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Abstract. Submarine canyons act as conduits of terrigenous and marine organic carbon (OC) to deep-sea environments, 

although the contribution of each of these sources can largely vary depending on the canyon morphology and the prevailing 

sedimentary dynamics. The Gulf of Palermo is incised by several submarine canyons of similar dimension and depth range, 

but with slightly different morpho-sedimentary characteristics. Using a combination of geochemical parameters (OC, TN, 15 

δ13C, δ15N, and Δ14C), as well as biomarker signatures (proteins, carbohydrates, phytopigments, glycerol dialkyl glycerol 

tetraethers, and n-alkyl lipids) and compound-specific δ13C analyses of surficial sediments, we assess the sources of OC 

deposited on the shelf and in three major submarine canyons (Arenella, Oreto and Eleuterio canyons). The aim is to provide 

further insights on the role of submarine canyons in transporting terrigenous OC across continental margins. According to a 

dual isotopic end-member mixing model with δ13C and Δ14C, Tthe contribution of terrigenous OC was highest on the shelf (80 20 

%) and decreased offshore, with contributions that ranged between 50 to 70 % across the studied submarine canyons. The 

dispersal mechanism of terrigenous OC and its specific sources differ among canyons primarily because of local differences 

of hydro- and sediment dynamics. Arenella Canyon, which is up-current and farthest from any river mouth, exhibited the 

relatively lowest terrigenous OC contributions (50%), Oreto Canyon in the central part of the gulf had slightly higher 

contributions (50-70%), and Eleuterio Canyon down-current and closest to shore has had the highest proportion of terrigenous 25 

OC (60-70%). Besides natural sediment dispersal mechanisms acting on this continental margin, continuous sediment 

resuspension by bottom trawling activities inside Oreto Canyon contributes to the down-canyon displacement of terrigenous 

OC, while promoting the ageing and degradation of OC in the canyon axis. Compound-specific δ13C analyses of fatty acids 

revealed that the sources of terrigenous OC differ across the studied submarine canyons, with Arenella and Oreto canyons 

receiving OC from a similar terrigenous source up-current from the gulf, whereas terrigenous OC deposited on the shelf and 30 

in Eleuterio Canyon originates from the Oreto and Eleuterio rivers that discharge into the Gulf of Palermo. This study provides 

further evidence that even non-river connected submarine canyons, such as Arenella, Oreto, and Eleuterio canyons in the Gulf 
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of Palermo, are important sites of terrigenous OC sequestration and transfer to deep-sea environments, and that bottom trawling 

activities within submarine canyon environments can contribute to its resuspension and dispersal towards deeper regions. 

1 Introduction 35 

Continental margins are important sites of organic carbon (OC) accumulation, receiving inputs from both marine and 

terrigenous sources. The majority of terrigenous OC deposited in estuaries and deltas or close to their riverine source, with 

limited transport of terrigenous OC to continental slopes and the deep-sea environments (Hedges and Keil, 1995; Burdige, 

2005). However, efficient transfer of terrigenous particles and associated OC between continental shelves and deep-sea basins 

can be facilitated by submarine canyons. This transport is particularly important in river-connected canyons, which act as a 40 

direct conduit of terrigenous riverine material into the canyon’s interior (Huh et al., 2009; Baudin et al., 2020; Baker et al., 

2024). Shelf-incising submarine canyons can also intercept materials entrained in along-margin sediment transport, funneling 

large volumes of terrigenous particles towards the canyon’s interior (Puig et al., 2014). These high sediment fluxes and mass 

accumulation rates within submarine canyons lead to efficient OC sequestration within their interior (Masson et al., 2010; 

Maier et al., 2019; Baker et al., 2024), making these sites hotspots for OC burial. 45 

As submarine canyons transport significant amounts of both marine and terrigenous OC to deep-sea environments, they also 

influence the benthic communities that inhabit these geomorphologic features (De Leo et al., 2010; Dell’Anno et al., 2013; 

Pusceddu et al., 2013; Fernandez-Arcaya et al., 2017; Campanyà-Llovet et al., 2018). The relative contributions of terrigenous 

and marine OC, where terrigenous OC tends to be less labile than marine OC, dictate the nutritional quality of the OC available 

to the benthos, thereby also affecting their abundance, biomass and diversity (Pusceddu et al., 2010; Gambi et al., 2014, 2017; 50 

Leduc et al., 2020). Higher marine OC tend to accumulate in submarine canyons incising continental margins with high marine 

primary productivity (Pusceddu et al., 2010), whereas Tthe proportion of terrigenous OC in submarine canyons can be very 

variable depending on the proximity of riverine sources, their suspended sediment yield, and the magnitude of littoral and 

along-margin transport (Alt-Epping et al., 2007; Pasqual et al., 2013; Kao et al., 2014; Romero-Romero et al., 2016; Prouty et 

al., 2017; Gibbs et al., 2020). These contributions can also vary temporally, with enhanced sediment transport and burial of 55 

both marine and terrigenous OC triggered by natural energetic events such as storms, or by anthropogenic sediment 

resuspension and its posterior downcanyon transport such as those caused by mobile demersal fisheries (Pedrosa-Pàmies et 

al., 2013; Liu et al., 2016; Paradis et al., 2022). 

The relative contributions of terrigenous and marine OC can be determined using different approaches. The molar ratio of OC 

to total nitrogen (OC/TN) is often employed to distinguish between terrigenous and marine sources of OC (Gordon and Goñi, 60 

2003; Ramaswamy et al., 2008). However, this ratio may undergo post-depositional alterations due to the preferential 

degradation of nitrogen, which limits its reliability for determining the source of OC over longer timescales or in settings where 

significant degradative loss of organic matter occurs (Meyers, 1994; Briggs et al., 2013). The stable isotopic composition of 

OC (δ13C) is widely used to identify sedimentary sources (Pedrosa-Pàmies et al., 2013; Wei et al., 2024), given the distinct 
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signature of marine OC (-24‰ to -20‰; e.g., Verwega et al. (2021)) and terrigenous OC, the latter depending on whether it is 65 

dominated by C3 (-32‰ to -24‰) or C4 (-16‰ to -10‰) plant inputs (e.g., Bender, 1971; Farquhar et al., 1989). However, 

mixed inputs of vegetation from a river basin can result in overlapping δ13C signatures, hindering apportionment of OC sources 

(Goñi et al., 1998; Gordon and Goñi, 2003). Although used less often, the isotopic composition of total nitrogen (δ15N) can 

also help elucidate the contribution of terrigenous and marine OC deposited in marine sediments (Ramaswamy et al., 2008; 

Romero-Romero et al., 2016; Palanques and Puig, 2018). However, δ15N signatures can also be affected by diagenetic 70 

processes (Thornton and McManus, 1994; Lehmann et al., 2002), and overlapping δ15N values of terrigenous (-2‰ to 6‰) 

and marine (2‰ to 6‰) sources (Deegan and Garritt, 1997; Amundson et al., 2003) may further complicate source 

apportionment. Finally, the radiocarbon signature of OC (Δ14C) can be coupled with δ13C values in dual end-member models 

in order to resolve the sources of OC deposited in marine sediments (e.g., Ausín et al., 2023; Kim et al., 2022). However, OC 

can age during its transport across the continental margin (Bao et al., 2016, 2019; Bröder et al., 2018; Paradis et al., 2024), 75 

while preferential degradation of younger, more labile components relative to older and more recalcitrant OC fractions (Kusch 

et al., 2021; Paradis et al., 2023) may further influence 14C signatures. However, these bulk-level analyses generally cannot be 

used to distinguish between specific sub-pools sources of terrigenous OC (e.g. vegetation,  or soils, and fossil OC). 

Hence, these parameters need to be complemented with source-specific organic molecules (hereafter biomarkers) to confirm 

the OC source apportionment and to disentangle the different origins of terrigenous organic matter (OM) deposited in marine 80 

sediments. For example, lignin phenols can indicate the influence of terrigenous vegetation while distinguishing between 

contributions of different vascular plant types (Tesi et al., 2012; Goñi et al., 2013, 2014). In addition, there exist a wide range 

of lipids, such as glycerol dialkyl glycerol tetraethers (GDGTs) and n-alkyl lipids, that are specific to marine and different 

terrigenous sources. GDGTs are membrane lipids of archaea and bacteria found in marine and terrigenous environments, and 

they can either have isoprenoid (isoGDGTs) or branched (brGDGTs) structures (Koga et al., 1993; Sinninghe Damsté et al., 85 

2000). BrGDGTs are generally found in soil bacteria, whereas isoGDGTs are common in marine archaea, with crenarchaeol 

often the most abundant isoGDGT in temperate environments (Sinninghe Damsté et al., 2002). However, a growing number 

of studies have shown that brGDGTs can also be produced by bacteria in specific marine environments (Peterse et al., 2009; 

Zhu et al., 2011; Weijers et al., 2014; Sinninghe Damsté, 2016), so their application requires corroboration using 

complementary proxies (Sinninghe Damsté, 2016; Xiao et al., 2016). 90 

The composition of n-alkyl lipids such as fatty acids and alkanes can be used to discern between marine and terrigenous inputs. 

