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Abstract

The geochemistry of Quaternary volcanic rocks from Datong provides important constraints on the petrogenesis of continental

alkali and tholeiitic basalts and lithospheric evolution in the western North China Craton. Alkali basalts in north Datong have trace

element compositions similar to oceanic island basalts (OIB). They show nearly homogenous isotopic compositions (eNd=5.4–6.8
and 87Sr / 86Sr=0.7035–0.7037) that resemble the nearby Hannuoba Miocene basalts, indicating that the two lava suites share a

similar asthenospheric source. However, Datong basalts have conspicuously lower Al2O3 and CaO, higher SiO2 and HREE

contents and Na /Ti ratios, compared to Hannuoba lavas at comparable MgO. This compositional difference is attributable to the

combined effect of source difference and temporal decrease in melting depth. The latter reflects Cenozoic lithospheric thinning of

the western North China Craton.

Tholeiitic basalts in southeast Datong have incompatible element ratios that differ from OIB; they have lower eNd (1.3–3.7) and
higher 87Sr / 86Sr (0.7039–0.7046) compared to alkali basalts. These moderately evolved rocks (MgOb7%) display unusually high

Cr concentrations (N200 ppm), a nearly flat LREE pattern and a fractionated HREE with the bkinkQ occurring at Gd. A shallow

melting depth (b60 km), suggested by their Q-normative composition, is in conflict with the residual garnet in the source (N75 km)

as required by REE modeling. This paradox, which is reminiscent of that for Hawaiian tholeiites, can be reconciled if garnet

lherzolite melts react with refractory peridotites during which orthopyroxene is dissolved and olivine precipitates. The diagnostic

consequence of this melt–rock reaction includes increases in SiO2 and Cr, decreases in Al2O3 and CaO, and formation of bkinkedQ
REE patterns. Involvement of lithospheric mantle in the genesis of Datong tholeiites may be related to the Cenozoic lithospheric

thinning/erosion in the western North China Craton. The spatial distribution of Datong alkali and tholeiitic basalts may be related to

enhanced extension along the lithospheric boundary between the Western Block of the North China Craton and the Trans-North

China Orogen.
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1. Introduction

Continental basalts commonly show a wider com-

positional diversity than oceanic counterparts (Perry et

al., 1987; Song et al., 1990; Zhi et al., 1990; Fan and

Hooper, 1991; Fitton et al., 1991; Wilson and Downes,

1991; Zhou and Mukasa, 1997; Jung and Masberg,

1998; Zou et al., 2000; Barry et al., 2003). There is

ample evidence that the continental lithosphere

(crust+mantle) plays a central role in creating this

compositional diversity. Continental lithosphere may

serve as a passive mechanical barrier to continuous

upwelling of the asthenosphere, thereby defining the

final depth of melting (e.g., Langmuir et al., 1992; Fram

and Lesher, 1993), or it may have a more direct role in

determining magma composition by serving as a source

component (e.g., Perry et al., 1987; Fitton et al., 1991)

or a magma contaminant (e.g., Glazner and Farmer,

1992). These possible roles for continental lithosphere

must be evaluated when using the geochemistry of

continental basalts to constrain the magma sources

and accompanying mantle processes (e.g., Cox and

Hawkesworth, 1984; Perry et al., 1987; DePaolo and

Daley, 2000). For example, the effect of a thick litho-

spheric lid on the composition of asthenosphere-derived

basalt is indicated by indicators of the mean pressure of

melt segregation, such as FeO, SiO2 and Na /Ti (Lang-

muir et al., 1992; Putirka, 1999a). The effect of wall-

rock contamination during ascent of magmas through

lithosphere is especially important for tholeiitic basalt

which ascends relatively slowly due to low volatile

contents (Cox and Hawkesworth, 1984). Clearly, deter-

mining the relative contribution of continental litho-

spheric mantle (CLM) and crust to basaltic

composition is a formidable task for petrologists.

The alkali and tholeiitic basalt in the Quaternary

Datong volcanic field in North China provides new

information about the relative roles of asthenosphere

and lithosphere in the generation of continental basalt.

Like many other volcanic terrains, the two rock types

from this locality display different geochemical signa-

tures. In addition, the two basalt types show distinct

spatial provinciality, rather than intercalation as at Han-

nuoba, 100 km north of Datong (Zhi et al., 1990; Song

et al., 1990). On the other hand, it is well established

that the Archaean North China Craton (NCC) experi-

enced widespread thermotectonic reactivations during

the Late Mesozoic and Cenozoic, which resulted in

replacement of the old, cold, thick and depleted litho-

spheric mantle by young, hot, thin and fertile mantle

(Menzies et al., 1993; Griffin et al., 1998; Xu, 2001).

More importantly, the lithospheric thinning in the NCC
may have proceeded in a diachronous way. While the

lithosphere is progressively thinned in the western NCC

(located east to the Daxinganling–Taihangshan gravity

lineament, Fig. 1) during the Cenozoic, it is thickened

in the eastern NCC, probably related to regional ther-

mal decay following peak magmatism in the Late Cre-

taceous (Xu et al., 2004a). Datong Quaternary basalts

are emplaced in western NCC and are compositionally

distinct from Oligocene and Miocene lavas in the re-

gion (Xu et al., 2004a). Petrogenetic characterization of

Datong lavas is therefore the key to understand the

lithosphere–asthenosphere interaction during the dra-

matic change in lithospheric architecture in the NCC

(Menzies et al., 1993; Griffin et al., 1998; Xu, 2001).

The objectives of this study are:

(a) to present major, trace element and Sr–Nd isoto-

pic composition of alkali and tholeiitic basalts

from Datong and to discuss their petrogenesis

with emphasis on defining the role of litho-

sphere–asthenosphere interaction in continental

basaltic volcanism;

(b) to compare geochemical data of the Datong lavas

with the well-studied Miocene basalts from Han-

nuoba, to define the temporal change in mantle

melting conditions in the NCC using forward and

inverse REE modeling techniques and to test the

proposed model on the Cenozoic lithospheric

evolution of the NCC; and

(c) to propose a tectonomagmatic model to explain

the spatial distribution of the Datong basalts.

2. Geologic background and petrographic

characteristics

Traditionally, the NCC is separated into two differ-

ent tectonic domains by the N–S trending Daxinganl-

ing–Taihangshan gravity lineament (DTGL) (Ye et al.,

1987; Ma, 1989; Menzies and Xu, 1998). This division

was recently refined on the basis of lithological, geo-

chemical and metamorphic P–T path data of the base-

ment rocks (Zhao et al., 2001). The basement of the

NCC is now divided into three blocks, namely Eastern

and Western Blocks and the intervening Trans-North

China Orogen (Fig. 1a). The Eastern Block consists

predominantly of Early to Late Archean tonalitic–

trondhjemitic–granodiotitic (TTG) batholiths. The

Late Archean lithological assemblage, structural style

and metamorphic history in the Western Block are

similar to those of the Eastern Block. The Trans-

North China Orogen is composed of Late Archean to

Paleoproterozoic TTG gneisses and granitoids, inter-
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Fig. 1. (a) Simplified tectonic map of the North China Craton; note that the North China Craton is cut by two major geological and geophysical

linear zones—Tan-Lu fault zone (TLFZ) to the east and Daxinganlin–Taihangshan gravity lineament (DTGL) to the west. Two shaded and dashed

lines outline the Trans-North China Orogen which separates western and eastern Blocks of the North China Craton (after Zhao et al., 2001). The

Shaanxi–Shanxi rift system occurs in the Trans-North China Orogen. (b) Distribution of the Quaternary basalts in the Datong volcanic field and

sampling localities. The dashed line separates two morphologically and compositionally different parts of the Datong volcanic field.
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leaved with abundant sedimentary and volcanic rocks.

These rocks underwent compressional deformation and

peak high-pressure metamorphism during the Late

Paleoproterozoic (2.0–1.8 Ga), as a result of collision

between the Western and Eastern Blocks (Zhao et al.,

2001).

Recent studies reveal a contrasting geotherm, thick-

ness and composition of the lithospheric mantle beneath

the eastern NCC between the Paleozoic and the present
time (Griffin et al., 1998; Menzies and Xu, 1998).

