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Multivariate statistical analysis was used to investigate relationships among trace elements
and factors controlling trace element distribution in groundwater.

Abstract

Multivariate statistical techniques are efficient ways to display complex relationships among many objects. An attempt was made to study the
data of trace elements in groundwater using multivariate statistical techniques such as principal component analysis (PCA), Q-mode factor anal-
ysis and cluster analysis. The original matrix consisted of 17 trace elements estimated from 55 groundwater samples colleted in 27 wells located
in a coastal area in Shenzhen, China. PCA results show that trace elements of V, Cr, As, Mo, W, and U with greatest positive loadings typically
occur as soluble oxyanions in oxidizing waters, while Mn and Co with greatest negative loadings are generally more soluble within oxygen
depleted groundwater. Cluster analyses demonstrate that most groundwater samples collected from the same well in the study area during sum-
mer and winter still fall into the same group. This study also demonstrates the usefulness of multivariate statistical analysis in hydrochemical

studies.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Complex processes control the distribution of trace ele-
ments in groundwater, which typically has a large range of
chemical composition (Hem, 1970; Drever, 1982; Appelo
and Postma, 1993). The trace element composition of ground-
water depends not only on natural factors such as the lithology
of the aquifer, the quality of recharge waters and the types of
interaction between water and aquifer, but also on human ac-
tivities, which can alter these fragile groundwater systems, ei-
ther by polluting them or by changing the hydrological cycle
(Helena et al., 2000). Sophisticated data analysis techniques
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are required to effectively interpret trace element data in
groundwater.

Shenzhen is a coastal city located in southern China
(Fig. 1). The scale and pace of development in Shenzhen are
unprecedented in the past decades. Before 1979, Shenzhen
was only a small township with a population of less than
20,000 engaged mainly in agricultural activities (Lam,
1986). But now Shenzhen has been developed into a modern
industrial, residential and commercial urban conglomeration.
Such intense human activities have caused a mounting pres-
sure on the environment, including groundwater systems. Al-
most little data were available about the trace element
composition of groundwater in Shenzhen before. A groundwa-
ter monitoring program was recently established to investigate
the trace element composition in a coastal area in Shenzhen.

The present study area falls in the alluvial plain in Shenz-
hen. The Sand River separates the study area into two sides,
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Fig. 1. Sketch map of the study area and locations of groundwater samples.

the west and the east (Fig. 1). The bedrock of this area is pre-
dominantly granite. The dominant superficial soil is decom-
posed granite. Groundwater samples were collected from 27
wells in the study area and some of the wells were sampled
multiple times.

The univariate statistical analysis has been generally used
to treat trace element data in groundwater (Helena et al.,
2000). The simplicity of the univariate statistical analysis is
obvious and likewise the fallacy of reductionism could be ap-
parent (Ashley and Lloyd, 1978). In order to avoid this prob-
lem in our study, multivariate analysis such as principle
component analysis (PCA), Q-mode factor analysis and clus-
ter analysis is used to explain the correlation amongst a large
number of variables in terms of a small number of underlying
factors without losing much information (Jackson, 1991; Me-
glen, 1992). The intention underlying the use of multivariate
analysis is to achieve great efficiency of data compression
from the original data, and to gain some information useful
in the interpretation of the environmental geochemical origin.
This method can also help indicate natural associations be-
tween samples and/or variables (Wenning and Erickson,
1994) thus highlight the information not available at first
glance. This multivariate treatment of environmental data is
widely successfully used to interpret relationships among vari-
ables so that the environmental system could be better

managed (Andrade et al., 1992; Aruga et al.,, 1995; Vega
et al., 1998; Tao, 1998; Gangopadhyay et al., 2001; Liu
et al., 2003). However, multivariate analysis method has not
achieved a comprehensive diffusion in the groundwater studies
to date (Aruga et al., 1993; Giammanco et al., 1998; Helena
et al., 2000). In this study, multivariate statistical techniques
were used to interpret the trace element data in groundwater
samples collected from a coastal area in Shenzhen, China.

The goals of the present study were to (1) determine natural
associations between groundwater samples and/or variables;
(2) investigate the temporal evolution of groundwater compo-
sition between two surveys; (3) demonstrate the usefulness of
the statistical analysis to improve the understanding of the
groundwater composition.

2. Brief review of three multivariate statistical
techniques used in this study

Multivariate statistical techniques can help to simplify and
organize large data sets to provide meaningful insight (Laak-
soharju et al., 1999). In the present study, three multivariate
statistical techniques were used to evaluate the concentrations
of trace elements in groundwater samples. The statistical
software package SPSS11.5 for windows (SPSS Inc., Chicago,
IL, USA, 2002) was used for the multivariate statistical
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calculations. The original data matrix consisted of 17 columns
indicating each of the trace elements and 55 rows describing
the individual samples.

