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Abstract: Beach sands from Aggelochori coast line are investigated for their geochemistry and
REE content, mineralogy and their provenance. These fluvial sands bear heavy minerals enriched
horizons (containing minerals such as magnetite, zircon, ilmenite, hematite, rutile and titanite) that
can be distinguished due to their black color and are formed usually due to the action of sea waves
that deposit the heavy minerals and remove the lighter ones. After a suitable processing (washing,
sieving, drying and magnetic separation) of the samples, the mineral constituents and their presence
(wt.%) were estimated by XRD. Among the samples, the one being simultaneously the more fine
grained and the more zircon-enriched (as suggested by XRPD data and optical microscopy analysis)
has been selected for further geochemical analyses. The major and trace elements contents were
compared to previously studied REE enriched beach sands from Kavala and Sithonia. Beach sands
from Aggelochori area appear to have relatively low REE contents. Considering the provenance of
these sediments, we suggest that these sands, are a product of the erosion of multi-sources, including
the near-by Monopigado granite, as well as metamorphic rocks, as indicated by the presence of rutile
and both ilmenite and magnetite in some samples. Therefore, there are indications of a complex flow
pattern that existed at the paleo-catchment area of the deposition.

Keywords: black sands; REE; sediments provenance; geochemistry; mineralogy

1. Introduction

Coastal sands can be enriched in heavy minerals. The latter, can be enriched in
elements that are relatively rare in earth’s crust. There is a particular focus from the
scientific community as far as REE’s deposits. In the case of beach placer deposits, there are
numerous studies referring to areas of economic value due to their REE and other critical
elements content [1]. Particularly in Greece there are several publications studying the
REE and natural radioactivity content in beach placer deposits [1]. Coastal sands from
Aggelochori area close to Thessaloniki (N.-Greece) have been studied by Filippidis et al.
1997 [2] but there are no studies of source formation of the beach placers, up to now.

This study aims to provide additional mineralogical and geochemical data about
this area. The data on the REE budget and other trace elements of economic value are
given and have been compared to other beach sands enriched in REE in Greece. Therefore,
implications of the economic potential of these sands can be made. Additionally, some
preliminary data upon the provenance of the beach sands studied is provided.
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2. Geological Setting

Rocks of the Chortiatis Magmatic Suite and eastern Vardar Ophiolites (Guevgueli,
Thessaloniki–Metamorphosis and Kassandra–Sithonia exposures) predominate the general
geological frame of the surrounding area (Figure 1). They form a complex middle to late
Jurassic arc/back-arc spreading system [3]. Chortiatis Magmatic Suite is made of intensely
deformed acidic and intermediate igneous rocks [4–6]. Eastern Vardar Ophiolites suite
is made of non-metamorphosed ultramafics/mafics/intermediate igneous rocks [7] with
intercalations of Jurassic–earliest Cretaceous reef limestones [8,9].

Figure 1. Geological sketch of the wider area ([3] after modifications).

Aggelochori area is placed on Vardar-Axios basin composed by Miocene and recent
sediments. Fanos [10] and Monopigado [11] plutons belong to the Upper Jurassic plutons
intruding the Vardar-Axios ophiolites.

The sampling site is a steep coastal cliff with a length of 200 m, with a narrow beach
at the base, where black sands are interbedded in the upper shore-face strata. The coastal
black sands were initially studied by Filippidis et al. 1997 [2].

The cliffs consist of nearly horizontal layers of an Upper-Pliocene fluvio lacustrine
sequence consisting of sands and pebbles in paleo-river channels and floodplains with
loam and calcareous marly sedimentation. This sequence is overtopped by a reddish
fluvial Pleistocene formation, on an erosional sequence boundary [12]. The fossil record is
strong involving terrestrial tortoise, micromammals and primates [13,14] that verified the
sediment age of Upper-Pliocene with reasonable accuracy.

3. Material and Methods

3.1. Sample Preparation

Four samples (AGG-1–4 with a total weight of 5 kg) were collected from the coastal
cliff, at a height of 5 m above sea level at roughly 50 m distance to each other, across
the same stratigraphic layer. The samples were collected from the Upper-Pliocene fluvio
lacustrine paleo riverbeds (Figure 2).
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Figure 2. The sampled cliff and the black sand layer.

