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Abstract

Fifty-nine sediment samples were collected from the major rivers of China and analysed using Inductively Coupled
Plasma—Mass Spectrometry (ICP-MS). The background rare earth element (REE) concentrations ( ug/g) of these
samples were: Sc, 11.1 (1.3-23.1); Y, 13.7 (3.3-24.8); La, 30.8 (7.6—57.2); Ce, 64.4 (16.5-122.6); Pr, 7.3 (1.6-14.4); Nd,
27.8 (5.6-58.5); Sm, 5.74 (1.1-11); Eu, 0.98 (0.05-1.7); Gd, 8.9 (1.6-16.8); Tb, 0.62 (0.12-1.2); Dy, 3.0 (0.53-5.0); Ho,
0.55 (0.09-1.00); Er, 1.4 (0.26-2.4); Tm, 0.19 (0.06-0.4); Yb, 1.0 (0.22-2.9); Lu, 0.16 (0.05-0.42). The total REE
concentration (XREE), light-REE concentration (LREE) and heavy-REE concentration (HREE) were 44.5-315.8,
38.1-264.6 and 6.36—51.2 ug/g, respectively. The ratio of LREE to HREE ranged from 3.7 to 7.7. The average ratio
was approx. 5.1 and did not show much variation with location. Total and individual element concentrations were
normally distributed. The variation in the average REE concentration was not greater than 25 ug/g. A high degree
of correlation was found between the REEs. Factor analysis indicated that REE concentrations in sediments were
mainly described by two factors and the loading of the first two factors could be described by: Y= 1 — X 2. Factor
score plots were employed to distinguish between samples of natural and anthropogenic origin. Based on the
inter-correlation determined between REEs in sediment samples, a model was developed to predict REE concentra-
tions. © 1997 Elsevier Science B.V.

Keywords: Rare earth elements (REEs); Sediments; Distribution; Modelling; Factor analysis

* Corresponding author.

0048-9697 /97 /$17.00 © 1997 Elsevier Science B.V. All rights reserved.
PIIS0048-9697(97)00172-1




234 W. Zhu et al. / The Science of the Total Environment 204 (1997) 233-243

1. Introduction

In the past decades, many publications dealing
with distribution, accumulation, transportation as
well as ecological effects of trace elements in
river sediment have emerged (Kersten and Forst-
ner, 1989; Zdened, 1996). A large body of litera-
ture is available concerning the distribution and
abundance of REEs from the geochemical and
mineralogical stand point (Herderson, 1984; Bha-
tia and Crook, 1986; Taylor and McLeennan,
1988; Wronkiewicz and Condie, 1990, McLennan
et al., 1990; Scott, 1990; Liu et al., 1993; Braun
and Pagel, 1994). However, in recent years more
attention has been paid to rare earth element
behaviour in sediments and, in particular, aquatic
environmental aspects of REEs (Bhatia, 1985;
Goldsttein and Jacobsen, 1988; Markert et al.,
1989; Wood, 1990; Cullers, 1994; Denchev et al.,
1994; Jarvis et al.,, 1994; Albarede and Sembhi,
1995; Ross et al., 1995; Wang et al., 1995; Kreamer
et al, 1996). This is important because under
different environmental conditions sediments can
act as efficient sinks for metals released into
aquatic environments, or as a source thereof.

Rare earth elements (REEs) have great
economic value, which is best illustrated by their
increased usage in recent years, in particular for
industrial and agricultural purposes. Compounds
of Sm, Pr and Ce are applied as magnetic materi-
als and La and Yb are applied in the preparation
of high temperature super conductors. Some
REEs are used as catalysts for chemical reactions
or are necessary for the production of laser crys-
tals. Human activities, such as mining, extraction
of metal from ores and minerals and metal re-
fining, release trace amounts into the biosphere
at increasing rates, augmented by the worldwide
use of metal-bearing fossil fuels as a source of
energy. Moreover, millions of tons of fertilizers
containing REEs are used worldwide for increas-
ing agricultural productivity (Bremmer, 1994; Di-
atloff et al., 1995; Xu, 1995; Yu and Chen, 1995).

