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Abstract

Vertical variations of radionuclides, trace metals, and major elements were determined in two sediment cores, which were
collected in the marine environment of Ierissos Gulf near Stratoni’s mining area. The enrichment factors (EFs) were also
estimated and provided moderately severe to extremely severe enrichment for most trace elements and Mn, describing the
anthropogenic influence in the gulf during the previous century. According to the applied dating models based on *'°Pb and
137Cs, the effect in the marine sediment due to the exploitation of pyrite for the production of sulfuric acid during 1912-1920 was
observed. Additionally, the decrease of mining activity during 1935-1945 due to the Second World War and the type of ore
exploitation, the alteration of the exploited ores, and the construction and operation of Olympiada’s floatation plant during 1950—
1970 were identified. The end of tailing discharging into the marine environment during 1980-2010 was also noted.
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Introduction

Monitoring of radionuclides and metal contaminants in the
marine environment is crucial for protection issues, as well
as for studying environmental processes, especially in coastal
areas where long-term industrial activities occur. Based on
radiometric dating methods, sediment profiles have been ex-
tensively used to assess the accumulation and pollution of
metals, to describe the environmental conditions of the past
and to investigate the contamination history of different areas
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(e.g., Valette-Silver 1993; Zeng and Wu 2009; Ferrand et al.
2012; Wang et al. 2015; Yao and Xue 2014, 2016; Grygar
et al. 2016). Traditionally, sediment dating method is based
on the combination of two radio-tracers, most commonly of
210ph and '37Cs (Vaalgamaa and Korhola 2007; Ruiz-
Fernandez and Hillaire-Marcel 2009; Szarlowicz et al. 2013;
Baskaran et al. 2014). Although heavy metal and radionuclide
concentrations in sediment cores have been studied in many
regions such as streams/rivers (Wennrich et al. 2004; Pavlovic
et al. 2005; Ferrand et al. 2012; Grygar et al. 2016), lagoons
(Mejjad et al. 2018), and lakes (Noli and Tsamos 2018), there
is lack of documented studies in the marine environment near
mining areas (Pappa et al. 2018).

It has been noted that areas in the vicinity of mines are
frequently subject to contamination and thus are comparative-
ly more vulnerable (Zeng and Wu 2009; Szarlowicz et al.
2013; Wang et al. 2015; Yao and Xue 2014, 2016). The eco-
logical impact due to mining sub-products releases in the en-
vironment, either from accidents (Riba et al. 2002) or from
waste disposals (Panagopoulos et al. 2009; Wang et al. 2015;
Pappa et al. 2016), is under investigation by environmental
agencies and local communities. Furthermore, measurements
of activity concentrations of natural radionuclides in coastal
mining areas are highly requested to define baseline informa-
tion for the sediment.
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Over the last decades, an ongoing-mining area in Greece
located at Stratoni, lerissos Gulf, has been a subject of inves-
tigation concerning environmental contamination due to the
mining activities and waste deposits including mine tailings,
flotation tailings, metallurgical slags, waste rock, and pyrite
concentrate stockpiles (Stamatis et al. 2002; Lazaridou-
Dimitriadou et al. 2004; Hadjibiros et al. 2006; Kelepertsis
et al. 2006; Kelepertzis et al. 2012). A more comprehensive
study regarding the marine environment of lerissos Gulf was
held by Pappa et al. (2016, 2019), revealing the affected area
in the coastal region due to waste disposals, as well as the
enhanced values of metals and radionuclides compared with
other aquatic environments of the area and the Mediterranean
Sea. It is evident that the mining wastes are necessary to be
studied regarding natural radioactivity (EC 2003) and heavy
metal concentrations. In general, natural radioactivity occurs
in the Earth’s crust and activities related to the extraction and
processing of ores can lead to enhanced levels of naturally
occurring radioactive material in products, by-products, and
wastes (Paiva et al. 2019). Thus, the study of radioisotopes
present in the geological materials is necessary for radiologi-
cal protection issues. Such a case is the Kassandra mining
district, which is characterized by a great surface of granodi-
orite, and where the mining area of Stratoni is located (Gilg
and Frei 1994). The content of natural radionuclides (U, Th,
and K) in granoriodite of Stratoni has been studied by
Persianis et al. (2010) and was found to have high concentra-
tions. During the exploitation of the P.B.G. (Pyrite, Blende
Galena) ores, part of the granodiorite is mined and which
remains in the residuals of the mining process. Therefore, in
a recent work, the content of radioactive elements was calcu-
lated in the products of Stratoni flotation plants (sulfide con-
centrates) and was found less than those in the granodiorite
rock (Tzamos et al. 2019). However, until now, there are not
enough data to provide information about the contamination
levels of metals and radionuclides in the coastal environment
of Stratoni, where the flotation residuals and mining wastes
were discharged. For this reason, two sediment cores were
collected from the marine environment of Ierissos Gulf, in
vicinity with Stratoni mining area, to determine temporal var-
iations of radionuclides and heavy metals.

The main objectives of this work are (a) to reconstruct
historical events of sediment contamination and (b) to assess
the concentrations of natural radionuclides and metals in the
sediment.