While diamond inclusions, xenoliths and mineral con-

centrates in kimberlites indicate a thick (N180 km), cold

(b40 mW/m2) and refractory lithospheric keel beneath

the NCC during the Paleozoic, basalt-borne xenoliths

reveal a thin (b80 km), hot (~65 mW/m2) and fertile

lithosphere in the Cenozoic. This led to the suggestion

of a dramatic change to the lithospheric architecture in

the Phanerozoic (Menzies et al., 1993; Griffin et al.,
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Table 1

Major element composition (in wt.%) and normative mineral contents in Datong basalts and in international standards

Tholeiites, east Datong Alkali basalts, west Datong

Cetian Dongmaying Sangganhe Laohushan

SDT-5 SDT-6 SDT-7 SDT-8 SDT-10 SDT-12 SDT-13 SDT-31(b) SDT-32 (t) SDT-18 SDT-19 SDT-20

SiO2 51.76 52.28 52.58 52.40 51.90 52.57 51.74 52.07 50.44 49.02 49.37 49.32

TiO2 2.16 1.94 2.18 1.95 1.81 1.95 1.83 1.88 2.78 2.33 2.35 2.36

Al2O3 13.83 13.96 13.73 14.00 14.01 14.20 14.33 14.33 13.96 14.47 14.47 14.49

Fe2O3 12.15 12.39 12.23 12.42 12.52 12.37 12.37 12.48 12.92 13.48 13.51 13.69

MgO 6.91 6.55 7.06 6.57 7.37 6.47 7.63 6.57 7.21 6.65 6.79 6.74

MnO 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.16 0.17 0.17 0.17

CaO 8.08 8.51 8.05 8.53 8.11 8.48 8.37 8.21 8.22 7.39 7.67 7.52

Na2O 3.04 2.91 3.39 2.92 2.80 2.90 3.25 3.14 3.04 3.75 3.79 3.89

P2O5 0.28 0.21 0.30 0.21 0.19 0.21 0.21 0.21 0.39 0.60 0.60 0.62

K2O 0.77 0.60 0.76 0.60 0.54 0.58 0.60 0.65 1.03 1.60 1.58 1.64

LOI �0.47 �0.56 �0.42 �0.36 �0.03 �0.55 �0.49 �0.29 �0.46 �0.86 �0.75 �0.78

Total 98.66 98.94 99.99 99.37 99.33 100.01 99.69 100.15 100.15 98.59 99.55 99.66

Mg# 0.57 0.55 0.58 0.58 0.55 0.59 0.55 0.57 0.57 0.54 0.54 0.54

Na /Ti 3.63 3.87 4.01 3.87 3.99 3.84 4.58 4.31 2.82 4.16 4.15 4.25

Q 4.3 5.3 3.4 5.3 4.5 5.8 1.3 3.7 2.3 0.0 0.0 0.0

Or 4.6 3.5 4.5 3.5 3.2 3.4 3.5 3.8 6.1 9.5 9.3 9.7

Ab 25.7 24.6 28.7 24.7 23.7 24.5 27.5 26.6 25.7 31.7 32.1 32.9

An 21.8 23.3 20.0 23.3 24.1 24.0 22.7 23.1 21.4 17.9 17.8 17.2

Ne 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Di 13.3 14.3 14.5 14.3 12.1 13.5 14.1 13.2 13.5 12.0 13.3 13.0

Hy 18.5 18.4 18.3 18.4 22.3 18.5 21.6 19.3 17.9 5.4 4.2 2.2

Ol 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 10.6 11.3 12.9

Mt 5.3 5.0 5.3 5.0 4.8 5.0 4.8 4.9 6.2 5.6 5.6 5.6

Il 4.1 3.7 4.1 3.7 3.4 3.7 3.5 3.6 5.3 4.4 4.5 4.5

Ap 0.6 0.5 0.7 0.5 0.4 0.5 0.5 0.5 0.9 1.4 1.4 1.4
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Alkali basalts, west Datong Standards

Haotiansi Jinshan Xiaojia Gelaoshan Matishan BHVO-2 W-2 MRG-1

SDT-14 SDT-17 SDT-22 SDT-23 SDT-24 SDT-34 SDT-35 SDT-36 SDT-37 This work reference This work reference This work reference

SiO2 45.83 50.31 49.09 49.17 47.46 47.66 47.24 47.97 47.97 49.89 49.90 52.38 52.44 39.22 39.12

TiO2 2.86 2.34 2.40 2.67 2.66 2.89 2.71 3.22 3.07 2.69 2.73 1.10 1.06 3.84 3.77

Al2O3 14.38 14.28 14.56 14.33 14.73 15.15 14.43 14.28 14.28 13.26 13.50 15.06 15.35 8.23 8.47

Fe2O3 13.85 13.36 13.51 13.63 13.92 13.98 14.03 14.44 13.88 12.21 12.30 10.88 10.74 18.17 17.94

MgO 7.11 6.78 6.74 6.22 6.28 6.15 7.08 6.40 6.39 7.28 7.23 6.46 6.37 13.85 13.55

MnO 0.18 0.17 0.17 0.17 0.17 0.18 0.18 0.18 0.18 0.16 0.17 0.17 0.16 0.16 0.17

CaO 7.87 7.54 7.55 6.87 6.95 6.69 7.91 7.41 7.27 11.49 11.40 10.96 10.87 14.87 14.70

Na2O 5.11 3.90 3.82 4.23 4.29 3.75 3.13 3.38 3.50 2.20 2.22 2.19 2.14 0.66 0.74

P2O5 0.95 0.61 0.64 0.84 0.86 0.87 0.70 0.77 0.71 0.52 0.52 0.61 0.63 0.18 0.18

K2O 1.21 1.49 1.71 2.21 2.39 2.57 2.00 2.05 2.02 0.27 0.27 0.13 0.13 0.07 0.08

LOI 0.09 �0.80 �0.53 �0.36 �0.36 �0.23 0.30 �0.20 0.07 0.19 0.20 0.57 0.60 1.61 1.56

Total 99.45 99.99 99.67 99.98 99.34 99.89 99.41 100.09 99.25 100.16 100.44 100.50 100.49 100.87 100.28

Mg# 0.55 0.54 0.54 0.52 0.51 0.51 0.54 0.51 0.52

Na /Ti 4.61 4.29 4.10 4.09 4.16 3.35 2.98 2.71 2.94

Q 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Or 7.2 8.8 10.1 13.1 14.1 15.2 11.8 12.1 11.9

Ab 26.7 33.0 32.3 33.4 27.3 29.4 26.5 28.6 29.6

An 12.7 17.1 17.5 13.6 13.9 16.9 19.4 17.7 17.3

Ne 9.0 0.0 0.0 1.3 4.9 1.3 0.0 0.0 0.0

Di 16.2 13.3 12.8 12.2 12.2 8.6 12.3 11.3 11.4

Hy 0.0 7.8 2.1 0.0 0.0 0.0 3.0 6.7 5.4

Ol 12.7 8.4 12.7 12.8 13.3 13.7 12.5 7.9 8.6

Mt 6.3 5.6 5.7 6.0 6.0 6.4 6.1 6.8 6.6

Il 5.4 4.4 4.6 5.1 5.1 5.5 5.1 6.1 5.8

Ap 2.2 1.4 1.5 1.9 2.0 2.0 1.6 1.8 1.6

Mg#=Mg/ (Mg+Fe) assuming Fe2O3 / (FeO+Fe2O3)=0.15.

b—bottom; t—top; Reference data for BHVO-1, W-2 and MRG-1 are taken from Govindaraju (1989).
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1998). This lithospheric destruction may have taken

place during the Late Mesozoic (Xu, 2001; Xu et al.,

2004b; Wu et al., 2005).

Cenozoic diffuse volcanism is widespread in the

Eastern Block and is largely associated with the

North China rift system and the Tan-Lu fault (Fig. 1).

These basalts and entrained xenoliths are the focus of

many studies (Zhou and Armstrong, 1982; Peng et al.,

1986; Basu et al., 1991; Fan and Hooper, 1991; Liu et

al., 1992, 1994; Tatsumoto et al., 1992; Xu et al., 1996,

2003; Zheng et al., 1998), with recent emphasis on

evidence for and mechanism of destruction of the Ar-

chean lithospheric keel. In contrast, Cenozoic volca-

nism is limited in the Western Block and the Trans-

North China Orogen. Information about the mantle

composition and basaltic petrogenesis in this region is

largely based on studies on basalts and included xeno-

liths from Hannuoba (Song and Frey, 1989; Song et al.,

1990; Zhi et al., 1990; Gao et al., 2002; Xu, 2002;

Rudnick et al., 2004), which is a southward extension

of the Mongolian Plateau volcanism (Barry et al.,

2003). As one of the prominent features in the Trans-

North China Orogen, the Cenozoic Shaanxi–Shanxi

Rift system (Fig. 1) extends from the southern margin

of the Loess Plateau north-northeastward across the

plateau, delineating a roughly S-shape form. Although

rifting started to develop in the southern part of the

Shaanxi–Shanxi Rift system in the Late Eocene or

Early Oligocene, the major extension occurred in the

Neogene and Pleistocene (Ye et al., 1987; Ren et al.,

2002). Basaltic volcanism of Oligocene to Pleistocene

age occurs in the northern Shaanxi–Shanxi Rift system

and adjacent regions.

The Quaternary Datong volcanic field has two mor-

phologically different parts (Fig. 1b). In the west part

(north of the Datong county), there are at least 13

volcanic cones (i.e., bthe Datong Volcanic GroupQ
named by local geologists), which are mostly composed

of volcaniclastic debris with lavas occurring at the base.

Preliminary chemical analyses indicated an alkaline

affinity for these rocks (Wu and Wang, 1978; Fan et

al., 1992). Potassium–Argon (K–Ar) dating suggests

that the volcanism in this area began in the Late Pleis-

tocene (0.4 Ma) (Chen et al., 1992). The eastern Datong

volcanic field (southeast of the Datong county) includes

dominant basaltic lava flows of 3–25 m thick and

subordinate volcanic cones along the Sanggan river

(Fig. 1b). Volcanic centers commonly occur at inter-

secting NW- and NE-trending faults. Volcanic cones in

this area generally have a lower altitude than those in

the west. Basalts are tholeiitic (Wu and Wang, 1978;

Fan et al., 1992) and were erupted since the Early
Pleistocene (0.74 Ma) (Chen et al., 1992). Samples

studied in this paper were collected from Haotiansi,

Gelaoshan, Laohushan, Jinshan, Matishan and Xiao-

jiayaozi (west), Cetian, Sangganhe and Dongmaying

(east).

