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Abstract The authors determine the concentrations of dissolved (\0.22 lm) rare earth

elements (REE) and suspended particulate matter (SPM) of typical karst rivers in Guizhou

Province, China during the high-flow period. The concentrations of acid-soluble REE

extracted from SPM using diluted hydrochloric acid are also obtained to investigate water/

particle interaction in the river water. The dissolved REE contents in the river water are

extremely low in the rivers of the study. The dissolved REE distribution patterns nor-

malized by the Post Archean Australia Shale (PAAS) in the karst rivers are not flat, show

slight enrichment of heavy REE to light REE, and also have significant negative Ce and Eu

anomalies. The acid-soluble REE appears to have similar distribution patterns as charac-

terized by MREE enrichment and slight LREE depletion, with unremarkable Ce and Eu

anomalies. The PAAS-normalized REE distribution patterns of SPM are flat with negative

Eu anomalies. The contents and distribution patterns of REE in the SPM are closely related

to the lithological character of the source rocks. The SPM contains almost all the REE

produced in the process of surficial weathering. This demonstrates that particle-hosted REE

are the most important form of REE occurrence. REE fractionation, which takes place

during weathering and transport, leads to an obvious HREE enrichment in the dissolved

loads relative to the SPM. Y/Ho ratio can be used to shed light on REE behaviors during

water/particle interaction.
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1 Introduction

Rare earth elements (REE) are a collection of fifteen chemical elements that form a

REE series from the lightest REE (La) to the heaviest REE (Lu) and whose bulk

chemical properties change systematically. Yttrium is chemically similar to the lantha-

nides, so it is usually assimilated to lanthanides. REE geochemical behaviors have been

well documented in the past decade, because elements in this group provide a series of

geochemical indicators that can be used to constrain the processes in which the elements

are mobilized during weathering and redistribution between suspended particulate matter

(SPM) and dissolved phases in river waters (Goldstein and Jacobsen 1988; Sholkovitz

1992, 1993, 1995; Johannesson and Zhou 1999; Tricca et al. 1999; Takahashi et al.

2002; Tang and Johannesson 2003; Mayanovic et al. 2007). The behaviors of dissolved

REE in river waters are controlled mainly by water/particle interaction and solution

chemistry (e.g., organic and inorganic complexation, adsorption, and sediment resus-

pension, etc.).

In Han and Liu (2007), the authors investigated the dissolved REE in river waters in

Guizhou Province, China. They did not, however, get sufficient SPM in the low-flow

season. The aim of this study is to evaluate the behaviors of REE (including Y) during

water/particle interaction in terms of REE abundances and distribution patterns of different

loads (dissolved load, acid-soluble load and SPM) in the karst river. This study can help us

to understand the fractionation of REE in karst rivers so as to constrain the water/particle

interaction.

2 Geological Setting

Guizhou Province covers an area of 17.6 9 104 km2 from 24�370 N to 29�130 N and from

103�360 E to 109�350 E. It is located in the center of the Southeast Asia Karst Region,

which is the largest karst area in the world. The geological details of the province can be

found in Han and Liu (2004).

The Wujiang River winds its way through the Yunnan–Guizhou Plateau and is the

largest tributary of the upper reaches of the Yangtze River. Limestones are the major strata

distributed in the upper reaches of the Wujiang River, while limestone, dolomite, and

clastic rocks are distributed in the middle and lower reaches (Fig. 1a). The region is

topographically complicated, with elevations ranging from 300 m to 2300 m, and is under

a humid subtropical monsoonal climate with an annual-average temperature of 9–17�C and

an annual-average precipitation of 900–1400 mm.