China has the largest REE reserves in the
world (80%) and is a major producer of REEs for
the world market. Since 1990, REE fertilizer has
been widely used in more than 20 Chinese

provinces (Wu and Guo, 1995; Xu, 1995; Yu and
Chen, 1995). REE fertilizers intended for agricul-
ture production was predicted to cover over
1620 x 105 ha of Chinese agricultural land in
1995 (Tu et al., 1994; Zhong and Min, 1995). A
study of background levels of REEs in the water
and sediment of the Yangtze River was carried
out by Zhong and Min (1995). This study focused
on the characteristics of REEs in suspended mat-
ter, sediment and the aqueous phase. A report of
the geochemical characteristics of REEs in
Wuhan section of the Yangtze River was pub-
lished by Wang et al. (1995), indicating the REE
content of the suspended fraction of the river.
Results indicated that speciation characteristics
of REEs in both sediment and suspended matter
were quite similar. However, in general, informa-
tion on background REE levels in sediments
throughout China is very sparse.

Factor analysis is a technique suitable for sim-
plifying large and complex data sets in such a way
that it may create a limited number of factors,
each representing a cluster of interrelated vari-
ables within a data set. In recent years, the tech-
nique has been frequently applied in environmen-
tal pollution studies with the aim of identifying
possible sources of pollution and to determina-
tion the elemental composition of these sources
as well as the contribution of each source to the
total pollution level (Alpert and Hopke, 1980;
Hopke, 1988; Kuik et al., 1993; Sloof, 1993). This
technique has also been applied widely in the
field of chemistry (e.g. spectral chemistry and
analytical chemistry) (Malinowski, 1980; Geladi
and Kowalski, 1986; Brereton, 1990; Helland,
1990; Vaughan and Horlick, 1990; Meloun et al,,
1992; De Jong, 1993; Diatloff et al., 1993; Wang
et al., 1995).

The aims of the present work are: (i) to de-
termine the distribution of REEs in Chinese river
sediment and to establish the correlation between
individual REEs; (ii) to develop a model based on
these internal correlations to predict total and
individual REE concentrations in river sediments;
and (iii) using the results of factor analysis to
extract the major variables and to identify pol-
luted /contaminated samples.
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2. Fate of REE:s in soil and aquatic environments
in China

There are seven major rivers in China, i.e
Yangtze river, Yellow river, Sunhuajing river,
Pearl river, Haihe river, Huaihe river and Liaohe
river. Their river basins cover an area of approx.
4300000 km?. No systemic data are available with
respect to REE background levels in the earth’s
crust around China. However, in the past 20
years, some progress has been achieved with re-
spect to background levels of REEs in Chinese
soil (Zhong and Min, 1995). The concentration of
REE:s reported in Chinese soil is similar to that
reported worldwide (Wang et al., 1995; Bowen,
1979). The average XREE concentration in Chi-
nese soil is 177 ug/g (Wang et al., 1995), which is
a little higher (13%) than the average world con-
centration (156 ug/g). Large variations in LREE
concentrations were reported for different areas
of China. The highest concentrations were
recorded in the areas of Guangzhou, Hanan (Pearl
river basin) and Hunan (Yangtze basin) and the
lowest concentrations were recorded in the areas
of Xingjiang. The ratio of LREE to HREE in
Southern China (Pearl river basin and part of
Yangtze river basin) were reported to be higher
than that of other areas in China. Light REE
enrichment in the soil, relative to the earth’s
crust, was reported in most areas of China (Zhong
and Min, 1995).

Data on REE background levels in aquatic
environments is limited for China. Reported REE
concentrations in freshwater (rivers and lakes)
were in the range 107°-10% ug/l. The range of
concentrations of REEs in Chinese sediments
were 9-200, 5-651, 7-246, 1.4-42, 0.1-3.6,
0.12-6.2, 0.5-13.6 and 0.1-1.95 for La, Ce, Nd,
Sm, Eu, Tb, Yb and Lu, respectively (Zhong and
Min, 1995).

3. Experiment
3.1. Sampling

Fifty-nine sampling sites, covering the major
rivers of China were selected. The sites were far

away from industrial areas and municipal waste-
water outlets. Samples were collected in the basins
of the Yangtze river (n = 30), Pearl river (n = 12)
and the Yellow, Sunhuajing, Haihe, Huaihe and
Liao river basins (n = 17). Approx. 2 kg of sedi-
ment per sample was collected at a depth approx.
10-20 cm below the surface sediment layer. At
least five subsite samples were taken for each site
and homogenized. The samples were stored in
polyethylene bags. The wet samples were air-dried
at room temperature and sieved to remove large
particles. Subsequently, the debris was passed
through a 2-mm sieve.