For instance, n-alkanes and n-alkanoic acids (also known as fatty acids) in terrigenous plants consist of high number of carbon 

atoms (number of carbon atoms ≥ 24), referred to as high-molecular-weight (HMW) lipids (Eglinton and Hamilton, 1967), and 

have often been used to elucidate specific sources of terrigenous OM given their resistance to degradation (e.g., Bröder et al., 

2018; Wei et al., 2024; Yedema et al., 2023). In contrast, microorganisms such as phytoplankton tend to have shorter-chained 95 

alkanes and fatty acids (C < 20), often referred to as low-molecular-weight (LMW) lipids (Killops and Killops, 2004). Given 

the higher reactivity of these latter compounds, it is generally assumed that any detectable LMW lipids mainly represent in-

situ marine production. In addition, proxies based on n-alkyl lipid distributions such as the carbon preference index (CPI; Bray 
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and Evans (1961)) - the ratio of odd and even HMW alkanes or fatty acids - can be used to determine the degree of degradation, 

with higher CPI for fresher plant waxes, and lower CPI nearing 1 for more degraded compounds (Bray and Evans, 1961; 100 

Eglinton and Hamilton, 1967). Finally, compound-specific stable carbon isotope analysis of biomarkers also provides insights 

into the origin of specific lipids, including sources of terrigenous OM deposited in marine sediments (Tolosa et al., 2013; Tao 

et al., 2016; Gibbs et al., 2020). 

The application of biomarkers to trace the sources of OM in submarine canyons is scarce, limited to the use of specific 

biomarkers such as lignin phenols (Tesi et al., 2008; Pasqual et al., 2013; Paradis et al., 2022), lipid biomarkers (Salvadó et 105 

al., 2017; Pruski et al., 2022), or compound-specific stable carbon isotope analyses (Gibbs et al., 2020). In this study, we use 

multiple biomarkers sedimentological and geochemical parameters to investigate the quantity, composition, and sources of 

OC and its dispersal in the submarine canyon system from the Gulf of Palermo, where contrasting canyon characteristics allow 

assessment of the influence of sediment dispersal mechanisms on the distribution of terrigenous OC along and across this 

continental margin. 110 
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Figure 1. Bathymetric map of the Gulf of Palermo, with the three main submarine canyons incising the continental margin (Arenella, 

Oreto and Eleuterio canyons) as well as the locations of sampled sediment cores, with different symbols based on their 

geomorphological location (Shelf: cross, Arenella Canyon: diamond, Oreto Canyon: circles, Eleuterio Canyon: triangles). Mean 

annual trawling intensity is given as swept area per year (ha·yr-1) between 2008 and 2016. The dashed line shows the direction of the 115 
regional current and contour lines are displayed every 100 m. Adapted from Paradis et al. (2021). 

2 Methods 

2.1 Study area 

The Gulf of Palermo (Fig. 1), spanning an area of 250 km2, lies on the north-western Sicilian margin, bordered by Cape Gallo 

to the West and Cape Zafferano to the East, two promontories that harbour natural parks characteristic of Mediterranean 120 

vegetation, including C3 and C4 plants (Domina et al., 2025). The circulation pattern on the northern Sicilian shelf is governed 

by the west-to-east flow of the Modified Atlantic Water (MAW) along the shelf (Istituto Idrografico della Marina, 1982; 
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Pinardi and Masetti, 2000; Arjona-Camas et al., 2024). This regional cyclonic geostrophic current results in a gradual west-

east decrease in coastal sediment grain size along the margin, which is interrupted by the presence of the Oreto and Eleuterio 

rivers that deposit coarser sediment at their river mouths (Tranchina et al., 2008). These two torrential rivers have an average 125 

discharge of 0.25 m3·s-1 that can increase to 5.3 m3·s-1, in the case of Oreto Eleuterio River, and 26.3 m3·s-1, in the case of 

Eleuterio Oreto River, during flood events (Mannina and Viviani, 2010; Billi and Fazzini, 2017). The Gulf of Palermo is highly 

polluted, primarily due to urban and harbour operations. Consequently, marine sediments surrounding the Palermo harbour 

and offshore the Oreto River, which runs through the city of Palermo, exhibit the highest levels of contaminants, with lower 

levels observed in the western sector of the gulf (Tranchina et al., 2008; Caruso et al., 2011).. 130 

The Gulf of Palermo is incised by several submarine canyons. The most prominent are the Arenella, Eleuterio, and Oreto 

canyons, which are important conduits for the dispersal of sediment and pollutants (Lo Iacono et al., 2011, 2014; Paradis et 

al., 2021). In the northwestern sector of the Gulf lies the smallest of these canyons, Arenella Canyon, which incises the steep 

continental slope and the shelf edge. The Oreto Canyon incises the slope and the outer shelf on the central sector of the gulf, 

and although it developed in connection with the Oreto River during low stands of sea-level (Lo Iacono et al., 2011), it is 135 

presently not directly connected to this river, currently being separated by a 5 km-wide shelf. Despite the close proximity of 

Eleuterio Canyon to the Eleuterio River, there is no evidence that they were connected during the last sea-level low stand (Lo 

Iacono et al., 2014). Instead, the canyon’s axial incision at its head, oriented towards Cape Zafferano, shortens the width of 

the shelf and reduces the distance from the shoreline to approximately 2 km. This configuration facilitates the transport of 

suspended sediment from the shelf into the Eleuterio cCanyon, leading to naturally high sedimentation rates (0.52 cm·yr-1) 140 

along its axis at 200 m in comparison to natural sedimentation rates in Oreto Canyon at the same depth (0.11-0.16 cm·yr-1) 

(Paradis et al., 2021). 

Besides natural sediment transport processes, bottom trawling activities in the Gulf of Palermo have been occurring on the 

continental shelf and upper slope, as well as along Oreto Canyon since the 1970-80s (Fig. 1; Paradis et al., 2021). The 

continuous contact of demersal fishing gear with the seafloor has contributed to sediment resuspension and its posterior transfer 145 

into these three submarine canyons, causing sedimentation rates to increase by up to an order of magnitude (0.73-1.38 cm·yr-

1) in comparison to natural (i.e., pre-1980s) background sedimentation (0.11-0.13 cm·yr-1) (Paradis et al., 2021; Arjona-Camas 

et al., 2024). This alteration in sedimentary dynamics contributed to the dilution not only of OC but also of contaminants in 

the canyons caused by the transfer of older and coarser sediment into the canyons, with lower concentrations of contaminants 

into the canyons (Palanques et al., 2022). 150 

2.2 Sampling 

Seven sediment multicores were collected in the Gulf of Palermo in the framework of the FP7 EU-Eurofleets 2 ISLAND 

(ExplorIng SiciLian CanyoN Dynamics) cruise on board the R/V Angeles Alvariño on August 2016. One sediment multicore 

was collected on the shelf at 70 m water depth (S-70), ~2.5 km off the Oreto River mouth and the Palermo harbour (Fig. 1). 

The other six multicores were collected within the three studied submarine canyons: one in Arenella Canyon at 500 m depth 155 

Formatted: Superscript

Formatted: Superscript

Formatted: Superscript

Formatted: Superscript



7 

 

(AC-500), three along the Oreto Canyon at 200, 500 and 800 m depth (OC-200, OC-500, OC-800), and two along the Eleuterio 

Canyon at 200 and 500 m depth (EC-200, EC-500) (Fig. 1). 

Sediment cores were collected using a K/C Denmark six-tube multicorer (inner diameter 9.4 cm), and the core with the best-

preserved sediment-water interphase was subsampled at 1 cm intervals and stored in sealed plastic bags at -20 ºC until freeze-

dried in the laboratory for analysis. In addition, Ttriplicate sediment cores were collected at 500 m depth of all canyons (AC-160 

500, OC-500, EC-500) for the analyses of the organic matter composition (total lipids, proteins, carbohydrates, and 

phytopigments). Only surficial sediment sections (0-1 cm) were used for the present study. A full description of the sediment 

core sampling strategy is given in Table S1. 

2.3 Sedimentary characteristics 

Grain size distributions were determined using a Horiba Partica LA950V2 particle size analyser following oxidation of 1-4 g 165 

of dried sediment using 20 % H2O2 and disaggregation using 2.5 % P2O7
4-. Down-core data of sediment grain size distributions 

were described and published by Paradis et al. (2021) and Palanques et al. (2022). 

To complement grain size analyses, mineral surface area was measured on sediment samples that were slow-heated at 350 °C 

for 12 h to remove organic matter, using a 5-point BET (Brunauer-Emmett-Teller adsorption isotherm (Brunauer et al., 1938)) 

method on a NOVA 4000 surface area analyser (Quantachrome Instrument). Prior to analysis, samples were degassed with a 170 

Quantachrome FLOVAC degasser at 350 °C for 2 hours. 

