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Abstract	
This paper investigates occurrence of metal(loid)s, and size-dependent changes in their concentration in recent marine sediments from coastal and open-sea environments in the eastern Adriatic. Size fractionation of sediments was performed after removal of organic matter (OM), and the individual fractions, comprising particles below 8 μm, 4 μm, 2 μm, 1 μm and 0.45 μm, were analysed using HR ICP-MS. The concentrations of most elements increased with decreasing particle size, as a result of accumulation of clay minerals and Fe and Mn (oxyhydr)oxides. A decrease in concentrations was observed for Ba, Sr, Ti and U, due to lowering of the carbonate content and presence in the coarse-grained and heavy mineral fraction. The highest element concentrations were determined in the fraction comprising particles below 1 μm. Occasionally, depending on the sedimentological environment and/or the element in question, the peak concentrations occurred in the fractions <2 μm or <0.45 μm. The lowest size-dependent enrichment was observed for elements associated with aluminosilicates (Al, Be, Cs, Co, Fe, K, Li, Rb). A different size-dependent behaviour of the elements was observed between open-sea and coastal areas, mainly due to differences in sediment sorting, and between the northern and central vs. southern Adriatic due to the different catchment geologies. The Fe and Mn (oxyhydr)oxides, abundant in the open-sea sediments, played an important role in the geochemical cycle of As, Cd, Co, Mo, Sb and V.
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1. Introduction
The distribution and accumulation of trace metals in modern marine sediments is largely controlled by their complex relationship with mineral particles (Bradl, 2004; Ivanić et al., 2018; Sondi et al., 2017). Understanding the multiple processes that influence their interaction in complex natural environments is critical for assessing the transport, sequestration and fate of trace metals in aquatic systems. 
The role of mineral particles in binding of trace metals depends on their surface reactivity, which is controlled by their size and mineralogical composition (Bertsch & Seaman 1999; Breiner et al., 2006, Hochella et al., 2008; Ivanić et al., 2020; Theng & Yuan, 2008), as well as surface coatings and impurities that may hinder or promote sorption (Ivanić et al., 2015; 2020). It has been known for some time that submicron particles, especially nanominerals, are the most reactive inorganic surfaces in the environment (Breiner et al., 2006; Plathe et al., 2013; Tang et al., 2009) and determine the transport, deposition and fate of organic and inorganic compounds (Christian et al., 2008; Plathe et al., 2013; Tang et al., 2009). 
The role of submicron mineral particles in the transport, accumulation and binding of trace metals has been studied in suspended material in rivers, lakes and marine areas (Lead et al., 1999; Pokrovsky et al., 2012; Ran et al., 2000; Stolpe et al., 2010), different types of soils (Acosta et al., 2009; Citeau et al., 2006; Durn et al., 2021; Liu et al., 2003; Luo et al., 2011; Tang et al., 2009) and sediments (Palleiro et al., 2016; Plathe et al., 2013; Unda-Calvo et al., 2019), street dust (Fedotov et al., 2014) and modelled systems inspired by environmental conditions (Breiner et al., 2006). Besides the medium (water, air, soil/sediment), these studies also differ in the method of particle collection (centrifugation, filtration, settling), the pre-treatment of the samples (chemical and physical methods), the parameters investigated, and most importantly, the defined size range of the fine fraction. While it is well known that the finest particles are crucial for the transport and binding of trace metals (Christian et al., 2008; Plathe et al., 2013), when it comes to operational limits, the term "fine fraction" is arbitrarily used for a very wide size range. 
Understanding the multiple processes affecting the colloid-associated transport of elements requires different approaches, studies on modelled systems and on samples from the environment. The present study is based on the latter, relying heavily on the separation of particles in the desired size range and focusing on sediments from distinct sedimentological environments along the eastern Adriatic coast. When studying the input of particles and pollutants into the marine environment, the coastal environments, especially transitional fluvio-marine environments, are of particular interest. Here, a significant proportion of particles are deposited in the sediment, making these environments particularly vulnerable to pollution (Fiket et al., 2019). However, most of the clayey material that reaches the coastal zone is transported further by currents and deposited in low-energy open-sea environments, where the finest particles eventually settle. 
Most studies on the distribution of metals in the sediments of the Adriatic Sea are site- and region-specific and concern only certain groups of elements. The most comprehensive studies on element concentrations, covering the entire Adriatic area, are those by Paul and Meschner (1976) and Dolenec et al. (1998). The results of the latter defined the main factors governing the distribution of metals in the Adriatic: the catchment geology, the distribution of sediments, the hydrodynamic circulation of the waters in the Adriatic and the anthropogenic influence through river discharges and near-shore sources. The importance of fine particles containing metal (oxyhydr)oxides as one of the key factors for metal distribution in the Adriatic Sea was exemplified by De Lazzari et al. (2004). However, size-dependent changes in concentrations of elements, crucial for understanding the behaviour and cycling of elements in the aquatic environment, have not been studied in Adriatic sediments. 
