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The primary source of economically important coastal sand minerals has been identified. Monazite and ilmenite, which occur
in the vicinity of Berdiansk city on the northern coast of the Sea of Azov in Ukraine, and determine the possibility of their prac-
tical use. The chemical and mineral composition of the placer minerals, their textural characteristics and radiometric ages
help in determining their origin. Monazite from the coastal black sands of Novopetrivka is of Paleoproterozoic age. Tho-
rium-bearing monazites of this age are a typical accessory mineral of the Anadolskyi, Saltychanskyi and Kamianomohylskyi
granitoid complexes of the Pryazovskyi megablock of the Ukrainian Shield. The ilmenites are of various origins. The deposits
of both monazite and other minerals of the black sands, common in the beach zone near the village of Novopetrivka, were
predominantly formed from terrigenous material brought earlier by rivers from the Pryazovskyi megablock area. The
monazites examined from the northern zone of the Sea of Azov are characterized by significant neodymium, samarium, eu-
ropium, gadolinium, terbium and dysprosium contents, reaching up to 14 wt.% (as oxides). Apart from monazites, ilmenite,
garnet and fine-grained quartz can be good economic targets.
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INTRODUCTION

Monazite- and ilmenite-bearing black sands have long been
of special geological interest. Firstly, because of the economic
value of both minerals. limenite sands are the main source of ti-
tanium, while monazite contains thorium, uranium as well as
rare earth elements such as cerium and lanthanum. Secondly,
monazite is a radioactive mineral widely used in radiometric
dating. This makes it possible to ascertain the age of both crys-
talline and sedimentary rocks. Therefore, it is important not only
for structural geology, but also for studies of sedimentary de-
posits.

There is currently much research into monazite-containing
black sands. Recent performed studies include the genesis and
evaluation of heavy minerals in black sands of the southern
Eastern Desert of Egypt (Khedr et al., 2023). ltano et al. (2020)
proposed a new approach to the quantitative discrimination of
detrital monazite from different sources in sediments of African
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rivers, founded on machine-learning-based approaches. Anita
et al. (2020) studied the distribution of monazite-bearing sands
along the coast of the Neendakara — Kayamkulam belt, Kerala,
India, as influences on their potential applications in the future.
Chalmers et al. (2024) determined the provenance of Copi
North heavy mineral sands deposit, Murray Basin, Australia,
based on the geochronology and geochemistry of detrital zir-
con, rutile and monazite. Lithological research on the formation
of detrital sediments in NW Denmark determined a connection
between grain-size distribution and the heavy-mineral assem-
blages (Feil et al., 2024).

Today in Ukraine some placer deposits of titanium and asso-
ciated minerals are exploited on a large scale. The studies are
mainly focused on more efficient extraction of all the useful com-
ponents and on ecological issues (e.g., Lozhnikov et al., 2023).

The history of research into the monazite-containing black
sands of the northern coast of the Sea of Azov goes back about
a hundred years, being especially prominent in the 1920s—
1980s. During this period these sediments were studied by
many authors (Chirvinskiy, 1925; Panteleyev, 1935; Savych-
-Zabolotskyi, 1937, 1939; Kariakin, 1948; Inozemtsev, 1974,
1975a, b; Shniukov et al., 1974, 1983). A renewal of interest be-
gan in 2010s, with studies published by Kovalchuk (2012),
Dunets (2014), Poliashov et al. (2015), Stefanko (2018) and
Shniukov et al. (2019).
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In this study, we constrain the primary source of the placer
minerals in the monazite-containing black sands in the village of
the Novopetrivka, Berdiansk district, and ascertain the possibil-
ity of their use.

GEOLOGICAL SETTING

Chirvinskiy (1925), who studied these black sands, did not
mention monazite. Panteleyev (1935) who regarded the black
sands of the Azov Sea area as a promising source of titanium,
performed mineralogical determinations of the sands and iden-
tified nine alluvial deposits of titanium-bearing (iimenite) sands;
he was the first researcher to measure the radioactivity levels in
these sands and their possible content of thorium and zirco-
nium. Savych-Zabolotskyi (1939) provided the first broad char-
acterization of these black sands, identifying monazite among
other minerals. Using petrographic techniques he established
that, between the cities of Mariupol and Berdiansk, the sands
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include quartz, graphite, anatase, baddeleyite, zircon, iimenite,
magnetite, kyanite, garnet, hornblende, augite, staurolite, alla-
nite, feldspars, mica (biotite and muscovite), titanite and
monazite, while ilmenite was identified as the main placer ore
mineral in the coastal zone to the west of Mariupol.
Savych-Zabolotskyi (1939) attributed the origin of these mod-
ern placers to surf zone erosion and sorting of unconsolidated
sediments that accumulated in Pontic time when erosion of
terrigenous material from the mainland was more active. He re-
garded the Paleogene deposits of the Donbas as an initial
source of staurolite, disthene and sillimanite. The other miner-
als, according to him, originated partly from the Pryazovskyi
megablock of the Ukrainian Shield and partly from the volcanic
rocks exposed along the rivers Krynka, Big and Small Nesvetai
(Savych-Zabolotskyi, 1937, 1939), which were first described
by Morozewich (1898). Savych-Zabolotskyi (1939) considered
the Volnovakha alkaline massif located in the upper stream of
the Kalchyk River and its tributary Kalmius (Fig. 1) to be the pri-
mary source of the monazite, together with zircon and badde-
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Paleoproterozoic geological massifs
with the highest content of monazite

Fig. 1. Geological sketch of the northern coast of the Sea of Azov (Pre-Quaternary formations)

K-N — Cretaceous-Neogene, AR-PR — Archean-Proterozoic (after Lazarenko, 1981, revised)
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leyite. He associated the provenance of the iimenite with am-
phibolites, which are common in the Northern Azov Sea area
(Savych-Zabolotskyi, 1937, 1939). The work of Kariakin (1948),
carried out after the end of World War Il, was devoted to the
practical use of these sands. As related by residents of the vil-
lage of Novopetrivka, commercial mining of the black sands
had taken place in the past, though with no record of the pur-
pose for which it was used.

Logvinenko et al. (1964) determined the pattern of changes
in the mineral composition of sands in different zones of the en-
tire coast of the Sea of Azov. In particular, they linked the
Berdiansk terrigenous-mineralogical province to the garnet-il-
menite-amphibole composition of black sands between the
Liapina (east from Mariupol) and Fedotova (close to Crimea)
spits. Monazite was not mentioned in the composition of the
sands of the province and, probably, belonged to the category
of other minerals (Logvinenko et al., 1964).

The monographs of Shniukov et al. (1974, 1983) were de-
voted to the geology and mineral resources of the Sea of Azov,
and also considered the formation and distribution of placers in
the bottom sediments. The black sands of the Azov Sea area
were considered in the doctoral thesis of Inozemtsev (1974).
He referred the Berdiansk terrigenous-mineralogical province,
indicated by Logvinenko et al. (1964), to the North-Azov gar-
net-epidote-ilmenite-amphibole province, which included, in
particular, the Berdiansk sub-province. According to Inoze-
mtsev (1974), the source of the coastal sediments that occur in
the central part of the northern coast is mainly from the products
of erosion of crystalline rocks of the Azov Precambrian massif.
He explained the diversity of the mineral composition by the
close location of sources of drift deposits. Taking into account
the fact that modern rivers, except for the Don and Kuban,
scarcely carry any terrigenous material into the sea,
Inozemtsev (1974), like Savych-Zabolotskyi (1939), associated
the formation of modern placers with the erosion of Quaternary
and Neogene deposits that underlie the main sea coast. These
deposits were referred to the Lower Chaudin and Old Euxinian
terraces developed along the northern coast of the Sea of Azov
(Inozemtsev, 1975a, b). In addition to the beach area,
Inozemtsev (1975b) noted the concentration of heavy minerals
on the offshore slope and the tidal banks of underwater shafts,
which, according to his data, are richer.

