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Abstract

We report isotopic and chemical compositions of unusual tridymite–hercynite xenoliths in middle Miocene Niutoushan

tholeiites from the southeast coastal area of China. These xenoliths are characterized by positive cerium (Ce) anomalies and

extremely high Al2O3 (32–34 wt.%) and total iron oxide (20–22%). They have 87Sr/86Sr of 0.7050–0.7058, eNd(0) values of
+ 3.2 to + 4.2, 206Pb/204Pb ratios of 18.8–19.1, and d18O values of + 5.2xto + 6.1x. Their chemical and isotopic

compositions suggest that these xenoliths represent preserved aluminous lateritic paleosols that are not genetically related to

host tholeiites. These lateritic paleosols with strongly desilicated minerals were formed by intense chemical weathering under

warm and humid tropical conditions (with annual average temperature of >19 jC and the annual rainfall of >165 cm) in SE

China during the interval from 17 to 15 Ma. The formation age of the paleosols corresponds to a period characterized by slow

uplift of the Himalayan–Tibetan Plateau region (and thus less consumption of CO2) after 17 Ma, and eruptions of 17–15 Ma

Columbia River flood basalts, the Vogelsberg basalts, and eastern China basalts (and thus more input of CO2 into the

atmosphere). The tridymite–hercynite xenoliths in the Niutoushan basalts thus preserve evidence of extraordinary climatic

greenhouse conditions in the middle Miocene that would otherwise have been lost by the erosion of paleosols.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The widely distributed Cenozoic basalts along

eastern China, stretching from Wudalianchi in the
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northeast to the Hainan Island in the south, are related

to continental extension and upwelling of the astheno-

spheric upper mantle (e.g., Zhou and Armstrong,

1982; Basu et al., 1991; Chung et al., 1994; Zou et

al., 2000, 2003), possibly resulting from the India–

Eurasia collision (Tapponnier et al., 1986), or back-arc

extension due to subduction of the Pacific plate

(Tatsumi et al., 1989). There are a variety of xenoliths

in these Cenozoic basalts, with spinel peridotites

being the most common. An unusual xenolith, con-
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sisting of an Fe–Al-rich tridymite–hercynite assem-

blage, has been observed in the Miocene Niutoushan

volcanic cone on the southeast coastal area of China

(Zhou, 1981, 1983). Because (1) the occurrence of

tridymite–hercynite xenoliths has not been reported

anywhere else on the Earth, (2) the nature of these

xenoliths is an interesting problem in the fields of

petrology and geochemistry, and (3) the origin of

these xenoliths is problematic, we carried out detailed

isotopic and chemical studies of the xenoliths and

their host tholeiites in order to have a better under-

standing of their origin. We show below that these

xenoliths not only bear petrological significance but

also have unexpected implications for middle Mio-

cene climates of Southeast Asia.

The Niutoushan volcanic cone is situated in

Longhai County, Fujian Province, near the Taiwan

Strait, northeast of the South China Sea (Fig. 1). The

South China Sea was developed over the time frame

32–16 Ma as a result of Indian–Eurasia collision-

induced extensional forces (Tapponnier et al., 1986).

A northeastward propagation of stress created a
Fig. 1. Location of Niutoushan on the southeast co
rifting tectonic region around the Taiwan Strait and

resulted in the emplacement of intraplate basalts in

the Fujian–Taiwan region, including those basalts in

northwestern Taiwan (Chung et al., 1995), Penghu

Island (Ho et al., 2000), and Longhai. The Niu-

toushan basalts from Longhai, covering an area of

0.5 km2, erupted at 15.7F 0.6 Ma (Ho et al., 2003),

and consist mainly of tholeiites, with a small amount

of alkali basalts. The alkali basalts contain spinel

lherzolite xenoliths and augite megacrysts, whereas

the tholeiites contain tridymite–hercynite xenoliths

and anorthosite.

The tridymite–hercynite xenoliths, the subject of

this study, are observed to the northeast of Niu-

toushan (Fig. 2). They occur as tabular inclusions

(up to 100� 15� 30 cm) in the tholeiitic lava flows

and are parallel to the flows. The boundaries be-

tween xenoliths and host tholeiites are abrupt, with

xenoliths being darker (Fig. 3) and denser. The

mineral grains are smaller than 50 Am and have a

granular texture. They consist of 50 vol.% hercynite

(FeAl2O4), 35% tridymite (SiO2), 2% ilmenite
ast of China (revised after Ho et al., 2003).