Basalts from west and east Datong volcanic field

have different mineralogy. Basalts from eastern Datong

volcanic field have olivine (b10%), plagioclase (b10%)

and augite (5–10%) as phenocrysts with a groundmass

composed of plagioclase (50–70%), basaltic glass (60–

90%) and minor olivine (b5%). In contrast, plagioclase

and augite phenocrysts are not observed in the samples

from west Datong volcanic field, which have a matrix

composed of olivine (5–10%) and augite (5–15%) in

addition to glass and plagioclase.

3. Analytical methods

The samples were sawed into slabs and the central

parts were used for bulk-rock analyses. The rocks were

crushed in a steel mortar and ground in a steel mill.

Bulk rock abundances of major elements were deter-

mined using an X-ray fluorescence spectrometer (XRF)

on glass disks at the Guangzhou Institute of Geochem-

istry, Chinese Academy of Sciences (GIGCAS), follow-

ing analytical procedures described by Goto and

Tatsumi (1996). A pre-ignition was used to determine

the loss on ignition (LOI) prior to major element anal-

yses. Analytical uncertainties for majority of major

elements analyzed were estimated at smaller than 1%

from repeatedly analyzed U.S.G.S. standards BHVO-2,

MRG-1 (basalt) and W-2 (diabase). The measured

values of international standards are in satisfactory

agreement with the recommended values (Table 1).

Bulk-rock trace element data [rare earth elements

(REE), Sc, Ti, V, Cr, Cs, Sr, Y, Ba, U, Rb, Th, Pb,

Zr, Hf, Nb, Ta] were obtained by inductively coupled

plasma-mass spectrometry (ICP-MS) at GIGCAS, fol-

lowing the analytical procedures described by Xu

(2002). The powders (~50 mg) were dissolved in dis-

tilled HF–HNO3 in Savillex screwtop Telfon breakers

at 150 8C for N4 days. Precision for REE and HFSE is

estimated to be 5% from repeatedly analyzed U.S.G.S.

standards BHVO-1 and W-2 (Xu, 2002).

For Sr–Nd isotopic analyses, sample powders (~100

mg) were dissolved in distilled HF–HNO3 Savillex

screwtop Teflon beakers at 150 8C overnight. Sr and

REE were separated on columns made of Sr and REE

resins of the Eichrom Company using 0.1% HNO3 as

elutant. Separation of Nd from the REE fractions was

carried out on HDEHP columns with a 0.18N HCl

elutant. The isotopic analyses were performed using a
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Micromass Isoprobe Multi-Collector ICPMS at GIG-

CAS. Measured Sr and Nd isotopic ratios were normal-

ized using a 86Sr / 88Sr value of 0.1194 and a
146Nd / 144Nd value of 0.7219, respectively. The Sr

and Nd blanks during the period of analyses are 0.5

and 0.3 ng, respectively. Analyses of standards during

the period of analysis are as follows: NBS987 gave
87Sr / 86Sr=0.710243F14 (2r); Shin Etou gave
143Nd / 144Nd=0.512124F11 (2r), equivalent to a

value of 0.511860 for the La Jolla international standard

(Tanaka et al., 2004).

4. Results

4.1. Major and minor elements

Major element analyses are in Table 1. According to

the nomenclature of Le Bas et al. (1986), the Datong

samples are basaltic andesite and trachy-basalt (Fig. 2),

but we use the more general classification of tholeiitic

and alkali basalts, respectively. CIPW normative calcu-

lation further reveals that alkali basalts are olivine-

normative, whereas tholeiitic basalts are quartz-norma-

tive (Table 1). All samples collected from the western

Datong volcanic field have relatively high alkali con-

tents, compared to lavas from the east. This spatial

distribution of alkali and tholeiitic basalts was also

found by Wu and Wang (1978) and Fan et al. (1992).

The Datong basalts are moderately evolved in hav-

ing relatively high SiO2 (45.8–52.6%) and low MgO

(6.2–7.4%) contents. In general, tholeiites have higher
Fig. 2. Na2O+K2O versus SiO2 (Le Bas et al., 1986). Line separating a
SiO2, CaO and MgO and lower Fe2O3, TiO2, Al2O3,

Na2O, K2O and P2O5 than alkali basalts (Table 1).

There are roughly positive correlations between CaO

and MgO (Fig. 3e). No correlation is observed among

other oxides (Fig. 3).

For comparison, data for Miocene alkali and tholei-

itic basalts from Hannuoba, a type example of Cenozoic

basalts in eastern China, are also plotted in Fig. 3.

Significant differences in composition are noted be-

tween the two lava suites. For example, at a given

MgO, Datong alkali and tholeiitic basalts have system-

atically higher SiO2, Fe2O3 and Cr, lower CaO and

Al2O3 contents than Hannuoba counterparts, respec-

tively (Fig. 3a, c, d, e, g). High SiO2 contents of Datong

basalts are also reflected by the Q-normative tholeiitic

basalts and the lack of Ne-normative alkali basalts

(Table 1). In contrast, most tholeiites from Hannuoba

are olivine-normative, and alkali basalts are mostly Ne-

normative (Ne=2.3% to 11%; Zhi et al., 1990).

4.2. REE and other trace elements

In general, the tholeiitic basalts have lower concen-

tration in incompatible elements than the alkali basalts

(Table 2). The alkali and tholeiitic basalts are distinct on

chondrite-normalized REE distribution pattern (Fig. 4a,

b). The Datong tholeiites are characterized by bkinkedQ
REE patterns with the segment La to Eu and segment

Gd to Lu defining different slopes (Fig. 4c). Similar

REE patterns have been observed for the tholeiites from

Koolau, Hawaii Islands (Frey et al., 1994). Specifically,
lkali basalts and tholeiites is from McDonald and Katsura (1964).
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Fig. 3. Variation of SiO2, TiO2, TFe2O3, Al2O3, CaO, Cr and Yb versus MgO for Datong basalts. Also shown are the data for alkali and tholeiitic

basalts from Hannuoba (Zhi et al., 1990). Note the higher SiO2 and lower CaO and Al2O3 contents in Datong lavas compared to the Hannuoba

samples at given MgO.
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Table 2

Trace element composition (in ppm) in Datong basalts

Tholeiites, east Datong Alkali basalts, west Datong

SDT-5 SDT-6 SDT-7 SDT-8 SDT-10 SDT-12 SDT-13 SDT-31 SDT-32 SDT-14 SDT-17 SDT-18 SDT-19 SDT-20 SDT-22 SDT-23 SDT-24 SDT-34 SDT-35 SDT-36 SDT-37

P 1330 1312 1346 976 902 970 926 989 1803 4219 2740 2686 2757 2820 2912 3924 3853 4072 3181 3627 3287

Sc 20.8 20.7 21.2 22.1 21.0 22.4 21.2 24.3 22.5 15.2 18.7 18.6 18.5 18.6 17.9 16.8 15.9 14.9 18.7 17.6 17.6

Ti 15,294 14,954 15,532 14,009 12,791 13,787 12,686 11,738 17,041 20,553 16,741 16,662 16,665 16,832 17,332 19,215 18,944 18,344 16,462 19,392 18,720

V 167 165 169 174 162 173 164 177.5 190.6 187 158 160 157 158 158 156 153 160 179 172 171

Cr 250 255 245 223 245 225 246 226.4 212.9 145 201 206 203 200 197 142 138 118 181 140 156

Co 42.6 43.6 42.8 42.8 45.6 41.7 44.5 43.68 44.35 44.0 43.3 43.5 43.2 43.2 42.6 41.6 41.8 41.0 43.3 41.9 41.1

Ni 156 157 156 110 137 106 163 159.1 171.7 119 143 144 143 142 138 113 111 108 143 127 130

Ga 21.13 21.10 21.36 20.74 19.99 20.66 20.10 20.49 21.97 26.26 23.65 23.58 23.56 23.78 23.28 25.25 24.99 26.58 22.73 24.57 24.00

Ge 1.67 1.70 1.70 1.65 1.60 1.66 1.60 1.637 1.588 1.53 1.64 1.61 1.66 1.63 1.65 1.62 1.58 1.51 1.49 1.54 1.55

Rb 12.58 12.59 12.16 9.18 8.42 9.33 9.25 9.472 18.54 16.81 24.68 25.33 24.78 27.05 26.91 40.75 40.75 45.55 35.35 39.31 38.98

Sr 373 363 374 285 277 282 286 290.2 513.6 930 629 633 632 632 708 835 875 960 819 764 758

Y 25.82 25.34 26.1 25.66 23.84 25.77 23.31 25.25 24.03 28.96 29.11 28.81 28.63 29.33 29.09 30.75 30.7 31.13 28.03 32.78 32.03

Zr 181 177 183 121 111 120 113 130.1 266.6 348 263 261 259 265 269 331 329 422 352 379 383