With this in mind, this study focused on the partition of metals in different size ranges (<8 μm, <4 μm, <2 μm, <1 μm and <0.45 μm), in sediments from coastal and open-sea environments of the northern, central and southern Adriatic Sea. The separation of sediment particles according to their size enabled the study of the size-dependent composition of major and trace elements, the comparison of the corresponding fractions of sediments of different mineral composition and the determination of the specific size range that provides the most relevant geochemical information. The influence of organic and inorganic coatings (Fe and Mn (oxyhydr)oxides) on element concentrations in sediments was also investigated. The results of this study broaden the knowledge on the interactions of solids and trace elements in aquatic environments in relation to (i) different sedimentological regimes, (ii) mineral composition and (iii) particle size. 

2. Materials and Methods	
2.1. Study area and sampling
The investigated locations, distributed along the eastern part of the Adriatic Sea, are shown in Figure 1. They include areas under the strong influence of the Po (S1), Neretva (S5) and Drin (S8) rivers, the central (S3) and outer parts (S4) of the Jabuka Pit, e.g. the Mid-Adriatic deep (MAD), and Risan Bay in the Bay of Kotor (S7). They can be divided into areas under greater coastal influence (S1, S5, S7) and open-sea locations (S3, S4, S8) in the central (S3, S4, S5) and southern (S7, S8) Adriatic. For a detailed description of the investigated sedimentological environments and sampling see Ivanić et al. (2020). 
Figure 1.
2.2. Methods
The investigated samples at each location consist of: (i) the native sediment (bulk/native), (ii) the sediment after removal of organic matter (OM) (bulk/OM removed), (iii) the separated sediment fractions collected from sediment after OM removal. The native sediments comprise freeze-dried (FreeZone 2.5, Labconco, USA) surficial (0-5 cm) sediment samples. The OM was removed from the native sediments with sodium hypochlorite according to the slightly modified treatment proposed by Kaiser and Guggenberger (2003) (Ivanić et al., 2020). Samples of the bulk sediment after OM removal were collected from aqueous dispersions prior to the size fractionation. Fractions (<8 μm, <4 μm, <2 μm, <1 μm and <0.45 μm) were collected from aqueous dispersions after OM removal by gravitational settling, verified by laser diffraction (LS 13320 Beckman Coulter, USA) and freeze-dried. The preliminary investigation involved the collection of fractions from several native sediments. It was found that the presence of OM prevented efficient separation of particles by size. The major limitation of this approach was the inability to collect particles finer than 0.45 μm, regardless of settling time. This was undoubtedly the result of their presence in macro- and micro-aggregates, as it has been shown that OM has an affinity for the finest mineral particles (Kahle et al., 2003; Mikutta et al., 2005). The further approach therefore focused on the fractions collected from the sediment samples after OM has been removed (bulk/OM removed). Fe and Mn (oxyhydr)oxides were removed from the fractions containing particles <2 μm of the selected samples (S3, S8) using the dithionite-citrate-bicarbonate (DCB) method of Mehra and Jackson (1960), modified after Durn (1996). For details on the sediment treatments, see Ivanić et al. (2020).
The concentration of trace elements was determined by high-resolution inductively coupled plasma mass spectrometry (HR ICPMS; Element 2, Thermo, Germany). Prior to analysis, sediment subsamples (~0.05 g) were digested in a microwave oven (Multiwave 3000, Anton Paar, Austria) using a two-step total digestion procedure (I: 4 mL HNO3 + 1 mL HCl + 1 mL HF; II: 6 mL 40 g L-1 H3BO3). After digestion, the samples were diluted with Milli-Q water to achieve the optimal concentrations for the ICP-MS measurements. Quality control was performed by simultaneous measurements of blank samples and the certified reference materials (CRM) for marine sediment (MESS -3, NRC, Canada), soil (NCS DC 77302, also known as GBW 07410, China National Analysis Centre for Iron and Steel, Beijing, China) and oﬀshore marine sediment (NCS DC 75301, also known as GBW 07314, China National Analysis Centre for Iron and Steel, Beijing, China), for which satisfactory results were obtained. Details of the method are described in Fiket et al. (2017).
To gain a better insight into the data structure and to define the main processes controlling the elemental distributions at the sampling locations, a partial least squares discriminant analysis (PLS-DA) was performed. Prior to PLS-DA, the data matrix was standardised as the element concentrations were of different orders of magnitude (Makvandi et al., 2016). PLS-DA is a supervised algorithm that combines feature extraction and discriminant analysis in one algorithm and is well suited for high-dimensional data, i.e. when there are more variables than samples within groups. PLS-DA was performed using the R package 'mixOmics' in the R platform (R Core Team, 2017).
3. Results and Discussion
3.1. Geochemical characterisation of native sediments
The concentrations of the elements in the native sediments are listed in Table 1 and the correlations between elements and associated sedimentological and surface physicochemical properties (data from Ivanić et al., 2020) in native sediments are in the Supplementary (Table S1). 
