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Abstract

This study investigates the mineral composition, particle size distribution and geochemical cha-
racteristics of Calcocambisol, colluvium and recent marine lake sediment in a narrow intertidal
seashore zone of the Veliko Jezero on the Island of Mljet (Croatia). The obtained results show
that the fractions of Calcocambisol/colluvium less than 2 mm and 2 pym display similar particle
size distribution (PSD) curves compared to marine lake sediments containing larger particles in
these fractions. The smallest fractions of the investigated materials that are less than 1 ym show
identical PSD curves. The bulk and clay mineral composition of the marine lake sediment show
that the non-carbonate fraction is derived from weathering of the surrounding soils and colluvium
containing quartz, feldspars and phyllosilicates (illitic material, kaolinites, chlorite, and a mixed-
layer clay mineral, MLCM), as well as the authigenic formation of early-diagenetic pyrite, while
one part is related to the yield of material by aeolian deposition (amphibole). The observed dif-
ference between the phyllosilicate mineral phases in the clay fraction of the Calcocambisol/col-
luvium and the carbonate-free clay fraction of the marine lake sediment is related to 1) the pres-
ence of chlorite in the marine lake sediment and 2) the higher content of MLCM in the
Calcocambisol/colluvium. The chlorite in the marine lake sediment was inherited from the Cal-
cocambisol/colluvium as a result of soil erosion prior to its complete destabilization in the soil.
High Chemical Index of Alteration (CIA) values in the Calcocambisol and colluvium clearly indi-
cate their intense weathering. Based on the Sm/Nd and Ti/Al ratios, it can be concluded that the
aluminosilicates in the Calcocambisol, colluvium and marine lake sediment are of the same prov-
enance. The distribution of each analysed element among the sequential fractions is very similar
in both the Calcocambisol and colluvium. The highest concentrations for most of trace elements
in the Calcocambisol, colluvium and marine lake sediment was determined in their residual frac-
tion. Mn, Co and Pb show a different partitioning between the Calcocambisol/colluvium and ma-
rine lake sediment, respectively.

1. INTRODUCTION

However, systematic studies of the influence of soils on the

During the last decade, numerous studies addressed the accumu-
lation, distribution, association, and mobilization of trace metals
inrecent sediments and soils (MORELLI etal., 2012; KALANTZI
et al., 2013; JURINA et al., 2015; KALNEJAIS et al., 2015;
BRUNOVIC et al., 2019). Recently, SONDI et al. (2017) studied
the distribution of trace metals as pollution and palaco-redox
proxies and indicators of authigenic mineral formation in a mo-
dern shallow anoxic carbonate of the Mljet Lakes. In the same
sedimentation system, BURA-NAKIC et al. (2020) studied the
geochemical cycling of Mo and U isotopes used as proxies to de-
termine the physicochemical conditions in the water column dur-
ing sedimentation and trace metal accumulation processes in
sediments in the recent past. CUCULIC et al. (2018) determined
metal concentrations in associated sediments and the surround-
ing bedrocks and soils around marine lakes at the Mljet Island.
The authors discovered that anthropogenic influences and natural
processes of soil leaching and dry/wet precipitation were respon-
sible for the elevated trace metals. RAZUM et al. (2020) investi-
gated element concentrations in a sediment core from the Veliko
Jezero lake to obtain information about environmental conditions
and recent sedimentation processes.

formation and geochemical characteristics of recent sediments
from the seashore intertidal zone of the Adriatic Sea have, to our
knowledge, rarely been reported in the literature (SONDI et al.,
1994; JURINA et al., 2015).

ROGAN SMUC et al. (2018) studied the distribution of
heavy metals in surface sediments from Koper Bay (north Adri-
atic Sea) using a sequential extraction procedure. The authors
found that the majority of the analyzed metals could be consi-
dered immobile due to their high affinity for binding to the re-
sidual phase.

It is well-known that the presence and distribution of the
mineral phase gives an indication of the origin of the material of
which the sediments are composed. Numerous studies of mineral
distributions in recent marine sediments dealing with this issue
have been implemented (TOMADIN, 2000; GOVORCIN et al.,
2001; SONDI & JURACIC, 2010). Most recently, IVANIC et al.
(2020) analyzed the mineral composition of recent marine sedi-
ments and concluded that the dominant input of terrigenous ma-
terial into the Mljet marine lake system is limited to soil erosion
and aeolian deposition. Previous studies (SONDI & JURACIC,
2010) of the Mljet Lakes have shown that the authigenic forma-
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Figure 1. Geographical map of the western part of Mljet Island with the sampling locations (A) and with corresponding pedological map (B) (modified after

MARTINOVIC, 1982).

tion of aragonite is the main source of sedimentary material in
the deeper parts of the Mljet Lakes, while Mg-calcite is the pro-
duct of biomineralization. Calcite and a small amount of dolomite
are derived from the surrounding carbonate rocks. Until now, no
studies have been conducted in the Mljet Lakes that would indi-
cate the role of weathering of Calcocambisols and colluvium and
their contribution to the formation of recent sediments and the
distribution of trace elements in the intertidal seashore zone of
the Mljet marine lakes.