Fig. 2. Location of tridymite–hercynite xenoliths at Niutoushan (revised after Lin, 1992). T1 is the earliest basaltic flow while T16 is the

youngest flow. V1 is the oldest lava lake, whereas V3 is the youngest lava lake.
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(FeTiO3), and 10–20% glass (detailed petrographic

description and the mineral and glass composition

have been documented by Qi et al., 1994). Zhou

(1981, 1983) first observed the tridymite–hercynite

xenoliths and suggested that they represent the iron-

rich residual liquid of highly fractionated tholeiitic

magma. Qi et al. (1994) carried out mineralogical

and chemical studies of four such xenoliths and

disproved formation by extreme tholeiitic fraction-

ation. Although not completely ruling out the possi-

bility of immiscible liquids due to silicate–liquid

immiscibility of tholeiitic magma, they prefer that

the xenoliths represent the product of a metamor-
phosed sedimentary rock, such as an Fe–Al-rich

shale (quartz 5%, kaolinite 75%, and hematite

20%). Because Nd, Sr, Pb and O isotopic composi-

tions are useful tracers in studying petrogenesis, we

carried out integrated isotopic and chemical studies

of additional xenoliths and their host tholeiites.
2. Analytical methods

Nd, Sr and Pb isotope ratios were measured at the

National High Magnetic Field Laboratory (NHMFL)

using a Finnigan MAT-262 RPQII mass spectrometer.



Fig. 3. A field photo of the tridymite–hercynite xenolith in Niutoushan basalts.
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Sr and Nd isotopic compositions were normalized to
86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219, respec-

tively. Measured values for the E&A Sr standard and

La Jolla Nd standard were 0.708000F 0.000011 (2r,
n = 14) for 87Sr/86Sr and 0.511848F 0.000011 (2r,
n = 10) for 143Nd/144Nd, respectively. Replicate anal-

yses of Pb standard NBS-981 gave 36.507F 0.012 for
208Pb/204Pb, 15.430F 0.004 for 207Pb/204Pb, and

16.891F 0.003 for 206Pb/204Pb. Relative to the fol-

lowing values for NBS981: 206Pb/204Pb =16.9356,
207Pb/204Pb = 15.4891, and 208Pb/204Pb =36.7006

(Todt et al., 1996), Pb isotopic data in samples were

corrected for mass fractionation of 0.13% per atomic

mass unit for 206Pb/204Pb, 207Pb/204Pb, and
208Pb/204Pb. Whole-rock O isotope compositions

were measured at the Nanjing University on a MAT

252 using the conventional BrF5 method, which has a

reproducibility better than F 0.2x for d18O. Tridy-
mite and quartz oxygen isotopic compositions were

measured at UCLA by Cameca IMS 1270 ion micro-

probe using a 2-nA Cs+ primary beam focused on a 20

Am diameter spot. Measurements were made by

multiple collector Faraday cup detectors at a mass

resolving power of 2000. Instrumental mass fraction-

ation was corrected by reference to standard quartz

NL 615 (d18O =18.40x). d18O reproducibility is

F 1x. Trace element concentrations were measured

at NHMFL using a Finnigan ELEMENT ICP-MS.
Straight sample dissolution procedure was used for

ICP-MS measurement. One hundred milligrams of

sample powder was dissolved with 3:1 HF/HNO3

mixture in 30 ml Savillex beakers. After placing the

beakers on the hotplate for 48 h and then evaporat-

ing to dryness at 100 jC, samples were re-dissolved

in 7N HNO3 and left in an ultrasonic bath for 45

min. At this stage, most samples were completely

dissolved. If incomplete dissolution occurred, sam-

ples were heated to 170–200 jC in 7N HNO3 for

several hours and were repeatedly placed in an

ultrasonic bath for 10-min intervals, until complete

sample dissolution was obtained. Reproducibility for

rare earth element concentrations is generally < 2%,

and reproducibility for other elements is < 5%.

Detailed analytical methods and results of interna-

tional rock standards BHVO-1 and BIR-1 have been

documented in Stracke et al. (2003). Major element

abundances were obtained on fused La-bearing lith-

ium borate glass disks using a Siemens MRS-400

multi-channel, simultaneous X-ray fluorescence

(XRF) spectrometer at the Ronald B. Gilmore XRF

Lab of the University of Massachusetts at Amherst.

Relative errors (2r/mean) for major elements are:

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

(0.6%), MnO (1%), MgO (0.5%), CaO (0.2%),

Na2O (0.9%), K2O (0.4%), and P2O5 (2%) (Rhodes,

1996).



