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Abstract 12 

Estuaries are dynamic interfaces between land, rivers and the ocean that play major 13 

roles in the global carbon cycle. These coastal wetlands store huge amounts of organic carbon 14 

(OC), commonly known as “blue carbon” and excellent places to study C cycling. The 15 

Guadiana river estuary is among the most important tidal salt marshes in the South - Iberian 16 

coastal margin. Here, a detailed organic geochemical study is described that includes the 17 

identification of sedimentary OM composition at a molecular and isotopic level. Total 18 

organic carbon content (TOC) of core sediments ranged from 0.39 to 2.23 % and stable 19 

carbon isotope composition (δ13C) also showed a wide range between -22.4 and -27.0 ‰. A 20 

13C depletion trend observed from the surface to bottom in the core sediments profiles, 21 

reflects loss of labile biogenic 13C enriched compounds i.e. polysaccharides and a selective 22 

preservation of more depleted compounds with depth i.e. lignin and lipids in the core 23 

sediments. Series of n-alkanes were found in the range from C10 to C31. Carbon preference 24 

index ratio (CPI) calculated for long-chain n-alkanes (C24-C31) that ranged between 1.17 and 25 
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1.94 reflecting diverse OM inputs to the sediments. A study of the lignin-derived phenolic 26 

composition pointed to a recalcitrant OM derived from both gymnosperm and angiosperm 27 

plants. Moreover, high abundance of vinyl phenol and vinyl guaiacol points to a dominant 28 

contribution of lignins from grasses and aquatic macrophytes to the sediments. A well-29 

resolved series of long-chain linear alkyl benzenes (LABs from C4 to C22) were recorded in 30 

all core sediment samples indicating direct discharge of untreated domestic and/or industrial 31 

effluents to the estuary. Polycyclic aromatic hydrocarbons (PAHs) with more than 3 rings 32 

reflects the pyrogenic origin of a portion of the sedimentary OM. This study highlights the 33 

importance of different OM sources to the lower Guadiana estuarine sediments and 34 

contributes to a better knowledge about its origin, dynamics and fate. 35 

 36 
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1. Introduction 40 

Continental margins are critical zones where terrigenous sediment and organic matter 41 

mix in a complex and dynamic environment (Aller and Cochran, 2019; Liu et al., 2016; 42 

McKee et al., 2004). These areas receive ca. 0.4 Pg yr-1 (Pg =1012 kg) of OC, of which 43 

approximately half is in particulate form (Hedges and Keil, 1995; Hedges et al., 1997). About 44 

90% of OC transported by rivers is buried on it (Hedges and Keil, 1995) and play a crucial 45 

role in the global carbon cycle. Estuaries and the continental shelf are the dynamic interfaces 46 

between rivers and the open ocean where the exchange of sediments, organic matter (OM) 47 

and nutrients occurs (Raymond and Bauer, 2001). In estuaries, sedimentary OM composition 48 

is influenced by several factors such as river discharge, tidal mixing, microbial respiration, 49 

photooxidation, flocculation, resuspension and remobilization of OM (Hedges and Keil, 50 

1999; McCallister et al., 2006; Aller and Cochran, 2019). Although the fate of terrestrial OM 51 

in estuaries is still ambiguous, mass budgets suggest that extensive remineralisation and 52 

removal of terrestrial OM occurs before entering the ocean (Hedges et al., 1997). However, 53 

terrigenous OM exhibits a greater burial efficiency because of its more refractory nature 54 

compared to its marine counterpart (Hedges et al., 1997; Burdige, 2007). 55 

Estuarine zone is an excellent place to study OC cycling because of its high rate of 56 

OM production, processing, high sedimentation rate and an OM preservation potential from 57 

bacterial mineralization through mineral sealing (González-Vila et al., 2003; Burdige, 2007). 58 

On the other hand, estuaries and coastal wetlands are the most threatened ecosystems, 59 

globally due to the pressure of human interventions such as rapid urbanization, industrial and 60 

commercial development, agriculture, and anthropogenic pollution (Barbier et al., 2011; 61 