This study aims to investigate the influence of local soil (Cal-
cocambisol) and colluvium (consisting of soil and rock fragments
accumulated on the lower parts of the slopes along the lakeshore)
as a potential detrital source material for marine lake sediments
of the intertidal zone of the Veliko Jezero. In addition, the influ-
ence of soil wear on the geochemical distribution of trace ele-

ments in this zone was also investigated. Accordingly, this study
is based on detailed mineralogical and geochemical analyses (se-
quential extraction analysis and selected geochemical indicators).

2. STUDY AREA

The Veliko Jezero (the part of the Mljet Lakes system) is located
on the western part of the island of Mljet (Adriatic Sea) (Fig. 1A).
The geological features of this area were described in detail by
KOROLIJA et al. (1977) and GUSIC et al. (1995). According to
KOROLIJA et al. (1977), Mljet Island is divided into two geolo-
gical units: Mesozoic carbonate deposits, which form most of the
island, and Quaternary deposits, which are sporadically present
on the Mesozoic carbonates. The Mesozoic carbonates are di-
vided into the Upper Jurassic limestones, Jurassic-Cretaceous
dolomites, Lower Cretaceous limestones, and Cretaceous lime-
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stones and dolomites. The lower Cretaceous limestone is charac-
terized by laminated and fenestrae mudstone.

This setting is characterized by several karst depressions
(sinkholes or dolines) formed under subaerial exposure. Some of
these depressions are submerged today due to Holocene sea-level
rise (SURIC et al., 2005), one of which is the present-day Veliko
Jezero. Since the semi-enclosed water bodies of Veliko Jezero are
loosely connected to the open sea, they contain seawater and can
therefore be called marine lakes (BAKRAN-PETRICIOLI &
PETRICIOLI, 2008; SONDI & JURACIC, 2010).

The main soil types on Mljet Island are Calcocambisol, Ren-
dzina, and Calcomelanosol (MARTINOVIC, 1982) (Fig. 1B). Ac-
cording to MARTINOVIC (1982), the most common soil type in
the study area is Calcocambisol. This soil was developed on Lower
Cretaceous limestone and Jurassic dolomite (GUSIC et al., 1995).

3. MATERIALS AND METHODS

3.1. Fieldwork and sampling

The Calcocambisol, colluvium, and recent marine lake sediment
were collected during field investigations in June 2015. The first
sample was a subsurface soil taken from a depth of up to 20 cm
and represents the B horizon (VJ-1A). It was determined as a Cal-
cocambisol (Fig. 2A, and B). Sample (VJ-1B) (Fig. 2A and C),
was sampled in a flat area of the Veliko Jezero coastal zone and
determined as colluvium. Colluvium is situated in contact with
the Veliko Jezero and besides the erosion and accumulation of
materials and formation of the colluvial soil, there is occasional
flooding during tides from the lake. The third sample (VJ-1C)
was collected from surface marine lake sediment (at a depth of
approx. 2 m) originating from the Veliko Jezero (Fig. 2A).

3.2. Laboratory methods

A portion of each sample was crushed and sieved through a2 mm
sieve for physical, chemical, and mineralogical analyses. The
<2 pm and < 1 um fractions of the soil samples were separated by

Veliko Jezero

sedimentation in a cylinder and quantitatively obtained after the
appropriate settling time. The pH, both in H,O and KCl (¢ = IM),
was measured in the 1:5 suspension (ISO 10390, 2005). Electri-
cal conductivity of the samples was measured in water with a soil
to water ratio of 1:5 using a Cond 3110 WTW EC meter (ISO
11265, 1994).

Particle-size distribution (PSD) measurements were per-
formed using laser diffraction (LS 13320, Beckman Coulter Inc.,
USA). Prior to measurements, the samples were dispersed in de-
ionized water, left to soak overnight, and sonicated for 5 min be-
fore analysis. The particle size was calculated with proprietary
software using the Mie theory of light scattering (optical parame-
ters: refractive index, 1.53; absorption index, 0.1).