The area along the upper reaches of the Wujiang River is covered mainly by cal-

careous soils and shrubs, and the rest of the area is covered with calcareous, yellow soils

and arbor–shrub vegetation. The Yuanjiang River system is the second largest river in

Guizhou, which consists of two branches (the Qingshuijiang River and the Wuyanghe

River). The elevation of the Qingshuijiang River and the Wuyanghe River are very large,

about 1275 m and 454 m above the sea level, respectively. Distributed in the middle and

lower reaches of the Qingshuijiang River are mostly detrital sedimentary rocks, while

dolomitic limestone strata are exposed in the upper and middle reaches of the Wuyanghe

River.
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3 Sampling Strategies and Analytical Methods

Sixty-one river water and SPM samples were collected during the high-flow season from

August 4 to 29 of 1999. The sampling locations are shown in Fig. 1b. Water temperature,

pH, and conductivity were measured at the sampling site with a portable pH and salt

conductivity meter. HCO3
- was titrated by hydrochloric acid standard solution on the

spot. The REE concentrations were determined by inductively coupled plasma mass

spectrometry (ICP-MS, ELEMENT) in the State Key Laboratory of Environmental

Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences. ICP-MS instru-

mentation, operating conditions and data acquisition can be found in Su et al. (1998).

Samples and procedural blank were accomplished in the Class-100 laboratory and Milli-

pore-Q water (18.2 MX cm) and sub-boiling high-purity reagents were used. Each REE

stock solution (1 mg/ml) was prepared by dissolving its high-purity oxide. The standard

A CB D

F GE

A CB D

F

a

GE

Fig. 1 a Sketch showing the lithlogy of Guizhou Province (reproduced from Wang et al. 2004). Zone I has
an average altitude of more than 1500 m, zone II, less than 700 m, and zone III, 700–1500 m. Legend A
stands for clastic sedimentary rocks. B, E, and G are consecutive carbonate rock assemblages (carbonate
rocks account for more than 90%), respectively for limestone, dolomite and mixed assemblage of limestone
and dolomite. C and F are assemblage of carbonate rocks interbedded with clastic rocks (carbonate rocks
account for 70–90%), respectively for limestones and dolomites interbedded with clastic rocks. D stands for
clastic rocks interbedded with limestone (carbonate rocks account for 30–70%). b Map showing sampling
locations and sample numbers
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solutions, which contained all REE at the same concentration, were prepared by diluting

the stock solution to 1, 5 and 10 ng/ml with 5 ng/ml of internal standards, Rh, and 1% of

HNO3 (v/v). The following analyses were applied for every sample: first the blank was

measured, then samples were taken, and at the end, the standard. Three continuous mea-

surements were made on each solution. A 5% v/v HNO3 solution was used to flush the

introduction system between measurements to avoid any possible contamination and

memory effect. The following masses were used for REE measurement: 89Y, 139La, 140Ce,
141Pr, 146Nd, 147Sm, 151Eu, 157Gd, 159 Tb, 163Dy, 165Ho, 167Er, 169Tm, 173Yb, and 175Lu.

The interferences of BaO? on Eu and PrO? on Gd were corrected by measuring the

signature Ba and Pr solutions. The procedural blanks were less than 5% for La, 10% for Ce,

and 2–3% for other REE and Y of the samples. Each calibration curve was evaluated by

analysis of these quality control (QC) standards before, during, and after the analysis of a

set of samples. The accuracy of heavy REE and Y were better than ±3%, and that of light

REE were better than ±5% for the quality control standards.

3.1 Dissolved REE

Samples were collected by using a 10-l nitric acid-cleaned polyethylene bucket. The

samples used for determining the dissolved load REE were immediately filtered on site

using 0.22 lm cellulose acetate filter membranes (Millipore). The solution that has passed

through this filter is referred to as dissolved load, which consists of dissolved ions and

colloids smaller than 0.22 lm in size. The filtrates were then acidified with ultra-purified

hydrochloric acid until their pH values became less than 2 to prevent adsorption during

b
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storage, and they were stored in 2 l high-density polyethylene bottles, which were cleaned

with acid (2–3 N HCl) and rinsed with Milli-Q water and dried. All of the samples were

stored at 4�C before being analyzed within 30 days.