Table 1

Major (wt.%) and trace element (ppm) abundances, and Nd, Sr, Pb, and O isotopic compositions of xenoliths and host tholeiites

Samples Niu-3

xenolith

Niu-4

xenolith

Niu-5

xenolith

Niu-6

xenolith

Niu-7

xenolith

NT-1 TH NT-2 TH NT-4 TH NT-5 TH NT-9 TH

SiO2 43.7 39.5 39.6 44.0 41.02 50.52 49.9 49.6 49.9 50.8

TiO2 2.56 2.73 2.97 2.52 2.74 1.36 1.21 0.98 0.97 1.5

Al2O3 31.90 34.31 33.86 32.36 34.37 15.81 15.4 16.07 16.62 15.66

Fe2O3 20.17 22.33 21.75 19.97 20.15 11.73 11.35 10.95 10.65 11.53

MnO 0.12 0.09 0.08 0.13 0.11 0.18 0.18 0.13 0.12 0.15

MgO 0.38 0.34 0.37 0.3 0.43 7.57 9.51 10.46 9.47 6.94

CaO 0.34 0.21 0.32 0.37 0.38 9.64 9.43 8.98 9.08 9.81

Na2O 0.00 0.00 0.11 0.00 0.42 2.51 2.6 1.91 2.35 2.58

K2O 0.1 0.07 0.11 0.07 0.07 0.31 0.31 0.35 0.4 0.5

P2O5 0.16 0.16 0.2 0.14 0.27 0.18 0.17 0.14 0.13 0.19

Total 99.46 99.71 99.33 99.89 99.96 99.8 100.07 99.56 99.64 99.64

SiO2/Al2O3 1.35 1.15 1.17 1.36 1.19 3.20 3.24 3.09 3.00 3.24

Mg# 0.03 0.03 0.03 0.03 0.04 0.54 0.60 0.64 0.62 0.52

CIA 0.98 0.99 0.97 0.98 0.96

I18O 0.69 0.68 0.68 0.69 0.68

Rb 1.38 0.76 3.11 1.38 1.00 4.52 4.41 6.00 7.54 11.6

Ba 443 763 436 386 288 129 141 129 135 155

Th 3.19 3.29 4.24 2.97 3.72 1.43 1.39 1.21 1.21 1.64

U 0.66 0.63 0.76 0.49 0.71 0.28 0.28 0.26 0.25 0.33

Nb 30.8 31.5 36.6 29.4 33.0 15.5 15.0 12.6 13.1 18.2

Sr 58.1 53.5 118.5 62.9 46.3 283 293 313 344 303

Hf 4.65 4.79 5.53 4.42 5.10 2.35 2.25 1.74 1.89 2.66

Zr 195 200 228 183 204 98.0 93.4 73.9 79.7 110

Ti 2.56 2.73 2.97 2.52 2.68 1.36 1.21 0.98 0.97 1.5

Y 13.2 12.7 5.62 14.3 9.09 16.4 15.3 11.4 12.7 18.3

La 9.43 8.86 4.60 8.85 6.23 11.5 11.36 9.24 9.73 13.1

Ce 56.4 48.3 11.8 38.6 21.5 23.4 22.8 18.6 19.5 26.3

Pr 2.95 2.51 1.20 2.69 1.64 3.00 2.86 2.32 2.45 3.37

Nd 12.6 10.7 4.96 11.6 6.98 12.8 12.2 9.84 10.4 14.5

Sm 3.78 2.96 1.36 3.28 1.92 3.25 3.07 2.40 2.59 3.64

Eu 1.30 1.05 0.48 1.14 0.65 1.12 1.05 0.86 0.94 1.25

Gd 3.35 2.78 1.24 3.07 1.88 3.31 3.10 2.38 2.60 3.70

Tb 0.64 0.49 0.22 0.57 0.33 0.53 0.50 0.38 0.42 0.60

Dy 3.90 2.89 1.31 3.47 2.01 3.04 2.84 2.12 2.35 3.36

Ho 0.75 0.55 0.26 0.70 0.39 0.58 0.54 0.41 0.45 0.64

Er 2.14 1.52 0.71 1.96 1.07 1.50 1.42 1.05 1.17 1.66

Yb 2.28 1.44 0.71 1.89 1.05 1.21 1.14 0.84 0.93 1.32

Lu 0.32 0.21 0.10 0.28 0.15 0.17 0.16 0.12 0.13 0.18

Ce/Ce* 2.55 2.43 1.18 1.88 1.58 0.94 0.94 0.94 0.94 0.93
87Sr/86Sr 0.705230 0.705865 0.705001 0.705272 0.705113 0.703888 0.703903 0.703921 0.703870 0.703813

