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Hydrothermal venting and basin evolution (Devonian, South China):

Constraints from rare earth element geochemistry of chert
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Abstract

This paper presents rare earth element (REE) geochemistry of siliceous deposits from which hydrothermal activity and

basin evolution are elucidated, in the Late Devonian, in the Yangshuo basin, South China, where siliceous deposits widely

occurred as nodular chert in the deep-water limestones and bedded chert interbeded with tuffaceous chert in the early Late

Devonian. Both nodular and bedded cherts are characterized by very low La abundances (avg. 2.07 and 2.49 ppm,

respectively), intermediate negative Ce anomalies (Ce/Ce*: avg. 0. 69 and 0.61), slight to intermediate positive Eu anomalies

(Eu/Eu*: avg. 1.33 and 1.57), and low to intermediate shale-normalized Lan/Ybn values (avg. 0.86 and 0.52) and intermediate

Lan/Cen values (avg. 1.61 and 1.72). These suggest both nodular and bedded cherts formed in the open marine basin of

South China, rather than in the intracontinental rift basin as previously assumed, with involvement both with seawaters as

indicated by intermediate negative Ce anomalies and generally LREE-depleted patterns, and hydrothermal vent fluids as

indicated by convex, less LREE-depleted patterns with apparent positive Eu anomalies. In comparison with nodular and

bedded chert, the tuffaceous chert has the highest La abundances (avg. 17.11 ppm), similar ranges of Ce anomalies (avg.

0.63) and Lan/Cen values (avg. 1.77), but lower Lan/Ybn values (avg. 0.48) and no apparent positive Eu anomalies (avg.

0.97). This suggests that the tuffaceous fallouts were also significantly modified by the hydrothermal fluid and seawater.

Rapid spatial variations of Eu/Eu* values and degree of LREE-depletions in the studied basin are recognized, characterizing a

spatially differential hydothermal activity that is not well discriminated by major element features. Such a difference in

hydrothermal activity is interpreted as having been related to the intensity and depth of syndepositional tectonic activity,

reconciling the structural pattern unraveled by stratigraphic packages.

D 2005 Elsevier B.V. All rights reserved.

Keywords: REE patterns; Chert; Hydrothermal activity; Basin evolution; Open marine basin; Late Devonian; South China
0037-0738/$ - see front matter D 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.sedgeo.2005.09.020

* Corresponding author. Tel.: +86 10 62008092; fax: +86 10

62010846.

E-mail addresses: dzh-ch@mail.igcas.ac.cn (D. Chen),

hairuo.qing@uregina.ca (H. Qing).
1. Introduction

Rare earth elements (REE) in chert, because of

their immobility during the diagenesis (Murray et al.,

1992), have been commonly used as important geo-

chemical indicators to assess the depositional environ-

ments and paleogeography of oceans (Shimizu and

Masuda, 1977; Murray et al., 1990, 1991; Murray,
3 (2006) 203–216
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1994; Ding and Zhong, 1995; Armstrong et al., 1999;

Owen et al., 1999), which commonly cannot be un-

equivocally specified merely upon petrographic and

physical signatures. Thus, the chert, although of

minor significance in stratigraphic records, can pro-

vide critical information of paleoceanographic and

tectonic evolutions (e.g., Murray et al., 1991; Holser,

1997). The REE behaviours of hydrothermal vent

fluids and sediment particulates in active ocean

ridge system have been extensively and well docu-

mented, i.e., apparent positive Eu anomalies (Michard

et al., 1983; Michard, 1989; German et al., 1990,

1999; Douville et al., 1999). Nevertheless, rare REE

data on which the chert derived from hydrothermal

activity were unambiguously evident in the geological

records.

Siliceous deposits, which locally host manganese

deposits in southern Guangxi (Wu et al., 1987; Tang

et al., 1994), are widely distributed in the Devonian

(particularly the Frasnian) interplatform basinal succes-

sions, which were deposited in the elongate interplat-

form basins (or troughs), in the Guangxi–Hunan area,

South China (Fig. 1A) (Wu et al., 1987). Although a

few studies of the chert were undertaken in the areas

south and west of Guangxi Province and a possible

hydrothermal origin was supposed (Chen and Chen,

1989; Tang et al., 1994; Deng et al., 2003), no unequiv-

ocal evidence from REE data and further studies in

areas north of Guangxi and farther north were provided.

Thus the origin of the basinal chert successions is still

uncertain.

The Caledonian basement of South China Block was

a coalesced block composed of the Yangtze block (or

craton) to the west and the Cathaysia block to the east,

as a result of multiphase amalgamation and fragmenta-

tion since the Archaean era (e.g., Shui, 1987; Liu et al.,

1993). These tectonic activities resulted in a highly

inhomogeneous united block, particularly the coupling

zone of the two continental blocks (Shui, 1987; Liu et

al., 1993), which had a fundamental control on the post-

Caledonian evolution. However, it is still unclear when

(indeed whether at all) the oceanic crust was evolved

between the Yangtze and Cathaysia blocks in the course

of re-opening of the coalesced South China block (Hsü

et al., 1990; Liu et al., 1993; Zhao et al., 1996; Wu et

al., 1998; Li, 2000; Deng et al., 2003; Wu, 2003),

which is a key issue of post-Caledonian evolution of

the South China block (Liu et al., 1993; Zhao et al.,

1996).