Afterwards, the samples were washed with clean water to remove any shells and
algae and dried at the oven at 50 ◦C for 48 h. The samples were dried and sieved to get
their grain size fractions (gravel, sand, silt + clay).The samples have been also studied
under optical microscopy in order to roughly assess their mineralogical composition. The
grain-size fraction of 1–0.063 mm has been used for magnetic separation in order to assess
any differences between the non-magnetic and magnetic fractions.

For the mineral separations, a Frantz isodynamic separator was used to determine
the w.t. % magnetic and non-magnetic fractions of the whole sample (Table 3), after the
removal of magnetite with hand magnet. The magnetic fraction was obtained after passing
at <1.7 amp at forward and side slope of 15◦ and 25◦, respectively, while the non-magnetic
fraction passed at >1.7 amp at same settings.

3.2. X-ray Diffractometry

The mineralogical composition of randomly oriented powder samples was determined
by X-ray powder diffraction (XRPD) using a Philips PW1710 diffractometer (Department
of Mineralogy, Petrology, Economic Geology, School of Geology, Aristotle University
of Thessaloniki, Thessaloniki, Greece) with Ni-filtered Cu-Ka radiation. The counting
conditions of the XRPD study were: step size 0.01◦ 2θ, 2θ range 3–65◦ and scan speed:
1.2◦/min. Quantitative estimates of the abundance of the mineral phases were derived
from the XRPD data using the intensity of certain reflections, the density and the mass
absorption coefficient for Cu-Ka radiation of the minerals present [15].

3.3. Major and Trace Elements Analysis

The REE and other trace elements content of the whole-rock samples was determined
by ICP-MS at Activation Laboratories (ACTLABS, Ancaster, ON, Canada) following a
lithium borate fusion and dilute acid digestion. The element analyses were performed
with a XRF JEOL JSX-60PX at the Department of Mineralogy-Petrology-Economic Geology,
School of Geology, Aristotle University of Thessaloniki, after a lithium borate fusion.
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4. Results and Discussion

4.1. Textural Characteristics

In Table 1 the lithological characteristics of the studied sediment sample are given,
while in Figure 2, the lithological classification of the studied samples according to Folk et al.
1970 [16] is presented.

Table 1. Grain size (wt.%) and classification of the studied samples.

Sample Gravel (>2 mm) Sand
(2–0.63 mm)

Silt+Clay
(<0.063 mm)

Lithological Class
Folk et al. (1970) Schlee (1973)

AGG-1 86.38 10.57 3.05 Gravel Gravel
AGG-2 67.73 30.13 2.14 Sandy gravel Gravel
AGG-3 33.88 64.27 1.85 Sandy gravel Gravelly sediments
AGG-4 55.98 42.29 1.73 Sandy gravel Gravel

There is a good agreement between the two classifications as the studied samples
classified as gravel (sample AGG-1) and sandy gravel (samples AGG-2–4) according to
Folk et al. 1970 [16] and gravel (samples AGG-1, 2 and 4) and gravelly sediment (sample
AGG-3) according to Schlee 1973 [17].

The depositional setting of the samples has cross-stratification, with NW-SE paleo
current direction. The paleo-riverbed granules found mainly on the basis of the cross-
stratified sandy beds showing an imbrication, indicating a NW-SE flow direction, which is
in good agreement with Syrides 1990 [12].

Based on these classifications it can be stated that the examined samples are typical
samples of fluvial transportation and deposition, i.e., conditions of relatively high dynamic
transport energy for a relatively short distance [18,19] or excessive flow of subtropical
conditions over an extensive catchment area [20].

The wt.% magnetic and non-magnetic fractions determined for the 1–0.063 mm grain-
size fraction of the samples is given in Table 2. According to Papadopoulos et al. 2014 [21],
The magnetic fraction might contain minerals such as epidote, allanite, garnet, muscovite,
biotite and hornblende, while the heavy non-magnetic fraction might contain zircon,
monazite, apatite and titanite.

