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Abstract

Detailed geochemical analyses were performed on the recent sedimentary cover (0 – 15 cm) of the north-
ern flank of the Gulf of Corinth, in western Greece. Man-made metalliferous deposits have been formed
on the sea-bed of the Gulf due to the discharge of red mud tailings on the shelf of the Antikyra Bay. The
metalliferous deposits have been incorporated in the sedimentation regime of the area. A large grid of sed-
iment samples collected from surface and subsurface red mud deposits and the surrounding natural sed-
iments were analysed for Ag, Al, Cd, Co, Cr, Cu, Fe, Hg, Mg, Mn, Ni, Pb, Si, Ti, V, and Zn concentrations,
using Atomic Absorption Spectrometry (AAS). Also, Total Organic Carbon and Calcium Carbonateswere
determined. Additionally, correlation between heavy metal concentrations and grain-size data was ex-
amined. High heavy metal content values were measured on the floor of the Corinth basin, but the high-
est heavy metal concentrations occur near the discharge site. In subsurface sediments the heavy metal
content (Fe, Ni, Cr, Pb, V, Ag, Co, Al, Cd, Ti, Hg) is significantly higher in the red and reddish mud sed-
iments than in the natural mud sediments. The heavy metal content values decrease from top to base
within red-mud deposits. Multivariate statistical methods (Cluster and Facto analysis) were applied on
the heavy metal composition and grain-size dataset in order to investigate the inter-element relationships
as well as the relationships between the geochemical and sedimentological data.

Key words: red mud tailings, geochemical concentrations, R-mode factor analysis, cluster analysis,
Corinth Gulf.

1. Introduction

The geochemical composition of recent marine deposits in urban and industrialized areas is a result of the
contribution of natural environmental factors and a wide range of human activities (Borrego et al, 2002).
The marine disposal of industrial wastes such as the bauxitic (red-mud) tailings constitutes an important
human input of heavy metals to marine environment (Grey and Baseden, 1976) on a regional scale.

This study deals for the first time with a group of samples which cover the overall study area and con-
stitutes a preliminary presentation of the results. It presents the geochemical signature of surface and
subsurface samples in order to establish the distribution of the studied compounds spatially and also
temporally via the subsurface sedimentary layers.

This study also aims to explore the inter-relationships of major and minor elements in red-mud slurry
and in natural sediments by using multivariate statistical methods, such as factor and cluster analysis.
These methods have been applied widely on geochemical data to study their spatial distribution and the
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interrelations between metal concentrations (Papatheodorou et al., 1999; Papatheodorou et al., 2002;
Sanchez-Garcia et al., 2009) and on geochemical and granulometric components (Borrego et al., 2002).

2. Material and Methods

2.1 Study Area

The Gulf of Corinth is an elongated embayment in western Greece (Fig. 1a). The morphology of the
northern margin of the Gulf consists of a wide shelf, in Antikyra Bay, which passes through a steeping
slope and ends to a deep basin floor at 890 m water depth (Brooks and Ferentinos, 1984). In Antikyra
Bay there is a significant anthropogenic input in the sedimentation regime of the area. Massive bauxite
residue tailings are being discharged on the shelf floor for more than 40 years from an Aluminum pro-
cessing plant. As it is presented by Iatrou et al. (2007) these materials have formed significant metallif-
erous deposits on the shelf and the basin floor and have been admixed with the natural sediments.

2.2 Datasets and geochemical analysis

A large grid of more than 100 short cores have been collected from the seafloor of the study area in
order to study the recent sedimentation layer (0-15 cm) which has been affected by the deposition of the
red-mud tailings. Surface subsamples were collected from each short core as well as subsurface sam-
ples from the majority of the short cores composing a large dataset. Sediment samples were initially an-
alyzed for their grain-size components using sieve-pipette method. Next, major and minor elements
concentrations (Ag, Al, Cd, Co, Cr, Cu, Fe, Hg, Mg, Mn, Ni, Pb, Si, Ti, V, and Zn) were determined on
a Carbonate Free Basis using total decomposition method through a Perking Elmer 3100 atomic ab-
sorption spectrograph. Also Organic Carbon and Calcium Carbonate concentrations were determined.