Materials and methods
Study area and field work

Stratoni is located at the north part of Ierissos Gulf. It belongs
to the mining area, known as Kassandra mining district
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(Mavres Petres, Madem Lakkos, and Stratoniki deposits),
and is characterized by polymetallic mineralization. The pri-
mary minerals in the area’s ore deposits are pyrite (FeS,),
sphalerite/zinc blende (ZnS), and galena (PbS), known as
P.B.G., while secondary ones are arsenopyrite (FeAsS), rho-
dochrosite (MnCO3), chalcopyrite (CuFeS,), bornite
(CusFeS,), and magnetite (Fe**Fe’*,0,) (Kelepertsis et al.
2006; Kelepertzis et al. 2012). Some of the gangue minerals
are quartz (SiO,), rhodochrosite (MnCO3) and calcite
(CaCO3;). The streams of the drainage basin of Kassandra
mining district discharge in the north part of lerissos Gulf. In
the same region are located the floatation plant and the load
out pier area of Stratoni’s mining industry.

Two campaigns of marine sample collection were held in
June 2014 and in November 2015 at Ierissos Gulf at
Chalkidiki Peninsula (North Greece). In the first campaign, a
coastal core (core 1) was collected by a diver at 10.3 m depth
and at 0.23 km distance from the shore (Lat. 40° 30.962" N,
Lon. 23°50.018" E). In the second campaign, an offshore core
(core 2) was collected by the crew of research vessel
“AEGEAQ” via a box corer at 58.8 m and at 1.35 km distance
from the shore (Lat. 40° 30.295' N, Lon. 23° 50.360" E). The
maximum depth of the offshore core was chosen as the refer-
ence sample since exhibited the minimum observed concen-
tration values for the studied radionuclides and trace metals.
Therefore, it was considered as pre-mine deep sediment layer
corresponding to background levels used for the enrichment
factor and metal flux profile estimations. The map of the sam-
pling points is showed in Fig. 1.

Sample preparation

The bulk core samples were treated for radioactivity, trace
metal, and the major element measurements, as well as for
grain size distribution analysis at Hellenic Centre for Marine
Research as described in Pappa et al. (2018). Prior to gamma-
ray and XRF spectrometry, the sediment core was cut per 1 cm
and the samples were treated by a standard procedure includ-
ing drying, sieving, and pulverization, in order to achieve a
homogeneous powder (IAEA 2003; Tsabaris et al. 2012).
According to this procedure, the no-sediment (e.g., stones)
and the gravel parts (> 2 mm) were extracted from the bulk
sample. The remaining mass was dried and grounded. The
produced powdered samples were placed in cylindrical con-
tainers per 1 cm or 2 cm depending on the available mass. The
cylindrical containers were sealed for an appropriate period of
time, so as secular equilibrium between **Ra and *'*Pb and
219Bi to be achieved. The used container was made by
polyethylen and the samples were hermetically sealed.
Moreover, the radioactive equilibrium was ensured by mea-
suring the sealed samples in different periods of time. For the
trace metal and major element determination, 5 g of the pow-
dered sample were pressed in specific geometry and 0.6 g
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Fig. 1 The sampling stations of
the sediment cores
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were fused respectively, according to the methodology by
Karageorgis et al. (2005).

Analytical techniques
Radionuclide and metal analysis

Activity concentration measurements of the core sediment
samples were performed by means of gamma-ray spectrome-
try using two high-purity germanium (HPGe) detectors. Each
detector had nominal relative efficiency of 50% and the mea-
surements were performed at the Nuclear Laboratory of the
Physics Department of National Technical University of
Athens (NTUA) (Canberra GC5021) and at HCMR
(ORTEC GEM-FX8530P4). The majority of the measure-
ments were held at the NTUA laboratory, due to the limited
availability of detection time at the HCMR laboratory.
However, repetitive gamma-ray measurements were realized
at HCMR, for the detection of the !°Pb peak at 45 keV as the
thin carbon-fiber window of the HCMR detector allows this
measurement. An intercomparison exercise followed between
the two laboratories to ensure the consistency of the measure-
ments and the results were found to be in good agreement
within uncertainties for the energy range of 100-1500 keV.
During all measurements, the cylindrical containers of the
samples were placed directly on the detector’s window and
the acquisition time was set at 24 h for each sample. A lead
shield was surrounding the detectors, in order to reduce the
ambient gamma-ray background. The photopeak analysis was
performed for natural radionuclides and 137Cs, using
SPECTRW spectroscopy software package (Kalfas et al.

2016). The analyzed photopeaks and the methodology of the
photopeak analysis are described in Patiris et al. (2016) and in
supporting information document of Pappa et al. (2018). The
necessary steps for activity concentration calculation (e.g.,
detectors’ efficiency calibration, true coincidence summing
effect corrections, and self-attenuation corrections) are de-
scribed in Tsabaris et al. (2007); Patiris et al. (2016); and
Pappa et al. (2016). The validation of radionuclide determina-
tion was verified via the analysis of the certified reference
material IAEA-385. For all the measured radionuclides, the
mean [z] score was calculated to be 1.1, while in all cases no
outliers (|z] > 3) were found. The uncertainty budget was de-
termined taking into account the photopeak-counts statistical
uncertainty, the intensity of the gamma-rays, the efficiency of
the detector, and the sample mass. The calculated uncertainty
includes the 95% of confidence level.