In order to improve our understanding for the

origin of the Devonian siliceous deposits and their

implications for the basin-and-platform tectonics, or
to a broader extent, the tectonics of South China

block, studies of REE geochemistry upon the sili-

ceous deposits, in the Guilin region, were thus carried

out. Our REE data not only support a hydrothermal

origin for the chert, in response to the basin-scale,

intense basement faulting at depth, but also shed new

light on the oceanographic and tectonic scenarios

(i.e., open marine) of a broader tectonic regime in

South China.

2. Geological setting

After the bGuangxiQ (Caledonian) Orogeny, pro-

gressive rifting and northeastward transgression from

the remnant Qinfang Trough in southern Guangxi (Wu

et al., 1987; Liu et al., 1993; Chen et al., 2001a,b) led

to the deposition of extensive carbonates on topo-

graphic highs (carbonate platforms), and of fine-

grained deep-water sediments in the elongate depres-

sions (troughs) in Guangxi–Hunan region during the

Givetian (Fig. 1A). Two curvilinear interplatformal

basins trending NNE–SSW, located in the western

and eastern parts of Guangxi–Hunan region, respec-

tively, extended for about 800 km from Guangxi to

Hunan Provinces (Fig. 1A), which generally followed

the antecedent basement fault zones (or interplate

boundary suture zones) (Liu et al., 1993; Chen et

al., 2001b). They are considered as having been

formed in response to the reactivation of the principal

antecedent basement faults under a sinistral transten-

sional tectonic setting (Fig. 1B), due to the N–NE

migration of the South China block during the Devo-

nian (Wu et al., 1987; Chen et al., 2001b). Two en

echelon basins trending NE–SW were terminated at

the principal, western elongate basin in Guangxi (Fig.

1A, B), and were likely induced by the secondary en

echelon strike–slip faults (Chen et al., 2001b). The

rhomb-shaped basin, trending approximately NW–SE

in southern Hunan (Fig. 1A), was considered as a

pull-apart basin being formed by the sinistral strike-

slip offset by the southern and northern segments of

the principal, eastern basement fault zones (Fig. 1B),

along which was considered as the trace of suture

zone between Yangtze and Cathaysia blocks during

the Caledonian orogeny (e.g., Liu et al., 1993). This

study focuses on the smaller-scale spindle-shaped

Yangshuo Basin in Guilin area (Fig. 1C), which was

interpreted as having formed in relation to secondary

(sinistral) strike-slip faulting (Fig. 1B–D) (Chen et al.,

2001b).

Siliceous sediments were initially deposited in the

interplatformal basins from the Early Devonian, episod-



Fig. 1. (A) Paleogeographic setting of the Late Devonian, South China, revealed by the present lithofacies distribution. (B) Structural interpretation

of carbonate platform–basin configuration in area of (A) (after Chen et al., 2001b, 2002). Refer to the strain ellipse for the stress regime of the

structural style: PDZ, principal displacement zone; A–AV, en echelon strike–slip faults; B–BV, synthetic strike–slip faults; C–CV, antithetic strike–slip
faults; D–DV, extensional faults. (C) Details of depositional background in the Yangshuo basin, surrounded by carbonate platforms. (D) Structural

interpretation for the study area of (C).
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ically extending northeastwards later and reaching a

maximum extent in the early Late Devonian (Wu et

al., 1987). Tuffaceous interbeds are extensive in the

chert successions, pillow lava basalts, however, are

generally absent except for those occurring in the west-
ern Guangxi beyond the study area (e.g., Wu et al.,

1987). In the Yangshuo basin, siliceous deposits occur

as nodular, bedded and tuffaceous chert in the Liujiang

Formation intercalated within basinal carbonate succes-

sions of the lower Frasnian (from the transitans through



Fig. 2. Lithostratigraphic relationships and nomenclatures for the Devonian platform and basinal successions in Guilin area. The chert deposit is

located within the basinal Liujiang Formation. Depositional sequences are documented in Chen et al. (2001b, 2002).
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punctata conodont zones) (Fig. 2) (Chen et al., 2001b,

2002). The nodular chert is present in the lower part

that is dominated by thin-bedded argillaceous lime

mudstones (10 to 20 m thick). It increases upwards

volumetrically and grades into black, bedded chert

interbeded with brownish to yellownish grey tuffaceous

chert, ranging from 2 to 6 cm thick for a single bed, and

15 to 30 m thick for the entire succession. Bedded chert

is non-laminated to finely laminated, which also occurs

locally as intercalations in the lower carbonate-domi-

nated succession, i.e., at Shawan (see Fig. 1C for

location) (Chen et al., 2001b, 2002). The tuffaceous

chert has a pumiceous appearance with low density.
Minor radiolarians are present both in the bedded and

tuffaceous chert, commonly with a better preservation

in the latter.

