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HeiTpoHHBIli KTHUB LIMOHHBIM H JIM3 U CK HUPYIOLIL § 3JIEKTPOHH £
MUKPOCKOIHMS (DUTOILT HKTOH npubpexHoit 30Hbl Kpeim  (YepHoe mope)

Brepseie mst npubpexnoit 30861 UepHoro Mopst (CeB cTOmonbCKuil pernoH, YKp UH ) C
IPUMEHEHHEM HEWTPOHHOTO KTHB LIMOHHOTO H JIU3 U CK HHUPYIOLIEH 2JIEKTPOHHONU MHUKPO-
CKOITNH C HEPrOAUCIIEPCHOHHON PEHTTEHOBCKOM CHEKTPOCKONMEH OIpeaeneHbl KOHIEHTD -
1y 45 37eMEHTOB B IUT HKTOHHBIX COOOINECTB X, UCIONB3YeMBIX B K 4eCTBe OHOMHINK TOPOB
HEOpr HUYECKOro 3 IpsA3HEeHHs NPUOpexHbXx Bog. OOp 3ubl (UTOIUT HKTOH ObUIM OTOOP HBI
IUT HKTOHHOM CEThI0 (IU METP Mop 35 MKM) IyTEM TOT JIbHBIX JIOBOB H 3 CT HIMAX, P CIOJIO-
KEHHBIX B 3 TPSI3HEHHBIX M YCIIOBHO YHCTBIX KB TOpHSX MpuOpexHOil 30HbI CeB cromoms, B
TEYeHHe OCEHHETO MepUojl  KTHBHOIo pocT ¢uromn HKToH . Konuentp uumn Mg, Al, Sc, Ti,
V, Mn, As, Rb, Ba, Th u Fe, Cr Bo3p cT 10T ®KCHOHEHIY JIbHO OT YCJIOBHO YHCTOW CT HIIUH
K Oonee 3 rpsa3HeHHOW, u B 10 u 3 p 3 BbIIE, COOTBETCTBEHHO, B (putomn HKTOHe CeB cTO-
110J1bCKOM OyxThl. KOHLEHTP LM peIKOo3eMellbHbIX BJIEMEHTOB H BCEX CT HLHUAX NPUMEPHO
OIVH KOBBI, MeHee 1 MKI/T, IpU 3TOM HMMEIOT TeHICHIMIO H K IUIMB ThCS B (DUTOIUT HKTOHE
3 rps3HeHHOl cT Huud B CeB cTomornbekoil Oyxrte. ITomydeHHBIE pe3ynbT Thl XOPOIIO COLI -
CYIOTCSI C JI HHBIMM O KOHLEHTD LUSIX 3/1€MEHTOB B OKE HMYECKOM IUI HKTOHE, IUT HKTOHHBIX
coobmects x Bermoro u Yepnoro mopeil. C HCMOIB30B HUEM DHEPrOAUCIIEPCHOHHOH pEHT-
T€HOBCKOW CIEKTPOCKONUH B (DUTOIUT HKTOHE H 3 TPSA3HEHHON CT HUUM ObUTH OOH PyXKEHBI
MUHEp JIbHBIE U CTUIIbI HEU3BECTHOIO MPOUCXOXKAeHUs ¢ BKmoueHusmu meau (0,42 % no secy),

H YCIIOBHO YHCTOW — ¢ BKJtoueHusMu muHK (0,57 % 1o Becy).

P 6ot Bbmonnen B JI 6op Topuu HeiTpoHHOH ¢puzuku uM. 1. M. ®p vk OUSHU.
Mpenpunt OOBENMHEHHOTO MHCTHTYT SIEPHBIX Hccnenos Huil. dy6H , 2014

Nekhoroshkov P.S. et al. E18-2014-11
Neutron Activation Analysis and Scanning Electron Microscopy
of Phytoplankton in the Coastal Zone of the Crimea (Black Sea)