3.2. Analytical procedure

The samples were analyzed by Inductively Cou-
pled Plasma—Mass Spectrometry (ICP-MS, a VG
Plasmaquad Plus, Fisons Instruments, UK) fitted
with a Fassel-type torch, a Gilson 222 automatic
sample changer, a Meinhard glass nebuliser (type
Tr-30-A3) and a double pass Scott type spray
chamber with surrounding liquid jacket (the tem-
perature of which was controlled with a recircu-
lating water refrigeration-heating system). The
operating conditions are shown in Table 1. The
ICP-MS was optimized with a solution of ''*In at
100 ng/ml in 3% HNO,;. The internal standards
used during the analysis of samples containing
REE was '"°In at 50 ng/ml concentration in 3%
HNO;. The following masses were used for REE
measurement: “°Sc, ®Y, 3°La, 40Ce, “!Pr, 146N,
1478m, “'Eu, 57Gd, °Tb, 62Dy, $5Ho, 1,
169Tm, 74Yb and Lu.

Table 1
Typical ICP-MS operating parameters for aqueous REE
analysis

Forward power (W) 1350
Reflected power (W) 0
Nebulizer gas flow (I min~!) 0.95
Auxiliary gas flow (I min~1) 1.1
Cool gas flow (I min™!) 13.5
Nebulizer solution uptake (ml min~!) 0.8
Mass range (m/z) 40-180
Dwell time {(us) 10.2

Peak-jump
Multi channel

Scanning mode
Measurement mode
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Prior to analysis, the samples were dried for 24
h at 105°C. Then 0.5 g of the sample was weighed
and transferred into a vessel liner and 5 ml of
H,O and 10 ml HNO; were added. The mixture
was digested by Microwave (MDS-2000, CEM,
USA) for 90 min at 100 psi and full power (650
W).

4. Results and discussions

In order to control the quality of sample diges-
tion and analysis, a marine sediment reference
material (GBW-07313, from the National Re-
search Centre for Certified Reference Materials,
Beijing, China) was used. Results of analysis of
marine reference material was compared to the
certified values. The average REE recovery was
93.6% of the certified value. Approx. 95% recov-
ery was achieved for the light REEs (94.8%,
97.9%, 94.5%, 96.5%, 95.4%, 95.1% and 96.1%
for Sc, La, Ce, Pr, Nd, Sm and Gd, respectively);
while the recoveries of the heavy REEs ranged
from 83% to 97% (88.4%, 89.3%, 96.1%, 87%,
91.1%, 90.2%, 95.5%, 90.6% and 95.3% for Dy,
Er, Eu, Tb, Ho, Tm, Yb, Lu and Y, respectively).
The detection limits of ICP-MS were 0.54, 0.066,
0.071, 0.11, 0.053, 0.059, 0.073, 0.012, 0.073, 0.009,
0.007, 0.008, 0.017, 0.008, 0.019 and 0.008 ng/ml
for Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy,

Table 2
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Ho, Er, Tm, Yb and Lu, respectively (based on
three times the standard deviation of the blank).

4.1. Distribution of REEs in sediments

Table 2 shows the average REE content of the
sediment samples (n = 59). The concentration of
REEs in Chinese river sediments was as follows:
Ce>La>Nd>Y>Sc>Gd>Pr>Sm>Dy>
Er > Yb> Eu>Tb, Ho, Tm and Lu, which is
similar to the order found in literature (Wang et
al., 1995; Zhong and Min, 1995).

Fig. 1a,b present the distribution of Ce and the
total REE concentration for the 59 samples ana-
lyzed. The concentration of Ce and REE in the
sediment samples was 22—-107 pug/g and 65-289
ng/g, respectively, at the 95% confidence level.
In both cases the data were normally distributed.