Jennerjahn and Mitchell, 2013). 62 

Vegetated coastal wetlands store a vast amount of OC in seagrass meadows and 63 

intertidal wetlands (mangroves and intertidal marshes) which is commonly referred to as 64 
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“blue carbon” (McLeod et al., 2011). These “blue carbon” ecosystems apparently sequester 65 

more atmospheric carbon per unit area than any other natural ecosystem on Earth (McLeod et 66 

al., 2011; Duarte et al., 2013). Tidal salt marshes are highly productive ecosystems also 67 

showing carbon sequestration rates that are disproportionate to their area. It is estimated that, 68 

while these vegetated coastal ecosystems only occupy 0.2% of the ocean surface, they 69 

contribute up to 50% of carbon burial in marine sediments (Duarte et al., 2005; 2013). 70 

Therefore, the study of the sedimentary OC pool using molecular and isotopic approaches can 71 

provide insight to understand the role of vegetated coastal ecosystem in the coastal and 72 

marine carbon cycling. The evaluation of OM sources in coastal sediments are usually 73 

difficult using the classical two end-member approach (allochthonous vs. autochthonous) due 74 

to the presence of intermediate OM pools i.e. from aquatic macrophyte plants. However, 75 

studies that use a multiple biomarkers approach in combination with stable carbon isotopic 76 

analyses, have been demonstrated most successful in discerning among different revealing 77 

the sources of OM sources in complex and dynamic environments of near shore and shelf 78 

sediments (e.g. Mead et al., 2005; Yunping et al., 2006; Sikes et al., 2009). In this respect, 79 

analytical pyrolysis has been widely used to study biomarkers in a number of different 80 

matrices and more recently in soils (Sarante et al., 2015; Jiménez-Morillo et al., 2016), 81 

sediments (Zhang et al., 2017; Kumar et al., 2018) and suspended particulate matter (Le Meur 82 

et al., 2017). 83 

Guadiana river estuary is one of the most important tidal salt marshes ecosystems in 84 

the South - Iberian coastal margin. In the last two decades, research has been carried out 85 

along the estuary and in South West Iberian Peninsula in terms of time resolved Holocene 86 

sedimentary processes and OM fluctuation (terrestrial/marine) (González-Vila et al., 2003), 87 

the molecular composition and structural features of sedimentary humic acids (Polvillo et al., 88 

2009) and the fate of terrestrial OM dispersal in the Guadiana estuary and adjacent inner 89 
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continental shelf (Sánchez-García et al., 2008, 2009). In the present study, a detailed and 90 

accurate identification of sedimentary OM composition at a molecular and isotopic level is 91 

performed and intended to help in discriminate between different sources of OM contributing 92 

to the Guadiana estuarine sediments. This study may help in ameliorate water management 93 

decisions in case of e.g. anthropogenic contamination from various sources, or to help to 94 

establish conceptual predictive models for C flux in tidal salt marshes ecosystem. 95 

Therefore, the main purpose of this study was to better understand the origin, 96 

dynamics and fate of the different OM forms in the lower Guadiana estuarine sediments. This 97 

objective is approached through three specific objectives: (1) to evaluate the influence of salt 98 

marshes vegetation in the intertidal sedimentary OM pool (2) to investigate the spatial 99 

variability of sedimentary OM sources in order to determine the influence of C3 and C4 salt 100 

marshes vegetation and (3) to evaluate anthropogenic OM accumulation in intertidal 101 

sedimentary deposit. For this, in this study, we have examined elemental carbon content, bulk 102 

stable isotope composition (δ13C), and the presence of selected organic molecular tracers (n-103 

alkanes, phenolic compounds, LABs, and PAHs) from three transects core sediments 104 

covering salt marshes vegetation and unvegetated (bare) mudflat sites. 105 

 106 

2. Materials and Methods 107 

 108 

2.1. Study area description 109 

The Guadiana River Estuary is one of the most important fluvio-marine system of the 110 