The dissolved load REE concentrations are below the detection limit of the induc-

tively coupled plasma mass spectroscopy (ICP-MS). We hence used the method of

Shabani et al. (1990) to increase the concentration of the REE by at least a factor of

100. The procedure of determining the concentrations of dissolved load REE is similar

to that described by Han and Liu (2007). The preconcentration of dissolved load REE

concentration involves the following steps: REE were extracted from water samples

with 65% HDEHP (2-ethylhexyl hydrogen phosphate) and 35% H2MEHP (2-ethylhexyl

dihydrogen phosphate) in heptane, then back-extracted with 6 N ultra-purified hydro-

chloric acid and transformed into nitrates of REE for ICP-MS analysis. Indium was

used as the internal standard to monitor the chemical procedure on the quantitative

basis.

3.2 Acid-Soluble Load REE

The unfiltered water samples were acidified to pH \ 2 (pH & 1.6) using ultra-purified

hydrochloric acid directly after their collection, and then filtered through 0.22-lm filter

membranes after 2 weeks. The sample includes both the initially dissolved species

(REEdiss) and the exchangeable REE initially adsorbed on particulate matter that can be

desorbed by diluted hydrochloric acid (REEsorb). The fraction is referred to as acid-soluble

load. Numerous methods were used to extract different particle phases: one involves

sequential removal of different phases, such as exchangeable, adsorbed, carbonate, and

organic phase by using different chemical reagents (Tessier et al. 1979). A simpler method

was adopted to extract the labile fraction or acid-soluble phase, including carbonates and

coatings, from the SPM with acid (Sholkovitz et al. 1994; Negrel et al. 2000; Vesely et al.

2001).

3.3 REE of SPM

The filter membranes were dried and stored carefully for chemical digestions and deter-

mination of REE in SPM. The digestions of SPM were carried out in a sealed Teflon bomb

at 120�C using a mixture of HCl, HNO3, and HF. The bomb digestion was a procedure that

involves two parts. The first treatment was effected with HCl and HNO3 mixture, and the

second treatment was effected with the addition of HF. Filter membrane blanks were also

carried out through the digestions.

4 Results

REE concentrations of dissolved load, acid-soluble load, and SPM are listed in Table 1.

Although most samples show differences in the absolute concentration of REE, they have

similar relative concentration. Therefore, it is a common practice to normalize the con-

centrations of REE to the PAAS (PAAS data from Taylor and Mclennann 1985). This

allows one to identify, within the typical sedimentary REE patterns, an enrichment of

deficiency of a single element or group of elements (Henderson 1984).
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4.1 Dissolved Load REE

4.1.1 Variation of Dissolved Load REE

From Table 1, we can see that the dissolved load REE contents of these rivers are very low.

Although the samples were collected during high-flow season, the concentrations of dis-

solved load REE in these rivers are similar to those samples collected in winter during low-

flow season by Han and Liu (2007). The concentrations of most of the dissolved load REE

from the Wujiang River and the Wuyang River are lower than 100 ng/l, while the con-

centrations of most samples from the Qingshuijiang River are higher than those from the

Wujiang River and the Wuyanghe River.

4.1.2 LREE/HREE Fractionation

The PAAS-normalized REE patterns for the dissolved load are characterized by distinct

negative Ce and Eu anomalies (Fig. 2a). It is clear that these water samples do not show a

flat PAAS-normalized REE pattern. The shale-normalized ratio of La/Yb is a common

indicator to demonstrate the enrichment of light REE (LREE) over heavy REE (HREE).

From Table 1, it can be seen that the (La/Yb)N ratios for the water samples collected from

the upper reaches of the Wujiang River vary from 0.6 to 1.3, averaging 1.0, and most of

samples show slight HREE depletion with (La/Yb)N [ 1. The (La/Yb)N ratios vary from

0.3 to 2.2, averaging 0.7 for the samples collected from the middle reaches of the Wujiang

River, while the (La/Yb)N ratios for the samples collected from the lower reaches of the

Wujiang River vary from 0.2 to 1.5, averaging 0.6. So, the LREE/HREE fractionation of

the dissolved load is characterized by HREE enrichment from the upper-to-lower reaches

of the Wujiang River. Water samples from the Wuyanghe River also show HREE

enrichment patterns, with (La/Yb)N = 0.4–1.4, averaging 0.7. As compared to those

samples from the Wujiang and Wuyanghe rivers, water samples from the Qingshuijiang

River that winds its way through a clastic terrain have lower pH values, and most of

samples from the Qingshuijiang River show LREE enrichment patterns, with (La/

Yb)N = 0.5–2.3, averaging 1.3.