The log-normal distribution was also examined
for individual REEs and was linear in all cases. In
Fig. 1c,d two typical examples (Nd and Yb) of
log-normal plots are presented. Chester (1985)
reported that the distribution of most elements in
sediments approximated the log-normal distribu-
tion and such distributions have been used to
establish various characteristic (population)
parameters, e.g. background and threshold levels.
From the REE log-normal distribution plots, it
can be seen that almost all sediment samples are

The maximum, median, minimum and average REE content ( ug/g) of 59 Chinese sediment samples

Max. Median Min. Average Max. Median Min. Average

Sc 23.09 11.63 1.32 11.11 Er 2.44 1.40 0.26 1.41
La 57.25 31.14 7.56 30.83 Tm 0.38 0.18 0.06 0.19
Ce 122.59 65.25 16.54 64.42 Yb 2.89 0.96 0.22 1.01
Pr 14.35 7.57 1.59 7.25 Lu 0.42 0.15 <0.02 0.16
Nd 58.54 29.31 5.59 27.81 Y 24.83 14.62 3.31 13.68
Sm 10.98 533 1.09 512

Eu 1.72 0.87 0.05 0.85 T REEs 315.78 185.10 44.46 176.90
Gd 16.81 8.86 1.64 8.89 YLREEs 264.56 151.74 38.10 147.40
Tb 1.16 0.65 0.12 0.62 YHREEs 5122 30.24 6.36 29.51
Dy 4.96 3.20 0.53 2.99 L/H 7.67 5.02 3.66 5.11
Ho 0.99 0.57 0.09 0.55 L/H* 14.4 8.8 52 9.0

L/H: the ratio of light REE (Sc, La, Ce, Pr, Nd, Sm, Eu) to heavy REE (Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Y).
L/H*: the ratio of light REE (La, Ce, Pr, Nd, Sm, Eu) to heavy REE (Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) without Sc and Y.




W. Zhu et al. / The Science of the Total Environment 204 (1997) 233-243

Histogram for Ce
nuE /-\ ) p
0p .
5 / :
o 1f 3
5 |
nf 3
(O] - 3
U= ]
o ]
0 ) 0 0 7 10
(a) Ce

A E_ =

E o
g 1k E

B
B l.l;— 3
0
8, " |
i n 1
M (rg/®)

(©)

Histogram for REE
: ;
2 3
5 \ s
g T ;
5 :
o 1
(g 10 / \ .
L= .:
0 100 200 L1}
(b) REE
wE p
g ;
R ;
g .
0
[T} . Mm
1 (] 108
(d) it

237

Fig. 1. (a-b) Histograms of Ce and ZREE concentration. (c—d) Plots of log-normal distribution for Nd and Yb.

of natural origin and the few samples which de-
part slightly from linearity may result from pollu-
tion and/or random sample preparation errors.

The range of concentration of total REEs, light
REEs and heavy REEs were 44.5-315.8,
38.1-264.6 and 6.36-51.1 ug/g, respectively. Dis-
tribution tests indicated that these data were also
normally distributed. The ratio of LREEs to
HREEs ranges from 3.7 to 7.7 (without Sc and Y,
the ratio ranges from 5.2 to 14.2). Approx. 85% of
samples have a ratio of 4.1-6.1. The average ratio
was 5.1. Correlation between three light and heavy
elements is presented in Fig. 2a and Fig. 2b,
respectively. Good correlation was found in both
cases.

4.2. Vaniation of REE concentrations in the major
Chinese rivers

The average total REE concentration in the
Chinese rivers investigated was: Pearl river (196.3

rg/g) > Haihe river (185 ug/g) > Song Liao
River (179.5 ug/g) > Yangtze river (175.6 ug/g)
> Yellow river (173.3 ug/g). The differences
between average concentrations were not greater
than 25 ug/g. The results are consistent with the
average concentration of REEs in the earth’s
crust (Herderson, 1984).

5. Factor analysis

5.1. Number of factors required to describe the river
sediment data set

In order to extract the most important parame-
ters influencing REE sediment concentrations,
factor analysis was employed in this study. A
sharp increase in the explained variance was
observed when two factors were used (Fig. 3).
However, increasing the number of factors above
two had little effect on the explained variance.
Approx. 87% of the variance could be explained
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Fig. 2. Correlation between three light REEs (La,Ce,Nd) and three heavy REEs (Lu,Yb,Ho).

by factors 1 and 2. Factors 3-5 explained approx.
10% of the variance, while factors 6-16 only
explained approx. 3% of the variance. It can be
concluded that REE concentrations (16 elements)
in sediments are mainly described by factors 1-2.

