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Abstract

This paper describes as two- and three-way principal component analysis (PCA) can be advantageously used to interpret the results
originating from the B.C.R. fractionation scheme, an operationally defined speciation procedure used to study the availability and mobility
of trace elements and heavy metals present in environmental solid samples. The application of this procedure to find the fractionation of 11
trace elements and heavy metals (Al, As, Cd, Cr, Cu, Mn, Mo, Ni, Pb, V and Zn) in 13 sediments collected at the Mejillones del Sur bay
(Antofagasta, Chile) generated a three-dimensional datd €E3 x 11 x 4). Although classical two-way PCA applied to the unfoldéed
matrix (52 x 11) can yield valuable information about the pattern of fractionation of the chemical elements amongst the B.C.R. fractions, a
more profound insight can be found when applying three-way PCA procedures, such as Parafac, that take into account the true tri-dimensional
structure of the data set. In this study, Parafac has allowed to classify the sediments according to their associated environmental hazard by
means of the A-mode loadings of two significant factors. By plotting these factors into the physical space of the Mejillones del Sur bay, the
most hazardous areas of the bay have been located.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction (1) about the mobility, pathways or bioavailability of the stud-
ied chemical elemelj#] or (2) to assess the potential hazard
The B.C.R. extraction/lixiviation procedure is an opera- thatthe samples can pose to the environrmniThese stud-
tionally defined speciation sequential schehe3], devel- ies are usually carried out by univariate ways, i.e., element to
oped under the auspices of the European Bureau Commu-element or sample to sample, but multivariate methods such
nautaire de Bférence, used to study the fractionation of trace as principal component analysis (PCA) can provide further
elements and heavy metals in environmental solid samplesinterpretation. PCA is a data reduction procedure whose main
(sediments, soils, waste residues, etc.), which are sequengoal is to provide an easy visualization of the relationships
tially extracted with three reagents of increasing reactivity existent amongst objects or variables determined in large or
giving four fractions (1, 2, 3 and residual). The philosophy complex data sets such asthose found in fractionation studies.
behind sequential procedures is that each successive reagent Classical (two-way) PCA is an exploratory data analy-
will dissolve different components, so from the study of frac- sis procedure applied whewn,, variables are measured on
tionation patterns of the elements one can infer information ngp,; objects, originating angy; x Nvar) tWo-way data array.
Two-way PCA allows the extraction of useful information,
* Corresponding author. Tel.: +34 983 423531; fax: +34 983 423013,  hotavailable at a first glance, about the interrelationships ex-
E-mail addressrpardo@ga.uva.es (R. Pardo). isting between the objects and/or variables of two-way data
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sets and can be considered today as a routine technique imasta, in the coastal area of the Atacama DeseftO2S;
multivariate environmental studigs-8]. In some occasions,  70°27W). It has a semi-closed morphology bordered by a
however, one or more additional dimensions must be takenlarge peninsula, with a 14.8 km north-oriented mouth, 7.4 km
into account, thus originating a three-wayreway data ar- of sack and depths of ca. 120 m. It is the most important bay
ray. B.C.R. fractionation studies are such a case, becauselong northern Chilean coasts, characterized by heavy coastal
Ncondresults (corresponding to the four operationally defined upwelling systems, low oxygen concentrations and very rich
fractions) are obtained for each sample and each variable,in nutrients that makes it very productij{&s8], supporting rich
so a three-wayrphj x Nvar X Neond) data array is generated.  marine biota and biodiversity. Important fish, bivalves and
Such complex data arrays can be still studied by classical crustaceans populations inhabiting the area sustain a great
(two-way) PCA, by unfolding9—11]and/or by dividing the  variety of marine birds and mammals. The town of Mejil-
three-way array into one or several two-way matrices, which lones was an important industrial center during the nitrate
are then separately analyg&fl. However, the results can be  mining period (19th and early 20th centuries), but later its
difficult to interpret, because the information about the three most important economic activities have been artisan and in-
different dimensions becomes mixed. dustrial fishing and marine aquaculture. Actually there is a
The alternative approachisway PCA[12] an extension huge industrial development related to mining services (ex-
of PCAto higher orders, and sevekilvay methods, suchas  plosives, energy, etc.) and future industrial actuations such
Tucker3[13,14]and Parafaf15-17] have beendevised with  as a mega-harbor and metallic melting industries. Trace el-
this purpose and applied to the studyNsfvay problems of ~ ements and heavy metals are being continually incorporated
different nature: spectroscopit7], food chemistry{18,19] into the marine environment from multiple productive pro-
or environmenta]20,21] studies. cesses, affecting the ecological balance and introducing risks
The aim of this paper is to show how the application of for the human population health. Pollution problems have
two- and three-way PCA can significantly improve the vi- been already reported in the close fish industries and in the
sualization and interpretation of the information existent in migratory birds nesting areas near the bay.
data sets generated by B.C.R. fractionation studies, and also A 36-points sampling grid was designed but only the 13
that three-way PCA allows to find additional information that more polluted points, found in previous work&2], were
classical two-way PCA is unable to extract. The data set cor- chosen to carry out the fractionation study. The samples were
responds to a study carried out on sediments collected at thecollected with a Phleger mini-box core sampler (7.6 cm di-
Mejillones del Sur Bay (Antofagasta, Chile), an areain which ameter) and only the superficial layer (7 cm deep) was taken.
pollution problems caused by trace elements and heavy met-Samples were stored in closed plastic bags refrigerated at
als have been report¢22]. 4°C until their analysis.