South-Western Iberian Peninsula (Morales, 1997). The 600 m wide estuarine palaeovalley is 111 

deeply incised into Carboniferous bedrocks to ca. 70 m depth below mean sea level (Boski et 112 

al., 2008). During ca 13.5 kyr following the last glaciation, the palaeovalley was filled with 113 

sediments of mixed origin, which provided one of the longest records of the Late Pleistocene 114 
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/ Holocene sea-level rise (Delgado et al., 2012). The estuary is classified as semidiurnal 115 

mesotidal with a mean range of approximately 2.5 m. The mean neap tidal range is 1.22 m 116 

and the mean spring tidal range is 2.82 m (Garel et al., 2009). Tidal waves in the Guadiana 117 

estuary generate currents with velocities exceeding 0.5 m/s (Morales, 1997). The Guadiana 118 

river discharge into the Estuary is actually regulated by several dams located in the upper 119 

catchment, including the Alqueva dam (the largest fresh-water reservoir in Europe). 120 

Therefore, in recent years the estuarine system experienced a shortage of fluvial sediments 121 

that were trapped behind the dams, which accentuated the impact of sea-level rise (Sampath 122 

et al., 2015). The freshwater discharge (Qf) flow of the Guadiana River is estimated in 2 m3/s 123 

during the dry season (Wolanski et al., 2006) with large interannual variations (Garel et al., 124 

2009). The regional climatic condition is semiarid but July and August are placed under the 125 

category of arid months. 126 

 The lower estuary zone that comprises the Castro Marim Salt Marsh on the 127 

Portuguese side (a Nature Reserve since 1975) and the Isla Cristina salt marshes on the 128 

Spanish side, contain extensive areas of halophyte vegetation and an intricate system of 129 

gullies and channels. Salt marsh vegetation is characterized by a typical zonation with 130 

homogeneous stands of Spartina maritima as a pioneer species, colonizing the lower marsh 131 

areas, while Sarcocornia fruticosa and Sarcocornia perennis are found in the upper salt 132 

marshes (Boski et al.,2008).The salt marsh ecosystems are recognized as important wintering 133 

grounds for many bird species, particularly waders, and are key spawning and nursery 134 

grounds for numerous fish, mollusk, and crustacean species (Veiga et al., 2006). The Lower 135 

Guadiana River estuary belongs to Ramsar List of Wetlands of International Importance and 136 

also included in the Natura 2000. Estuary itself are both impacted by anthropogenic activities 137 

that include damming, dike and jetties construction, dredging, as well as agricultural and 138 

urban development, which has deteriorated the health of the local ecosystem. 139 
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 140 

2.2. Core sampling description  141 

Core sediment sampling campaigns were conducted during low tide periods in August 142 

2015. The coring was preceded by a general field survey of the intertidal salt marshes zones 143 

to identify and select the best coring sites within the transects. After visiting several suitable 144 

areas, three transects sites (BT, CMT and PMT) were selected (Fig. 1) for retrieving core 145 

sediments. A total of 9 sediment cores (100 cm long) were collected along three intertidal 146 

transects covering salt marsh floral zones and mudflat sites in perpendicular to the water line. 147 

Transect BT was positioned ca. 8 km upstream from the estuary mouth, CMT was located ca. 148 

4 km. and transect PMT 1km away from estuary mouth. For each site, sediment core coded 149 

T1 was retrieved from the Sarcocornia fruticosa zone, T2 was from the Spartina maritima 150 

and T3 was taken from the bare mudflat area. After retrieving sediment cores were sliced into 151 

10 cm thick segments for sampling of 0-10, 30-40, 60-70 and 90 -100 cm intervals. All sliced 152 

sediments were wrapped in thin aluminum foil and, to avoid microbial growth and 153 

immediately freeze-dried in the laboratory. Before analyses, the samples were grounded and 154 

homogenized using an agate ball mill. Plastic contact was avoided and the samples were 155 

handled and stored using clean laboratory glassware. 156 

 157 

2.3. Elemental and carbon stable isotope analysis (δ13C) 158 

Total OC content (%C) in sediment samples was analyzed using a Flash 2000 HT 159 

elemental C, H, N, O, S micro-analyzer (Thermo Scientific, Bremen, Germany) coupled to a 160 

thermal conductivity detector (TCD). For each sediment sample c. 7 mg was weighted in a 161 

precision balance and the calibration curve established by taking triplicate readings of 162 

acetanilide used as C standard. In the same run the combustion gasses were directed via a 163 