The mineral composition of the <2 mm, <2 um, and < 1 pm
fractions of the analyzed samples was determined by X-ray pow-
der diffraction (XRD) using a Philips diffractometer (graphite
monochromator, CuKa radiation, proportional counter). Identi-
fication of clay minerals was based on the methods outlined by
BROWN (1961), BRINDLEY & BROWN (1980), and MOORE
& REYNOLDS (1989). Semi-quantitative mineral composition
of all fractions was determined by comparison with standards of
mixed minerals (quartz, plagioclase, halite, and carbonates). The
carbonate content was determined by the volumetric method
(ISO 10693, 1995). Iron and manganese extractable with Na di-
thionite-citrate bicarbonate (Fey, Mny) were obtained using the
method of MEHRA & JACKSON (1960), while proportions ex-
tractable with ammonium oxalate (Fe,, Mn,) were acquired ac-
cording to SCHWERTMANN (1964). The organic matter (OM)
from the samples was removed using sodium hypochlorite (Na-
OCl) according to the slightly modified treatment proposed by
KAISER & GUGGENBERGER (2003). The total organic carbon
(TOC) content of the samples (after dilution of organic matter and
carbonates) was determined by combustion of acid-insoluble mat-
ter in a Leco IR-212 carbon analyser (USA), after treatment with
hot 1:1 diluted 18% HCI.

Figure 2. A) Larger area of seashore intertidal sampling locations displayed in Figure 1 (source: https://geoportal.dgu.hr/); B) Calcocambisol soil; C) colluvium.
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Different binding sites of trace metals in samples were ana-
lyzed by sequential extraction. A series of reagents were used to
extract operationally-defined phases (selectivity depends on fac-
tors such as chemicals used, time and nature of contact, and the
sample to volume ratio) in a defined sequence from 1 g of the
sample. A sequential extraction scheme was used according to
the European Community Bureau of Reference BCR (URE et al.,
1993), which gave four fractions: acid (bound to carbonates - CC),
reducible (bound to iron and manganese oxides, hydroxides and
oxyhydroxides - FEMN), oxidizable (bound to organic matter
and/or sulphides - OR) and residual (total dissolving using aqua
regia - RES). The sequential extraction was performed in centri-
fuge tubes (polyethylene, 50 ml). Between each successive ex-
traction step, the liquid phase was separated by centrifugation at
3000 rpm for 10 minutes. All reagents used in the extraction pro-
cedures were of analytical grade. The resulting solutions were
analyzed by flame atomic absorption spectrometry (AAnalyst
700, Perkin Elmer). The chemical composition of the samples was
determined using the commercial ACME Analytical Laboratory.
Major oxides were determined using an X-ray fluorescence spec-
trometer (XRF) following LiBO, fusion.

In order to characterize the Calcocambisol/colluvium/ma-
rine lake sediment geochemically, the CIA, and the molecular
ratio of selected elements (Ti/Al, Al/Si, Ba/Sr, Sm/Nd, £ Base
(Ca, Mg, Na, K)/Al, X Base (Ca, Mg, Na, K)/Ti) were used ac-
cording to SHELDON & TABOR (2009).

4. RESULTS AND DISCUSSION

4.1. Physico-chemical properties of the analyzed
samples

All the analyzed samples showed a moderately alkaline reaction
(pHmu20), while pHkc steadily increased from Calcocambisol
(7.09) to marine lake sediment (8.17) (Table 1). Similar values of
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pHpo and pHgc were expected in marine lake sediment because
it contains pore water with a high NaCl content, which affects the
pHpz0 measurement (both NaCl and KCl are neutral salts). Ma-
rine lake sediment was enriched in carbonates (Table 1). Com-
pared to the Calcocambisol (0.6 wt.%), the colluvium showed a
slightly higher proportion of carbonates (0.8 wt.%). The highest
organic matter (OM) content (0.6 wt.%) was observed in the ma-
rine lake sediment and the lowest value (0.1 wt.%) was found in
the colluvium sample (Table 1). Electrical conductivity (EC) in-
creased rapidly from Calcocambisol to marine lake sediment (Ta-
ble 1). The colluvium sample was collected on location in contact
with the Veliko Jezero (Fig. 2C), and occasional flooding during
high tides from the marine lake occurs at this site. Accordingly,
marine salt water is the major carrier of ions responsible for the
higher EC values in the colluvium sample. The highest EC value
was determined in the marine lake sediment (Table 1). This is
also an effect of salt water which is confirmed by the determina-
tion of halite in marine lake sediment (Table 3). Apart from salt
water, the highest value of EC can be explained with the leaching
and weathering process of ZBase/Al (Table 5) from Calcocambi-
sol and its accumulation in marine lake sediment.