Table 1.
[bookmark: _heading=h.gjdgxs]The determined concentrations generally agree with those of Dolenec et al. (1998). Higher concentrations of Al and K were found in sediments from the central Adriatic open-sea area (S3) and the southern Adriatic (S7, S8). This is due to the deposition of the very fine-grained phyllosilicate material at these locations (Ivanić et al., 2020). Indeed, these sediments showed the lowest particle mean size (Mz), an abundance of smectites (S3, S8) and, accordingly, the highest specific surface area (SSA) and cation exchange capacity (CEC) (Ivanić et al., 2020). Similar content of Fe and a significant positive correlation (Table S1) between Fe and Al (r = 0.89, p < 0.05) and K (r = 0.94, p < 0.05) show a close association of clayey particles and Fe (oxyhydr)oxides, which is in agreement with the results of Dolenec et al. (1998). The sediment at station S4, in the open-sea of the central Adriatic (Fig.1), had the same proportion of clay, silt and sand as the sediment at station S3 (Ivanić et al., 2020). However, the concentrations of Al, K and Fe determined at station S4 were closer to those found at stations under greater coastal influence (S1, S5). This is also true for the determined SSA and CEC values at station S4, which showed a greater similarity with those determined at station S5 than at station S3. This could be due to the higher content of carbonates in the sediment at station S4 (37%) compared to station S3 (28%) (Ivanić et al., 2020).
[bookmark: _heading=h.o7zeczough9][bookmark: _heading=h.t2agcz7t0dum]The lowest concentration of Mn was found at the stations under coastal influence in the northern (S1) and central (S5) Adriatic (Table 1). Significantly higher Mn concentrations were found in the deep-sea environments (S4, S8) (Table 1), where low sedimentation rates and limited input of sedimentary material leading to oxic conditions at the sediment surface favour the recycling and precipitation of Mn as (oxyhydr)oxides (Koschinsky & Hein, 2003). Up to three times higher Mn concentrations (3757 mg kg-1) were found in the open-sea station S3. This shallow depression in the central Adriatic, e.g. the Mid-Adriatic deep (MAD), has already been identified as the site of significant enrichment of Mn in the surface sediments (Dolenec, 2003a,b; DeLazzari et al., 2004), where it precipitates in the form of todorokite, an Mg-rich 10 Å manganate phase that appears as crusts on biogenic detritus (Dolenec, 2003a,b). Todorokite is an Fe-poor manganese oxide which, together with vernadite, is the main mineral in ferromanganese nodules and often contains high levels of Cu, Ni and Co (Li & Schoonmaker, 2005), which is consistent with the results obtained (Table 1). Due to the important role of Fe and Mn (oxyhydr)oxides in the sequestration of trace metals, station S3 was also characterised by higher concentrations of trace metals associated with them (Co, Mo, Sb, V; Table 1). The distribution of Mo showed statistically significant positive correlation with Mn (r = 0.83, p < 0.05, Table S1). In oxygen-rich environments, Mo is usually present as molybdate ions, Mo(VI)O42-, associated with Mn (oxyhydr)oxides (Helz et al., 1996; Scott & Lyons, 2012). 
Contrary to Mn, the concentrations of U were lowest in the open-sea environments (S3, S4, S8), resulting in a significant negative correlation between U and Mn (r = -0.83, p < 0.05, Table S1). The highest concentrations of U at locations under significant coastal influence (S5, S7) could be related to its association with OM, which was more abundant at these stations (Ivanić et al., 2020). A significant positive correlation between U and TOC was not found (Table S1) which could be related to the different characteristics of OM (marine vs. terrigenous) in coastal and open-sea areas. The significant positive correlation between U and Pb (r = 0.94, p < 0.05, Table S1) suggests a similar mechanism controlling the transport of the two elements. Jurina et al. (2015) demonstrated the crucial role of OM in the distribution of Pb in the sediments of the Neretva Channel (S5), suggesting that OM may play an important role in the transport of both U and Pb. It is evident that the coastal influence is crucial for the distribution of Pb and U in the investigated sediments, which together with OM may be influenced by their higher content in felsic minerals (Cumberland et al., 2016) that enter these sediments through continental runoff.
The highest concentrations of Cs, Li and Tl were determined in enclosed coastal areas (S5, S7) characterised by the deposition of flysch (Jurina et al., 2015; Mikac et al., 2022). Their grouping in the investigated sediments is supported by the observed statistically significant positive correlation, (r = 0.94, between Tl and Li, and 0.89 between Tl and Cs, p < 0.05, Table S1). These elements are commonly found in the structure of mica, feldspar and clay minerals, all of which occur in the environments studied (Ivanić et al., 2020). 
