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Abstract

In the present study, the distribution of Cr andaldis investigated in the surface sediments fronL#mgmna Bay (Northern
Evoikos Gulf) and in metallurgical slag samplescharged in the marine environment. The results veemapared to
concentrations of Cr and Ni in parent rocks thatcmp extensively in the catchment area of N. Eosikn order to
distinguish natural and anthropogenic sources edahtwo elements. Elevated concentrations of CrNirek well as high
values of magnetic susceptibility were determinedll samples. Low leachability was determinedGorsince chromite is
the major crystalline phase of Cr in the sampledyaed whereas higher leachability was observed\for
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1. Introduction

Natural weathering, surface runoff, atmospheriagport and direct discharges of waste materialsrtofin or industrial
origin contribute to the enrichment of the marimeieonment in heavy metals. Marine sediments agiresary repositories
of the transferred particles. However, in areas resh@cal minerals contain high natural metal comegions, the
investigation of element geochemistry in marindreedts is not always straightforward (Angelidis o#pi, 2000).

Northern Evoikos Gulf is surrounded by a varietyseflimentary, magmatic and metamorphic rocks cainginaturally
high concentrations of Cr and Ni (Voutsinou-Taliado& Varnavas, 1993). Moreover, the daily discleargf a slag
originating from a Fe-Ni smelter located in LarymBay, contributes significantly to sedimentatiorog@sses in the
Northern Evoikos Gulf by forming an underwater baitlayer of 20 krh (Simboura et al., 2007). Previous studies have
documented the elevated concentrations of heavalsencluding Cr, in Northern Evoikos Gulf (Voutsu-Taliadouri &
Varnavas, 1993). In the present study, the digiobuof Cr and Ni was investigated in parent rocg®g and marine
sediments of Northern Evoikos/Larymna Bay, in orttestudy Cr and Ni geochemistry and to assessellagive influence
and contribution of natural and anthropogenic émment of the marine environment. For comparisosars, the study of
these two elements was also extended in the |disggubSouthern Evoikos Gulf.

2. Materialsand methods

Sampling of parent rocks from the catchment arebathern Evoikos took place in May 2013. Paremksoincluded
ophiolites, Ni -laterites and soil. These Ni-latesiare used as a feedstock in the Fe-Ni smeltatdd in the Larymna Bay.

Sampling of surface sediments in the Northern Es®iulf took place in October 2014 in the LarymrayBwvhere the
ferro-nickel plant is located (Stations NEV-1 to WB). NEV-8 sediment was collected from the unddewralag deposition
area. Station NEV-7 located far from the Larymng bathe Northern Evoikos Gulf. Additionally, a glasample was
collected directly from the factory right befores itlischarge. Surface sediments were also collefcted the Southern
Evoikos in October 2014 (Stations CEV-2 to CEV-1Al. sediments were immediately transferred to tdgoratory and
placed in deep freeze.

Moreover two sediment cores were collected in otdenvestigate background levels for Cr and Nige drom station
NEV-12 in the Northern Evoikos and one from stat@iV/-10 in the Southern Evoikos.

Concerning the analysis of surface sediments ftoenLarymna Bay, all analytical procedures weregreréd for both
fractions <6am and >63m since slag particles were visible in the fractfo63um. Analysis of sediments from the
Southern Evoikos was performed in the g@Bfraction only.

Magnetic parameters, low-field magnetic suscejfiybi(ylf) and frequency dependent susceptibilitgdfo) were
measured on a mass specific basis by a Bartingtsreptibility sensor (Botsou et al., 2011; Scoudibal., 2014).
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The labile fraction of Cr and Ni was determinedhie parent rocks, the slag and the fr-dried sediments after a weak-
acid digestion with 0.5N HCI (Agemian & Chau, 197Tptal Cr and Ni contents were detened by ultrasonic assisted
digestion with a mixture o€oncentrated acids includirHF. Additionally, sequential extractions according te tBCR
protocol were carried out in the parent rocks, stag and the surface sediments of frthe Northern Evoikos in order to
determine the different geochemical fractions ofa@d Ni(EUR report 19502EN)Cr and Ni analysis was carried out
FAAS and GFAAS (Varian SpectrAAO0) in all extract:

385+

CEV-1 c
Sy . . . . R s _
38,75 A J 1 N CEV-2
A NEV-5- B 4
) ) 38,58 o NEV-6+ | {
38,74 ~ 38,48/ T Chalkida
s b NEW-T \ NEV4s f cE\Er'.“;:w
= g posit | —ad — CEVE
38,64 —— | 4
. ! e E“g 38,57 L NEV-3+ oo Cement .| 57
38,55 rt':.:. : L — _— /) Factory cEvs
B . Fe-Ni smelter CEV-9-E
38,51 * . - o { 38,42 Shipyards — CEV-9-A
l-'T--. CEV-10
38,45 l prikida | o5 o6 e
—— |
{ B4 .
84 ] : : . L, ] CEV-11
#0515 N3 BB DS 1SS BB 230 23,29 233 23,31 23,32 23,33

2355 2357 2359 2361 23,60 2365

Fig.1: Surface Sedimenaspling stations ilA) Northern Evoikos Gulf3) Larymna BayandC) Southern Evoikos Gulf

3. Results

Concerning the granulometric composition of theirsedts in the Larymna Baynost samples consist of sand, whel
the silt/clay fraction ranges from 9% to 48%. SWatNEV-4 consists primarily of sand. Black grains of slegre detecte
during sieving in stations NEV-1, NE¥, NEV-3 and NEV6. The grains were visible in the ftion >63um. On the other
hand, the silt/clay fraction was dominant in seditsdromSouthernEvoikos ranging from 59 to 100% of the total seditr
mass, with the exception of one station (-2) where the silt/clay fraction was 16.2%.