Nb 19.75 19.2 19.94 11.1 10.08 11.05 10.45 11.22 35.75 75.26 42.74 42.41 42.52 44.11 45.68 62.4 62.02 76.08 65.31 61.38 59.00

Ba 175 171 175 156 157 154 164 204 285 603 347 367 348 355 378 534 534 625 479 518 503

La 14.24 13.78 14.32 10.44 9.375 10.34 10.12 11.42 18.78 50.94 29.21 29.08 29.24 30.08 31.23 42.84 43.08 48.16 40.43 40.92 37.25

Ce 30.06 29.37 30.17 22.26 20.23 22.16 21.99 24.41 40.10 99.10 59.24 58.45 58.57 60.43 63.14 85.99 84.99 98.72 81.94 85.51 78.84

Pr 4.13 3.94 4.16 3.04 2.79 3.07 2.98 3.35 5.23 12.45 7.52 7.51 7.40 7.70 7.99 10.84 10.71 12.29 10.08 10.77 9.921

Nd 18.89 18.26 18.89 14.49 13.17 14.37 13.71 15.45 23.05 50.36 31.24 31.68 31.26 31.74 32.95 43.84 44.05 52.12 41.58 47.12 43.45

Sm 5.17 5.11 5.26 4.30 3.96 4.25 3.92 4.31 5.81 10.22 7.34 7.36 7.24 7.47 7.63 9.34 9.23 10.69 8.26 9.86 9.36

Eu 1.90 1.84 1.92 1.60 1.51 1.58 1.50 1.59 2.21 3.25 2.51 2.52 2.51 2.56 2.55 3.05 3.00 3.48 2.74 3.33 3.21

Gd 6.43 6.38 6.42 5.85 5.31 5.73 5.33 5.61 6.19 9.49 7.97 7.87 7.84 8.00 7.83 9.08 9.03 9.49 7.75 9.65 9.25

Tb 0.99 0.96 0.99 0.93 0.86 0.91 0.86 0.90 0.96 1.30 1.16 1.16 1.14 1.18 1.17 1.31 1.30 1.44 1.22 1.46 1.37

Dy 5.48 5.39 5.44 5.29 4.78 5.18 4.83 5.16 5.21 6.59 6.17 6.16 6.10 6.21 6.21 6.89 6.76 7.07 6.16 7.35 7.18

Ho 1.02 0.99 1.01 1.00 0.90 0.99 0.90 0.98 0.93 1.12 1.11 1.12 1.09 1.12 1.11 1.22 1.18 1.23 1.11 1.28 1.25

Er 2.47 2.41 2.46 2.49 2.29 2.43 2.28 2.54 2.33 2.57 2.67 2.73 2.65 2.70 2.65 2.87 2.78 2.94 2.73 3.14 3.05

Tm 0.37 0.34 0.35 0.36 0.33 0.36 0.33 0.36 0.32 0.33 0.38 0.38 0.38 0.38 0.37 0.40 0.39 0.38 0.38 0.41 0.40

Yb 2.14 2.09 2.14 2.21 2.07 2.19 2.02 2.16 1.97 1.93 2.26 2.25 2.19 2.23 2.20 2.32 2.24 2.19 2.23 2.36 2.39

Lu 0.31 0.31 0.31 0.33 0.30 0.33 0.30 0.31 0.28 0.26 0.33 0.32 0.32 0.33 0.33 0.33 0.33 0.30 0.31 0.34 0.33

Hf 4.72 4.66 4.77 3.48 3.16 3.41 3.25 3.43 6.14 8.19 6.37 6.34 6.20 6.33 6.46 8.09 7.76 9.34 7.62 8.47 8.45

Ta 1.29 1.27 1.30 0.69 0.64 0.69 0.65 0.71 2.25 4.76 2.66 2.70 2.67 2.73 2.90 4.01 3.94 4.79 4.06 3.84 3.77

Pb 2.08 1.98 1.95 1.66 3.49 1.53 1.68 1.14 1.37 4.21 2.68 2.62 3.83 2.48 2.57 3.66 3.50 2.69 2.87 2.37 2.16

Th 2.03 1.97 2.01 1.11 1.03 1.10 1.06 1.23 3.01 6.59 3.81 3.85 3.82 3.91 4.10 5.54 5.45 6.26 5.58 5.19 5.04

U 0.53 0.53 0.52 0.32 0.28 0.30 0.29 0.32 0.74 1.78 0.95 0.96 0.96 1.03 0.94 1.51 1.48 0.91 1.51 1.34 1.31

Nb /La 1.4 1.4 1.4 1.1 1.1 1.1 1.0 1.0 1.9 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.4 1.6 1.6 1.5 1.6

Sm/Yb 2.4 2.4 2.5 1.9 1.9 1.9 1.9 2.0 3.0 5.3 3.2 3.3 3.3 3.3 3.5 4.0 4.1 4.9 3.7 4.2 3.9

La /Yb 6.7 6.6 6.7 4.7 4.5 4.7 5.0 5.3 9.5 26.4 12.9 12.9 13.3 13.5 14.2 18.5 19.2 22.0 18.1 17.4 15.6

Ce /Pb 14.4 14.9 15.5 13.5 5.8 14.4 13.1 21.5 29.4 23.6 22.1 22.3 15.3 24.4 24.6 23.5 24.3 36.7 28.5 36.1 36.6

Nb /U 37.4 36.3 38.7 34.9 36.7 37.1 35.7 35.2 48.6 42.3 45.2 44.3 44.2 42.7 48.7 41.4 41.9 83.7 43.2 45.9 44.9
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Fig. 4. REE and trace element abundances in whole rocks of the Datong alkali and tholeiitic basalts. The left hand is the REE patterns normalized by

chondrite values, the right hand is the spiderdiagrams normalized by primitive mantle values (Sun and McDonough, 1989).
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the samples from Cetian (SDT-5, 6, 7) have slightly

higher LREE contents [(La /Yb)N=3.1–4.5] than those

from Dongmaying (SDT-8, 10, 12, 13) [(La /Yb)Nb3].

Two samples from Sangganhe show very different trace

element concentrations. While the sample (SDT-31)

collected from the bottom of the lava succession has

a REE pattern similar to those for Dongmaying basalts,

SDT-32 collected at the top of succession shows a

distinctly higher concentration in LREE (Fig. 4b).

The alkali basalts display a higher LREE-enrichment

[(La /Yb)N=8.7–17.9] and a smooth REE pattern with-

out Eu anomaly (Fig. 4a). In the primitive-mantle nor-

malized spidergrams (Fig. 4c, d), tholeiitic basalts show

weak, positive Ti, Nb–Ta, Zr–Hf and Sr anomalies. It is

interesting to note that the anomalies of these elements

increase with the LREE concentration (Fig. 4d). SDT-

31 also has an atypical Ba spike. The alkali basalts

show a smooth pattern that resembles that of oceanic

island basalts (OIB) (Fig. 4c). Both groups show pos-

itive Nb–Ta anomalies thereby arguing against the sig-

nificant crustal involvement in magma genesis.

In general, abundances of Th, U, Rb, Ba, La, Sr

and Nd in the Datong lavas are well correlated with

Nb (Fig. 5). However, in a small number of samples,

there are exceptions. Specifically, SDT-14 and SDT-
34 show anomalously low Rb and U, respectively

(Fig. 5a, d). The sample from bottom of the Sang-

ganhe section (SDT-31) shows relatively high Ba

contents relative to the general correlation (Fig. 5b).

Compared to other incompatible elements, Pb shows

large scatter (Fig. 5h). SDT-10 and SDT-19 exhibit

anomalously high Pb, likely due to the mobility of

this element.

4.3. Sr-Nd isotopes

The Sr–Nd isotopic compositions of Datong basalts

overlap with OIB (Table 3, Fig. 6a) and define a

negative correlation in the Sr–Nd isotopic plot (Fig.

6a). Specifically, the alkali basalts display a rather

uniform Sr–Nd isotopic composition (eNd=5.4–6.9;
87Sr / 86Sr=0.7034–0.7037), except for SDT-22 which

has a relatively high 87Sr/86Sr (0.7042). The tholeiitic

basalts except SDT-32 display lower eNd (1.3–3.7) and
higher 87Sr / 86Sr (0.7039–0.7046). It is surprising to

note that there is an inverse correlation between Sm/

Nd and eNd for Datong basalts. Specifically, Sm/Nd

ratio increases from alkali basalt (0.19–0.24), through

Cetian tholeiitic basalt (0.27–0.28), to Dongmaying

tholeiitic basalt (0.30) (Table 2), but eNd increases in
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Fig. 5. Variation of selected trace elements versus Nb for the Datong basalts.