3. Sampling and analytical methodology

Samples of nodular and bedded chert were collected

at Shawan, Fuhe and Baisha in the Yangshuo Basin,

southeastern Guilin (see Fig. 1C for location), whereas

fresh tuffaceous chert was sampled only at the latter

two localities in newly cut quarries. All samples were

crushed in the steel vessel and further ground to powder

in an agate mill.
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Major elements were analyzed using an automatic

X-ray fluorescence spectrometer (XRF-1500) using fu-

sion glasses made from a mixture of powdered sample

and flux (Li2B4O7) in the proportion of 1 :5. In this

study, only results of TiO2 (reproducibility b0.006

wt.%, same in the brackets below), Al2O3 (b0.04

wt.%) and total iron as Fe2O3 (b0.13 wt. %) are

reported (the Appendix), and Al2O3/(Al2O3+Fe2O3)

ratios are used to assess the terrigenous/hydrothermal

influxes (Murray, 1994). XRD analysis was conducted

to assess the non-silica minerals of the chert.

The sample splits (100 mg) for REE analysis were

toasted in an oven at 105 8C for 1–2 h and cooled to

room temperature, then digested in a tightly sealed

Teflon screw-cap beaker with ultrapure 0.5 ml

HNO3+2.5 ml HF+0.5 ml HClO4, then dried. The

dried sample was digested again with 1 ml HNO3+3

ml H2O until a clear solution was obtained. The solution

was diluted to 1 :1000 by mass and analyzed on a VG

PQ2 Turbo inductively coupled plasma source mass

spectrometer (ICP-MS) at the Institute of Geology and

Geophysics, Chinese Academy of Sciences. The preci-

sion of the analysis is generally b4% of reported REEs.

Cerium (Ce/Ce*) and europium anomalies (Eu/Eu*)

were calculated from: Ce/Ce*=Cen / (Lan�Prn)
1 / 2, Eu/

Eu*=Eun / (Smn�Gdn)
1 / 2 (Taylor and McClennan,

1985), using shale-normalized abundances. Normaliza-

tion values are a mean of North American, European

and Russian shale composites (Sholkovitz, 1988; Mur-

ray et al., 1991). Shale-normalized Lan /Ybn ratios

are assigned to reflect the relative enrichment of light

REE (LREE) vs. heavy REE (HREE). Lan /Cen ratios

(Murray, 1994) are also used in this study to differentiate

the depositional environment of chert. La abundances

are here used to reflect the total REE contents (AREE) as
well, in view of their coherent variations with REEs and

easy accessibility by different analytical methods.

4. Results

Both nodular and bedded chert has very low

TiO2 (0.01–0.05%) and Al2O3 (0.15–1.29%) con-
Table 1

Variations of La abundance, AREE, Ce /Ce*, Eu/Eu*, Lan /Ybn and Lan /C

Lithology La (ppm)
P

REE (ppm) Ce /

Nodular chert

(n =4)

1.13–3.29

(avg. 2.07)

5.82–11.05

(avg. 9.14)

0.56

(avg

Bedded chert

(n =12)

0.41–5.49

(avg. 2.49)

5.25–23.23

(avg. 12.62)

0.41

(avg

Tuffaceous chert

(n =6)

6.78–28.88

(avg. 17.11)

44.92–115.11

(avg. 74.55)

0.56

(avg
tents, and high total iron contents as Fe2O3 (gen-

erally 2.11–3.68%) except for one transitional

sample to tuffaceous chert. By contrast, the tuffa-

ceous chert has relatively high TiO2 (0.10–0.27%)

and Al2O3 contents (2.31–5.10%), but lower Fe2O3

contents (0.93–2.33%) (the Appendix). The Al2O3 /

(Al2O3+Fe2O3) ratios are extremely low both in nod-

ular and bedded chert (0.04–0.31 generally) and rela-

tively high in the tuffaceous chert (0.58–0.78) (the

Appendix). XRD analysis shows almost pure silica

(quartz) in the chert, except for extremely weak peaks

of muscovite in some samples of tuffaceous chert (Fsi-

5, Fsi-6 and Bsi-5).

The shale-normalized relative REE abundance pat-

terns generally indicate an increase of
P

REE from the

nodular, to the bedded and tuffaceous chert (Table 1;

Fig. 3). All REE patterns display intermediate negative

Ce anomalies; those at Shawan and Fuhe are particu-

larly apparent. Moderate to high positive Eu anomalies

are also present in some samples, particularly in bedded

chert from Shawan and Fuhe (Fig. 3A–B). Compara-

tively, the positive Eu anomalies are less pronounced at

Baisha (Fig. 3C). In general, bedded chert at Shawan

exhibits apparent convex REE patterns, whereas those

at Fuhe and Baisha commonly have slight gradient REE

patterns, particularly in some of the bedded chert from

Baisha (Fig. 3).

