S, Cl and CO2) of magmas well, which could be

measured directly (e.g., Sobolev and Chaussidon 1996;

Kovalenko et al. 2000; Walker et al. 2003; Portnyagin et al.

2007). (3) Melt inclusions within resistant phenocrysts

would survive from alteration if they remain closed all the

time (e.g., McDonough and Ireland 1993).

In this study, we chose Xindian tholeiitic basalts in

Chifeng area as the object, because tholeiitic basalts in this

area are distributed relatively widely (Fig. 1b), and previ-

ous studies on these basalts in the area were focused on

petrology, geochronology and paleointensity (Luo and

Chen 1990; Liu et al. 1992c; Jia et al. 2002; Zheng et al.

2002; Shi et al. 2002, 2005; Zhao et al. 2004), but geo-

chemical studies are in low quality. Combining chemical

compositions of bulk rocks, melt inclusions and their host

olivine crystals, we try to reach these aims: (1) to under-

stand the crystal crystallization sequence and process of

Xindian basalts; (2) to identify the source lithology; and (3)

to estimate the H2O content of Xindian basalts.

Geological background and petrography

The NCC is one of the oldest cratons in the world (up to

3.8 Ga; Jahn et al. 1987; Liu et al. 1992b; Song et al. 1996;

Zheng et al. 2004; Wu et al. 2005a). Its western and

northern boundaries are the Early Paleozoic Qilianshan

Orogen and the Late Paleozoic Central Asian Orogenic

Belt, respectively. In the south, Sulu-Dabie-Qiling Orogen

separates the NCC from South China Block (Fig. 1a).

Since being an integrated craton, the NCC had been

stable until kimberlites eruption in Early Paleozoic. Studies

on peridotites captured in these kimberlites point to a

thick ([180 km), cold (\40mW/m2), old ([2.5 Ga) and

refractory cratonic subcontinental lithospheric mantle

(SCLM) beneath the NCC during Early Paleozoic (e.g.,

Menzies et al. 1993; Griffin et al. 1998; Gao et al. 2002;

Chu et al. 2009). However, since Mesozoic, especially Late

Mesozoic, the NCC has been destabilized, as expressed by

intense magma activities (Xu et al. 2009; and references

therein). The mantle xenoliths entrained by Cenozoic

basalts further reveal that Cenozoic SCLM beneath eastern

NCC is thin (\80 km), hot (*65mW/m2), young and

fertile (e.g., Menzies and Xu 1998; Zheng et al. 1998,

2006; Fan et al. 2000; Gao et al. 2002; Rudnick et al. 2004;

Xu and Bodinier 2004; Chu et al. 2009). This suggests a

removal of [100 km of Archean lithosphere during

Phanerozoic (Menzies et al. 1993; Griffin et al. 1998; Fan

et al. 2000).

The mechanism of the NCC destruction is strongly

debated. So far, two extreme models exist: the delamina-

tion model (e.g., Wu et al. 2000, 2003; Gao et al. 2002,

2004, 2008; Chu et al. 2009) and the thermal–mechanical

erosion model (e.g., Griffin et al. 1998; Menzies and Xu

1998; Xu 2001; Menzies et al. 2007). In the delamination

model, the thickened eclogitic lower crust, together with

the lithospheric mantle below, delaminates into the con-

vection mantle. However, this model fails to answer two

main questions. (1) The difference in density between the

eclogite and cratonic SCLM is not large enough to succeed

in delaminating the whole thick SCLM (e.g., Xu 2001). (2)

The destruction period of NCC lasts more than 100 Ma

(e.g., Xu 2001), rather than a short time interval expected

by delamination (\10 Ma; e.g., Lustrino 2005). In ther-

mal–mechanical erosion model, the upwelling hot materi-

als below the SCLM, that is, mantle plume, bring heat to

bake and soften the lowest part of SCLM, resulting in its

removal gradually by the horizon shear force of astheno-

sphere. Meanwhile, melts, produced by decompression

melting of hot materials, rise up and metasomatize the

refractory SCLM into more fertility, which benefits the

SCLM removal. The disadvantage of this model is

the following: (1) no evidence for mantle plume existing

below the NCC during the destruction period (Niu 2005);

(2) magmatism focusing on two peaks, 195–150 Ma and

130–120 Ma, rather than a gradual, long-lived event

(Wu et al. 2005b, c).

Chifeng area is located in the northern edge of the NCC

(Fig. 1a). Accompanying the destruction of NCC and the

asthenosphere upwelling, a large area of basalts has been

erupted in this area since Late Cretaceous, especially dur-

ing Cenozoic periods (Fig. 1b; Luo and Chen 1990; Liu

et al. 1992c; Han et al. 1999; Jia et al. 2002; Zheng et al.

2002; Zhang et al. 2003; Zhao et al. 2004; Shi et al. 2005).

According to Jia et al. (2002), basalts in Chifeng area

could be divided into four epochs: Oligocene (mainly

[20 Ma), Late Miocene (6–10 Ma), Pliocene (*5 Ma)

308 Contrib Mineral Petrol (2013) 165:305–326

123



and Pleistocene (\1 Ma). Basalts of the former two epi-

sodes are mainly distributed between Laoliangdi–Wenniute

Banner Fault and Hongshan–Balihan Fault in the southeast

(Fig. 1b). Both of them are mainly tholeiitic basalts. Bas-

alts of the latter two episodes, mainly distributed to

northwest of Laoliangdi–Wenniute Banner Fault (Fig. 1b),

are dominated by alkali basalts. Thus, from the southeast to

the northwest, Cenozoic eruptions in Chifeng area gradu-

ally get younger. The Xindian basalts are located in the

southeast of Chifeng area and were erupted in Late Oli-

gocene to Early Miocene (22–24 Ma; Shi et al. 2002).

All the samples of Xindian basalts reported in this

study are gray black color and compact massive structure.

In thin sections, *1 vol % phenocrysts (30.5 mm) scat-

ter the matrix. They are mainly euhedral and subhedral

olivines. Some of them are altered due to the oxidation on

the surface while others still remain fresh. Melt inclusions

with round to elliptic shape and filamentous micromi-

nerals can be found in some fresh olivine phenocrysts.

Rarely, plagioclase phenocrysts (*0.5 mm) with the

appearance of short plate are identified. All of the

observed plagioclase phenocrysts show resorption pitted

texture in the cores. The intergranular to subophitic tex-

ture of the matrix is composed of plagioclase and

ilmenite, anhedral olivine and clinopyroxene, and glass,

with the size less than 0.5 mm.

Materials and methods

Sample preparation

Samples of Xindian basalts were firstly sawn into slabs.

After selecting pieces for making thin sections, all residuals

were broken into chips, with the fresh ones grounded into

powder for chemical analysis, and the others for olivine

grain selection. All the analyses were conducted in State

Key Laboratory of Isotope Geochemistry, Guangzhou

Institute of Geochemistry, Chinese Academy of Sciences

(GIG-CAS).

Bulk rock analysis

Major element analyses of five bulk rocks were carried out

by X-ray fluorescence spectrometry (XRF) on fused glass

disks using Rigaku ZSX-100e XRF instrument. Analytical

procedure is described by Goto and Tatsumi (1996). The

same samples were also analyzed for trace elements by

Thermo Scientific XSERIES 2 inductively coupled plasma-

mass spectrometry (ICP-MS), using techniques described

by Liu et al. (1996). Precisions for most trace elements

were better than 5 %.