For the first time the concentrations of 45 elements in the coastal phytoplankton com-
munities used as bioindicator of inorganic contamination of the Black Sea coastal area near
Sevastopol, Ukraine, were determined by means of neutron activation analysis and scanning
electron microscopy with energy dispersive spectrometer. Phytoplankton samples were col-
lected by total tows of the plankton net with 35 pm pore size at 3 stations situated in polluted
and relatively pristine water areas of the Sevastopol coastal zone during autumn period of the
phytoplankton active growth. The concentration of Mg, Al, Sc, Ti, V, Mn, As, Rb, Ba, Th and
Fe, Cr increases exponentially from relatively pristine station to more polluted station and 10
and 3 times greater, respectively, in the phytoplankton of the Sevastopol Bay. The rare-earth
elements have relatively the same concentration values of about 1 pg/g and tend to accumulate
in the phytoplankton from the polluted station in the Sevastopol Bay. The obtained results
are in good agreement with the elemental concentration data in the oceanic plankton, plankton
communities from the White Sea and the Black Sea. Using energy-dispersive X-ray spectrom-
etry the mineral particles of unknown origin and impurities of copper (0.42 % by weight) in
the phytoplankton at the polluted station and zinc (0.57 % by weight) at the relatively pristine
station were determined.

The investigation has been performed at the Frank Laboratory of Neutron Physics, JINR.
Preprint of the Joint Institute for Nuclear Research. Dubna, 2014




INTRODUCTION

Plankton (phytoplankton and zooplankton) containing organisms suspended
in water and typically carried by the waves, tides and currents is very sensitive to
changes in the environment; therefore, it is widely used as an indicator of water
quality [1-3]. Elemental accumulation as a dynamic process in plankton depends
on concentration of elements in the environment and different processes induced
by the environmental nutritional stress, which are determined by functional state
of each organism [4]. Earlier it was shown that the plankton responds to the
presence of heavy metals in water environment, upon that some elements inhibit
and some stimulate growth of organisms and community [1, 2].

The physiology and ecology of planktonic organisms are influenced by the
concentration, chemical speciation and resulting bioavailability of some trace
metals such as Fe, Cu, Zn, Cd, and Hg. Therefore, since A.P. Vinogradov [5]
determined the concentrations of Ca, Mg, K, P, Fe, Mn, S, Cl, Si, Br, and I
in zooplankton sampled in the White and Barents Seas, many studies have been
devoted to chemical (elemental) content of the plankton in the different regions
of the World Ocean.

Goals and approaches to the study of the elemental concentration of plankton
are very different. Thus, Leonova estimated the concentration of a wide range
of elements in the White Sea zooplankton [6], phytoplankton and zooplankton
from freshwater Siberian lakes [7] and considered their accumulation capacity
and involving into geochemical processes. The ability of plankton to concentrate
trace elements from its environment is used to indicate the level of coastal waters
pollution in different regions of the World Ocean [2, 8-12].

The elemental content of the Black Sea plankton has been studied for over
50 years. Thus, Vinogradova [13] studied the ability of plankton to accumu-
late polyvalent metals, Rozhanskaya [14] explored the distribution of Mn, Fe,
Co, Ni, Cu, and Zn over the food chain from plankton to the fishes, Saenko [15]
gave the data about the concentration of Ti, V, Cr, Mn, Fe, and Cu in the plankton



from the coastal waters of the Sevastopol region. But generally large zooplankton
(more than 100 microns) and casual small amounts of phytoplankton was studied
by the mentioned scientists and only up to 10 elements were determined.

Marine coastal area of the Sevastopol region is exposed to various types of
pollution. Heavy metals and other pollutants enter into the coastal waters with
the surface and underwater runoff [16]. Heavy metals also come from old ships,
industrial and agricultural facilities. The grain terminal in the Sevastopol Bay,
where several large vessels dock every day, is one more source of the coastal
waters pollution with trace elements (ballast waters, paint and plank materials,
fuels). Secondary pollution takes place during the storm wave when buried fuel
and oil are getting up from the bottom sediments to the surface [16].

Since the anthropogenic impact on the plankton communities increases, the
present study is focused on the elemental composition of the phytoplankton as-
semblages from the polluted zone of the Sevastopol Bay and from relatively
pristine deep water coastal station.