Y.-G. Xu et al. / Chemical Geology xx (2005) xxx–xxx 11
the opposite sequence (Table 3). Two tholeiitic sam-

ples from Sangganhe also show distinct isotopic com-

position. While SDT-31 with lower REE concentrations

has eNd (1.7) similar to those for Dongmaying basalts,

SDT-32, which has the highest REE content among
the tholeiitic samples, shows isotopic composition

(87Sr / 86Sr=0.703563; eNd=6.0) comparable to those

observed in alkali basalts. As a whole, the Datong

basalts overlap with the isotopic field of the Hannuoba

basalts. However, at comparable eNd, Datong alkali
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Table 3

Sr–Nd isotopic composition of the Datong basalts

87Sr / 86Sr 143Nd / 144Nd eNd

Tholeiitic basalts, east Datong

SDT-5 F0.703954F17 0.512826F9 3.7

SDT-6 F0.704007F14 0.512825F9 3.6

SDT-8 F0.704633F15 0.512708F8 1.4

SDT-10 F0.704393F16 0.512723F9 1.7

SDT-12 F0.704502F15 0.512703F10 1.3

SDT-31 (b) F0.704670F16 0.512725F9 1.7

SDT-32 (t) F0.703563F15 0.512946F9 6.0

Alkali basalts, west Datong

SDT-14 F0.703580F14 0.512922F9 5.5

SDT-18 F0.703564F14 0.512917F8 5.4

SDT-19 F0.703650F11 0.512939F13 5.9

SDT-20 F0.703531F13 0.512939F9 5.9

SDT-22 F0.704170F15 0.512958F9 6.2

SDT-24 F0.703749F11 0.512948F8 6.1

SDT-34 F0.703604F14 0.512942F10 5.9

SDT-35 F0.703611F12 0.512914F9 5.4

SDT-36 F0.703368F15 0.512960F8 6.3

SDT-37 F0.703435F11 0.512989F9 6.9
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basalts have relatively lower 87Sr / 86Sr than most Han-

nuoba samples.

5. Discussion

Compositions of continental basalts are controlled

by mantle temperature, lithospheric thickness, source

composition and shallow level processes such as crustal

contamination, crystal fractionation and post-magmatic

modification. The relative importance of these para-

meters and processes in the generation of Datong

basalts will be explored using qualitative and quantita-

tive approaches. Because of their significant geochem-

ical differences, the petrogeneses of the alkali and

tholeiitic basalts are addressed separately. Based on

petrogenetic interpretation, a model is developed to

account for the spatial distribution of the two lava

suites.

5.1. Effect of post-magmatic alteration on magma

compositions

The Datong lavas are Quaternary in age and are

generally very fresh. This is reflected by the absence

of alteration feature in thin section, negative loss on

ignition (LOI) values (Table 1), and the good correla-

tion between abundances of Th, U, Rb, Ba, Sr, Pb, Nd,

La and Nb (Fig. 5). It is concluded that most highly

incompatible elements such as Rb, which are common-

ly mobile during surface processes, were not affected

by post-magmatic processes. The effect of post-mag-
matic processes, if any, is limited to some alkali metals

and Pb in a small number of samples; for example, the

deviation of sample SDT-14 in the Rb–Nb plot (Fig. 5a)

and SDT-31 in Ba–Nb plot (Fig. 5b), and the deviation

of SDT-34 in the U–Nb plot. Also two samples (SDT-

10, SDT-19) are characterized by anomalously high Pb

contents relative to the bulk correlation (Fig. 5h). Al-

though low Ce /Pb may result from crustal contamina-

tion, sample SDT-19 has Sr–Nd isotopic ratios similar

to other alkali basalts, which have Ce /Pb ratios well

within the average values of oceanic basalts (Fig. 7a).

Consequently, anomalously high Pb content in SDT-19

may reflect mobility of Pb during surface processes. A

similar conclusion can be made for Pb in SDT-10.

5.2. Alkali basalts: magmas derived from the convective

asthenosphere

5.2.1. Evidence for an asthenospheric source

A convective asthenospheric origin has been in-

ferred by previous geochemical studies on Cenozoic

alkali basalts from eastern China (Zhi et al., 1990;

Song et al., 1990; Basu et al., 1991; Liu et al., 1994;

Zou et al., 2000). A similar petrogenetic interpretation

also applies in the case of the Datong alkali basalts

given the following observations. The presence of pe-

ridotite xenoliths in the Datong alkali basalts (Chen et

al., 1997) suggests rapid ascent of magma to the sur-

face, thereby avoiding a long residence time at crustal

levels. Limited interaction with the lithosphere is also

reflected by their homogeneous Sr–Nd isotopic compo-

sition that is well within the field of OIB (Fig. 6a). The

average Ce /Pb and Nb /U ratios of oceanic basalts

(OIB and MORB) are 25F5 and 47F7, respectively

(Hofmann et al., 1986), significantly higher than the

value for average continental crust or arc volcanic rocks

(Taylor and McLennan, 1985). These elements are not

fractionated from each other during partial melting or

fractional crystallization and their ratios reflect those of

source regions (Hofmann, 1988). Despite their relative-

ly evolved characteristics, Datong alkali basalts have

virtually constant Ce /Pb (except for the samples whose

Pb may have been affected by post-magmatic proces-

ses) and Nb /U ratios (Fig. 7a, b). Moreover, these

ratios are close to the average values of OIB and

MORB, strongly suggesting that Datong alkali basalts

share a similar source with oceanic basalts.

Ba /Nb and La /Nb ratios in Datong alkali basalts

range from 7.3 to 8.6 and 0.62 to 0.69, respectively

(Table 2), overlapping the OIB field and are signifi-

cantly different from that of MORB (Fig. 7c). This is

indicative of an enriched source for Datong basalts.
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Fig. 6. (a) 87Sr / 86Sr versus eNd of the Datong basalts. Isotope data of the basalts from Hannuoba (Song et al., 1990) are given for comparison.

Isotopic range of oceanic island basalts (OIB) is after Zindler and Hart (1986). (b) Comparison of isotopic composition of the Datong basalts with

those of mantle xenoliths in Cenozoic basalts from North China. Data source: Song and Frey (1989), Tatsumoto et al. (1992), Xu et al. (1998, 2003),

Fan et al. (2000) and Xu (2002).
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Given the time-integrated, depleted Sr–Nd isotopic ra-

tios of these lavas, it is apparent that the enrichment

process was recent. The enrichment process likely took

place through infiltration of incompatible element and

volatile-rich metasomatic melts or fluids from the dee-

per asthenosphere.

5.2.2. Source characteristics constrained by REE

modeling

A plot of La /Yb against Sm/Yb can be used to

distinguish between melting of spinel and garnet

peridotite. Because Yb is compatible in garnet,

whereas La and Sm are incompatible, La /Yb and

Sm/Yb will be strongly fractionated when melting

degree is low. In contrast, La /Yb is only slightly

fractionated and Sm/Yb is nearly unfractionated dur-

ing the melting in the spinel stability field. Fig. 8a
shows that variable degrees (5–20%) of batch melting

of a hypothetical light REE-enriched mantle source

([La /Yb]nN1) in the garnet stability field can gener-

ate the La /Yb–Sm/Yb systematics of Datong alkali

and tholeiitic basalts. Specifically, alkali basalts have

lower degree of melting (5–10%) than tholeiitic

basalts (14–22%).

Inverse modeling of REE also leads to the conclu-

sion that garnet is required in source of Datong basalts

(Fig. 8b, c). Following the method described in the

Appendix, the lava compositions were corrected to

primary magma compositions by using least squares

modeling of major elements. Fractionation-corrected

REE concentrations were plotted in bprocess
identificationQ diagrams and the slopes and intercept

and various melting reactions were input to calculate

source REE concentrations and bulk solid/melt partition
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Fig. 7. (a) Ce /Pb versus Ce; (b) Nb /U versus Nb; (c) Ba /Nb versus

La /Nb. The average ratios of Nb/U and Ce /Pb in OIB and MORB

are after Hofmann et al. (1986). Fields of OIB and EM in (c) are from

Weaver (1991) and Liu et al. (1994).

Y.-G. Xu et al. / Chemical Geology xx (2005) xxx–xxx14
coefficients relative to the La concentration in the initial

source (Fig. 8b). The steadily increasing values for Do
i

from La to Lu (Fig. 8b) reflect an important contribu-

tion from garnet in the source. Comparison of Fig. 8a, b

indicates that there are convergent solutions derived

from inverse and forward modeling, that is, an enriched

source with residual garnet and clinopyroxene can re-

produce the relative REE abundance of Datong alkali

basalts by batch melting.
5.2.3. Compositional difference between Datong and

Hannuoba basalts

The Datong basalts differ in major element com-

position from Hannuoba basalts (Fig. 3). Specifically,

at a given MgO, Datong lavas have higher SiO2 and

lower Al2O3 and CaO. These compositional differ-

ences may reflect differences in source composition,

melting conditions and post-melting fractionation

processes.

Datong alkali basalts are low in MgO (mostly

b6.8%), Mg# (0.52–0.55) and Ni contents (b143

ppm). They are far from the expected composition of

melts in equilibrium with mantle peridotites (Frey et al.,

1978; Cox, 1980), and they may have undergone ex-

tensive crystal fractionation. The mantle-derived peri-

dotite xenoliths in these lavas (Chen et al., 1997)

suggest that crystal fractionation occurred within the

upper mantle before incorporation of the xenoliths.