The adopted methodology for measuring trace metals and
major elements in marine sediments by means of XRF spec-
trometry and the limit of determination are described in
Karageorgis et al. (2005). In short, for the determination of
the trace metal and major element concentration in the sedi-
ment samples, a Wavelength Dispersive XRF (WDXRF) sys-
tem was used. The element identification and metal quantifi-
cation were automatically deduced using the Panalytical Pro-
Trace software. The XRF system stability determination and
re-calibration was periodically checked and achieved using
certified sediment standards (Karageorgis et al. 2005, 2009).
The validation of metal determination was verified via the
analysis of the certified reference material IAEA-458. For all
the measured major elements and trace metals, the mean [z
score was calculated to be 0.05 and 0.6, respectively, while in
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all cases no outliers (|z] > 3) were found. The uncertainty
budget was determined taking into account the laboratory re-
producibility, the divergence between the measured and the
assigned values of the certified materials, and the uncertainty
of the assigned values (Pappa 2018). The XRF Laboratory is
accredited according to ELOT EN ISO/IEC 17025. The cal-
culated uncertainty includes the 95 % of confidence level.

Dating analysis, contamination assessment, and metal flux
calculations

The methodologies regarding the applied radiochronology
techniques, the contamination assessment (enrichment factor
(EF) and pollution load index (PLI)), and the metal flux (MF)
calculation implemented in this work are described in detail in
a previous work (Pappa et al. 2018). In brief, EF is defined as
the normalization of metal concentration to a conservative
element in the sample, as well as to a reference material free
of any source of contamination. Similarly, PLI is defined as
the normalization of the metal concentration in the sample to a
reference sample for all the metals of interest. Additionally,
MF is defined as the rate of the geochemical or industrial input
of metals in the sediment. The dating method for the estima-
tion of the sedimentation rate (SR) was performed on the
collected sediment core 1 using the vertical profiles of the
natural radionuclide 2'°Pb and artificial radionuclide '*’Cs
as described in Eleftheriou et al. (2018) and Pappa et al.
(2018). According to Eleftheriou et al. (2018), the constant
flux-constant sedimentation (CF:CS) model based on 2!°Pb
can be satisfactorily applied in a wide range of environments.
Thus, in this work, this model was utilized for the sedimenta-
tion rate estimation, where the excess 2'°Pb (*!'°Pb.,) was
determined by the difference between measured *'°Pb and
226Ra. The assumptions of the CF:CS model are described in
detail in Eleftheriou et al. (2018).

Additionally, as mentioned in the previous work, the con-
tamination assessment can be achieved by combining simpli-
fied and more detailed indices, such as pollution load index
and enrichment factor, respectively. The first index (PLI) was
applied in both cores (cores 1 and 2) in a conservative way,
taking into consideration the elements of As, Cu, Pb, Zn, and
Mn, which exhibited the highest concentrations among the
studied elements. This approach is the first step to study an
area so as to assess rapidly the contamination. On the other
hand, EF is more detailed index and reveals the main contrib-
utors in the contamination. It depends from the establishment
of the background (reference) value and the selection of the
conservative metal for normalization. A recent detailed study
is described in literature (Birch 2017) to establish the back-
ground value of metals (pre-anthropogenic concentrations)
according to several empirical methods (e.g., use of global
mean concentrations, pristine areas within the same ecosys-
tem, pristine fluvial sediments, use of sedimentary cores of
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high depth). The proposed method is to use background sam-
ple from the high depth of a sedimentary core (Birch 2017).
Thus, in this work, the maximum depth of the offshore core
(core 2) was selected as background sample since it is consid-
ered a pre-mine deep sediment layer within the same ecosys-
tem of the study area, while the long-term mining operations
(from ancient times until nowadays) at Stratoni port influ-
enced the maximum depth of the coastal core (core 1). For
consistency reasons, the concentrations of this background
sample were also utilized in the PLI estimation.
Additionally, in this work, all the major elements and the
majority of trace metals showed variations in the sediment
cores. Therefore, for the selection of the proper normalizing
element, the methodology described by Karageorgis et al.
(2009) was adopted. Based on this methodology, Al was se-
lected as normalizing element, as it showed the minimum
coefficient of variation (V).

More adequate for the estimation of the EF and PLI indices
are the deepest layers of an unaffected sediment core as men-
tioned above. However, a feasibility study estimated the EF of
the background sample based on the concentrations of the
continental crust. This approach is proposed not only for the
verification of the correct selection of the background sample
but also for providing EFs that can be compared in a global
scale. Therefore, the EFs of the background sample
(ecosystem) were estimated relatively to the shale of the con-
tinental crust (global) and were used for each metal as an
indicator of the adequate selection of background sample. If
this indicator (K) is below 3, the selection of the background
sample can be used as a reference since the anthropogenic
influence is minor (Birch and Davies 2003). Otherwise, a
new background sample has to be selected or another
empirical/statistical method (Birch 2017) has to be applied
for further data analysis. The used global mean elemental
concentrations were those of As, Cu, Pb, Zn, Mn, and Al in
the shale of the continental crust, exhibiting values of 13 ug
g L 45ugg L 20ugg 95 ugg ", 850 ugg !, and 80 x 10°
ug g ', respectively (Wedepohl 1995).

A simplified equation (Eq. 1) is provided to reproduce the
study-area representative enrichment (EFccosystem) USing the
“global” enrichment factor (EF gjoa1), Which are both calculat-
ed from EF equation (see Pappa et al. (2018)). The ratio of the
two EFs (EFgiopar’ EF ccosystem) TEPresents the aforementioned
indicator for the adequate selection of background sample.

EF global

EFecosystem

EF global
K

K =

(1)

=>EF ecosystem —

Enrichment factor above a certain threshold indicates the
level of contamination, which can be classified according to
Birch and Davies (2003). Briefly, the EF classification can be
expressed quantitatively as EF <3,3<EF <5,5<EF <10, 10
<EF <25, 25 <EF < 50, and EF > 50, to describe no or minor
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enrichment, moderate enrichment, moderately severe enrich-
ment, severe enrichment, very severe enrichment, and
extremely severe enrichment, respectively. Furthermore, the
class of enrichment according to Salomons and Forstner
(1984) (based on the continental crust concentrations) is EF
> 4, indicating other sources apart from weathering (e.g.,
anthropogenic).