The La abundances, an indicator of AREE varia-

tions, are generally low in the nodular chert (1.13–

3.29 ppm, avg. 2.07 ppm), are variable, but slightly

higher in bedded chert (0.41–5.49 ppm, avg. 2.49),

and much higher in the tuffaceous chert (6.78–28.88

ppm, avg. 17.11 ppm) (Table 1; Fig. 4A). The Ce /Ce*

ratios vary from 0.56 to 0.89 (avg. 0.69) in nodular

chert, from 0.41 to 0.74 (avg. 0.61) in bedded chert,

and from 0.56 to 0.72 (avg. 0.63) in tuffaceous chert,

indicating an intermediate negative Ce anomaly in all

three types of chert (Fig. 4B). Although the Lan /Cen
ratios of all the chert vary from 1.17 to 2.60, they

mostly cluster around 1.70 (Table 1; Fig. 4C). The

Eu /Eu* values are from 0.90 to 2.13 (avg. 1.33) in

nodular chert, from 1.08 to 2.82 (avg. 1.57) in bedded
en in chert

Ce* Eu/Eu* Lan /Ybn Lan /Cen

–0.89

. 0.69)

0.90–2.13

(avg. 1.33)

0.75–1.12

(avg. 0.86)

1.17–2.13

(avg. 1.61)

–0.78

. 0.61)

1.08–2.82

(avg. 1.57)

0.04–0.92

(avg. 0.52)

1.26–2.60

(avg. 1.72)

–0.72

. 0.63)

0.88–1.13

(avg. 0.97)

0.21–0.69

(avg. 0.48)

1.53–2.00

(avg. 1.77)



Fig. 3. Shale-normalized REE abundance patterns of different types of chert (nodular, bedded and tuffaceous chert), respectively at Shawan (A),

Fuhe (B) and Baisha (C) (see Fig. 1C for location). All the chert shows an intermediate negative Ce anomaly. The tuffaceous chert generally

contains the highest total REE contents. At Shawan, the chert (especially bedded cherts) mostly displays apparent positive Eu anomalies, which

attenuated at Fuhe and Baisha in order. The systematic Tb depletions in these samples are likely caused by the high Tb value of the shale composite

for normalization (Murray et al., 1991).
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Fig. 4. Histograms showing La abundances (A), Ce /Ce* variations (B) and Lan /Cen ratios (C) in different types of chert. Histograms of Eu/Eu*

ratios in chert (D) and in bedded chert at studied three localities (E), respectively. (F) Histogram of Lan /Ybn ratios in bedded chert at studied

localities.
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chert, and from 0.88 to 1.13 (avg. 0.97) in tuffaceous

chert (Table 1; Fig. 4D). These ratios (particularly

those in the bedded chert) are variable from place to

place, the highest at Shawan and the lowest at Baisha

(Fig. 4E). The Lan /Ybn ratios are mostly less than

1.00 in the three lithologic types except for one high

value of 1.12 (Eu /Eu*=2.13 also) in the nodular chert

at Fuhe (the Appendix). In the bedded chert, Lan /Ybn
ratios are generally higher at Shawan and lower at Fuhe

and Baisha (Fig. 4F).

5. Discussions

5.1. Tectono-sedimentary contexts

Rivers are the main source of REEs to the ocean,

and strongly influence the REE chemistry of continen-

tal shelf seawaters. Terrigenous materials and water

masses derived from continents generally exhibit no

apparent fractionation of LREEs from HREEs, and

mostly exhibit positive Ce anomalies (e.g., Sholkovitz,

1988, 1990). Negative Ce anomalies have been found
mostly within the ocean basins since seawater is typ-

ically depleted in Ce due to the preferential removal of

Ce4+ from the water column (Elderfield and Greaves,

1982) and likely sinking in manganese nodules in

view of their positive Ce anomalies (e.g., Fleet,

1983). The Ce /Ce* values were proven fairly consis-

tent during diagenesis (Murray et al., 1992), thus are

valuable to identify the depositional environment of

chert (or fine-grained sediments) in marine basins

(e.g., Murray et al., 1990, 1991; Ding and Zhong,

1995).

Previous studies (Murray et al., 1990, 1991) show

that chert sediments deposited near ocean spreading

ridges have the lowest Ce /Ce* values (avg. 0.29),

while those deposited on the ocean basin floor have

the intermediate Ce /Ce* values (avg. 0.60), and

those deposited on continental margins have the high-

est Ce /Ce* values (avg. 1.03) (Table 2). Our Ce /Ce*

values (0.41�0.89) from chert are generally consis-

tent with those of an ocean basin environment as

stated above (compare Tables 1 and 2; Fig. 4B),

suggesting that the chert was deposited in an envi-



Table 2

REE indices of chert formed in different depositional settings (summarized from Murray et al., 1991)

Setting La (ppm)
P

REE (ppm) Ce/Ce* Eu /Eu* Lan /Ybn Lan /Cen

Spreading

ridge

2.6–106

(avg. 27.2)

10.9–406

(avg. 107.96)

0.18–0.6

(avg. 0.29)

0.97–1.35

(avg. 1.08)

0.57–0.96

(avg. 0.74)

1.66–5.49

(avg. 3.59)

Open-ocean

basin

2.81–30.6

(avg. 16.31)

14.3–108

(avg. 57.2)

0.5–0.76

(avg. 0.6)

1.06–1.33

(avg. 1.15)

0.48–2.26

(avg. 1.30)

1.30–2.48

(avg. 1.82)

Continental

margin

1.2–27.91

(avg. 8.34)

7.9–152.2

(avg. 49.33)