High-pressure fractionation is consistent with the lack

of plagioclase fractionation in Datong lavas as

evidenced by the positive correlation of Sr with Nb

(Fig. 5f) and lack of Sr and Eu anomalies in spider

diagram (Fig. 4c). The positive correlation of CaO with

MgO (Fig. 3e) and relatively low Ni content suggest a

fractionating assemblage of clinopyroxene and olivine,

which is different from the eclogitic fractionation asso-

ciated with Hannuoba basalts (Zhi et al., 1990). How-

ever, different fractionation processes are not

responsible for the compositional contrast between the

two lava suites. For example, fractionation of garnet in

Hannuoba lavas is expected to produce a melt with

lower Al2O3 content than Datong basalts. In fact, an

opposite trend is noted in Fig. 3d.

The compositional differences between Datong and

Hannuoba lavas are likely related to different melting

conditions in the two localities. It is widely accepted

that the melting pressure has an effect on the degree of

silica saturation of the magmas (Takahashi and Kushiro,

1983; Langmuir et al., 1992; Kushiro, 2001). Specifi-

cally, small degrees of partial melting at high pressure

produces magmas with more normative nepheline (Ne),

while large degree of melting at lower pressure produce

magmas with normative hypersthene and quartz

(DePaolo and Daley, 2000). In contrast with the rela-

tively high Ne-normative contents (2.3% to 11%) in

Hannuoba alkali basalts (Zhi et al., 1990), most of

Datong alkali basalts have no Ne content (Table 1).

As shown in Fig. 8a, the Datong basalts were formed

by higher degrees of melting than the Hannuoba basalts

for a given basalt type. Since melting degree is inverse-

ly proportional to melting depth (Langmuir et al.,

1992), it is inferred that the Datong basalts may have
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Fig. 8. (a) La /Yb vs Sm/Yb for the Datong basalts. Also shown are batch melting curves calculated for garnet peridotite and spinel peridotite.

Partition coefficients are taken from Johnson et al. (1990). The starting materials are ol, 55%; opx, 20%; cpx, 15%; gt, 10%; melting reaction in

garnet field (Walter, 1998): ol, 3%; opx, 3%; cpx, 70%; gt, 24%; melting reaction in spinel field (Kinzler, 1997): ol, �6%; opx, 28%; cpx, 67%; sp,

11%. (b) Inversion results for Datong alkali basalts. (c) Inversion results for Datong tholeiitic basalts. Initial concentration and partition coefficients

relative to La were calculated for fractionation-corrected Datong alkali basalts using inverse technique described by Feigenson et al. (2003).
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been formed at shallower depth than the Hannuoba

basalts.

Differences in melting depth are also evident in Na /

Ti, a ratio that is sensitive to the pressure of melt

segregation (Putirka, 1999a). Na /Ti of melts decreases

with increasing mean pressure, because DNa
cpx/melt

increases with increasing pressure (Blundy et al.,

1995; Kinzler, 1997), while clinopyroxene and garnet

DTi
mineral/melt remain constant or decrease (Kinzler, 1997;

Putirka, 1999a). Na /Ti ratios for Hannuoba alkali
Fig. 9. (a) Variation of Na /Ti cation fraction ratios with MgO for the alkali b

are insensitive to MgO content. In contrast, roughly negative correlation in

Hannuoba basalts. Only samples with N8 wt.% MgO show relatively consta

magmas generated from variable lithospheric thickness and initial melting

trajectories are calculated following the approach described by Kinzler (1

increment of 1% melting. The partition coefficients are from Johnson (1998)

same as in the caption of Fig. 8. Decompression reaction of garnet is after
basalts increase with decreasing MgO for the samples

with MgOb8% (Fig. 9a), suggesting that they have

been affected by crystal fractionation. Increasing Na /

Ti during the differentiation was related to a decrease in

Ti content as a result of fractionation of Ti-oxides,

clinopyroxene and garnet (Fig. 3b; Zhi et al., 1990).

It is noted that the Hannuoba samples with MgON8%

have rather constant Na /Ti ratios (~2.5; Fig. 9a) and we

assume that these are those of primitive magma. In

contrast, Datong alkali basalts have relatively high
asalts from Datong and Hannuoba. For Datong samples, Na /Ti ratios

dicates the effect of low-pressure fractionation on Na/Ti ratio in the

nt ratios and are considered in (b). (b) The composition of aggregate

depth in comparison with the Datong and Hannuoba basalts. Melting

997) and Putirka (1999a). The markers in each trajectory represent

and Putirka (1999b). Source mineralogy and melting reactions are the

Johnson et al. (1990): 0.17 ol+gt=0.53 opx+0.47 cpx+0.17 sp.
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Na/Ti ratio (ranging from 2.7–4.6 with an average of

3.82), irrespective of MgO contents. Such a high Na /Ti

ratio cannot be related to the fractionation of high-

pressure clinopyroxene inferred for Datong basalts,

because such fractionation would lead to decrease in

Na /Ti in residual melts (Putirka, 1999a). Therefore, as

also indicated by differences in normative Ne, the

differences in Na /Ti suggest that the pressure of melt

segregation for Datong alkali basalts is less than that of

Hannuoba alkali basalts.

Surprisingly, other pressure-sensitive elements such

as Fe do not show a significant difference between

Datong and Hannuoba basalts. Perhaps, the lower Fe

content expected for the lower pressure Datong basalts

was increased by clinopyroxene and olivine fraction-

ation. Different melting pressures however cannot ac-

count for the lower CaO and Al2O3 contents in Datong

lavas compared to Hannuoba basalts. If Hannuoba al-

kali basalts were segregated at a higher mean pressure,

they should have lower Al2O3 contents, because Al2O3

is partially retained in residual garnet. Lower CaO

contents are also expected in Hannuoba basalts because

CaO content of melts in equilibrium with garnet peri-

dotites increases with increasing pressure (Frey et al.,

1994). In fact, opposite trends are observed for Datong

and Hannuoba basalts. In this regard, the two lava

suites may have been derived from different sources;

Datong basalts were derived from a more refractory

source that was already depleted in CaO and Al2O3.

This inference is consistent with slightly lower
87Sr / 86Sr ratios of Datong alkali basalts compared to

Hannuoba samples (Fig. 6a).

However, a more depleted source for Datong alkali

basalt is not consistent with their high Na /Ti (Fig. 9a)

and Yb content (Fig. 3h). Therefore, we infer that Na /

Ti and Yb reflect lower pressure of melt segregation for

Datong alkali basalt, whereas CaO and Al2O3 reflect

the more depleted nature of the source of Datong alkali

basalts.

5.2.4. Evidence for Cenozoic lithospheric thinning in

western NCC

A comparison of the Na /Ti and Sm/Yb ratios with

the calculated melting trajectories (Fig. 9b) provides

quantitative constraints on melting depth and litho-

spheric thickness. The calculation was performed fol-

lowing Kinzler (1997) and Putirka (1999a) for melting

that starts at the depth where the adiabatic geotherm

crosses the mantle solidus and ends at the lithosphere–

asthenosphere boundary. Melting rate is assumed to be

0.01/kbar (Langmuir et al., 1992) and melts segregate

from residues at F =0.01. In this sense, melting is
bnear-fractionalQ and can be approximated as incremen-

tal batch melting, with 1% increments of melt being

produced and segregated with each 1 kbar rise of the

mantle above the starting depth. Since the calculated

composition of aggregate magmas is sensitive to source

composition, only the relative range imposed by differ-

ent lithospheric thickness and initial melting depth is

emphasized. The depth of the spinel to garnet transition

at the peridotite solidus is assumed at ~75 km following

McKenzie and O’Nions (1991)’s rational, although re-

cent experimental studies suggest a greater depth (80–

85 km, Robinson and Wood, 1998; Klemme and

O’Neill, 2000).

As discussed earlier, the source for Datong alkali

basalt differs from that for Hannuoba basalts, so differ-

ent Sm/Yb and Na /Ti ratios were used for the sources

of two lava suites. The calculated Sm/Yb trajectory in

Fig. 9b was obtained by varying Sm/Yb of the source

to meet the requirement that the melting degree of alkali

basalts is less than 10%. Hannuoba basalts are within

melting trajectories for assumed lithospheric thickness

of 100 to 120 km (Fig. 9b). We prefer this range of

lithospheric thickness because with a thicker litho-

sphere, higher mean pressure of melt segregation will

generate strongly Si-understaured melts (Kushiro,

2001) unlike Hannuoba alkali basalts, and require

N10% melting for Datong alkali basalts. On the other

hand, a thinner lithosphere for Hannuoba alkali basalts

places Datong alkali basalts completely within the spi-

nel stability field, a result inconsistent with the REE

modeling results (Fig. 8). We conclude that a litho-

spheric thickness of about 100 km is a reasonable

estimate for Hannuoba basalts. If the spinel–garnet

transition occurs at ~75 km (McKenzie and O’Nions,

1991), the Datong data are within the field of spinel

peridotites at a thickness of 72 km. However, if melting

began within the garnet stability field and continued

into the spinel field, modeling with a lithospheric thick-

ness of 72 km (Fig. 9b) shows that at a high degree of

melting, the composition of aggregated magmas is

dominated by melts derived from garnet peridotite,

whereas at a low degree of melting, melt composition

is significantly influenced by melts derived in the spinel

field. In this case, the partial melting degree is estimat-

ed to be 3–5% for Datong alkali basalts (Fig. 9b). In

conclusion, at the time of eruption of the Datong

basalts, the lithosphere was confined to the spinel

field, but its base was not far from the spinel–garnet

transition zone. This conclusion is broadly consistent

with the presence of tholeiite at Datong, which has an

asthenospheric signature (i.e., SDT-32). According to

DePaolo and Daley (2000), the lithosphere is N80 km
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thick if the alkali basalts have a continental lithospheric

mantle isotopic signature; the lithosphere is inferred to

be b60 km thick if the tholeiitic basalts have an as-

thenospheric signature.