Moreover, MF calculation was utilized for the evaluation of
both geochemical and industrial input of metals into aquatic
sediments. In the present study, as baseline elemental concentra-
tion was considered the one of the deepest sample of core 2. The
excess metal flux (MF)) of core 1 was determined by subtracting
the elemental concentration of the ith depth of core 1 from the
elemental concentration of the deepest sample of core 2.

Results
Sedimentation rate

The sedimentation rate (SR) of core 1 was estimated using the
37Cs and ?'°Pb activity concentration profiles. The vertical pro-
file of '*’Cs activity concentration is depicted in Fig. 2a, along
with the equation of '*’Cs-peak maxima versus the historical
nuclear incidents of nuclear tests in 1963 and the Chernobyl ac-
cident in 1986. The sedimentation rates utilizing independently
the maxima of '*’Cs, which correspond to the incidents of 1963
and 1986, were found (0.21 £ 0.02) cm yearsf1 and (0.24 £0.01)
cm years ', respectively. The estimated sedimentation rates are
consistent within uncertainties and the produced differences in
sediment ages ranged from < 1 to 16 years among the surface
and the deepest layers of the core (110 years before), respectively.
Thus, the mean value (0.23 = 0.01 cm yearsfl) of these SRs was
utilized for the validation of >'°Pb radiometric model. The activity
concentration profiles of 2'’Pb and ***Ra are shown in Fig. S11
(see Supporting Information document), where the exponential
trend of 2'Pb is evident verifying the assumption of the radio-
metric model. The activity concentration of the excess 2'°Pb ver-
sus depth is depicted in Fig. 2b. The uncertainties for '*’Cs and
219 activity concentrations were 28% and 11%, respectively.
Both methods revealed consistent sedimentation rates of (0.23 +
0.01)cm yearsf1 for ¥’Cs and (0.26 + 0.06) cm years*l for 21°Pb.
The validation of *'°Pb radiometric model was performed via
137Cs sedimentation model. The difference of the ages produced
by the two calculated sedimentations rates was up to 10 years.
The uncertainties of both sedimentation rates were estimated via
the slope of the graphs (Fig 2a, b) and include an age uncertainty
ranging from < 1 to 50 years for *'°Pb and from < 1 to 10 years
for *’Cs among the surface and the deepest layers of the core
(110 years before), respectively. Thus, the mean sedimentation
rate was used in the reconstruction of historical levels of metals
and radionuclides at Stratoni port (core 1), as discussed in
“Historical events.” The SR determination was not performed
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Fig. 2 The sedimentation rate estimation based on '*’Cs and 2'°Pb of

core 1. a Sedimentation rate estimated from '*’Cs activity concentration.

b Sedimentation rate estimated from the unsupported >'°Pb (*'°Pb
excess)

for core 2, as the little amount of the grounded powder of the
sediment core resulted in using samples per 2 cm. This resolution
arose the problem of concealing the 2'°Pb expected exponential
decrease and the *’Cs signal.

Grain size analysis

A rough estimation of the grain size distribution was per-
formed in the samples. Subsamples of the bulk core sediments
were split into sand and mud fractions by wet or/and dry
sieving through a 63 pm mesh. The sediment cores were sep-
arated into slices of 1 cm and grain size distribution analysis
was performed. The results are shown in Fig. Sla for core 1
and Fig. S1b for core 2 (see Supporting Information docu-
ment). Core 1 is characterized as muddy sand according to
Folk’s classification (Folk 1974) and can be slightly divided
in two parts: the upper part within 0—11 cm and the lower part
within 12-27 cm. The upper part consists of 60—70% sand and
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40-30% mud, and the lower part consists of 80% sand and
20% mud. Core 2 is characterized as sandy mud according to
Folk’s classification and can be also slightly divided into two
parts: the upper within 0—12 cm and the lower one within 13—
27 cm. The upper part consists of 60% sand and 40% mud,
while the lower one consists of 70% sand and 30% mud.

Radionuclide and metal concentrations

According to the radionuclide and metal profiles, the sediment
core 1 was divided in two parts: the upper (011 cm) and a
lower (1227 cm), as mentioned above. The activity concen-
trations of natural radionuclides at the core sediments near the
load out pier area (core 1) are depicted in Fig. S1 c, e in the
Supporting Information document. The activity concentra-
tions of 22 Ac, 21?Pb, 2!?Bi, and 2°*Tl exhibited similar values
within uncertainties, verifying the secular equilibrium within
232Th decay series. Thus, in this work, the presented results of
32T refer to the mean values of the aforementioned radionu-
clides. The values of °Ra, 2*°U, 23*Th series, and *°K ranged
between 75-120 Bq kg ', 4.8-13.4 Bq kg ', 3040 Bq kg ',
and 570-860 Bq kg ', respectively, and their uncertainties
were 3%, 13%, 12%, and 6%, respectively. At the upper part,
the activity concentrations of 226Ra, 23U, and *°K were 2
times less than those of the lower part of the core (see Fig.
S1 ¢, e in the Supporting Information document). However, a
homogeneous profile, within uncertainties, was observed for
232Th series, exhibiting a mean value of (30 + 3) Bq kg . The
activity concentrations of 226Ra, 23U, 232Th series, and *°K of
the offshore core ranged between (13—30) Bq kgﬁl, 2.74.1)
Bq kg ', (25-35) Bq kg ', and (460-650) Bq kg, respec-
tively, and are presented in Fig. S1 d, f (Supporting
Information document). At the upper part of core 2 (0-11
cm), 226Ra and >*°U exhibited higher values than in the lower
part, while *>*Th series were also characterized by a homoge-
neous profile. The observed difference among the vertical
profiles of *°Ra/**°U and ***Th series indicates that
226Ra/*°U are affected by the mining activities occurring in
the area. Additionally, the values of 226Ra and 2*°U in the
offshore core are lower than those of the coastal core, indicat-
ing that the latter core was affected by the anthropogenic ac-
tivities, which are depicted in its whole length. Nevertheless,
the enhanced values of *°Ra and *>U in the upper part of the
offshore core indicate that the influence of the anthropogenic
activities reached the offshore—and not only the coastal—
area of the gulf, for many years. However, this influence is
only found in the first 12 cm and not only in the deeper layers.