Table 1: Total Cr and Nconcentrationin (mg/kg) and percentage of HExtractable Cr and Ni in the analyzed san.

Fraction Total Cr % HCI extr. Cr Total Ni % HClextr.Ni 7If 10° m%kg
Parent Rocks 2176-21929 0.22-6.5 1845-6611 6.7-50.; 1.85-25.8
Slag 17577 16.4 1623 75.6 4.08
Marine Sediments
Slag deposit (NEV-8) <63 4017 35.8 2447 65.4 1.52
63 19878 32.0 670 84.9 2.36
LarymnaBay  f<63 1726-10299 8.2-33.2 1180-3207 7.0-23.( 2.57-11.64
563 72.8-18262 7.1-53.16 82.8-1362 29.7-58.¢ 0.302-5.48
NEV-7  {<63 529 3.3 526 12.9 0.265
>63 38.4 345 65.6 55.4 0.061
Southern Evoikos <63 74.5 - 422 47-187 101 - 426 15.6 - 27. 0.390 - 0.829

Chromium concentratioria the samples analyzare presented ifable 1. Elevated concentrations of Cr are determi
in all samples of N. Evoikos Gulf.he maximum value was determined in station -8 in the slag underwater depo: It
was generally observed that in th@tions where slag particles were dete (i.e. NEV-l, NEV-3, NEV-6, NEV-8), Cr
concentrations were higher in the sdrattior indicating the contribution of the coarse slag ipls to the C-content of the
sediment. Lower Cr concentrations where obsein the Southern Evoikos where thmximum value of C was detected in
stations CEV-2 and CEV-9, the statiaresaar the town of Chalkida and the Shipyanelspectively

Elevated concentrations of Ni were also determineall sample (Table 1). For exampl, in the underwater slag deposit
area Ni concentrations we447 mg/kg and 670 mg/kg in the silt/clay and séraction respectivelyThe maximum
concentrations of Nivere determined in station NI-3 located outside the smelter while the lower catregions were
observed in station NEV-Distribution of Ni between the two fractions extied different behaviocompared to Cr. Higher
Ni concentrations are determinédthe silt/clay fraction in all statio despite the presence of slag particles in the
fraction.Lower concentrations of total Ni were observe the Southern Evoikos Gulf (10426 mg/kg Ni) where, similarly
to Cr, the maximum NEoncentrations were determined in the stations-2 and CEV-9.
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Total Cr correlated well with total Ni using Speamcorrelations for both the silt/clay (r= 0.9520@01) and the sand
fraction (r= 0.833, p=0.05) in Larymna Bay andtloe silt/clay fraction in Southern Evoikos (r=0.7@#0.01).

Table 2: Cr and Ni concentrations after BCR sequentialagtions

(mg/kg) Cr Ni

Fraction F1 F2 F3 F4 F1 F2 F3 F4
Parent Rocks (Ni-L aterite) 5.0 16.7 65.4 17470 86.2 250 352 6680
Slag 103 215 357 15964 81.7 286 178 1159

Marine Sediments
Larymna Bay 0.07-10.7 3.8-173 135-1139 1587-8975 5.3-58.7-14218 28.0-127.3 1130-2901
Slag Deposit (NEV-8) 9.0 276 504 3227 216 554 552 1125
NEV-7  0.08 0.23 11.5 517 0.77 2.0 8.3 515
F1= Acid Soluble, F2=Reducible, F3=Oxidizable, FésRlual

The extraction with 0.5N HCI gives an estimationtleé more labile forms of an element. As showrTable 1, the
leachability of Cr in parent rocks ranges from 0t@%.5% for Cr and from 6.65 to 50.1% for Ni. Tegeercentages for both
elements increase for both elements in the slatipdrslag deposit area, and in the marine sedinfiemtsthe Larymna Bay.
The highest percentages were observed for botheslisnm station NEV-8 where the underwater slagdi¢fis located. Low
leachability was determined in the sediments ofSbethern Evoikos Gulf, implying that Cr and Ni afegeological origin.