The Fegy/Fe, ratio (which is taken as an index of weathering,
e.g. BECH et al., 1997) in Calcocambisol and colluvium is 0.6
and 0.54, respectively, and reflects a moderate degree of weathe-
ring of Fe-containing primary silicates (Table 1). Low values of
Fe, and the Fe,/Feq ratio in Calcocambisol and colluvium (Table 1)
indicate the low content of poorly crystalline Fe oxides in these
samples. In contrast, the marine lake sediment was relatively en-
riched in poorly crystallized Fe oxides (Fe,/Feq is 0.4) compared
to the Calcocambisol and colluvium samples. Reverse trends were
observed for poorly and well-crystallized Mn phases (Table 1).
Both the light brownish-grey colour of the marine lake sediment
(Table 2) and the low Fegy/Fe; ratio (Table 1) clearly indicate that

Table 1. Soil/colluvium and sediment physical and chemical characteristics. Legend: EC- electrical conductivity (uS/cm), OM- organic matter (wt. %), CaCO;- carbona-
te content (wt. %), Feq- iron extractable with Na dithionite-citrate bicarbonate (wt. %), Mng-manganese extractable with Na dithionite-citrate bicarbonate (mg/kg),
Fe,- iron extractable with ammonium oxalate (wt. %), Mn,- manganese extractable with ammonium oxalate (mg/kg), Fei- total content of iron (wt. %).

Material pHH20 pHkal EC CaCOs oM Fe; Feq Fe, Mnqg Mn, Feo/Feg  Mno/Mny  Feq/Fe;
Calcocambisol 8.20 7.09 256 0.564 0.1 5.48 3.29 0.14 529 440 0.04 0.83 0.6
Colluvium 8.07 7.67 7513 0.846 0.07 534 2.87 0.19 713 697 0.07 0.98 0.54
Marine lake sediment 8.21 8.17 9550 7244 0.64 1.01 0.29 0.12 23 9 0.4 0.37 0.29
Table 2. Physical characteristics of analyzed samples.

Color (MUNSELL SOIL COLOR Material Sand Silt Clay Texture

CHART, 1994) 2-0.063mm (%)  0.063-0.002 mm (%) <0.002 mm (%) (SOIL SCIENCE DIVISION STAFF, 2017)
2.5 YR 4/4 reddish brown Calcocambisol 6.68 61.50 31.82 clayey silt

10 YR 4/4 brown Colluvium 6.72 58.54 34.74 clayey silt

2.5Y 6/2 lightly brownish grey Marine lake sediment 47.85 42.68 9.47 silty sand

Table 3. Semi-quantitative mineral composition of the < 2 mm fraction (based on the analysis of <2 mm, < 2 um and < 1 um fractions). HI: Halite. Cal: Calcite. Cal 2:
Mg Calcite. Arg: Aragonite. Dol: Dolomite. Qtz: Quartz. PI: Plagioclase. Kfs: Potassium feldspar. Amp: Amphibole. Gt: Goethite. Hem: Hematite. Py: Pyrite. M: Micaceous
minerals (mica and illitic material). KIn: Kaolinite. Chl: Chlorite. 14A: Smectite and/or vermiculite. MLCM: Mixed-layer clay minerals in which type of interstratification
and constituting clay minerals were not recognized with certainty. AM: Amorphous matter.

Material HI (%) (COZ; C(i/('))z ﬁ);g '(?,/‘:)' 3/3 (!2) Kk Amp Gt Hem Py M  Kn Chl 14A MLCM AM
Calcocambisol - ? - - - 13 2 X X X X XXX XX - ? XX X
Colluvium - 1 - - 1 14 3 X - X X XXX XX - ? XXX X
Marine lake sediment 2 35 7 39 8 X X X X ? ? X X X X ? X X

“x" relative abundance of minerals based on X-ray diffraction (no quantitative value is assigned to x).
“?"mineral phase was not detected with certainty.
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Table 4. Mineral composition of the < 2 pum fraction of Calcocambisol, colluvium and insoluble residue of the marine lake sediment, respectively. III: lllitic material.

For other abbreviations see Table 3.

Material Qtz Pl Gt Hem Py 11l Kin chl 14A MLCM AM
Calcocambisol X - X X XXX XX - ? XX XX
Colluvium X ? X X XXX XX - ? XXX XX
Marine lake sediment X - ? ? X XXX XX XX ? X X
Table 5. Ratios of analyzed chemical indicators.

Material Al/Si Ti/Al YBase/Al YBase/Ti CIA Ba/Sr Sm/Nd
Calcocambisol 0.24 0.06 0.49 3.20 77.51 336 0.1832
Colluvium 0.24 0.06 0.65 4.29 72,132 1.97 0.1833
Marine lake sediment 0.20 0.07 19.85 14.86 5.042 0.04 0.1750

CIA=Chemical Index of Alteration calculated as Al 100/(Al + Ca + K + Na).
2-sample contains calcite and dolomite.