2.2. Fractionation procedure
2. Experimental
The B.C.R. schem8] is a sequential extraction procedure
2.1. Sampling zone with three steps: (1) 0.11 M acetic acid at°ZD overnight
and a extractant/sample ratio of 40 mtlg (2) 0.5M hy-
The Mejillones del Sur bay (s&ég. 1) is locatedinthead-  droxylamine hydrochloride (pH = 1.5 with nitric acid) at
ministrative Chilean second region, 64 km away from Antofa- 20°C overnight (40 mL g?'); (3) 8.8 M hydrogen peroxide

A | | I | CHILE

PUNTA MEJILLONES DEL SUR
ANGAMOS BAY

Fig. 1. Schematic map of the Mejillones del Sur bay with the sampling grid superposed.
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(pH = 2-3 with nitric acid) during 1 h at room temperature 100%
(10mLg 1) and 1 h at 85C to reduce the volume; then 1 M
ammonium acetate (pH = 2 with nitric acid) at 2D and
overnight (50 mL g1). The procedure was applied to 1 g re-
frigerated humid sediment samples. ‘Pseudo-total’ contents
were determined separately by USEPA 3051 nfit4j, con-

sisting of a microwave-aided wet digestion of the sediment 50% -
with concentrated nitric acid.
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2.3. Determination of trace elements and heavy metals
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The concentrations of Al, Cr, Cu, Mn, Mo, Ni, Pb, V
and Zn were determined in the liquid extracts by inductively

0% -

coupled plasma atomic emission spectrometry (PHILIPS PU Al As Cd Cr Cu Mn Mo Ni Pb V  Zn
7000/01 System), whereas As and Cd were determined by : : : :
electro thermal atomic absorption spectrometry (Varian GTA B Residual (O Fraction 3 & Fraction 2 @ Fraction 1

100 SpectraAA-800). Quantification was with respect to o _

reagent-matched multielement standards. All results are the':'g'_z' Mean fractloqatlon pattern of trace elements and heavy metals in
. . . sediments of the Mejillones del Sur bay.

mean of three replicates and are given for dried sample.

All calculations were made by using MINITAB 13.0 and
MATLAB 6 packages. Parafac analysis was carried out by
using theN-way toolbox for MATLAB [25,26] The contour
plots were drawn with SURFER 8.00.