2.3 Data Treatment

Consideration of the many possible inter-related physical and chemical controls that might be oper-
ative in dataset led to the decision that the chemical and physical data should be analyzed separately.
Thus in the present study the multivariate analysis was performed on three separate subsets of the orig-
inal data using the commercial statistics software package SPSS v 14.0. Subset 1 consists of the geo-
chemical concentrations of each surface and subsurface sediment sample, while the subset 2 comprises
of the geochemical compositions for the surface samples. The subset 3 incorporates the geochemical
compositions and the grain-size components of the surface sediment samples.

Most of statistical methods of data analysis require that the observations conform to normal distri-
bution. Thus, a Kolmogorov-Smirnov test of normality was applied on the three subsets, which
showed that not all the variables were normally distributed with 95% confidence interval. Therefore
statistical treatment was carried out on subset 1 where the raw data were standardized according to
the method used by Reimann and Filzmoser (2000). However subsets 2 and 3 were not subjected on
any treatment in order to explore the raw data.

To identify the relationship among minor and major elements that exist in red-mud tailings and in nat-
ural sediments as well as their possible sources, subset 1 and subset 2 were analyzed using Factor Analy-
sis. Factor analysis is a multivariate technique of data reduction that examines the interdependence of
variables providing knowledge of the underlying structure of data (Davis, 2002). Subset 3 was analyzed
applying hierarchical cluster analysis. This was due to the fact that grain-size components were co-de-
pendent variables; therefore factor analysis could not be performed (Davis, 2002). Clusters were pro-
duced using between groups linkage method with Pearson correlation as similarity measurement.
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3. Results

3.1 Bulk geochemistry and granulometry

Table 1 shows the concentration range and mean in carbonate free basis, of heavy metals, calcium
carbonate and organic carbon in the red mud and natural sediments from the Antikyra Bay and the
Corinth Gulf. The red-mud tailings are highly enriched in Fe, Ti, Cr, Ni, Co, Pb, and Cu, compared
to the surrounding natural sediments. On the contrary, natural sediments are characterized by high
concentrations of Mn, Zn, and CaCO3, compared to the red-mud deposits.
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Table 1. Bulk geochemical concentrations of red mud and natural sediments in Antikyra Bay and
Corinth Gulf.

Red mud in Antikyra Bay Red mud in Corinth Gulf Natural sediments

Min Max Mean Min Max Mean Min Max Mean

Fe a 30,4 40,4 35,8 33,7 36,7 35 4,92 16,92 8,42

Ti a 5,1 5,8 5,4 2,31 2,32 2,31 0,11 1,69 0,53

Al a 11,9 13,8 13,1 11,5 12,4 12,1 0,1 10,82 7,29

Si a 5,4 5,8 5,6 6,2 6,8 6,5 6,37 38,12 21,46

Mg a 3,05 8,96 5,30 4,30 10,15 6,47 4,04 12,14 6,29

Pb b 195 159 162 111 145 131 - 101 30

Cu b 110 148 133 125 137 133 29 101 57

Hg b 4,8 5,9 5,0 2,6 3,2 2,8 - 2,1 0,34

Co b 81 127 103 83 100 92 - 58 32

Cr b 2950 4312 3441 1030 1210 1120 - 753 207

Ni b 1498 1728 1624 1126 1169 1147 65 854 231

Ag b 7,6 12,1 9,6 6,0 8,2 7,3 - 7,0 0,83

V b 601 718 673 548 600 571 58 222 142

Cd b 6,0 11,6 10 6,5 11 7,9 - 9,5 0,7

Zn b 95 112 108 124 143 135 89 326 218

Mn b 800 1483 1325 2338 3501 2914 1292 8674 4044

CaCO3
a 30,25 85,87 48,88 24,04 65,55 44,01 35,13 51,19 46,21

Corg a 0,20 2,90 0,58 0,30 1,10 0,73 0,10 3,20 1,02

a (%)
b (ppm = mgkg-1)