Olivine and melt inclusion analysis

In view of the occurrence of post-crystallization, homog-

enization of melt inclusions is required. Such process was

described in detail by Ren et al. (2005); 1 atm gas mixing

furnace was used, and the oxygen fugacity was kept at the

quartz–fayalite–magnetite (QFM) buffer. After being

heated at 1,250 �C for 10 min, olivines were quickly ele-

vated to the top of the furnace and held there for quench.

Later, olivines were mounted in epoxy resin disks and

polished until the glassy inclusions were exposed on the

surface.

A total of 53 olivine grains and 36 melt inclusions

enclosed in olivines were analyzed by electron probe

microanalysis (EPMA) with a JEOL JXA-8100 Superp-

robe, following the procedures of Sobolev et al. (2007) for

olivines and Wang and Gaetani (2008) for melt inclusions.

The operating conditions are as follows: 20 kV accelerat-

ing voltage, 300 nA beam current and 2 lm beam diameter

for olivine analysis, and 15 kV accelerating voltage, 20 nA

beam current and 3 lm beam diameter for melt inclusion

analysis. For melt inclusions, Na and K were measured first

in each analysis, and 10 s for peak counting time and 5 s

for background counting time on both sides were used to

minimize their possible loss during analysis. To monitor

machine drift, an internal olivine and an internal glass

standard (JB-2) were analyzed before and after each batch

analysis. The relative analytical uncertainty (relative stan-

dard deviation) for the internal olivine standard is

0.1–0.4 % for major elements (SiO2, MgO and FeO), and

1–3 % for minor elements (CaO, MnO and NiO), and for

JB-2 is \0.5 % for most major elements (5, 1 and 8 % for

MnO, K2O and P2O5, respectively).

Results

Compositions of bulk rocks and melt inclusions

Major element compositions of five samples studied in this

paper are very similar, with MgO contents ranging from

7.2 to 7.5 wt% (Table 1). The range of MgO contents of

melt inclusions in Xindian basalts before Fe-loss correction

is from 7.2 to 9.8 wt%, slightly wider than those of whole

rocks (Table 2). There is a negative correlation between

FeO contents of melt inclusions and Fo values of host

olivines, the so-called Fe-loss (Fig. 2a), which is caused by

post-entrapment re-equilibration between melt inclusions

and their host olivines (e.g., Danyushevsky et al. 2000).

The measured major element compositions of these inclu-

sions therefore need to be recalculated. CaO/Al2O3 ratios

of melt inclusions are nearly constant (Fig. 2b), suggesting

that these melt inclusions only experienced olivine
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Table 1 Major and trace element compositions of bulk rocks of Xindian basalts analyzed by XRF and ICP-MS, respectively

Sample XD10-1 XD10-2 XD10-3 XD10-4 XD10-5

Rock type Tholeiitic rocks

XRF (wt%)

SiO2 50.87 50.86 50.92 50.92 50.88

TiO2 2.20 2.17 2.24 2.31 2.21

Al2O3 13.41 13.53 13.43 13.34 13.45

Fe2O3 13.21 13.10 13.29 13.34 13.25

MnO 0.15 0.15 0.15 0.15 0.15

MgO 7.46 7.49 7.40 7.22 7.42

CaO 8.43 8.50 8.47 8.37 8.44

Na2O 2.65 2.64 2.66 2.72 2.66

K2O 0.89 0.90 0.89 1.01 0.91

P2O5 0.35 0.34 0.35 0.36 0.35

L.O.I 0.07 0.01 -0.11 -0.07 -0.03

Total 99.69 99.69 99.69 99.69 99.69

XRF (ppm)

Cr 273 257 262 261 260

Ni 161 162 155 157 160

Zr 158 154 159 164 159

Nb 19.6 20.5 19.5 20.3 18.7

ICP-MS (ppm)

Sc 21.0 21.1 20.7 20.9 21.0

Cs 0.177 0.182 0.159 0.182 0.167

Ba 236 228 240 247 239

Rb 14.5 14.8 14.3 16.2 14.7

Sr 383 393 386 386 388

Ti 12,780 12,660 12,620 13,280 12,750

Y 24.7 24.8 24.7 25.8 24.8

Zr 156 157 161 163 158

Nb 18.1 18.3 18.5 18.8 18.3

Hf 4.04 4.11 4.12 4.17 4.01

Ta 1.22 1.13 1.21 1.24 1.17

Th 2.13 2.12 2.16 2.21 2.15

U 0.467 0.472 0.489 0.502 0.476

La 19.0 18.9 19.0 19.7 18.9

Ce 39.7 39.7 40.7 42.8 39.7

Pr 5.33 5.31 5.45 5.56 5.30

Nd 23.5 23.5 23.9 24.1 23.3

Sm 5.65 5.80 5.72 5.87 5.66

Eu 1.90 1.94 1.96 1.96 1.88

Gd 5.86 5.91 5.85 5.99 5.84

Tb 0.905 0.909 0.914 0.936 0.898

Dy 5.00 4.92 5.02 5.12 5.08

Ho 0.933 0.929 0.952 0.939 0.932

Er 2.27 2.28 2.26 2.24 2.26

Tm 0.286 0.301 0.280 0.302 0.298

Yb 1.63 1.69 1.66 1.77 1.78

Lu 0.234 0.250 0.253 0.256 0.250

La/Yb 11.7 11.2 11.4 11.1 10.6
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fractionation. During olivine fractionation, FeO contents in

basaltic melts are relatively constant, due to its partition

coefficient between olivine and melt equaling to unity.

Thus, we assume a constant FeO content during the Fe-loss

correction. We used the method of Danyushevsky et al.

(2000) and the model of Ford et al. (1983) for ‘‘Fe-loss’’

correction and post-crystallization, by assuming the total

FeO contents of Xindian lavas to be 10.9 wt%, and oxygen

fugacity to be QFM. On a total alkalis-silica (TAS) dia-

gram (Fig. 3), both bulk rocks and melt inclusions after

correction are tholeiitic. MgO contents of melt inclusions

after correction are from 4.8 to 8.6 wt% (Fig. 4), lower but

wider than those of melt inclusions without correction. In

Fig. 4, with decreasing MgO contents, SiO2, TiO2, Al2O3,

CaO and Na2O contents generally increase, and CaO/Al2O3

ratios are relatively constant at MgO [ 6 wt%, indicating

olivine as the dominant crystallizing phase. Slightly posi-

tive correlations between MgO and Al2O3, and MgO and

CaO, and a negative correlation between MgO and CaO/

Al2O3 ratios are observed at MgO \ 5.5 wt%, indicating

Table 2 Major element compositions of melt inclusions of Xindian basalts analyzed by EPMA

SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 NiO Total Fo

XD10-(1)-1 51.77 2.26 13.59 9.76 0.11 9.22 8.05 3.33 0.94 0.35 0.03 99.42 80.76

XD10-(1)-2 48.74 1.93 11.98 17.25 0.17 8.38 7.17 2.99 0.83 0.32 0.01 99.78 76.00

XD10-(1)-6A 51.28 2.07 13.28 12.22 0.12 8.42 7.67 3.27 0.90 0.38 0.05 99.66 78.58

XD10-(1)-6B 49.54 2.11 12.72 14.95 0.16 8.37 7.98 2.65 0.77 0.35 0.05 99.64 79.41

XD10-(1)-7 50.39 2.27 13.11 13.06 0.14 8.17 8.27 3.20 0.81 0.37 0.05 99.83 80.20

XD10-(2)-1 51.64 2.32 13.83 11.02 0.12 7.74 7.92 3.54 0.91 0.43 0.03 99.50 81.54

XD10-(2)-1/B 51.16 2.13 13.51 11.44 0.12 8.51 8.23 2.92 0.82 0.38 0.03 99.26 80.04

XD10-(2)-1/C 51.49 2.14 13.68 11.13 0.12 8.13 8.33 3.18 0.80 0.47 0.02 99.50 80.90

XD10-(2)-2 49.34 2.10 12.36 12.89 0.14 7.26 7.84 3.02 0.85 0.36 0.02 96.16 80.27

XD10-(2)-3 50.05 2.17 12.89 13.55 0.15 9.11 7.48 2.89 0.93 0.35 0.04 99.61 80.87

XD10-(2)-4B 52.02 2.25 13.17 10.55 0.10 9.14 8.15 3.15 0.90 0.38 0.04 99.84 78.72

XD10-(2)-5 51.04 2.08 13.40 11.70 0.12 8.82 7.81 3.28 0.90 0.36 0.05 99.56 80.82

XD10-(3)-1 50.15 1.94 11.83 14.69 0.14 8.75 6.70 3.12 0.79 0.33 0.03 98.47 73.01

XD-10(3)-1-R 50.63 1.96 12.08 14.68 0.15 8.67 6.83 2.96 0.70 0.32 0.03 98.99 73.01

XD10-(3)-1-RR 50.39 1.95 11.95 14.69 0.15 8.71 6.76 3.04 0.74 0.33 0.03 98.73 73.01

XD10-(3)-2 49.74 2.28 12.77 14.86 0.15 7.60 8.11 3.18 0.76 0.34 0.02 99.81 80.61

XD10-(3)-4B 50.40 2.02 11.77 15.46 0.16 7.81 7.43 2.94 0.93 0.36 0.04 99.31 71.08

XD10-(3)-5 51.84 2.25 13.53 9.26 0.11 9.59 8.53 3.21 0.96 0.39 0.04 99.71 81.18

XD10-(3)-6A 51.07 2.12 13.50 11.63 0.13 9.08 7.88 3.22 0.86 0.35 0.04 99.88 78.06

XD-10(3)-6B 51.31 2.28 13.66 11.21 0.12 8.80 8.30 3.14 0.76 0.35 0.03 99.95 77.29

XD10-(3)-7/A 51.05 2.24 13.37 10.52 0.11 9.34 7.98 3.19 0.89 0.35 0.04 99.07 80.23

XD10-(4)-1 50.23 2.02 12.98 13.34 0.15 9.32 7.24 3.27 0.93 0.36 0.03 99.87 77.10

XD10-(4)-2A 51.84 2.33 12.33 12.39 0.13 8.80 7.22 3.13 1.13 0.38 0.05 99.74 74.07

XD10-(4)-3/ 49.17 2.05 12.38 15.82 0.16 8.83 7.34 2.99 0.83 0.35 0.04 99.95 72.28

XD10-(4)-3A 50.22 2.25 12.73 14.79 0.17 7.27 7.50 3.22 0.97 0.42 0.01 99.55 73.83

XD10-(4)-3B 49.22 1.97 11.88 17.84 0.20 7.58 6.95 3.01 0.82 0.46 0.02 99.93 72.68

XD10-(4)-4 50.78 2.06 12.58 12.83 0.14 8.78 7.59 3.26 0.91 0.36 0.04 99.34 78.43

XD10-(4)-5A 51.78 2.13 12.81 11.31 0.12 8.74 8.28 3.38 0.90 0.35 0.05 99.84 79.04

XD10-(4)-5B 50.89 2.20 12.91 12.08 0.12 8.51 8.49 3.32 0.85 0.35 0.04 99.76 78.72

XD10-(4)-6A 49.82 2.18 12.73 14.30 0.14 8.25 7.77 3.19 0.83 0.35 0.03 99.58 73.33

XD10-(4)-7 50.02 2.09 12.47 14.95 0.14 8.31 7.35 3.18 0.83 0.37 0.02 99.74 76.52

XD10-(5)-1 49.54 2.20 12.91 14.98 0.15 7.64 7.67 3.26 0.84 0.43 0.03 99.65 77.98

XD10-(5)-2 50.05 2.19 14.07 11.53 0.13 9.26 8.18 3.29 0.84 0.36 0.04 99.93 82.05

XD10-(5)-3 48.23 1.98 12.76 15.82 0.15 8.73 7.69 3.01 0.82 0.35 0.03 99.58 77.29

XD10-(5)-4 51.00 2.16 14.02 9.79 0.09 9.77 8.14 3.26 0.96 0.37 0.05 99.59 79.26

XD10-(5)-5A 50.46 2.10 12.61 13.88 0.13 8.56 7.55 3.10 0.86 0.36 0.05 99.66 78.11

XD10-(5)-5B 50.71 2.06 13.24 12.39 0.12 8.82 7.72 3.18 0.92 0.35 0.05 99.56 78.11

XD10-(5)-6 50.11 2.10 13.08 13.39 0.14 8.46 8.00 3.13 0.92 0.34 0.05 99.73 75.59
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that plagioclases crystallize from the magma. An interest-

ing phenomenon is that when MgO contents are between

5.5 and 6.0 wt%, Al2O3 contents show a negative corre-

lation with MgO, whereas CaO contents exhibit a slightly

positive correlation with MgO. As CaO/Al2O3 ratios

remain constant, we infer that this difference is due to the

more scatter of CaO contents at a given MgO.

The variation of trace element compositions of Xindian

basalts is also limited, with La/Yb ratios ranging from 10.6

to 11.7 (Table 1). Their trace element distribution patterns

(Fig. 5) resemble those of typical EMI OIBs, characterized

by enrichment of large ion lithophile elements (LILEs),

positive anomalies of Ba, Ta and Sr, but no significant

anomalies of high field strength elements (HFSEs, such as

Nb, Zr–Hf and Ti; Fig. 5).

Olivine compositions

Fo values in Xindian olivine crystals are relatively low

(ranging from 71.0 to 82.1, Table 3), and CaO contents in

olivines are higher than 0.15 wt% (Fig. 6). CaO contents

remain nearly constant at Fo [ 75 and gradually increase

with decreasing Fo when Fo \ 75 (Fig. 6). MnO and NiO

contents of the Xindian olivines range from 0.20 to 0.31

wt%, and from 0.19 to 0.35 wt%, respectively. They show

negative and positive correlations with Fo, respectively

(Fig. 7b, c). Fe/Mn ratios of olivines are higher than 80 and

exhibit no correlation with Fo (Fig. 7d). Compared with

those crystallizing from peridotite melts, olivine crystals in

Xindian basalts are characterized by lower Ca and Mn

contents, but higher Ni contents and Fe/Mn ratios at a

given Fo value (Fig. 7).

Discussion

Olivine phenocrysts or xenocrysts?

