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Abstract The Messolonghi lagoon complex in Western
Greece receives agricultural and domestic effluents both
from point and diffused sources. Surface sediments were
analyzed for grain size, organic carbon, total nitrogen, total
sulfur, major and minor elements, aiming at the identifi-
cation of geochemical relationships between all variables.
Enrichment factors and the modified degree of contami-
nation methods were applied to assess potential heavy
metal enrichment related to human activities. Sediment
texture was highly variable, with muddy sediments pre-
vailing. In the central sector of the Messolonghi lagoon,
organic carbon contents were high. Principal factor anal-
ysis revealed the following main groups of variables with
common geochemical behavior: (1) terrigenous alumino-
silicates (2) organic matter, (3) biogenic carbonates, (4)
mineral quartz-aluminosilicates, and (5) Mn-oxides.
Enrichment factors estimated for V, Cr, Mn, Co, Ni, Cu,
Zn, and Pb using local pre-industrial sediment showed that
all metals exhibit almost natural background levels, except
for Pb, which was found to be slightly elevated (legacy of
leaded fuel). Estimation of contamination factors con-
cluded in similar results, whereas the overall modified
degree of contamination was at the lowest level, therefore
suggesting that this transitional water body has not been
affected by anthropogenic activities. The data set may be
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Introduction

Lagoons and river mouths, otherwise known as transitional
waters between freshwater, marine and terrestrial ecosys-
tems are sensitive water bodies, which are often influenced
by human activities (Basset et al. 2006; Nicolaidou et al.
2005; Nriagu and Pacyna 1988). Several studies have
demonstrated that heavy metal contamination is well
recorded in sediments, and also pointed out that elevated
heavy metal contents may be related to natural processes,
such as weathering and erosion of adjacent rock forma-
tions, as well as anthropogenic inputs (Forstner and
Wittmann 1979; Salomons and Forstner 1984). Although a
great number of studies have focused on heavy metal
contamination in rivers and lakes (e.g., Briigmann 1995;
Mabhler et al. 2006; Nikolaidis et al. 2004; Sanei et al. 2001;
Scherer et al. 2003), geochemical surveys in lagoons
(Bellucci et al. 2010; Beltrame et al. 2009; Gonzalez et al.
2007; Huang et al. 1994; Siegel et al. 1994) are essential as
lagoons have been recognized among the most productive
ecosystems within the biosphere. Lagoons are included in
the European Water Framework Directive (Directive
2000/60/EC) as ecosystems requiring continuous monitor-
ing and conservation.

The Messolonghi—Aetoliko wetlands comprise low-
lands, hills, and lagoons of 62,000 ha in the western part
of the Greek mainland (Fig. 1). They have been formed
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by the deltaic deposits of the Acheloos River, which
currently flows westwards into the Ionian Sea, as well as
the Evvinos River, which flows eastwards into the Gulf of
Patras (Anagnostou et al. 2009). The Messolonghi—Aeto-
liko lagoon complex that comprises the Aetoliko, Mess-
olonghi, and Kleisova lagoons, as well as smaller ones,
represents one of the most important Mediterranean
lagoon systems and the largest in Greece, covering
approximately 50% of the total Greek lagoon surface
(Anonymous 2001).

This complex is the property of the Greek State, and it is
a wetland of great ecological importance protected under
the Ramsar Convention; some sectors are designated as
specially protected areas that are included in the Natura
2000 network. The lagoons are very shallow, with depths
ranging from 0.2 to 1.5 m, with the exception of Aetoliko
lagoon, where water depth reaches 30 m. The geomor-
phological characteristics and tidal regime strongly influ-
ence water circulation in the lagoons (Basset et al. 2006).
In the study area, the communication with the open sea is
regulated by the seasonal wind regime (Katselis et al. 2007
and references therein). According to Tsimplis (1994),
tides follow a semi-diurnal cycle, and the tidal range is in
general less than 20 cm (Dimitriou 2007; Tsimplis and
Blackman 1997). Fisheries, a traditional and very impor-
tant activity for the local community decreased from 1,500
to 2,000 tons in the 1960s to 1,300-1,500 tons in recent
years (Dimitriou et al. 1994). Salt-works are producing
~ 130,000 tons of salt annually, which amounts to 90% of
Greece’s total production. The main pollution sources are

agricultural and domestic effluents entering into the lagoon
through temporary streams, drainage pumping stations and
channels, and diffused sources. In addition, the municipal
wastewater treatment plant of Messolonghi, and the
dumping site of the city influence directly the artificially
separated eastern sector of the Kleisova lagoon.