2SE 0.000007 0.000007 0.000007 0.000007 0.000008 0.000007 0.000007 0.000008 0.000007 0.000007
143Nd/144Nd 0.512851 0.512853 0.512803 0.512850 0.512820 0.512830 0.512815 0.512821 0.512827 0.512826

2SE 0.000009 0.000006 0.000010 0.000009 0.000008 0.000007 0.000008 0.000007 0.000008 0.000008

eNd 4.2 4.2 3.2 4.1 3.6 3.7 3.5 3.6 3.7 3.7
208Pb/204Pb 39.364 39.454 39.379 39.310 39.447 39.220 39.179 39.121 39.031 39.218
207Pb/204Pb 15.619 15.626 15.638 15.622 15.643 15.626 15.624 15.611 15.629 15.625
206Pb/204Pb 18.982 19.029 18.981 18.907 19.143 18.941 18.902 18.883 18.768 18.903

d18O (x) 5.9 5.6 5.2 5.6 6.1 – 7.3 – 6.6 –

TH= tholeiites.
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3. Chemical and isotopic compositions

Major and trace element concentrations and Nd, Sr,

Pb, and O isotopic compositions of both xenoliths and
Fig. 4. Plots of wt.% major element oxides vs. SiO2 for tridymite–hercynit

this paper).
host tholeiites are listed in Table 1. Compared with

host tholeiites, the tridymite–hercynite xenoliths have

significantly higher Al2O3 (>31 wt.%), total iron as

Fe2O3 (>19%), and TiO2 (>2.5%), but lower SiO2,
e xenoliths and host basalts. Data sources: (Yu, 1985; Qi et al., 1994;



H. Zou et al. / Chemical Geology 207 (2004) 101–116 107
CaO, MgO, Na2O, and K2O (Fig. 4). Both xenoliths

and host tholeiites exhibit light-rare-earth-element

(LREE)-enriched patterns without significant Eu

depletions (Fig. 5). The most striking aspect of the

REE abundances of the xenoliths is their significant

positive Ce anomalies (with Ce/Ce* = 1.2–2.5). In

contrast to host tholeiites, these xenoliths display

significant depletions in Rb, and a positive hump in

Hf, Zr, and Ti in the primitive-mantle-normalized

spider diagram (Hofmann, 1988; Sun and McDo-

nough, 1989) (Fig. 6).
Fig. 5. CI chondrite-normalized rare earth element patterns for xenoliths an

and Grevesse (1989).
The tridymite–hercynite xenoliths exhibit positive

present-day eNd(0) ( + 3.2 to + 4.2), and high
87Sr/86Sr (0.7050–0.7058) and 206Pb/204Pb (18.8–

19.1). Their d18O values range from + 5.2x to

+ 6.1x. When compared with host tholeiites, these

xenoliths have significantly higher 87Sr/86Sr, moder-

ately higher 206Pb/204Pb, similar 143Nd/144Nd (Fig. 7)

and lower d18O (Table 1). The tridymite–hercynite

xenoliths have higher 87Sr/86Sr and 206Pb/204Pb than

the mantle peridotite xenoliths (Fig. 7) in the basalts

of eastern China (Song and Frey, 1989; Tatsumoto et
d host tholeiites. REE abundances for CI chondrites are from Anders



Fig. 6. Primitive-mantle-normalized spider diagrams for xenoliths and host tholeiites. Normalizing values are from Hofmann (1988).
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al., 1992; Qi et al., 1995; Fan et al., 2000; Xu et al.,

2003).
4. Discussion

4.1. Origin of the tridymite–hercynite xenoliths

The significant differences in 87Sr/86Sr between

tridymite–hercynite xenoliths and their host tholeiites

suggest that these xenoliths do not represent an Fe-

rich liquid that was derived from tholeiitic magma

either by extreme fractionation or by immiscibility.

Experiments demonstrate that immiscible iron-rich

and silica-poor segregated liquids are relatively alu-

mina-poor (Al2O3 < 7.5 wt.%) (Dixon and Rutherford,
1979), much lower than the xenoliths (Al2O3>31%)

studied here. Furthermore, the positive Ce anomalies

in these xenoliths indicate oxidation of Ce3 + to Ce4 +

in an oxidizing environment and precipitation as CeO2

(Banfield and Eggleton, 1989; McLennan, 1989;

German and Elderfield, 1990). However, iron-rich

residual liquids or immiscible magmas are not related

to an oxidizing environment.