There are two types of olivine crystals in basaltic lavas:

phenocrysts crystallized from magma and mantle-derived

xenocrysts. Based on the following observations, we con-

clude that all olivines in this study are phenocrysts. In thin

sections, olivine crystals ([0.5 mm) generally appear with

euhedral and subhedral shapes, which are different from

most mantle xenocrysts with the anhedral profiles (e.g.,

Kamenetsky et al. 2006). In addition, CaO contents of the

Xindian olivines are higher than 0.1 wt% (Fig. 6), consis-

tent with a derivation from magmas (Simkin and Smith

1970; Garcia et al. 1995; Ren et al. 2004). Besides, Fo

values in olivines in Xindian basalts are relatively low

(Fo \ 85), compared with those of mantle xenoliths from

Fig. 2 a The plot of FeO contents of melt inclusions in Xindian

basalts against Fo values of their host olivines. ‘‘Fe-loss’’ is expressed

as a slightly negative relationship illustrated in a. b The plot of CaO/

Al2O3 ratios of melt inclusions versus Fo of their host olivines. The

relatively constant CaO/Al2O3 ratios suggest no obvious clinopyrox-

ene and plagioclase fractionation

Fig. 3 TAS diagram after Le Bas et al. (1986) for bulk rocks and

melt inclusions of Xindian basalts. The compositions of melt

inclusions are corrected after Fe-loss (see text further explanation).

The bulk compositions are normalized volatile-free, after total Fe

contents are divided into FeO and Fe2O3 via assuming Fe2?/Fe3? to

be 9.0
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eastern NCC (mostly Fo [ 89; Fan and Hooper 1989;

Zheng et al. 1998, 2001, 2006; Fan et al. 2000; Rudnick

et al. 2004; Xu and Bodinier 2004; Yang et al. 2008; Chu

et al. 2009; Xia et al. 2010; Xiao et al. 2010). Furthermore,

melt inclusions hosted by Xindian olivines are mostly

isolated and thus original, in contrast with the absence of

original melt inclusions in olivine xenocrysts (Schiano

2003). More importantly, compositional variation of melt

inclusions is generally consistent with the trend of frac-

tional crystallization on which bulk rocks also fall (Figs. 4,

8), further supporting the conclusion that olivines in this

study are magmatic in origin.

Fig. 4 Major element contents and their ratios against MgO variation

diagrams for bulk rocks and melt inclusions of Xindian basalts after

correction for Fe-loss: a SiO2 versus MgO; b TiO2 versus MgO;

c Al2O3 versus MgO; d CaO versus MgO; e Na2O versus MgO;

f CaO/Al2O3 versus MgO. The data are consistent with those in

Fig. 3. Note that the bulk rocks plot in the field of melt inclusions,

except Na2O versus MgO, indicating they are co-genetic. Lower

Na2O contents of bulk rocks might be due to alteration after eruption
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Evolution of Xindian basalts

Alteration and crustal contamination?

Magmas might undergo alteration after eruption on the

surface, or crustal contamination during magma ascent

through the whole crust. Thus, it is important to assess the

effect of alteration and crustal contamination before dis-

cussing the crystallization and petrogenesis of the magmas.

Although iddingsites are present in some olivines, most

olivines are rather fresh. In addition, LOI values of the

Xindian basalts are all very low (\0.01 wt%; Table 1),

some even below zero (Table 1). The negative values

indicate that the increased weight via oxidation of FeO to

Fe2O3 is heavier than the lost weight via losing volatiles.

Although the estimation of the effect of crustal contami-

nation is hard, due to the similar compositions of five

studied samples, lack of significant negative anomalies of

HFSEs (Nb–Ta, Zr–Hf and Ti) in primitive mantle-nor-

malized trace element patterns (Fig. 5) is indicative of

insignificant crustal contamination on Xindian basalts.

Crystallization

Rather, limited bulk rock compositions of the Xindian

basalts make it impossible to discuss the crystallization of

magmas. Here we try to reconstruct the crystallization

process of Xindian basalts, using melt inclusion composi-

tions. Olivine is the main phenocryst phase of the Xindian

basalts, with minor plagioclase phenocrysts. The matrix of

Xindian basalts is composed of plagioclase, clinopyroxene,

olivine and ilmenite. All these suggest that olivine and

plagioclase crystallize earlier than clinopyroxene and

ilmenite.

On the Harker diagram (Fig. 4), with decreasing MgO,

CaO and Al2O3 of melt inclusions increase at MgO [*6.0

wt%, whereas they decrease slightly at MgO \ 5.5 wt%.

CaO/Al2O3 ratios remain constant at MgO [*5.5 wt%,

but increase slightly at MgO \*5.5 wt%. Thus, we deduce

that olivine is the primary phenocryst phase at MgO [
*5.5 wt%, and plagioclase might begin to crystallize at

MgO = *5.5 wt%. Clinopyroxene is not a liquidus phase

at MgO [ 5.0 wt%.

Given the low MgO contents of melt inclusions

(all \8.6 wt%), it is necessary to discuss whether clino-

pyroxene and plagioclase participate the crystallization

process at higher MgO. Rare and small plagioclase

phenocrysts in thin sections indicate that positive anomaly

of Sr in Fig. 5 possibly inherits from the source, rather than

plagioclase accumulation. Clinopyroxene fractionation at

higher MgO contents is hard to assess. Yet, several traces

hint clinopyroxene could not crystallize too early. (1) No

clinopyroxene phenocrysts are observed in thin sections.

(2) Sc contents of Xindian basalts (*20 ppm) are com-

parable to those of other Cenozoic high MgO basalts

(MgO [ 11 wt%) in eastern China (Sc 16–27 ppm; Fan

and Hooper 1991). This rules out the possibility of sig-

nificant clinopyroxene fractionation in the Xindian case,

which would have significantly lowered Sc contents in

residual melts because of its compatibility in clinopyrox-

ene. (3) Modeling calculation using MELTS shows that the

magma chamber pressure of the Xindian basalts is rela-

tively low (P B 1,000 bar; Fig. 8d, f). At such low pres-

sure, clinopyroxene crystallization is impossible.

Therefore, we infer that the order of crystallized minerals

of the Xindian basalts is as follows: olivine (at MgO [ 5.5

wt%), plagioclase (beginning at MgO = *5.5 wt%),

clinopyroxene and ilmenite (both at MgO \ 5.0 wt%).

Fig. 5 Primitive mantle

(McDonough and Sun 1995)-

normalized trace element

patterns for Xindian basalts. The

average data of EMI OIB are

from Willbold and Stracke

(2006)
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Table 3 Major and minor element compositions of olivine phenocrysts of Xindian basalts analyzed by EPMA