3.2. Two-way PCA

In B.C.R. fractionation studies a two-way table, such as
Table 1 is not enough to describe the structure of the data set,
because there is a third mode, the B.C.R. fraction, that be-

3. Results and discussion comes necessary to represent the whole data set. This can be
imagined as(, a parallelepiped of sizégpj x Nyar X Neond),
3.1. Univariate interpretation Nobj = 13 being the number of objects (sediments or sampling

sites),nvar = 11 the number of variables (trace elements and
Table 1shows the experimental results grouped accord- heavy metals), anoong = 4 the number of B.C.R. fractions.
ing to their respective B.C.R. fraction. The residual frac-  These three-way data arrays can be still analysed by two-
tion of each sediment was found by subtracting the sum of way PCA if they are previously reordered to obtain a two-way
B.C.R. fractions from its ‘pseudo-total’ contents determined data array. This reordering, usually known as unfolding, can
separately. In this work, we have preferred the use of acid- be carried in three different ways according to the main goal
extractable ‘pseudo-total’ contents in opposition to true totals of the studyf11]. In our case, we are interested to study the be-
found after treatment of the samples with hydrofluoric-based haviour ofthe B.C.R. fractionation scheme, i.e., each fraction,
mixtures. The reason behind this choice is that the goal of so the unfolding was made to obtaiiXa matrix havingnop;
the study is to evaluate the potential hazards derived from the x neong= 52 rows anchy, = 11 columns. Thes¥, data were
presence of polluted sediments in the Mejillones del Sur bay, j-scaled (i.e., the data were auto-scaled or z-transformed) so
and true total contents does not allow to discriminate betweenall variables have a mean of zero and variance unity. By this
natural (i.e., mineralogical) or anthropogenic sources. technique, differences amongst variables arising from their
The results offable lare usually studied to find mean different ranges and magnitudes are removed whereas the dif-
fractionation patterns for each trace element and heavy metalferences between objects and conditions are pres§2éd
asitis shownirrig. 2 From a close inspection of this figure it Two-way PCA decomposes thg, matrix according to:
is possible to extract only very general conclusions about the NE
mobility of the analysed chemical elements in the sediments.
Thus it can be seen that As, Cd and Ni present their greater"/ ~ Z aifbjf + €ij
fractionation percentages in the fraction 1, and Pb, Co and V f=1
in fraction 2. On the other hand, Cr appears mainly in fraction wherea;r andb; are the elements of the scores and load-
3, and Al, Mn, Mo and Zn in the residual fraction. Since As, ing matricesA andB of ((Nopj X Ncond) X NF), (Nvar x NF)
Cd and Ni are very toxic elements and are mainly associateddimensions respectively, arg is the error term of the ele-
to the more easily released fractions, we can conclude that thementx;; of the j-scaledX; data array. The number of com-
sediments pose a high environmental hazard. This way of dataponents NF is chosen so small as possible, but still allowing
analysis does not provide further insight on the fractionation for the explanation of the greater amount of variance by the
behaviour of trace elements and heavy metals, and does nomodel.
allow to extract any conclusion about individual sediments ~ We carried out two-way PCA by using the eigenvalue
either because mean results are employed. decomposition of the correlation matrix as implemented in
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Table 1
Results of BCR fractionation (all results in mg&y
Sample ID Al As Cd Cr Cu Mn Mo Ni Pb \% Zn
Fraction 1

6 1037 8.36 833 083 1483 1150 001 483 001 001 1233

7 1354 1176 446 143 1893 1232 001 339 001 001 1196

8 1195 7.79 1804 089 1464 1286 001 375 143 001 750
13 1688 1073 1025 050 2675 1225 001 1200 001 001 1300
14 1532 1010 750 001 3000 1295 001 818 364 001 1523
16 944 6.21 1828 001 750 1188 001 344 001 001 6.88
22 1303 898 4000 001 3125 1313 001 1375 001 1406 1063
23 1676 1058 2658 105 4105 1579 001 1289 001 1079 1289
29 2036 6.71 3833 028 3778 1722 001 1500 001 1528 1611
31 1222 6.58 3031 001 1531 906 001 1063 1438 2125 1688
32 1658 7.66 1500 001 4194 1056 001 889 778 194 1083
33 1552 1079 380 001 2120 1160 001 540 480 001 880
34 933 1014 2815 001 870 1537 111 852 148 001 2370
Fraction 2