2.4 Elemental analysis and isotopic composition 

Organic carbon (OC) and total nitrogen (TN) contents were measured using a Thermo EA 1108 elemental analyser (EA) at the 

Scientific-Technical Services of the University of Barcelona. Samples for OC analysis were first decarbonated using repeated 

additions of 100 µL 25 % HCl with 60 °C drying steps in between until no effervescence occurred. Down-core data of OC and 175 

TN were described and presented in detail by Palanques et al. (2022). 

Stable carbon isotopic composition (δ13C values) was determined on 200 µg of OC after fumigating the samples in a desiccator 

at 60 °C in silver capsules with concentrated HCl (37 %) during 72 h to remove all inorganic carbon, neutralized under basic 

atmosphere using NaOH pellets for another 72 h, and subsequently wrapped in tin capsules. Samples were analysed on an EA 

coupled in continuous flow with an Isoprime PrecisION stable isotope ratio mass spectrometer (EA-iRMS). Values are 180 

reported relative to the Vienna Pee Dee Belemnite reference material and precision was 0.19 ‰ (1σ) based on replicate 

measurements of standards. For δ15N measurements, approximately 50 mg of non-decarbonated sediment was analysed on the 

same EA-iRMS, with δ15N values reported relative to N2 in the air. Samples were calibrated against atropine (Säntis, PN - 

SA990746B, LN- 51112) and Pepton Sigma (PN = P7750-100G, LN = SLBC5290V) which were used as standards. 

A separate subsample was fumigated following the same procedure and radiocarbon content was measured in a Mini Carbon 185 

Dating System (MICADAS) with a gas ion source at the Laboratory of Ion Beam Physics, ETH Zürich, and reported as 
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conventional radiocarbon age and Δ14C (Stuiver and Polach, 1977). Samples were calibrated against oxalic acid II (NIST SRM 

4990C) and phthalic anhydride (Sigma, PN-320064-500g, LN-MKBH1376V) which were used as standards for these analyses. 

2.5 Biochemical composition of sedimentary organic matter 

Total proteins, carbohydrates, and lipids were quantified spectrophotometrically using a Varian Cary 50UV-Vis following the 190 

methods described by Hartree (1972) and modified by Rice (1982), Gerchakov and Hatcher (1972), and Bligh and Dyer (1959), 

and Marsh and Weinstein (1966), respectively. The analysis of proteins and lipids was performed on 0.1–0.6 g of frozen 

sediment (0.05-0.3 g of dry sediment), whereas carbohydrate analysis was performed on ~0.1 g of previously dried sediment. 

Protein, carbohydrate, and lipid contents were normalized to OC content and expressed as mgC·g⁻¹ OC after conversion to 

carbon equivalents using the factors 0.49 mgC·g⁻¹ for proteins, 0.40 mgC·g⁻¹ for carbohydrates, and 0.75 mgC·g⁻¹ for lipids 195 

(Fabiano et al., 1995). Chlorophyll-a and phaeopigments, after acidification of wet sediment with 0.1 N HCl, were extracted 

using acetone 90% overnight, in the dark at 4°C and quantified fluorometrically (Shimadzu RF-6000) according to Lorenzen 

and Jeffrey (1980) and modified by Danovaro (2009) for sediments. Total phytopigment concentrations were defined as the 

sum of chlorophyll-a and phaeopigment concentrations and converted into carbon equivalents using a conversion factor of 40 

(Pusceddu et al., 2010). 200 

Organic matter reactivity was assessed by calculating the protein turnover rates, as N is considered to be the primary limiting 

factor for heterotrophic nutrition and proteins are rich in nitrogen. Protein turnover rates were derived from measurements of 

extracellular aminopeptidase activity. This activity was determined using a fluorometric method, where about 0.1 g of sediment 

was incubated for one hour in the dark with 100 µM of the substrate L-leucine-4-methylcumarinyl-7-amide. When cleaved by 

aminopeptidase enzymes, this substrate emits fluorescence, with the intensity reflecting the level of enzyme activity  (in terms 205 

of degraded substrate per g of sediment per hour). Fluorescence was measured both before and after incubation, and the 

difference was used to estimate the amount of degraded substrate (proxy for the enzyme activity; Danovaro, 2009). The 

resulting values were converted into carbon units using a conversion factor of 72 ng C per nmol of substrate (Fabiano and 

Danovaro, 1998). Protein turnover rates were then determined by dividing the protein-derived carbon degradation rates by the 

total protein-carbon content in the sediment. Due to limited sample availability, these analyses were only performed in selected 210 

samples. 

Lipids were further extracted and separated into GDGTs and fatty acids. Briefly, total lipids were extracted from ~0.5 g dried 

sediment samples in dichloromethane (DCM):methanol 9:1 (v/v) using an energized dispersive guided extraction (CEM 

EDGE) system. The resulting extracts were dried under nitrogen flow and saponified with 0.5M KOH solution in methanol 

for 2 hours at 70 ºC. The neutral and acid fractions were separated using solvent-solvent extraction with hexane. The neutral 215 

(hexane) fraction was further separated into an apolar fraction and a polar fraction (including GDGTs) using a deactivated 

(1%) silica column with a solvent mixture of hexane:DCM 9:1 and DCM:methanol 1:1, respectively. An internal C46 GDGT 

standard (Huguet et al., 2006) was added to the polar fraction to determine GDGT concentrations and the fraction was filtered 

on a 0.45 μm PTFE syringe filter. GDGTs were measured on an Agilent 1260 infinity series LC-MS following the methods 

Field Code Changed
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described by Hopmans et al. (2016). We calculate the Branched and Isoprenoid Tetraether (BIT) index (Hopmans et al., 2004), 220 

which takes the ratio of brGDGTs and isoGDGTs to help identify the relative contribution of terrigenous-derived OM and 

marine-produced OM, assuming that brGDGTs are exclusively of terrigenous origin, and isoGDGTs are exclusively of marine 

origin. To further constrain the origin of brGDGTs, we calculate the #ringstetra ratio (Sinninghe Damsté, 2016) and the 

ΣIIIa/ΣIIa ratio (Xiao et al., 2016) to identify the contribution of brGDGTs produced on land or in-situ (Yedema et al., 2023; 

Wei et al., 2024), since soil-derived brGDGTs tend to have a #ringstetra ratio of 0.21 ± 0.20 and a ΣIIIa/ΣIIa ratio < 0.59. These 225 

proxies This proxy were was calculated as follows, employing the roman numerals for each GDGT molecule as denoted by 

Sinninghe Damsté (2016): 

𝐵𝐼𝑇 =  
[(𝐼𝑎) + (𝐼𝐼𝑎) + (𝐼𝐼𝐼𝑎) + (𝐼𝐼𝑎′) + (𝐼𝐼𝐼𝑎′)]

[(𝐼𝑎) + (𝐼𝐼𝑎) + (𝐼𝐼𝐼𝑎) + (𝐼𝐼𝑎′) + (𝐼𝐼𝐼𝑎′) + (𝐼𝑉)]
 

#𝑟𝑖𝑛𝑔𝑠𝑡𝑒𝑡𝑟𝑎 =
[(𝐼𝑏) + 2 ∗ (𝐼𝑐)]

[(𝐼𝑎) + (𝐼𝑏) + (𝐼𝑐)]
 

ΣIIIa/ΣIIa =  
[(𝐼𝐼𝐼𝑎) + (𝐼𝐼𝐼𝑎′)]

[(𝐼𝐼𝑎) + (𝐼𝐼𝑎′)]
 230 

Fatty acids were extracted from the acid fraction after acidification to pH 2 using hexane:DCM 4:1, and were subsequently 

derivatized into corresponding fatty acid methyl esters (FAMEs) with MeOH:HCl (95:5, 12 hr at 70°C). FAMEs were 

quantified on a GC-FID (gas chromatograph connected to a flame ionization detector, Agilent 7890A). The temperature 

program started with a 1 min hold time at 50 °C, followed by a 10 °C min-1 ramp to 320 °C and a 5 min hold time at 320 °C. 