Red mud tailings on the shelf and the basin floor are mainly composed of silt and clay fractions
(Table 2), whereas natural sediments on the shelf and the basin contain coarser components.
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3.2 Subset 1

An R-mode factor analysis, using a varimax solution, was applied to the full geochemical dataset
(18x162) using the standardized data. Based on a combination of common criteria for factor selec-
tion used by Davis (1986), the most significant five factors were taken. The five factors account for
more than 82 % of the information among the variables. Communalities are high (>0.70) for all
variables. The five-factor model explains the variability for all variables and can be used to indicate
the geochemical processes that modulate the composition of the recent sedimentary cover of the
study area, without losing any significant characteristics.

Factor scores are plotted to describe relationships between samples. The temporal (with depth) dis-
tribution of factor scores was presented by plotting the score values of each short core along sam-
pling traverses with an east-west direction. Each short core is depicted with the surface and
subsurface sub-sample sites.
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Table 2. Bulk granulometric composition of red mud and natural sediments in Anikyra Bay and
Corinth Gulf.

Red mud in Antikyra Bay Red mud in Corinth Gulf Natural sediments

Min Max Mean Min Max Mean Min Max Mean

sand (%) 0,1 4,9 1,8 0,1 37,3 2,7 0,5 94,6 44,2

silt (%) 34,7 53,2 44,5 33,7 66,1 43,2 2,8 50,6 26,4

clay (%) 46,6 61,1 53,7 23,1 65,9 54,1 2,7 64,0 29,4

Fig. 1: (a) Study area; (b) Temporal distribution of factor 1 scores on selected sample sites in Antikyra Bay ver-
sus sediment depth (in cm).

33 (2)
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The first factor (F1) explains the largest proportion (46.42%) of the total variance and has high
positive loadings on Fe, Ti, Al, Pb, Cu, Hg, Co, Cr, Ni, Ag, V and Cd. These metals are associated
with red mud tailings. The temporal distribution of F1 scores on the surface and subsurface sam-
ple sites shows that the high positive values of this factor coincide with the red-mud tailings de-
posits. Higher values are observed among the surface red mud samples. The highest values however
are in the surface red-mud samples from Antikyra Bay (Fig. 1b). Factor scores obtain lower posi-
tive values in the subsurface samples, that is F1 decreases with depth (Fig. 2). F1 is considered to
be a red-mud factor which presents the variation of the red-mud tailings geochemical composition
from past (subsurface layers) to present (surface layer).

The second factor (F2) explains a significant portion (10.9%) of the total variance. F2 is a nega-
tive factor with high loading values on Si and Mg. According to the temporal distribution of fac-
tor scores F2 has higher negative values in the surface and subsurface samples which are not
associated to red-mud tailings but are natural sediments.

However, no significant variation was observed in the score values between the surface and sub-
surface natural sediment samples. The samples with the high score values also show high levels of
concentration on Si and Mg. Therefore, F2 may explains the association of Mg with the silicate frac-
tion of the sediments.

The third factor (F3) explains a significant part (10.7%) of the total variance and shows high
negative loadings on Mn and Zn. Factor 3 has higher negative factor scores on non red-mud sed-
iments. Score values are higher on the surface samples of the short cores from the basin floor and
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Fig. 2: Temporal distribution of factor 1 scores on selected sample sites in Corinth Gulf versus sediment
depth (in cm).
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especially those on the east and west extremities of the basin (Fig. 3). These samples also show
high levels of Mn and Zn. F3 may accounts for the Mn-hydroxide phase of the sediments which
has absorbed Zn.

The fourth factor (F4) explains 7.3 % of the total variance. F4 has high positive loadings in CaCO3
According to temporal distribution of this factor, high factor scores show primarily natural sedi-
ment samples and few surface red mud samples. These samples have higher percentage of sand
component and therefore this factor could explain the carbonate-sandy fraction of sediments.