SiO2 FeO MnO MgO CaO NiO Total Fo

XD10-(1)-1 39.61 17.74 0.20 41.78 0.18 0.33 99.83 80.76

XD10-(1)-2 38.92 21.74 0.25 38.61 0.17 0.28 99.96 76.00

XD10-(1)-3A 37.95 22.71 0.24 37.96 0.17 0.21 99.25 74.87

XD10-(1)-3B 38.40 21.27 0.22 38.73 0.17 0.23 99.02 76.45

XD10-(1)-3C 38.25 21.54 0.23 39.01 0.20 0.24 99.47 76.35

XD10-(1)-4 38.43 23.54 0.27 36.96 0.21 0.23 99.64 73.67

XD10-(1)-5 39.85 18.46 0.22 40.89 0.18 0.33 99.93 79.80

XD10-(1)-6A 39.30 19.47 0.22 40.07 0.18 0.32 99.56 78.58

XD10-(1)-6B 39.23 18.86 0.22 40.81 0.18 0.31 99.61 79.41

XD10-(1)-7 39.33 18.24 0.22 41.44 0.19 0.31 99.73 80.20

XD10-(2)-1 39.56 17.01 0.20 42.13 0.19 0.35 99.44 81.54

XD10-(2)-1/A 39.29 18.18 0.21 41.29 0.19 0.34 99.49 80.20

XD10-(2)-1/B 39.40 18.35 0.20 41.28 0.19 0.34 99.77 80.04

XD10-(2)-1/C 39.78 17.49 0.20 41.56 0.19 0.34 99.55 80.90

XD10-(2)-2 39.35 18.07 0.21 41.26 0.19 0.33 99.41 80.27

XD10-(2)-3 39.79 17.55 0.20 41.61 0.19 0.34 99.69 80.87

XD10-(2)-4A 39.36 21.27 0.26 38.21 0.20 0.29 99.59 76.20

XD10-(2)-4B 39.54 19.33 0.22 40.11 0.20 0.33 99.73 78.72

XD10-(2)-4C 38.99 20.96 0.25 39.25 0.19 0.30 99.93 76.95

XD10-(2)-5 39.45 17.66 0.21 41.75 0.18 0.35 99.60 80.82

XD10-(2)-6 39.00 20.80 0.24 39.30 0.18 0.29 99.81 77.11

XD10-(2)-7 39.60 17.95 0.22 41.64 0.19 0.35 99.94 80.52

XD10-(3)-1 38.34 23.88 0.27 36.24 0.18 0.22 99.13 73.01

XD10-(3)-2 39.95 17.65 0.21 41.16 0.18 0.34 99.49 80.61

XD10-(3)-2/A 39.17 21.65 0.26 37.88 0.19 0.26 99.40 75.72

XD10-(3)-2/B 39.66 18.03 0.20 41.35 0.18 0.34 99.76 80.35

XD10-(3)-3 38.80 21.37 0.24 38.48 0.17 0.26 99.31 76.25

XD10-(3)-4B 38.79 25.40 0.31 35.02 0.20 0.21 99.93 71.08

XD10-(3)-5 40.12 17.07 0.20 41.31 0.18 0.35 99.23 81.18

XD10-(3)-6A 40.15 19.49 0.24 38.89 0.19 0.29 99.24 78.06

XD10-(3)-6B 39.26 20.42 0.23 38.99 0.18 0.28 99.35 77.29

XD10-(3)-7 39.90 17.67 0.20 41.32 0.18 0.33 99.60 80.65

XD10-(3)-7/A 39.67 18.05 0.20 41.09 0.19 0.34 99.53 80.23

XD10-(3)-7/B 39.54 17.86 0.20 41.35 0.19 0.34 99.49 80.50

XD10-4-1 38.82 20.71 0.23 39.12 0.18 0.30 99.35 77.10

XD10-4-2A 39.16 22.78 0.27 36.50 0.20 0.28 99.18 74.07

XD10-4-2B 39.42 17.71 0.19 41.49 0.19 0.34 99.34 80.68

XD10-4-3A 38.63 23.45 0.29 37.12 0.18 0.21 99.86 73.83

XD10-4-3B 38.46 24.13 0.29 36.02 0.19 0.21 99.30 72.68

XD10-4-3/ 38.15 24.74 0.30 36.18 0.22 0.19 99.77 72.28

XD10-4-4 39.22 19.47 0.23 39.73 0.18 0.33 99.16 78.43

XD10-4-4/ 38.36 25.52 0.31 35.34 0.19 0.22 99.93 71.17

XD10-4-5A 39.15 19.04 0.22 40.29 0.17 0.33 99.20 79.04

XD10-4-5B 39.54 19.21 0.23 39.88 0.18 0.33 99.37 78.72

XD10-4-6A 38.83 23.65 0.28 36.49 0.20 0.22 99.68 73.33

XD10-4-6B 38.59 23.06 0.28 37.19 0.21 0.24 99.56 74.20

XD10-4-7 39.13 21.16 0.26 38.70 0.18 0.27 99.69 76.52

XD10-5-1 39.16 20.02 0.24 39.77 0.19 0.30 99.67 77.98
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Pyroxenite source or peridotite source?

Olivine chemistry: a review

Sobolev et al. (2005) found that Ni contents of olivines in

high SiO2 Hawaii basalts were unusually high and argued

them derived from pyroxenite melts. Later, Sobolev et al.

(2007) further investigated the compositions of olivine

phenocrysts in various magmas from different tectonic

setting. They found that most olivine phenocrysts from

MORB and many from komatiites had Mn and Ni contents

comparable with those of peridotite melts. However, oliv-

ine phenocrysts from tholeiitic and transitional magmas of

OIB and LIP emplaced on thick lithosphere (WPM-THICK

group) had generally higher Ni and Fe/Mn, but lower Ca

and Mn, which was explained as the result of higher pro-

portion of pyroxenite melts in WPM-THICK group.

However, the pyroxenite model, proposed by Sobolev

and his colleagues, aroused hot debates (e.g., Niu and

O’Hara 2007; Niu et al. 2011; Herzberg 2011; Putirka et al.

2011; Rhodes et al. 2012). Niu and his coworkers

explained the first-order correlation between olivine com-

positions and thickness of lithosphere as the result of the lid

effect rather than the original source composition (e.g., Niu

and O’Hara 2007; Niu et al. 2011). They argued that the

high Ni contents and Fe/Mn ratios of olivine phenocrysts

from the thick lithosphere were due to their high corre-

sponding values of the melt formed at high pressure. They

thought that at high pressure, olivines consumed and high

MgO melts produced would increase Ni contents in the

primitive melts, and garnet occurring in the residual source

would low Fe/Mn ratios in the melt. Alternatively, Putirka

et al. (2011) emphasized the role of temperature on the

partition coefficient. They argued that due to higher DNi
ol-melt

at lower temperature, Ni contents of the olivine pheno-

crysts crystallizing at relatively low temperature would be

higher than those of mantle materials in the residual source.

They held that the higher Ni contents in Koolau olivines

were probably due to the lower crystallization temperature.

They further pointed out melting of peridotites with the

median Ni contents could yield the high Ni contents of

Hawaii melts, and the high Ni olivines may be due to the

elevated temperature of peridotite melting.

Herzberg (2011) modeled the composition variation of

olivines (such as Ni, Ca, Mn and Fe/Mn) from fertile

peridotite melts (the plot of Herzberg 2011; Fig. 7) and

applied the modeling results to the natural samples. He

found that compositions of olivines in MORB and Alexo

komatiites were consistent with the expected olivine

compositions of peridotite melts, thus suggesting a peri-

dotite source for these lavas. They argued that Koolau

lavas were pyroxenite melts, in view of higher Ni and

Fe/Mn and lower Ca and Mn of olivines. They further

pointed out that both pyroxenite and peridotite occurred in

the source of Loihi lavas.

Recently, Rhodes et al. (2012) reported that the Ni con-

tents between low and high SiO2 lavas from Mauna Kea

shield were comparable, thus casting doubt on the pyroxe-

nite model. They argued that following the method of

Sobolev et al. (2005), the Ni contents of primitive peridotite

melts resemble those of Mauna Kea lavas, when DNi
ol-melt of

Putirka et al. (2011) instead of Beattie et al. (1991) was

applied. They also found that even using DNi
ol-melt of Beattie

et al. (1991), melting of peridotite with a little higher Ni

content (e.g., 2,200 ppm) in the source would also yield

similar Ni contents of Mauna Kea lavas. Thus, Rhodes et al.