The concentration profiles of trace metals (As, Zn, Cu, Pb)
and major elements (Mn, Al, Fe) are shown in Fig. 3b—d and
Fig. S1g—S1j in the Supporting Information document. High
concentrations of As, Zn, Cu, and Pb were obtained in the
sediment core 1 ranging between (1.4-2.2) x 10° ug g !,
(2-6) x 10° pg g ', (100-250) pg g ', and (2.5-4.0) x 10°
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ug g ', respectively, and their uncertainties were 12.2%,
9.1%, 5.3%, and 4.6%, respectively. The maximum values
were observed in the lower part of the core and were up to 3
times higher than those measured in the upper part. The only
exception was the concentration of As, exhibiting a maximum
concentration at 12 cm sediment depth and following a linear
gradual decrease to the levels found in the upper core part. The
Mn, Al, and Fe concentrations ranged between (4—12) x 10°
ng g ', (40-60) x 10° pg g ', and (70-85) x 10° ug g ',
respectively, and their uncertainties were 4.9%, 5%, and 5%,
respectively. The maximum values of Fe, Al, and K were
observed at 12-27 cm (lower part) of the core and were 20—
30% higher than those obtained at 0—11 cm (upper part).
However, the highest concentrations of Mn were obtained in
the upper part of the core and those values were up to 4 times
higher than those of the lower part.

The concentration profile of trace metals of core 2 is similar
to those of 2*°Ra and 235U, wherein elevated values are ob-
served in the first 12 cm, which decrease in deeper layers (Fig.
4). These elevated values cannot be only attributed to the fine
grain fraction of core 2, as the sand-mud vertical distribution
changes slightly between the upper part (0—12 cm) and the
lower one (13-27 cm). The vertical distribution among the
two cores indicates that both have been affected by the anthro-
pogenic activities, wherein core 2 in a lesser extent, as shown
by the one-order-of-magnitude lower values of trace metal
concentrations comparing with core 1. These activities have
affected the coastal area for many years, as shown by the high
concentrations of trace metals in core 1. Additionally, this
impact is evident in the offshore area (core 2), however for
fewer years as indicated by the elevated values found only in
the first 12 cm.

Excess metal flux

The excess metal fluxes of core 1 were calculated for trace and
major elements taking into account the satisfactory agreement
of the sedimentation rates using the 2'°Pb and '*’Cs dating
methods. The profiles of the excess metal fluxes are depicted
in Fig. 3b—d and Fig. S1g—S1j in the Supporting Information
document, together with the trace/major metal profile. The
excess ﬂuxes of Al and Fe ranged from (0 to 5) x 10 ug
years ! 2 and from (14 to 20) x 10° pg years ' cm 2,
respectlvely. The maximum values of the Fe excess flux were
obtained at 12 cm and 20 cm depth, while the maximum
values of the Al one at the lower part of the core (11-27
cm). The Mn excess flux ranged from (1.4-to 3.5) x 10° pg
years ' cm 2, and the maximum values were observed at the
upper part of the core (0—10 cm). The As excess flux ranged
from 350 to 650 g years ' cm 2 and two local maxima were
obtained at 12 cm (650 ug years ' cm %) and at 20 cm (550 pg
years_1 cm ). The Cu and Pb metal fluxes ranged from (30 to
95) ug years ' cm 2 and from (0.4t0 2) x 10° pg years '
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cm 2, respectively. For both metal flux profiles, the maximum
values were obtained in the lower part of the core (11-27 cm).
The metal flux of Zn ranged from (0.6-to 1.2) x 10* g years
cm 2 and as in the cases of Fe and As two local maxima were
observed at 12 cm and 20 cm.

The excess metal flux was also calculated for the long-lived
natural radionuclides, as described in Pappa et al. (2018) and
the results are depicted in Fig. 3a and S1k (in the
Supplementary Information document). The metal flux values
of *°Ra (***Ra,) ranged from (18 to 32) x 10> Bq years
cm 2, where the low values were observed in the upper part of
the core (0~10 c¢cm). Two local maxima (as in Fe, As, and Zn
excess metal profiles) were also obtained at 12 cm and 20 cm.
The excess metal flux of 2°U (**°U,,) ranged from (0.3 to 2.7)
x 107 Bq years ' cm 2, and two slightly distinct local max-
ima could be observed at 14 cm and 21 cm, as in the 226Ra
excess flux profile.