2.1. Principal components analysis

Principal component analysis (PCA) is a multivariate statis-
tical technique used for data reduction and for deciphering pat-
terns within large sets of data (Wold et al., 1987; Farnham
et al., 2003). Principal components are nothing more than
the eigenvectors of a variance—covariance or a correlation ma-
trix of the original data matrix. By themselves they may pro-
vide significant insight into the structure of the matrix not
available at first glance. PCA results vary considerately de-
pending on whether the covariance or correlation matrix is
used when large differences exist in the standard deviation
of the variables (Davis, 1986). When the correlation matrix
is used, each variable is normalized to unit variance and there-
fore contributes equally. The concentrations of 17 trace ele-
ments studied in the groundwater samples of the research
area vary differently and the PCA is therefore applied to the
correlation matrix for the present study. Thus the raw data ma-
trix was first centered about zero by subtracting the means
from each column and then dividing each of the values within
each column by the column standard deviation. The eigenvec-
tors of the correlation matrix are principal components and
each original observation is converted to what is called princi-
pal component score by projecting it onto the principal axes.
The elements of the eigenvectors that are used to compute
the scores of the observations are called principal component
loadings. Because the correlation matrix is symmetrical, the
eigenvectors are mutually orthogonal. Typically, the raw data
matrix can be reduced to two or three principal component
loadings that account for the majority of the variance. The first
principal component loading explains the most variance and
each subsequent component explains progressively less. As
a result, a small number of factors usually account for approx-
imately the same amount of information as the much larger
set of the original observations do. The PC loadings can be
examined to provide further insight into the processes that
are responsible for the similarities in the trace element concen-
trations in the groundwater samples. PC scores of each
groundwater samples are plotted together to investigate simi-
larities between them.

2.2. Q-mode factor analysis

When evaluating groundwater geochemistry, the relative
composition of the trace elements in a sample is often as im-
portant as their absolute concentrations (Farnham et al., 2003).
The attention of Q-mode factor analysis is devoted to interpret
the inter-object relationships in a data set rather than the inter-
variable relationships explored by the principal component
analysis. A similarity matrix that consists of coefficients of
proportional similarity between samples is first established
in Q-mode analysis. The most widely used similarity measure

in Q-mode factor analysis is the cosine § coefficient of propor-
tional similarity (Davis, 1986),

m
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This expresses the similarity between object i and object j
by regarding each as a vector defined in m-dimensional space.
The value of cosine 6 ranges from +1 for two collinear vectors
to O for two orthogonal vectors. Since cosine § measures only
the angular similarity, it is sensitive only to the relative propor-
tions of the variables and not to their absolute magnitudes.
This means that a concentrated sample exhibits the same sim-
ilarity matrix to one that is more dilute if the relative propor-
tions of the trace element are the same. Therefore in Q-mode
factor analysis, the Q-mode factor loadings rather than the
scores are plotted if we wish to see the relationships between
samples.

cosine 0;

2.3. Hierarchical cluster analysis

Cluster analysis comprises a series of multivariate methods
which are used to find true groups of data. In clustering, the
objects are grouped such that similar objects fall into the
same class (Danielsson et al., 1999). Hierarchical cluster anal-
ysis is the most widely applied techniques in the earth sciences
and is used in this study. Hierarchical clustering joins the most
similar observations, and then successively the next most sim-
ilar observations. The levels of similarity at which observa-
tions are merged are used to construct a dendrogram. Some
measure of similarity must be computed between every pair
of objects. In this study, a standardized m-space Euclidian dis-
tance (Davis, 1986), d;; is used:

where X;; denotes the kth variable measured on object i and X
is the kth variable measured on object j.

A low distance shows the two objects are similar or “close
together”’, whereas a large distance indicates dissimilarity.

3. Methods
3.1. Collection of groundwater samples

A total of 55 groundwater samples were collected from Shenzhen over two
15-day periods from 17 June to 2 July (summer, wet season) and 15 November
to 30 November, 2004 (winter, dry season) from 27 wells. The wells sampled
were listed in Table 1, along with the sample collection date. Locations of
these wells were depicted in Fig. 1. Samples for laboratory trace element anal-
ysis were collected into a 125 ml polyethylene narrow-mouth bottle with screw
cap. Special care was taken to avoid contamination during sampling for dis-
solved trace element. Before sample collection, the bottle was rinsed at least
three times with groundwater filtered through 0.45 pm mixed cellulose ester
membrane (Advantec MFS, USA) directly. After collection, each sample
was immediately acidified to pH < 2 with ultrapure nitric acid (Fluka, Buchs,
Switzerland) and then stored at approximately 4 °C before analysis. Water