Peaks were identified against a mixture of pure standard compounds based on retention time. 235 

The carbon preference index (CPI; Bray and Evans (1961)) was calculated for the high molecular weight fatty acids as follows:  

𝐶𝑃𝐼(𝐶24−𝐶32) =  
1

2
∗

∑(𝐶24 − 𝐶30)𝑒𝑣𝑒𝑛 + ∑(𝐶26 − 𝐶32)𝑒𝑣𝑒𝑛

∑(𝐶25 − 𝐶29)𝑒𝑣𝑒𝑛𝑜𝑑𝑑

 

Isotopic (δ13C) analyses were further conducted on isolated FAME fractions in duplicate by GC‒isotope ratio mass 

spectrometry (GC‒IRMS) on a Thermo Trace GC (1310) coupled with a Thermo Delta-V plus system. The GC was equipped 

with an RTX-200 MS capillary column (60 m × 0.25 mm i.d., 0.25 μm film thickness) that was programmed to first heat up to 240 

120 °C at 40 °C min-1 and then ramp to 320 °C at 6 °C min-1, with a hold time at 320 °C for 12 min. An external standard with 

known δ13C value (Mix A7 Arndt Schimmelmann, Indiana University, USA) was run every 10 samples to assess the drift of 

the instruments. The δ13C values of the fatty acids were corrected for the additional C from methylation (δ13CCH3 δ
13CC-MeOH = 

-48.09 ± 0.41 ‰), and accounting for the number of carbon atoms (n) of each FAME as follows: 

𝛿13𝐶𝐹𝐴 =
(𝑛𝐶𝐹𝐴 + 1) ∗ 𝛿13𝐶𝐹𝐴𝑀𝐸𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 1 ∗ 𝛿13𝐶𝐶𝐻3−𝑀𝑒𝑂𝐻

𝑛𝐶𝐹𝐴

 245 

Since δ13C of the FAME fractions could only be measured on specific carbon chains (C16-C28), weighted-average δ13C values 

of HMW FA were calculated as follows: 

𝛿13𝐶𝐻𝑀𝑊 𝐹𝐴 =
∑(𝛿13𝐶24−28 ∗ 𝐶24−28)

∑(𝐶24 − 𝐶28)
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2.6 Mixing models 

To estimate the proportional contributions of terrigenous and marine OC deposited in the Gulf of Palermo submarine canyon 250 

system, we employed a Bayesian isotope mixing model that utilizes Markov Chain Monte Carlo (MCMC) methods to estimate 

posterior distributions of source contributions following (Andersson, 2011) and adapting the MixSIAR model (Stock et al., 

2018) to Python’s PyMC library (Abril-Pla et al., 2023).  

We estimated the contribution of terrigenous and marine OC using several approaches. We applied a one-dimensional mixing 

model employing only δ13C values as endmembers of marine and terrigenous OC. We then applied a two-dimensional mixing 255 

model combining δ13C with OC/TN, δ15N, and Δ14C, respectively (see Table 1 for postulated endmember value ranges from 

published literature). 

In the different one-dimensional and two-dimensional mixing models, each model was run 4000 times using MCMC sampling 

of the ranges of endmember values, assuming they follow a normal distribution. Posterior distributions of source proportions 

were summarized using the mean and the highest density interval at 68 %, representative of one standard deviation. 260 

Table 1. Ranges of marine and terrigenous endmembers for δ13C, OC/TN, δ15N, and Δ14C, as well as the location where these values 

were obtained. 

Endmember Marine Terrigenous Locations References 

δ13C  -21 ‰ to -19 ‰ -32 ‰ to -26 ‰ Gulf of Lions 

Sicily soils 

Catalan rivers 

(Harmelin-Vivien et al., 2008; 

Sanchez-Vidal et al., 2013; 

Lawrence et al., 2020) 

OC/TN 5 to 9 8 to 13 Gulf of Lions 

Catalan rivers 

(Harmelin-Vivien et al., 2008; 

Sanchez-Vidal et al., 2013) 

δ15N 4 ‰ to 16 ‰ 3 ‰ to 5 ‰ Gulf of Lions 

Catalan rivers 

(Harmelin-Vivien et al., 2008; 

Sanchez-Vidal et al., 2013) 

Δ14C 0 ‰ to 100 ‰ -310 ‰ to -66 ‰ Sicily soils (Lawrence et al., 2020) 

3 Results 

3.1 Sedimentological, elemental and isotopic composition 

Median grain size of surficial sediment from the Gulf of Palermo and its submarine canyons system did not exhibit a clear 265 

offshore trend, mostly ranging between 23 µm and 25 µm, with the exception of the Oreto canyon head (OC-200) at 13 µm 

and the Eleuterio mid-canyon (EC-500) at 10 µm (Fig. S1). Similarly, mineral surface area did not present any clear spatial 

pattern, with values generally ranging between 11 and 15 m2·g-1, with the exception of the Eleuterio mid-canyon (EC-500) at 

21 m2·g-1 which had the largest mineral surface area in agreement with the finest median grain size, given the close relationship 

between these two parameters (Fig. S1). 270 
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The spatial distribution of surface OC in this system exhibited a slight offshore decrease from 1.6 % on the shelf (S-70) to ~1.2 

% inside the canyons, with lowest OC contents (1.1 %) in Oreto mid-canyon (OC-500) (Fig. 2a). TN content presented a 

similar offshore trend, although highest values (0.17 %) were observed in the Oreto canyon head (OC-200), and lowest values 

(0.13 %) in both Oreto mid-canyon (OC-500) and Arenella mid-canyon (AC-500) sites (Fig. S2a). The OC/TN molar ratio 

presented a modest offshore decrease from 9 at S-70 to 8 in Arenella mid-canyon (AC-500) and to values of ~6 inside Oreto 275 

and Eleuterio canyons (Fig. 2b). Given the spatial distribution of grain size and mineral surface area across this canyon system, 

OC contents were normalized to mineral surface area (OC/SA) to assess the distribution of “OC loading” to account for the 

influence of hydrodynamic sorting of fine-grained sediment that is enriched in OC as well as its transformation during its 

transport. OC loading exhibited a clear offshore decrease across the gulf from 1.3 g·m-2 in S-70 to 0.6 g·m-2 in EC-500, 

presumably reflecting OC degradation during transit (Fig. 2c).  280 

The spatial distribution of δ13C values of bulk OC presented a general offshore increase, ranging from -27 ‰ on the shelf (S-

70) to -21 ‰ in Arenella mid-canyon (AC-500) (Fig. 2d). Isotopic composition varied among canyons, with lower values in 

Eleuterio Canyon (-26 ‰ to -23 ‰), in comparison to Oreto Canyon (-24 ‰ to -21 ‰) and Arenella Canyon (-21 ‰). The 

spatial distribution of δ15N values of surface sediment was relatively invariant, ranging between 6 to 7.2 ‰ (Fig. 2e). 

Nevertheless, there was a general offshore increase from 6 ‰ on the shelf (S-70) to 7.2 ‰ in Eleuterio mid-canyon (EC-500) 285 

(Fig. 2e).  

In the case of radiocarbon contents of OC, the sediment core from the shelf (S-70) had the lowest (oldest) Δ14C values of -

286.4 ± 0.7 ‰, equivalent to 2646 ± 71 years before present (yr BP). Within the submarine canyons, there was a general 

offshore decrease in Δ14C, indicative of down-canyon ageing of OC (Figs. 2f, S2b). Arenella mid-canyon (AC-500) had the 

highest Δ14C of -220.2 ± 0.8 ‰, whereas in both Eleuterio and Oreto canyons, Δ14C values decreased from -230.5 ± 0.8 ‰ 290 

and -226.6 ± 0.8 ‰ at their heads (EC-200 and OC-200, respectively), to -253.7 ± 0.7 ‰ and -250.9 ± 0.7 ‰ at Eleuterio mid-

canyon (EC-500) and Oreto canyon mouth (OC-800), respectively, corresponding to a ~250 yr down-canyon ageing of OC. 

This general down-canyon decrease in Δ14C values was interrupted in Oreto mid-canyon (OC-500), which exhibited the oldest 

(2568 ± 70 yr BP) and lowest Δ14C value of -286.4 ± 0.7 ‰ (Figs. 2f, S2b).  
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 295 

Figure 2. Spatial distribution of bulk parameters: a) OC, b) OC/TN, c) OC loading, d) δ13C, e) δ15N, f) Δ14C. Colour bars are adjusted 

to highlight the minimum, mean, and maximum values for each variable. 

3.2 Organic matter composition 

The composition of OM in terms of proteins, lipids, and carbohydrates generally varied offshore with different water depth-

related patterns in each canyon (Figs. 3a-c). Lowest protein concentrations of 1.1599 ± 0.119 mgC·g-1 OC were observed in 300 

Arenella mid-canyon (AC-500) (Fig. 3a). In contrast, highest protein concentrations were observed in Oreto Canyon, where 

concentrations decreased down-canyon from 2.57222 ± 0.032 mgC·g-1 OC at its head (OC-200) to 1.26109 ± 0.12 10 mgC·g-

1 OC at its mouth (OC-800), the latter being comparable to concentrations in AC-500. Eleuterio Canyon had slightly lower 

protein concentrations (~200 mgC·g-1 OC) than in the other canyons (Fig. 3a). Highest carbohydrates concentrations were 

detected in Oreto Canyon head (OC-200), where concentrations decreased down-canyon from 3.6311 ± 0.432 mgC·g-1 OC to 305 

2.9247 ± 0.221 mgC·g-1 OC, with minimum values of 0.5446 ± 0.01 mgC·g-1 OC at mid-canyon (OC-500) (Fig. 3b). 

Carbohydrate concentrations were slightly lower in Eleuterio Canyon, where values decreased down-canyon from 3.1270 ± 

0.18 mgC·g-1 OC at the canyon head (EC-200) to 0.4639 ± 0.076 mgC·g-1 OC at mid-canyon (EC-500), the latter similar to 

the carbohydrate concentrations observed at the same mid-canyon depths in both Arenella and Oreto canyons (Fig. 3b). Lipid 

concentrations were highest in Arenella Canyon, with 1.29111 ± 0.022 mgC·g-1 OC, and lowest in Oreto Canyon, where values 310 

decreased offshore from 0.8876 ± 0.1110 to 0.6251 ± 0.082 mgC·g-1 OC. Eleuterio Canyon had intermediate concentrations 

of 0.7666 ± 0.03 mgC·g-1 OC and 0.7262 ± 0.054 mgC·g-1 OC in its head and mid-canyon (Fig. 3c). 
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Concentrations of phytopigments did not present a general offshore decrease and were more variable between canyons (Fig. 