The existence of an oxidizing environment inferred

from the positive Ce anomalies further argues against

the possibility of a mantle or lower crust origin for

these xenoliths. Positive Ce anomalies have been

observed in the sedimentary rocks at the Earth’s

surface, mainly in Fe–Mn nodules of the seafloor

(Piper, 1974), in fine-grained fractions of pelagic

sediments composed almost exclusively of smectites



Fig. 7. Nd–Sr, Nd–Pb and Pb–Pb isotopic compositions for

tridymite–hercynite xenoliths and host tholeiites. For the cross-

hatched box, DMM=depleted MORB source (after Zindler and

Hart, 1986). Sr and Nd isotopes for mantle xenoliths are from Song

and Frey (1989), Tatsumoto et al. (1992), Qi et al. (1995), Fan et al.

(2000) and Xu et al. (2003). Pb isotope data for mantle xenoliths are

from Tatsumoto et al. (1992).
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(Tlig and Steinberg, 1982), and in the uppermost parts

of soil profiles (Morey and Setterholm, 1997; Pan and

Stauffer, 2000). The low MnO and high Al2O3 in

these xenoliths argue against the possibility of Fe–Mn

nodules as a protolith. High positive eNd(0) values

( + 3.2 to + 4.2) in the xenoliths also argue against

their origin as Fe–Mn nodules or pelagic sediments

from Pacific or Indian Ocean because both Fe–Mn

nodules and pelagic sediments tend to have negative

eNd(0) values (Ben Othman et al., 1989; Abouchami et

al., 1997). The very low MgO and K2O also preclude

the presence of smectites (nontronite, saponite, mixed-
layer smectite–illite). Thus, paleosols in the upper-

most part of soil profiles appear to be the most likely

candidate for the protoliths of the xenoliths. The

positive Ce anomalies in the xenoliths support the

interpretation of Qi et al. (1994) that the tridymite–

hercynite xenoliths are the product of metamorphosed

sedimentary rocks. We show below that our integrated

isotopic and chemical data provide additional con-

straints on the nature and formation of these sedimen-

tary rocks.

4.2. The nature of paleosols

The protoliths of the tridymite–hercynite xenolith

may not be those of typical paleosols. The very low

CaO, Na2O or K2O in the xenoliths suggest that there

were few if any feldspars, or other potassic clay-

mineral alteration products (i.e., illite) in the paleo-

sols. The paleosols could originally have consisted

mainly of an aluminous non-potassic low-SiO2 clay

mineral and iron oxyhydroxides (hematite + goethite).

The clay mineral is possibly halloysite (ideally

Al2O3.2SiO2.4H2O) because the SiO2/Al2O3 ratio

(1.25F 0.11) of the xenoliths is similar to the ratio

(1.22) of halloysite (Deer et al., 1992). This possibility

would suggest that there was little quartz in the

original protolith and thus the abundant tridymite in

the xenoliths must be mostly of metamorphic origin.

Although a few large quartz grains (about 1 mm in

diameter) can be observed in the xenoliths, ion mi-

croprobe measurements yield d18O of quartz grains

(7.2F 1.0x) that are indistinguishable from the

isotopic compositions measured for small ( < 50 Am)

tridymite grains (f 8.0F 0.6x) in the matrix (Fig.

8). It is known that tridymite is slightly enriched in

d18O relative to quartz at isotope equilibrium, but

equilibrium oxygen isotope fractionations between

tridymite and quartz are small, only 0.2–0.3xat

1200–1000 jC (Zheng, 1993), and the polymorphic

transformation from tridymite to quartz results in

quartz inheriting the oxygen isotopic signature of its

precursor tridymite (Zheng, 1995, 1999). Therefore,

the similarity in d18O between quartz and tridymite

suggests that these large grains were also of meta-

morphic origin and do not represent the quartz orig-

inally in the sediment.

The chemical and isotopic evidence suggests that

the paleosols were probably ferruginous bauxites or,



Fig. 9. Ce/Ce* vs. 87Sr/86Sr (A) and Ce/Ce* vs. La (B) diagrams for

xenoliths.