Discussion
Comparison with information values

In order to provide the historical trends of contamination, the
results were analyzed according to the concentration trends
with respect to the depth of the core 1. In the previous work
of Pappa et al. (2016), the surficial concentrations of **°Ra in
Stratoni area were found higher than those of coastal areas of
Mediterranean Sea. Similar results can be observed by com-
paring the activity concentrations of *°Ra measured in the
coastal core (core 1) of the present work with those obtained
in sediment cores of the Mediterranean Sea (Bersanti et al.
2011). Additionally, the comparison of “*°Ra concentrations
in the soil and the sediment is not adequate due to the solubil-
ity of 226Ra in the marine environment; however, such a com-
parison can be accepted indicatively. Thus, the concentrations
of ?*Ra and *°K in the upper part (0—11 cm) of the core were
up to 2 and 1.5 times higher than the world median values of
?2°Ra and *°K in the soil (UNSCEAR 2000), respectively
(Table 1). The concentration of **°Ra in the lower part (12—
27 cm) of the core was up to 3 times higher, while of *°K was
93% higher than the world median. The **°Ra concentrations
of core 2 were similar or lower than those of the world median,
while “°K exhibited also similar or higher (up to 60%) values
than those of “°K in soil. The *?°Ra concentrations of cores 1
and 2 were 2 times higher and similar to or lower than the
22°Ra values measured in Stratoni’s granitoids (Papadopoulos
et al. 2013), respectively, indicating a 226Ra enrichment in
core 1 due to mining activities. The ***Th series concentration
in both cores was similar to the world median value obtained
in the soil and 4 times lower than those obtained in Stratoni’s
granitoids, indicating that the radionuclides of ***Th series
was not affected by the mining activities.

@ Springer

The concentrations of As, Pb, Zn, and Mn in the upper part
of core 1 were up to 45, 15, 6, and 9 times higher than the
sediment quality guidelines proposed by national organiza-
tions (USEPA 2000; ANZECC 2000; OMEE 1993), respec-
tively (Table 1). Some of the numerous developed SQGs, such
as PEC, ISQG, and PEL, have been adopted by regulatory
agencies and are recommended for screening reasons
(Burton 2002). The sediment quality guidelines (SQGs)
established by the aforementioned national organizations, re-
flect the effect in the organisms living in the sediment. In this
work, the upper limits of SQGs were utilized. Metal concen-
trations above SQGs indicate a heavily polluted area with
expected adverse biological effects and a need for further test-
ing of the contamination. The concentration of Cu in the upper
part of the core was in the same level as these guidelines. The
As and Mn profiles in the lower part of the core can be further
divided in two additional areas: 12—-16 cm and 17-27 cm. The
concentrations of As and Mn at the 12-16 cm depth were
found up to 64 and 6 times higher, while at the 17-27 cm
depth, they were found up to 45 and 5 times higher than the
guidelines, respectively. The concentrations of Pb and Zn in
the lower part (12-27 cm) of the core reach up to 47 and 6
times higher than the sediment quality guidelines, while the
concentration of Cu was in the same level with these values.
Moreover, the concentrations of As, Pb, Zn, and Mn in the
upper part (0—12 cm) of core 2 were up to 15, 7, 1.4, and 2
times higher than the sediment quality guidelines proposed by
national organizations. On the other hand, these metals exhib-
ited values lower than the sediment quality guidelines in the
deeper layers, indicating non-affected layers due to the mining
activities. The concentration of Cu in the whole core was
lower than those guidelines. The elevated values of core 1
and core 2, compared with sediment quality guidelines, reveal
also the most affected area of lerissos Gulf, to be the one near
the load out pier area (core 1).

Historical events

The maximum values of natural radionuclides (226Ra, 235y,
40K)), trace elements (Cu, Pb, Zn), and major elements (Al, Fe)
were observed from 1908 to 1970 (core’s lower part 12-27
cm). During that period, the mixed sulfide-manganese ores
exploitation was held mainly by the Hellenic Chemical
Products and Fertilizers Company (AEEHPL). The main ores
that were exploited were pyrite (FeS,), sphalerite (ZnS), and
galena (PbS), known as P.B.G. According to the trend of the
excess mass fluxes of Fe (Fey,), As (Asys), Zn (Zny), and
22°Ra (**°Ray) (see Fig. 3a—d), five operational periods are
observed: (a) 1912-1920, (b) 1920-1935, (¢) 1935-1945, (d)
1950-1970, and (e) 1983-2014. The vertical distribution of
mass fluxes in combination with the dating model resolved
more efficiently (compared to metal concentrations) the plant
operation periods.
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Table 1
continental crust, and metal guideline concentrations in sediments

Radionuclide concentrations of present work and world median of soil, as well as metal concentrations of this work, the shale of the

Activity concentration (Bq kg ')

226p, 232
Core 1 Min 75 30
Max 120 40
Core 2 Min 13 25
Max 30 35
World median Soil 35 30
Metal concentrations (ug g ")
As Cu
Core 1 Min 1400 120
Max 2200 350
Core 2 Min 54 80
Max 480 30
Shale 13 45
Sediment quality guidelines (ug g ")
PEC 33 149
1SQG High 70 270
SEL 33 110

23575 0 137

4.8 570 0.6 (Present work)
134 860 24

2.7 460 0.6

4.1 650 4.7

- 400 - (UNSCEAR 2000)
Pb Zn Mn

1600 2300 4600 (Present work)
6800 4300 12000

280 240 940

870 630 2230

20 95 850 (Wedepohl 1995)
128 459 - (USEPA 2000)
220 410 - (ANZECC 2000)
250 820 1100 (OMEE 1993)

*The activity concentrations of 232Th correspond to the activity concentrations of 228 Ac, 212 Pb, 212 Bi, and 2°® TI, which exhibited similar values within

uncertainties, verifying the secular equilibrium within 2*? Th decay series.