3d). Lowest concentrations of 0.1613 mgC·g-1 OC were observed both in S-70 and OC-500, whereas highest concentrations 

were observed in Arenella Canyon (0.2117.8 ± 0.011.0 mgC·g-1 OC) and Eleuterio Canyon (EC-200: 0.2017.1 ± 0.02.1 mgC·g-315 

1 OC; EC-500: 0.19316.6 ± 0.0023 mgC·g-1 OC). 

Protein turnover rates in selected sediment samples showed a general increase with depth and distance from shore (Fig. S2c). 

Lowest turnover rates were measured in Eleuterio canyon head (EC-200, 0.85 ± 0.20 yr-1) which increased with depth (EC-

500, 4.69 ± 0.99 yr-1). In Oreto Canyon, turnover rates also increased downcanyon where highest turnover rates were observed 

in the canyon mouth (OC-500, 2.52 ± 0.54 yr-1; OC-800, 17.5 ± 1.8 yr-1). Finally, Arenella mid-canyon had the highest turnover 320 

rates in comparison to the other sediment samples located at a similar depth-range (AC-500, 12.1 ± 2.7 yr-1). 

3.3 Lipid biomarkers  

Specific sources of organic matter were assessed based on concentrations and ratios of GDGTs and n-alkanoic acid (fatty acid, 

FA) biomarkers. Unfortunately, during the separation of GDGTs, the extract from Eleuterio mid-canyon (EC-500) was lost 

and insufficient material was available to re-extract lipids from this sample.  325 

Surficial sediment in all sites presented detectable amounts of branched GDGTs (brGDGTs) and isoprenoid GDGTs 

(isoGDGTs). Concentrations of isoGDGTs were an order of magnitude higher than brGDGTs, with crenarchaeol as the most 

abundant isoGDGT (51 ± 2%) (Fig. S4a, b). Crenarchaeol concentrations exhibited no distinct pattern with depth or distance 

from shore (Fig. 4a). Crenarchaeol concentrations were highest (420 µg·g-1 OC) in the Oreto canyon head (OC-200), where it 

decreased downcanyon to 340 µg·g-1 OC at mid-canyon (OC-500) with minimum values of 210 µg·g-1 OC detected in the 330 

canyon mouth (OC-800) (Fig. 4a). Relatively similar crenarchaeol concentrations of ~230 µg·g-1 OC were detected in the 

remaining sites. The BIT index did not follow a clear pattern with depth or distance from shore either, and was considerably 

low across the entire study area (0.025-0.05) (Fig. S3c). The #ringstetra ratio had a narrow range across all sites, between 0.67 

and 0.73, whereas the ΣIIIa/ΣIIa ratio ranged between 1.2 and 2.4 across all sites (Fig. S3d, e). 

Formatted: English (United States)

Formatted: Normal

Formatted: Font: Bold, Superscript



14 

 

 335 

Figure 3. Spatial distribution of composition of organic matter: a) proteins, b) carbohydrates, c) lipids, and phytopigments. Colour 

bars are adjusted to highlight the minimum, mean, and maximum values for each variable. 

The concentrations of LMW FA (C < 20) ranged from 13 to 35 µg·g-1 OC, and the concentrations of HMW FA (C ≥ 24) ranged 

from 18 to 25 µg·g-1 OC (Fig. 4b, c). There was no apparent trend with depth for neither LMW nor HMW FA. In the case of 

LMW FA, concentrations were lowest on the shelf (S-70; 19 ± 2 µg·g-1 OC), and slightly higher in Arenella mid-canyon (AC-340 

500; 25.4 ± 0.3 µg·g-1 OC). The Oreto canyon head (OC-200) exhibited the highest concentrations of 35 ± 3 µg·g-1 OC which 

decreased down-canyon to 28 ± 3 µg·g-1 OC in the canyon mouth (OC-800), with minimum concentrations of 13 ± 1 µg·g-1 

OC observed in the mid-canyon site (OC-500). Finally, LMW FA concentrations presented a slight down-canyon increase in 

Eleuterio Canyon, from 25.4 ± 0.3 µg·g-1 OC in the canyon head (EC-200) to 28 ± 2 µg·g-1 OC in the canyon mouth (EC-500) 

(Fig. 4b). 345 

For the HMW FA, concentrations were highest on the shelf (S-70; 24.9 ± 0.1 µg·g-1 OC) and in the mid-canyon site of Arenella 

Canyon (AC-500; 25.2 ± 0.1 µg·g-1 OC). Oreto Canyon presented a slight down-canyon increase from 21.0 ± 0.1 µg·g-1 OC 

in the canyon head (OC-200) to 24.4 ± 0.1 µg·g-1 OC in the canyon mouth (OC-800), with lowest concentrations of 18.1 ± 0.1 

µg·g-1 OC in the mid-canyon (OC-500) (Fig. 4c). The CPI(C24-C32) had relatively low values and fell within a narrow range 

between 1.8 and 2.4. Lowest CPI(C24-C32) were observed in S-70, AC-500 and OC-800 (1.8-1.9), intermediate values ranging 350 

between 2.1 and 2.2 were observed in OC-200, OC-500 and EC-200, and highest CPI(C24-C32) values of 2.4 in EC-500 (Fig. 

S3f).  
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Figure 4. Spatial distribution of concentrations of a) crenarchaeol, b) LMW FA (C16-C18)even, c) HMW FA (C24-C32)even, and d) 

spatial distribution of δ13C signature of HMW FA (C ≥ 24). Colour bars are adjusted to highlight the minimum, mean, and maximum 355 
values for each variable. 

Compound-specific δ13C values of individual fatty acid homologues vary from -25 ‰ to -30 ‰ (Fig. 5). The δ13C signature 

decreased from -27.6 ± 0.3 ‰ in C16 to -29.9 ± 0.4 ‰ in C22 fatty acids. For C24 to C28 compounds, δ13C values increased to 

high as 26.1 ± 0.5 ‰ for the samples in Arenella and Oreto canyons, whereas the increase of δ13C was more modest for the 

shelf and Eleuterio Canyon, reaching -28.7 ± 0.4 ‰. The concentration-weighted average δ13C signature of HMW FA showed 360 

a distinct spatial variation across canyons (Fig. 4d). Higher δ13C values of -26.3 ± 0.3 ‰ were observed in the Arenella Canyon, 

which decreased to -27.4 ± 0.2 ‰ in the Oreto Canyon, and further decreased to -29.2 ± 0.5 ‰ in the Eleuterio Canyon, which 

was similar to the shelf site (Fig. 4d). 
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Figure 5. Compound-specific δ13C signature of each fatty acid compound. 365 

3.4 Source allocation through mixing models 

Considering the range of values of terrigenous and marine end-members, there is a general shift of δ13C composition from 

more terrigenous to more marine with depth (Fig. S4). However, when combining the δ13C values with OC/TN and δ15N, the 

trend is not that clear. Nevertheless, the fraction of terrigenous OC provided by the Bayesian Markov-Chain Monte-Carlo 

mixing model in one dimension with only δ13C, as well as in two-dimensional mixing models of δ13C coupled with OC/TN, 370 

δ15N, or Δ14C showed a general offshore decrease from 80 to 20-40%, depending on the model (Fig. S5). 

The spatial variations of the source apportionment were very similar between the one-dimensional mixing model and the two-

dimensional mixing model with OC/TN and δ15N, although these models provided highest uncertainties (Fig. S5). In these 

three models, the offshore decrease of the terrigenous OC fraction was interrupted by a sudden drop in Oreto Canyon at 200 

m (OC-200), which presented minimum terrigenous fraction (15-19%). This low terrigenous fraction presents a stark contrast 375 

to the terrigenous OC fractions (48-60%) in sediment cores collected further downcanyon at 500 m (OC-500) and 800 m (OC-

800). The sediment core collected in Arenella Canyon (AC-500) also presented a similarly low terrigenous OC fraction of 

20%. 

In the dual end-member mixing model with δ13C and Δ14C (Fig. S5), both OC-200 and AC-500 also presented the lowest 

terrigenous fraction, but only of 47-55% in comparison to the lowest terrigenous OC fraction of 15-19% presented by the other 380 

models. 
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4 Discussion 

4.1 Contribution of terrigenous and marine organic carbon in the Gulf of Palermo 

The contribution of terrigenous and marine OC deposited in the Gulf of Palermo and its submarine canyons system was 

assessed by combining an array of bulk parameters (e.g., δ13C, Δ14C, δ15N, OC/TN). While δ13C is the most used proxy for OC 385 

source apportionment in one-dimensional mixing models (Pedrosa-Pàmies et al., 2013; Wei et al., 2024), if both C3 and C4 

plants are present in the terrigenous ecosystem, as is the case in the Gulf of Palermo (Domina et al., 2025), δ13C values of 

terrigenous and marine OC sources can overlap, hindering source apportionment (Goñi et al., 1998; Gordon and Goñi, 2003). 