The fifth factor (F5) explains 7.2% of the total variance and has high negative loading values in
Corg. Temporal distribution of factor scores shows that it has higher values in natural surface /sub-
surface sediments and in few red-mud samples located in the periphery of the basin floor. On the
contrary the lowest values are observed among the red-mud samples on the shelf and in the cen-
tral basin. F5 accounts for the organic fraction and cannot be associated with another mineral.

3.3 Subset 2

Subset 2 consists of the geochemical raw dataset which involves the metal concentrations of the
surface sediment samples (18x101). R-mode varimax factor analysis was carried out on the subset
2 and the four most significant factors were selected. They account for the 82.52% of the total vari-
ance. Communalities are high (<0.69) for all variables (Table 3).
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Fig. 3: Temporal distribution of factor 3 scores on selected sample sites in Corinth Gulf versus sediment
depth (in cm).
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Factor 1 explains the largest proportion (49%) of the total variance and has high positive loadings
on Fe, Ti, Al, Pb, Cu, Hg, Co, Cr, Ni, Ag, V and Cd. These positive values are opposed by moder-
ate negative loading values on Si and Mg. The surface distribution of Factor 1 scores (Fig. 4) depicts
the bipolar nature of this factor. Factor 1 primarily expresses the spatial distribution of the red-mud
components and secondary the spatial distribution of natural sediments on the Antikyra shelf, espe-
cially those that are of silicate composition.
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Table 3. R-mode varimax factor matrix of geochemical data for subset 2.

Variable F1 F2 F3 F4 Communalities

Fe 0.87 0.88

Ti 0.70 0.48 0.78

Al 0.81 0.70

Si -0.67 0.57 0.77

Mg -0.75 0.77

Pb 0.78 0.51 0.88

Cu 0.86 0.80

Hg 0.83 0.86

Co 0.82 0.76

Cr 0.76 0.50 0.87

Ni 0.80 0.90

Ag 0.79 0.91

V 0.76 0.47 0.89

Cd 0.75 0.45 0.79

Zn -0.79 0.73

Mn -0.85 0.74

CaCO3 0.93 0.89

Corg -0.89 0.95

Variance explained (%) 49.1 17.6 9.0 6.8

Cumulative variance (%) 49.1 66.7 75.7 82.5
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Factor 2 explains the significant proportion of 17.5% of the total variance. Factor 2 show high neg-
ative values on Zn and Mn. The spatial distribution of factor scores shows that high values are on
the surface natural sediments on the western part of the Antikyra Bay and on the natural sediments
deposited on the east and west extremities of the basin floor (Fig. 5).

Factor 3 explains 9% of the total variance. Factor 3 exhibits a high positive loading on CaCO3 to-
gether with the moderate positive loadings for Si. Spatial distribution of factor scores shows that high
values exist on the coastal area of Anikyra Bay (<100m water depth) and on the eastern side of the
Corinth Gulf basin. Factor 3 indicates that the natural sediments composition is the result of a coarser
carbonate fraction with silicate components.

Factor 4 accounts for the 6,8 % of the total variance and is a single variable factor with a negative
pole on organic carbon. Surface distribution of factor scores show that Factor 4 describes the sam-
ples that are not associated with red-mud tailings.
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Fig. 4: Spatial distribution of Factor 1 scores of subset 2. Inset shows the surface distribution of red mud de-
posits on the study area (modified from Iatrou et al, 2007).
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3.4 Subset 3

Hierarchical cluster analysis was carried out on the subset 3 which combines geochemical and gran-
ulometric data. As Fig. 6 shows two clearly defined clusters are obtained. C1 clusters V, Ag, Ti, Fe,
Pb, Ni, Hg, Cd, Cr, Co, Cu, Al, and silt, clay. These heavy metals are associated with red mud tail-
ings therefore they show strong interrelations. Silt and clay fractions describe the granulometric
composition of the red mud tailings. Therefore C1 expresses the geochemical and grain-size signa-
ture of the tailings.