Sequential extractions performed for the parenkspthe slag and the surface sediments from theniza Bay showed
that the maximum concentrations of Cr are detentetie residual fraction in all sampleBabple 2). However, significant
amounts are detected in more labile fractions thaght be mobilized and released to environment urafenges of
environmental conditions. For example, in the slagosit area the sum of fractions f1+f2+f3 accofmt¥89 mg/kg on Cr.
Concerning Ni, in the parent rocks and in moshefdurface sediments from the Larymna Bay, maxirnontentrations are
determined in the residual fraction. However, Nintemts increase in the f1, f2, f3 fractions of e slag and the
underwater slag deposit, implying that Ni is mabile than Cr in these samples. For example irsilielay fraction of the
slag deposit sample the percentages of Ni accourit £8.8%, f2=22.7%, f3=22.5% f4=46.0% of the tdadetermined.

Mineralogical analysis performed by XRD and SEMtlie parent rocks (i.e. Ni-laterites) and in thegssdiowed that
chromite - FeGO, is the major crystalline phase containing Cr, whihe presence of other Fe-Cr spinels were also
identified (Andrioti et al, 2014; Andrioti, 2015Rue to the low solubility of chromite present iretharent rocks and slag,
the leachability of Cr after 0.5N HCI extractiondaBCR sequential extraction is low in these samplésis, it is observed
that the leachability of Cr increases in the follegvsequence: parent rocks < slag < marine sedsnemicating probably a
transformation of Cr-bearing phases from the sautoethe deposition area. On the other hand, thehkbility of Ni is
higher compared to Cr both in the parent rocksthadslag. This might be attributed to different amoke soluble Ni-bearing
mineral phases. The mineralogical phases of Ni bothe parent rocks and the slag are currentheuimestigation.

Regarding the magnetic susceptibiliy- high values were observed in parent rocks, mlag and surface sediments
from the Larymna Bay including the underwater stposit. In surface sedimenjdf values were increased in silt/clay
fraction, whereas the lower values in the sandtifracare attributed to the presence of carbonatbgh is a diamagnetic
component and decreases the magnetic signal. Sgmtiabution showed that the strong signals dssesved in stations
NEV-1, NEV-2, NEV-3 and NEV-6, where slag graing aresent. The maximum value was determined ifoBt&EV-3.
Comparison of the sediments' and slalf'salues implies that there are other componepgstdrom the slag contributing to
magnetic susceptibility. These components mighotfbgeological origin, since strong signals wereashed for the parent
minerals as well. Weaker signals were observethénsurface sediments from the Southern Evoikos, GirlEeylf ranges
from 0.390 to 0.829 10m?kg. Magnetic susceptibilityyf correlated well with total Cr both in sand (r982, p= 0.01) and
in silt/clay fraction (r=0.833, p=0.05) in the Lampa Bay and in Southern Evoikos (r=0.717, p=0.09)is positive
correlation ascribes to the presence of Fe-Cr &piamed chromite that were identified by mineralagjianalysis. Although
chromite is among the “less common” magnetic miiseia one of the more resistant minerals in natumre together with
other Fe-Cr spinels could represent a significaopgrtion of relict magnetic assemblage (Scoultosl.e2014).

Finally, Enrichment Factors (EFs) were calculateat the silt/clay fraction according to the formulaF=
(element/Al}ampid (Element/Al)erence vaeFOr the Northern Evoikos Gulf, a 200 cm sedimened®WEV-12; Fig. 1A) was
analyzed in order to establish the reference velueGr and Ni (Reference Values: Cr= 240 mg/kgs B0 mg/kg).

Enrichment Factors in the Larymna Bay ranged frogntd 49.1 for Cr and from 1.0 to 6.1 for Ni. Theximum values
were observed for both elements in stations agsatiaith the smelter (NEV-1, NEV-3, NEV-6, NEV-8nplying that
surface sediments are strongly affected by theter®hctivity and the slag’s disposal. In the cabthe Southern Evoikos
Gulf, EFs were calculated using as reference vatluesower parts of a sediment core obtained fraati@ CEV-10 (Fig.
1c; Reference values: Cr= 252 mg/kg, Ni= 355 mg/kEg¥richment Factors in the Southern Evoikos weveel compared to
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the Larymna Bay and rangéem 0.21 to 3.16 for Cr and from 0.20 to 1.55 fir The maximum values the S. Evoikos
for both elements werm@bserved in stations CE-2 and CEV-9.
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Fig. 2: Spatial Distributions ¢ Enrichment Factor - EF for Cr it) Larymna BayandB) Southern Evoikos.

4. Conclusions/Discussion

This study of Cr and Ni distribution the Larymna Bay showed that the area is strongly affédty the plant's activit
and highly enriched in both Cr and Miompared t the Larymna By, Southern Evoikos is less iched in Cr and Ni.

Chromiteis the prevailing crystalline phase of Cr both Ire tparent rocks that outcrop in the catchment afed.
Evoikos and in the slag deposited in the marineirenmnent. However, thhigher leachability of Cr both in the sl
deposition area and in surfasediments indicates the increasing contributio the more soluble, (-bearing phases.
Sequential extractions performed in parent rockag sind marine sediments fr the Larymna Bay in the current stui
confirm this assumptiorFurthermore, reliminary results indicate that minerals containing Ni arerensoluble than thos
containing Cr. This explains the higher leachapidit Ni in &ll samples analyzed.
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