6 8717 534 183 6.00 9117 533 001 001 1383 1667 1750

7 8250 6.96 089 607 9946 464 001 268 2054 946 554

8 7679 4.89 732 518 9089 500 001 375 1286 2554 7.86
13 7900 7.45 175 600 9250 500 001 175 2700 2675 575
14 8159 9.68 114 841 11318 523 001 001 1409 2750 568
16 6344 3.89 859 609 5484 578 001 094 875 3063 375
22 7656 7.06 656 594 10625 344 001 125 1906 8500 500
23 8447 9.01 447 684 13184 368 001 289 947 7816 632
29 7417 7.84 417 556 10528 528 001 528 861 9139 972
31 4913 3.03 469 156 4719 094 001 250 001 7844 001
32 9344 9.84 306 306 11306 250 001 083 111 6278 001
33 9048 1020 160 520 10400 300 001 520 940 2260 1380
34 7407 338 7.96 537 7111 500 001 241 1759 3370 981
Fraction 3

6 5180 158 001 1417 4250 1283 467 467 1083 001 001

7 5639 161 001 1607 4750 1393 446 161 500 001 001

8 4818 158 071 1268 3821 1196 6.96 679 357 001 001
13 12025 267 001 1950 5575 2250 1050 675 725 001 001
14 13955 315 114 2068 6318 2886 909 1000 341 001 001
16 8953 245 109 1500 3078 2000 969 641 001 001 001
22 9153 4.36 063 2844 7750 2969 1563 969 563 1375 001
23 10155 427 001 2789 8421 3132 1316 2079 001 1342 001
29 9581 324 001 2611 7944 3194 1278 1000 001 1389 001
31 6669 216 094 1781 5125 1750 1750 1500 001 001 3063
32 10094 295 056 2361 6750 2417 1306 806 667 001 6.39
33 10868 247 060 2480 6120 2580 520 6.60 580 001 1180
34 8478 246 093 1907 3722 2185 537 574 185 001 241
‘Pseudo-total’ contents

6 65344 1974 1068 3402 20524 11709 1588 1697 2468 5916 5023

7 66749 2298 17.89 3543 24871 11866 2244 1874 2555 7350 6547

8 84979 1811 2644 3935 21182 13630 2166 2079 1787 5839 5437
13 55738 2113 1205 2605 17520 6284 1927 2057 3428 3856 3584
14 70593 2293 986 3048 21696 9025 2262 1824 2119 5508 5544
16 45537 1267 2806 2594 13396 9120 2114 1670 879 4480 4941
22 71012 2530 4719 4241 30323 12484 4927 3252 2470 11289 7632
23 60795 2406 3111 3579 26336 10736 4016 3659 950 10238 6312
29 62159 1842 4256 3337 23965 10628 5267 3030 868 12057 6274
31 57561 1392 3598 3470 24012 9785 4883 3251 1440 14332 4753
32 65554 2062 1864 4061 34236 11754 4453 2967 1557 10727 5655
33 78948 2371 1308 3839 28523 12161 3266 2585 2000 7239 6277
34 80289 1642 3709 3687 23623 12784 2498 2265 2096 6544 4835

MINITAB package, so the NF value can be chosen by using plain 57.5% of total variance. This is a relatively high amount
a Scree plot or by considering the components with eigen- of variance, and since th€, unfolded matrix does not really
values greater than unity, which explain more variance than adescribe the real structure of the data set, a further insight
single original variable. In our case we have only considered into two-way PCA model (taking additional components) is
the two first principal components, PC1 and PC2, which ex- not necessary.
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Fig. 3. Two-way PCA applied to the results of the B.C.R. fractionation
procedure: (a) loading plot, (b) score plot.