0.67–1.52

(avg. 1.11)

0.64–1.72

(avg. 1.21)

0.43–1.22

(avg. 0.75)

0.66–1.33

(avg. 0.96)
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ronment significantly far from terrigenous sources,

i.e., in an open marine basin (this term rather than

ocean basin is used due to lack of submarine basalts

in this region). This scenario is further demonstrated

by the intermediate to high Lan /Cen values that

mainly cluster between 1.5 and 2.0 (Fig. 4C),

which are also in a good agreement with the values

of open ocean basins (1.0–2.5) proposed by Murray

(1994). The shale-normalized Lan /Ybn ratios of chert

(mostly b0.9, Table 1) generally indicate a LREE-

depleted pattern, although a spatial variation of these

values does occur (see later discussion), suggesting a

preferential removal of LREEs relative to HREEs in

seawater (cf. Elderfield and Greaves, 1982). This

could have not occurred if significant amount of

terrigenous particulates (Lan /Ybn: 1.0 to 1.3; (Sholk-

ovitz, 1990; Condie, 1991) were delivered to the sea.

This further suggests an open marine condition far from

the terrigenous inputs during the precipitation of the

chert in the study area.

This scenario, to a broader extent, implies that the

Guangxi–Hunan region (inboard Huanan block) (Hsü

et al., 1990) might have quickly evolved from an

intracontinental rift basin starting from the Early

Devonian into an open marine (rift) basin with a

reasonable size in the early Late Devonian, which

was assumed to having not been occurred in this

region until the Carboniferous–Permian time in pre-

vious studies (e.g., Liu et al., 1993; Zhao et al.,

1996; Wu et al., 1998; Wu, 2003). Under this cir-

cumstance, the two elongate interplatform basin (or

trough) systems, both east and west of the study area

(Fig. 1A), could have been much wider than pre-

sently preserved widths (10�60 km commonly), such

that the terrigenous materials sourced from the Jiang-

nan (or Xuefengshan) upland to the west and the

Cathaysia (or Wuyi–Yunkai) upland to the east (cf.

Hsü et al., 1990; Liu et al., 1993) were mostly

entrapped by the elongate basin systems and barely

reached the study area (Fig. 1A). Nevertheless, more

REE data of the Devonian chert successions in larger
areas are necessary to attest the paleoceanographic

and tectonic scenarios of South China block revealed

by this study. The presence of tuffaceous interbeds in

the siliceous section indicates simultaneous volcanic

activity during the chert deposition.

5.2. Hydrothermal activity

Eu2+ commonly occurs in a strongly reduced en-

vironment related to magmatic processes within the

lower crust or with a significant contribution of

detrital feldspar minerals (Taylor and McClennan,

1985). It does not seem to have appeared within

ocean basins except in the hydrothermal system (giv-

ing the positive Eu anomalies) (Michard et al., 1983;

German et al., 1990, 1999), as a result of crysto-

chemical exchange with plagioclase phenocrysts

formed in the vent and speciation of vent fluids

(Douville et al., 1999). Typically, sediments precipi-

tated from vent fluids yield pronounced positive Eu

anomalies, with little or no negative Ce anomaly

(e.g., German et al., 1990). Although there are

large hydrothermal Eu inputs to the ocean as stated

above, rare apparent positive Eu anomalies and rel-

atively LREE-enriched patterns (compared with the

typical LREE-depleted pattern of seawater) are well

documented in siliceous sediments in geological

records (e.g., Murray et al., 1991).

Positive Eu anomalies (Figs. 3A–B and 4D–F)

with convex REE patterns, particularly in the bedded

chert from Shawan and Fuhe, are similar to those

reported in the modern ocean ridge vent fluids and

associated hydrothermal sediments (Michard et al.,

1983; Michard, 1989; German et al., 1990, 1999),

suggesting a strong influence from hydrothermal

fluids (Douville et al., 1999). Although a contribu-

tion of detrital feldspar minerals can also lead to the

positive Eu anomalies (Owen et al., 1999), no de-

tection of them in the chert by XRD analysis

excludes this possibility. Accordingly, the decreasing

of positive Eu anomalies and systematic variations of
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REE patterns from Shawan, to Fuhe and to Baisha

(Fig. 3) likely points to an attenuation of hydrother-

mal activity and an enhanced influence of seawater

(cf., German et al., 1990). The decrease of Lan /Ybn
values from Shawan to Fuhe and Baisha (Fig. 4F),

particularly in the bedded chert, indicates reduced

abundances of LREE vs. HREE in this trend. This,

in turn, suggests a decrease of hydrothermal activity

and an increasing influence of seawaters along this

trend since most vent fluids (i.e., high-temperature,

Cl-rich acid solutions, PH=4–6) show REE patterns

with relative LREE enrichment and positive Eu

anomaly (Michard et al., 1983; Michard, 1989; Ger-

man et al., 1990, 1999; Douville et al., 1999). Al-

though some high-temperature, SO2-rich acid vent

fluids can result in LREE-depleted patterns with no

pronounced Eu anomalies due to removal of LREEs

by SO4-complexation and oxidation of hydrothermal

fluids (Douville et al., 1999), the absence of sulfates

(i.e., barites and/or anhydrites) in the chert section at

Baisha, however, reduces the possibility that the

depleted LREE pattern lack of a pronounced Eu

anomaly (Figs. 3C and 4F) was caused by SO2-

rich vent fluids. The chert deposits with both nega-

tive Ce and positive Eu anomalies indicate that their

formation was involved with both seawaters and

hydrothermal vent fluids, similar to the case of mod-

ern ocean hydrothermal systems (e.g., German et al.,

1990, 1999).