4n

volume (%)

T T 1
10 100 1000 10000
particle size (um)

volume (%)

particle size (um)

volume (%)

particle size (um)

Figure 3. Particle-size distribution of (A) original samples (< 2 mm), (B) original
samples (< 2 pm) and (C) original samples (< 1 um). Legend: Calcocambisol (-),
colluvium (- - -), marine lake sediment (_).

this sediment is depleted in Fe oxides and hydroxides compared
to the Calcocambisol and colluvium samples.

The colour of the samples varied from reddish-brown (Cal-
cocambisol) to brown (colluvium) to a light brownish grey (ma-
rine lake sediment) (Table 2). According to SOIL SCIENCE DI-
VISION STAFF (2017) Calcocambisol and colluvium are clayey
silt, while marine lake sediment is silty sand (Table 2).

The particle size distribution (PSD) curves for the native soil
and sediment samples and their fractions of less than 2 and 1 pm
are shown in Figure 3. The native Calcocambisol and colluvium
show identical PSD curves, indicating the presence of the clay
and clayey silt fractions with an average particle size of 18 um
(Fig. 3A). In contrast, the marine lake sediment contains larger
particles (sand and clayey silt fraction) with an average particle
size of 131 pm. The fraction of soils <2 pm shows comparable
PSD curves (average sizes 0.5 and 0.4 pm), while the PDS curve
for the marine lake sediment shows the presence of larger parti-
cles (average size 1.2 um) (Fig. 3B). The smallest fraction (< 1
pm) of all samples has similar PSD curves, indicating the pres-
ence of a predominantly submicron-sized fraction (Fig. 3C).

4.2. Mineral composition of the analyzed samples

Both the bulk and clay mineral compositions of the Calcocambi-
sol and colluvium are very similar (Tables 3 and 4; Figs. 4 and 5).
The main mineral phases in the Calcocambisol and colluvium are
phyllosilicates and quartz. Plagioclase, K-feldspar, and Fe-oxides
(goethite and hematite) were determined as minor mineral
phases. Amphibole was detected as a minor phase only in the
Calcocambisol. Colluvium contains calcite and dolomite as mi-
nor components. These mineral phases are derived from lime-
stone and dolomite fragments incorporated in the colluvium situ-
ated on the lower parts of the slopes along the lakeshore. The
main mineral phases in the clay fraction are illitic material, ka-
olinites, and a mixed-layer clay mineral (MLCM), in which the
type of the interstratification and the constituent clay minerals
were not recognized with certainty (Table 4). Quartz, hematite,
and goethite are the minor mineral phases in this fraction. Both
samples also contain amorphous matter.

Aragonite and calcite are major constituents, Mg-calcite, and
dolomite subordinate while halite, quartz, plagioclase, K-feld-
spar, amphibole, pyrite, and phyllosilicates are minor mineral
phases in the marine lake sediment (Table 3, Fig. 6). Since this
sample is rich in carbonates, it was necessary to analyze the car-
bonate-free residue to compare the non-carbonate components of
the marine lake sediment with the Calcocambisol and the collu-
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vium samples (Table 4). The main mineral phases in the carbona-
te-free clay fraction of the marine lake sediment are illitic ma-
terial and kaolinites (both the poorly- and well-crystallized
kaolinite were determined). These minerals were also determined
as the main constituents in the clay fraction of Calcocambisol and
colluvium. Compared to the Calcocambisol and colluvium, the
carbonate-free clay fraction of the marine lake sediment con-
tained pyrite and chlorite. It is important to point out that MLCM,
which occurs along with illite and kaolinite as the main mineral
phase in the clay fraction of Calcocambisol and colluvium, was
also determined in the clay fraction of the marine lake sediment,
but as a subordinate mineral phase.

The bulk mineralogy of the studied marine lake sediment
(Table 3, Fig. 6) agrees with the results previously obtained by
SONDI & JURACIC (2010) and SONDI et al. (2017). They found
that the authigenic formation of aragonite is the main source of
sedimentary material in the Mljet Lakes, Mg-calcite is the pro-
duct of biomineralization, while calcite and dolomite originate
from the surrounding carbonate rocks. The occurrence of arago-
nite is significant and is a consequence of its authigenic formation
in the aquatic system during the whiting events (SONDI &
JURACIC, 2010). They also documented that the increased con-
centration of strontium in the recent sediment of the Mljet Lakes
is an indicator of authigenic aragonite formation. According to
SONDI et al. (2017), the formation of aragonite in the Mljet Lakes