There has been a recent return of interest in the black sands
of the Azov Sea area, which includes a different focus of work,
towards solutions to environmental problems. In this respect,
Kovalchuk (2012) studied the black sands in the area of village
of Urzuf, in the Donetsk Oblast, and considered the sands as a
promising source of titanium ore. Dunets and Poliashov (2014)
studied the sandy deposits in the mouth of the Berda River and
the possibilities of their processing. In addition, Poliashov
(2015) with co-authors studied the radioactivity of the beach
sands in the area of Berdiansk as regards potential harm to
holidaymakers. Stefanko (2018) explored the primary source of
the black sands of the beach area between Berdiansk and
Mariupol, assessing the rock complexes of the Pryazovskyi
megablock of the Ukrainian Shield as containing sufficient of
the main minerals to be a source of the placer and including
comparisons of the morphology of the monazite crystals. The
possibility of fluvial sedimentary supply by the rivers running
into the Sea of Azov, and the marine current directions, were
also taken into account. As a result, the main sources of the
black sands placer minerals were identified as granites of the
Anadolskyi and Kamianomohylskyi complexes, which are wide-
spread in the Eastern Azov Sea area (Stefanko, 2018).
Shniukov et al. (2019) investigated the composition of the
sands from the Obytichna Spit in the city of Prymorsk, west of

Berdiansk, expanding the list of minerals of these coastal sandy
deposits and identifying a group of minerals of technogenic ori-
gin. They noted the poverty of monazites and therefore of tho-
rium in the area, which explains the lower level of radioactivity in
the local sands (Shniukov et al., 2019).

METHODS

Analyses of monazite and ilmenite in coastal black sand de-
posits in the Novopetrivka area were performed on samples
collected on the beach near the estuary of the Berda River and
in the riverbed itself (Figs. 2 and 3). The sands were enriched in
the Center of Processing and Beneficiation of Mineral and
Technogenic Raw Materials of the Dnipro University of Tech-
nology (Dnipro, Ukraine). The black concentrate samples were
examined in the Critical Elements Laboratory of the Faculty of
Geology, Geophysics and Environmental Protection, AGH Uni-
versity of Krakow, Poland, where monazite and ilmenite were
separated and investigated, and where microprobe analyses
were also carried out using a JEOL SQ8200, operated in the
wavelength-dispersion mode at an accelerating voltage of 20
kV, and a probe current of 40 nA, with a focused beam diameter
of 1 um.

Fig. 2. The narrow branch of the Berda River flowing into
the Sea of Azov in the village of Novopetrivka,
east of Berdiansk (photo taken in 2019)

Fig. 3. Beach sands rich in garnet, quartz, ilmenite
and monazite of the Sea of Azov, close to the estuary
of the Berda River

Concrete reinforcement in right top corner of the photo
(taken 2019)
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The following standards and measurement lines were used
for the monazite: SiKa. (albite), AlIKa (kyanite), SKa. (anhydrite),
UMB (UOy), YLa (YPOs), PKa(YPO,), ScKa (100%), TiKa
(rutile), CeLa (CePQ,), LaLa (LaPO4), ThMo (ThO,), CaKa
(wollastonite), PrLp (PrPO,), TbLa (TbPO,), DyLa (DyPO,),
ErLa (DyPOy), LuLa (LUuPOy), GALB (GdPO,4), PbMa. (crocoite),
NdLa (NdPQO4), SmLo (SmPOQO4), EuLB (EuPOs), TmlLa
(TmPQy,), YbLa (YbPO,), HoLp (HoPO,), AsLa. (InAs). Overlap
correction of Nd-Ce, Sm-Ce, Lu-Dy, Dy-Eu, U-Th, Tm-Sm,
Gd-Ho were implemented using the method described by Pyle
et al. (2002).

For basic measurements, the following conditions were im-
plemented: accelerating voltage of 15 kV, and a probe current
of 40 nA, with a focused beam diameter of 3 um; counting times
peak/background (in sec.) were as follows: Si 10/5, Al 10/5, S
20/10, U 120/60, REE 45/15, P 20/10, Ti 20/10, Th 120/60, Ca
20/10, Pb 180/90, V 10/5, Fe 20/10 and As 20/10. Original Jeol
ZAF procedures were used for a final correction of all measured
elements. The following crystals and standards were used: Fe
Ka LIF (pyrite); Zn Ko LIF (sphalerite); In Lo PETJ (InAs); Mn
Ko LIFL (MnS); Cd La PETL (greenockite); Hg Ma PET
(HgTe); Cu Ka LIF (chalcopyrite); Ge La. TAPH (GeS); As La.
TAPH (InAs); Sb Lo PETJ (stibnite); Ni Koo LIFH (Ni 100%
metal.); Co Ko LIFL (Co 100% metal.); Pb Mo PETL (galena);
Bi Mo PETL (bismuthinite); Ga La. TAPH (GaP).

RESULTS

MONAZITE

Heavy sands were collected because of their elevated radi-
ation, documented during the fieldwork in 2019. The monazite
and ilmenite were collected from the coastal placers near the
village of Novopetrivka (Fig. 1) in the middle of the 20th century.
Gamma dose measurements showed that the beach sand near
Novopetrivka emits low radiation levels, close to 0.2-0.3 uSv
on average. However, the radioactivity of the monazite itself is
much higher, reaching 25 kBq/kg (calculated from the average
U content in monazite, cf. Table 1). Monazite was identified us-
ing both optical and electron microscopes (Fig. 4A-H).

In transmitted light, the monazites are seen as well-rounded
grains, inhomogeneous and cloudy. The BSE images reveal
their internal structure, most grains show clear zoning visible
because of different thorium contents (Fig. 4; Appendix 1A:
points 50-58, Fig. 4H), the white field within the monazite grain
illustrated having the highest Th content (13.404 wt.%).

The chemical compositions of the monazites are given in
Appendices 1A, B. The grains analysed are characterized by
highly variable thorium contents ranging between 2.36 and
13.40 wt.% (Fig. 4 and Appendix 1). Straight boundaries be-
tween zones with different Th contents (Fig. 4) reflect changes
in the composition of the mineralizing solutions. The difference
can reach 5 wt.% (Appendix 1A: no 3 and 4). The monazites
contain up to 65.198 wt.% of ZREE. The highest REE concen-
trations are related to the low thorium contents (Appendix 1A).
Within the group of REE, the LREE are dominant (Fig. 5; Ap-
pendix 1B). Europium shows the lowest levels in this group (Ap-
pendix 1B). The two dominant elements are cerium and lantha-
num, while average neodymium contents reach 10%. Apart
from europium, all other elements are characterized by the low
coefficient of variability (Appendix 1B). The HREE group is rep-
resented in the composition of monazites by only 0.637 wt.%
with an average 0.356 wt.% for n = 61. For this REE group only

Tb and Dy are present in quantities that allow for effective mea-
surement using EMPA

The calculated monazite ages are very variable (Table 1),
as indicated by a high standard deviation close to 100 Myr.
However, the histogram of 61 measurements is similar to a
Gauss curve (Fig. 6). Calculated ages reveal high variability
within the individual grain (Table 1), which are optically corre-
lated with BSE contrasted images.

ILMENITE

limenite is one of the most common heavy minerals in the
beach sand association analysed (Fig. 7). llmenite occurs in
two different forms. Most common are individual grains, usually
well-rounded, while angular grains are rare. limenite occurred
also in the form of lamellae and minute lenses in magnetite (Fig.
7A, C). These two different forms of iimenite occurrence may in-
dicate its origin from two or more different sources. Lamellae of
magnetite in ilmenite have been detected in small quantities
(Fig. 7C). Some of the ilmenite grains investigated show hydro-
thermal alteration in varying degrees of development (cf. Fig.
7B, D). The final product of such a process is anatase, clearly
visible under the optical microscope because of its pale yellow-
ish internal reflection (Fig. 7B, D).