(2012) concluded that because of the uncertainty in either Ni

content of peridotite source or the DNi
ol-melt, the model of

Sobolev et al. (2005) was not persuasive.

Fig. 6 Diagram of CaO contents against Fo values for olivines of

Xindian basalts. Note that CaO contents of all olivines of Xindian

basalts are higher than 0.1 wt%, suggesting their magmatic origin

Table 3 continued

SiO2 FeO MnO MgO CaO NiO Total Fo

XD10-5-2 39.99 16.54 0.20 42.42 0.18 0.35 99.68 82.05

XD10-5-3 38.43 20.59 0.24 39.31 0.18 0.29 99.03 77.29

XD10-5-4 39.12 18.94 0.22 40.62 0.18 0.34 99.42 79.26

XD10-5-5A 38.67 20.03 0.24 40.10 0.18 0.30 99.52 78.11

XD10-5-6 38.69 21.97 0.25 38.15 0.18 0.26 99.50 75.59
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Olivine chemistry of Xindian basalts

Although identification of the source lithology based on the

olivine phenocrysts is still problematic, the plot of Herzberg

(2011) is a good test. Since several factors, including the lid

effect (corresponding to the melting pressure; Niu et al.

2011), the melting temperature (Putirka et al. 2011), the

partition coefficients between olivine and melt, and com-

positions in the mantle source (Putirka et al. 2011; Rhodes

et al. 2012), can affect the compositions of olivine pheno-

crysts, it is necessary to examine the validity of the plot

before projecting olivine data of Xindian basalts.

We choose various natural peridotite melts (komatiites

from worldwide, Loihi lavas and N-MORB from Siquei-

ros), with melting pressures from [7.0 GPa to \2.0 GPa

(e.g., Kinzler and Grove 1992a, b; Walter 1998), and

melting temperatures from anomalously high to normal

mantle potential temperature (e.g., McKenzie and O’Nions

1991; Putirka 2005). These melts chosen in random will

also effectively erase the influence of compositions in

mantle source and check the partition coefficient. In Fig. 7,

olivine compositions from these melts generally plot well

in the fields of expected olivine compositions from peri-

dotite melts, suggesting that the plot is valid for peridotite

melts.

In the plot of Herzberg (2011), Ni and Fe/Mn of olivines

in Xindian basalts are higher, but Ca and Mn are lower than

those of olivines in peridotite melts at a given Fo (Fig. 7).

Similar olivine compositions are reported in Koolau lavas

(Fig. 7; Sobolev et al. 2007; Herzberg 2011). Although

some researchers argued that high Ni olivines in Koolau

lavas could crystallize from peridotite melts (Putirka et al.

2011; Rhodes et al. 2012), several lines of evidences sug-

gest that peridotite as the source lithology of Koolau lavas

seems impossible. (1) Assuming peridotite as the source of

the whole Hawaii lavas (e.g., Putirka et al. 2011; Rhodes

et al. 2012), Koolau and Loihi lavas would possibly have

similar Ni contents, due to the comparable DNi
ol-melt values

Fig. 7 Plots of Ca (a), Ni (b), Mn (c) and Fe/Mn (d) against Fo for

olivines of Xindian basalts. The corresponding compositions of

olivines crystallizing from peridotite melts after Herzberg (2011) are

also shown. Data source of olivines in komatiites worldwide, Loihi

lavas and Koolau lavas is from Sobolev et al. (2007). Data source of

olivines in N-MORB from Siqueiros is from Sobolev et al. (2007) and

Putirka et al. (2011)
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and Ni contents in the source. Thus, compositions of

olivine phenocrysts would be similar. Yet, Koolau lavas

have higher Ni and Fe/Mn, but lower Mn and Ca of oli-

vines than Loihi lavas. According to Putirka et al. (2011),

higher Ni olivines in Koolau lavas is possibly due to the

lower crystallization temperature. Following this reason-

ing, the lower crystallization temperature in Koolau lavas

would result in lower Ni contents in low Fo olivines (see

Fig. 5a in Putirka et al. 2011), an expectation not observed

(Fig. 7). (2) Koolau lavas are dominated by silica-excess

melts (e.g., Herzberg 2011), which could not be directly

derived from silica-deficient source, for example, peridotite,

at high pressure (Kogiso et al. 2004). Putirka et al. (2011)

proposed that the reaction between the high-pressure peri-

dotite melt and harzburgite at low pressure, similar to the

model of Wagner and Grove (1998), could explain the high

SiO2 content of Koolau lavas. However, such reaction would

result in olivine crystallization, thus lowering Ni contents of

lavas and olivine phenocrysts, which contradicts the fact of

the high Ni olivines in Koolau lavas. (3) Compared with

other lavas in Hawaii, Koolau lavas have anomalously low

CaO contents at given MgO content (Herzberg 2011; Putirka

et al. 2011). Although the high-pressure (3.0 GPa) peridotite

melts could share similar CaO contents at given MgO

Fig. 8 Comparison of the crystallization trends of melt inclusions of

Xindian basalts after Fe-loss correction and the calculated fractional

crystallization trends using MELTS program by assuming a high

MgO melt inclusion (MgO = 8.13 wt%) as a parental magma. R

shown in the diagrams, a parameter reflecting the degree of deviation

from the data, is the square root of the sum of squares of difference

between model liquid lines of descent (LLD) and data points at equal

MgO. The left diagrams (a–c) for various water contents in the melts

at given pressure (500 bar). Note that the modeled LLD of 0.3–0.7

wt% water contents best fit the data points, as evidenced from the

lowest R values in these three diagrams. The right diagrams (d–f) for

different pressures (500, 1,000 and 2,000 bar, respectively) at given

water contents in the melts (0.3 wt% and 0.7 wt%, respectively). Note

that with increasing pressures, the deviation of the modeled LLD from

the data points increases, indicating that the crystallization pressure is

very low (no more than 1,000 bar)
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(Longhi 2002; Putirka et al. 2011), such low CaO peridotite

melts would also have lower SiO2 content at given MgO

(Fig. 6 (a) and (b) in Putirka et al. 2011). Putirka et al.

(2011) also proposed a mixture melt by various high-pres-

sure peridotite melts equilibrating with harzburgite at rela-

tively low pressure (1–1.5 GPa) for the parental melts of

Koolau lavas. However, as discussed before, such mixing

melts fail to explain the high Ni olivines in Koolau lavas.

Therefore, we hold that the pyroxenite is the source of

Koolau lavas (Ren et al. 2004, 2005, 2006, 2009; Sobolev

et al. 2005; Herzberg 2011), consistent with the conclusion

made on their special olivine compositions (Fig. 7). Given

the fact that olivine compositions of Xindian basalts are

similar to those of Koolau lavas (Fig. 7), we thus prefer the

pyroxenite as the source of Xindian basalts.

Melt inclusion chemistry

Only melt inclusions with MgO [ 6.0 wt% are used to

constrain the source lithology of Xindian basalts, because

they were only subjected to olivine fractionation. In the

CaO–MgO diagram (Fig. 9), the Xindian melt inclusions

have low CaO contents and project in the field of pyrox-

enite melts, again indicating a pyroxenite source for the

Xindian basalts (Herzberg 2006; Herzberg and Asimow

2008). Furthermore, in the CS-MS-A diagram, these melt

inclusions plot in the field between Opx ? Cpx ? Gt ? L

and Cpx ? Gt ? L at *3.0 GPa (Fig. 10), further indi-

cating that the residual minerals are mainly clinopyroxene

and garnet, possibly in the presence of minor orthopyrox-

ene but without olivine, and the melting depth is *3.0 GPa

(Herzberg 2006, 2011). Such an inference is in accordance

with the high Ni and Fe/Mn, and low Ca and Mn in olivines

of the Xindian basalts.