has been a continuous process over several hundred years. We
found pyrite in both <2 mm and < 2 pm fractions. This mineral
phase indicates occasional events of oxygen deficiency in the lake
system. Indeed, IVANIC et al. (2020) determined micron-sized
carly-diagenetic framboidal pyrite in sediments from the Malo
Jezero (Fig. 1A). They also analyzed the mineral composition of
the clay fraction of the sediment from Malo Jezero and discove-
red that illite and kaolinites were the main phyllosilicate phases,
while MLCMs were determined as a minor mineral component.
They concluded that the input of terrigenous material into the
lake system is limited to soil erosion and aeolian deposition. In
addition to illite, kaolinites and MLCM in the marine lake sedi-
ment from Veliko Jezero we also detected chlorite (Table 4). It is
important to note that this mineral phase was not detected in ei-
ther the Calcocambisol or colluvium (Table 4).

Dominant mineral phases in the <2 pum fraction of Calco-
cambisol and colluvium are comparable to the dominant mineral
phases found in the clay fraction of Calcocambisol samples from
Istria. DURN et al. (2019) found that kaolinites (both the poorly-
and well-crystallized kaolinite) and illitic material are the domi-
nant clay mineral phases in the Calcocambisol sample from Istria,
while the main mineral phases in the clay fraction of Calcocam-
bisol and colluvium are illitic material, kaolinites and MLCM.
We presume that MLCM probably formed as a result of chlorite
destabilization during pedogenesis, a process already observed
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Figure 7. Distribution of trace elements in the analyzed samples. A) Cu; B) Fe; C) Mn; D) Zn; E) Co; F) Ni; G) Cr; H) Pb. Units are in mg/kg. Legend: CC- bound to car-
bonates, FEMN- bound to iron and manganese oxides, hydroxides and oxyhydroxides, OR- bound to organic matter and/or sulphides and RES- residual (total dis-

solving using aquaregia).
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in the formation of mixed-layer chlorite vermiculite in Pseudog-
ley on loess in the Pannonian region of Croatia (RUBINIC et al.,
2015) and in polygenetic soil on Late Glacial Loess at Susak Is-
land (DURN et al., 2018).

The presence of amphibole in Calcocambisol indicates that
its parent material can mostly be derived from aeolian sands de-
posited on the SE part of Mljet Island rather than from the insolu-
ble residue of limestone and dolomite. Namely, PAVELIC et al.
(2014) found amphiboles in acolian deposits on the Central Adri-
atic islands. They determined that the amphiboles were formed by
the weathering processes of various metamorphic and magmatic
rocks originating from the Inner Dinarides, which were trans-
ported to the coastal belt by the palaco-Neretva River during gla-
cial sea-level subsidence when the Central Adriatic islands were
part of the mainland. During the interglacials and interstadials in
the Pleistocene, the acolian deposits found on the coast and on the
islands along the Adriatic Sea were exposed to soil-forming pro-
cesses. Therefore, thin aeolian sediments situated on limestones
and dolomites might have contributed to the soil parent material.

Based on the mineral composition, we can conclude that the
noncarbonate fraction of the marine lake sediment originates
from weathering and erosion of the surrounding soils and collu-
vium (quartz, feldspars, and phyllosilicates), authigenesis (ap-
pearance of early-diagenetic pyrite) and probably direct aeolian
deposition of mineral components into the marine lake (amphi-
bole could be derived from local soils and/or direct acolian input).
The observed difference between the phyllosilicate mineral
phases in the clay fraction of Calcocambisol/colluvium and the
carbonate free clay fraction of the marine lake sediment is related
to 1) the presence of chlorite in the marine lake sediment and 2)
the higher content of MLCM in the Calcocambisol/colluvium.
We tentatively propose that the chlorite in the marine lake sedi-
ment was inherited from Calcocambisol/colluvium as a result of
soil erosion prior to complete chlorite destabilization in the soil.
The higher share of MLCM in Calcocambisol/colluvium com-
pared to marine lake sediment supports this proposal. The ab-
sence of chlorite in the sediment from Malo Jezero (IVANIC et
al., 2020) is probably the result of local soil distribution/erosion
and the fact that the marine lake sediment in this study was sam-
pled closer to the lake shore, whereas in the case of Malo Jezero
the sediment was sampled in the deeper part of the lake.

4.3. Sequential chemical extraction results

In this study, sequential extraction analyses were applied to de-
termine the diverse distribution of trace elements in sequenced
fractions of the investigated Calcocambisol/colluvium and ma-
rine lake sediment (Fig. 7).