The estimate of about 70 km for lithospheric thick-

ness during Datong volcanism is significantly thinner

than that (~100 km) associated with the Hannuoba

basalts. Since the Hannuoba basalts were erupted dur-

ing the Miocene and the Datong lavas were emplaced in

the Quaternary, this mirrors the progressive lithospheric

thinning in western NCC during the Cenozoic (Xu et

al., 2004a). This contrasts with the Cenozoic lithospher-

ic accretion in eastern NCC (Xu, 2001), probably due to

diachronous extension in the NCC, with extension first

in the eastern NCC owing to the Late Mesozoic Paleo-

Pacific subduction and then migrating to the western

NNC induced by the Early Tertiary Indian–Eurasian

collision (Xu et al., 2004a).

5.3. Tholeiitic basalts: products of lithosphere–

asthenosphere interaction

5.3.1. Crustal contamination?

Like the Hannuoba basalts, tholeiitic basalts from

Datong have higher 87Sr / 86Sr and lower eNd than the

associated alkali basalts. This precludes a simple genet-

ic relationship between alkali and tholeiitic basalts via

fractional crystallization. The inverse eNd–Sm/Nd trend

(Fig. 10a) and positive 87Sr / 86Sr–1 /Sr correlation (Fig.

10b) are consistent with mixing of two isotopically

distinct components. Given the compositional similarity

between the tholeiitic sample (SDT-32) and bulk of

alkali basalts (Fig. 10b), it is possible that the compo-

nent with low 87Sr / 86Sr and high eNd is plausibly from

the asthenosphere. Another mixing component, charac-

terized by high 87Sr / 86Sr and low eNd and Ce /Pb may

either be from the crust or the lithospheric mantle, or

both.

Country rocks in North China are Archean metamor-

phic rocks, Jurassic sediments and granites and Creta-

ceous to Quaternary sediments (Zhi et al., 1990).

Therefore, melts/fluids derived from the upper and

lower crust are possible contaminants. If the upper

crust was involved in the genesis of tholeiites, the

most contaminated samples with the lowest eNd
would also display the lowest Sm/Nd (Fig. 10b), be-

cause upper crust is generally characterized by LILE-

enrichment (low Sm/Nd) and HFSE-depletion. The

negative correlation between eNd and Sm/Nd for

Datong tholeiitic basalts is opposite to this expected

trend (Fig. 10b). Mass balance calculation shows that,

to reduce the concentration of Nb in an OIB magma
from 50 to 10–20 ppm range characteristic of the

Datong tholeiites requires addition of N150% crustal

material. Such large quantities of crust would not yield

a basaltic composition. Moreover, Datong tholeiitic

basalt does not have the low Nb/La that is character-

istic of continental crust. Other geochemical data are

inconsistent with shallow magma chamber process in

which crystal fractionation and assimilation of upper

crustal rocks are coupled (DePaolo, 1981). For exam-

ple, there is no correlation between MgO and eNd (Fig.
10c) and all Datong tholeiitic basalts have N220 ppm

Cr (Fig. 3g).

Song et al. (1990) noted that granulites from North

China and worldwide localities do not lie along the

mixing trends defined by the Hannuoba basalts. They

argued against a role of contamination by lower crust.

A similar argument can be made for Datong tholeiites

because they exhibit a Sr–Nd isotopic correlation that is

similar to that for the Hannuoba basalts (Fig. 6).

5.3.2. Formation of tholeiitic basalts by

melt–lithospheric mantle reaction

It is widely accepted that the compositions of quartz

tholeiites reflect segregation from peridotite at 10–15

kbar (Kushiro, 2001), corresponding to a depth of about

35–50 km. Even when the effects of minor constituents,

such as K2O and H2O, are considered, the maximum

melt segregation depth of Q-normative tholeiites is

about 60 km (DePaolo and Daley, 2000). This depth

is significantly shallower than the low velocity zone in

the NCC (70–105 km, Ma, 1989; Chen et al., 1991) and

the lithospheric thickness inferred from alkali basalt

geochemistry (Fig. 9b). Consequently, generation of

Datong tholeiitic basalts likely occurred within the

lithospheric mantle or at the lithosphere–asthenosphere

boundary.

On the other hand, a shallow melting depth (b60

km) for quartz tholeiites places the source of Datong

tholeiites within the stability field of spinel peridotite,

given the spinel–garnet transition at ~75 km (O’Neill,

1981). However, a garnet-bearing source is required by

modeling of REE systematics (Fig. 8a, c). The expla-

nation invoked for alkali basalts, i.e., melting began

within the garnet stability field and continued into the

spinel field, is not applicable for tholeiites. This is

because at a large degree of melting and at a final

melting depth at ~60 km, the composition of aggregated

magmas is dominated by melts derived from spinel

peridotite. Alternatively, the garnet signature may

arise from garnet pyroxenite veins and layers in peri-

dotitic mantle (e.g., Hauri, 1996; Hirschmann and Sto-

pler, 1996). Although pyroxenites are extremely
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heterogeneous in isotopic composition, they generally

show EM2-type signature (Tatsumoto et al., 1992; Xu,

2002; Fig. 6b), whereas an EM1 component was in-

volved in Cenozoic basalts from North China (Basu et

al., 1991; Liu et al., 1994; Zou et al., 2000).

This contradiction, major element composition indi-

cating melt segregation within spinel peridotite field but

REE geochemistry requiring control by residual garnet,

is reminiscent of the paradox encountered in Hawaiian

tholeiites (Eggins, 1992a). Eggins (1992b) showed that

the Hawaiian tholeiites cannot be produced solely by

melting of an upwelling plume. Wagner and Grove

(1998) reached a similar conclusion on the experimen-

tal grounds and further proposed a two-stage model, in

which primary tholeiites, generated by partial melting

of garnet lherzolite in a mantle plume, reacted with

harzburgite in the mantle by assimilating orthopyroxene

and crystallizing olivine. A similar model is adopted

here, because during thermomechanical thinning/ero-

sion of the mantle lithosphere by upwelling plume/

asthenosphere, basaltic melts will infiltrate into litho-

sphere and react with peridotites. This is the likely

scenario under which Datong tholeiitic basalts were

formed. Moreover, interaction of alkali basalt with

refractory peridotites can explain the main geochemical

characteristics of Datong tholeiitic basalts.

(1) As outlined previously, Datong tholeiitic basalts

with a moderate MgO content (~6–7%) have Cr

contents similar to high MgO (~11%) lavas from

Hannuoba (Fig. 3g). Enrichment of Cr in moder-

ately evolved basaltic lavas is enigmatic given its

compatible nature in clinopyroxene. However,

anomalously high Cr can result from melt/peri-

dotite reaction (Kelemen et al., 1992; Godard et

al., 1995). Godard et al. (1995) demonstrated that

the trace element contents of peridotites affected

by melt–rock reaction involving mineralogical

change are controlled both by peridotite/melt

and intermineral partition coefficients. Conse-

quently, elements with distinct peridotite/melt

partition coefficients but similar intermineral par-

titioning (e.g., Cr and REE, both dominantly

hosted in pyroxenes) behave in a similar fashion

during melt–rock reaction involving pyroxene

dissolution and olivine crystallization. The in-

compatible behavior of Cr has been documented

in various suites of breactiveQ mantle rocks from

ophiolites (Rampone et al., 2004), orogenic peri-

dotite massifs (Van der Wal and Bodinier, 1996)

and xenoliths (Xu et al., 2003). Consequently, the

Cr content of residual melts after reaction with
peridotite is expected to increase due to pyroxene

dissolution. In addition to explaining relatively

high Cr contents, an olivine-forming, pyroxene-

dissolving reaction will also increase the SiO2

contents of melts.

(2) Another striking compositional feature displayed

by the Datong lavas is their bkinkedQ REE pattern

(Fig. 4b). At a first sight, this REE pattern is not

consistent with a simple melting model, because

relatively flat LREE pattern requires a relatively

large degree of partial melting, in conflict with

the low degree of melting required to keep resid-

ual garnet in source. Vernieres et al. (1997) used a

plate model to numerically model melt–rock re-

action at the transition between adiabatic and

conductive mantle using a plate model. They

assumed three reaction zones in which melt/

rock reactions are characterized by pyroxene dis-

solution and olivine precipitation. The results

show that melts segregated from the compaction

domain display a restricted range of REE content,

with REE patterns similar to that observed in

Datong tholeiitic basalts (Fig. 9 in Vernieres et

al., 1997).