Fig. 8. Quartz and tridymite oxygen isotopic compositions in Niu-3

and Niu-5. The large quartz grains and matrix tridymite in Niu-3

have d18O values of 7.3F 1.0, 8.1F 0.6, respectively. In Niu-5,

large quartz grains and matrix tridymite have d18O values of

7.2F 1.0, 7.9F 0.6, respectively. Whole-rock d18O for Niu-3

(5.9F 0.2) and Niu-5 (5.2F 0.2) are also plotted for comparison.
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more likely, aluminous laterites. However, they were

not typical laterites, either. Although low, CaO is

significantly higher than typical lateritic paleosols,

and it would be unusual for laterites to have CaO/

K2O greater than 1. In fact, the xenoliths have high

CaO/K2O ranging from 2.9 to 5.3, whereas a lateritic

soil from southeastern China has CaO (0.19%) <K2O

(0.23%) (Xie et al., 1989). A likely explanation is that

there was a small carbonate component added to the

paleosols. The relatively high content of Ba is also

surprising. But Ba can be retained as secondary Ba-

sulphate (BaSO4) that is resistant to acid leaching,

with SO4
2� deriving either from groundwater or from

original sulphides (Price et al., 1991). Hematite and

goethite in the paleosols are mainly of Fe3 +, whereas

hercynite and ilmenite in the xenoliths are dominated

by Fe2 +. The transformation of the hematite–goe-

thite-rich paleosols into the tridymite–hercynite–

ilmenite-rich assemblages requires low oxygen fugac-

ity. Experiments suggest that such a transformation

may take place at 0.1 kPa (Takahashi et al., 2000).
Organic matter probably also existed in the paleosols,

and was responsible for the extraordinary reduction in

the oxidation state during the transformation. Howev-

er, before the paleosols were captured by host basalts,

organic matter in the paleosols was not able to reduce

CeO2 to Ce3 + at surface conditions, thus retaining the

positive Ce anomalies.

Additionally, there are interesting positive correla-

tions among Ce/Ce*, 87Sr/86Sr and La contents in

these xenoliths (Fig. 9). If the amplitude of the Ce

anomaly changes with depth, then these xenoliths

actually constitute a vertical paleosol sequence. Pos-

itive correlations between Ce/Ce* and 87Sr/86Sr could

reflect variable extents of weathering in the soil

profile. The observed positive correlation between

Ce/Ce* and La is consistent with the report by Pan

and Stauffer (2000) that positive Ce anomalies in the

uppermost maroon paleosol are accompanied by no-

tably higher LREE contents.

Not all lateritic soils display positive Ce anomalies.

For example, in four lateritic profiles from Cameroon,

which represent the main lateritic weathering profiles

in the tropical zone, positive Ce anomalies have been

only found systematically at the top of the saprolite,
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about 4 to 8 m below surface (Braun et al., 1990). The

restricted occurrence of Ce anomalies in the upper-

most parts of soil profiles makes this feature suscep-

tible to removal by erosion (Pan and Stauffer, 2000),

but fortunately, they are apparently preserved in

modified form as xenoliths in the Miocene Niu-

toushan basalts.

4.3. Source rocks for lateritic paleosols

If our interpretation of the xenoliths as metamor-

phosed paleosols is correct, we can use the Nd isotopic

compositions to trace the source rocks for the paleosols

because eNd is not sensitive to interactions with water.

Positive eNd(0) (3.2–4.2) in the xenoliths suggests that
the source rocks of the paleosols are igneous rocks with

a depleted mantle geochemical signature. The domi-

nant rock types from the study region are metasedi-

mentary rocks, Cretaceous granites, and Mesozoic

volcanic rocks. The metasedimentary rocks have neg-

ative eNd(0) ranging from � 3.0 to � 4.7, and Creta-

ceous granites also have negative eNd(0) ranging from

� 5.0 to � 7.7 (Huang et al., 1986) (Fig. 10). There-

fore, it is unlikely for them to be the source rocks for the

paleosols. In addition, because granites often exhibit

negative Eu anomalies due to fractional crystallization

of plagioclase, the absence of Eu anomalies in the

xenoliths also argues against granites being source

rocks. The Mesozoic volcanic rocks in the Fujian

province are rhyolitic tuff, rhyolitic ignimbrite, andes-

ite, and basalt. The intermediate to silicic volcanic
Fig. 10. Comparison of the Nd–Sr isotopic compositions of the

xenoliths with those of Mesozoic granites, basalts, andesites,

rhyolites and metamorphic rocks.
rocks have negative eNd(0), ranging from � 5.5 to

� 11.7 (Huang et al., 1986), and the Mesozoic basaltic

rocks also have negative eNd(0) (� 2.1 to � 10.5) (Xie

et al., 2001) (Fig. 10). Thus, these Mesozoic volcanic

rocks cannot be source rocks, either.