The aim of this study is to identify the geochemical
relationships of organic carbon, nitrogen, sulfur, carbonate
contents, total major and minor elements, determined in
bulk surface sediment samples, with particular interest on
the behavior and potential enrichment of heavy metals in
the Messolonghi lagoon. Previous work regarding heavy
metal levels for the Messolonghi lagoon has been reported
by Voutsinou-Taliadouri et al. (1987), and for the Kleisova
lagoon by Papatheodorou et al. (2002). In the former study,
extractable levels of Cr, Mn, Fe, Co, Ni, Cu, Zn, and Pb,
were determined, whereas in the latter, total and extractable
levels of the same suite of metals were determined in
sediments from the Kleisova lagoon only. Extractable and
total heavy metal levels in sediments of Aetoliko lagoon
are given by Dassenakis et al. (1994). The present work
reports for the first time a multi-element data set obtained
in a suite of surface lagoon sediments. According to the
European Union (EU) Water Framework Directive (2000/
60/EC), human pressures on transitional waters (e.g.,
lagoons) should be identified by member states, and by
2015 good chemical and ecological status has to be
achieved. In this perspective, this study will provide
valuable data for establishing a baseline on geochemical
parameters.

Fig. 1 The Messolonghi lagoon
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complex and sampling station
locations
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Materials and methods
Sample collection

Thirteen surface sediment samples were recovered from
the seabed of the study area during July 1999 by means of a
Van Veen grab, operated from a fishing boat (Fig. 1). In
some cases, due to water depths <l m, sediments were
sampled by sweeping gently the upper 1 cm of the seabed
by hand, placing sediment directly into a plastic container.
Because of the size of the fishing boat and the small height
of the bridge separating the Messolonghi and Aetoliko
lagoons, samples were not obtained from the latter lagoon.

Sample analysis

The samples were analyzed in the laboratory for their
grain-size properties using Micromeritics® Sedigraph
5100, after separation of the sand fraction by wet sieving;
sand (@ > 63 pum), silt (2 um < @ < 63 pm), and clay
(@ <2 pm) weight percentages were determined, and
classification followed Folk’s nomenclature (Folk 1974).

Organic and inorganic carbon, total nitrogen, and total
sulfur were determined in a Fisons Instruments EA-1108
CHNS analyzer. The operating parameters were very
similar to those reported by Cutter and Radford-Knoery
(1991), Nieuwenhuize et al. (1994) and Verardo et al.
(1990). The precision of the method is within 5%. A
detailed description of the analytical procedure is given by
Karageorgis et al. (2009).

Major and minor elements were determined in fused
beads, and powder pellets, respectively, by X-ray fluores-
cence, in a Philips PW-2400 wavelength analyzer equipped
with a 3-kW Rh tube. Analytical accuracy was better than
4% for major elements, and better than 9% for minor
elements; precision was better than 0.5%. The method is
described in detail by Karageorgis et al. (2005). Loss on
ignition (LOI) was determined after burning 1 g of sample
for 1 h at 1,000°C.

Principal factor analysis

The data set was inspected for outliers using box plots
(cases with values between 1.5 and 3 box lengths from the
upper or lower edge of the box, where the box length is the
interquartile range). Sample MS-11 was identified as an
outlier in 6 out of 30 variables, thus it was excluded from
further statistical analyses. All variables showed normal
distribution, but after a Box—Cox transformation linearity
and symmetry was improved. Distribution fitting was tes-
ted by the Kolmogorov—Smirnov normality tests, estimated
by the moments method at 5% significance level. Variables
were subject to principal factor analysis (PFA) with

Varimax rotation and Kaiser normalization to study and
visualize correlations between variables.

Enrichment factors

The geochemical behavior and spatial variability of both
major and minor elements is greatly affected by the sedi-
ments’ grain-size distribution. In the case of this study,
grain-size effects are more pronounced, since sediments’
texture is highly variable. In order to study element inter-
relationships, and to assess potential contamination issues
(e.g., using Enrichment Factors; Salomons and Forstner
1984), a careful normalization is required. As demonstrated
by Sanei et al. (2001) and Karageorgis et al. (2009), LOI
represents a suitable normalizer to eliminate the variability
of the carbonate and organic carbon contents. In the present
paper, the estimation of EF is given by the following
formula:

EF = (element/LOI),,, ./ (element/LOI)

ref.sed.

where reference sediment is a pre-industrial core sample.
The core TEL was recovered from the deltaic plain of
Acheloos River in 2000, and has a total length of 20 m
(Mariolakos et al. 2004). The sample No. 42 (6.60 m, silty
sand; Tziovara and Champilomati 2002) selected as back-
ground was analyzed exactly by the same procedure as the
surface sediment, and, in addition, it was radiocarbon dated
at 990 + 40 year BP. If the EF is greater than 1.0, an
enrichment due to anthropogenic activities with respect to a
natural background could be hypothesized (Acquavita et al.
2010).