Table 1

Trace element concentrations in groundwater samples collected in Shenzhen

Well Sample data  Code Concentration (pg/l)
v Cr Mn Co Ni Cu Ga Cs Ba w U

SW-XWC-1  17-Jun-04 1WXWCI1 1.712  1.32 999.6 7.553 4.604 3.77 0.388 5.226  132.1 0.254 1.705
SW-XWC-2  17-Jun-04 2WXWCl1 1.468 0.431 303.6 5.455 2.808 1.16 0.139 4.521 52.72 0.034 1.051
SW-CGC-1 17-Jun-04 1WCGC1 0.51 < 276.1 1.155 0.851 < 0.582 0.294 107.7 0.02 0.143
SW-CGC-2  17-Jun-04 2WCGCl1 0975 < 275.3 1.362 0.47 0.418 0.429 0.686 101.8 0.101 0.195
SW-CGC-3 17-Jun-04 3WCGCl1 1.147  1.067 7479 9.641 1.803 0.523 2.521 2494 1434 0.09 0.169
SW-RWC-1  18-Jun-04 1WRWCl1 0.646 < 19.39 0.232 0.872 < < 1.325 8.549 0.013 0.071
SW-WGC-1  18-Jun-04 1WWGC1 0.805 < 12720 6.277 2273  0.778 4.092 0.312  269.6 0.089 9.004
SW-DCC-1 18-Jun-04 1WDCCl1 0.59 < 114.8 0.264 0.713  0.373 0.057 1.928 23.29 < 0.234
NS-WXC-1  23-Jun-04 INWXC1 0912 2.674 1613 2.609 4948 0.967 0.351 0.5 14.35 0.104 0.415
NS-WXC-2  23-Jun-04 2NWXC1 3811 4.062 927.6 1.076 6.691 2.493 0.22 0.389 11.94 0.591 1.604
NS-WXC-3  23-Jun-04 3NWXCI1 9.771  3.196 2224 1.524 6.68 4.059 1.036 1.026 81.03 6.882 1.486
SE-ZGC-1 2-Jul-04 1EZGCl1 7.545 < 104.4 1.028 2.135 0434 0.036 0.087 62.56 0.119 1.543
SE-ZGC-2 2-Jul-04 2EZGCl1 1.242  0.855 155.4 0.504 2.368 1.655 0.042 0.13 130.2 0.045 4.084
SE-XWC-1 2-Jul-04 1IEXWCI 4115 < 253.2 0.87 1433  1.625 0.071 0.871 131.5 0.158 1.868
SE-GQC-1 2-Jul-04 1EGQC1 0495 < 253.6 6.989 0936 < 0.123 0.855 98.46 < 0.398
SE-LJC-1 3-Jul-04 1ELJCI 3252 < 74.05 0.375 1.076  0.968 < 0.559 93.05 0.033 541
SE-XTC-1 3-Jul-04 1EXTC1 1.801 < 111.1 0.316 1.308 < 0.07 0.097 20.1 0.143 0.273
SE-SHS-1 3-Jul-04 1ESHS1 0982 < 719.8 0.355 2249 < 0.137 1.194 168 0.059 0.196
SE-XBS-1 3-Jul-04 1EXBS1 2295 < 856.8 0.81 2259 0518 0.213 0.583 10.56 0.212 0.941
SE-TTC-1 3-Jul-04 1ETTCI1 1984 < 55.45 0.236 1.046 < 0.049 3.181 27.63 0.017 0.094
SE-TTC-2 3-Jul-04 2ETTC1 2234 < 50.84 0.253 0446 < < 1.752 15.08 0.063 0.093
SE-BSZ-1 4-Jul-04 1EBSZ1 1.717 < 1096 1.461 2435  0.682 < 0.288 38.67 0.132 0.531
SE-BSZ-2 4-Jul-04 2EBSZ1 3011 < 1795 0.996 2712 < 0.555 0.37 30.92 0.571 0911
SE-BSZ-3 4-Jul-04 3EBSZ1 2.876 < 73.26 0.214 0735 < 0.041 0.042 4.862 0.058 0.074
SZL-JDG-1  4-Jul-04 1SZL1 0936 < 61.2 0.355 1.174 2.1 0.093 0.527 26.94 0.712 0.14
SZL-JDG-2  4-Jul-04 28711 1409 < 658.1 1487 12.37 < 0.142 0.065 169.7 0.051 0.071
SE-SERS-1  5-Jul-04 1ESER1 21.85 0.981 184.4 0.919 3799  1.137 1.671 2.938 99.79 3.275 5.169
NS-WXC-2  18-Sep-04 2NWXC3  15.12 1.323 520.1 0419 < 2.333 0.24 0.222 10.18 0.316 0.779
NS-WXC-3  18-Sep-04 ANWXC3  10.51 0.975 813.5 0427 < 2.445 0.372 0.327 30.6 0.279 0.562
SW-XWC-1  24-Nov-04 1TWXWC2 2276 3.581 1292.00 2.685 5964 0.636 0.885 8.197 96.900 2.704 3.482
SW-XWC-2  24-Nov-04 2WXWC2 1.593 2.188 180.600 4.239 3.595  1.562 0.212 < 5.557 51.180 0.144 1.058
SW-CGC-1 25-Nov-04 IWCGC2 0.337 0.546 128.200 0.845 0.616 0.491 0.645 < 0.259 49.610 0.046 0.133
SW-CGC-2  25-Nov-04 2WCGC2 0.612 1.175 170.400 1.131 0.109 0.966 0.992 < 0.590 65.120 0.064 0.188
SW-CGC-3  25-Nov-04 3WCGC2 0.958 2.392 6027.00 7.192 2.767 1.073 2.837 < 2216 131.500 0.082 0.271
SW-RW-1 25-Nov-04 1WRWC2 0.713  0.755 22.080 0.264 1.188 0.638 0.098 < 1.655 10.600 0.031 0.087
SW-DC-1 25-Nov-04 IWDCC2 0.647 1.215 142.300 0.313 1.194  1.113 0.190 < 2471 26.080 0.016 0.446
SE-ZGC-1 24-Nov-04 1EZGC2 8.766  1.390 35.690 0.877 4438 0.886 0.039 < 0.115 69.330 0.100 2.715
SE-ZGC-2 24-Nov-04 2EZGC2 0.857 0.730 53.570 0.417 1.767  1.629 0.041 < 0.077 86.960 0.009 6.053
SE-XWC-1  24-Nov-04 1EXWC2 2.117 0.082 306.500 0.888 2.197 2.184 0.142 < 0.995 141.600 0.090 1.139
SE-GQC-1 24-Nov-04 1EGQC2 0.377 0.512 156.000 2539 < 0.386 0.141 < 0.311 72.880 0.039 0.161
SE-LJC-1 23-Nov-04 1ELIC2 1.993 1.648 106.200 0.515 1.879 1.882 0.056 8.752 0.896 102.600 0.037 17.010
SE-XTC-1 23-Nov-04 1EXTC2 1.123  0.570 219.300 0.380 1.628 0.715 0.124 < 0.098 18.710 0.189 0.255
SE-SHS-1 23-Nov-04 1ESHS2 0.587 0.763 349.400 0.400 2746  0.734 0.149 < 1.725 143.200 0.074 0.233
SE-XBS-1 23-Nov-04 1EXBS2 1.179  1.504 510.500 0.700 1.659 0.541 0.257 < 0.517 5.300 0.178 0.452
SE-TTC-1 23-Nov-04 1ETTC2 0.855 1.579 48.840 0.270 0.662 0.753 0.293 < 3.420 25920 < 0.145
SE-TTC-2 23-Nov-04 2ETTC2 0.893 1.224 54.430 0.286 0.565 0.542 0.076 < 1.624 13410 < 0.084
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temperature, pH, electric conductivity and the dissolved oxygen were all mea-
sured in the field with portable electronic instruments.