Fig. 3a and b show respectively the loading and score plots
for PC1 and PC2. From the interpretation of these Figures we
can extract conclusions about the pattern of behaviour of the
trace elements and heavy metals according to their fraction-
ation by the B.C.R. schemeEig. 3a shows the behaviour of

ica Acta 523 (2004) 125-132 129
regions of the components space, so the differential behaviour
of the fractions is clearly demonstrated.

The superposition of the loading and score plotBigf 3
shows the general fractionation pattern of the trace elements
and heavy metals amongst the four B.C.R. fractions: Al, Mo,
Mn and Zn are mainly related with the residual fraction, Pb
with the fraction 2 (oxidizable) and As and Cd with frac-
tion 1 (acid soluble). The other elements appear fractionated
amongst several fractions.

The philosophy of the B.C.R. fractionation procedure is
that chemical elements associated to the first fractions present
a higher environmental hazard. We can see from the score
plot (Fig. 3b) that the fractions appear ordered along PC1
axis following the sequence (from left to right)-2 2 —

3 — residual, so PC1 could be used as a measurement of
environmental hazard. Moreover, the more toxic elements
(Cd, As and Pb) are associated to the more easily released
fractions 1 and 2, so we can conclude than the sediments are,
ingeneral, environmentally hazardous. These conclusions are
similar to those obtained by a closer inspectiofrigf. 2, and
again we cannot extract conclusions about the behaviour of
individual sampling points.

3.3. Three-way PCA

As seen above, two-way PCA &, matrix does not al-
low describing or inferring neither similarity nor general be-
haviour patterns for the sampling points. Evidently, that in-
formation is present and available in the original data set,
X, but because of the unfolding, it is buried and confounded
in the score plot along the information corresponding to the
behaviour of the B.C.R. fractions.

On the contrary, three-way PCA allows a much easier in-
terpretation of the information present in the data set since it
directly takes into account its three-way structure. Tucker3
and Parafac are the most common models for performing
three-way PCA, and their differences and similarities can be
summarized as follows.

Tucker 3 modelThis method decomposes the three-way
data seX according to:

P O R

Xijk = Z Z Z aipb jkCr & pgr + €ijk

p=1lg=1r=1

wherea;,,, b andcy, are the elements of the loading matrices
(the term score is not usediiway PCA)A, B andC of (ngy;

the variables (trace elements and heavy metals). As it canx P), (nvar x Q) and ficond x R) dimensions respectively,

be seen, there is an association of Al, Mn and Mo and in a

0,4 denotes the elementg, (g, r) of the core arrays (P x

lesser extension Zn. These elements behave in an opposit€) x R) ande;j is the error term of the elemenry; of the
way to Cd, As and Pb, whereas the rest of the metals appeaj-scaledX data array. The squareg,,> element reflects the
more dispersed into the components space, showing a morénteractions amongst the three modes, 8n@ andR are

individualized behaviour. In thEig. 30, and due to the pre-

vious unfolding, each object (or sediment representative of
a sampling point) appears four times according to its frac-
tionation. However, it can be seen that, in general, the points
corresponding to different fractions are clustered in different