Table 2. Magnetite w.t.% and magnetic and non-magnetic fractions of the whole samples.

Sample Magnetic Fraction % Non-Magnetic Fraction %

AGG-1 70.61 29.39
AGG-2 81.48 18.52
AGG-3 72.28 27.72
AGG-4 80.14 19.86

4.2. Mineralogical Composition

In Table 3 the mineralogical composition (wt.%) of the studied samples is given. Ac-
cording to Table 2, the examined samples consist mainly of quartz (22–40 wt.%), feldspars
(plagioclase and K-rich feldspars, 18–30 wt.%) and phyllosilicate minerals (micas and chlo-
rite, 13–44 wt.%).The following concentrations were identified for pyroxene (1–4 wt.%), am-
phibole (1–3 wt.%), dolomite (2–3 wt.%) and heavy minerals such as magnetite (5–9 wt.%),
zircon (2–3 wt.%), hematite (2 wt.%), ilmenite (2 wt.%), rutile (4 wt.%) and titanite (2–5 wt.%).
Of course, in case of accessory minerals, XRPD is not suitable for quantitative calculations,
so the respective values must be carefully considered.
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Table 3. Mineralogical composition (wt.%) of the studied whole samples.

Mineral Qz Pl Kf Px Am Do M Ch Mt Ht Ilm Ru Ti Zr

AGG-1 22 14 4 - - - 16 28 9 - - 4 - 3
AGG-2 38 26 4 4 1 3 9 4 5 2 2 - - 2
AGG-3 40 30 - 1 1 2 9 7 5 - - - 2 3
AGG-4 31 21 7 2 3 3 13 7 5 - - - 5 3

Qz: Quartz, Pl: Plagioclase, Kf: K-feldspar, Px: Pyroxene, Am: Amphibole, Do: Dolomite, M: Mica, Ch: Chlorite, Mt: Magnetite,
Ht: Hematite, Ilm: Ilmenite, Ru: Rutile, Ti: Titanite, Zr: Zircon.

According to Blatt et al. 1972 [22] heavy minerals are very useful constituents for
sediments provenance studies. The presence of heavy minerals in the clastic sediments is
mainly due to the extensive alteration, due to erosion and transportation, of the weathering
products of the parent rocks. They are usually present in quantities <1%. According
to Tucker, 2001 [23]. Zircon, tourmaline, rutile and garnets are the most abundant non
opaque heavy minerals, while pyrite, magnetite, ilmenite and chromite the most abundant
opaque heavy minerals. Also, the presence of apatite, biotite, hornblende, magnetite,
and zircon in the assemblage of heavy minerals is a strong indication of igneous rocks
weathering processes [24]. Zircon which is readily insoluble to weathering processes can
be of multi-source, rutile indicates the origin from metamorphic rocks and the presence of
Fe-Mg minerals indicates the mineralogical immaturity of the samples ([24] and references
therein). This observation is strengthened in the studied samples by the significant presence
of quartz and feldspars, as well as the presence of chlorite that may be derived from the
alteration of initial biotite.

Finally, the presence of iron-magnesium rich minerals (pyroxene, amphibole, chlorite)
as well as high amounts of feldspars (mainly plagioclase) shows that the studied sediments
are mineralogically immature. The presence of these minerals, which lead to mineralogical
immaturity, is a clear indication of limited processing of the detrital material in the deposi-
tion basin which in turn is the result of the large supply of the river system of the study
area in short periods of time and rapid transport and sediment deposition. The climate
of the Upper-Pliocene was subtropical with wet and dry periods [20], which does not
favor the most primary mineral alteration processes. Tsirambides and Kantiranis 1998 [25]
studying the composition and origin of the modern river deposits of Evros agree with
this estimation and found that the rapid sedimentation during periods of heavy rainfall
limits the physical and chemical processes, as well as the degree of sediments re-processing
leading to immature sediments both texturally and mineralogically.