The highest content of Ti found in the sediments of the southern Adriatic agree with the results of Dolenec et al. (1998) and Ilijanić et al. (2014). In coastal sediments, Ti is often used as an indicator of detrital components (Wang et al., 2023), and is common in high specific gravity minerals, e.g. heavy minerals (Reimann & de Caritat, 2005). The significant positive correlation between Ti and Al and Li (r = 0.89, for Li and 0.83 for Al, p < 0.05, Table S1) in the native sediments indicates its association with clays and detrital aluminosilicates.
Higher Ba concentrations were found in the open-sea areas (204-210 mg kg-1 at stations S1, S3, S4) than in the enclosed coastal environments (181-185 mg kg-1 at stations S5 and S7). This could be related to its affinity for Fe and Mn (oxyhydr)oxides or to intense biological productivity in the open-sea environments, as Ba is often associated with sinking OM and biogenic detritus (Carter et al., 2020). The main mineral hosts of Ba in marine sediments are detrital plagioclase and authigenic barite (Tribovillard et al., 2006). While Ba readily substitutes K in aluminosilicates (Dolenec et al., 1998), the lack of correlation between Ba and K and with other elements characteristic of aluminosilicates contradicts this assumption. The highest Ba concentrations (237 mg kg-1) were found in the Albanian coastal region (S8) where it is probably supplied by the rivers draining mafic and ultramafic rocks in the hinterland. 
The higher Sr content in the sediments at stations S1, S3 and S4, e.g. >400 mg kg-1, is due to increased deposition of biogenic detritus (plankton debris), compared to its lower content, e.g. <300 mg kg-1, in the deltaic environment with predominantly detrital carbonate deposition (S5) and the carbonate-poor environments of the southern Adriatic (S7, S8) (Ivanić et al., 2020; Jurina et al., 2015). Even though the carbonate content at station S5 is similar to that at stations S1-S4 (Ivanić et al., 2020), it is evident from the content of Sr and other elements, as discussed later, that the coastal influence, the geology of the catchment area and confinement of the location resulted in a geochemical composition more similar to that of the sediments of the southern Adriatic. 
A distinct geochemical signature, with the highest concentrations of metals (As, Bi, Co, Cr, Fe, Ni, Pb, Ti, V, Zn) was characteristic for the sediments of the southern Adriatic (S7, S8), especially for the open-sea (S8) off the Albanian coast (Table 1). Here, the coastal sediments are strongly influenced by the Drim river input (Rivaro et al., 2004). These sediments are characterised by a low share of carbonates (<15%) and an abundance of phyllosilicates (smectites, illite, mixed-layer clay minerals (MLCM) and chlorite) (Ivanić et al., 2020). According to Dolenec et al. (1998), weathering of mafic and ultramafic rocks in the hinterland, as well as mining and industrial activities, are the main sources of the high content of most metals, while Amorosi et al. (2022) found that the majority of Cr and Ni in the Albanian coastal area is of geogenic origin. The maximum concentrations of Zn in sediment at station S7 could be partly related to the weathering of flysch deposits in the surrounding area, but also to the increased anthropogenic pressures in the coastal area of Boka Kotorska Bay (Jokanović et al., 2021; Mikac et al., 2022). 
The highest Cd concentration was found at the open-sea station S4 (0.32 mg kg-1). A statistically significant positive correlation between Cd and clay content (r = 0.83, p<0.05, Table S1) indicates its occurrence in the finest particulate material. The two main pathways for the sequestration of Cd in sediments are binding to organic material and precipitation of sulphides (Bryan et al., 2021). However, its distribution could also be under anthropogenic influence.  
3.1.1. The influence of OM removal on the geochemical composition of bulk sediments
The concentrations of elements in the bulk sediments after the removal of OM are shown in Table 1. For most elements a slight increase in concentration (10-30%) was observed, for some elements (Mg, K, Cr, Rb, Ti) the concentrations did not change, while several elements (As, Mn, Mo, Sr, U) showed a slight decrease (10-20%) after the OM removal. The slight increase in the content of most elements is probably due to the observed changes in the granulometric properties of the samples after removal of OM. Namely, the content of clay increased by ~10% in all samples after OM removal (Ivanić et al., 2020), except at station S1 where the increase was more significant, e.g. from 9 to 27%, due to the very coarse grain size of the native sediment (silty sand). The bulk sediments after the removal of OM were collected from a suspension that was probably more biased towards finer particles due to the faster settling of larger particles. This assumption is supported by the fact that the highest increase was observed for major constituents of the aluminosilicate mineral phases (Al, Fe) and the associated trace elements (Table 1). 
Elements whose concentration decreased slightly after removal of OM (As, Mn, Mo, Sr and U) are bound to a lesser extent to the clay fraction (aluminosilicates), and are more strongly associated with OM, oxides or carbonates (Beck et al., 2008; Koschinsky & Hein, 2003; Neaman et al., 2008; Scott & Lyons, 2012). However, the fact that only a small proportion (10 - 20%) of these metals were removed with the OM suggests that they are mainly associated with other sediment phases, although their association with the part of OM that is resistant to chemical degradation cannot be neglected. 