The chemical composition of the ilmenites shows an almost
stoichiometric composition (Table 2). The major constituents,
Fe and Ti, are characterized by a low value of the variability co-
efficient, of 4.14 and 6.24% respectively. The ilmenites ana-
lysed reveal interesting admixtures of V,0s5, MnO and MgO
0.20 wt.%, 2.91 wt.%, 0.247 wt.% respectively (Table 2). The
highest variability among these elements shows manganese
ranging from 0.32 to 9.181 wt.% (Table 2) with 51.33% of vari-
ability, for n = 34. Some analytical points show elevated
amounts of Mn, close to 8-9 wt.%.

By comparison, iimenite from the Krzemianka deposit (NE
Poland, anorthosite-norite intrusion, AMCG affinity) contains
0.5-0.6 wt.% Mn and 1.0-3.3 wt.% Mg (Kucha and Piestrzyn-
ski, 1976); and 0.14% V for n=47 (Mikulski et al., 2022). The av-
erage content of vanadium in “sand” ilmenites is 0.202 wt.% of
V,05 with a low coefficient of variability of 27.17 wt.% for n = 34,
similar to the ilmenites from the Krzemianka deposit with 0.25
wt.% (Mikulski et al., 2022). Several measurements showed
also Al,O3 maximum contents close to 0.3 wt.%, Nb,Os close to
0.286 wt.%, 0.131 wt.% Ta,Os and ZnO up to 1.246 wt.% (Ta-
ble 2).

DISCUSSION

Researchers in recent times have agreed that the rocks of
the Pryazovskyi megablock of the Ukrainian Shield are the main
source of minerals in the coastal deposits of the black sands of
the Sea of Azov, including monazite and ilmenite. To determine
the initial provenance of heavy placer minerals, all the possible
sources on the Pryazovskyi megablock must be considered.

In the vicinity of the Azov Sea, the monazite is predomi-
nantly characteristic of most felsic varieties of calcium-depleted
granites. It is absent from mafic and ultramafic rocks, and
scarcely occurs in intermediate rocks and the most mafic variet-
ies of gneiss, schist and migmatite (Lazarenko et al., 1981).
Monazite was found in small amounts in biotite migmatites and
gneisses. Among the rock complexes of the Pryazovskyi mega-
block, monazite is most common in the granites of the Ana-
dolskyi, Kamianomohylskyi and Saltychanskyi complexes. It is
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Table 1

Calculated ages of monazite grains from a beach of the Azov Sea, based on EMPA measurements

Point no ThO, uo, PbO Age (Myr) Comment
0001 7.455 0.256 0.692 1,869 1 _mnz1_1
0002 2.764 0.202 0.292 1,884 1_mnz1_2
0003 3.092 0.193 0.361 2,125 1_mnz1_3
0004 5.891 0.139 0.560 1,978 1_mnz1_4
0005 2.363 0.134 0.286 2,231 1_mnz1_5
0006 6.164 0.179 0.639 2,107 1_mnz2_1
0007 5.368 0.166 0.470 1,789 1_mnz2_2
0008 4.998 0.172 0.565 2,243 1_mnz2_3
0009 6.301 0.252 0.684 2,124 1_mnz2_4
0010 11.421 0.179 1.057 1,980 1_mnz3_1
0011 10.249 0.195 0.985 2,029 1_mnz3_2
0012 10.842 0.251 0.941 1,819 1_mnz3_3
0013 10.083 0.249 0.955 1,964 1_mnz3_4
0014 9.106 0.270 0.824 1,852 1_mnz3_5
0015 9.779 0.251 0.864 1,835 1_mnz3_6
0016 9.284 0.168 0.901 2,054 1_mnz3_7
0017 10.721 0.199 0.929 1,843 1_mnz3_8
0018 11.727 0.233 1.020 1,842 1_mnz3_9
0019 7.237 0.114 0.651 1,928 1_mnz4_1
0020 7.252 0.216 0.660 1,862 1_mnz4_2
0021 8.137 0.131 0.754 1,980 1_mnz4_3
0022 7.949 0.183 0.706 1,859 1_mnz4_4
0023 8.325 0.152 0.782 1,991 1_mnz5_1
0024 8.740 0.236 0.837 1,970 1_mnz5_2
0025 7.600 0.136 0.690 1,931 1_mnz5_3
0026 8.392 0.162 0.706 1,788 1_mnz5_4
0027 8.341 0.171 0.803 2,022 1_mnz5_5
0028 8.556 0.117 0.788 1,985 1_mnz5_6
0029 7.403 0.207 0.683 1,897 1_mnz5_7
0030 7.043 0.190 0.682 1,991 1_mnz5_8
0031 7.970 0.161 0.777 2,048 1_mnz5_9
0032 8.237 0.142 0.765 1,976 1_mnz6_1
0033 10.057 0.210 0.960 2,004 1_mnz6_2
0034 12.210 0.214 1.123 1,957 1_mnz6_3
0035 12.801 0.098 1.230 2,109 1_mnz6_4
0036 12.720 0.316 1.068 1,753 1_mnz6_5
0037 11.742 0.203 1.117 2,021 1_mnz6_6
0038 10.384 0.192 0.975 1,989 1_mnz6_7
0039 10.848 0.188 0.982 1,929 2 _mnz1_1
0040 11.636 0.253 1.029 1,860 2 mnz1_ 2
0041 10.498 0.144 0.993 2,035 2_mnz1_3
0042 9.996 0.169 0.958 2,038 2 mnz1_ 4
0043 9.901 0.197 0.910 1,940 2 mnz1 5
0044 11.026 0.182 1.021 1,976 2_mnz1_6
0045 11.269 0.240 1.060 1,973 2_mnz1_7
0046 9.761 0.315 0.934 1,936 2_mnz2_1
0047 10.126 0.303 0.990 1,990 2_mnz2_2
0048 10.135 0.243 0.903 1,859 2_mnz3_1
0049 10.227 0.270 0.881 1,787 2 _mnz3_2
0050 10.458 0.141 0.996 2,050 2 mnz3_3
0051 11.282 0.343 1.053 1,902 2 mnz3_4
0052 11.845 0.265 1.106 1,953 2_mnz3_5
0053 12.060 0.361 1.198 2,019 2 _mnz3_6
0054 12.918 0.377 1.205 1,909 2_mnz3_7
0055 11.857 0.283 1.116 1,958 2_mnz3_8
0056 13.404 0.331 1.266 1,959 2_mnz3_9
0057 7.664 0.176 0.714 1,945 2_mnz4_1
0058 7.823 0.076 0.681 1,908 2_mnz4_2
0059 7.950 0.189 0.778 2,031 2_mnz4_3
0060 7.764 0.094 0.741 2,064 2 _mnz4_4
0061 8.603 0.189 0.864 2,093 2 mnz4_ 5

Average 9.144 0.206 0.855 1,963 n =61

Standard deviation 2.452 0.066 0.217 101
Coefficient of variability 26.81 32.04 25.38 %
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— 100pm AGH 7/19/2019 — 10pm  AGH 7/22/2019
15.0kV COMPO NOR WD 11.1mm 15:41:59 15.0KV COMPO  NOR WD 11.0mm 15:32:18

— 100pm AGH 7/19/2019 I 100pm AGH 7/22/2019
15.0kV COMPO NOR WD 11.1mm 15:44:49 15.0KV COMPO  NOR WD 11.0mm 15:34:49

— 100um AGH 7/19/2019 — 100pm AGH 7/22/2019
15.0kV COMPO NOR WD 11.1mm 15:47:20 15.0kV COMPO NOR WD 11.0mm 15:37:34

— 100pm AGH 7/19/2019 - 10um AGH 7/22/2019
15.0kV_COMPO NOR WD 11.1mm 15:54:59 15.0kV COMPO NOR WD 11.0mm 15:44:46

Fig. 4 A-H — back-scattered electron images: the left column (A, C, E, G) shows the typical sand association
containing quartz, ilmenite, garnet, anatase, and monazite (white); the right column (B, D, F, H) shows the
locations of the EMPA point analyses performed (red dots)
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also found in widespread aplite and aplite-pegmatoid granites,
pegmatites of the Central Azov Sea area, carbonatites of the
Chernihivskyi complex, and migmatites and gneisses of the
Zakhidnopryazovska and Tsentralnopryazovska unit. Monazite
as an accessory mineral occurs in very small quantities in the
rocks of the remaining complexes of the Azov Sea area (sye-
nites, pegmatites of the Western and Eastern Azov Sea areas)
(Lazarenko et al., 1981).