Degree of contamination

Hakanson (1980) proposed a sedimentological approach to
facilitate pollution control, using a diagnostic tool named
‘degree of contamination’. More recently, Abrahim (2005)
introduced the ‘modified degree of contamination; mCy’ in
order to estimate the overall degree of contamination at a
given site according to the formula:
mC, — =1 G

n
where n = number of analyzed elements and i = ith
element (or pollutant) and C; = Contamination factor.
For each pollutant, Cy is estimated, based on the average of
at least five surface sediment contents. The latter need to be
compared to background pristine sediment, according to
the equation:

Cr = My /M,

where M, and M, respectively, refer to the mean con-
centration of a pollutant in the contaminated sediments and
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Table 1 Surface sediment texture and classification after Folk (1974), organic carbon, total nitrogen, C/N molar ratio, total sulfur, and carbonate

content
Station Depth (m) Sand (%) Silt (%) Clay (%) Folk’s class Corg (%) Nyt (%) CIN Siot (%)  Carbonates (%)
(molar)
MS-2 0.6 59 19 22 Muddy sand  1.49 0.130 13.4 0.251 214
MS-4 1.2 11 41 47 Sandy mud 3.72 0.490 8.9 1.160 20.9
MS-5 14 42 25 33 Sandy mud 3.53 0.404 10.2 0.586 353
MS-6 0.8 66 16 18 Muddy sand  1.76 0.198 10.3 0.421 51.0
MS-7 1.0 68 18 14 Muddy sand  1.80 0.207 10.2 0.172 63.9
MS-8 0.8 22 44 34 Sandy mud 4.48 0.512 10.2 0.865 23.6
MS-9 0.8 19 46 35 Sandy mud 4.82 0.559 10.1 1.140 21.4
MS-10 1.4 19 46 35 Sandy mud 5.95 0.806 8.6 1.160 14.6
MS-11 1.0 3 2 95 Clay 1.32 0.138 11.1 0.128 78.4
MS-12 0.8 3 2 95 Clay 5.18 0.643 9.4 0.813 29.0
MS-13 14 45 22 33 Sandy mud 3.33 0.429 9.0 0.531 36.8
KL 1.0 45 49 6 Sandy silt 2.82 0.375 8.8 0.393 31.7
TL 1.0 45 49 6 Mud 3.83 0.365 12.2 1.050 12.0
Min 3 2 6 1.32 0.13 8.6 0.13 12.0
Max 68 49 95 5.95 0.81 13.4 1.16 78.4
Mean 34 29 36 3.39 0.404 10.18 0.666 33.8
Median 42 25 33 3.53 0.404 10.15 0.586 29.0
Standard 23 17 29 1.49 0.202 1.40 0.385 19.7
deviation

the pre-industrial sediments. Using this generalized for-
mula to calculate the mCy allows the incorporation of as
many metals as the study may analyzed with no upper limit
(Abrahim and Parker 2008). For the classification and
description of the modified degree of contamination (mCy)
in estuarine sediments, the following levels are proposed:

mCy < 1.5 nil to very low degree of contamination

1.5 < mCy4 < 2 low degree of contamination

2 < mCy < 4 moderate degree of contamination

4 < mCy < 8 high degree of contamination

8 < mCy < 16 very high degree of contamination

16 < mCy < 32 extremely high degree of contamination
mCy > 32 ultra high degree of contamination.

Results and discussion
Sediment texture

Surface sediment grain size varies substantially from
muddy sands to clays (Table 1). Sand prevails in the
western sector of the lagoon (Fig. 2a), silt content increases
gradually from west to east towards Kleisova (Fig. 2b),
whereas clay content exhibits highest values (95%) in the
northern sector of the Messolonghi lagoon (Fig. 2c). The
western sector of the Messolonghi lagoon, which com-
prises many small islands, represents older and currently

@ Springer

inactive channels of the Acheloos River (Anagnostou et al.
2009). The coarser texture of the sediments possibly por-
trays bed load deposits of the Acheloos River.