Only two metals at two locations showed significantly lower levels after removal of OM: Mo at station S1 (59% lower) and Cd at station S4 (46 % lower). The amount of Mo and Cd removed is similar to the amount of OM removed at these stations (64% at S1 and 50% at S4). Their higher removal in these two samples could be due to their presence in a different chemical form more prone to dissolution during the OM removal, or a particular association of the metal with OM. 
In general, the results obtained show that the efficient but variable (S1-64%; S3-82%; S4-53%, S5-82%, S7-80%, S8-54%, Ivanić et al., 2020) removal of OM from the sediments was not reflected in the differences in element concentrations at these locations, except for Cd and Mo at two locations, as described above. 
3.2. Influence of Fe and Mn (oxyhydr)oxides on elemental concentrations
Fe and Mn (oxyhydr)oxides were removed from the <2 μm fraction of the two sediments with the highest Fe and Mn content, the open-sea stations S3 and S8. Concentrations of most elements did not change following the DCB treatment, so Table 2 shows the results for the metals whose concentrations were affected by the removal of Fe and Mn (oxyhydr)oxides.
Table 2.
The DCB treatment removed only a small amount of Fe (15% at S3 and 16% at S8) and most of Mn (82% at S3 and 74% at S8) and resulted in almost complete removal of Mo (93% at S3 and 79% at S8). Lower concentrations of As (58% at S3 and 62% at S8), Co (31% at S3 and 19% at S8), Sb (41% at S3 and 35% at S8), V (14% at both stations) and Cd (8% at S3 and 20% at S8) were found after the DCB treatment (Table 2). The obtained results indicate that only a small proportion of the Fe is in the form of (oxyhydr)oxides and that it is mainly incorporated into the mineral structure, which is consistent with previous observations (Davison & De Vitre, 1992). In contrast, most of the Mn in the investigated sediments is in the form of (oxyhydr)oxides. Its strong positive correlation with SSA (r = 0.94, p<0.05; Table S1) suggests that it occurs mainly in the form of nanosized (oxyhydr)oxides (Coppola et al., 2007).
The significant decrease in Mo content is consistent with previous results showing that the cycling of Mo under oxic conditions is controlled by Mn (oxyhydr)oxides (Helz et al., 1996; Scott & Lyons, 2012). The observed decrease in concentrations of other trace elements clearly show that they are associated to varying degrees with (oxyhydr)oxides, which is consistent with numerous findings in the literature for As (Neaman et al., 2008; Shi et al., 2021), Co (Lienemann et al., 1997; Neaman et al., 2004), Sb, V and Cd (Bolan et al., 2022; Dong et al., 2000; Koschinsky & Hein, 2003; Shi et al., 2021).
3.3. Size-dependent distribution of elements
To facilitate interpretation of the changes in element concentrations with particle size, Table 3 shows the granulometric parameters of the collected fractions. As it can be observed, all fractions generally contain much finer particles than the indicated fraction maximum (Table 3). The particle sizes show a successive decrease, but the differences between the fractions are not always prominent, especially in the fractions <4 µm and <2 µm which also showed minor differences in the surface physicochemical properties (SSA and CEC) (Ivanić et al., 2020). Exceptions were the fraction <2 µm at station S1 and the fraction <4 µm at station S8, where the concentration of most elements decreased compared to the coarser and finer fractions, showing a rather sharp separation of mineral phases between successive fractions. Thus, when interpreting and discussing metals concentrations in the analysed size fractions one should have in mind the span of real particles size in these fractions. 
Table 3.
The concentrations of the elements in the different fractions are given in Table 1. Figure 2 shows the ratios between the concentrations of elements in a particular fraction compared to the bulk (OM removed) sediment. 
Figure 2.
The concentrations of most elements increased with lowering of the particle size, with the exception of Ba, Mg, Sr, Ti and U. The observed variations in the content of elements are due to their different behaviour depending on the main component contributing to their occurrence, e.g. detrital, biogenic and authigenic components, and the main mineral host. The greatest increase was generally observed in the finest fractions (<1 μm and <0.45 μm), where concentrations of many elements were 2-3 times higher compared to their bulk concentration. This highlights the affinity of metals for colloidal particles, especially nanoparticles (Hochella et al., 2008; Plathe et al., 2013), and shows the importance of mineral particles with large surface reactivity in the transport and geochemical cycling of trace metals. The size-related increase in the content of most metals is consistent with the previously observed increase in SSA and CEC with particle size lowering, resulting from the decrease in carbonate content and the accumulation of clay minerals (smectites in particular) and associated Fe and Mn (oxyhydr)oxides (Ivanić et al., 2020). 