4.1.3 Ce and Eu Anomalies

Due to their special electron configuration in the outer shell, Ce and Eu occur as Ce(IV)

and Eu(II). In general, the Eu anomaly of river water is determined by the petrogenesis of

the rocks in the drainage basin, and the oxidation of Ce(III) to Ce(IV) does occur during

weathering. The deviation of Ce and Eu relative to the neighboring elements is usually

defined as Ce and Eu anomaly. Ce and Eu anomaly (DeBaar et al. 1985; Elderfield 1988;

Sholkovitz et al. 1994) is defined as follows:

Ce anomaly ¼ 2 Ce/Ce�ð Þ= La/La� þ Pr =Pr�ð Þ;

Eu anomaly ¼ 2 Eu=Eu�ð Þ= Sm=Sm� þ Gd/Gd�ð Þ;

where Ce*, La*, Pr*, Eu*, Sm*, and Gd* represent the concentrations of the respective

REE in the average shale. Negative and positive Ce(Eu) anomalies are defined as values of

less and greater than 1, respectively.

Most of the calculated Ce anomalies of our samples are negative (\1; Table 1, Fig. 3c).

Water samples from the Wuyanghe River have the highest pH value with the most
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remarkable negative Ce anomaly (Ce anomaly = 0.5). Negative Eu anomalies were also

found in water samples from these three rivers. Most of water samples collected from the

upper reaches of the Wujiang River show negative Eu anomalies, ranging from 0.4 to 1.7,

averaging 0.9. The negative Eu anomalies vary from 0.2 to 1.2 (averaging 0.6) for the

samples collected from the middle reaches of the Wujiang River, while the anomalies vary

from 0.6 to 1.3 (averaging 0.8) for the samples collected from the lower reaches of the

Wujiang River. Water samples from the Wuyanghe River also show negative Eu anom-

alies, with negative Eu = 0.4–1.1, averaging 0.8. Water samples from the Qingshuijiang

River have negative Eu = 0.5–0.9, averaging 0.8.

4.2 Acid-Soluble Load REE

4.2.1 Variation of Acid-Soluble Load REE

Table 1 shows that the concentrations of acid-soluble load REE have a sharp increase,

which is 6 to 634 times higher than that of dissolved load REE. The middle REE (MREE,

from Sm to Dy) concentrations are preferentially increased. In comparison with those

samples among the three rivers, the samples collected from the upper reaches of the

Wujiang River and the Qingshuijiang River show the largest MREE enrichment in acid-

soluble load, while those from the Wuyanghe River show the smallest MREE enrichment

in acid-soluble load.

4.2.2 LREE/HREE Fractionation

The PAAS-normalized REE patterns for the acid-soluble load are shown in Fig. 2b.

Clearly, the acid-soluble load REE fractionation has similar REE distribution pattern in the

studied rivers. Water samples of acid-soluble load from these three rivers show the REE

distribution patterns characterized by MREE and slight LREE enrichment.
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4.2.3 Ce and Eu Anomalies

Most of the calculated Ce anomalies of acid-soluble load in these three rivers are a little

positive ([1; Table 1) or without anomalies, except for one sample (990817-29). Most of

the water samples have no Eu anomalies, except for those from the Qingshuijiang River.

This is because negative Eu anomalies occur less often in leachates than in SPM.

4.3 REE of SPM

4.3.1 Variation of REE Concentration in SPM

Distribution coefficients of 100,000 to 1,000,000 for REE partitioning between dissolved

load and SPM in our study. SPM derived from weathering of the rocks contains almost all

of the REE in river water. The total amount of REE in SPM samples collected from the

Wujiang and Qingshuijiang rivers is more than 100 mg/kg, exceeding that of the average

upper continental crust (UCC) (Taylor and Mclennan 1985). The concentrations of REE in

SPM from the Wuyanghe River vary from 9 to 65 mg/kg, with an average of 42 mg/kg,

lower than those of SPM from the Wujiang and Qingshuijiang rivers. This is consistent

with the fact that the Wuyanghe River winds its way through the strata composed of

dolomitic limestones.