The monazite-rich granites of Anadolskyi complex are dis-
tributed throughout the entire Pryazovskyi megablock, and in its
eastern part they form the large Anadolskyi Massif with an area

of ~300 km? (Fig. 1). In other zones, they are represented by
vein bodies occurring among gneisses and schists of the
Zakhidnopryazovska and Tsentralnopryazovska units and are
a part of their migmatites. Granites of the Anadolskyi complex
are dated according to zircon at 2081 +45 Myr (Shcherbak,
1995; Yesypchuk, 2004).

Saltychanskyi complex granites are medium-grained homo-
geneous biotite granites with the orthite form of allanite (Yesy-
pchuk et al., 2004). A significant concentration of monazite is
typical only of the allanite-poor Saltychanskyi granites from the
village of Basan (Fig. 1; Lazarenko et al., 1981). The age of
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Fig. 6. Histogram of calculated monazite ages

granites of the Saltychanskyi complex, obtained from allanite, is
1960-2130 Myr, and from biotite is 1910—2135 Myr (Shcher-
bak, 1995; Yesypchuk, 2004; Shcherbakov, 2005).

The Kamianomohylskyi complex is represented by leuco-
cratic porphyritic and greisenized leucogranites, thin aplite-

-pegmatoid, aplite-like granites and quartz porphyries. Granites
form three discordant stock-like massifs: Katerynynskyi (30
km?), Kamianomohylskyi (11 km?), and Starodubivskyi (4.5
km?) (Fig. 1). The age of the granites, determined by the U-Pb
method, is 1808 +18 Myr (Yesypchuk et al., 2004; Shcherba-
kov, 2005).

The Chernihivskyi complex is represented by alkaline rocks
and carbonatites. The rocks compose the massif around the vil-
lage of Chernihivka, Zaporizhzhia Oblast. They form a N-S
elongated body 20 km long and up to 600 m wide. The massif
lies among the plagiogranites of the Tokmatskyi complex and
plagiogneisses of the Zakhidnopryazovska unit. Monazite,
found in carbonatites of the Chernihivka zone, is characterized
by a low content of thorium (Lazarenko et al., 1981). The age of
the complex is determined by zircon from carbonatites and is
2090 +20 Myr (Shcherbak, 1995; Yesypchuk et al., 2004).

The pegmatite fields of the Azov Sea area are developed
within the domal structures of the Western Azov Sea area and
are mainly associated with the granite bodies of the Shev-
chenkivskyi complex. In addition, among them there are pe-
gmatites, which belong to the Remivskyi ultrametamorphic
complex, as well as the Yanvarskyi and Saltychanskyi granite
complexes (Isakov, 2007). The Shevchenkivskyi complex is
dated by various authors within a wide range from Neoarchean

Fig. 7A - ilmenite (ilm) and magnetite (mag) grains, containing ilmenite exolutions, RL, sample 3; B — early stage of
leucoxenization (ant) of ilmenite (ilm) grain, RL partly XN, sample 3; C — solid-solution ilmenite texture in magnetite
(mag), spl — spinel, RL, sample 3; D — leucoxenization (ant) of ilmenite grain RL, partly XN, sample 3



Adam Piestrzynski et al. / Geological Quarterly, 2025, 69, 64 9

Table 2
Chemical composition of ilmenites in wt.%, EMPA method
No V,0s5 Nb,Os TiO, Al,O3 FeO MnO MgO ZnO Total Comment
1 0.099 0.046 52.099 0.036 42.671 4.992 b.d.l. 0.19 100.174 MA.3/fot1/p1
9 0.213 b.d.l. 47.451 0.036 51.789 0.453 0.029 b.d.l. 100.008 MA.3/fot1/p4
10 0.266 b.d.l. 51.135 b.d.l. 47.678 1.888 0.027 b.d.l. 100.994 MAZ3/fot1/p8
11 0.131 b.d.l. 51.502 b.d.l. 45.330 3.451 0.067 b.d.l. 100.595 MAZ3/fot1/p9
12 0.173 0.248 51.158 0.049 45474 2.437 0.063 0.436 100.038 MAZ3/fot1/p10
13 0.242 0.037 50.877 b.d.l. 46.841 2.572 b.d.l. 0.237 100.903 MAZ3/fot1/p3
14 0.159 b.d.l. 50.759 0.048 46.813 2.089 b.d.l. 0.102 99.970 MAZ3/fot1/p4
15 0.221 0.091 47.087 b.d.l. 50.190 1.294 0.178 b.d.l. 99.061 MAZ3/fot1/p5
16 0.323 0.038 49.940 b.d.l. 47.437 1.293 0.518 b.d.l. 99.615 MAZ3/fot1/p6
17 0.375 b.d.l. 52.656 b.d.l. 46.370 0.316 b.d.l. 0.102 99.849 MAZ3/fot1/p7
18 0.143 b.d.l. 50.813 0.196 44.334 4.493 0.645 b.d.l. 100.694 MAZ3/fot1/p8
19 0.233 b.d.l. 50.507 0.036 46.402 2.587 0.644 0.113 100.572 MAZ3/fot1/p9
20 0.214 0.045 50.896 0.211 45.623 3.319 0.133 b.d.l. 100.441 MA3/fot1/p10
21 0.249 b.d.l. 49.718 0.044 46.510 3.391 0.441 b.d.l. 100.353 MAZ3/fot1/p11
24 0.183 0.071 52.511 0.198 42.359 4.459 0.027 0.495 100.303 MAZ3/fot3/p2
3 0.240 b.d.l. 43.767 b.d.l 53.218 3.070 0.071 0.403 97.740 MAZ3/fot4/p3
4 0.177 b.d.l. 50.312 0.050 46.727 2.527 0.149 b.d.l. 99.982 MAZ3/fot4/p4
5 0.181 0.161 49.035 b.d.l. 48.428 2.608 b.d.l. b.d.l. 100.452 MAZ3/fot4/p5
6 0.145 b.d.l. 51.638 b.d.l. 45.691 1.825 0.533 b.d.l. 99.870 MAZ3/fot4/p6
7 0.201 0.048 51.290 b.d.l. 44722 3.380 b.d.l. b.d.l. 99.641 MAZ3/fot4/p7
8 0.161 0.203 59.994 0.300 35.729 1.145 b.d.l. 0.038 97.614 MA3/fot4p8
13 0.228 b.d.l. 51.269 b.d.l. 37.364 8.358 0.288 1.246 98.800 MAZ3/fot4-1/p2
15 0.180 b.d.l. 51.194 0.042 38.786 8.199 0.438 0.72 99.604 MAZ3/fot5/p2
17 0.253 0.070 50.818 b.d.l. 46.394 2.340 0.083 0.149 97.768 MAZ3/fot5/p4
19 0.294 0.046 50.405 b.d.l. 44.201 3.529 b.d.l. 0.116 98.591 MAZ3/fot6-1/p1
22 0.168 b.d.l. 52.986 b.d.l. 42.257 3.462 0.085 b.d.l. 98.958 MAZ3/fot6-1/p4
23 0.156 0.117 50.592 b.d.l 47.857 1.141 0.173 b.d.l. 100.044 MA3/fot6-1/p6
24 0.408 0.149 53.104 b.d.l. 45.519 0.535 0.15 b.d.l. 99.920 MAZ3/fot6/p1
25 0.133 0.286 52.150 0.066 46.226 0.754 b.d.l. b.d.l. 99.752 MAZ3/fot6/p2
26 0.104 0.102 48.785 b.d.l. 42.065 9.181 0.034 0.148 100.550 MAZ3/fot6/p3
28 0.223 b.d.l. 51.362 b.d.l. 46.650 1.810 0.078 b.d.l. 100.182 MA3_fot6_p4
29 0.179 b.d.l 49.308 b.d.l 47.099 2.506 1.047 0.174 100.389 MAZ3/fot6/p6
30 0.137 0.182 49.987 b.d.l 48.225 1.027 0.028 b.d.l. 99.704 MAZ3/fot6/p7
S.d. 0.071 0.078 2.461 0.091 3.599 2.242 0.268 0.320 standard deviation
Av. 0.206 0.114 50.821 0.101 45.545 2.936 0.247 0.311 average
CV % | 34.43 68.60 4.843 89.94 7.90 76.36 108.28 102.69 coeficient of variability

Ca, SiOy, Cr,0O3 — sought but not detected, Sn (0.029 wt.%) was measured only for sample MA.3/fot1/p4; Ta (0.131 wt.%) was mea-
sured only for sample MA3/fot6/p3 and W (0.066 wt.%) was measured only for sample MA3/fot1/p6; b.d.l. — below detection limit

to Paleoarchean (Shcherbakov, 2005); according to the official
correlation scheme, the age of the complex is 2800 Myr (Yesy-
pchuk et al., 2004). The Remivskyi complex dates back to the
Paleoarchean. The Yanvarskyi complex, which has not been
officially approved, belongs to the Mesoarchean (Isakov and
Shpylchak, 2013).