To determine structure and elemental composition of phytoplankton and sus-
pended particles, the methods of scanning electron microscopy (SEM), energy-
dispersive X-ray spectrometry (EDS) and instrumental neutron activation analysis
(INAA) were used.

The multielement INAA at the reactor IBR-2 of FLNP, JINR with its low
temperature in the irradiation channels is particularly efficient in the analysis
of biological samples [17]. The SEM/EDS also is widely applied in biological
analysis [18]. To our knowledge, these two complementary techniques were never
simultaneously applied to study the Black Sea phytoplankton.

MATERIALS AND METHODS

Sampling and Sample Preparation. The samples of phytoplankton were
collected in the autumn of 2013 during its active growth at three coastal stations,
where the first and the second stations are located in a relatively pristine zone,
and the third one in the polluted zone of the Sevastopol Bay (Fig. 1). Stations 1
and 2 are situated in deep waters (the depth is more than 40 meters) and station 3
is in the entrance of the Sevastopol Bay (12 m depth). The characteristics of the
sampling sites are shown in Table 1.

The phytoplankton was collected by means of the vertical tows of the phyto-
plankton Nansen net (35 pym mesh size) [19].

Sampling sites were chosen in compliance with the data of hydrochemical
monitoring and the quality of water according to the trophical index (TRIX)
of the coastal waters in the Sevastopol region [20]. Samples were filtered on
paper filters with 10 um pore size in the laboratory conditions. The sea-salt
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Fig. 1. Sampling sites in the coastal zone of the Sevastopol region (Crimea, the Black Sea)

Table 1. Sampling station

Number Coordinates Maximal | Distance Filtered
of station depth, m from water
the shore, | volume,
m m®
1 44°37'51.6" n. 1. | 33°26'20.2" e. 1. 60 2660 10.75
2 44°37'45.01" n. 1.|33°27/22.46" e. 1. 45 2010 8.60
3 44°37'30.21" n. 1.{33°30"41.51" e. 1. 12 141 3.22

particles were dissolved and washed out after the treatment with distilled water.
Then the filters with phytoplankton were dried at room temperature and subdivided
for INAA and SEM/EDS.

Analysis. Elemental analysis of the phytoplankton samples was carried out
by INAA at the reactor IBR-2 of FLNP, JINR. The analytical procedures and the
basic characteristics of the employed experimental facility are described in detail
elsewhere [17]. The samples of about 0.3 g were packed in polyethylene bags
for short-term irradiation and in aluminum cups for long-term irradiation.



To determine the short-lived isotopes of Mg, Al, Cl, Ca, Ti, V, Mn, Cu,
and I, the samples were irradiated for 3 min in the reactor channel with a neutron
flux density of 1.3 - 102 n/(cm? - s). Gamma spectra of induced activity were
measured for 12—-15 min after 20 min of decay. The elemental contents of the
long-lived isotopes of Na, K, Sc, Cr, Fe, Co, Ni, Zn, As, Se, Br, Rb, Sr, Zr, Mo,
Ag, Sb, Cs, Ba, La, Ce, Nd, Sm, Gd, Tb, Tm, Yb, Hf, Ta, W, Au, Th, and U were
determined using epithermal neutrons in a cadmium-screened irradiation channel
with a neutron flux density of 1.6 - 102 n/(cm? - s). Samples were irradiated for
90 h, repacked and then measured twice after 4-5 d of decay during 30 minutes
and after 20 days of decay during 1.5 hours.

To process gamma spectra of induced activity and to calculate concentrations
of elements in the samples, software developed at FLNP, JINR was used [21].
The uncertainties in the determined concentrations were in the range of 5-15 %,
and of 30 % or more for those elements which concentrations in the samples were
at the detection limit, e. g., Nd, Tm, Yb.

Quality control was provided by using NIST standard reference materials:
433, 690CC, 1547, 1572, 1632b, 1633b, 2709, 2710 irradiated in the same
conditions together with the samples under investigation.

The SEM/EDS of the phytoplankton specimens were performed using SMA
Quanta 3D FEG instrument in the Laboratory of microscopy of Skolkovo Institute
of Science and Technology. The SEM images of selected area of phytoplankton
and spots were obtained simultaneously with the rapid quantitative analysis of the
elemental concentrations.