4.3.2 LREE/HREE Fractionation

The PAAS-normalized REE patterns for the SPM are shown in Fig. 2c. Clearly, samples

from the upper reaches of the Wujiang River show flat REE distribution patterns, with an

average (La/Yb)N = 1.1 (from 0.96 to 1.2). The (La/Yb)N ratios vary from 0.6 to 1.9

(averaging 1.1) in samples from the middle reaches, and vary from 1.2 to 1.8 (averaging

1.4) in samples from the lower reaches of the Wujiang River. The SPM samples from the

Wuyanghe River also show flat REE distribution patterns, with (La/Yb)N = 0.8–1.4

(averaging 1.0). Most SPM samples from the Qingshuijiang River, which winds its way

through a clastic terrain, show flat REE distribution patterns also, with (La/Yb)N = 0.6–1.4

(averaging 0.96).

4.3.3 Ce and Eu Anomalies

All of the calculated Ce anomalies of SPM in these three rivers are not so remarkable. The

REE distribution patterns of SPM show remarkable negative Eu anomalies (Fig. 2c),

except for the upper reaches of the Wujiang River.

5 Discussion

5.1 Average REE Pattern of Dissolved Load

In comparison to the rivers in other parts of the world, the dissolved load REE concen-

trations of the studied rivers are apparently lower; in particular, they are lower than those

of the Amazon River (Fig. 4). The Amazon River has the Rio Negro as a major tributary.

The Rio Negro is very acidic as it is a black water river with high concentrations of humic

organic matter. Thus, the Rio Negro helps to keep the Amazon pH low (averaging
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pH = 6.6) and its concentrations of dissolved load REE are one order of magnitude higher

than those in other rivers. The pH values of the three rivers in our study vary from 6.4 to

8.5, higher than 7.9 for most river samples. The mean pH values of the Wujiang River and

the Wuyanghe River are 8.0 and 7.9, respectively, higher than the average pH value of the

Qingshuijiang River (pH = 7.4). From Fig. 4, it is clear that the dissolved load REE

concentrations of the Qingshuijiang River are apparently higher than those of the Wujiang

River and the Wuyanghe River. Similar phenomena were observed in the Ohio River and

Mississippi River in the United States and in the Indus River in Pakistan (Fig. 4), where the

pH values are high, but the levels of dissolved load REE are relatively low (Golstein and

Jacobsen 1988). The reason may be that the high pH values make the content of colloidal

particles decrease sharply in river water. Based on the observation that much of the REE

pool in rivers is colloidal, the dissolve load REE concentrations are very low in alkaline

river waters from the Wujiang River and the Wuyanghe River draining the karstic terrains.

From Figs. 3a, b, it can be seen that pH is a major factor controlling both the absolute

abundances of the LREE in solution and relative REE patterns of dissolved load. There is

an inverse relationship between the concentrations of Nd and pH: the higher the pH value,

the lower the REE concentrations of dissolved load. Meanwhile, high-pH river water is

enriched in HREE relative to LREE. This may be explained by the formation of carbonate

and hydroxide complexes in mild alkaline solution. As compared with the LREE, the

HREE can form stronger complexes than the LREE with such inorganic ions as CO3
2-,

OH-, and F- (Turner et al. 1981; Cantrell and Byrne 1987; Lee and Byrne 1993).

Phosphate complexes might also potentially complex with the lanthanides in aqueous

solution; however, in all of the river water samples there is no detectable PO4
3-. It can also

be found that there is more distinct trend in the Qingshuijiang River, the lower pH river,

which drains through a clastic terrain.
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REE of the larger rivers in the world for comparison. The data for the Amazon, Mississippi, Ohio, and Indus
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The dissolved load REE patterns of the rivers of this study show significant negative Ce

anomalies compared to the suspended load (Fig. 2). The Ce anomalies of dissolved load in

rivers are, however, not that strongly controlled by pH (Fig. 3c). This behavior might be

explained by the redox behavior of Ce, by contrast with the other REE. Since Ce anomaly

is usually controlled by redox equilibrium between the dissolved Ce3? and Ce4? species

(Elderfield and Sholkovitz 1987; Goldstein and Jacobsen 1988; Liu et al. 1989; Dia et al.