Figure 2a shows the concentration ratios between the fractions and the bulk samples for elements (Ba, Mg, Sr, Ti, U) whose concentrations generally decrease with decreasing particle size. A particularly significant decrease in concentration was observed for Sr, which can be attributed to the decrease in carbonate content in these samples (Ivanić et al., 2020). Indeed, terrigenous and biogenic carbonates, the most common source of sedimentary carbonates, are usually found in coarser fractions (Buffle et al., 1998; Wilkinson & Reinhardt, 2005), unless intensive authigenic formation produces a significant proportion of nanoscale carbonate minerals (Ivanić et al., 2020; Sondi & Juračić, 2010). 
Similar distributions of Ba, U and Ti with decreasing particle size (Fig. 2a) indicate that their distribution in the environment is controlled by heavy mineral assemblage and/or coarse mineral grains. In almost all environments studied, the content of U and Ba initially increases or remains unchanged and then decreases. Plagioclase, a potential mineral host of Ba and U, was found in coarser fractions in the investigated environments, but was absent in the submicron fraction (Ivanić et al., 2020). This could explain the observed decrease, since at station S8 no plagioclase was detected, and the Ba content strongly decreased (Fig. 2a). Similarly, carbonates as a potential mineral host of Ba and U are also constrained to coarser fractions, and could contribute to their observed decrease with particle size. The decrease of Ti with decreasing particle size suggests that it is mainly associated with coarse grain size and the heavy minerals that cannot be easily transported (Reimann & de Caritat, 2005). The results obtain show that Ti correlates significantly with Al (Fig. 3a) in the bulk sediments, both native (r=0.83, p<0.05) and after removal of OM (r=0.89, p<0.05). However, this correlation was limited to the bulk samples and not present in fractions, as there is a clear separation between the two elements with decreasing particle size due to the size-related separation of aluminosilicates (finest fractions) and heavy minerals (coarse fractions). Nonetheless, statistically significant correlation between Al and Ti in the finest fraction <0.45 μm (r = 0.76, p < 0.05; Fig. 3b) probably relates to the Ti present in the aluminosilicate mineral phases. 
Figure 3.
The size-dependent behaviour of Mg varied between the environments studied, decreasing at stations S1, S3, S4 and S5, increasing at station S8 and showing mostly unchanged content at station S7. This indicates diverse and variable sources of Mg in these sediments and different processes controlling its accumulation at specific location. The highest Mg concentrations were found off the Albanian coast (S8), where it is supplied by rivers draining mafic and ultramafic rocks and by ophiolite deposits in the Albanian hinterland (Amorosi et al., 2022). Its increase with decreasing particle size is consistent with the increase in the content of smectites in the finest fractions, although it may also be present in illite, chlorite and I/S MLCM (Ivanić et al., 2020). At stations S1 and S5, according to the mineralogical characterization (Ivanić et al., 2020) and previous studies (Dolenec et al., 1998; Amorosi et al., 2022), the dominant host for Mg is dolomite. While dolomite is mostly present in coarse fractions, it was also found in the submicron fraction at station S5 (Ivanić et al., 2020). Plagioclase to a lesser extent and illite, chlorite, smectite and I/S MLCM to a greater extent (Ivanić et al., 2020) may also have hosted Mg and thus contributed to its content in the finer fractions, resulting in overall minor changes in Mg content with particle size. The increase in Mg content with decreasing particle size in the central Adriatic region (S3, S4, Fig. 2a), may be controlled by the abundance of biogenic detritus containing Mg-calcite (Ivanić et al., 2020) and Mn-coated structures enriched in Mg (Dolenec, 2003a,b), both of which contribute to its abundance in the <2 μm fraction (Fig. 2a). The largely unchanged Mg content at station S7 may be related to the consistent proportion of smectites with particle size lowering (Ivanić et al., 2020). 
Although most elements showed an increase in content with decreasing particle size (Fig. 2b-d), the magnitude and continuity of the increase was more station-specific and depended on grain sorting and the distribution of mineral phases in specific size domains. The observed increase in metal concentrations is a consequence of accumulation of aluminosilicates, especially clay minerals, smectites in particular, Fe and Mn (oxyhydr)oxides and greater surface reactivity (SSA, CEC) of the finest mineral particles (Ivanić et al., 2020).
Lithogenic elements Al, K, Fe, Li, Co, Cs, Be, Rb (Fig. 2b) showed two types of curves: (i) a pronounced increase down to the <1 μm fraction, followed by a decrease in the finest (<0.45 μm) fraction (S1, S3, S4), and (ii) similar concentrations in all fractions in the southern Adriatic sediments (S7, S8). The behaviour of the lithogenic elements at station S5 lies between these two types: Be, Co and Fe behave similarly to the elements at stations S3 and S4, while Al, Cs, Li and K are more related to the trends observed at station S7.
At semi-enclosed locations under greater coastal influence, S5 and S7, Rb showed different patterns than at the other locations (Fig. 2b), decreasing in content down to the <1 μm (S5) and <2 μm (S7) fractions and increasing in the finest fraction (Fig. 2b). Rubidium is mostly associated with mica, feldspar and clay minerals, it is tightly bound to silicates and frequently replaces K (Kabata-Pendias, 2001). Abundance of illite found in the finest fractions of these sediments (Ivanić et al., 2020) is the most likely host of Rb. 