5.4. A model for the spatial distribution of Datong

basalts

The suggestion of thermo-tectonic destruction of the

lithospheric root beneath the NCC (e.g., Menzies et al.,

1993; Griffin et al., 1998; Xu, 2001) is now well

founded. Lithospheric thinning therefore provides an

appropriate geodynamic setting in which Datong tho-

leiitic basalts were formed by interaction of astheno-

spheric melts with eroded lithospheric mantle. It is

widely accepted, based on many experimental and the-

oretical studies, that quartz tholeiites generally equili-

brate at shallower depths in the mantle than alkali

olivine basalts (Kushiro, 2001). Accordingly, alkali

and tholeiitic basalts may sample different portions of

the mantle. In this context, the isotopic compositions of

Datong lavas can be interpreted as a result of mixing of

the CLM (EM1) and the asthenosphere (OIB). A

bplum-puddingQ model, similar to that of Chung et al.

(1994), is developed here to explain the spatial varia-

tion of lava types in the Datong volcanic field (Fig. 11).

In this model, the reactivation of the lithospheric mantle

was initiated by infiltration of small melt fractions that

advectively transport heat upwards to raise the ambient

temperature of the CLM. This facilitates thinning of the

CLM, during which the lithosphere was gradually

replaced by a bplum-puddingQ-type convecting mantle
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parentheses below locality names are the eNd range of basalts from that locality.
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which assimilated materials eroded from the CLM (the

bplumsQ) with the asthenospheric materials (the

bpuddingQ). The extent of lithospheric erosion and thin-

ning varies as a function of lithospheric extension. The

proportion of bplumsQ is expected to be larger in the

axial region of extension than in the distal flanks (Fig.

11). As a consequence, the tholeiites, resulting from

large degree of partial melting at shallower depth,

involved a larger amount of eroded, enriched litho-

spheric mantle compared to the alkali basalts that are

generated by a smaller degree of partial melting at a

greater depth.

It is intriguing that tholeiitic basalts are exclusively

distributed along the Sangganhe River (Fig. 1), which

has long been recognized as a structural discontinuity

(e.g., Zhai et al., 1996). Field observation and theo-

retical modeling suggest that lithospheric extension

and thinning likely initiate along major structural/

tectonic boundaries where the lithosphere is weakest

and mantle flow becomes focused (King and Ander-

son, 1995). On a larger scale, Datong is located

proximal to the boundary between the Western

Block and Trans-North China Orogen (Fig. 1; Zhao

et al., 2001). The lithosphere beneath the two blocks

may be different in thickness and rheology (Ma,

1989; Zhao et al., 2001). This topographic difference

may have induced secondary convection enhancing

lithospheric extension along lines of weakness (King

and Anderson, 1995). It is therefore conceivable that

the lithospheric mantle along this zone is largely

reactivated, resulting in formation of tholeiites with

relatively low eNd and high 87Sr / 86Sr. Mantle con-
vection/upwelling becomes progressively weaker to-

wards the interior of the western NC. This explains

the gradual increase in eNd in lavas from east to west

(Fig. 11).

One tholeiitic sample (SDT-32), however, is compo-

sitionally more akin to the asthenosphere-derived alkali

basalts, reflecting limited interaction with the litho-

spheric mantle. It is worthy noting that this sample

was collected from the top of the lava succession near

Sangganhe and is compositionally distinct from that

(SDT-31) collected from the base of lava sequence. It

is possible that such compositional variation reflects

temporal decrease in the extent of lithospheric involve-

ment in magma generation.

6. Summary and conclusion

Despite limited exposure, the Quaternary Datong

volcanic field displays several distinct features that

make the Datong lavas unique among the Cenozoic

basalts in eastern China. In particular, the varying role

of continental mantle lithosphere can be constrained

using the distinct spatial distribution of alkali and tho-

leiitic basalt in the Datong volcanic field and the geo-

chemical differences between Quaternary Datong basalt

and the nearby but older Miocene basalt exposed ~100

km north at Hannuoba.

Alkali basalts from Datong have relatively homoge-

nous geochemical and isotopic composition that is

similar to OIB. Hence, like Hannuoba alkali basalts,

they were probably derived from convecting astheno-

sphere. However, these alkali lava suites show contrast-
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ing composition; Datong alkali basalts have lower

Al2O3 and CaO, and higher SiO2 and HREE contents

and Na /Ti ratio than Hannuoba lavas. Such differences

reflect different source composition and melting condi-

tions. Forward modeling for Datong alkali basalts

shows that a melting interval encompassing both the

garnet and spinel stability fields can reconcile their

relatively high Na /Ti ratios (indicative of low pressure

of melting) and fractionated REE patterns that reflect

residual garnet (indicative of high pressure of melting).

Consequently the lithosphere was within the spinel

stability field (~70 km) during generation of the Qua-

ternary Datong volcanic field, in contrast with the

relatively thick lithosphere (~100 km) associated with

the formation of Miocene Hannuoba lavas. This infer-

ence, temporal thinning of the lithosphere in this region,

is consistent with studies of peridotite xenoliths (Men-

zies et al., 1993).

The major element composition (Q-normative) of

the Datong tholeiitic basalt suggests a shallow (b60

km) depth of melt segregation, but this inference con-

flicts with the relative REE abundances which imply

control by residual garnet. This paradox, which is

reminiscent of that encountered for Hawaiian tholeiites,

can be reconciled if alkali basalt melts react with re-

fractory peridotites prior to segregation from the man-

tle. Diagnostic geochemical consequences of this melt/

rock reaction include high SiO2 and Cr contents and

bkinkedQ REE pattern in residual melts. This may be an

important process for generation of many continental

tholeiitic basalt provinces. At Datong, this melt/rock

reaction most likely took place during lithospheric re-

placement by upwelling asthenosphere. Enhanced lith-

ospheric extension and thinning along a major

lithospheric boundary can explain the observed spatial

distribution of tholeiitic and alkali basalt in the Datong

volcanic field.
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Appendix A. Inverse modeling using rare earth

elements

Because the equation for batch melting is linear

(after Shaw, 1970), it is possible to measure the relative

changes in the REE concentrations of erupted lavas to

back-calculate source parameters. Such an inverse pro-

cedure incorporates fewer assumptions about source

composition and mantle mineralogy than standard for-

ward modeling techniques, which starts with a pre-

sumed source and then calculates the extent of

melting necessary to produce the observed lavas. By

assuming only that melting occurs by a batch process,

the inverse technique allows the calculation of the

relative changes in degree of melting of a homogeneous

source, as well as some insight into the initial mantle

mineralogy. The procedure has been discussed previ-

ously in some detail in Feigenson et al. (1996, 2003),

and was shown to produce internally consistent results

for lavas from the Hawaiian Scientific Drilling Project

pilot hole (Feigenson et al., 1996), with results similar

to those calculated by forward modeling of aggregated

fractional melting.

The basic equation for equilibrium melting is from

Shaw (1970):

Ci
l ¼

Ci
0

Di
0 þ F 1� Pið Þ ðA1Þ

where Cl
i is the concentration of element i in the melt,

C0
i is the concentration of that element in the initial

source, D0
i is the bulk distribution coefficient of i in

the source, Pi is the sum of partition coefficients of

phases in the proportions that they enter the melt, and

F is the degree of melting (Minster and Allègre,

1978). Albarède (1995) discusses the theoretical de-

velopment of inverse modeling; the method employed

here is based on modifications by Feigenson and Carr

(1993). By comparing the REE to each other, the

dependence of concentration on F in A1 can be elim-

inated, thereby reducing the number of unknown para-

meters from three to two. Following Minster and

Allègre (1978) and Hofmann and Feigenson (1983),

Eq. (A1) can be adjusted by normalizing concentrations

to the initial source abundance of the most incompatible

of the REE:

Ch

Ci
¼ SiCh þ I i;Si ¼ Di

o

Ci
o

;I i ¼ Ch
o

Ci
o

1� Pi
� �

ðA2Þ

where Ch refers to the concentration of a highly incom-

patible element, Si and Ii are the slope and intercept of

the first equation, and can be evaluated from a graph of
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Ch/Ci vs. Ch. This procedure removes the dependence

on F and allows comparison of shapes of REE patterns;

however, no explicit information on the absolute degree

of melting can be obtained. The overconstraint of fixed

Pi is eliminated, but the relative melt partitioning be-

havior is maintained, by inputting a number of different

melt combinations.

We use La for Ch, as it is the most incompatible of

the REE. In this way, all calculated source values for Ci

and Di can be compared relative to an assumed source

concentration of La. Si and Ii values are obtained from

the bprocess identification diagramsQ (Ch /Ci vs. Ch) of

Minster and Allègre (1978). As shown by Hofmann and

Feigenson (1983), source concentration and source

partitioning behavior can be calculated from Si and Ii

determined from linear regressions calculated from Ch/

Ci vs. Ch combined with various values of the input

parameter Pi:

Ci
o

CLa
o

¼ 1� Pið Þ
I i

;
Di

o

CLa
o

¼ Si 1� Pið Þ
I i

: ðA3Þ

A large range of mineral combinations are used to

calculated Pi with the only restrictions that Pi must be

less than one if all intercepts are positive, and that the

shape of Pi must bear some resemblance to D0
i (because

the minerals that enter the melt must have been initially

present in the source). This broad range of possibilities

translates into the acceptable fields for source concen-

tration and bulk partition coefficients.
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