Another important evidence in favor of a pyroxenite

source for the Xindian basalts is that if assuming the source

is peridotite, using PRIMELT2 program (Herzberg and

Asimow 2008), the MgO contents of the primitive magmas

of nearly all high MgO melt inclusions (MgO [ 6 wt%) are

higher than 20 wt%, which is unreasonable (not shown).

The best explanation is that the source of Xindian basalts is

the Fe-rich source, such as pyroxenite.

Summary

Olivine chemistry has the potential ability to identify the

source lithology. Comparing with those peridotite melts,

olivine phenocrysts of Xindian basalts bear higher Ni

contents and Fe/Mn ratios, but lower Ca and Mn contents at

a given Fo value, and high MgO melt inclusions have lower

CaO contents at a given MgO content, both suggesting that

the pyroxenite is the possible source of Xindian basalts. In

the CS-MS-A diagram, nearly all high MgO melt inclu-

sions fall in the field between L ? garnet ? clinopyroxene

and L ? garnet ? clinopyroxene ? orthopyroxene near

3.0 GPa, further constraining that the residual minerals in

the source after melt extraction are mainly garnet and

clinopyroxene, possibly in the presence of a little ortho-

pyroxene, but no olivine. Therefore, our study clarifies that

not only alkali basalts but also tholeiitic basalts in the NCC

are possibly derived from the pyroxenite source.

The formation of pyroxenite and melting degrees

of Xindian basalts

Pyroxenite could exist either in asthenospheric or in

lithospheric mantle. We prefer asthenospheric pyroxenite

as the source of the Xindian basalts, following two main

reasons. The initial eNd values (eNd(t)) of mafic magmas in

Fig. 9 Diagram of CaO against MgO for melt inclusions of Xindian

basalts after Fe-loss correction. The divide line of pyroxenite melts

and peridotite melts after Herzberg and Asimow (2008) is also shown

Fig. 10 CS-MS-A diagram after Herzberg (2011) for the high MgO

contents of melt inclusions (MgO [ 6.0 wt%) of Xindian basalts after

Fe-loss correction. The detailed description of CS-MS-A diagram can

be seen in Herzberg (2006, 2011). Note that all the melt inclusions

plot in the field between L ? Cpx ? Gt and L ? Cpx ? Opx ? Gt

at *3.0 GPa. This means that the residual minerals after melt

extraction from the source of Xindian basalts are mainly Cpx and Gt,

possibly Opx, but no Ol, and the melting pressure possibly

reaches *3.0 GPa
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the whole eastern NCC increase gradually from eNd(t) \ 0

in Late Mesozoic to eNd(t) [ 0 in Cenozoic (Xu 2001). The

mafic melts with the low eNd(t) (\0) are inferred to be

derived from enriched lithospheric mantle, while the melts

with the high eNd(t) ([0) are from the asthenospheric mantle

(e.g., Xu 2001). The eNd(t) values of Cenozoic basalts in

Chifeng area range from ?1.6 to ?4.4 (Han et al. 1999),

similar to those of Cenozoic basalts in eastern NCC (e.g.,

Xu 2001; Zhang et al. 2009; Zeng et al. 2010, 2011; Xu

et al. 2012), thus favoring an asthenospheric origin. More

importantly, geophysical investigations have showed that

the present lithosphere thickness beneath Chifeng area

is *100 km (Ma 1987; Chen 2010), in agreement with the

inferred melting depth of Xindian basalts (*3.0 GPa;

Fig. 10). This is best explained by the lid effect model, in

which the final melting depth of asthenosphere-derived

basalts is controlled by the thickness of lithosphere above

(e.g., Niu et al. 2011).

Pyroxenite in the asthenosphere could be directly

transformed from subducted oceanic crust (stage I pyrox-

enite; e.g., Herzberg 2011), or the reaction product between

the subducted oceanic crust and its surrounding depleted

peridotite mantle (stage II pyroxenite; e.g., Sobolev et al.

2005; Herzberg 2011). Because MgO contents of some

melt inclusions in the Xindian basalts are [8.0 wt%, higher

than those of melts yielded by only oceanic crust melting

(MgO \ 8.0 wt%; e.g., Pertermann and Hirschmann 2004),

we prefer the stage II pyroxenite in asthenosphere as the

source of the Xindian basalts. Combined with the melting

experiments of homogeneous basalt–peridotite mixtures

(Kogiso et al. 1998; Yaxley 2000), and no olivine in the

residual source of the Xindian basalts, we further infer that

the proportion of peridotite involved in the formation of the

stage II pyroxenite is less than 50 %.

Since the incompatible trace element concentrations of

the surrounding depleted mantle are much lower than those

of recycled oceanic crust (e.g., Stracke et al. 2003), their

ratios of the stage II pyroxenite with less than 50 % peri-

dotite are nearly similar to those of recycled oceanic crust.

We used the average compositions of Zambezi Belt group I

and II eclogites reported in John et al. (2004), a good

estimate for average recycled oceanic lithosphere (Pfänder

et al. 2007), as the compositions of the recycled oceanic

crust. We used the moderate incompatible element ratios

(Zr/Hf, Lu/Hf and Dy/Yb) to estimate the degrees of

pyroxenite melting (Stracke and Bourdon 2009). The pro-

portions of olivine and orthopyroxene in the assumed

source are neglected, due to their low mode compositions

in the residual source of Xindian basalts and low incom-

patible element concentrations in these two minerals. Using

various clinopyroxene/garnet ratios, we estimate the

degrees of partial melting for the Xindian basalts, which

are shown in Fig. 11. The results show that the degrees of

partial melting are 20–25 % and the clinopyroxene/garnet

ratios in the source are probably from 5/1 to 8/1 (Fig. 11).

The estimated melting degrees for Xindian basalts are

consistent with the degrees of pyroxenite melting exper-

iment at 3.5 GPa (e.g., Sobolev et al. 2007), and the cal-

culated melt fraction from pyroxenite melting at 3.0 GPa

within the normal mantle potential temperature (Pertermann

and Hirschmann 2003). The mode of garnet in the source

is relatively low (\17 %), possibly due to high Al2O3

content in clinopyroxene at high pressure (Pertermann and

Hirschmann 2003).

Fig. 11 Fractional melting curves for pyroxenite in terms of Zr/Hf

against Dy/Yb (a) and Lu/Hf (b) for Xindian basalts. The modeled

curves are calculated for various clinopyroxene/garnet ratios in the

source using partition coefficient data from Pertermann et al. (2004).

The compositions of pyroxenite source are from the average

compositions of Zambezi Belt group I and II eclogite (John et al.

2004). Melt fraction is displayed as percent along the melting curves
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H2O content in the source of Xindian basalts

Previous studies on peridotite xenoliths in the NCC showed

that H2O contents of these peridotites were generally lower

than those of peridotites in other Archaean cratons, and

Proterozoic or younger-age off-cratons, and abyssal peri-

dotites (Yang et al. 2008; Xia et al. 2010). This suggests

that the Cenozoic lithospheric mantle beneath NCC was

rather dry (Yang et al. 2008; Xia et al. 2010). Xia et al.