For the detrital trace metals (Pb, Bi, Cu, Cr, Ni, Zn), a comparable behaviour to that of the lithogenic elements was observed (Fig. 2c), although the increase was more pronounced with decreasing particle size. In general, Pb, Cu and Bi showed a higher increase than Zn, Cr and Ni, although the patterns were similar for all. The similarity of the Zn, Cr and Ni trends results from their common origin in ophiolite deposits in the Albanian hinterland and in the Po River drainage area, from where they are distributed by currents to the central Adriatic Sea (Dolenec et al., 1998, Amorosi et al., 2022). Ilijanić et al. (2014) suggest the possibility of their atmospheric input to the central Adriatic area from soils in the coastal area, as they contain high concentrations of Ni and Cr and are easily erodible due to the lack of vegetation (Ilijanić et al., 2014; Miko et al 2001; Halamić et al., 2012). 
The ratios for the redox sensitive elements (As, Cd, Mn, Mo, Sb, Tl and V) are shown in Figure 2d. The smallest increase was observed for Mn, whose concentration did not vary significantly, except at stations S3 and S4 characterised by intense precipitation of Mn in the form of todorokite (Dolenec, 2003a,b), where its concentrations decreased in the finest fraction. For As and Mo, a strong increase was observed at all stations, especially in the submicron fraction, most likely due to their strong association with Mn (oxyhydr)oxides, as shown earlier. At stations S3 and S4 however, the increase in Mo content in fraction <0.45 μm diverged from the observed decrease in the Mn content. Since this was observed only for Mo, it could be related to the OM remaining after the OM removal, whose content increases with particle size decreasing, as shown in Ivanić et al. (2020).
The highest increase was observed for Cd in the central Adriatic (S4) with a 4-5 times higher content in the submicron fraction compared to the bulk sample. This sample also showed a significant decrease in Cd concentration after removal of OM (Table 1). Although additional research is needed to clarify its accumulation at this location, one of the contributing factors could be the nearshore influence of the Neretva River and its catchment, as a similar, although less significant, size-dependent behaviour of Cd was observed here. Hasan et al. (2020) demonstrated the presence of anthropogenic inputs of Cd in the topsoils surrounding station S5.  Similar to Ni and Cr, the finest fraction containing Cd could have been transported by winds and currents and accumulated in the open-sea area. The statistically significant positive correlation between Cd and clay (r = 0.83, p < 0.05, Table S1) supports this assumption.

3.4. Geographic differences in the geochemical composition and elements partitioning 
The data on the variations of element concentrations with particle size have shown that these variations are not only element sensitive, but also depend on the location, e.g. sediment properties and mineralogical composition. The PLS-DA clearly separated the open-sea sediments (S3, S4, S8) from those under direct coastal influence (S1, S5, S7) along the second PLS component (Fig. 4a). This may be due to differences in the deposition and transport of different sediment fractions, changes during long distance sediment transport, and also the predominant types of OM (marine vs. terrigenous) deposited in these two types of sedimentary environments. In open-sea environments (S3, S4, S8), the content of lithogenic elements increases continuously with size, resulting in smooth curves, probably due to more efficient sorting of the deposited material. In environments under direct coastal influence (S1, S5, S7) a significant increase in the content of lithogenic elements (Al, Be, Cs, Fe, K, Li, Rb, Tl) was observed already in the fraction <8 µm. The specific changes occurring with size in these environments caused a saw-like appearance of the concentration curves (Fig. 2a), which is probably related to poor sorting of the coastal sediments. 
Figure 4.
When looking at the range of concentrations of a particular metal(loid) at different sites, it can be observed that the concentrations in the fractions fluctuate within a similar range of values regardless of their original content in the sediment (Table 1). However, higher concentrations of Li, Tl and U were specific to stations S5 and S7 and of Co to the open-sea stations (S3, S8) (Fig. 4a). In addition, station S8 exhibited the highest levels of As, Cr, Mg and Ni (Fig. 4a), station S3 of Mn and Mo (Fig. 4b), and station S1 of Rb (Fig. 4b). These results, as mentioned above, are related to the origin of the material deposited in certain areas, especially detrital lithogenic components at stations S1, S5 and S7, elements associated with Fe and Mn (oxyhydr)oxides (Co, Mo) at the open-sea stations, station S3 in particular, and weathering of mafic and ultramafic deposits in the Albanian hinterland (S8). 