Organic carbon, total nitrogen, total sulfur,
and carbonate content

Organic carbon content varies from 1.32 to 5.95%
(Table 1); the highest values are observed in the central-
eastern sector of the lagoon, nearby the salt-works, and
with decreasing trends from the west to the east (Figs. 1,
3a). Given that organic carbon content is usually enriched
in the clayey sediments (e.g., Horowitz 1991), its behavior
here deviates from typical trends. Sediments from stations
MS-11 and MS-12 are composed of clay, but only MS-12
exhibits high organic carbon content (5.18%). In contrast,
sediment from station MS-10 (sandy mud) shows organic
carbon maximum content (5.95%). Voutsinou-Taliadouri
et al. (1987) have also reported high C, content in the
same area (max. 7.5%). In the Kleisova lagoon, which
receives poorly treated wastes from the municipal sewage
treatment plant of the Messolonghi city (Hotos and
Avramidou 1997), average organic carbon content of 3.32% is
observed. The latter value is slightly lower than the estimates
of Papatheodorou et al. (2002) (average Coy, 4.22%).
Organic carbon is significantly correlated to total
nitrogen (R = 0.977; p <0.001) and to total sulfur
(R =0.868; p < 0.001). The strong correlations are also
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sand

Fig. 2 Spatial distribution of sand (@ > 63 um) (a), silt (63 pm < @ < 2 um) (b), and clay (@ < 2 um) (c)

Fig. 3 Spatial distribution of
organic carbon (a), total
nitrogen (b), total sulfur (c), and
carbonate content (d)

total N
(%)

organic b
carbon (%)

carbonate
(%)

reflected in great similarities of the spatial distribution
patterns of total N, and total S (Fig. 3b, c). In both cases,
highest contents appear in the central-eastern sector of the
Messolonghi lagoon. Since the central sector of the lagoon
is not associated with anthropogenic activities, unlike the
Kleisova lagoon, this suggests that elevated values of C,,,
N, and S can be attributed to natural causes, i.e., the
decomposition of benthic vegetation. Shallow water
depths, limited water renewal, and possibly elevated pro-
ductivity may also explain the elevated values.

Carbonate content exhibits values from 12.0 to 78.4%
(Table 1). The highest values are observed in the western
sector of the study area (Fig. 3d), whereas in the central
sector and in Kleisova lagoon, values are generally <30%.
Carbonate content is negatively correlated to C,,,, total N,

and total S, illustrating its different origin. To some extent,
the spatial distribution of carbonates resembles the distri-
bution patterns of sand, but the two variables are not cor-
related (R = 0.132). Most probably, high carbonate
contents are associated with the presence of benthic
organisms with calcareous skeletons, and their fragments,
which were recorded during sampling (mainly molluscs;
Nicolaidou et al. 1988).

The pool of organic matter in lagoons, estuaries and
other coastal regions comprises a spectrum of dissolved,
colloidal and particulate material introduced into the sys-
tem from various sources, including terrestrial river borne
and marine allochthonous components. These sources are
mixed with autochthonous biomass derived from plank-
tonic and benthic primary production. Additional inputs are
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Table 2 Loss on ignition, major and minor elements contents in surface sediments of the Messolonghi lagoon

1S

Pb
(ngeg™h

Ba
(ngeg™"

(ngeg™"

Mo

Sr
(ngeg™"

(ngeg™

Rb

Zn
(ngeg™h

Cu
(ngeg™"

(ngg™

Co
(ngeg™

(ngeg™

Mn

Cr
(nge™h

P,0s V
(ngeg™"

(%)

Si0,  ALO; TiO, Fe,03 KO Na,O CaO MgO
(%) (%) (%) (%) (%) (%) (%)

(%)

LOI
(%)

Station

Springer

103
175

293
416
815
1140
1363
490
448
330
2,014

51
102

44
83
49

58
119

500
620
487
504
520
469
583
717
375
878

126

58

111

0.09
0.08
0.09
0.06
0.07
0.08
0.08
0.11
0.05
0.11

2.79
4.42
4.24
3.42
3.66
5.00
4.87
4.82
2.89
5.44
4.47
4.28
4.58
2.79
5.44
4.22
4.42
0.81

133

4.71
421
6.88
491
5.03
7.97
7.48
791
5.11

1.38
231
1.37
0.85
1.26
1.89
1.90
1.69
0.59
1.92
1.95
2.28
1.97
0.59
231
1.64
1.89
0.52