It is important to note that, while the δ13C signatures of terrigenous and marine endmembers adopted for our study area are 

quite distinct and do not overlap, they were not obtained directly in the Gulf of Palermo region, but rather from similar 390 

Mediterranean environments (Table 1). Hence, we further constrain the proportion of terrigenous and marine OC using dual 

end-member models, which provide an additional dimension and restriction to the calculations for source allocation (Fig. S4). 

The application of mixing models using different proxies relies on the assumption that their signatures are conservative and 

are thus not modified by degradation processes, but this is rarely the case. Even δ13C values are subject to change given that 

they reflect a composite signature of individual compounds that make up the OC. Preferential degradation of specific 395 

compounds can shift the δ13C signature of residual OC (Komada et al., 2012; Lalonde et al., 2014). However, the most 

important caveats in the aforementioned proxies are associated with OC/TN ratios, as well as δ15N, and Δ14C values, since they 

experience the greatest alterations through degradation without necessarily reflecting a change in the proportions of terrigenous 

and marine OC (Meyers, 1994; Lehmann et al., 2002; Komada et al., 2012; Briggs et al., 2013). Hence, we employ biomarkers 

to further evaluate the use and limitations of these proxies. 400 

OM of terrigenous origin tends to have a higher OC/TN ratio than marine OM, but the preferential degradation of N-containing 

components (e.g., proteins) can also modify this ratio, hindering the use of this proxy to determine the sources of OM (Meyers, 

1994; Briggs et al., 2013). We deduce that the spatial variation in OC/TN is mostly influenced by degradation rather than 

source since, for instance, Arenella mid-canyon (AC-500) had one of the highest δ13C values (-22 ‰), similar to marine 

endmember, but its OC/TN ratio (8.4) was also one of the highest in the study area, within the values of terrigenous endmember 405 

(Fig. S4a). Hence, OC/TN is not an adequate proxy to constrain sources of OC deposited in the Gulf of Palermo. In the case 

of δ15N, there is no pattern in its signature in relation to δ13C (Fig. S4b), possibly due to the diverse inputs that may contribute 

to δ15N signatures which complicate its application in source apportionment (Rumolo et al., 2011; Wang et al., 2021), 

especially considering that this margin is also influenced by anthropogenic pollution (Di Leonardo et al., 2009; Palanques et 

al., 2022). Finally, while Δ14C values have often been used to constrain the sources of marine and terrigenous OC (Kao et al., 410 

2014; Kim et al., 2022), it can also be modified by degradation (Blair and Aller, 2012; Komada et al., 2012; Bao et al., 2018). 

In the Gulf of Palermo, the Δ14C signature appears to be mostly driven by source, given the close relationship between Δ14C 

and phytopigments, where high Δ14C values are indicative of young OC is positively correlated with phytopigment 
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concentrations (Fig. S5S4). Hence, we assume that the δ13C-Δ14C mixing model is most appropriate for constraining sources 

of terrigenous and marine OC in the Gulf of Palermo. 415 

The fraction of terrigenous OC provided by the Bayesian Markov-Chain Monte-Carlo δ13C-Δ14C mixing model showed a 

general offshore decrease from 80% to 50% (Fig. 6). The highest fractions of terrigenous OC were observed on the shelf (S-

70: 63-87%, for the lower and upper 68 % highest density interval, respectively, see section 2.6), located only 2.5 km from the 

Oreto River mouth, while minimum terrigenous OC contributions were observed in Arenella mid-canyon (AC-500: 47-56%) 

as this submarine canyon is located farther north and up-current from both Oreto and Eleuterio rivers. The offshore decreasing 420 

trend in terrigenous OC contributions was not apparent for the Oreto Canyon, where minimum terrigenous contributions (47-

55%) occurred at the canyon head (OC-200), in comparison to higher terrigenous contributions in the mid-canyon (OC-500: 

58-73%) and canyon mouth (OC-800: 53-68%) (Fig. 6). This is counter to the general premise that the contribution of 

terrigenous OC decreases down-canyon, as observed in other submarine canyons (Pasqual et al., 2013; Pedrosa-Pàmies et al., 

2013; Gibbs et al., 2020; Pruski et al., 2022), suggesting more complex dispersal patterns of terrigenous OC (see section 4.3). 425 

Finally, Eleuterio Canyon located down-current in the Gulf had decreasing terrigenous OC contribution with depth (EC-200: 

54-78%; EC-500: 55-63%). Interestingly, the spatial distribution of OC sources is somewhat related to its reactivity, estimated 

as protein turnover rates (e.g., (Soru et al., 2022, 2024). Highest protein turnover rates were observed in Arenella mid-canyon 

(AC-500), which had one of the highest marine OC fractions, whereas lowest protein turnover rates were observed in Eleuterio 

canyon head (EC-200), which had one of the highest terrigenous OC fractions (Fig. S2c). However, we pinpoint here that other 430 

factors may also be contributing to the reactivity of OC (see section 4.3). 

 

Figure 6. Depth and spatial variations in the fraction and content (as a percentage of total sediment) of terrigenous and marine OC 

obtained from the two-dimensional mixing model based on δ13C and Δ14C values (a-c). Colour bars (b, c) are adjusted to highlight 

the minimum, mean, and maximum values for each variable. 435 

The fraction of terrestrial OC reaching the submarine canyons in the Gulf of Palermo (50-70%) is considerably lower than in 

river-connected submarine canyons such as Gaoping Canyon (90%; Hsu et al., 2014) and Congo Canyon (100%; Baker et al., 

2024). However, this fraction is similar to other non-river connected submarine canyons incising continental shelves such as 

Hokitika and Kaikoura canyons (70-90% and 50%, respectively; Gibbs et al., 2020), and higher than in other canyons such as 

Aviles Canyon (40%; Romero-Romero et al., 2016), Blanes Canyon (40%; Pedrosa-Pàmies et al., 2013), and Baltimore 440 
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Canyon (40%; Prouty et al., 2017). We acknowledge, though, that the fraction of terrigenous and marine OC deposited in 

continental margins also depends on marine primary productivity and the consequent flux of marine OC to the seafloor which 

is lower in the Mediterranean margin in comparison to other continental margins: this leads to the accumulation of lower OC 

contents in several Mediterranean continental margins in comparison to submarine canyons incising other margins (Pusceddu 

et al., 2010; Pasqual et al., 2011).  445 

When combined with mass accumulation rates from this area (Paradis et al., 2021), the spatial distribution of marine and 

terrigenous OC mass accumulation rates can be estimated (Fig. 7). Interestingly, despite the high terrigenous OC content of S-

70, this site had the lowest terrigenous OC accumulation rate due to its low sedimentation rate, whereas highest terrigenous 

accumulation rates occurred in the Eleuterio mid-canyon (EC-500), given the high sedimentation mass accumulation rate at 

that site (0.82 g·cm-2·yr-1; Paradis et al. (2021)). In contrast, highest marine OC accumulation occurred in Arenella mid-canyon 450 

(AC-500) and in Oreto canyon head (OC-200). Although no data of mass accumulation rate is available from the continental 

slope, the rapidly decreasing accumulation rates on the shelf with distance from shore (0.84 to 0.15 g·cm-2·yr-1) to values that 

are considerably lower than in submarine canyons (0.35-0.82 g·cm-2·yr-1) indicates that sedimentation rates on the adjacent 

slope will be considerably lower than in the canyon axis, as observed in other incised continental margins (Buscail et al., 1997; 

Sanchez-Cabeza et al., 1999; Masson et al., 2010; Paradis et al., 2018). Moreover, surficial sediment from a sediment core 455 

collected in the open slope between Oreto and Eleuterio canyons at 712 m depth (Di Leonardo et al., 2009) did not present any 

sign of trace metal contamination, whereas sediment cores collected along the canyon axis had significant trace metal contents, 

indicating a preferential downslope transfer of sediment and pollutants into submarine canyons (Palanques et al., 2022). In 

fact, this same sediment core on the slope also presented higher δ13C values (-22.7 ‰; (Di Leonardo et al., (2009)), similar to 

marine end-member values, than those in the afore-mentioned canyons (-24 to -25 ‰), which tend toward more terrigenous 460 

end-member values. This further supports the notion that submarine canyons transfer terrigenous OC deeper and farther 

offshore than would occur in their absence.  

The observed high accumulation of both marine and terrigenous OC in these submarine canyons This confirms their role that 

submarine canyons act as important sites of OC accumulationsequestration, as shown in other canyon systems of both 

terrigenous and marine origin (Masson et al., 2010; Maier et al., 2019; Baudin et al., 2020). However, the contrasting 465 

accumulation of terrigenous and marine OC in each canyon, but suggests that even in closely spaced submarine canyons, the 

main source of the OC can greatly differ. 
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Figure 7. Spatial distribution of: a) mass accumulation rate (MAR) of the studied sediment cores (Paradis et al., 2021) and additional 

sediment cores from the shelf (Di Leonardo et al., 2007, 2012; Rizzo et al., 2009), b) terrigenous OC accumulation rate (OC-terr 470 
AR), and c) marine OC accumulation rate (OC-mar AR). Colour bars are adjusted to highlight the minimum, mean, and maximum 

values for each variable. 