Trace elements in soils are partitioned between the different
phases present, i.e. organic matter, oxyhydroxides of iron and man-
ganese, sulphides, clay minerals, and are retained on these solid
phases by different mechanisms, i.e. ion exchange, complexation,
precipitation or co-precipitation (BENEDETTI et al., 1995;
NEMATI et al., 2011), or are retained in the lattice of soil minerals.

The partitioning of all analyzed elements among the frac-
tions (CC, FEMN, OR, RES) is very similar for Calcocambisol
and colluvium (Fig. 7). Different partitioning compared to the
marine lake sediment was observed for Mn, Pb and Co (Figs. 7C
and E). The content of Cu, Mn, Zn, Co, Ni, and Cr is significantly
lower in the marine lake sediment compared to Calcocambisol
and colluvium, as this sample contains more than 70% carbonate
mineral phases and consequently a lower share of clay minerals
and Fe and Mn oxyhydroxides (Table 1). The relatively low con-
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centrations of Mn, Co, Ni, Pb and Cr (Fig. 7) in all the analyzed
samples were measured in the CC fraction.

The distribution of trace elements in the Calcocambisol/col-
luvium showed the highest concentrations of Cu, Fe, Zn, Ni, Cr
and Pb in the RES fraction, while the highest concentrations of
Mn and Co were present in the FEMN fraction (Figs. 7C, E). The
manganese content in the FEMN fraction of Calcocambisol and
colluvium also agrees well with the data for poorly and well-crys-
tallized Mn phases (Table 1), clearly indicating that Mn is pre-
dominantly associated with Mn oxides. Cobalt is also classically
associated with Mn oxides, which is confirmed by other studies
(LATRILLE et al., 2001; PALUMBO et al., 2001; LIU et al.,
2002; BRADL, 2004; CORNU et al., 2005). According to VODY-
ANITSKII et al. (2009) in the formation of oxides in soils, Mn
acts as an individual phase carrying metals such as Cu, Co, Cr,
Ni, Pb and Zn, which are associated with Mn oxides by copre-
cipitation and substitution. In many studies (GASPARATOS et
al., 2005; NEAMAN et al., 2008), the distribution of Co in Fe-
Mn fine-grained soil aggregates follows that of Mn. This accu-
mulation of Co on soil particles is due to the oxidation of absorbed
Co(II) to Co(III) on Mn oxides and their incorporation into the
Mn oxide mineral structure.

Based on the distribution of trace elements in the marine lake
sediment (Fig. 7), it can be concluded that the highest concentra-
tions of all the analyzed elements (except Pb) were determined in
the RES fraction. The highest concentrations of Pb were present
in the FEMN fraction (Fig. 7H). This can probably be explained
by the formation of stable complexes between Pb and Fe oxyhy-
droxides. Other studies (IP et al., 2007; ROGAN SMUC et al.,
2018) also confirmed a high bounding affinity of Pb to the reduci-
ble phase in marine sediments.

After the residual fraction, the FEMN fraction is the most
Fe-rich fraction in Calcocambisol and colluvium (Fig. 7B). In
contrast, in marine lake sediment, after the residual fraction, the
OR fraction is enriched in Fe (Fig. 7B). Besides Fe, this fraction
in the marine lake sediment is also enriched in Pb, Cr, Ni, Zn and
Cu, which can probably be linked to sulphides (pyrite) and or-
ganic matter.

4.4. Geochemical indicators of weathering

For geochemical characterization of weathering, the molecular
Al/Si ratio, and the Chemical Index of Alteration (CIA) were
used. Both indexes are considered to be measures for weathering
and “clayness” (SHELDON & TABOR, 2009), while the Ba/Sr,
the XBase (Ca, Mg, Na, K)/Al and the £Base (Ca, Mg, Na, K)/Ti
ratios represent the leaching behaviour during weathering pro-
cesses (SHELDON, 2006). It was also established that the Ti/Al
and Sm/Nd ratios can be used as provenance indicators (SHEL-
DON, 2006). The Al/Si ratio in both Calcocambisol and collu-
vium is the same (Table 5), which equally indicates processes of
hydrolysis and the distribution of clay minerals.
PEREZ-HUERTA & SHELDON (2006) used XBase/Al for
the exchangeable terrigenous input of nutrients in shallow marine
systems derived from soils. According to the ZBase/Al and ZBase/
Ti ratios (Table 5), the colluvium is slightly enriched in basic cati-
ons, probably related to the presence of calcite and dolomite,
which are accessory mineral phases in this sample (Table 3).
Lower CIA and Ba/Sr values in the colluvium are consistent with
this statement (Tables 3 and 5). Both the XBase/Al and XBase/Ti
ratios, show that the marine lake sediment is highly enriched in
basic cations, which is a consequence of the presence of carbonate
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minerals, particularly aragonite, calcite and Mg-calcite, which are
the dominant mineral components in this sample (Table 3).