2000), the preferential removal of dissolved Ce(III) is ascribed to of redox reaction. In

addition, the abiotic oxidation of Ce(III) on the surface of manganese oxides has also

been reported from laboratory experiments in which synthetic minerals were used

(Koeppenkastrop and De Carlo 1992; De Carlo et al. 1998).

In general, Eu anomaly is strongly lithology-dependent (Tricca et al. 1999; Möller

et al. 2004). Thus, waters originating from source rocks with positive Eu anomalies have

similarly positive anomalies whereas waters from source rocks with negative anomalies

have also negative Eu anomalies. From Fig. 2, it can be seen that the PAAS-normalized

REE patterns between dissolved load and acid-soluble load and SPM having similar

negative or positive Eu anomalies. These samples originating from the upper reaches of

Wujiang River are characterized by positive Eu anomalies, whereas the samples from

other rivers are characterized by negative Eu anomalies (Fig. 2). This fact illustrates that

Eu anomaly is not controlled by physico-chemical parameters such as pH but by the

REE characteristics of the source rocks in the drainage basin itself. The Eu negative

anomalies found in samples from the rivers of this study are attributed to carbonate

rocks. The source rocks show negative Eu anomalies (Li et al. 1998), which is con-

sistent with the fact that the river water draining Permian and Triassic carbonate

terrains.

5.2 Average REE Pattern of Acid-Soluble Load

The LREE concentrations of acid-soluble load are 5–713 times higher than those of dis-

solved load. Water samples of dissolved load from these three rivers show the REE

distribution patterns characterized by LREE depletion, whereas those of acid-soluble load

show the REE distribution patterns characterized by slight LREE enrichment (Fig. 2a, b).

This indicates that the rate at which the LREE are released into solution is different from

that at which the MREE and HREE are released into solution. All the acid-soluble loads

REE have experienced large-scale fractionation characterized by MREE enrichment

(Fig. 2b). The MREE enrichment patterns of acid-soluble load are similar to those

observed in the leached solutions (Hannigan and Sholkovitz 2001), mildly acidic surface

water (Hoyle et al. 1984; Sholkovitz 1995), and acidic lake water (Johannesson and Lyons

1995; Johannesson and Zhou 1999). This shows that either the MREE were preferentially

removed from the rocks as compared to the LREE and HREE, or rocks in the catchment

basin contain readily leachable or acid-soluble MREE-rich minerals and/or amorphous

phases. The PAAS-normalized REE patterns of SPM (Fig. 2c) are almost flat. So we

believe that the MREE can be preferentially released from the sediments into solution

phase as compared to the LREE and HREE. Water/particle interaction may also be an

important factor affecting the REE fractionation between dissolved load and SPM. It shows

that the PAAS normalized REE patterns of acid-soluble load are enrichment of LREE and

MREE relative to HREE in Fig. 2b. This implies that more MREE and LREE relative to

HREE exist in the exchangeable phase because the particle-absorbed phase is often sig-

nificantly enriched in LREE (Sholkovitz et al. 1993). The LREE and MREE are easier to
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absorb in particles than HREE in rivers during the water/particle interaction processes,

resulting in the phenomenon of LREE depletion in REE patterns of dissolved load.