Thus, monazite in the rocks of the Pryazovskyi megablock
of the Ukrainian Shield is predominantly characteristic of the
Paleoproterozoic rocks; less commonly, it occurs in rocks of
Archean age.

As a result of the radiometric analysis, it was determined
that the monazite from the coastal black sands of Novopetrivka
is of Paleoproterozoic age. In the Proterozoic rocks of the
Pryazovskyi megablock, two separate phases of post-consoli-
dation tectonic-magmatic activation are noted, which are dated

2.15-2.05 and 1.85—1.70 billion years. The monazites studied
(see Table 1 and Fig. 6) belong to both phases. So, they could
originate from the Saltychanskyi, Anadolskyi and Kamianomo-
hylskyi complexes. Since all the monazites studied are rich in
thorium, they rather do not belong to the Chernihivskyi complex.

Geographically closest to the Novopetrivka occurrences of
monazite-containing rocks are the outcrops of the Kamiano-
mohylskyi complex (1808 +18 Myr), represented by subalkaline
leucogranites (Yesypchuk, 2004). The closest to the sampling
site are the Starodubivskyi and Kamianomohylskyi massifs of
the Kamianomohylskyi complex. The Berda River flows through
the zone of distribution of the Starodubivskyi Massif, and the left
tributary of the Berda, the Karatysh River, flows across the out-
crop of the Kamianomohylskyi Massif. The village of Novo-
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petrivka, where the sample was collected, is located exactly at
the mouth of the Berda River (Figs. 1 and 2).

But, as we can see in the histogram (Fig. 5), most of the
samples studied have ages of nearly 2 billion years, thus they
belong to the earliest phases of post-consolidation tectonic-
-magmatic activation. In this case they may have been derived
from the Anadolskyi and Saltychanskyi autochthonous grani-
toid complexes.

Comparison of the REE content in the monazites analysed
and their normalized distributions on spider diagrams with simi-
lar ones (Fig. 5) in the rocks of the Kamianomohylskyi, Anado-
Iskyi and Saltychanskyi complexes (Fig. 8) indicates their simi-
larity. A low Eu content in many grains from the placer deposit is
also typical for the Kamianomohylskyi (Fig. 8) and Saltychan-
skyi complexes of the crystalline rocks. Thus, it can also be in-
ferred that the grains with low Eu, dated at nearly 1.8 billion
years, could have originated from the Kamianomohylskyi com-
plex, and those dated at >1.9 billion years from the Saltychan-
skyi complex. The latter complex could also be the source of
the monazites dated older than 2.1 billion years.

There has been general agreement with the views of S.V
Stefanko that the Kamianomohylskyi and Anadolskyi granites
could have been be the main primary source of monazites in
the placers of the Sea of Azov (Stefanko, 2018). But, according
to the radiometric data and the REE contents, the monazites
could have originated also from the Saltychanskyi complex.

limenite is a widespread mineral in the rocks of the Prya-
zovskyi megablock. It has been found in mafic and ultramafic
rocks of the Western Azov Sea area, in calciphyres of the
Temriutska suite and Osypenkivska unit, in the rocks of Oktia-
brskyi alkaline massif, and in granitoids, pegmatites and carbo-
natites (Lazarenko et al., 1981).

The ilmenites, according to the analytical results, can be of
different origins. The chemical composition of the specimens
studied (Table 2) is close to the analyses published by Laza-
renko (1981) representing the coastal sands of the Azov Sea
spits, including the Berda spit (Fig. 1). The ilmenites of the
beach zone differ from the ilmenites of the crystalline rocks of
the Azov Sea area by higher average contents of MnO, usually
>2 wt.% (Lazarenko et al., 1981). According to Lazarenko et al.,
(1981), the main source of ilmenite in the modern sediments is
the volcanic rocks of the Azov Sea area. The nearest zones to
the collecting site in Novopetrivka are located in the Berda River
basin, where the source could be represented by the metavol-
canic rocks of the greenstone Sorokynska structure, where the
iimenite-bearing Osypenkivska unit occurs. Also, titanite-bear-
ing pegmatites are widely spread in this zone as well as in the
rocks of granitoid complexes, which also contain this mineral as
an accessory, namely the granites of Anadolskyi and Salty-
chanskyi complexes (Lazarenko et al., 1981). So, various pro-
cesses could have taken place, which makes it difficult to indi-
cate the primary sources of the ilmenite of the black sands pre-
cisely. Nevertheless, the ilmenite could well have originated
from the same igneous complexes as the monazite, since
monazite-bearing granites are also rich in ilmenite.

CONCLUSIONS

Radiometric age dating of monazites and the correlation of
this with the geochronology of the nearby rocks indicate that
the main primary sources of monazites that occur in the beach
sediments in the vicinity of Berdiansk were located in the Azov
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Fig. 8. REE distribution in the granites of Kamianomohylskyi (A), Anadolskyi (B) and Saltychanskyi (C) complexes
(Esipchuk, 1988; Shcherbakov, 2005)
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Sea area and they most probably belong to the Anadolskyi,
Kamianomohylskyi and Saltychanskyi complexes of the Early
Proterozoic, rather than the Chernihivskyi complex of the same
age. Archean monazites, which could be linked to other units of
the Pryazovskyi Megablock of the Ukrainian Shield, were not
detected. The other associated heavy minerals, including il-
menite, could have been sourced also from the Precambrian
rocks that occur in the Azov Sea area, namely greenstone
rocks, pegmatites and granitoids.

It was also ascertained that the monazites from Novo-
petrivka occur in quantities indicating the possibility of them be-
ing used as a raw material for rare earth elements, especially

those with MREE contents suitable for their economic develop-
ment. The monazites studied from the northern zone of the Sea
of Azov are characterized by significant neodymium, samarium,
europium, gadolinium, terbium and dysprosium contents reach-
ing up to 14 wt.%. The average content of neodymium in
monazites is close to 10 wt.%. Apart from the monazites, ilmen-
ite, garnet and fine grained quartz can be a good target for eco-
nomic development. The data obtained could be used for fur-
ther research and development of the monazite and ilmen-
ite-bearing sands as a source of useful elements during the
post-war recovery of the economy of Ukraine.
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Appendix 1A
Chemical composition of monazites, from Azov Sea black sand, in wt.%, EMPA measurements