5.2. Which factors describe heavy and light REEs in
the river sediment data set?

5.2.1. Factor loadings

Loading expresses the relationship between
variables and factors in a model. It can be seen
which rare earth elements (variables) are impor-
tant for each factor. In Fig. 4a the loadings of
factor 1 are presented as a function of the load-
ings of factor 2, for all elements. Factor 1 de-
scribes all REE elements with a loading range of
0.59-0.97. Loadings in excess of 0.9 were recorded
for Ce, Dy, Er, Ho, La, Nd, Pr, Sm, Gb and Tm.
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Fig. 3. The relation between the variance explained and the
number of factors.

Loadings between 0.8 to 0.9 were recorded for
Eu, Gd, Lu, Y and Yb. Only Sc, with a loading of
0.59 did not fall within this loading range.

Factor 2 also describes the REEs and loadings
of 0.31 to —0.54 were recorded.However, as can

0.5
(b)
L >
-y : Sm @ * *
“ d Ce La
=7 o Y
- t
'g 3 Dy . Er’ %b .Ll-l .
e 8 Gd | TmeYb
- g .

®
050 e o
-0.4 0 04

Loadings of Factor 4 (X)

Fig. 4. (a) Plot of loadings on factor 1 to 2. (b) Plot of loadings on factor 3 to 4.
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be seen from Fig. 4a, factor 2 exhibited negative
loading for heavy REE:s (e.g. Lu, Yb, Tm, Ho, Dy,
Er and Tb) while positive loadings were found for
light REEs (Eu, Y, Gd, Sm, La, Pr, Ce, Nd:
0.13-0.30; except Sc: 0.62). Increasing the atomic
weight of the REEs (from Sc to Lu) decreased
the factor 2 loadings (Fig. 4a), however, no clear
relationship could be found between atomic
weight and the loadings of factor 1.

The loadings of factors 1 and 2 can be de-
scribed mathematically by the equation Y=1—
X? (Fig. 4a). This model was used to test if the
same relationship between factors 1 and 2 existed
in other samples.

From Fig. 4b, it can be seen that the element
loadings of factors 3 and 4 are approximately the
same (ie. —0.26 to 0.29 and —0.04 to 0.3 for
factors 3 and 4, respectively) illustrated by the
circle on Fig. 4b. However, as mentioned previ-
ously, factors 3 and 4 only explain approx. 8% of
the variance. From Fig. 4b, Y and Sc are far
removed from the main bulk of element loadings.
This may be due to the fact that their atomic
weights are considerably lower than the other
REE. The deviation of Sm, Dy, Eu and Ho may
be explained by analytical and/or sampling er-
Tors.

3.2.2. Identification of contamination sources using
factor score plots

The relationship between samples (objects) and
factors is expressed as score. A score plot can be
used to identify outliers. The total REE concen-
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tration of the samples was well described by the
scores of factors 1 and 2. From Fig. 5a, it can be
seen that sample scores of factors 1 and 2 are
mostly located in the circle (i.e. —20 to 20 and
—3 to 3 for factor 1 and 2, respectively), which
divides the score data. Approx. eight of the 59
samples are located outside the circle (i.e. sample
number S7, S25, S38, S45, S49, S50 and S55).
Factor scores which clearly lie outside the con-
structed circle in Fig. 5a have either very high or
low total REE concentrations. High REE concen-
trations may result from high natural background
levels or anthropogenic pollution. For example, in
Fig. 5a S7, S49 and S50 lay outside the circle
because the total REE concentration is very low
(68 wg/g) in the samples compared to the con-
centration of most samples in the circle is approx.
3 times higher. Furthermore, sample S38 and S55
have total REE concentrations approx. twice as
high as the average.

Score plots of factors 1 and 2 do not give any
information on the nature of specific element(s)
causing contamination. For this detailed informa-
tion, scores of factors 3 and 4 are needed. These
are presented in Fig. 5b. Most of the sample
scores are inside the constructed circle (i.e. —1.2
to 1.2 and —0.5 to 0.7 for factors 3 and 4,
respectively). Sample numbers S4, S25, S38, S52
and S56 are clearly outside the circle. Samples
which lie outside the circle, for example in sample
4 (S4), the concentration of La, Ce, Pr and Nd is
twice the average LREE concentration. The con-
centrations of Sc and Dy in sample S52 are ap-
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Fig. 5. (a) Plot of scores on factor 1 to 2. (b) Plot of scores on factor 3 to 4.
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prox. 1.5 and 2 times the average, respectively.
Other samples e.g. S25 and S38 have high levels
of HREEs while S56 has a high level of LREE:.
Score plots of factor 3 and 4 are useful for
identifying the exact element(s) involved in con-
tamination. The nature of the contamination can
also be confirmed (i.e. natural or anthropogenic)
because internal correlation coefficients (see
Table 3) between all the elements exist and if the
contamination is of natural origin then the ratio
between all elements is increased or decreased;
while if the contamination is of anthropogenic
origin, only one or two of the ratios will be
altered and these can easily be identified as con-
tamination.