Very high CIA values in the Calcocambisol and colluvium
clearly indicate intense weathering (Table 5). According to
SHELDON & TABOR (2009), the CIA is a measure of the weathe-
ring of feldspar minerals and their hydration during the formation
of clay minerals. Accordingly, as the clay content increases, the
Al concentration also increases, whereas the Ca, K, and Na con-
tent should decrease, resulting in higher CIA values. The CIA
values obtained in this study are in general agreement with the
mineral composition and particle size distribution of the analysed
Calcocambisol and colluvium. The predominance of kaolinite
and illite, the share of the clay fractions (Table 2) and a lower pro-
portion of K-feldspar and plagioclase (Tables 3 and 4), confirmed
the high CIA values in the Calcocambisol/colluvium (Table 5).

The Sm/Nd ratio indicates potential source materials, acidi-
fication, leaching, and weathering intensity and can be used in
relatively stable pedogenic environments (SHELDON & TA-
BOR, 2009). The Sm/Nd ratio was slightly lower in the marine
lake sediment compared to the Calcocambisol/colluvium samples
(Table 5). The Ti/Al ratio is particularly useful as a provenance
indicator because Ti contents may be quite variable among the
different types of rocks (SHELDON & TABOR, 2009). In addi-
tion, DURN et al. (2018) found that the Ti/Al ratio is also a good
indicator of provenance for polygenetic soils formed on loess. The
obtained results of the Ti/Al ratio for all the analyzed samples are
almost the same (Table 5) with a slight increase for the marine
lake sediment. This is in accordance with the mineral composi-
tion of the insoluble residue of the samples (Table 4), which is
very similar except for pyrite and chlorite. Therefore, based on
both the Sm/Nd and Ti/Al ratios, we can conclude that the alu-
minosilicate part of the Calcocambisol, colluvium and marine
lake sediment is of the same provenance.

Based on the mineralogical and geochemical results, we con-
cluded that the detrital parent material for the marine lake sedi-
ments of the Veliko Jezero are Calcocambisol and colluvium. Ac-
cording to SONDI et al. (2017), the detrital component of the first
50 cm of the sediment originates from the surrounding soil of the
Veliko Jezero lake. Apart from weathering and erosion of the sur-
rounding soils, direct aeolian deposition of detrital material into
the marine lake cannot be neglected. The results of the mineralo-
gical analyses of the marine lake sediment of Veliko Jezero
showed the presence of amphibole, which may indicate an aeolian
source of the material. Indeed, RAZUM et al. (2020) found that
the recent detrital part of the medium to coarse silt and sand frac-
tion material in Veliko Jezero comes from aeolian sands, which
are rich in minerals derived from mafic and ultramafic magmatic
rocks. These observations are also in agreement with the origin
of Quaternary acolian sands deposited on the southern sides of
the Mljet Island and surrounding islands (BABIC et al., 2013;
PAVELIC et al., 2014; KOVACIC et al., 2018).

5. CONCLUSIONS

The results of this study provide insight into the particle size dis-
tribution (PSD), mineral composition, and geochemical charac-
teristics of the Calcocambisol, colluvium, and recent marine lake
sediment of the narrow intertidal seashore zone of the Veliko
Jezero lake on Mljet Island. The fractions of Calcocambisol/col-
luvium <2 mm and < 2 pm show similar PSD curves compared
to the marine lake sediment, which contains larger particles in
these fractions. However, the smallest fraction (< 1 pm) of all
analyzed materials have similar PSD curves implying the

presence of a predominantly submicron-sized fraction with an
average particle size less than 1 pum. Very high CIA values in
Calcocambisol and colluvium clearly indicate their intense
weathering. Based on both the Sm/Nd and Ti/Al ratios, we can
conclude that the aluminosilicate part of the Calcocambisol,
colluvium and marine lake sediment is of the same provenance.
Both bulk and clay mineral compositions of the recent marine
lake sediment revealed that the noncarbonate fraction originated
from weathering of the surrounding soils and colluvium (e.g.
illitic material, kaolinites, chlorite and mixed-layer clay mine-
rals), authigenesis (early-diagenetic pyrite) and possibly direct
acolian deposition of mineral components to the marine lake
(amphibole). The distribution of each analysed element among
the sequential fractions is very similar in both the Calcocambisol
and colluvium. Different partitioning in the Calcocambisol/col-
luvium compared to the marine lake sediment was observed for
Mn, Co and Pb. The FEMN fraction is a major sink for Mn and
Co in the Calcocambisol/colluvium and for Pb in the marine lake
sediment respectively.
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