4.3. Chemical Study

In Table 4 the chemical composition (wt.%) of major oxides and trace elements (ppm)
of sample AGG-3,is given along with the composition of different fractions. Sample AGG-3
was chosen for geochemical analyses, because it presumably has the highest REE budget
among the samples, as it is the most fine-grained and has the highest amount of zircons as
suggested by XRPD and optical microscopy. According to Table 3, SiO2 is the major oxide
contained in the studied samples, followed by Al2O3, Fe2O3t, K2O and Na2O. The magnetic
fraction is enriched in Fe2O3t, MgO, CaO and TiO2, while the non-magnetic fraction in
SiO2·MnO concentrations are also high in the magnetic fraction, in comparison with the
MnO concentrations of the common rocks, implying the possible presence of MnO coatings
on mineral constituents.
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Table 4. Major and trace element composition of several fractions of the sample AGG-3.

Sample AGG-3 SiO2 TiO2 Al2O3 Fe2O3t MgO MnO CaO Na2O K2O P2O5 LOI Total

Whole sample 81.66 0.18 7.19 1.85 0.39 0.46 0.68 1.91 2.07 0.05 1.89 98.37
>4 mm 78.94 0.27 8.88 2.15 0.34 0.69 0.59 2.32 2.68 0.12 2.11 99.10
4–2 mm 82.17 0.22 7.39 2.04 0.46 0.48 0.58 1.91 2.16 0.07 1.74 99.18
2–1 mm 84.17 0.22 6.75 1.61 0.32 0.30 0.65 1.75 2.11 0.04 1.47 99.40

1–0.063 mm 81.22 0.23 8.35 2.02 0.50 0.34 1.22 2.18 2.14 0.04 1.61 99.83
Non-magnetic 85.38 0.08 7.38 0.63 <0.01 0.20 0.51 2.22 2.33 0.02 0.99 99.74

Magnetic 61.24 0.79 13.55 6.62 3.01 0.74 4.47 2.02 2.20 0.11 4.14 98.88
d.l. <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Sample AGG-3 Rb Ba Sr Cs Ga Cr V Th U Ta Nb Zr Y Hf

Whole sample 58.4 1148.6 201.5 1.9 7.9 30 52 6.9 1.5 0.9 4.5 71.0 9.2 2.4
>4 mm 86.1 1263.7 223.6 2.2 10.6 19 76 11.3 2.7 1.0 6.8 94.0 14.5 2.9
4–2 mm 61.5 973.5 156.7 1.8 8.4 27 57 7.1 1.8 0.9 5.0 77.0 13.2 2.3
2–1 mm 54.8 831.2 155.8 1.6 6.9 26 39 3.2 1.3 0.8 3.2 69.0 8.3 2.1

1–0.063 mm 61.5 1023.4 256.3 2.0 8.8 56 47 7.0 1.4 0.9 5.8 67.0 9.6 1.9
Non-magnetic 93.3 1368.1 474.3 6.2 18.1 137 147 23.1 4.1 1.4 16.7 123.0 29.4 3.9

Magnetic 53.9 807.8 207.2 1.0 6.6 10 16 4.6 0.7 0.6 2.9 53.0 5.0 1.6
d.l. <0.2 <0.5 <0.1 <0.01 <0.2 <10 <10 <0.05 <0.05 <0.1 <0.1 <2 <0.5 <0.2

Sample AGG-3 La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Σ REE Eu/Eu*

Whole sample 15.7 31.2 3.4 13.8 2.8 0.6 2.3 0.3 2.1 0.4 1.1 0.2 1.1 0.2 75.1 0.8
>4 mm 22.5 36.1 4.9 19.6 4.2 0.7 3.4 0.5 3.1 0.6 1.8 0.3 1.7 0.3 99.7 0.6
4–2 mm 16.2 28.9 3.6 14.2 2.9 0.6 2.5 0.4 2.5 0.6 1.5 0.2 1.5 0.2 76.0 0.7
2–1 mm 11.8 21.6 2.5 9.9 2.1 0.5 1.7 0.3 1.7 0.4 1.0 0.2 1.0 0.2 54.7 0.7