3.2. Analysis of trace elements in groundwater samples

Collected samples were analyzed at The University of Hong Kong and all
trace element concentrations were determined by Inductively Coupled Plasma-
Mass Spectrometer (ICP-MS) (Model VG EXCELL). The precision of the
values obtained by ICP-MS was determined as the percentage of the relative
standard deviation (RSD) of the three consecutive measurements of the stan-
dard reference solution and was listed in Table 2. The drift of all elements an-
alyzed was <5%.

In the quality assurance program, both the international standard reference
material (SRM 1640) and the synthetic solutions were used for each batch of
10-sample analysis in order to verify the accuracy in the analytical procedures
applied. Three replications of each analysis were performed and the mean
values were used for calculations. The recovery of the standard reference ma-
terial SRM 1640 (Trace Elements in Natural Water, National Institute of Stan-
dards and Technology) was greater than 90% in all trace elements analyzed.
The methods employed for the determination of the other species, not certified
in the reference materials, were instead checked by preparing synthetic aque-
ous solutions. Table 2 showed the results of the analytical determinations car-
ried out on the standard reference solutions.

Table 1 summarizes the concentrations of 17 trace elements analyzed in
groundwater samples. All statistical calculations were based on the data listed.
For the purpose of constructing all plots and statistic calculation, data below
analytical detection limits were set to a value of half of the detection limit.