ConFlo IV interface unit to a continuous flow Delta V Advantage isotope ratio mass 164 
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spectrometer (IRMS) (Thermo Scientific, Bremen, Germany) and analyzed for bulk carbon 165 

isotope composition. The isotopic ratios are reported in the delta notation (δ) as parts per 166 

thousand (‰) deviations from Pee Dee Belemnite (13C/12C, PDB) as appropriate standards 167 

recognized by the International Atomic Energy Agency (IAEA) (Valkiers et al., 2007). The 168 

standard deviation of bulk δ13C was typically less than ± 0.05‰. All samples were analyzed 169 

in triplicate. 170 

Before the analysis, the presence of carbonates in the sediments that may interfere 171 

with OC δ13C was tested using a conventional acidification method with hydrochloric acid 172 

(1M HCl) and observing effervescence under a binocular microscope as described in Verardo 173 

et al. (1990). Only seven samples were positive giving a very light effervescence reaction. 174 

We decided to remove inorganic C only in the positive samples (BT3 0–10; CMT1 0–10; 175 

PMT1 90–100; PMT2 0–10, 60–70, 90–100; PMT3 0–10). 176 

 177 

2.4. Analytical pyrolysis 178 

The Py-GC/MS was performed using a double-shot Frontier Laboratories pyrolyzer 179 

(model 2020i, Fukushima, Japan), directly connected to an Agilent 6890 GC/MS system 180 

(Agilent, Santa Clara, CA). Aliquots of ca.10 mg were weighted on a precision balance, 181 

placed in crucible deactivated steel pyrolysis capsules and introduced into a preheated micro-182 

furnace at 500 °C for 1 min. The evolved gases were directly injected into the GC/MS system 183 

for analysis. The GC was equipped with low polar-fused silica (5%-phenyl-methyl 184 

polysiloxane) capillary column (Agilent J&WHP-5ms Ultra Inert, of 30m × 250 mm × 0.25 185 

mm film thickness). The oven temperature was held at 50°C for 1 min and then increased up 186 

to 100°C at 30°C / min, from 100 to 300°C at 10°C / min and was stabilized at 300°C for 10 187 

min. The carrier gas was helium at a controlled flow of 1 mL / min. The detector consisted of 188 

an Agilent 5973 MSD (mass selective detector), and mass spectra were acquired with 70-eV 189 
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ionizing energy. The identification of individual compounds was achieved by single ion 190 

monitoring for different homologous series, via low resolution mass spectrometry and 191 

comparison with published data. Additionally, the individual compound assignment was done 192 

by comparison with the National Institute of Standards and Technology (NIST) and Wiley 193 

libraries data. 194 

 195 

 From the relative abundances of the chromatographic peak areas for the n-alkane series 196 

released directly after pyrolysis, the following molecular markers were calculated. 197 

 Chain length ratio (short/long) (S/L) is the relative abundance of short to long 198 

hydrocarbon chains and was calculated according to the following formula  199 

S/L = ∑ (Cn) 10–23/ S (Cn) 24–31 200 

Where n is the number of carbon atoms and [Cn] is the relative abundance of each 201 

alkane. 202 

 The weighted average of carbon chain lengths (ACL) was calculated for the long n-203 

alkane range detected (C24–31) as: 204 

ACL = Σ (n×Cn) 24–31 / Σ(Cn) 24–31 205 

The carbon preference index (CPI) is an estimation of the relative abundance of odd to 206 

even C chain numbers. This index is informative about sedimentary OM and allows to 207 

discern between different source of sedimentary OM; a CPI value >1 means that odd C chain 208 

numbers prevail over even C chain numbers and OM input to the soil/sediment is of plant 209 

origin; while a CPI value < 1 means bacterial, algal and degraded OM input to the 210 

soil/sediments (Bray and Evans, 1961). In this research, CPI was calculated in the range from 211 