PEC probable effect concentrations, /SQG interim sediment quality guidelines, SEL severe effect level

In 1912, the AEEHPL company bought Kasandra mines for
the exploitation of pyrite (FeS,) of the Madem Lakkos deposit,
so as to produce sulfuric acid. Almost simultaneously with the
exploitation of FeS, began the P.B.G. exploitation during
1920-1935. During this period, an increment is observed in
the profiles of Fe and As concentrations and mass fluxes, indi-
cating a waste disposal of pyrite (FeS,) and arsenopyrite
(FeAsS). The pyrite disposal was correlated to the efficiency
of the used ore-separation method. Additionally, the P.B.G. ores
were characterized by low percentage of As in the form of

core 2_PLI
1 - 10
0 rt T R N l. T 0
27 & [ m corel[ 2
4 + 5 '. O core2 4
6T . T6
o ]
- 87 5 . T8 «
@ 1 n 1 @
§ 10 5 . 10 §
12y 5 . T 12 1
n
Fuq o . T4 E
= 16 1 " +16 =
- o ™ =
S 18 1 . T18 &
° a
S22 . 120
2t . T2
24 - T24
e »
26 + T 26
o
28 1o ¥ . Ly . 28
1 10
core 1_PLI

Fig. 5 The PLI profiles of the coastal (core 1) and the offshore (core 2)
cores at Stratoni port

secondary ores (arsenopyrite). Arsenopyrite has similar chemi-
cal characteristics with pyrite, which leads to its disposal during
the separation method. Moreover, the increment of Cu and—in
a lesser extent—Pb observed in their mass flux profiles during
1920-1935 may be attributed to the bad ore-separation efficien-
cy, as part of them was disposed with the pyrite wastes and
another one with the P.B.G wastes. The low Mn concentrations
and mass fluxes during the same period indicate the exploita-
tion of pure P.B.G. ores free from impurities such as rhodochro-
site (MnCOs3), while the elevated *°Ra concentrations and
mass fluxes may be attributed to Stratoni’s granitoids hosting
the P.B.G. ores and characterized by secondary uranium min-
erals (Persianis et al. 2010; Papadopoulos et al. 2013).

In most profiles of radionuclide and metal concentration and
mass fluxes (Fig. 3a—d and S1g-S1k in the Supporting
Information document), especially in those of As, Fe, Zn, and
225Ra, a local minimum is observed during 1935-1945, which
reflects the impact to the mining activities due to the Second
World War. From 1950 until 1970, the As concentration is fur-
ther increasing, indicating either an alteration of the floatation
method so as to have better efficiency in the P.B.G. ore recovery
or exploitation of P.B.G. minerals characterized by higher per-
centage of As. The alteration of the floatation method during
1950-1970 was a result of abandoning the use of FeS,; as the
main material for the AEEHPL company to produce sulfuric
acid. Thus, in the same period, a local maximum is observed
in the Fe mass flux profile, with less values than those during
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1920-1935. The lower Fe,, peak during 1950-1970 compared
with the period of 1920-1935 may also reflect the exploitation
of Mavres Petres deposit, instead of Madem Lakkos. Mavres
Petres deposit is characterized by P.B.G. minerals with lower Fe
percentage comparing with Madem Lakkos. For the same peri-
od, the lower values of 226Ra concentration and mass fluxes may
be attributed to the location of the P.B.G. minerals. During
1950-1970, the P.B.G. ores were further away from the granit-
oids, than the period of 1920-1935, indicating the presence of
smaller quantities of granitoids in the mining wastes.

The decrement of As during 1970-1975 may represent the
storage of arsenopyride, which was hosted in P.B.G. minerals.
This type of arsenopyrite was enriched in As, thus during ore-
separation, it was not disposed in the marine environment but
it was sent away and was further exploited at Olympiada’s
newly-built floatation plant. At Olympiada’s floatation plant,
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arsenopyrite enriched in As was exploited, as in this type of
mineral the percentage of Au being hosted was greater. Thus,
at Stratoni’s floatation plant, there were remaining arsenopy-
rite wastes with low percentage of As. During 1983-2014, in
all concentration and mass flux profiles (except from those of
Mn), the lowest values are observed. These minima reveal the
cessation of tailing discharge into the marine environment
(Kelepertzis 2013). Moreover, the decreasing concentrations
and mass fluxes of Al from 1920 until 1970 may reveal the
location of the exploited P.B.G. ores. In the beginning of the
P.B.G. exploitation (1920-1935), the ores were located near to
granitoids and pegmatite veins, which are characterized with
high concentrations of Al, while later (1950-1970) the
exploited P.B.G. were located further away than the pegmatite
veins. Moreover, the maximum values of Mn concentration
and mass flux were obtained during 1983-2014 and are
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correlated with the transport processes in the coastal environ-
ment. Mn is present in Kassandra deposits, in the form of
rhodochrosite (MnCQO3), which is light and when disposed
in the coastal environment, it is transported due to the wave
movements. Additionally, the different type of tailing dis-
charges can be probably described by the mud content of the
sediment core 1 (see Fig. Sla of the Supporting Information
document). It is clearly seen that after 1965, the mud content
reaches the maximum value (up to 40%).