4. Results and discussion
4.1. Seasonal variation of groundwater composition

The concentrations of trace elements (V, Cr, Mn, Co, Ni,
Cu, Zn, Ga, Ge, As, Mo, Cd, Cs, Ba, W, Pb, U) in the ground-
water samples were reported in Table 1. All statistical analyses
were based on this data set. Table 3 summarized the measured
variables, the limits of detection, and the mean and standard
deviations found in two surveys during the wet and dry sea-
sons in 2004. The concentrations of V, Mn, Co, Ni, Cu, Ga,
Ge, Mo, Ba, W, Pb displayed relatively high values during
the summer and very low values during the winter, however,
the concentrations of Cr, Zn, As, Cd, Cs and U were lower
in groundwater samples in the summer than in the winter.

Table 2
Accuracy (as relative error) and precision (as relative standard deviation) data
for the method applied

Certified/reference Measured Relative  RSD
value (ng/l) value (ng/l) error (%) (%)

Species  Solution

v SRM 1640  12.99 £0.37 13.42 3.31 2.59
Cr SRM 1640 386+ 1.6 39.13 1.37 2.58
Mn SRM 1640 121.5+1.1 124 2.06 0.33
Co SRM 1640 20.28 £0.31 22.74 12.13 0.692
Ni SRM 1640* 27.4+0.8 29.77 8.65 0.273
Cu SRM 1640* 852+1.2 89.42 4.95 1.38
Zn SRM 1640* 532+1.1 52.37 1.56 2.29
As SRM 1640 26.67 £0.41 28.17 5.62 2.45
Mo SRM 1640  46.75 £0.26 41.82 10.55 3.99
Cd SRM 1640 22.79 £0.96 22.63 0.70 1.67
Ba SRM 1640 148.0£2.2 143.4 3.11 1.6
Pb SRM 1640 27.89+0.14 27.92 0.11 1.98

# Values for reference.
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Table 3
Detection limits, mean value and standard deviation in each survey
Variables Detection Survey 1 Survey 2

limit (pg/l) Mean Standard Mean Standard

(ng/l) deviation (ng/ deviation

v 0.033 2.97 4.33 1.79 2.01
Cr 0.42 0.56 1.31 1.16 0.72
Mn 0.03 1239.07 2719.5 538.99 1173.3
Co 0.018 2.01 2.65 1.19 1.54
Ni 0.16 2.64 2.60 1.86 1.49
Cu 0.37 0.88 1.13 0.85 0.48
Zn 0.66 27.75 134.0 35.59 113.5
Ga 0.026 0.48 0.97 0.37 0.57
Ge 0.01 0.08 0.22 0.07 0.13
As 0.036 4.27 591 5.95 10.74
Mo 0.061 3.58 3.68 0.49 3.99
Cd 0.001 0.04 0.05 0.07 0.80
Cs 0.001 1.19 1.37 1.30 1.89
Ba 0.087 76.83 65.57 53.61 44.36
w 0.008 0.51 1.47 0.51 1.22
Pb 0.067 5.14 17.31 4.94 13.06
U 0.0008 1.40 2.13 1.61 343

4.2. Statistical analysis

4.2.1. Correlation between variables

In this study, the principal component analysis was based
on the eigenanalysis of the correlation matrix. The close in-
spection of correlation matrix was useful because it can point
out associations between variables that can show the overall
coherence of the data set and indicate the participation of
the individual chemical parameters in several influence fac-
tors, a fact which commonly occurred in hydrochemistry (Hel-
ena et al.,, 2000). Instead of eliminating trace element
concentrations below detection limits of some groundwater
samples, a value corresponding to half of the detection limit
of the element was assigned to that sample. Table 4 was the
correlation matrix of the 17 trace element variables. Only
those with correlation values higher than 0.50 were consid-
ered. Inspection of Table 3 and the correlation matrix showed
that the trace elements such as Cr, Zn, As, Cd, Cs and U which
displayed lower concentration in the summer than in the win-
ter were closely correlated, as can be seen from the correlation
matrix (Cr and As, r=0.813; Cr and Cs, r = —0.841; Zn and
Cd, r=0.776; Zn and Cs, r=0.560; Cd and U, R =0.903).
One interpretation of these observations was that these trace
elements in groundwater had similar hydrochemical character-
istics in the study area. Relatively more reducing groundwater
exhibited greater concentrations of Mn, Co and Ba, and rela-
tively more oxidizing groundwater was characterized by
greater concentrations of Cr, As, and U. Trace elements such
as Cr, As, and U typically occurred as soluble oxyanions in ox-
idizing waters, whereas in reducing environments U(VI) was
reduced to U(IV) and precipitated as a solid phase (Farnham
et al., 2003). Mn is very soluble in low pH (reducing) waters.
The redox sensitive element, As, was relatively more soluble
in oxidized groundwater in which it existed as oxyanion
AsO?f or H,AsO;. However, in reducing waters, arsenic
was easily to be incorporated in insoluble minerals (Langmuir,