5.3 Partition Behavior of the REE Between Dissolved Load and SPM

A major conclusion has been drawn from the studies of REE in river water, indicating that

chemical weathering on continents leads to extensive fractionation between the dissolved

load in river water and that of SPM and continental crust (Goldstein and Jacobsen 1987,

1988; Elderfield et al. 1990; Sholkovitz 1992, 1995). The normalization of the dissolved

load REE to SPM REE can remove variations in relative REE abundance that originate in

the source rocks in a drainage area, and allow REE fractionation caused by the weathering

process to be examined. A measure of the extent of REE fractionation was given by

Goldstein and Jacobsen (1988):

Kdiss�susp

La=Yb
¼ (La/Yb)diss=(La/Yb)susp ð1Þ

The values of the dissolved La/Yb ratio normalized to those in SPM (Kdiss�susp

La=Yb
) are 0.7,

0.7, and 1.5 for the Wujiang River, the Wuyanghe River, and the Qingshuijiang River,

respectively. It can be seen that the rivers of lower pH tend to have the highest

Kdiss�susp

La=Yb
value, and the Kdiss�susp

La=Yb
value decreases with increasing pH (Fig. 5), indicating a

strong pH control on REE fractionation in the river system. At a global scale, a trend of

increasing depletion of dissolved HREE relative to suspended sediments (of decreasing

Kdiss�susp

La=Yb
value) with increasing pH is apparent in rivers (Goldstein and Jacobsen 1988;

Dupre et al. 1996; Gaillardet et al. 1997). At least two mechanisms can be proposed to

explain such a control: adsorption processes, whose importance increases with pH

(Schindler and Stumm 1987), and the existence of organo-mineral colloids that are present

in a dispersed form at low pH and tend to agglomerate and coagulate with increasing pH

(Gaillardet et al. 1997). In the future, we hope to carry out ultrafiltration experiments using
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different pore size filter, to confirm these proportions and to understand the way by which

REE are transported in these rivers.

5.4 Non-Chondritic Y/Ho Ratios During Water/Particle Interaction

As viewed from its position among the lanthanides and based on ionic ratios, the chemistry

of Y(III) solution chemistry is closely associated with the behavior of Ho(III) (Liu and

Byrne 1995). In contrast, Y and Ho show substantial differences in their potential for

covalent binding, potentially attributable to the absence or presence of electrons in the 4f

orbitals (Borkowski and Sierkierski 1992). In the process of weathering, the complex

ability of Ho to coordinate with organic material or HCO3
- is greater than that of Y, and Y

shows a stronger tendency to adsorb onto solid particles in the process of water/rock

interaction (Kawabe et al. 1991). Fractionation between Ho and Y during water/rock

interaction has attracted ever-increasing attention of researchers in recent years (Kawabe

et al. 1991; Bau et al. 1996; Nozaki et al. 1997; Takahashi et al. 2002; Möller et al. 2003).

There is strong evidence that these two elements are significantly fractionated in aqueous

systems (Zhang et al. 1994). Lee and Byrne (1993) showed the complexation behavior of

Y, which is easy to adsorb on the soft organic surface of particulate matter, is similar to

that of LREE, so Y distinctly deviates from Ho and other REE due to the competitive

reactions between river water and particulate matter (Nozaki et al. 1997).

The non-chondritic Y/Ho molar ratios in dissolved load range from 43 to 124, with an

average value of 78. All of them are higher than the values of the source rock (Y/Ho = 39;

Li et al. 1998), and most of them are higher than the value of the continental rocks (Y/

Ho = 52; Nozaki et al. 1997). The relative enrichment of Y over Ho in the dissolved load

seems to be the result of REE fractionation during the processes of weathering and

transport. Y/Ho molar ratios in acid-soluble load and SPM range from 47 to 78 and from 45

to 63, respectively, which are similar to or slightly less than the continental rocks (Y/

Ho = 52; Nozaki et al. 1997). Y/Ho molar ratios in dissolved load are also higher than

those of acid-soluble loads and SPM. This may suggest that the fractionation between these

two elements is due to the water/particle interaction. Figure 6 shows that Y/Ho ratios of

most samples are higher than those of the source rocks and continental rocks, suggesting

that either Y is preferentially released from the particles or Ho is more rapidly removed

from the water relative to Y. With our data set, it is difficult to ensure which mechanism

causes the fractionation of Y and Ho in rivers now. However, Byrne and Lee (1993)

pointed out the complexation behavior of Y with the organic surface of particulate matter

is similar to that of light REE. Therefore, it is likely that Y distinctly deviates from Ho due

to the competitive reactions during scavenging by particulate matter.