6. Prediction of REE concentrations in river
sediment

In most cases fewer samples may be available
and/or the required analytical techniques (e.g.
ICP-MS, ICP-AES) may not be available. In
addition, the use of NAA only allows the analysis
of eight of the REEs, thus it is not possible to
estimate the total REE loading. To overcome
these problems a model is needed which can
predict total and individual REE concentrations
when only a few REE concentrations are actually
known.

Table 3
Inter-correlation coefficients between all the REEs

Based on the inter-correlation coefficients es-
tablished earlier, the following model was ob-
tained:

Y,=a,X,+C, (D

where Y, is the unknown parameter to be calcu-
lated, X, is a known input parameter (X, or Y,
can be any individual REE concentration, the
total REE, the total HREE or the total LREE
concentration). Slope (a,) and Intercept (c,) are
calibration coefficients established from the cali-
bration data set.

In total there are 19 REE parameters which
can be calculated using this model, i.e. 16 individ-
ual REE concentrations, the total HREE, the
total LREE and the total REE concentration.
Using the above model, 18 parameters can be
calculated (predicted) when only one parameter is
known. However, in order to ensure accurate
prediction, two or more input parameters are
recommended, preferably an equal distribution of
HREE and LREE data.

6.1. Accuracy of the model

The accuracy of the model was tested using the
measured concentration of La and Yb (from the
sediment samples) as input data. Thereafter, the

Sc Y La Ce Pr Nd Sm

Eu Gd Tb Dy Ho Er Tm Yb

Y 0.75

La 051 082

Ce 054 083 099

Pr 055 084 098 098

Nd 052 082 095 095 099

Sm 047 077 087 088 092 0.96

Eu 076 071 065 068 073 075 074

Gd 070 073 076 077 080 079 072
Tb 056 080 084 08 088 088 084
Dy 047 073 075 076 080 0.83 084
Ho 038 069 075 077 079 081 0.81
Er 0.41 073 079 079 082 082 0.79
Tm 039 067 070 071 072 071 0.65
Yb 025 057 065 065 066 066 061
Lu 021 055 063 064 062 061 0.58

0.89

077 081

080 073 091

073 074 093 094

073 078 093 093 096

067 074 088 08 091 0.93

055 067 084 081 088 091 093

047 058 081 076 088 087 090 094
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average total REE concentration was predicted
for all the sediment samples using Eq. 1. The
accuracy of prediction was between 6 and 10%
when outliers were excluded.

6.2. Applicability of the model

In order to assess the applicability of the model,
literature data (Zhong and Min, 1995) on differ-
ent part of Yangtze river sediment (CHREE and
YLREE) was used as input data. The prediction
error of the model for the Yangtze river was +
10-15%.

As well as predicting total REE concentration,
individual REE concentrations can also be pre-
dicted. The accuracy of the model with respect to
the prediction of individual REE concentrations
can be seen in Figs. 6a,d. From the slope of the
line, the accuracy of the model can be estimated.
The accuracy was best for La, Ce, Sm, Nd and
total REE, HREE and LREE and poor for Eu,
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Tb, Yb and Lu. The discrepancies between the
results reported by Zhong and Min and that
predicted using the model may be due to (i)
different analytical techniques (the concentra-
tions reported were measured using NAA and
model established input data were measured by
ICP-MS; and (ii) different sample preparation
procedures.

The use of the model may be restricted to
Chinese river sediments because theinter-correla-
tion coefficients established in this study were
based on background REE levels measured in
Chinese river sediments. If the model is used to
predict REE concentrations in other areas, inter-
nal correlation coefficients must be checked.

7. Conclusions

1. The total REE, light REE (LREE), heavy
REE (HREE) concentrations and the ratios
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Fig. 6. (a—d) Comparison of REE concentrations in Yangtze river between reported (Zhong and Min, 1995) and predicted values.
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of LREE to HREE ranged from 44.5 to 315.8,
38.1 to 264.6, 6.36 to 51.2 (ug/g and 3.7 to
7.7, respectively. REE concentrations in Chi-
nese river sediment samples followed the or-
der: Ce>La>Nd>Y>Sc>Gd>Pr>Sm
> Dy > Er > Yb > Eu > Tb, Ho, Tm, Lu.