2.45
4.93
2.67
1.64
2.55
3.79
3.74
3.20
1.13
4.09
4.12
5.04
447
1.13
5.04
3.37
3.74
1.22

0.38
0.56
0.37
0.25
0.32
0.45
043
0.34
0.17
0.44
0.48
0.54
0.52
0.17
0.56
0.40
0.43
0.11

6.7
10.8

42.1

26.1

MS-2
MS-4

MS-5

25

35

18

134

9.78
17.6

379

25.1

118

12
12

8
15
17
17

5

62
35

42

67
40

95

65

6.52
3.71
5.78
9.09
8.5

27.6

32.7

76
105
153

31

72
70
100
107

40
62

30.5
29.1

18.7

35.9

MS-6
MS-7
MS-8
MS-9

16 42

33

63

18.3

339

79

64
72
73

92
98

89
90
67

11.9

314

28.5

135

83

74

23

13
13

11.0

29.4

32.6

108

23

97

92
33
106
113

125

7.18
445

6.87
2.59
8.42
8.88
9.92
9.57
2.6
10.8

225

45.4

MS-10

42
148
128
596
181

18

19
74
72
79
78

25

29

6.88
29.0

36.1

MS-11

20
18
16
22

574
796
1,616

84
75

29
29
30
19

104
103

14
16
19
16

87
87
105

12.1

6.21
4.46
2.08
4.73
2.08
797
551
5.03
1.70

32.3

MS-12

842
899

0.14
0.18

0.11

159

31.1

28.5

MS-13
KL

4

96
83

122

184

322

25.1

335
293
2,014

106

800
375
899
630
583

138

86
29

111

7.75
7.18

445

41.7

24.6

TL
min

42
596

18
102

19
83
60
72

25
122

33
138
101

0.05
0.18
0.10
0.09
0.03

6.9
42.1

24.6

31

25

35
20
23

19
12
13

454
31

max

16
16

159

818
574
554

68

84
97

75

17.6

75

284

3

mean

128
137

75
25

106

86
24

133

8.4
242

29.4

323

median

21

30

176

29

10.9

9.92

1

59

Standard
deviation

supplied by marginal vegetation and from anthropogenic
sources. The variation in the importance of these sources
determines the C/N ratio within the sediments that is often
used as an indicator of the origin and quality of organic
matter in aquatic sediments. Marine phytoplankton has a
mean molar organic C/N ratio of 6.6 (106:16; Redfield
et al. 1963), seagrass tissues have a C/N ratio close to 20
(550:30; Atkinson and Smith 1983; 474:24, Duarte 1990;
23:1, Pirc and Wollenweber 1988), while terrestrial plants
are relatively impoverished in N, with characteristic C/N
ratios ranging from 10 to 100 for soft tissues, and from 100
to 1,000 for woody tissues (Ruttenberg and Goni 1997 and
references therein).

In the study area, C/N ratios ranged between 8.6 and
13.4 (Table 1) and were closer to the ratio of marine
phytoplankton than of terrestrial plants, suggesting that the
contribution of terrestrial organic matter was minor in the
lagoons. This is not surprising since the Messolonghi and
Kleisova lagoons are not regularly flushed by fresh water,
and therefore marine and autochthonous organic matter (in
situ plankton, macrophytes) dominate the organic matter
inputs to the sediments. However, the C/N ratios were
rather higher than the theoretical marine plankton ratio,
suggesting either a small relative contribution of marine
and/or terrestrial plants, either the increased presence of
detrital organic matter. In particular, sediments from sta-
tions MS-2, MS-11, and TL, although different in terms of
texture and geochemistry, exhibit the highest C/N ratios.
The low organic carbon and nitrogen content of the surfi-
cial sediments of stations MS-2 and MS-11 imply that there
is not any significant recent supply of organic matter,
whereas the enriched in organic matter sediments of the TL
station reflect the more eutrophic conditions of the Kleis-
ova lagoon (Hotos and Avramidou 1997). Furthermore, the
elevated C/N ratios of the three aforementioned sites sug-
gest that the decomposed organic matter has lost more
nitrogen in relation to carbon. Proteins, and their constit-
uent amino acids, account for the majority of N in primary
producers. In most sedimentary environments, proteins are
considered more labile (e.g., Cowie and Hedges 1992) than
other forms of organic carbon. This diagenetic liability
generally results in higher C/N ratios in sediments relative
to the source organisms (e.g., Cowie and Hedges 1992).