RESULTS AND DISCUSSION

The concentrations of 45 elements determined by INAA in phytoplankton of
the coastal zone of the Black Sea (stations 1-3), as well as comparative literature
are given in Table 2.

The elemental concentrations in the phytoplankton were calculated for the
coastal stations in relatively pristine water area (station 1), in relatively pol-
luted water area (station 3 in the Sevastopol Bay) and in the intermediate zone
(station 2) (Table 2). Our data were compared with the elemental concentra-
tions in phytoplankton from the coastal waters of different regions of the World
Ocean [15,22,23].

The concentrations of some elements (Na, K, and Ca) in the plankton from
the White Sea [22] exceed our results because after filtration their samples were
not washed by distilled water.

The concentrations of macro and trace elements which are significantly ac-
cumulated in phytoplankton are shown in Fig. 2.



Table 2. Elemental concentrations in the plankton (ug/g)

Phytoplankton Total plankton
Ele- Present study (INAA), the Black Sea
ment The White| %" | The Black
Station 1 Station 3 Sea [22] Ocean Sea [15]
(relatively Station 2 (polluted [23]
pristine area) area)
Na 2025452 715+19 1095429 63000 33000
Mg 17346 546+19 2370469 94000
Al < 309 951+26 4421+ 118 62
S 50.84+23.5 25.4+11.6 4.6+3.2 8300
Cl 2650+233 1520+134 15204135 4700
K 13804787 7324288 18104455 13000 52000
Ca < 811 349435 43794386 6000 14000
Sc < 0.03 0.33+0.10 0.75+0.23 0.45 0.07
Ti 15+4 64+10 291425 400 10 45-201
v 0.20+0.02 1.4£0.1 6.61+0.3 3 3.5 6-15
Cr | 5.16%1.15 | 11.86+1.24 | 15.76%1.51 620 1.8 30-69
Mn 3.0 £0.2 6.0+0.4 28.4+1.5 80 20 3-63
Fe 13704198 15804173 42204295 2460 160 3310-9670
Ni 0.43+0.02 0.284+0.02 0.81+0.03 0.9 0.4
Co 0.610.1 15.7+1.1 15.1£1.2 35 14
Cu | 9144324 43.1£15.7 117£42 43 12 38-187
Zn 205420 86+8 124411 362 39
As | 0.11£0.01 0.59+0.04 1.84+0.1 13 15
Se | 0.26+0.06 < 0.13 0.04+0.01 0.4 0.063
Br 59.1+7.1 28.2+3.4 64.7+7.7 2000 440
Rb | 0.2040.12 2.740.5 7.4+1.4 7 1.8
Sr 6.34+0.8 6.8+0.7 15.1+1.4 106 1100
Zr 7.0+4.7 8.0£3.5 16.7+6.5 3.6 0.7
Mo 0.240.07 0.19+0.09 0.2440.08 0.2 0.39
Ag | 0.0740.01 0.07+0.02 | 0.05+0.013 0.22
Sn 21.3+2.6 1.3+0.4 1.84+0.5 1.2 0.29
Sb | 0.7440.03 0.28+0.01 0.3740.04 1.8 0.16
I 1.240.2 2.240.4 22.0+4.0 139 1020
Ba 33.64+8.9 <99+45 | 48.7+134 28 19
Cs | 0.012+0.01 | 0.18+0.01 0.47+0.02 0.6 0.072
La [0.115£0.025 | 0.822+0.055 | 2.140.12 1.18 0.14
Ce 0.6+0.3 1.2£0.5 3.7+£1.1 2.6 0.23




The end of Table 2
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ment The White \gorld The Black
Station 1 Station 3 Sea [22] cean Sea [15]
(relatively Station 2 (polluted [23]
pristine area) area)