Studies show
P

REE/Fe ratios of hydrothermal

sediments increase with increasing distance away

from the active hydrothermal vents (Ruhlin and
Fig. 5. Crossplot of
P

REE and Fe2O3 (total Fe) contents in different types o

(arrow), especially for bedded and tuffaceous chert.
Owen, 1986; Olivarez and Owen, 1989; Murray et

al., 1991). The approximate inverse dependence ofP
REE on Fe contents in the siliceous deposits (Fig.

5), that is, an increase of
P

REE/Fe from nodular

and bedded chert to tuffaceous chert, suggests the

adsorption from seawater were the dominant source

of REEs to the siliceous deposits. As such, a high

precipitation rate of silica matter in the hydrothermal

vent systems could have limited the residence time

of sediment particles in seawater, therefore, less

REEs were then absorbed upon the siliceous sedi-

ments (Ruhlin and Owen, 1986; Olivarez and Owen,

1989; Murray et al., 1991). The low La abundances,

thereby low
P

REE contents (Figs. 4A and 5), both

in nodular and bedded chert (Table 1) were thus

likely resulted mainly from their high precipitation

rates, and/or the scavenging of REE by Fe–Mn

oxyhydroxides in the hydrothermal vent systems

(e.g., German et al., 1990; Olivarez and Owen,

1989). Nevertheless, other causes that resulted in

the depletion of REEs, i.e., diagenetic siliceous dilu-

tion (Murray et al., 1991), cannot be unambiguously

excluded for some of the chert since
P

REE in a

few samples are independent from the variations of

Fe contents (Fig. 5). Moreover, the lower La andP
REE contents (Table 1) in the nodular chert may

have also succeeded the REE pattern of the deep-

water marine limestones that generally contain very a

low
P

REE concentration (Taylor and McClennan,

1985). The La and
P

REE contents in tuffaceous

chert are relatively high (Table 1), and approximately

fall within the range of tuffs that commonly have
f chert. An approximate negative relationship is present between them
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negative Eu anomalies (e.g., Song et al., 2000; Risso

et al., 2002). Their negative Ce anomalies and ab-

sence of Eu anomalies (Table 1; Figs. 3 and 4) were

likely caused by the hydrothermal alteration upon the

tuffaceous fallouts, otherwise they would have posi-

tive Ce and negative Eu anomalies.

It is noted that both nodular and bedded chert

have consistent high Fe concentrations (Fig. 5) and
Fig. 6. (A) Schematic diagram showing the asymmetrical spindle-shaped geo

relative deep centres, which are diagonally arranged in the distal part of the m

(B) Schematic cross-section showing the (a) axial and lateral geometry of t
very low Al2O3 and TiO2 concentration, and low

Al2O3 / (Al2O3+Fe2O3) ratios except for transitional

samples to tuffaceous chert (the Appendix), pointing

to an apparent hydrothermal influence (Adachi et al.,

1986) for all. Nevertheless, this scenario is not the

case revealed by REE geochemistry, as documented

earlier. The systematic, but rapid spatial change

of REE pattern and Eu /Eu* ratios in siliceous
metry and tectonic pattern of the Yangshuo basin. Dark areas reflect the

aster fault zones. Note the possible distribution of hydrothermal vents.

he Yangshuo basin (modified from Chen et al. 2001b).
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deposits illustrates that only those precipitated

very much close to the active hydrothermal vent

(b10 km in distance typically; see Figs. 1C and 6)

can evidence of LREE enrichment and apparent

positive Eu anomalies characteristic of hydrothermal

venting be recorded (Fig. 3), which may account

for the paradox of why rare hydrothermal char-

acteristics (LREE enrichment and positive Eu anom-

aly) were well reported in chert in geological

records (Murray et al., 1991). This discrepancy

indicates that the REE geochemistry can locate

the ancient active hydrothermal vent systems more

accurately than the major element geochemistry can

do.