Pollution load index

As discussed in “Radionuclide and metal concentrations,” the
upper part (0—12 cm) of the offshore core (core 2) may have
been affected by the anthropogenic activities, however in a
lesser extent comparing to the coastal core (core 1). In order
to assess the depth of contamination of both cores, the PLI
index was calculated. This index is a simplified one and it
includes the concentrations of the metals of interest normal-
ized to a background site. Nevertheless, it does not take into
consideration the grain size effect. In this work, a conservative
approach was attempted, where the metals (trace and Mn)
with the highest concentrations were utilized in the production
of the PLI profiles, as shown in Fig. 5. Taking into account the
classification by Tomlinson et al. (1980), both cores are con-
taminated in the whole length (PLI > 1). However, in this
work, PLI below 2 can be assumed that represents unaffected
core depths from the mining activities, meaning the deep
layers of core 2 (13-27 cm) are not contaminated. This as-
sumption can be established to the fact that the PLI calculation
was utilized conservatively, the offshore core exhibited one-
order-of-magnitude lower PLI values comparing to the coastal
core and the upper part (0—12 cm) of the offshore core re-
ceived PLI values above 4, while the deeper part exhibited
PLI values below 2.

Enrichment factors

The enrichment factor (EF) profiles of heavy metals (As, Cu,
Pb, Zn, and Mn) estimated for the sediment core collected at
the load out pier area (core 1) are depicted at Fig. 6. The
calculated EFs using as reference concentrations those of the
continental shale are depicted in Fig. 6a. According to Birch
and Davies (2003), the whole sediment core (upper and lower
parts) is characterized as extremely severely enriched (EF >
50) in As, Pb, and Zn. The upper part (0—11 cm) was severely
enriched in Mn and moderately severely enriched in Cu, while
the lower part (12-27 c¢cm) of the core was mainly moderately
severely enriched in Cu and Mn.

The calculated EFs using as reference concentrations those
found deep pre-mine layer of core 2 are depicted in Fig 6b.
According to Birch and Davies (2003), the upper part of the
core was moderately, moderately severely, severely, and very

severely enriched in Cu, Pb, Zn and Mn, and As, respectively.
The lower part of the core was moderately, moderately severe-
ly, and severely enriched in Mn, Cu and As, and Pb and Zn,
respectively.

Concerning the classification of historical trends, a differ-
ence was observed regarding the used reference values of the
EF estimation (global, ecosystem). The order of the enrich-
ment according to the EFyjopa profile was Pb > As>Zn > Mn
> Cu (Fig. 6a), while this order changed according to the
EFccosystem profile as As > Zn > Pb > Mn > Cu (Fig. 6b).
Only a slight change for the classification of Cu and Mn en-
richment in the sediment core 1 was observed, for example,
the sediment core was characterized as moderately severely
enriched in Cu when using the global value, while it was
characterized as moderately enriched in Cu when using the
ecosystem value. However, the classification of As, Zn, and
Pb in the sediment core altered, because the K value of these
metals was above 3. Although EF > 4 describes contamina-
tion, this difference in the classification indicates that the use
of global continental crust data might not be representative for
this specific area, as it represents a rough estimation and it
should be used with caution and only for comparison reasons
in global aspect. However, for the future, a deeper layer of a
more distant offshore sample could be utilized to verify the EF
classification of this work, based on the ecosystem
background.

Summary and conclusions

In the present study, the temporal variation of radionuclides
(226Ra, 40K, 235y, 232Th series), trace metals (As, Cu, Pb, Zn),
and major elements (Fe, Al, Mn) were obtained in Ierissos
Gulf, Chalkidiki. The natural radionuclide, trace element,
and Mn concentrations in core 1 sediments were well above
the world median for soil (UNSCEAR 2000) (except for ***Th
series) and national organization guidelines (USEPA 2000;
ANZECC 2000; OMEE 1993) (except for Cu), respectively.
The natural radionuclides determined in the offshore core
(core 2) exhibited similar or lower values of the world median
for soil, indicating an anthropogenic impact in the offshore
area in a lesser extent in the first 12 cm. The similar homoge-
neous vertical distribution of ***Th series in the coastal and
offshore core points out that this radionuclide is not affected
by the mining activities.

The pollution load index indicated that also the metal con-
tamination reached the offshore part (until 12 cm depth). The
enrichment factor revealed severe to extremely severe enrich-
ment during the previous century according to the analysis of
the sediment core (coastal core). The order of the enrichment
according to the EF ¢ q¢ystem Was As > Zn > Pb > Mn > Cu for
core 1 sediments, respectively.
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The dating method was combined with the mass flux ver-
tical distribution of core 1 in order to identify the historical
trends of past contamination, taking into account the mining
activity during the last century. The applied method recon-
structed the mine operation periods from 1908-2014. The
exploitation of pyrite for the production of sulfuric acid during
1912-1920, the decrease of mining activity during 1935—
1945 due to the Second World War, the type of ore exploita-
tion, the alteration of the exploited ores, and the construction
and operation of Olympiada’s floatation plant during 1950—
1970; and the cessation of tailing discharging into the marine
environment during 1980-2010 were identified. The determi-
nation of the mass fluxes and the enrichment factors for the
trace metals proved that the Stratoni port and its adjacent area
are highly affected from the mining activity that took place
during the last century.

This work highlights the need of continuous and/or routine
monitoring for environmental control of Ierissos Gulf and
understanding the transport processes (spatially and temporal-
ly). Additionally, the need for the study of radionuclides and
metals in other matrices (e.g., water, biota) in the marine area
arises.
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