Nd 3.1+1 0.5+£0.4 1.1£1.3

Sm 0.61+0.2 0.74+0.2 0.64+0.2

Gd < 0.6 4.0+1.2 1.8+0.6

Tb < 0.01 0.02+0.01 0.06+0.02 0.022

Dy < 0.14 0.11+0.03 | 0.32+0.11

Tm | 0.04£0.01 0.02+0.01 0.16+0.02

Yb | 0.14£0.07 | 0.11+0.04 | 0.53%0.12 0.13

Hf < 0.02 0.1940.06 0.34+£0.1 0.11

Ta |0.0024+0.001 | 0.03+0.01 0.05+0.02 0.06

Y 0.3£0.1 0.2£0.1 0.3£0.1 0.035

Au |0.00440.001 | 0.00240.001 | 0.0024-0.001 0.008

Th < 0.03 0.30£0.01 0.70+£0.02 0.28 0.1

U 2/440.2 1.940.2 0.7£0.1 0.8
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Fig. 2. Concentrations of major elements in phytoplankton (ug/g) determined by INAA at

3 stations (log scaling)

As follows from the results obtained, in phytoplankton the concentration of
major elements from the most polluted shallow from water station 3 is con-
siderable higher than in phytoplankton from the deeper stations. For example,



the concentration of such elements as Mg, Al, Sc, Ti, V, Mn, As, Rb, Ba,
and Th (Figs. 2 and 3) exponentially increases towards more polluted station 3 by
5-10-fold. However, concentrations of Fe and Cr in the phytoplankton from the
Sevastopol Bay are only 2-fold greater.
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Fig. 3. Concentrations of some elements in the phytoplankton samples (log scaling)

The high content of polyvalent metals in the phytoplankton is due to the high
concentrating ability of the phytoplankton. Thus, according to [15], concentra-
tions of Mn, Fe, Ti and Cu, Cr in plankton (phyto- and zooplankton) collected in
September 1969 in the Sevastopol Bay and seaward were 10-fold and 2-3-fold
greater, respectively, than in the marine macrophytes collected at the same sam-
pling site. Concentration of such elements as Na, Cl, K, Br, Mo, Ag, Sb, Au, and
W is relatively constant in the phytoplankton from all three stations (Table 2). It
is probably due to their homogeneous distribution in the coastal waters in this pe-
riod. The content of iodine is constant in the phytoplankton from the deep water
stations (1 and 2), but at the station 3 it is 10-fold greater. On the one hand, this is
due to the presence of large number of macroalgae thalli (bodies) containing large
amounts of I in the shallow water station. On the other hand, Vinogradov [5]
notes the high content of iodine in diatoms that intensively grow in the shallow
waters. The concentrations of the poorly mobile elements (Sc, Ti, V, Mn, Fe,
Co, Ga, Rb, Y, Zr, Nb, Cs, Ba, lanthanides, Hf, Ta, and Th) are characteristic for
the terrigenous component comprising 20-30 % of the ash content in the seston,
which is one order of magnitude higher in the seston [6]. A significant frac-
tion of the terrigenous admixture was observed in the seston from the station 3.



It is explained a rather large difference (in the range of one order of magnitude)
in values of elemental concentrations, indicators of the mineral sludge component
of the suspension containing REE, Sc, Al, Ta, and Th [6].

The concentration values of the rare-earth elements are relatively of the same
order (about 1 pg/g) (Fig.4), and they tend to accumulate in the phytoplankton
from the polluted station in the Sevastopol Bay. This is probably due to a signif-
icant amount of disturbed bottom and terrigenous sediments in the phytoplankton
samples.
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Fig. 4. Concentrations of the rare-earth elements in the phytoplankton from the 3 stations
(log scaling)

Concentrations of the most elements in the phytoplankton at all stations are in
good agreement with the concentrations in the total phyto- and zooplankton from
the other regions of the World Ocean (with other salinity and other hydrological
features) (Table 2).

The Black Sea phytoplankton community consists of many different species.
The trophic structure, seasonal variability of phytoplankton community and quality
of water (for example, transparency on disk Secchi depth) are mostly determined
by the variability and dynamics of two groups of phytoplankton (diatoms and
dinoflagellates). The diatoms (Bacilliariophyta) are small autotrophic cells which
consist of SiOs and which can live in the polluted coastal and estuarine waters
in the photic zone. The phylum Bacilliariophyta is distinguished by the presence
of an inorganic cell-wall composed of silica (hydrated SiO3).