5.3. Implications for basin infrastructure

The spatial variation of hydrothermal activity, as

documented above, could have also been a reflection

of intensity of basement tectonic activity in the

studied Yangshuo basin. This basin was interpreted

as a pull-apart basin induced by the secondary sinis-

tral strike–slip faulting under a larger transtensional

tectonic regime (Figs. 1B–D and 6), based on tec-

tono-sedimentay analysis (Chen et al., 2001b). Under

such circumstances, the most intense, deep-seated

faulting, which could have channeled hydrothermal

fluids from depth to the seafloor, took place at

Shawan (Figs. 1C, D and 6), where the chert has

more pronounced Eu anomalies with lower degree of

LREE depletion (Fig. 3A). Accordingly, relatively

mild faulting with a lesser influence of hydrothermal

fluids occurred at Baisha where the chert has no

apparent Eu anomaly but a more pronounced

LREE-depleted pattern (Fig. 3C) typical of seawater

signatures (Elderfield and Greaves, 1982). This inter-

pretation further reconciles the scenario of a pull-

apart basin induced by strike–slip faulting, where

Shawan and Baisha were located, respectively at

the distal part (maximal tensional stress area) of

the active and the passive master faults; Fuhe area,

on the other hand, was located along the oblique

extensional fault that linked the two master faults

(Figs. 1C, D and 6) (cf. Chen et al., 2001b). In

this case, the stronger deep-seated, strike–slip base-

ment faulting along the eastern active master fault

zone could have created a stronger extensional re-

gime at the distal part of this zone (Mann et al.,

1983), i.e., at Shawan (Chen et al., 2001b), allowing

the hydrothermal fluids at depth to move upwards to

the seafloor substantially there. By contrast, a rela-

tively mild extensional regime likely created at the
distal part of the passive master fault zone (Mann et

al., 1983), i.e., at Baisha (Chen et al., 2001b), so

relatively mild hydrothermal activity occurred there

(Fig. 6).

6. Conclusions

The intermediate Ce anomalies (Ce /Ce*: ~0.6),

intermediate to high Lan /Cen ratios (1.5�2.0 most-

ly), and low to intermediate Lan /Ybn ratios

(0.04�1.12) in the siliceous deposits of Late Devo-

nian in the study area suggest that they were

formed in an open marine regime that was signif-

icantly far away from the terrigenous sources. The

extremely low La (thereby
P

REE) abundances and

convex REE patterns with positive Eu anomalies

and less LREE-depletions in some of the nodular

and bedded chert point to a hydrothermal origin for

the chert, with significant REEs contributed from

hydrothermal fluids. The spatially systematic varia-

tions of the REE patterns and Ce–Eu anomalies

accordingly reflects the interactions and differential

influences of seawater and hydrothermal fluids. The

spatial variations of hydrothermal activity could

further have been a reflection in the differential

intensity of (transtensional) tectonic activity in the

study area, where deep-seated faulting could have

led to prominent hydrothermal venting (with appar-

ent positive Eu anomalies) on the seafloor, and vice

versa. The hydrothermal venting was concurrent

with volcanic activity in the Late Devonian in

South China, as demonstrated by the tuffaceous

beds in the siliceous successions. Detailed spatial

studies on REE geochemistry of siliceous deposits,

therefore, can provide unique information to delin-

eate the ancient active hydrothermal vent systems,

thereby unraveling the tectonic scenario of sedimen-

tary basins.
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Locality/

Sample

TiO2 Al2O3 Fe2O3
# Al/(Al+Fe) La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

P
REE Ce/Ce* Eu/Eu* Lan/Ybn Lan/Cen

Shale

composite*

41.00 83.00 10.10 38.00 7.50 1.61 6.35 1.23 5.49 1.34 3.75 0.63 3.51 0.61 204.15 1 1 1 1

Shawan

SWV-1, NC 0.02 0.31 2.98 0.09 1.13 1.96 0.26 1.20 0.28 0.06 0.29 0.04 0.24 0.05 0.13 0.02 0.13 0.03 5.82 0.89 0.90 0.74 1.17

SWV-3, NC 0.01 0.15 3.30 0.04 1.39 1.71 0.34 1.94 0.46 0.10 0.46 0.06 0.36 0.08 0.19 0.03 0.16 0.02 7.30 0.61 0.93 0.74 1.65

SWV-4, BC 0.03 0.59 3.23 0.15 3.00 4.17 0.63 2.70 0.71 0.24 0.66 0.12 0.63 0.13 0.38 0.05 0.30 0.04 13.76 0.74 1.50 0.86 1.46

SWV-5, BC 0.02 0.42 3.03 0.12 1.59 2.24 0.37 1.53 0.34 0.22 0.33 0.04 0.30 0.07 0.18 0.02 0.15 0.02 7.40 0.72 2.82 0.91 1.44

SWV-6, BC 0.03 0.68 2.6 0.21 3.88 3.65 0.87 4.17 0.98 0.32 0.87 0.12 0.86 0.19 0.49 0.07 0.41 0.07 16.95 0.49 1.49 0.81 2.15

SWV-6-R 4.28 4.12 0.99 4.47 0.94 0.40 1.03 0.17 0.90 0.19 0.48 0.08 0.48 0.07 18.60 0.49 1.74 0.76 2.10

SWV-10, BC 0.05 1.04 2.57 0.29 5.04 5.83 1.15 5.03 1.01 0.45 1.09 0.16 0.92 0.20 0.56 0.08 0.47 0.07 22.06 0.59 1.84 0.92 1.75

Baisha

Bsi-1, NC 0.03 0.63 2.96 0.18 3.29 3.13 0.58 2.30 0.55 0.19 0.68 0.10 0.58 0.14 0.38 0.05 0.35 0.07 12.39 0.56 1.33 0.80 2.13