2. The YREE and individual element concen-
trations are normally distributed. The varia-
tion in average REE sediment concentration
in the Chinese rivers investigated was not
greater than 25 g/g.

3. Factor analysis indicated that REE concen-
trations in sediments were mainly described
by two factors. The relationship between the
loading and the factor loading could be de-
scribe by Y =1 — X % Factor score plots could
be employed to identify contaminated sam-
ples and contamination sources (natural or
anthropogenic).

4. Based on the inter-correlation of REEs in the
sediment samples, a prediction model was
established and accuracy are estimated as
10% and 6%, respectively. The model was
also applied for the prediction of REE con-
centrations in sediment samples which were
reported in literature and good agreement
between literature and predicted values was
found.

References

Albarede F, Semhi K. Patterns of elemental transport in the
bedload of the Meurthe River (NE France). Chem Geol
1995;122:129-145.

Alpert DJ, Hopke PK. A quantitative determination of sources
in the Boston urban area. Atmos Environ 1980;14:
1137-1146.

Bhatia MR. Rare earth elements geochemistry of Australian
paleozoic graywackes and mudrocks: provenance and tec-
tonic control. Sed Geol 1985;45:97-113.

Bhatia HR, Crook KAW. Trace element characteristics of
graywaches and tectonic setting discrimination of sedimen-
tary basins. Contrib Mineral Petrol 1986;92:181-193.

Bowen HIM, editor. Environmental chemistry of the ele-
ments. London: Academic Press, 1979:1-16.

Braun JJ, Pagel M. Geochemical and mineralogical behaviour
of REE, Th and U in the Akongo lateritic profile (SW
Cameroon). Catena 1994;21:173-177.

Bremmer W. Rare earth application in Chinese agriculture.
Elem Rare Earths Spec Metals Appl Technol 1994;5:20-24.

Brereton RG, editor. Chemometrics applications of mathe-
matics and statistics to laboratory systems. New York: Ellis
Horwood Limited, 1990:307.

Chester R. Pollution reconnaissance in stream sediments us-
ing non-residual trace metals. Environ Pollut
1985;B10:213-238.

Cullers RL. The chemical signature of source rocks in size
fractions of Holocene stream sediment derived from meta-
morphic rocks in the wet mountains region, Colorado,
U.S.A.. Chem Geol 1994;113:327-343.

Denchev T, Petrov L, Martinez OG, Dimitrova S, Vo-
denicharv D. Rare earth element contents in lower and
higher flora from the Bulgarian region of the Black Sea.
Toxicol Environ Chem 1994;46:229-238.

De Jong S. SIMPLS: an alternative approach to partial least
squares regression. Chemometr Intell Lab Syst
1993;18:251-263.

Diatloff E, Smith FW, Asher CJ. Rare earth elements and
plant growth. 1. Effects of lanthanum and cerium on root
elongation of corn and mungbean. J Plant Nutr
1995;10:1963-1976.

Diatloff E, Asher CJ, Smith FW. Use of geochem-pc to
predict rare earth element (REE) species in nutrient solu-
tions. Plant Soil 1993;156:251-254.

Geladi P, Kowalski BR. Partial least-squares regression: a
tutoria. Anal Chim Acta 1986;185:1-17.

Goldsttein SJ, Jacobsen SB. Rare earth elements in river
waters. Earth Planet Sci Lett 1988;89:35-47.

Helland IS. Partial least squares regression and statistical
models. Scand J Stat 1990;17:97-114.

Herderson P, editor. Rare earth elements geochemistry. In:
Development in geochemistry. New York: Elsevier Science
Publishers, 1984:139.

Hopke PK. Target transformation factor analysis as an aerosol
mass apportionment method: A view and sensitivity study.
Atmos Environ 1988;22:1777-1792.

Jarvis I, Burnett WC, Nathan Y, et al. Phosphorite geochem-
istry: State-of-the-art and environmental concerns. Eclogae
Geologicae Helvetiae 1994;87:643-700.

Kersten M, Forstner U. Speciation of trace elements in sedi-
ments. In: Balley GE, editor. Trace element speciation:
analytical methods and problems. Florida: CRC Press,
1989:245-319.