No. P20s uo, ThO, Y03 YXREE Ca0 PbO Sc,0; SiO, As;0s SOs Total Comment
3 30.354 0.256 7.455 0.506 60.729 | 1.283| 0.692]0.038 0.516 b.d.l.| 0.017 101.846 | 1_mnz1/1/B
4 30.278 0.202 2.764 | 0.649 64.897 | 0.527 | 0.292 | 0.033 0.366 0.096 | 0.082| 100.186 | 1_mnz1/2/B
5 30.456 0.193 3.092| 0.668 65.198 | 0.522 | 0.361 | 0.038 0412 0.033| 0.056 | 101.029 |1 mnzl/3/B
6 29.718 0.139 5.891| 0477 61.647 | 0.763 | 0.560 | 0.030 0.734 0.050 | 0.012| 100.021 |1 _mnz1/4/B
7 30.515 0.134 2.363 0.64 61.647 | 0.406 | 0.286 | 0.022 0.287 0.131| 0.052| 100.282 |1 mnzl/5/B
8 29.814 0.179 6.164 0.331 62.760 | 0.700 | 0.639 ] 0.022 0.936 b.d.l. | 0.017 101.562 | 1_mnz2/1
9 30.309 0.166 5.368 | 0.466 63.773| 0.701| 0.470 | 0.026 0.631 b.dl | 0.064| 101.974|1 mnz2/2
10 30.449 0.172 4.998 | 0419 63.585| 0.678 | 0.565 |0.061 0.615 0.044| 0.022| 101.608 | 1_mnz2/3
11 30.103 0.252 6.301 | 0.490 62.192 | 0.851| 0.684|0.062 0.727 0.059 | 0.076| 101.797 |1_mnz2/4
12 27.546 0.179 11.421 0.419 58.087 | 0.648| 1.057|0.030 2.194 0.026 | 0.037 101.644 | 1_mnz3/1/D
13 28.391 0.195 10.249 0.477 58.550 | 0.657 | 0.985|0.040 1.860 0.041 b.d.l. 101.445 | 1_mnz3/2/D
14 28.197 0.251 10.842| 0.473 58.426 | 0.809 | 0.941 | 0.027 1.856 0.063| b.d.l. | 101.885|1 mnz3/3/D
15 28.608 0.249 10.083 0.432 58.998 | 0.908 | 0.955 | 0.043 1.585 0.039| 0.017 101.917 | 1_mnz3/4/D
16 29.076 0.270 9.106 | 0.487 59.726 | 0.852| 0.824|0.018 1.479 0.024| b.d.l. | 101.868 |1 mnz3/5/D
17 28.654 0.251 9.779 0.529 58.923 | 0.756 | 0.864 | 0.059 1.741 0.061 b.d.l. 101.617 | 1_mnz3/6/D
18 28.942 0.168 9.284 | 0.462 59.063 | 0.867 | 0.901 | 0.013 1.564 0.069 | 0.003| 101.336 |1 _mnz3/7/D
19 27.637 0.199 10.721| 0.441 58.016 | 1.214| 0.929 | 0.048 2.043 0.044| 0.050| 101.342 |1 mnz3/8/D
20 27.683 0.233 11.727 0.453 57.709 | 0.652| 1.020 |0.034 2.279 b.d.l.| 0.014 101.804 | 1_mnz3/9/D
21 28.688 0.114 7.237| 0.365 61.679| 0.474| 0.651|0.031 1.484 0.076 | 0.027 | 100.826 | 1_mnz4/1
22 28.716 0.216 7.252 0.395 61.772| 0.469| 0.660|0.034 1.559 0.061| 0.014 101.148 | 1_mnz4/2
23 28.611 0.131 8.137| 0.397 61.417| 0.514| 0.754|0.029 1.632 0.079| 0.013| 101.714 |1 _mnz4/3
24 28.663 0.183 7.949 | 0.439 61.397 | 0.523| 0.706 | 0.039 1.555 0.075| 0.050| 101.579 | 1_mnz4/4
25 28.958 0.152 8.325 0.513 60.892 | 0.783| 0.782]0.050 1.370 0.106 b.d.l. 101.931 | 1_mnz5/1/F
26 29.116 0.236 8.740 | 0.612 59.474| 1.047| 0.8370.021 1.202 0.107| b.d.l. | 101.392 |1 _mnz5/2/F
27 29.946 0.136 7.600 0.578 61.421| 0.939| 0.690|0.047 0.990 0.068 b.d.l. 102.425 | 1_mnz5/3/F
28 28.723 0.162 8.392 | 0.569 59.613 | 0.668 | 0.706 | 0.016 1.566 0.028 | b.d.l.| 100.443 | 1_mnz5/4/F
29 29.772 0.171 8.341 0.511 60.359 | 1.013| 0.803 | 0.034 1.186 0.048 b.d.l. 102.238 | 1_mnz5/5/F
30 28.467 0.117 8.556 | 0.558 60.329 | 1.048 | 0.788 | 0.042 1.157 0.038 | b.d.l. 101.1 | 1_mnz5/6/F
31 29.704 0.207 7403 | 0574 61.313| 0.985| 0.683|0.018 0.911 0.052 | 0.022| 101.872 |1 mnz5/7/F
32 29.363 0.19 7.043 0.551 60.877 | 0.934| 0.682]0.025 0.922 0.140| 0.005 100.732 | 1_mnz5/8/F
33 28.960 0.161 7.970 | 0.495 61.222 | 0.697 | 0.777 |0.031 1.286 0.070 | 0.018| 101.687 | 1_mnz5/9/F
34 27.753 0.142 8.237 0.460 61.368 | 0.698 | 0.7650.054 1.808 0.055| 0.271 101.611 | 1_mnz6/1
35 27.452 0.21 10.057 | 0.373 59.408 | 0.749 | 0.960 | 0.045 2.144 0.006 | 0.247| 101.651 |1_mnz6/2
36 26.568 0.214 12.21 0.391 56.423 | 0.791| 1.1230.053 2.666 0.037 | 0.204 100.68 | 1_mnz6/3
37 26.481 0.098 12.801 0.394 56.538 | 0.750 1.23]0.029 2.728 0.024| 0.248 101.321 | 1_mnz6/4
38 25.491 0.316 12.72| 0.399 56.951| 0.822| 1.068 |0.043 2.714 0.031| 0.205| 100.760 | 1_mnz6/5
39 26.761 0.203 11.742 0.367 57.815| 0.793| 1.1170.033 2.564 0.009| 0.229 101.633 | 1_mnz6/6
40 26.992 0.192 10.384 | 0.316 59.022 | 0.840 | 0.975|0.042 2.242 0.034| 0.296 | 101.335|1_mnz6/7
41 27.872 0.188 10.848 0.351 58.054 | 0.939 | 0.982 | 0.020 1.991 0.029 b.d.l. 101.274 | 2_mnz1/1
42 28.294 0.253 11636 | 0.329 58.103 | 0.999 | 1.029 | 0.049 2.268 0.007 | 0.052| 103.019 | 2_mnz1/2
43 27.965 0.144 10.498 | 0.278 58.531| 0.817| 0.993|0.058 2.017 0.022 | 0.018| 101.341 |2_mnz1/3
44 28.312 0.169 9.996 0.324 58.941| 0.736 | 0.958 | 0.047 1.870 0.085| 0.028 101.466 | 2_mnz1/4