[bookmark: _Hlk140320536]The PLS-DA also separated sediments from environments in the northern and central Adriatic (S1, S3, S4) from those in the southern Adriatic (S7, S8) including station S5, along the first PLS component (Fig. 4a). In the northern and central Adriatic samples, the concentrations of aluminosilicate elements and associated trace metals decreased significantly in the finest fraction (<0.45 µm) (Fig. 2b,c). This was unexpected considering the crucial role of nanoparticles in the transfer of elements. However, the observed peaks in metal concentration in the <2 µm and <1 µm fractions, followed by a decrease in the <0.45 µm fraction, are consistent with similar behaviour of SSA and/or CEC in these sedimentological environments (Ivanić et al., 2020). Although this is not striking at all stations, it shows that there are certain factors that influence the surface reactivity and stability of particles in this size range. This could be due to several factors, including some methodological artefacts. The prolonged wetting required to collect these particles (several months) could have caused the dissolution of certain mineral phases and the release of bound metals into solution. Studies on nanoparticles have shown that their surface properties and reactivity change with ageing, mainly due to passivation of the outer core of the particles (Sarathy et al., 2008). The increase in OM content (the part remaining after removal of OM) with decreasing particle size (Ivanić et al., 2020) may also have contributed to the observed trend through the formation of aggregates of nanosized particles. All this may lead to incomplete size separation of the submicron particles. Contrarily, the samples from the southern Adriatic (S7, S8) had similar element contents in the fractions <2 µm, <1 µm and <0.45 µm, indicating that little or no change occurs in the finest fractions. 
Conclusion
The results of this study show that the distribution of metals in the surface sediments of the Adriatic Sea is controlled by particle size and mineralogical composition, while the amount of OM had only a minor influence. However, different effects of OM removal on metals in sediments deposited in open-sea areas and under direct coastal influence suggest that the type of OM (marine vs. terrigenous) can influence elements partitioning.
Removal of surface-associated Fe and Mn (oxyhydr)oxides revealed that most of the Fe in open-sea areas is present in the crystal lattice of minerals (e.g. aluminosilicates/sulphides), while only a small fraction is in the form of Fe (oxyhydr)oxides, whereas Mn is almost entirely in the form of Mn (oxyhydr)oxides. The results illustrate the crucial role of Fe and Mn (oxyhydr)oxides for the cycling of As and Mo and to a lesser extent Cd, Co, Sb and V.
Considering all elements, the most significant changes in concentration with decreasing particle size occurred in the fraction <8 µm, due to the elimination of coarse particles, and in the finest fractions <1 µm and <0.45, where minerals in the nanorange predominate. 
Concentrations of most elements increased with decreasing particle size, except for Ba, Sr, Ti, and U, whose share decreased, and Mg, whose trends varied depending on the investigated location and the main mechanism contributing to its occurrence. 
The highest concentrations of metal(loid)s (As, Bi, Cd, Cu, Mo, Pb, Sb, V, Zn) were determined in the submicron fraction (<1 µm), due to the abundance of clay minerals and associated Fe and Mn (oxyhydr)oxides. 
Sediments from areas under strong coastal influence were characterised by elevated levels of Cs, Li, Pb, Sb, Ti, Tl, U and Zn. Higher levels of Mn and Mo were characteristic for the central Adriatic open-sea sediments, while higher levels of Ba, Fe, Co, Cr, Mg, Ni, Ti, V and Zn for sediments influenced by the material from the Albanian coastal area.
Different particle size-related trends of elements were observed in the coastal and open-sea environments, and in the northern and central versus southern Adriatic area.
The results show that in order to determine the factors governing the distribution of a particular element, it is important to study not only the bulk sediment but also the fractions. The fractions <8 µm and <1 µm provided the most information, while the <0.45 µm fraction cannot be recommended due to possible alterations of particles in this size range during separation. 
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Figure 1. Simplified map of the study area. The main lithological units that could have a major influence on the geochemical composition of the sampling sites were also indicated. Modified from Amorosi et al. (2022).	




[bookmark: _GoBack][image: ]Figure 2. Ratios between the concentration of an element in a particular size fraction compared to the bulk (OM removed) sediment. 

[image: ] Figure 3. The content of Ti vs. Al in a) bulk (native) sediments and bulk (OM removed) sediments, and b) in the size fractions collected from the investigated sedimentological environments. 
[image: ] Figure 4. Partial Least Squares Discriminant Analysis (PLS-DA) differentiating investigated samples based on their location.
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[image: ]Table 1. The concentration of major and trace elements in native sediments, sediments after the OM removal (bulk (OM removed)) and the collected size fractions.

Table 2. The concentration of metal(loid)s (mg kg-1) in the size fraction <2 μm from stations S3 and S8 before and after the DCB treatment.
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Table 3. Granulometric properties of the collected size fractions; range of mean sizes (Mz), and range of particles with size below 10% (d10) and 90% (d90) of material in samples from the investigated locations.
[image: ]

Supplementary material


[image: ]Table S1. Correlation coefficients (Spearman, p<0.05) for the investigated elements and sediment properties (TOC, SSA, CEC, share of carbonates and % of clay) in the investigated bulk (native) sediments. The sediment properties are from Ivanić et al. (2020). Significant correlations are marked as bold.
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*the results are from vanic etal_(2020).
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