Table 4

Pearson correlation coefficients for the 17 trace elements
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—0.638
—0.784
—0.643
—0.296

0.984
—0.203
—0.217
—0.291
—0.663
—0.118

0.028

Ga

0.723 0.335 1.000
0.947

0.743

0.965 0.588

Ge

1.000
0.841

0.183
0.199
0.776

0.874 0.650
0.602
0.438

—0.563
—0.516

0.900 0.813

0.878

As

1.000
0.442
—0.359
—0.230

0.938

0.549

0.415

Mo

1.000
0.373
—0.019

0.319
—0.656
—0.319

0.463
—0.427
—0.122

0.758

0.064
—0.841
—-0.577

0.522
—0.391
—0.049

Cd

1.000
0.594
—0.339

0.560
0.435

0.704 0.080

0.829
—0.475

Cs

Ba

1.000
0.048

0.672

0.152
0.648

0.603
—0.028
—0.090
—0.674

1.000
0.682

0.306 0.117 0.969 0.862 0.924 0.430
0.401

0.833

0.565

0.429
—0.093

0.971

w

1.000
0.553

0.243 0.817 0.067 0.628 0.549 0.630 0.381 0.564
—0.581 0.327 —0.089

0.086
—0.402

0.621

Pb

1.000

0.359

0.186

0.903

0.435

0.467

0.871 0.817

0.667

0.497 0.351

U

Figures in italics indicate absolute values greater than 0.5.
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1997; Welch and Lico, 1998; Farnham et al., 2003). So the fact
that the concentrations of Cr, As and U in groundwater during
the winter were higher comparing to summer may be due to
the high dissolved oxygen content in groundwater in winter.
And those elements such as Mn, Co and Ba which had higher
concentration in the summer may be caused by the depletion
of oxygen in groundwater.

4.2.2. Principal component analysis

In order to obtain detailed statistical information, more ro-
bust statistical methods such as PCA, Q-mode, and cluster
analysis were applied to the data set to shed some light on
the origin of the elements under study. The PCA was carried
out by diagonalization of the correlation matrix, so the prob-
lem of different numerical ranges of the original variables
was avoided, since all variables were scaled to variance unit
and contributed equally. Table 5 summarized the PCA results
including the loadings and the eigenvalues of each PC. There
were several criteria to identify the number of PCs to be re-
tained in order to understand the underlying data structure
(Jackson, 1991). In the present study, factors with eigenvalues
greater than 1 were taken into account. Following this rule,
three independent factors were extracted, which explained
93.2% of the total variance. The first one was responsible
for 50.3% of the total variance and was best represented by
V, Cr, Mn, Co, Ni, Cu, Ge, As, Mo, Cd, W, Pb and U. PC 2
explained 24.5% of the total variance and was mainly partic-
ipated by Cr, Zn, Co, Cd, Cs, Ba and Pb. Additional 18.4%
of the total variance was explained in PC 3 and Mn and Ga
gave the most contribution. Evaluation of the PC loadings (Ta-
ble 5) showed that most of the trace elements with greatest
positive PC 1 loadings typically occurred as soluble oxyanions
in oxidizing waters, whereas two of the trace elements with
greatest negative PC 1 loadings (Mn —0.52; Co —0.77) were

Table 5

Principal component loadings

Variable PC 1 PC 2 PC 3
\ 0.88 0.03 0.42
Cr 0.68 —0.60 0.02
Mn —0.52 —0.03 0.82
Co -0.77 0.59 0.24
Ni 0.90 —0.28 —0.16
Cu 0.83 0.48 —0.02
Zn 0.48 0.82 —0.18
Ga —0.41 0.07 0.89
Ge 0.92 —0.02 0.37
As 0.91 —0.27 0.29
Mo 0.83 —0.06 0.29
Cd 0.66 0.55 —0.37
Cs —0.36 0.87 —0.29
Ba —0.31 0.77 0.53
w 0.82 0.08 0.53
Pb 0.56 0.75 0.30
U 0.73 0.42 —0.43
Eigenvalues 8.55 4.17 3.12
% Variance explained 50.3 24.5 18.4
% Cumulative variance 50.3 74.8 93.2

Figures in italics indicate absolute values greater than 0.5.