45 28.342 0.197 9.901 0.309 59.148 | 0.781| 0.9100.019 2.008 0.038| 0.032| 101.685]|2_mnzl/5
46 28.188 0.182 11.026 0.292 58.042| 0.776 | 1.021]0.037 2.026 0.070| 0.032| 101.692 |2_mnzl/6
47 27.508 0.240 11.269 0.339 57.584 | 0.787 | 1.060 | 0.034 2.163 0.068 b.d.l. 101.052 | 2_mnz1/7
48 29.863 0.315 9.761 0.794 57.187 | 1.609 | 0.934 |0.048 0.950 0.046 b.d.l 101.507 | 2_mnz2/1
49 29.747 0.303 10.126 0.794 56.990 | 1.634 0.99 | 0.016 1.024 0.085 b.d.l. 101.709 | 2_mnz2/2
50 27.551 0.243 10.135 0.370 58.655 | 0.737 | 0.903 | 0.052 1.998 b.dl. | 0.123| 100.859 | 2_mnz3/1/H
51 27.300 0.270 10.227 0.319 58.821| 0.812| 0.8810.045 2.154 0.027] 0.161| 101.017|2_mnz3/2/H
52 27.589 0.141 10.458 0.330 58.048 | 0.804 | 0.996 | 0.027 2.155 0.034| 0.181| 100.763|2_mnz3/3/H
53 26.877 0.343 11.282 0.487 57.551| 0.674| 1.053|0.035 2.421 0.089| 0.109| 100.921 |2 _mnz3/4/H
54 26.683 0.265 11.845 0.472 57.474| 0.629 | 1.106 | 0.025 2.572 0.014| 0.104| 101.189|2_mnz3/5/H
55 26.459 0.361 12.060 0.527 57.019| 0.621| 1.198 | 0.039 2.705 bdl.| 0137| 101.126 | 2_mnz3/6/H
56 26.608 0.377 12.918 0.463 57.029 | 0.637| 1.205]0.042 2.859 0.088 | 0.123| 102.349 | 2_mnz3/7/H
57 26.765 0.283 11.857 0.510 57519 | 0.682| 1.116 | 0.044 2.541 b.dl.| 0.155| 101.481 |2 mnz3/8/H
58 26.283 0.331 13.404 0.305 55.765| 0.741| 1.266 | 0.056 3.041 0.026| 0.128 | 101.346 | 2_mnz3/9/H
59 29.344 0.176 7.664 0.607 60.446 | 0.832| 0.714)0.031 1.228 0.084| 0.013| 101.139 |2 _mnz4/1
60 29.144 0.076 7.823 0.539 61.505| 0.835| 0.681 | 0.062 1.249 0.085 b.d.l 102.009 | 2_mnz4/2
61 28.985 0.189 7.950 0.596 60.174 | 0.799| 0.778|0.038 1.344 0.038 | 0.047| 100.938 | 2_mnz4/3
62 29.457 0.094 7.764 0.523 60.004 | 0.866 | 0.741|0.028 1.221 0.078 | 0.013| 100.789 | 2_mnz4/4
63 29.079 0.189 8.603 0.602 60.176 | 0.878 | 0.864 | 0.05 1.380 0.111] 0.018 101.95 | 2_mnz4/5
Av. 28.461 0.206 9.144 0.468 59.606 | 0.803 | 0.855 | 0.037 1.651 0.052 | 0.063| 101.408 n=61
Sd 1.249 0.066 2.473 0.116 0.225| 0.218 ]0.013 0.695 0.034 0.08 0.554 n=61




Appendix 1B
REE concentrations in analysed monazites from the Azov Sea black sand, in wt%

No. |LaxOs Cez0s Pr,03 Nd,O3 Sm;0z | Euz0s Gd,0; | Th,Os Dy»03 Ho0,0; | Er;0s | Tmy0s Yb,0; Lu20s *REE LREE HREE
3 15.399 | 28.772 2941 | 11.379 1.184 b.d.l. 0.669 0.106 0.139 b.d.l. b.d.l. b.d.l. b.d.l. b.dl.| 60.729 | 60.374 | 0.355
4 17.333 | 30.870 3.100 | 11.015 1.346 0.062 0.712 0.121 0.199 b.d.l. b.d.l. b.d.l. 0.076 b.dl | 64.897| 64.438 | 0.459
5 17.921 | 30.855 2967 | 10.973 1.320 0.075 0.624 0.123 0.165 b.d.l. b.d.l. b.d.l. 0.073 b.dl.| 65198 | 64.735 | 0.463
6 15.957 | 29.283 2.962 | 11.068 1.296 0.067 0.544 0.098 0.107 b.dl. | 0.059 b.d.l. 0.068 b.dl | 61.647| 61.177 0.47
7 17.199 | 31.316 3.094 | 11.389 1.303 0.063 0.547 0.173 0.157 0.128 | 0.066 b.d.l b.d.l. b.dl.| 61.647 | 64.911 0.535
8 18.010 | 30.070 2.770 | 10.107 0.976 0.060 0.476 0.126 0.113 b.d.l. b.d.l. b.d.l. b.d.l. b.dl.| 62.760 | 62.469 | 0.291
9 17.966 | 30.254 2.926 | 10.458 1.200 0.058 0.542 0.102 0.106 b.dl | 0.094 b.d.l. b.d.l. 0.050 | 63.773 | 63.399 | 0.374
10 18.336 | 29.616 3.087 | 10.576 1.189 0.081 0.476 0.107 0.102 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.| 63.585| 63.361 0.224
11 18.018 | 28.626 2.719| 10.631 1.246 b.d.l. 0.518 0.059 0.142 b.d.l. b.d.l. 0.056 b.d.l. 0.051 | 62.192| 61.767 | 0.425
12 15.867 | 28.493 2.744 9.293 0.812 b.d.l. 0.362 0.068 0.138 0.124 b.d.l. b.d.l. 0.124 b.dl.| 58.087 | 57.601 0.486
13 15.218 | 28.882 2.778 9.681 1.045 b.d.l. 0.551 0.089 0.118 b.dl.| 0.101 0.057 b.d.l. b.dl.| 58550 | 58.156 | 0.394
14 15.838 | 28.728 2.806 9.374 0.922 0.052 0.451 0.073 0.122 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. | 58.426| 58.171 0.255
15 16.277 | 28.483 2.736 9.563 1.052 b.d.l. 0.551 0.059 0.025 b.d.l. | 0.066 b.d.l. 0.064 0.063 | 58.998 | 58.711 0.287
16 16.309 | 28.880 2.803 9.890 0.981 b.d.l. 0.346 0.073 0.195 0.116 | 0.059 b.d.l. 0.065 b.dl. | 58426 | 59.209 | 0.517
17 15.883 | 28.785 2.911 9.551 1.009 b.d.l. 0.459 0.098 0.152 b.d.l. b.d.l. b.d.l. 0.075 b.dl.| 58.998 | 58.598 | 0.325
18 15.475| 29.186 2.823 9.549 1.067 b.d.l. 0.433 0.104 0.102 0.125| 0.084 0.054 b.d.l. b.dl. | 59.726 | 58.557 | 0.506
19 15.753 | 28.523 2.763 9.259 0.895 b.d.l. 0.393 b.d.l. 0.171 b.d.l. b.d.l. b.d.l. 0.066 b.dl. | 58.923| 57.596 0.42
20 15.711 | 28.251 2.830 9.218 0.918 b.d.l. 0.405 0.069 0.134 0.094 | 0.067 b.d.l. b.d.l. b.dl. | 59.063 | 57.337 | 0.372
21 17.109 | 30.010 2.941 9.993 0.949 b.d.l. 0.387 0.091 0.094 b.d.l. b.d.l. b.d.l. b.d.l. b.dl | 58.016 | 61.389 0.29
22 17.299 | 30.207 2.709 9.897 0.961 b.d.l. 0.396 0.128 0.042 b.dl.| 0.056 b.d.l. b.d.l. b.dl.| 57.709 | 61.492 0.28
23 16.985 | 29.999 2.854 9.696 0.978 b.d.l. 0.547 0.146 0.069 b.d.l. b.d.l. b.d.l. 0.109 b.dl.| 61.679| 61.059 | 0.358
24 16.476 | 30.308 2.832 9.901 0.984 b.d.l. 0.359 0.104 0.075 0.121 0.143 b.d.l. b.d.l. b.dl | 61.772| 60.898 | 0.499
25 14.551 | 29.454 2977 | 11.483 1.329 b.d.l. 0.691 0.070 0.191 b.d.l. b.d.l. 0.056 b.d.l. b.dl.| 61.417| 60.520 | 0.372
26 14.053 | 28.713 3.043 | 11.359 1.414 b.d.l. 0.604 0.051 0.167 b.d.l. | 0.055 b.d.l. b.d.l. b.dl | 61.397| 59.186 | 0.288
27 14.969 | 29.306 3.066 | 11.574 1.426 b.d.l. 0.524 0.080 0.143 0.158 | 0.068 b.d.l. b.d.l. 0.060 | 61.421| 60.912 | 0.509
28 14.324 | 28.939 2962 | 11.318 1.231 b.d.l. 0.545 0.102 0.084 b.d.l. b.d.l. b.d.l. 0.059 b.dl | 59.474| 59.319 | 0.294
29 14.203 | 28.654 2.847 | 12.019 1.444 0.102 0.727 0.016 0.106 b.dl | 0.129 0.076 b.d.l. b.dl | 61.421| 59.996 | 0.363