In contrast to Mesozoic rocks, Cenozoic basalts in

the study region mostly have positive eNd(0). The

Hainan Island basalts have eNd(0) ranging from 3.6

to 5.7 (Tu et al., 1991), and the Vietnamese basalts

have eNd(0) ranging from � 0.9 to 7.6 (Nguyen et al.,

1996). Since they erupted later than the Niutoushan

basalts, these basalts cannot be the source rocks for the

xenoliths. Although the Miocene (23–20 Ma) north-

western Taiwan basalts are older than the Niutoushan

basalts, their eNd(0) (4.9–5.5) (Chung et al., 1995) is

higher than those of the xenoliths [eNd(0) = 3.2–4.2].
We thus regard the nearby Miocene basalts from the

earlier (17 Ma) eruptions (Chen and Zhang, 1992; Ho

et al., 2003) at Niutoushan, Tianmashan (Fig. 2),

Zhenhai, Liuhui, and Xianshan, all in Longhai County,

as the most likely source rocks for the paleosols that

were metamorphosed to produce the xenoliths.

Surface water and groundwater are enriched in Sr

with higher 87Sr/86Sr (>0.708) than the nearby earlier

Miocene basalts, but contain little Pb and even less

Nd. Consequently, weathering of such basalts can

result in large variations in 87Sr/86Sr, moderate var-

iations in 206Pb/204Pb, and near constant 143Nd/144Nd

in paleosols. The lower whole-rock d18O ( + 5.2xto

+ 6.1x) of the xenoliths compared to their host

basalts ( + 6.6x to + 7.3x) (Table 1) can be

attributed to interactions with meteoritic water and

groundwater during chemical weathering of the near-

by earlier Miocene basalts. Weathering under tropical

conditions can leach away K and Rb, but preferen-

tially retain immobile elements Hf, Zr, and Ti,

resulting in the depletions in Rb and the hump in

Hf, Zr, and Ti. Complete melting of paleosols and

subsequent rapid crystallization of the produced liq-

uid would preserve the chemical and isotopic signa-

tures of the paleosols.

The crystallization conditions can be constrained

by xenolith mineralogy and oxygen isotope composi-

tions. Based on the phase equilibrium diagram in

FeO–Al2O3–SiO2 system obtained by Schairer and

Yagi (1952), the crystallization temperature of tridy-

mite–hercynite xenolith is between 1073 and 1205

jC (Qi et al., 1994). This temperature range can be
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used to check oxygen isotope equilibrium/disequilib-

rium. According to Eqs. (4), (5), and (6) in Zhao and

Zheng (2003), the oxygen isotope fractionation factor

(103 ln aqz– rock) between quartz and whole rock under

equilibrium conditions can be expressed as

D
qz
rock ¼ 103 ln aqz�rock

¼ ð1� I18OrockÞ � 11:83� 106

T2
ð1Þ

where I18Orock is the oxygen isotope index of the

whole rock (Zhao and Zheng, 2003), and T is the

absolute temperature. The I18Orock values of the

xenoliths, calculated using Eq. (1) in Zhao and Zheng

(2003), as well as oxygen isotopic indices of modal

minerals in Zheng (1991) and basalt glass in Zhao and

Zheng (2003) are 0.68–0.69 (listed in Table 1). The

calculated equilibrium D18O values between quartz

and such xenoliths are 2.1–1.7xat 1073–1205 jC,
respectively, which is similar to the measured D18O

values between quartz and xenoliths (2.1–2.4x)

(Fig. 8), suggesting oxygen isotope near-equilibrium

at tridymite crystallization temperature. Thus, the

oxygen isotope data for quartz, tridymite, and

whole-rock xenoliths indicate that these xenoliths

retain their high-temperature (about 1100–1200 jC)
oxygen isotope signatures, and that subsequent rapid

cooling of the xenoliths mostly prevented resetting of

oxygen isotopes at lower temperatures. The formation

sequence of tridymite–hercynite xenoliths is summa-

rized in Fig. 11.
Fig. 11. Formation of the tridym
4.4. Paleoclimate in southeast Asia

Paleosols can provide information about weather-

ing and climatic conditions prevailing at the time of

formation (Nesbitt and Young, 1982; Girard et al.,

2000). Lateritic paleosols form by weathering in warm

and humid tropical conditions that produce strongly

desilicated clay minerals. The minimum formation

age of the lateritic soils is the eruption age of the host

basalts, which is about 15 Ma. The maximum forma-

tion age of the lateritic soils is the age of their source

rocks. The nearby older basalts at Niutoushan, Tian-

mashan, Zhenhai, Liuhui, and Xiangshan, which are

the best candidates for the source rocks of the lateritic

soils, erupted as early as 17.1F 0.6 Ma (Ho et al.,

2003). Thus, we conclude that strong leaching under

tropical climate conditions existed in SE China during

the interval from f 17 to 15 Ma.