Geochemistry of major and minor elements

The contents of major, minor elements and LOI in surface
sediments from the Messolonghi lagoon are presented in
Table 2. In order to study major and minor element inter-
relationships and their association with grain-size varia-
tions, organic carbon, total nitrogen, carbonate content, and
total sulfur, principal factor analysis was used to identify
factors with common physicochemical characteristics.
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g:;’]l‘; :mi ﬁ;’fitlizzd;f‘isﬁiﬁ?pal Fl (54.6%) F2 (20.6%) F3 (8.8%) F4 (5.5%) Communality
factor analysis carried out with Si 0.563 —0216 0.689 0.013 0.961
all available variables
Al 0.949 0.117 0.270 0.056 0.991
Ti 0.940 —0.032 0.269 0.132 0.980
Fe 0.942 0.148 0.151 0.254 0.997
K 0.947 0.193 0.179 0.177 0.998
Na —0.410 0.750 0.173 —0.255 0.826
Ca —0.301 —0.516 —0.778 —0.158 0.988
Mg 0.385 0.821 0.013 0.209 0.875
P 0.494 —0.015 0.150 0.752 0.847
\% 0.977 0.187 0.083 0.034 0.998
Cr 0.679 —0.143 0.636 0.179 0.986
Mn 0.493 0.130 —0.009 0.813 0.928
Co 0.903 0.150 0.187 0.324 0.979
Ni 0.883 0.280 0.144 0.327 0.992
Cu 0.829 0.430 —0.058 0.072 0.882
Zn 0.799 0.368 0.282 0.328 0.967
Rb 0.898 0.323 0.221 0.130 0.978
Sr 0.041 —0.349 —0.866 0.127 0.947
Mo —0.080 0.604 0.136 —0.650 0.858
Ba 0.881 0.002 0.124 0.251 0.861
Pb 0.244 0.692 0.305 0.489 0.900
Corg 0.236 0911 0.233 0.211 0.987
Stot 0.318 0.751 0.481 —0.045 0.927
Niot 0.287 0.908 0.095 0.240 0.978
Carbonates —0.233 —0.315 —0.900 —0.150 0.992
Sand —0.448 —0.817 —0.148 0.055 0.953
Silt 0.449 0.096 0.479 —-0.013 0.903
Clay —0.062 0.688 —0.121 —0.269 0.903

A model of four factors accounts for 89.5% of the total
variance and the final communalities of all variables are
>(0.826 (Table 3). Factor 1 (54.6%) can be clearly identi-
fied as the ‘terrigenous aluminosilicates’ factor, showing
high loadings for Al, Ti, Fe, K, V, Cr, Co, Ni, Cu, Zn, Rb,
and Ba (Table 3; Fig. 4). It is notable that most of the
heavy metals are mainly represented in this factor, identi-
fying their primarily detrital origin. Aluminosilicates are
mostly in the silt fraction, which shows positive loading in
Factor 1. Silicon is also positively loaded in Factor 1, and
to a lesser extent Mn, and other elements. Factor 1 is
negatively loaded in Ca, and the sand fraction, implying its
antipathetic relation to autochthonous biogenic carbonates,
which are coarse-grained (Fig. 4). Organic carbon is
markedly loaded in Factor 2 (20.6%), followed by total N
and S, Na, Mg, Mo, Pb, and the clay fraction. The ‘organic
matter’ factor represents the organic rich (C and N) clayey
sediments, which scavenge -effectively some metals,
eventually in the form of sulfides (Calvert and Pedersen
1993; Horowitz 1991). It is possible that during organic

matter degradation and the microbial utilization of oxygen,
episodic reducing conditions may appear (Calvert and
Pedersen 1993; Hotos and Avramidou 1997; Papatheodorou
et al. 2002), thus explaining the presence of S, Mo, and
Pb in Factor 2. Positively loaded Na and Mg could be
related to sea salts, since samples were unwashed prior to
analysis. Alternatively, magnesium being the metallic part
of chlorophyll can be found in association with phyto-
plankton and macrophytes debris, which contribute to the
organic matter content of the sediments. The Mg released
through the chlorophyll a degradation during cellular
senescence and death (Louda et al. 1998) could replenish
some of the Mg content of the sediment. Factor 2 is
characterized by high negative loadings for sand, the car-
bonate content, Ca, and Sr, which constitute the ‘biogenic’
group (Table 3; Fig. 4), representing shells of calcareous
organisms and their fragments. The latter elements are
typically associated, as Sr often substitutes for Ca due to
similar ionic radii (215 and 197 pm, respectively). Factor 3
(8.8%) is another bipolar factor showing similarities with
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Fig. 4 Graphical presentation of two factors extracted from PFA with
all available elements and variables. Variables in the three ellipses
represent the ‘terrigenous aluminosilicates’, the ‘organic matter’, and
the ‘biogenic’ groups
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Fig. 5 Enrichment factors for Fe, V, Cr, Mn, Co, Ni, Cu, Zn, and Pb
estimated in surface sediments from the Messolonghi lagoon (max-
imum values from 13 samples), in relation to natural background
levels of the study area