generally more soluble within oxygen depleted groundwater
(Hem, 1989). The solubility of Mn, as Mn2+, was very high
in low pH (reducing) waters, and much lower in oxidizing wa-
ters because manganese precipitates as Mn(IV)-oxide scav-
enging other trace elements such as Co, Pb, Zn, Cu and Ni
from solution in more oxidizing waters (Hem, 1989; Farnham
et al., 2003). Trace elements with the greatest negative PC 1
loadings (Fig. 2) were those expected to be more abundant
in more reducing groundwater. V, Cr, As, Mo, W and U having
greatest positive PC 1 loadings exhibited more soluble in ox-
idizing alkaline environments (Hem, 1989). For example, va-
nadium tended to occur in solution as oxyanion HVOj3 in
oxidizing, moderate to high pH waters, but under reducing
conditions vanadium could exist as the oxycation V(OH);
which could show strong adsorption to some aquifer materials
(Collier, 1984; Domagalski et al., 1990). As, the redox sensi-
tive element, was commonly more soluble in oxidized ground-
water occurring as oxyanion ASO% or H>AsO, . However, in
reducing waters, arsenic tended to be incorporated in insoluble
minerals (Langmuir, 1997; Welch and Lico, 1998). Mo was
highly mobile in oxidizing waters and predominant as
MoOj3 ™ in groundwater. All these may in some extent demon-
strated that the PC 1 reflected the oxidizing/reducing condi-
tions within groundwater.

Figs. 3 and 4 show the score plot for the first two PCs, ex-
plaining 74.8% of the total variance. Two main zones of each
survey could be classified through the diagram of the scores
for PC 1 versus PC 2. In both surveys, groundwater samples
(except sample IWXWC2) from wells in the west of the
Sand River were in zone 2. Also, comparison of Figs. 3 and
4 indicated that groundwater samples collected in the summer
(first survey) displayed more variations than samples collected
in the winter.

1.0
08 r Cs Ba Pb

0.6 1 #Co cd
04r
02r

0.0 ° :
Mn Ge
Mo

PC 2 loadings

021
As

Ni

-04

Cr

-0.6

-0.8

-1.0 — — ; o — ,
L0 08 06 04 02 00 02 04 06 08 10

PC 1 loadings

Fig. 2. Contribution of each element to the PC loadings obtained by the prin-
cipal component analysis.
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Fig. 3. Principal component scores for the groundwater samples of the first
survey.

4.2.3. Q-mode factor analysis

Q-mode factor analysis of the 55 groundwater samples was
carried out. The analysis generated three factors which to-
gether accounted for 99.9% of the total variance (Table 6).
The three factors obtained in this way were rotated using the
Varimax procedure (Knudson et al., 1977), which could be
more easily interpreted. The first factor (which explains
66.0% of the total variance) was considered as major factor
controlling the relative proportions of trace element existing
in the groundwater samples and had the high loadings of

35
251
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8
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v
L
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Fig. 4. Principal component scores for groundwater samples of the second
survey.

Table 6
Varimax rotated Q-mode factor loading matrix

Factor 1 Factor 2 Factor 3
IWXWCI 0.899 0.438 0.019
2WXWCl1 0.881 0.472 0.027
IWCGC1 0.756 0.654 0.011
2WCGC1 0.769 0.639 0.011
3WCGCl1 0.941 0.336 0.021
IWRWCl1 0.732 0.679 0.019
IWWGCl1 0.941 0.338 0.021
1WDCCl1 0.866 0.500 0.022
INWXCl1 0.945 0.326 0.018
2NWXC1 0.945 0.327 0.012
3NWXCI1 0.937 0.350 0.013
1EZGCl1 0.622 0.781 —0.007
2EZGC1 0.464 0.886 0.000
IEXWCI 0.673 0.739 0.005
1EGQC1 0.759 0.650 0.019
1ELIJC1 0.237 0.971 —0.008
1EXTC1 0.882 0.470 —0.043
1ESHS|1 0.848 0.530 0.014
1EXBS1 0.946 0.324 0.001
1IETTC1 0.692 0.720 0.019
2ETTC1 0.819 0.572 0.018
1EBSZ1 0.937 0.349 0.011
2EBSZ1 0.943 0.333 0.016
3EBSZI 0.930 0.366 —0.017
1SZL1 0.726 0.687 0.004
28711 0.835 0.551 0.013
1ESERI1 0.670 0.736 —0.069
2NWXC3 0.945 0.327 —0.001
3NWXC3 0.936 0.350 0.014
IWXWC2 0.923 0.384 0.011
2WXWC2 0.826 0.563 0.030
IWCGC2 0.758 0.652 0.011
2WCGC2 0.762 0.648 0.011
3WCGC2 0.941 0.339 0.021
IWRWC2 0.706 0.705 0.024
1WDCC2 0.876 0.482 0.021
1EZGC2 —0.004 0.996 —0.033
2EZGC2 0.097 0.994 —0.003
1IEXWC2 0.710 0.704 0.007
1EGQC2 0.707 0.706 0.011
1ELJC2 0.383 0918 0.021
1EXTC2 0.923 0.383 —0.040
1ESHS2 0.744 0.668 0.008
1EXBS2 0.950 0.307 —0.061
1ETTC2 0.669 0.740 0.025
2ETTC2 0.845 0.534 0.026
1EBSZ2 0.939 0.344 0.017
2EBSZ2 0.937 0.349 0.007
3EBSZ2 0.934 0.357 —0.005
1SZL2 0.875 0.484 0.013
2S71.2 0.465 0.885 —0.004
1ESER2 0.892 0.373 —0.253
INWXC2 0.943 0.332 0.020
2NWXC2 0.946 0.324 —0.009
3INWXC2 0.931 0.364 0.010
Eigenvalue 36.3 18.6 0.1
Percentage of variance 66.0 33.7 0.2
Cumulative percentage 66.0 99.7 99.9