A good measure of the degree of weathering can be

obtained by calculation of the chemical index of

alteration (CIA) using molecular proportions (Nesbitt

and Young, 1982):

CIA ¼ 100� Al2O3=ðAl2O3 þ CaOþ Na2Oþ K2OÞ
ð2Þ

These xenoliths have CIA values between 96 and 99

(see Table 1), which are higher than those of Quater-

nary laterites (90–92) in SE China (Yang et al., 2000).

Since the conditions to form Quaternary laterites

ogy 207 (2004) 101–116
ite–hercynite xenoliths.
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require annual average temperature of 19 jC and

annual rainfall of 165 cm (Zhao and Yang, 1995),

we infer that the conditions to form these Miocene

(17–15 Ma) laterites would require annual average

temperatures >19 jC and annual rainfall amounts

>165 cm.

Interestingly, the time during which the lateritic

paleosols were being produced (17–15 Ma) corre-

sponds to a period of slow uplift of the Himalayan–

Tibetan Plateau region, following the more rapid uplift

and denudation of the Plateau at 21–17 Ma (Harrison

et al., 1992; Hodges et al., 1992). The major uplift

phase at 21–17 Ma coincides with a period of steep-

ened slope of the 87Sr/86Sr ratio of seawater (Richter et

al., 1992), and the associated increase in chemical

weathering rates have postulated to have led to accel-

erated CO2 consumption and thus climatic cooling

(Raymo and Ruddiman, 1992). This phase of acceler-

ated CO2 consumption was followed by a period with

reduced uplift rates and less chemical weathering as

indicated by a flat seawater 87Sr/86Sr isotope curve at

16 Ma. The reduction in CO2 consumption would have

raised atmospheric CO2 concentrations and climatic

temperature. Additionally, eruptions of 17–15 Ma

Columbia River flood basalts on the Colorado Plateau

in northwest USA (Hodell and Woodruff, 1994), the

Vogelsberg basalts from Central Europe (Schwarz,

1997), and the eastern China basalts could have

contributed to a rising CO2 concentration.

Evidence in support of a middle Miocene temper-

ature maximum has come mainly from the oxygen

isotopic record of deep ocean benthic foraminifer

(Flower and Kennett, 1994), palaeobotanical data

from Europe and North America (White et al.,

1997), the distribution of ectothermic vertebrates of

Central Europe (Bohme, 2003), and the occurrence of

lateritic bauxite in central Germany (Schwarz, 1997).

Our study provides additional evidence for a middle

Miocene climatic optimum in East Asia from an

unexpected source: hard rock xenoliths in basalts.
5. Summary

(1) The protoliths of tridymite–hercynite xenoliths

are interpreted to have been lateritic paleosols that

could have consisted mainly of halloysite,

goethite, hematite, organic matter, and minor
amounts of CaCO3 and BaSO4. There were few,

if any, original quartz grains in the lateritic

paleosols. The paleosols were captured and

melted by hot basaltic lavas near the Earth’s

surface. The high viscosity (due to high total

contents of SiO2 +Al2O3) of the produced liquids

and subsequent rapid cooling prevented the

liquids from being assimilated/digested by host

basaltic magmas, thus retaining the chemical and

isotopic compositions (except for volatiles) of the

paleosols.

(2) The source rocks of the lateritic paleosols are

probably nearby earlier basalts erupted as early as

17.1 Ma. Mesozoic granites, metasedimentary

rocks, or volcanic rocks in the study region

cannot be the source rocks for these lateritic

paleosols.

(3) The formation age of these paleosols is therefore

between 17 and 15 Ma. This formation age

corresponds to a period of slow uplift of the

Himalayan–Tibetan Plateau region (and thus less

consumption of CO2) after 17 Ma, and the latest

stage of the opening of the South China Sea (32–

16Ma), but preceded the collision of the Luzon arc

with the Asian continent that started at 12 Ma BP.

(4) The lateritic paleosols provide chemical evidence

of intensive tropical weathering conditions in

middle Miocene in SE China. The climatic

conditions to form these middle Miocene laterites

can be estimated as annual average temperatures

>19 jC and annual rainfall of >165 cm. The slow

uplift of the Himalayan–Tibetan plateau coupled

with large global input of CO2 from volcanic

eruptions at 17–15 Ma may have contributed to

the middle Miocene climatic optimum.

(5) The contributions of Niutoushan and nearby

earlier basalts to our understanding of middle

Miocene climate are (1) to preserve the geo-

chemical record of lateritic paleosols captured

and transformed in the basalts; and (2) to provide

robust constraints on the ages of the lateritic

paleosols.
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