chosen so smaller as possible.
Parafac modelThe decomposition model is different:
NF
xije = ) dirbjrers + eijk
=1
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wherea;r, b andc,s are the elements of the three loading 6
matricesA, B andC of (nopj x NF), (Nyar x NF) and @icond x
NF) dimensions respectively amghy andx;; have the same factor 2 |
meanings than above. Parafac can be considered as a con
strained version of Tucker3 model with the same number of
factors, NF, for each loading matrix and with the superdiag-
onal elements of the core matrix equal to 1.
In both models a joint visual interpretation of the three
modes can be carried out, but Tucker3 model requires in addi-
tion that the core matri& will be sufficiently superdiagonal.
In our case, that condition was not fulfilled, so we have pre- ; 1
ferred the use of Parafac model. The number of factors, NF,
of the model was chosen by means of the core consistency
tool [19] implemented in théN-way toolbox for MATLAB
[25,26] The optimal complexity was found for a two factors
model (core consistency = 100%) explaining 54.4% of the 1
data variance, an amount very close to the 57.5% explained
by two-way PCA.Fig. 4a—c show respectively the loading
plots for A, B and C modes, i.e., for sampling points, chemi-
cal elements and B.C.R. fractions. The joint interpretation of ggtor 2 Pb v / cu
these three plots can be carried out diref2I¥].
From the loadings for B and C modes, observations simi- - o
lar to those found in two-way PCA can be made: the loading
plot for B-mode Fig. 4b) shows a similar appearance than
the loading plot of two-way PCAHig. 3a) and trace elements
and heavy metals conserve their relative position, exception 0 s — %ﬂl
made of Pb. In the loading plot of C-mode&ig. 4c), B.C.R. Mo
fractions also lay in the same relative positions than in the
score plot of two-way PCAKig. 3b), with the more easily 1 Ni
released fractions (fractions 1 and 2) placed at lower values of Cd
factor 1, and the more strongly retained ones (fractions 3 and
residual) located at higher values of factor 1. Therefore, the
general pattern of behaviour found by univariate interpreta-
tion and two-way PCA is conserved in the three-way analysis, (b) - factor 1
although the Parafac model relies mainly on the behaviour of
fraction 2 and residual. 1
However, three-way PCA permits to extract additional in- factor 2 Fraction 2
formation contained in the loading plot of A-modé&d. 4a),
which is directly related with the global behaviour of the sedi-
ments (or sampling points). In that plot, each point represents
a sediment and from the joint observationFog. 4a—c, we
can see some tendencies in the behaviour of the sampling Fraction 3
points. Thus, points 13, 14, 16 and 6 are associated with As, 0
Cd and Ni and with B.C.R. Fraction 1 (the more easily re-
leased ones). Points 23, 29 and 22 are associated with Pb, V,
Cu and Cr, whereas points 8, 31, 32, 33 and 34 are located
with Al, Mo, Mn and Zn and residual fraction. Therefore, the
more dangerous sampling points are 13, 14, 16 and 6, be- Residual
cause of their association with both the more toxic elements
and the more easily released fractions. -1
The environmental situation, derived from the presence (c) -1 0 factor 1 1
of trace elements and heavy metals in the Mejillones del Sur
bay1 can be visualized by means of the A-mode |Oadings of Fig. 4. Loading plots of three-way PCA applied to the results of the B.C.R.
Parafac factors 1 and 2. Sediments with small values of factorfractionation procedure. (a) A-mode)individual sediments, (b) B-mode,
1 will contain high concentrations of toxic elements (As, Cd (
and Ni), whereas sediments with great values of factor 1 con-

34

factor 1

0,6

-0,6

0,6

Fraction 1

) C-mode.
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/ 4. Conclusions

Results derived from the use of the B.C.R. fractionation
procedure are arrayed in athree-mode way (sediments, chem-
ical elements and fractions) and although they can be studied
by univariate methods, no decisive conclusions can be ex-
tracted from such study.

Classical two-way PCA after previous unfolding of the
three-mode array into a two-way matrix, allows to find the
general behaviour patterns for both chemical elements and
B.C.R.fractions, but no information regarding individual sed-
iments can be found.

Onthe contrary, three-way PCA takes into account the true
structure of the data set and allows to visualize information
about the three ways that can be jointly interpreted. A two
factors Parafac model has allowed interpreting the data set
information. The first factor can be used as a measurement of
environmental hazard, whereas the second one also contains
useful environmental information about trace metal pollution.

Lastly, it can be concluded than three-way PCA is the
most adequate tool to learn all the information contained in
data sets obtained by application of the B.C.R. fractionation
Contents of Pb, V, Cu and Cr procedure to environmental samples.
>
(b)
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