Factor 1 (positive loadings for Si, Al, Ti, Fe, K, Na, P, Cr,
Co, Zn, Pb, and silt), indicating again the influence of
terrigenous aluminosilicates. However, high positive
loading for Si, probably represents here the presence of
terrigenous quartz (Table 3). Negative loadings are recor-
ded for the biogenic group of elements (Ca, Sr, carbonate

@ Springer

content), apparently due to the allochthonous versus
autochthonous nature of quartz—aluminosilicates and bio-
genic carbonates. Factor 4 (5.5%) is positively loaded in
Mn, P, and to a lesser extent in the metals Pb, Zn, Ni, Co,
and Fe (Table 3). This is the ‘Mn-oxides’ group repre-
senting another common geochemical process of metal
scavenging (Calvert and Pedersen 1993; Papatheodorou
et al. 2002). The presence of P in Factor 1 and Factor 4
shows that phosphorous is partly of terrigenous origin,
whereas another part is related to Mn oxyhydroxides
(Daesslé et al. 2004).

Enrichment factors

Enrichment factor values of seven selected heavy metals
are illustrated in Fig. 5. According to the EFs, Cr and Cu
exhibit negative values, thus they are not enriched in the
surface sediments of the Messolonghi lagoon. EFs for
elements Co, Fe, Mn, Ni, and Zn, exhibit values slightly
over unity, and are not considered as potential contami-
nants. Only V (1.6) and Pb (2.0) show EF values that could
be related to contamination. The highest EF for vanadium
appears at station MS-4 and secondly at Kleisova lagoon.
The absence of any continuity in space of those values,
which by ever means are merely above 1, suggest that
vanadium is not related to contamination. Lead exhibits
maximum EF value (1.96) at TL station, in Kleisova
lagoon. Papatheodorou et al. (2002) documented that
greater weak acid-extractable proportions of Pb, and Cu
were recorded near the city of Messolonghi, and should be
attributed to anthropogenic activities. Nevertheless, the
latter samples were collected very near the northern coast
of Kleisova lagoon, close to the city and the sewage
treatment plant. In conclusion, relatively higher EFs for Pb
in the Messolonghi lagoon, and particularly in the Kleisova
lagoon, may be attributed to human activities, whereas for
Cu, present data do not justify similar sources. Lead from
gasoline, municipal waste incineration and exterior paints
could be associated with lead emissions (Mahler et al.
2006).

Degree of contamination

In the present study, the modified Hiakanson formula was
used to calculate the contamination factors (Cy) and the
modified degree of contamination (mCy) for eight selected
heavy metals (V, Cr, Mn, Co, Ni, Cu, Zn, and Pb). The
results of for the Messolonghi lagoon are presented for
comparison together with C¢’s and mCy’s from the lagoons
Rodia, Tsoukalio, Logarou, and Tsopeli, in the Amvrakikos
Gulf, NW Greece (Karageorgis 2007), as well as the Ko-
umoundourou Lake near Athens, the latter communicating
with the sea (Karageorgis et al. 2009) (Table 4).
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Table 4 Contamination factors (Cy) and modified degree of contamination (mCy) values for heavy metals in sediments from the Messolonghi,
Rodia, Tsoukalio, Logarou, and Tsopeli lagoons, and Koumoundourou Lake

Study site Contamination factors (Cy) mCy
\" Cr Mn Co Ni Cu Zn Pb
Messolonghi® 1.14 0.56 0.88 0.70 0.95 0.56 0.99 1.50 0.91
Rodia” 0.93 0.65 0.82 0.61 0.63 0.78 1.06 0.87 0.80
Tsoukalio® 0.91 0.77 1.13 0.69 0.67 0.66 1.11 0.63 0.82
Logarou” 1.28 0.85 0.87 1.05 1.12 0.94 1.54 0.62 1.03
Tsopeli® 1.08 0.83 0.63 0.82 0.85 1.01 1.48 0.63 0.92
Koumoundourou® 2.63 2.27 1.86 1.19 2.32 3.22 0.89 4.23 2.32