The collected phytoplankton samples contain organic (both living phyto-
and zooplankton and detrital), inorganic particles, and clay minerals; all together



called as seston [24]. Therefore, we should take into account that the SEM images
show aggregates of mineral particles, parts and tissues of decaying indefinable
organisms and living plankton cells (Figs. 5, 6,9).

Fig. 5. The SEM image and elemental concentration (EDS) for full area of specimen from
station 1

In the open coastal zone (stations 1 and 2) the dynamic water circulation
is different in different seasons. In summer—autumn the relative biodiversity of
phytoplankton community is greater in the deeper coastal water areas than at the
stations located in the bay. Therefore, homotypical phytoplankton aggregation
with only several species of diatoms grows in the Sevastopol Bay at a depth less
than 15 m. SEM images of specimens from the shallow water from station 3
show that diatoms have line, curve and boxes shapes (Fig.9). The number of
dinoflagellates is less than a number of other species at this station, because
dinoflagellates usually escaping polluted shallow water areas (e.g., Figs. 5,6,9).

Zooplankton in shallow waters (station 3) is practically absent, and at sta-
tions 1 and 2 in the deep water areas zooplankton organisms occur in samples
with products of their living (fecal pellets, pieces of tissues).

Thus, a lot of diatoms phytoplankton algae of line and box shapes were
observed in the specimen from the polluted station 3, but in the specimen from
the relatively pristine deep water stations 1 and 2 mature adults of zooplankton
and heterotrophic dinoflagellates were also found (Figs. 5 and 6). This fact shows



100 um

Fig. 6. SEM image of 300 pum phytoplankton specimen from station 2

that plankton (both phyto- and zooplankton) community in polluted shallow water
coastal areas (station 3) has just a several number of species compared to relatively
pristine deep water areas.

Organogenic elements such as C, O, N, H, P, and S compose biomass of
living organisms. They form proteins, carbohydrates, lipids, nucleic acids and
other biologically active compounds present in each cell of phytoplankton. Es-
sential elements such as Ca, K, Na, Cl, Zn, Mn, Mo, I, Se, Mg, Fe, Cu, and
Co are responsible for the physiological processes of cells [25]. However, high
concentration of these elements in the environmental water can slow down the
vital processes, such as photosynthesis in chloroplasts in the phytoplankton cells.
Several diatom algae are covered with SiO2, and some elements might be em-
bedded in their shells or tissues. Such elements have been found by EDS
(Figs. 7,8,9).

The elemental concentrations on the surface of the specimen were estimated
by the EDS in homogeneous material of each sample. The random selection of
several spots in the field of specimen helps one to study a particulate elemental
structure of the sample (Fig.9).

All the studied specimens had relatively equal elemental concentration levels,
both in full areas and randomly selected spots. Using SEM/EDS, we observed
several spots with nontypical concentration features. For example, we observed
spots without carbon (obviously of the mineral origin), with the oxides of Si,
Al, Fe, and Mg; the calcium particles; biogenic particles (Figs.8 and 9) with
the Cu (0.42% by weight) and Zn (0.57% by weight) impurities of the unknown
origin. The high concentrations of copper and zinc are likely associated with the
anthropogenic pollution sources.
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Fig. 8. Relative levels of the major element concentrations in the 300 um phytoplankton
specimen from the station 2 (EDS)

Ca, Al, Fe, Mg, K, Cl, and Na determined by INAA showed the highest
concentrations in the plankton samples. Ca, Mg, K, Cl, and Na are the most
abundant ions of seawater, and by weight these ions constitute ~ 99% of sea
salts. High levels of Si and Al, which were detected by the EDS and INAA,
confirm hypothesis that the silicon and aluminum cycles in the oceans are linked
through the activity of diatoms [26]. Iron is undoubtedly the most versatile and
important trace element for biochemical catalysis. The particulate and colloidal
fraction comprises oxides, aluminosilicates and possibly organic forms [27].