1–0.063 mm 15.8 29.5 3.4 13.6 2.8 0.7 2.3 0.3 2.0 0.4 1.2 0.2 1.2 0.2 73.5 0.8
Non-magnetic 60.8 121.2 13.1 52.7 9.8 1.9 8.0 1.1 6.3 1.3 3.5 0.5 3.4 0.5 284.0 0.6

Magnetic 8.8 16.3 1.8 7.2 1.5 0.4 1.2 0.2 1.0 0.2 0.6 0.1 0.6 0.1 39.9 0.9
d.l. <0.1 <0.1 <0.03 <0.1 <0.03 <0.03 <0.05 <0.01 <0.05 <0.01 <0.03 <0.01 <0.03 <0.01

Fe2O3t = Total Fe3+; d.l.: detection limit.
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The distribution of REE’s in the separated fractions of the studied samples is pre-
sented in Figure 3. It is a typical LREE enriched pattern which is widely reported in the
upper continental crust. The non-magnetic 1-0.063mm fraction appears to be the most
REE enriched.

Figure 3. Lithological classification of the studied samples.

As indicated in Figure 4, presenting the REE distribution of the separated fractions
(according to grain size and magnetic susceptibility), the non-magnetic fraction, has the
highest REE values compared to the upper crust. These, especially for the LREE’s (La, Ce,
Pr, Nd, Sm, Eu), are increased two times than the Upper Continental Crust (UCC). The
latter is also supported by Figure 4, indicating that regardless the grain size, LREE values
are by one order of magnitude greater than the HREE’s in the studied samples.

Figure 4. REE distribution of the separated fractions according to grain size and magnetic suscepti-
bility (UCC normalization after [26]). Symbols as in Figure 5.



Minerals 2021, 11, 693 8 of 13

Figure 5. REE patterns of the separated fractions (Normalization after [27]).

In the case of other elements, namely Zr, Hf, Ta, Nb, Th and U, as well as Cs, Rb, Ba
and Sr, it seems that grain size does not significantly affect their content (Figures 6 and 7).
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Figure 7. Grain size vs concentrations of Zr, Hf, TiO2(%) (a), Ta, Nb, Th, U, Cs, Rb, Ba and Sr (b) (all
the trace elements concentrations are in ppm). Symbols as in Figure 6.
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As previously indicated, the non-magnetic fraction is responsible for the REE budget
of the coastal sands studied. As far as other critical elements are concerned (as they have
been determined by European Union), it is clearly indicated that this fraction is as well the
most enriched in elements of economic value (Figure 8).

Figure 8. Trace elements of the samples vs UCC concentrations. (UCC normalization after [26]).
Symbols as in Figure 5.

Aiming to assess any economic potential of these sands, the respective values have
been compared to those obtained by studied by Papadopoulos et al. 2014, 2016 [21,28]
for Sithonia and Kavala areas respectively (Figure 9). It is obvious that the studied sam-
ples from Aggelochori area lie between the lowest values of these beach placer deposits
(Figure 9).

Figure 9. Comparison of the studied black sands (whole rock) REE pattern with those of (a) Sithonia
beach sands (light blue area) and (b) Kavala beach sands (pink area). Symbol (red star) as in Figure 5.

At least, part of the material forming the beach placers from Aggelochori could come
from granitic rocks. The most probable granitic sources of this material could be either
Fanos granitic rocks and/or Monopigado granitic rocks. Comparing the REE patterns
of these rocks with the REE patterns of the studied samples, it seems that there is some
similarity with Monopigado granitic rocks (Figure 10).

Moreover, the absence of the characteristic pinkish feldspars of Fanos pluton, implies
that the source rock of the studied sediment could possibly be the Monopidado pluton.

REE concentrations are widely used for provenance studies e.g. Tzifas et al. 2017 [29]
and references therein. Ce/Yb vs La/Sm, Gd/Yb vs La/Sm and Eu/Eu*/Ce/Ce* (chondrite
normalized values obtained by Nakamura 1974 [30]) are plotted in Figure 11.
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Figure 10. Comparison of the studied black sands (whole rock) REE pattern with the REE whole rock
pattern from (a) Fanos (green area) and (b) Monopigado granitic rocks (blue area). Data from [10,11].
Symbol (red star) as in Figure 5.