Kreamer DK, Hodge VF, Rabinowitz I, Johannesson KH,
Stetzenbach KJ. Trace element geochemistry in water from
selected springs in Death Valley National Park, California.
Ground Water 1996;1:95-103.

Kuik P, Blaauw M, Sloof JE, Wolterbeek HT. The use of
Monte Carlo method in factor analysis. Atmos Environ
1993;13:1967-1974.

Liu C, Masuda A, Okada A, Yabuki S, Zhang J, Fan A. A
geochemical study of loess and desert sand in northern
China: Implications for continental crust weathering and
composition. Chem Geol 1993;106:359-374.

Malinowski ER, editor. Factor analysis in chemistry. New
York: John Wiley and Sons, 1980:251.




W. Zhu et al. / The Science of the Total Environment 204 (1997) 233243 243

Markert B, Piehler H, Lieth H, Sugimate A. Normalization
and calculation of lanthanoide element concentrations in
environmental samples. Radiat Environ Biophys
1989;28:213-221.

McLennan SM, Taylor SR, McCulloch MT, Maynard JB.
Geochemistry and Nd-Sr isotopic composition of deep-sea
turbidites: crustal evolution and plate tectonic association.
Geochim Cosmochim Acta 1990;54:2014-2050.

Meloun M, Militky J, Forina M, editor. Chemometrics for
analytical chemistry. London: Ellis Horwood, 1992;330.
Paul AC, Parameswaran M, Pillai KC. Trace metals and
lanthanides in a tropical river environment. Water Air Soil

Pollut 1994;1-2:141-153.

Ross GR, Guevara SR, Arribere MA. Rare earth geochem-
istry in sediments of the Upper Manso River Basin, Rio
Negro, Argentina. Earth Planet Sci Lett 1995;133:47-57.

Scott AW. The aqueous geochemistry of the rare earth ele-
ments and yttrium. Chem Geol 1990;82:159-186.

Sloof JE. Environmental lichenology: biomonitoring trace ele-
ment air pollution. Ph.D. thesis, Delft University of Tech-
nology of The Netherlands, 1993:191.

Taylor SR, McLeennan S. The significance of the rare earth in
geochemistery and cosmochemistry. In: Handbook on the
Physics and Chemistry of Rare earth. Vol. 11, Elsevier,
1988.

Tu Q, Wang XR, Tian LQ, Dai LM. Bioaccumulation of the
rare earth elements lanthanum, gadolinium and yttrium in
carp (Cyprinus carpio). Environ Pollut 1994;3:345-350.

Vaughan MA, Horlick G. Correction procedures for rare

earth element analyses in inductively coupled plasma—mass
spectrometry. Appl Spectros 1990;44:587-593.

Wood SA. The aqueous geochemistry of the rare earth ele-
ments and yttrium. Chem Geol 1990;82:159-186.

Wang HY, Wang DX, Wang YH, Chen SG, Zhang FJ. Appli-
cation of pattern recognition in a factor analysis-spectro-
photometric method for the simultaneous determination of
rare earth elements in geological sample. Analyst
1995;5:1603~1608.

Wronkiewicz DJ, Condie KC. Geochemistry and mineralogy
of sediments from the Ventersdrop and Transvaal Super-
groups, south Africa: cratonic evolution during the earth
Proterozoic. Geochim Cosmochim Acta 1990;54:343~354.

Wu Z, Guo B. Application of REEs in agriculture and
medicines. In: Ni G, editor. Bioinorganic chemistry of rare
earth elements (in Chinese). Beijing: Science Press,
1995:13-55.

Yu Z, Chen M, editors. Rare earth elements and their appli-
cations. Beijing: Metallurgical Industry Press, 1995:286.
Xu G, editor. Proceedings of the Third International Confer-
ence on Rare Earth Development and Application. Beijing:

Metallurgical Industry Press, 1995, Vol 1, v—~iv.

Zdened B. Evaluation of the concentrations of trace elements
in stream sediments by factor and cluster analysis and the
sequention procedure. Sci Environ 1996;177:237-250.

Zhong S, Min W. Distribution of REEs in the animals, plants
and environmental. In: Ni G, editor. Bioinorganic chem-
istry of rare earth elements (in Chinese). Beijing: Science
Press, 1995:59-114.