C2 can be divided into two sub-clusters. C2a clusters Si, Mg, with CaCo3 and sand fraction. These
cluster elements are not associated to red-mud tailings. Therefore C2a group may express a natural
sedimentation component such as siliclastic and carbonate fraction of sandy components, indicat-
ing the complex origin of the natural sediments.

C2b clusters Mn and Zn with organic carbon. This cluster expresses the background sedimentation
components, which are also not related to red-mud tailings. Organic carbon however shows a very
weak similarity to the other two cluster elements. C2a and C2b join together at a relatively higher
level, possibly implying a common source.
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Fig. 5: Spatial distribution of Factor 2 scores of subset 2.
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4. Discussion - Conclusions

The red-mud tailings are highly enriched in certain heavy metals, such as Fe, Ti, Al, Pb, Cu, Hg, Co, Cr,
Ni, Ag, V and Cd. The disposal of the tailings primarily on the shelf of Antikyra Bay and secondarily,
through gravity driven flow processes, on the basin floor of the Corinth gulf (Iatrou et al., 2007) contributes
to the abundance of heavy metals concentrations which alter significantly the background levels.

The performance of R-mode factor analysis on the two subsets 1 and 2 dealing with the total geo-
chemical dataset allowed the presentation of specific trends to different dimensions for each subset.
Subset 1 provides insight into the temporal distribution of components of the red mud tailings and
natural sediments. Subset 2 presents the spatial distribution of those components. The combined
analysis of bulk geochemistry and granulometry provided further information regarding the granu-
lometric signature of red mud tailings and the origin of natural sediments.

The effect of the red-mud tailings on the geochemical regime is verified by the fact that the most signif-
icant factor describes the red mud components. As it is presented by the distribution of the red mud fac-
tor, the score values are higher in the surface sample sites from the Anikyra Bay shelf floor. In addition
there is a significant decrease on the score values between the shelf and the basin floor, in all data sam-
ples. The above are verified by the geochemical composition of the sub-samples that indicate a decrease
on the levels of heavy metals with depth, in the subsurface sediments and shows a significant decrease
on heavy metal concentrations between the shelf and the basin. Although the above may be explained by
differentiation of the geochemistry of the red mud tailings over the discharge period, mixing processes
cannot be excluded. Therefore, red mud tailings could undergo mixing process from the first deposition
site on the shelf to the final resting site on the basin floor as it is indicated by the decrease in metal com-
position along the same direction. The heavy metals that are associated to red mud tailings correlate well
with silt and clay fraction of the sediments, indicating the fine sedimentary texture of the tailings.

The factors that express the natural sediments account for less significant proportions because of the
strong geochemical masking of the tailings. However, they are able to depict the geochemical sig-
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Fig. 6: Dendrogram from cluster analysis of subset 3 between geochemical and granulometry components.
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natures and present indications about their origin.

Factor 2 from the subset 1 analysis coincides with the negative pole of factor 1 from the subset 2
analysis. They express the distribution of Si and Mg. However Si is also described by the factor 3 of
the subset 2 analysis which is considered to be a carbonate factor. This multiple appearance of Si
may indicate the complex origin of the natural sediments. They consist of silicate fraction and also
by carbonate components. Asserting the previous, cluster analysis correlates Si, Mg and CaCo3 to
sandy fraction indicating that the natural sediments which exist on the coastal area of the Anikyra Bay
shelf are characterised by coarser particles.

Factor 3 from the subset 1 coincides with factor 2 from subset 2. They both account for the distri-
bution of Zn and Mn. These elements have higher concentration among the natural sediments, par-
ticularly in those at the east and west extremities of the basin floor. Thus it is depicted the natural
sedimentation which is associated to Mn-hydroxide phase of sediments.

Factor 5 from subset 1 and factor 4 from subset 2 both explain organic carbon content. In cluster
analysis organic carbon correlates at a higher level with Mn and Zn. Thus it may be suggested that
Corg cannot be associated to another component. This is also supported by the spatial distribution
of Corg on the study area (not given here) which does not exhibit specific trends.
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