30 13.785 | 29.282 3.061 | 11.656 1.451 b.d.l. 0.753 0.120 0.055 b.dl. | 0.065 b.d.l. b.d.l. 0.065| 59.613| 59.992 | 0.337
31 14.455 | 29.814 3.069 | 11.658 1.335 0.062 0.537 0.059 0.120 b.dl | 0.076 0.056 b.d.l. b.dl. | 60.359 | 59.992 | 0.393
32 14.682 | 29.162 3.052 | 11.558 1.335 b.d.l. 0.575 0.136 0.136 0.096 b.d.l. 0.083 0.053 b.dl.| 60.329 | 60.373 | 0.504
33 14.884 | 29.427 3.042 | 11.541 1.239 b.d.l. 0.669 0.122 0.200 b.d.l. b.d.l. 0.052 b.d.l. b.dl.| 61.313| 60.820 | 0.402
34 17.483 | 30.008 2.846 9.381 0.799 b.d.l. 0.385 0.053 0.131 0.085| 0.114 b.d.l. b.d.l. b.dl. | 60.877| 60.942 | 0.426
35 16.999 | 28.759 2.717 9.344 0.836 b.d.l. 0.359 b.d.l. 0.185 b.d.l. b.d.l. 0.084 b.d.l. b.dl. | 61.222| 59.018 0.39
36 15.871 | 27.353 2.586 9.149 0.902 b.d.l. 0.298 b.d.l. 0.080 0.102 b.d.l. b.d.l. 0.063 b.dl | 61.368| 56.159 | 0.264
37 16.286 | 27.280 2.583 8.884 0.804 0.058 0.409 0.059 0.058 b.dl.| 0.090 b.d.l. b.d.l. b.dl.| 59.408 | 56.304 | 0.234
38 15.679 | 27.978 2.636 9.224 0.774 b.d.l. 0.420 0.068 0.112 b.d.l. b.d.l. b.d.l. b.d.l. b.dl | 56.431| 56.740 | 0.211
39 16.422 | 28.168 2.552 9.203 0.804 b.d.l. 0.302 b.d.l. 0.087 0.123 | 0.055 b.d.l. b.d.l. b.dl | 56.538 | 57.474 | 0.341
40 17.125| 28.593 2.563 9.092 0.857 b.d.l 0.514 0.097 0.074 b.d.l. b.d.l. b.d.l. b.d.l. b.dl. | 56.951| 58.782 0.24
41 17.297 | 28.113 2.770 8.529 0.767 b.d.l. 0.386 b.d.l. 0.098 b.d.l. b.d.l. b.d.l. b.d.l. 0.007 | 57.815| 57.862 | 0.192
42 17.098 | 28.253 2.631 8.756 0.845 b.d.l. 0.398 0.075 0.039 b.d.l. b.d.l. b.d.l. b.d.l. b.dl. | 59.022| 57.989 | 0.114
43 16.963 | 28.730 2.648 8.899 0.775 b.d.l. 0.328 0.062 0.041 b.d.l. b.d.l. b.d.l. b.d.l. b.dl. | 58531 | 58.343 | 0.188
44 17.049 | 29.269 2.688 8.471 0.797 b.d.l. 0.190 0.071 0.071 0.118 | 0.158 b.d.l. b.d.l. b.dl.| 58.941| 58.476 | 0.465
45 17.471 | 28.993 2.722 8.604 0.663 b.d.l. 0.444 0.062 b.d.l. b.d.l. b.d.l. b.d.l. 0.053 b.d.l.| 58.531| 58.901 0.247
46 16.543 | 28.339 2474 9.253 0.758 0.075 0.313 0.087 0.079 b.d.l. b.d.l. 0.067 b.d.l. b.d.l. | 58.941| 57.755 | 0.287
47 16.464 | 28.244 2.612 8.902 0.807 b.d.l. 0.282 0.066 0.058 b.d.l. b.d.l. b.d.l. b.d.l. b.dl.| 59.148 | 57.331 0.253
48 12.777 | 27.357 2.803 | 11.075 1.658 0.063 0.817 0.120 0.234 b.dl | 0.102 0.063 b.d.l. b.dl. | 58.042| 56.550 | 0.637
49 12.443 | 27.262 3.048 | 11.325 1.760 b.d.l. 0.646 0.103 0.190 0.095 b.d.l. b.d.l. b.d.l. 0.051 | 57.584 | 56.484 | 0.506
50 16.328 | 28.810 2.701 9.263 0.821 b.d.l. 0.396 b.d.l. 0.098 b.dl.| 0.069 0.104 b.d.l. b.dl | 57.187| 58.328 | 0.327
51 16.588 | 28.661 2.786 9.251 0.849 b.d.l. 0.397 0.069 0.110 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. | 56.990 | 58.532 | 0.289
52 16.344 | 28.567 2.732 8.876 0.806 b.d.l. 0.397 b.d.l. 0.172 b.dl.| 0.056 b.d.l. b.d.l. b.dl.| 58.655| 57.770 | 0.278
53 14.749 | 28.510 2.760 9.602 1.087 0.087 0.354 0.107 0.147 b.dl. | 0.055 b.d.l. b.d.l. b.dl. | 58.821| 57.149 | 0.402
54 14.745 | 28.699 2.829 9.337 1.062 b.d.l. 0.509 b.d.l. 0.089 b.d.l. b.d.l. 0.096 b.d.l. b.dl. | 58.048 | 57.197 | 0.277
55 14.631| 28.133 2.768 9.519 0.965 0.075 0.514 0.120 0.110 b.dl | 0.082 b.d.l. b.d.l. 0.102 | 57.551| 56.605 | 0.414
56 14.568 | 28.384 2.810 9.522 0.913 b.d.l. 0.536 0.061 0.109 b.d.l. b.d.l. b.d.l. b.d.l. b.dl.| 57.029 | 56.746 | 0.283
57 14.822 | 28.392 2.800 9.708 0.962 b.d.l. 0.378 0.094 0.149 0.117 b.d.l. 0.062 b.d.l. b.dl.| 57.019| 57.062 | 0.457
58 15.19| 27.822 2.331 8.875 0.846 0.117 0.267 0.076 0.116 b.d.l. b.d.l. b.d.l. 0.063 b.dl. | 57.029 | 55.448 | 0.317
59 16.193 | 29.463 2.823| 10.114 1.009 b.d.l. 0.584 b.d.l. 0.090 b.dl.| 0.106 b.d.l. b.d.l. b.dl.| 57.519| 60.206 0.24
60 16.589 | 29.867 2.870 | 10.102 1.082 b.d.l. 0.638 0.072 0.169 b.d.l. b.d.l. 0.062 b.d.l. b.dl.| 55.765| 61.159 | 0.346




61 16.316 29.5 2777 9.596 1.122 b.d.l. 0.488 0.076 0.123 b.dl | 0.055 b.d.l. 0.060 b.dl. | 60.446 | 59.833 | 0.341
62 15.963 | 29.531 2.754 9.81 1.053 0.083 0.551 0.124 0.135 b.d.l. b.d.l. b.d.l. b.d.l. b.dl.| 61.505| 59.745 | 0.259
63 16.114 | 29.224 2.760 9.944 1.052 b.d.l. 0.550 0.116 0.117 b.dl | 0.089 0.066 b.d.l. 0.073 | 60.174| 59.69 0.486
Av. 15.989 | 28.974 2.813 9.971 1.05 0.032 0.482 0.082 0.118 0.04| 0.046 0.029 0.028 0.014 | 59.606 | 58.180 | 0.356
Sd 1.284 0.873 0.164 0.975 0.24 0.03 0.132 0.034 0.046 0.047 | 0.039 0.028 0.03 0.025 n=61
Ccv 8.01|3.01 5.83 9.77 22.85 93.75 27.38 414.63 |256.52 |117.50 |84.78 |96.55 107.14 | 178.57 %

CV - coefficient of variability, b.d..l. — below detection limit, S.d — standard deviation