? Present study
o Karageorgis (2007)
¢ Karageorgis et al. (2009)

For the Messolonghi lagoon, the contamination factors
are lower than 1.5, thus classifying the area to the level ‘Nil
to very low degree of contamination’. Only Pb reaches the
upper limit of this class (1.5), therefore in agreement with
the results obtained by the enrichment factors contamina-
tion assessment method, which indicated a slight enrich-
ment of the surface sediments in Pb. The overall
assessment described by the modified degree of contami-
nation mCy, indicates that the study area is not contami-
nated by the eight heavy metals considered here. Likewise,
the four lagoons of the Amvrakikos Gulf complex, exhibit
low mCy’s (Table 4); and they are classified at the ‘Nil to
very low degree of contamination’ level. Karageorgis
(2007) proposed that elevated contents of the selected
heavy metal levels (e.g., Cr, Ni, Zn) are attributed to nat-
ural weathering of metal-bearing ultra-basic rocks. The
factors for the Koumoundourou Lake are elevated, and this
study site is classified at the ‘Moderate degree of con-
tamination’ level. According to Karageorgis et al. (2009)
the lakes’ sediments are contaminated by heavy metals
derived from various human activities.

In order to perform a comparison with another European
lagoon greatly influenced by human activities, we used the
data of Bernardello et al. (2006) for heavy metals and
metalloids (Cr, Co, Ni, Cu, Zn, As, Cd, Hg, and Pb,
determined in 25 surface sediments) and background data
for the same elements obtained by Pavoni et al. (1987), to
calculate the modified degree of contamination for the
years 1987, 1993, and 1997. The results have shown mCy’s
2.2, 2.0, and 2.1, for the 3 years, respectively, thus clas-
sifying Venice lagoon in the ‘Moderate degree of con-
tamination’ level. In Venice lagoon, it appears that the
major contaminant is mercury (contamination factors 10, 9,
8 for the years 1987, 1993, and 1997, respectively) origi-
nating from a chloralkali plant in Porto Marghera using Hg
cathodes since the 1950s (Bernardello et al. 2006). How-
ever, the overall mCy’s are relatively low, because the

stations’ network spans the entire lagoon, whereas severe
contamination is reported mainly in the industrial zone and
the city of Venice (Basu and Molinaroli 1994; Bellucci
et al. 2002; Donazzolo et al. 1984; Pavoni et al. 1987).

The comparisons demonstrate that the method intro-
duced by Hakanson (1980) and modified by Abrahim and
Parker (2008), is a reliable method for heavy metal con-
tamination assessment, if local pre-industrial background
(baseline) is available for the heavy metals under investi-
gation. However, it may be noted that baseline values
should be selected carefully, taking into consideration the
texture of the analyzed sediments. Since no normalization
step is used (e.g., element ratios to Al or other conservative
element), analyzed surface sediments and baseline sedi-
ment should have similar grain-size characteristics. For
example, in the case of the Amvrakikos Gulf lagoons,
contamination factors appeared much higher, when pre-
industrial sediment of different texture was used as
baseline.

Conclusions

New data on the geochemistry of organic carbon, total
nitrogen, and total sulfur, major and minor elements are
reported for the Messolonghi lagoon complex. Measured
variables are associated mainly with terrigenous alumino-
silicates, organic matter, and calcareous organisms. Heavy
metal contamination was assessed by two methods: (1) the
enrichment factors, and (2) the modified degree of con-
tamination. Both methods show that the Messolonghi
lagoon is largely unaffected by human activities, with a
reservation regarding Pb, which appears to be slightly
elevated, probably due to the legacy of leaded gasoline,
which was banned for European Union countries in 1989.
In agreement with Papatheodorou et al. (2002), the Kleis-
ova lagoon appears to be more vulnerable to anthropogenic
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pressure, when compared to the central Messolonghi
lagoon. However, the overall degree of contamination is
the lowest in the Hakanson’s scale, suggesting that the
lagoon is practically in almost pre-industrial conditions.
Given that the samples analyzed were recovered in 1999,
geochemical results may be considered as baseline data,
which may be used for comparison in future monitoring of
the Messolonghi lagoon complex, in line with the Water
Framework Directive of the European Union.
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