5.5 Implication for the REE Fractionation During Water/Particle Interaction

Speaking in general, in studying, water/particle interaction, the variation of dissolved load

REE concentrations may not easily be reflected by the corresponding variation of acid-

soluble load fraction, since the concentrations of acid-soluble load REE are much higher

than those of the dissolved fraction. But the relative proportion of REE in dissolved load

and acid-soluble load can reflect the REE reactivity associated with suspended particles.

Therefore, the distribution coefficients (KD), which can reflect the migration capacity of

REE in surface waters, are usually used for understanding geochemical processes and

contaminant fluxes in river water (Ingri et al. 2000).
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The data for the SPM, acid-soluble load, and dissolved load from each of the river

mentioned above can be used to calculate ‘‘partition coefficients’’ between the soluble and

suspended phases. This concept has been adopted in river chemistry, for example, by

Whitfield and Turner (1979). Distribution coefficients of 1,000–1,000,000 (or even larger)

for REE partitioning between aqueous solution and particle surfaces (carbonates, Fe–Mn

oxides) have been reported by many authors on the basis of experimental and observational

studies as well as modeling approaches (Koeppenkastrop and De Carlo 1992, 1993; Zhong

and Mucci 1995; De Carlo et al. 1998; Tang and Johannesson 2005; Quinn et al. 2006). In

our study, the distribution coefficients for REE are defined as K = CA/CW, K = CA/CS and

K = CS/CW, where CW, CA, and CS are the REE concentrations in dissolved load, acid-

soluble load, and SPM, respectively (Fig. 7). As it is seen from Fig. 7, the REE frac-

tionation was caused by the water/particle interactions. One can see that in mildly acid

solution, LREE and Ce would be preferentially released from river particles (Fig. 7a),

showing that the REE fractionation is associated with the release of absorbed and mildly

dissolvable REE in river particles (Fig. 7b).

6 Conclusions

This study shows that the dissolved load, acid-soluble load, and SPM are significantly

different REE compositions.

1. The concentrations of dissolved load REE in karst rivers are very low relative to many

large rivers in other parts of the world. The high pH values of the rivers in the karst

region of Guizhou are the main factors leading to the lower REE concentrations of

dissolved load in the rivers. The PAAS-normalized REE patterns of dissolved load

from the three rivers, like those of many rivers in other parts of the world, are

characterized by HREE enrichment. The fractionation between HREE and LREE can
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be ascribed to high pH values and the formation of carbonate and hydroxide

complexes in alkaline solution. In addition, the hydrolysis reactions that are usually

enhanced at high pH might also lead to fractionation of REE through enhanced particle

reactivity. The dissolved REE from karst river waters are significantly depleted in Ce

and Eu relative to the PAAS composition. Negative Ce anomalies are strongly

dependent on redox chemistry, while the negative Ce anomaly is strongly pH-

dependent in high-pH river. Negative Eu anomalies are dependent on the source rocks.

REE fraction, which took place in the processes of weathering and transport, would

lead to an obvious HREE enrichment and negative Ce anomalies in dissolved load

relative to acid-soluble load and SPM.

2. The REE distribution patterns in acid-soluble load from these river waters are

characterized by MREE and slight LREE enrichment. This implies that LREE and

MREE are more soluble than HREE, or there exist more LREE and MREE than HREE

in the exchangeable phase, because the particle-absorbed phase is often highly

enriched in MREE.

3. The contents of REE in SPM are relatively high. The PAAS-normalized REE patterns

of SPM from the three rivers are flat, with no Ce anomalies but remarkable negative

Eu anomalies. This indicated that the REE contents and distributed patterns are closely

related to the lithological character of the source rocks.

4. Non-chondritic Y/Ho ratios in dissolved load are higher than those in the source rocks

and the average values of continental rocks; non-chondritic Y/Ho ratios in acid-soluble

load and SPM are close to those of the host rock, indicating that these two elements

were fractionated during weathering and transport processes.
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