Bsi-2, BC 0.02 0.45 2.87 0.14 5.49 5.46 1.19 5.02 1.09 0.34 1.26 0.19 1.25 0.29 0.79 0.11 0.66 0.09 23.23 0.52 1.24 0.71 2.04

Bsi-3, BC 0.02 0.30 3.68 0.08 0.41 0.49 0.10 0.59 0.27 0.11 0.52 0.10 0.77 0.21 0.73 0.12 0.71 0.12 5.25 0.59 1.26 0.05 1.69

Bsi-3-R 0.02 0.32 3.68 0.08 0.42 0.58 0.09 0.47 0.24 0.17 0.56 0.13 0.86 0.21 0.70 0.14 0.88 0.12 5.57 0.73 1.99 0.04 1.47

Bsi-4, BC 0.05 1.29 0.93 0.58 0.52 0.76 0.11 0.41 0.28 0.12 0.53 0.12 1.24 0.29 0.90 0.16 1.05 0.18 6.67 0.78 1.34 0.04 1.39

Bsi-6, BC 0.04 0.93 2.11 0.31 0.96 1.54 0.31 1.52 0.54 0.20 0.76 0.19 1.42 0.42 1.45 0.23 1.54 0.24 11.32 0.69 1.34 0.05 1.26

Bsi-6-R 0.88 1.63 0.30 1.70 0.47 0.19 0.84 0.18 1.45 0.42 1.30 0.21 1.48 0.24 11.29 0.78 1.30 0.05 1.09

Bsi-5, TC 0.22 4.06 1.17 0.78 28.88 34.64 5.78 23.81 4.04 0.92 4.13 0.64 4.00 0.90 2.73 0.46 3.58 0.6 115.11 0.66 0.97 0.69 1.69

Bsi-7, TC 0.10 2.46 0.93 0.73 17.46 17.64 3.31 14.14 2.85 0.63 3.34 0.47 3.16 0.76 2.26 0.33 2.17 0.31 68.83 0.57 0.88 0.69 2.00

Fuhe

Fsi-9, NC 0.03 0.44 3.56 0.11 2.48 3.37 0.52 2.26 0.49 0.27 0.60 0.07 0.41 0.10 0.22 0.03 0.19 0.04 11.05 0.73 2.13 1.12 1.49

Fsi-9-R 2.47 3.40 0.52 2.31 0.45 0.25 0.49 0.07 0.39 0.09 0.26 0.03 0.18 0.03 10.94 0.74 2.28 1.17 1.47

Fsi-1B, BC 0.03 0.54 3.12 0.15 1.67 2.39 0.46 2.22 0.67 0.24 0.83 0.13 1.02 0.26 0.84 0.12 0.79 0.11 11.75 0.67 1.38 0.18 1.41

Fsi-2, BC 0.02 0.24 2.30 0.09 2.36 1.84 0.51 2.43 0.54 0.14 0.57 0.09 0.61 0.14 0.41 0.05 0.34 0.06 10.09 0.41 1.08 0.59 2.60

Fsi-4, BC 0.02 0.51 3.90 0.12 1.85 2.22 0.41 1.72 0.44 0.23 0.37 0.06 0.57 0.13 0.35 0.06 0.40 0.08 8.89 0.62 2.44 0.40 1.69

Fsi-7, BC 0.04 0.74 2.74 0.21 3.13 3.59 0.70 3.28 0.70 0.18 0.69 0.10 0.64 0.14 0.40 0.06 0.37 0.06 14.04 0.59 1.11 0.72 1.76

Fsi-1A, TC 0.12 2.31 1.00 0.70 6.78 9.00 1.70 8.84 2.49 0.65 3.37 0.60 4.16 0.94 2.72 0.40 2.83 0.44 44.92 0.65 0.96 0.21 1.53

Fsi-5, TC 0.18 3.23 2.33 0.58 15.42 16.81 2.99 12.87 2.58 0.57 2.76 0.46 3.07 0.75 2.33 0.39 2.88 0.44 64.32 0.61 0.92 0.46 1.86

Fsi-6, TC 0.27 5.21 1.91 0.73 14.73 17.20 2.34 8.35 1.44 0.40 1.60 0.36 2.69 0.69 2.36 0.36 2.53 0.48 55.53 0.72 1.13 0.50 1.73

Fsi-6-R 0.27 5.10 1.82 0.74 15.17 17.31 2.28 7.93 1.64 0.43 1.75 0.35 2.78 0.76 2.49 0.38 2.93 0.45 56.65 0.72 1.09 0.44 1.77

Fsi-8, TC 0.17 3.64 1.07 0.77 19.36 21.41 4.57 21.15 4.46 1.11 5.80 1.03 6.40 1.52 4.78 0.72 5.41 0.85 98.57 0.56 0.94 0.31 1.83

Fe2O3
# = total Fe, Al / (Al+Fe)=Al2O3 / (Al2O3+Fe2O3), *—values of the composite of North American, Europian and Russian shales (Sholkovitz, 1988). NC—nodular chert, BC—bedded chert,

TC—tuffaceous chert, R—replicate run.

Appendix A. Summary of TiO2, Al2O3 and F2O3 contents (wt.%), REE concentration (ppm) in the chert of Late Devonian, Guilin area, South China
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