Figures in italics correspond to samples displaying low loadings in Factor 1
but high loadings in Factor 2.
Rotation method: Varimax with Kaiser normalization.
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almost all the samples except samples from wells SE-LJC-1,
SE-ZGC-1 and SE-ZGC-2. On the other hand, groundwater
samples from the three wells SE-LJC-1, SE-ZGC-1 and
SE-ZGC-2 all had high loadings in the second factor. Fig. 5
showed the factor loadings of all groundwater samples for
the first two factors. As mentioned earlier, the Q-mode factor
analysis described the relative proportions of these trace
elements in groundwater samples. Therefore, the relative pro-
portions of trace elements in these groundwater samples were
controlled completely by the three factors which together
explain 99.9% of the total variance. Factor 1 could represent
the type of soil through which groundwater flows. Factor 2
may be related to the reducing/oxidizing conditions within
groundwater. And the relative proportions of trace elements
in most groundwater samples were controlled more by the
types of soils through which the water flowed than the
reducing/oxidizing conditions within groundwater. However,
the relative proportions of trace elements in groundwater sam-
ples from the three wells SE-LJC-1, SE-ZGC-1 and SE-ZGC-2
may be controlled more by the reducing/oxidizing conditions.
Table 6 listed the three loadings, eigenvalues of each loading,
percentage of variance and the cumulative percentage of
variance of the three factors. In Q-mode factor analysis, matrix
of coefficients of proportional similarity was row normalized
but not column normalized, so the first few factors typically
described the variance of the trace elements with the greatest
concentrations. Fig. 6 showed the score plot for the first two fac-
tors of the 17 trace elements. In this figure, all the trace elements
except Mn were clustered together, which may indicate the dom-
inance of Mn in the Q-mode factor analysis. From Table 1, the
element of Mn exhibited higher concentration in the 55 ground-
water samples when compared to all other trace elements stud-
ied, which confirmed the result of the Q-mode factor analysis.

4.2 4. Cluster analysis

The result of the hierarchical cluster analysis was given as
a dendrogram (Fig. 7). As can be seen from this figure, the
samples collected from the same well during different surveys,
except for wells SE-BSZ-1, SZL-JDG-1, SZL-JDG-2 and

SE-XTC-1, were clustered together. Therefore, most
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Fig. 5. Plot of the Q-mode factor loadings.
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groundwater samples collected from the same well during dif-
ferent periods in the study area still fell into the same type,
which can indicate that the seasonal variability did not affect
the groundwater much. However, groundwater samples col-
leted from the four wells SE-BSZ-1, SZL-JDG-1, SZL-JDG-
2 and SE-XTC-1 during different times were not clustered to-
gether. This may demonstrate that the groundwater characters
in these four wells change very significantly with seasons.

5. Conclusion

The study showed that the analysis of hydrochemical data
using the multivariate statistical techniques such as principal
component analysis, Q-mode factor analysis and cluster anal-
ysis can give some information not available at first glance.
The results of the PCA allowed the reduction of the original
data matrix to three important PCs explaining 93.2% of the to-
tal variance. Trace elements (V, Cr, As, Mo, W, U) with great-
est positive loadings typically occurred as soluble oxyanions
in oxidizing waters, while Mn and Co with greatest negative
loadings were generally more soluble within oxygen depleted
groundwater. PC 1 in some extent reflected the oxidizing/re-
ducing conditions within the groundwater and controlled
some redox sensitive trace elements. Q-mode factor analyses
demonstrated that the relative proportions of trace elements
in groundwater were mostly controlled by the soil type
through which the water flowed. Cluster analyses investigated
the variation of groundwater in the two surveys and the results
demonstrated that most groundwater samples collected from
the same well in the study area during the summer and winter
still fell into the same group. This study also demonstrated the
usefulness of the multivariate statistical analysis in hydro-
chemical studies.
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