The differences between concentrations of the major elements, which were
determined by different methods, are associated with properties and features of

11
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Fig. 9. 300 um phytoplankton specimen from the station 3 and relative concentration levels
for the selected area 3 with marked impurities (EDS)

the EDS and INAA. The detection limits of the elements determined by EDS are
about 30-3000 ppm (> 1% by weight) as they depend on the energy and spatial
resolution of the apparatus and they are greater compared to the detection limits
and accuracy of INAA. However, elemental concentrations in the small patches
and spots in the surface of the specimen were determined by the EDS. Therefore,
the EDS is a rough and ready tool for the identification of the elements and
analysis of the spatial elemental structure.

CONCLUSIONS

1. The results obtained show that the concentrations of major elements in
phytoplankton from the shallow water from station 3 is greater than that in
phytoplankton from the deeper stations. It means that phytoplankton from the
Sevastopol Bay is involved in geochemical processes of the coastal elemental
accumulation. The spatial distribution of terrigenous particles may, therefore,
reflect the accumulation areas for such aggregates, although, it could also derive
from lateral injection of resuspended sediment from the nearby continental shelf.

2. The concentration of Mg, Al, Sc, Ti, V, Mn, As, Rb, I, Ba, Th and
Fe, Cr increases exponentially from the relatively pristine station 1 to more

12



polluted station 3, and they are 10- and 3-fold greater in the phytoplankton of the
Sevastopol Bay, respectively. These data justify the opinion about the specific
geochemical condition of the Sevastopol Bay that is typical for the marginal areas
and appears also in increased concentrations of biophilic elements of the Fe group.

3. Concentrations of Na, Cl, K, Br, Mo, Ag, Sb, Au, and W are relatively
constant in the phytoplankton from all three stations due to their homogeneous
distribution in the coastal waters. Elements such as Na, K, Br, Ag, Au are
known to be trace elements concentrated by biological processes in plants [28].
However, elements such as Sc, Ti, V, Th, Mo, W and others are not known to
be concentrated by biological processes, so some other source of association may
be indicated. Physical adsorption and entrapment of colloidal mineral matter by
the gelatinous matrix of the diatoms are possible.

4. The concentration of rare-earth elements is relatively the same (less than
1 pg/g), and it tends to accumulate in the phytoplankton from the polluted station
in the Sevastopol Bay, most probably, due to the significant amount of disturbed
bottom and terrigenous sediments in the phytoplankton samples.

5. The SEM/EDS allowed determination of mineral particles of the unknown
origin and impurities of copper (0.42% by weight) at the shallow water from
station 3 and zinc (0.57% by weight) at the deep station 1.

6. A lot of diatoms phytoplankton microalgae of line and box shapes (ruderal
species) were observed in the specimen from the station 3 in polluted area, but
in the specimen from relatively pristine deep water from stations 1 and 2 only
mature adults of zooplankton and heterotrophic dinoflagellates were found.

Our results are in good agreement with the elemental concentrations in phyto-
plankton from the other regions of the World Ocean. Phytoplankton in the coastal
area of the Sevastopol region is experiencing anthropogenic impact, which is re-
flected in the elemental composition of phytoplankton and species structure. With
simple modifications to the sampling and analytical techniques described here,
size-fractionated phytoplankton and particulate concentrations for a broad suite of
metals can be determined in a range of oceanic regimes, from productive coastal
and estuarine environments to oligotrophic offshore waters.

Estimation of the elemental concentration levels in phytoplankton is an im-
portant part of the studying and understanding the pollution processes, because it
shows ambient side of the human activity and the environmental influence on the
state of the relatively close community of phytoplankton. The study of the ele-
mental concentrations in phytoplankton assemblages with the estimation of their
functional role in the polluted coastal areas will be continued.

This study is a part of the complex research of the effect of pollution on the
phytoplankton in the coastal waters of the Crimean peninsula in the Sevastopol
region and it was carried out in the framework of the monitoring program of
the Black Sea coastal areas by the A.O. Kovalevsky Institute of Biology of the
Southern Seas (IBSS). The findings of this study may serve as a background for
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a future complex environmental monitoring of the coastal waters of the Crimea,
where the data on concentrations of the elements and the biophysical parameters
of phytoplankton assemblages are used for assessment of the coastal marine
ecosystem.
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