4.2 Sources of terrigenous and marine organic carbon in the Gulf of Palermo 

The highest fraction of marine OC (45-53%) as well as marine OC content (0.57-0.68 % dw) are found in surficial sediment 

of Arenella mid-canyon (AC-500) and Oreto canyon head (OC-200). These sites had the highest δ13C and Δ14C values, trending 475 

towards corresponding marine endmembers (Fig. S4c). The high contribution of marine OC in these sites is further confirmed 

by the biomarker signatures. Phytopigment concentrations were highest in AC-500 (0.2117.8 ± 0.01.0 mgC·g-1 OC) and OC-

200 (0.1916.0 ± 0.021.4 µgC·g-1 OC), in comparison to the other sites (Fig. 3d), indicative of high influx of OM from marine 

phytoplankton. In addition, concentrations of crenarchaeol, an isoGDGT exclusively produced by the ammonia oxidizing 

archaea Nitrososphaerota Thaumarchaeota commonly found in marine environments (Sinninghe Damsté et al., 2002), were 480 

highest in OC-200 (400 µg·g-1 OC) (Fig. 4a). Interestingly, this site had the highest nitrogen content and nitrogen-rich 

particulate matter such as proteins (Fig. 3a). Similarly, the concentration of low molecular weight fatty acids (LMW FA), 

which serves as an indicator of both marine phytoplankton and other (marine) microbial inputs (Volkman et al., 1980; Viso 

and Marty, 1993; Wakeham and McNichol, 2014), is also highest in OC-200 (Fig. 4b). Altogether, this suggests that, while 

AC-500 receives primarily marine OM of phytoplankton origin, OC-200 receives marine OM from diverse origins. 485 

Regarding the terrigenous OC distribution, according to the δ13C-Δ14C mixing model, the highest proportion of terrigenous 

OC (0.63-0.87) and terrigenous OC content (1.0-1.4% dw), occurred on the shelf at 72 m water depth (S-70), only ~2.5 km off 

the Oreto river mouth, and terrigenous OC contributions generally decreased with depth and distance from shore, albeit with 

contrasting patterns in each submarine canyon (Fig. 6). Noticeably, while terrigenous OC deposited in marine systems can be 

comprised of biogenic OC (e.g., plants, leaves, soil) and petrogenic OC (e.g., bedrock weathering) (Galy et al., 2008; Kao et 490 

al., 2014; Kim et al., 2022), the 14C fraction modern mixing model as exemplified by Galy et al. (2008) (Fig. S6S7) indicates 

that OC in this system mostly appears to consist of biogenic OC, with negligible contribution of petrogenic OC (Fig. S6S7). 

This is probably due to the limited presence of petrogenic OC from the lithology surrounding the hills of Palermo despite the 

high erodibility of soils in this area (Fantappiè et al., 2015), which have been shown to be decisive factors in the weathering 

Formatted: English (United Kingdom)

Formatted: Not Superscript/ Subscript



21 

 

of petrogenic OC (Evans et al., 2025). Moreover, the radiocarbon age of OC in surface sediments from the Gulf of Palermo, 495 

ranging between 1900 and 2600 years BP (Fig. S2b), is similar to those of surficial sediments from other continental margins 

that are not influenced by petrogenic input (Paradis et al., 2023, 2024). To identify the different origins of terrigenous OC (i.e., 

soil-derived or plant-derived), we assessed spatial variations of soil-derived GDGT proxies and plant-derived high molecular 

weight fatty acids (HMW FA). 

The BIT index, the ratio of brGDGTs and isoGDGTs, is often employed as a proxy of soil-derived terrigenous contribution, 500 

where a high BIT index (> 0.6) is indicative of high input of soil-derived OM (Hopmans et al., 2004; Weijers et al., 2014). 

However, the BIT index was low throughout the study area, ranging only from 0.025 to 0.050, contrasting sharply with values 

of 0.6-0.8 in sites offshore river mouths on other continental margins (Kim et al., 2006; Yedema et al., 2023), indicating limited 

input of soil-derived terrigenous OC. However, the use of the BIT index as a proxy of soil-derived terrigenous OM relies on 

the fact that brGDGTs occur exclusively in soil-derived microorganisms, but there is growing evidence that brGDGTs can also 505 

be produced in-situ by bacteria in coastal sediments and/or water column (Zhu et al., 2011; Weijers et al., 2014; Sinninghe 

Damsté, 2016), hindering the use of this index.  

To identify if brGDGTs are produced in-situ in the Gulf of Palermo, we looked at the #ringstetra ratio (Sinninghe Damsté, 2016) 

and the ΣIIIa/ΣIIa ratio (Xiao et al., 2016), since terrigenous OM has a #ringstetra ratio of 0.21 ± 0.20 and a ΣIIIa/ΣIIa ratio < 

0.59. In fact, the #ringstetra ratio across the Gulf of Palermo ranged from 0.67 and 0.73, and the ΣIIIa/ΣIIa ratio ranged from 510 

1.2 to 2.4, indicating that brGDGTs are produced in-situ, hindering the ability to derive the contribution of soil-derived 

terrigenous OM in the Gulf of Palermo. This matches the findings from other shelf areas, where in-situ brGDGT production 

was identified by the use of these proxies, with high #ringstetra and ΣIIIa/ΣIIa ratio and low BIT index (Zhu et al., 2011; 

Sinninghe Damsté, 2016; Xiao et al., 2016; Yedema et al., 2023; Wei et al., 2024). In addition, Indeed, brGDGTs from the 

Gulf of Palermo had very distinct composition than those of global soils and peats (Dearing Crampton-Flood et al., 2020) (Fig. 515 

S7S8), indicating that brGDGTs in surficial sediment from the Gulf of Palermo may not necessarily reflect terrigenous soil 

contributions. Hence, analyses of other soil-derived biomarkers (Tesi et al., 2008; Kim et al., 2022; Paradis et al., 2022) might 

be more informative to determine the contribution of soil OM in this system. 

In the case of plant-derived HMW FA, highest concentrations were observed on the shelf (s-70), as expected, given its 

proximity to the coast and the Oreto river mouth (Fig. 4c). Similarly high concentrations of HMW FA were also observed in 520 

Arenella Canyonmid-canyon (AC-500), suggesting that, although this site has lowest terrigenous OC content (~0.6 %) in 

comparison to the other canyon sites (0.6-0.8 %), it has the highest plant-derived OC (25 µg·g-1 OC) relative to the other 

canyons (18-21 µg·g-1 OC), with the exception of Oreto canyon mouth ( OC-800) (see section 4.3). This points to a distinct 

source of terrigenous OC deposited in this canyon in comparison to the other canyons in this gulf. This is further supported by 

the contrasting OM composition in terms of proteins, carbohydrates and lipids, since Arenella Canyon had the highest lipid 525 

contents but lowest proteins and carbohydrate contents in comparison to the other canyons (Fig. 3).  
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4.3 Dispersal of terrigenous organic carbon in the Gulf of Palermo 

Despite the general offshore decrease of terrigenous OC across the Gulf of Palermo, each canyon exhibited distinct patterns 

and specific sources of terrigenous OC, which we attribute to the influence of dispersal mechanisms of terrigenous OC: 

Arenella Canyon located up-current had lowest terrigenous OC fraction but  highest land plant-derived OC contents, Oreto 530 

Canyon located mid-canyon in the middle part of the gulf presented a down-canyon increase of both terrigenous OC fraction 

and plant-derived OC, whereas Eleuterio Canyon located farther down-current and closest to the coast and rivers had highest 

terrigenous OC fraction but lowest plant-derived OC.  

To better understand the dispersal of terrigenous OC in the Gulf of Palermo, we examine the δ13C compositions of individual 

fatty acids (Fig. 5). Although always more 13C-depleted than the corresponding bulk δ13C signatures, δ13C values are usually 535 

higher in the low carbon number fatty acids since these generally represent marine OM, whereas terrigenous fatty acids with 

higher carbon number tend to have lower δ13C values, echoing terrigenous δ13C signatures (e.g., Tao et al., 2016). However, 

this is not the case across the Gulf of Palermo. As expected, we observe a general decrease in δ13C values with increasing 

carbon number between C16 and C20 (LMW FA representative of marine OM). However, this trend is reversed in the C24 to C28 

fatty acids (HMW FA of terrigenous origin) (Fig. 5). In fact, we observe two distinct trends in the δ13C signatures of HMW 540 

FA: sediment cores collected on the shelf and in Eleuterio Canyon exhibit a modest 0.9 ‰ increase of δ13C values with 

increasing fatty acid carbon number (C24 to C28), whereas the sediment cores collected in Oreto and Arenella canyons presented 

a larger 3.4 ‰ increase. This difference in the δ13C signatures of HMW FA implies distinct sources of terrigenous OM in 

surficial sediment across the Gulf of Palermo. 