(2010) argued that the dry lithospheric mantle beneath the

NCC represents the old lithospheric mantle surviving from

the lithospheric destruction, and the low H2O content was

due to the reheating from below by the upwelling

asthenospheric flow.

MELTS program is used to simulate the isobaric frac-

tional crystallization process of the Xindian basalts at

various pressures and water contents (Ghiorso and Sack

1995; Asimow and Ghiorso 1998; Smith and Asimow

2005). The following parameter ranges are tested: tem-

perature from 1,400 to 1,000 �C, pressure from 500 to

5,000 bar and the starting H2O content from 0 to 1.0 wt%

with the interval of 0.1 wt% for each calculation. The

oxygen fugacity of the magma is kept at QFM buffer. A

melt inclusion with relatively high MgO (MgO = 8.13

wt%; Fig. 8) content is chosen as the parental magma. In

principle, the melt inclusion with the highest MgO is the

best candidate for a liquid parental, but in the present case,

the inclusion with MgO = 8.51 wt% scatters toward high

Al2O3 and low SiO2 compared to the main trend of the

data. The inclusion with MgO = 8.13 wt% evolves more

closely along the main or average trend of all the inclusion

data.

The results of MELTS calculation show that the magma

chamber pressure no more than 1,000 bar and H2O content

of 0.3–0.7 wt% at MgO = 8.13 wt% well reproduce the

crystallization trend of melt inclusion data of the Xindian

basalts (Fig. 8). Pressure higher than 1,000 bar is not

suitable, because under that circumstance, calculated SiO2

contents deviate from the melt inclusion compositions, due

to early fractionation of orthopyroxene or clinopyroxene

(Fig. 8d). H2O content in magmas higher than 0.7 wt% and

lower than 0.3 wt% is also inappropriate, because higher or

lower H2O content would hamper or accelerate plagioclase

fractionation, yielding a magma fractionation trend incon-

sistent with the observed one (Fig. 8b, c).

Water contents in Xindian basalts may be related to

those in the magma source, or to differentiation processes

in shallow magma chamber. Recent measurement of H2O

contents of the Xindian melt inclusions shows that H2O

contents decrease with decreasing Fo at Fo [ 76 (Hong

et al. in prep.). This hints water loss rather than water

addition during fractionation. It follows that water content

in Xindian basalts reflects that of magma source.

As demonstrated above, the Xindian basalts with

MgO [ 6.0 wt% were only subjected to olivine fraction-

ation; thus, the composition of primitive melt can be

obtained by adding equilibrating olivine into these melts

(e.g., Herzberg and Asimow 2008). Assuming that the

primitive melt of the Xindian basalts is equilibrated with

Fo = 90, MgO content in the primitive melt will be up to

17 wt%, and the water content will be reduced to be

0.23–0.53 wt%. Since there is no evidence for mantle

plume in eastern China during Cenozoic (Niu 2005), the

MgO content of the primitive melt may be overestimated;

as a consequence, 0.23–0.53 wt% represents the minimum

estimate of water content in the primitive melts. Using

20–25 % of the melt fraction (Fig. 11), the lowest estimate

of water content in the source of Xindian basalts is

450 ppm- [1,000 ppm (Fig. 12), much higher than that in

dry lithospheric mantle beneath the NCC (6–85 ppm; Xia

et al. 2010). It is necessary to point out that the uncertainty

associated with the estimation of water content in the

source is relatively large. Direct measurement of water

content in melt inclusion is required in future study.

Implications for the lithospheric evolution in eastern

NCC

In eastern NCC, the variation of petrochemistry of Ceno-

zoic basalts was related to the temporal change in litho-

spheric thickness, and tholeiitic basalts from convection

mantle were thought to be the signals of the thinnest

Fig. 12 Fractional melting curves in terms of water content versus

melt fraction (F), calculated using various bulk partition coefficient

values (Dbulk). Since the pyroxenite source of the Xindian basalts may

have high pyroxene mode ([50 %), and for pyroxenite, Dwater
pyroxene-melt

is commonly C0.02, but \0.04 at pressure of 3.0 GPa (Aubaud et al.

2008), the melting curves of both Dbulk \0.01 and Dbulk [0.04 are not

shown here. The number labeled on the melting curves represents the

water content in the source. The water content in the source of

Xindian basalts is estimated to be C450 ppm
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lithosphere (DePaolo and Daley 2000; Xu 2001). Thus,

change of rock type from tholeiitic basalts in Early Tertiary

to alkali and strongly alkali basalts in Late Tertiary and

Quaternary was used to infer the lithospheric thickening

during Cenozoic (Menzies and Xu 1998; Xu 2001, 2007;

Xu et al. 2004).

The above inference as to lithospheric evolution is made

under the assumption that all the Cenozoic basalts from

eastern China are peridotitic melts. However, this study

and other recent investigations (Zhang et al. 2009; Zeng

et al. 2011; Xu et al. 2012) show that this is not always the

case. Instead, the involvement of pyroxenite in the source

is rather common in the genesis of Cenozoic basalts.

Caution should therefore be exercised when one estimates

the lithospheric thickness using basalt petrochemistry.

The results presented in this study illustrate that the

melting pressure of the Xindian tholeiitic basalts possibly

reaches *3.0 GPa (corresponding depth of *100 km;

Fig. 10), much deeper than the melting depth (\60 km)

commonly thought for tholeiitic basalts of peridotite source

(Fan and Hooper 1991; DePaolo and Daley 2000; Xu

2001). This is consistent with the experimental results

which show the lower solidus of pyroxenite than that of

peridotite (e.g., Yasuda et al. 1994; Takahashi et al. 1998).

If our results are correct in first order, the lithospheric

evolution underneath the NCC during Cenozoic should be

re-evaluated. We suggest that the occurrence of tholeiitic

basalts as an indicator of the thinnest lithosphere can only

be applied for the areas with the present thinnest litho-

sphere, such as around the Bohai basin (*60 km; Ma

1987; Chen 2010), rather than for the whole eastern NCC.

Conclusions

The euhedral and subhedral olivines in the Xindian basalts

have CaO contents higher than 0.15 wt% and contain melt

inclusions, indicating that they are phenocrysts crystalliz-

ing from magma. The crystallization sequence is inferred

as follows: olivine ? plagioclase ? clinopyroxene ?
ilmenite. The melt inclusions from the Xindian basalts are

tholeiitic in compositions and have low Ca and Mn con-

tents, and high Ni contents and Fe/Mn ratios. Melt inclu-

sions with high MgO ([6.0 wt%) have low CaO contents.

In CS-MS-A diagram, the residual minerals in their source

are mainly clinopyroxene and garnet, possibly subordinate

orthopyroxene, but no olivine. All these suggest that the

Xindian basalts were derived from a pyroxenite source

rather than a peridotite source. Modeling calculations using

MELTS program show that H2O content in the Xindian

basalts is 0.3–0.7 wt% at MgO = 8.13 wt%. Using melt

fraction of 20–25 %, the H2O content in the source is

estimated to be C450 ppm, much higher than that in the

lithospheric mantle (6–85 ppm). The melting depth of

Xindian tholeiitic basalts might have reached *100 km,

considerably deeper than the conventionally thought for

tholeiitic basalts (\60 km). This is consistent with the

lower solidus of pyroxenite, compared to that of peridotite.

Therefore, it is necessary to define first the source lithology

of basalts before using their compositions to constrain the

lithospheric evolution.
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