Figure 11. Ce/Yb vs La/Sm, Gd/Yb vs La/Sm and Eu/Eu*/Ce/Ce* for the samples from Aggelo-
chori, Monopigado and Fanos granitic rocks. Symbols for the studied samples as in Figure 5.

It is evident (Figure 11) that there is a resemblance between the Aggelochori samples
and the granitic samples from Monopigado pluton, especially as far as Ce/Yb vs La/Sm,
Gd/Yb vs La/Sm are concerned.
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5. Conclusions

According to sediment characterization study the examined sediment samples classi-
fied as gravels or gravelly sediments and are typical samples of river fluvial transportation
and deposition, showing conditions of relatively high dynamic transport energy for a
relatively short distance or excessive flow conditions over an extensive catchment area. The
coexistence of the paleo-river channels with cross-stratified sands, along with floodplain
deposits on the same stratigraphic horizon, is indicating a substantial flow on a relatively
flat area, which agrees with the subtropical fluvio-lacustrine environment mentioned above.
The examined sediment samples consist mainly of quartz, feldspars (mainly plagioclase)
and phyllosilicate minerals and in minor amounts were found magnetite, pyroxene, am-
phibole, dolomite and heavy minerals such as zircon, hematite, ilmenite, rutile and titanite.
This variety of the mineral constituents, including both ultra-stable detrital non opaque
heavy minerals (zircon and titanite), unstable (amphiboles and pyroxenes) and stable to
moderate stable opaque heavy minerals hematite and ilmenite, suggests mineralogical im-
maturity of studied the paleo river deposits and a probable mixed source of the sediments
deposited after limited processing of the detrital material in the deposition basin which in
turn is the result of the large supply of the river system of the study area in short periods
of time, rapid transport and sediment deposition, which is also in good agreement with
monsoon subtropical climate prevailing during the period of the deposition.

According to the mineralogical and chemical study, at least part of the source material
forming the paleo riverbeds could come from granitic rocks. The most probable granitic
sources of this material could be either Fanos granitic rocks and/or Monopigado granitic
rocks. Comparing the REE patterns of these rocks with the REE patterns of Aggelochori
upper Pliocene fluvial sediments, it seems that there is some similarity with Monopigado
granitic rocks, while the absence of the characteristic pinkish feldspars of Fanos pluton
and the sedimentological conditions implies that one of the source rock of the studied
sediment is possibly some source like Monopigado pluton. This is in contradiction with the
observed paleo-river flow direction patterns. The present day Monopigado pluton outcrop
is locating downstream of the deposited fluvial sediments as indicating the paleo-flow
direction patterns. Either a granite outcrop like Monopigado was existed upstream to
sedimentary record covered by more recent sediments, or a more complex flow pattern
was existed at the paleo-catchment area of the deposition. A mixed source including both
rock-types of Monopigado pluton and metamorphic rocks as well is most probable, as the
studied sediments have both magnetite (which is present only in very small quantities, as
magnetite can only be found in mafic magmatic enclaves in the rock-types of Monopigado
pluton) and ilmenite (which is more often found compared to magnetite, as it is present as
accessory mineral in the rock-types of Monopigado pluton) [31]. Moreover, rutile is also
indicating the presence of a metamorphic rocks as source rocks. More study is necessary in
respect to paleo-hydrographic network in a broader area for a more robust conclusion. The
presence of zircons and the fact that zircons of the local plutons have been well studied
by Koroneos 2009 [11] leaves a need for further study as they provide a useful tool for
provenance studies [32].

About the REE content of the studied samples, the non-magnetic have the highest val-
ues. Grain-size does not seem to be the most critical factor affecting the trace element values,
but the general image is that the coarser fractions have slightly higher concentrations.

Finally, the REE values of the studied samples, lie between the lowest values of the
beach placer deposits in Greece, therefore, their potential for economic exploitation is
very limited.
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