The variation of weighted-average δ13C values of HMW FAs is consistent with the eastward direction of the regional current, 545 

with higher values observed in Arenella Canyon (-26.3 ± 0.3 ‰), slightly lower δ13C values of HMW FA reaching Oreto 

Canyon (-27.4 ± 0.2 ‰), and lowest δ13C values of HMW FA deposited in Eleuterio Canyon (-29.2 ± 0.5 ‰), similar to the 

signature on the shelf (-29.2 ± 0.2 ‰) (Fig. 4d). This pattern suggests that terrigenous OC delivered by both Oreto and Eleuterio 

rivers are transported eastwards until reaching Cape Zafferano, where this promontory then redirects currents towards the head 

of Eleuterio Canyon located approximately 2 km offshore, thereby transferring larger amounts of terrigenous OC from these 550 

rivers into this canyon (Fig. 8). This agrees with the higher natural (i.e, pre-1980sunaffected by bottom trawling) 210Pb-derived 

sedimentation rate observed in EC-200 (Paradis et al., 2021). In contrast, terrigenous OC reaching Arenella Canyon would 

originate from a different source farther up-current from the Gulf of Palermo (e.g., distal rivers such as those that discharge 

into the adjacent Gulf of Castellammare, , aeolian input, or coastal erosion). Finally, the slightly lower weighted-average δ13C 

signature of HMW FAs in Oreto Canyon in comparison to Arenella Canyon (Fig. 4d) suggests that the terrigenous OC that 555 

reaches this canyon is a mixture of the allochthonous terrigenous OC that reaches Arenella Canyon and those delivered by the 

Oreto River. Using the weighted-average δ13C signature of HMW FAs from the shelf and Arenella Canyon as possible end-

members of local riverine and different distal terrigenous OC source, respectively, only 30 to 40 % of the terrigenous OC 

delivered by the Oreto River is would be deposited in the Oreto Canyon, whereas the majority would originates from another 
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up-current source that this canyon intercepts (Fig. 8). However, additional sampling should be conducted to further refine the 560 

endmembers used in this study area (Table 1) and provide more definite understanding of the dispersal of terrigenous and 

marine OC in the Gulf of Palermo, such as sampling the different rivers and collecting suspended particles to determine marine 

OC signatures. 

A similar pattern was observed in the submarine canyons of New Zealand, where δ13C analysis of fatty acids revealed that 

terrigenous OC deposited in submarine canyons did not originate from the closest river, but rather from more distal rivers 565 

which were transported by longshore drift and intercepted by the canyon (Gibbs et al., 2020). This highlights the importance 

of coastal sedimentary dynamics in distributing terrigenous OC into submarine canyons. In addition, the spatial variation in 

CPI(C24-C32) values of HMW FA across canyons (Fig. S3f), a metric of the degree of degradation of plant-derived OC, points 

to different degree of degradation of plant-derived OC, with more degraded HMW FAs deposited in Arenella Canyon, slightly 

less degraded HMW FAs deposited in Oreto Canyon, and least degraded HMW FAs deposited in Eleuterio Canyon, consistent 570 

with the transit of terrigenous OC through the system (Fig. 8). It is important to note that these CPI(C24-C32) values (1.8-2.4) are 

lower than those observed in other continental margins with significant riverine input as well as high HMW FA contents in 

surficial sediments, such as East China Sea (400-900 µg·g-1 OC, CPI(C24-C32) 3.4-4.7; Tao et al., 2016), the  and Laptev Sea 

(300-7150 µg·g-1 OC, CPI(C24-C32) 3.7-5.9; Bröder et al., 2016), and the Helgoland Mud Area in the North Sea (170-1150 µg·g-

1 OC, CPI(C24-C32) 4-5.5; (Wei et al., 2025)), indicating that the limited plant-derived OM deposited in the Gulf of Palermo is 575 

already considerably degraded, which could be a characteristic of continental margins affected by ephemeral, torrential rivers. 
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Figure 8. Schematic diagram of the dispersal pathways of terrigenous OM across the shelf of the Gulf of Palermo and its submarine 

canyons. The colour of the arrows indicates distinct terrigenous OM sources or dispersal mechanism whereas the size represents the 

magnitude of the terrigenous OM transported. 580 

The dispersal of terrigenous OM is not only affected by the regional currents, but also by trawling-derived sediment 

resuspension, both of which displace large amounts of sediment from the shelf and slope into these submarine canyons (Paradis 

et al., 2021; Arjona-Camas et al., 2024). This transfer of sediment into submarine canyons has not only increased sedimentation 

rates within all three canyons since the industrialization of the bottom trawling fishing fleet in the 1980s (Paradis et al., 2021), 

but it has contributed to the dilution of heavy metals accumulating in the canyons (Palanques et al., 2022). Hence, this 585 

anthropogenically-induced sediment transport could also be affecting the dispersal of terrigenous and marine OC in the Gulf 

of Palermo submarine canyons, delivering more resuspended OC into the canyons (Fig. 8). In addition, the higher 

sedimentation rates in submarine canyons associated to sediment resuspension by bottom trawling activities on the flanks 

could be increasing the preservation potential of OC within submarine canyons, and further studies should address this. 
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Bottom trawling activities could also be affecting OC content and composition. This would be the case in the Oreto Canyon, 590 

where bottom trawlers continuously fish along the canyon axis and highest fishing effort of the region have been recorded in 

this canyon (Fig. 8). Here, the Anthropogenic perturbations are strongest in the Oreto Canyon, since the high fishing effort 

inside the canyon (Fig. 1) leads to repetitive resuspension and down-canyon transport of sediment and its terrigenous OC, 

resulting could explain the in a down-canyon increase of terrigenous OC and plant-derived (HMW FA) OC in along this 

canyon (Figs. 4c, 6). Furthermore, this the continuous sediment resuspension and erosion at this site due to repetitive bottom 595 

trawling promotes a reduction of OC contents in surficial sediment (Tiano et al., 2024), either associated to erosion or the 

degradation of OC. Given the high sedimentation rates in this site (Paradis et al., 2021), the reduction of OC associated to 

bottom trawling in this site may be dominated by enhanced degradation of OC, potentially due to sediment mixing (e.g., 

(Middelburg, 2018)) and oxygenation (e.g., increasing oxygen exposure time of OC (Hartnett et al., 1998)), potentially 

depleting leaving behind sediment deprived of the most labile reactive OM components such as phytopigments from the 600 

seafloor (Fig. 3d). This process shifts the OC source toward less marine and more terrigenous OC, which tend to be less 

reactive, as seen by the low protein turnover rate in this site (Figs. 3d, S2c). This process introduces leads to older (i.e., more 

14C-depleted) and less reactive OC to on surface sediments, which could have dire consequences to the impair ecosystem 

functioning (Danovaro et al., 2008) in this area, ultimately affecting benthic community composition and abundance (Pusceddu 

et al., 2014; Good et al., 2022). 605 

5. Conclusion 

The contribution of terrigenous and marine OC in the Gulf of Palermo continental shelf and submarine canyon system was 

determined using multiple proxies and mixing models. Highest marine OC contents were found in Arenella Canyon, and were 

shown to be primarily of phytoplankton origin, while in the Oreto canyon head, marine OC consisting of a combination of 

phytoplankton and microbial inputs. The terrigenous OC contents decreased offshore, being highest on the continental shelf 610 

and lowest in the submarine canyons. However, terrigenous OC accumulation rates were highest in all the studied submarine 

canyons, highlighting their role in funnelling and sequestering terrigenous OC. The BIT ratio based on GDGT distributions 

indicate that soil OC inputs are low, with brGDGTs also found to be most likely produced by in-situ bacterial production. In 

contrast, using plant-derived FAs, we were able to identify two predominant sources of terrigenous OC across the Gulf of 

Palermo: terrigenous OC exported from the Oreto and Eleuterio rivers that discharge into the Gulf of Palermo, and terrigenous 615 

OC supply from a distal source, likely via along margin advective transport. The distribution of these two terrigenous sources 

was linked to the dispersal pathway of terrigenous OC, which was governed by the main regional currents: Arenella Canyon 

located farther up-current received terrigenous OC from a distal source, Oreto Canyon received a combination of distal and 

local riverine terrigenous OC, while Eleuterio Canyon, located farther down-current at the edge of the gulf, likely received 

local terrigenous OC exclusively from Oreto and Eleuterio rivers. Finally, anthropogenic sediment disturbance caused by 620 

bottom trawling also plays a role in the distribution of terrigenous OC, promoting the down-canyon transport of terrigenous 
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OC. The repeated trawled-induced sediment resuspension and erosion reduces the availability of fresh organic matter, leading 

to aged OC and potentially affecting ecosystem functioning. Our findings emphasize the need to consider hydrodynamic and 

sedimentary transport processes to understand the dispersal of terrigenous OC across continental margins. We also highlight 

that non-river connected canyons can serve as important sites in the sequestration of terrigenous OC. This is especially 625 

significant given that the majority of submarine canyons nowadays are not connected to a river, yet they could still be important 

in sequestering terrigenous OM transported by along-margin currents and transferring it towards deeper environments. 
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