24 to 31 carbons. 212 

CPI (24–31) = 0.5 × [Σ (Cn odd) 25–31/Σ (Cn even) 24–30+ Σ (Cn odd) 25–31/Σ (Cn even) 26–30] 213 
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Where [Cn odd] is the hydrocarbon abundance with odd-numbered C chain and [Cn 214 

even] is the hydrocarbon abundance with even numbered C chain (Duan and He, 2011; 215 

Jiménez-Morillo et al., 2016). 216 

Terrigenous/aquatic ratio (TAR) for n-alkanes is an index initially proposed by 217 

Bourbonniere and Meyers (1996) to distinguish the relative contributions between land plants 218 

and algal inputs and is calculated using the equation: 219 

TAR = (C27 + C29 + C31) / (C15 + C17 + C19) 220 

The Paq proxy is based on the proportions of aquatic macrophyte vs. emergent and 221 

terrestrial plant inputs to lacustrine sediments (Ficken et al., 2000) and was calculated using 222 

the equation:  223 

Paq = (C23 + C25) / (C23+ C25 + C29 + C31) 224 

If no other way stated, data dispersion is calculated as the standard deviation from the 225 

mean. 226 

Methoxiphenols are known to be released from the pyrolysis of lignin. Therefore, by 227 

searching for specific diagnostic ions of a set of 12 main methoxyphenols, a semi quantitative 228 

assessment of lignin pyrolysis products in the sediment was performed as described in Tinoco 229 

et al. (2002). 230 

The main methoxyphenols lignin units identified in the sediment samples included 231 

both 2-methoxyphenol (guaiacol “G”) and 2, 6-dimethoxyphenol (syringol “S”). An example 232 

of the lignin signature found in the sediments is shown in Fig. 4 as overlaid mass 233 

chromatograms m/z 124+138+152+150+164+166 for the G-lignin-derived pyrolysis products 234 

and overlaid mass chromatograms m/z 154+168+182+180+194+196 for the S-lignin 235 

products. A semi-quantitative assessment of both guaiacyl and syringyl main derivatives are 236 

presented in Table 2. 237 

 238 



11 
 

3. Results and Discussion 239 

 240 

3.1. Organic carbon content 241 

Total organic carbon content in the sediments of the cores were low and ranged from 242 

0.39 to 2.23 % (sediment dry weight), showing a tendency towards slightly higher values 243 

with increasing distance from estuarine mouth (Table 1). The core sediments from BT 244 

transect of the Sarcocornia site were richer in TOC (2.16 ± 0.07 %) than those in the 245 

Spartina maritima site (1.58 ± 1.16 %) and relatively lower TOC contents were recorded in 246 

the barren mud flat zone (1.50 ± 0.19 %). The CMT transect sedimentary TOC content 247 

ranged between 0.39 and 2.23%; Sarcocornia site values were 1.10 ± 0.46 % and Spatina 248 

maritima 1.24 ± 0.71 % and for mudflat as low as 0.86 ± 0.44 %. The PMT transect shows 249 

very low sedimentary TOC content between 0.45 to 1.71 %. 250 

Salt marsh vegetation influences the composition of sedimentary OM at greater depths 251 

through biota reworking and the penetration of roots into the sediments. Several studies have 252 

shown that marsh vegetation contributes with significant amounts of OM to the sediment 253 

(Goñi and Thomas, 2000; Wang et al., 2003). On the other hand, major terrigenous OM 254 

contributions are expected to be transported and buried from riverine inputs (Hedges and 255 

Keil, 1995). In addition, vegetation also influences OM dynamics by favoring ventilation and 256 

oxygen diffusion into sediments affecting the redox status and interactions among iron, sulfur 257 

and carbon (Antler et al., 2019). 258 

The TOC contents found for Guadiana estuary sediments are in good agreement with 259 

those previously reported for salt marsh sediments elsewhere. For the Minho River estuary 260 

(NW Iberian Peninsula), De la Rosa et al. (2012) found that TOC contents ranged from 1.9 to 261 

14.1 %. Values reported for Spartina-dominated marsh sediments from a mineral marsh in 262 

SW Netherlands and from a peaty marsh in Massachusetts, USA ranged from 5.6–36.7% 263 
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(Middelburg et al., 1997). In the present study, the sediments from sites closest to the estuary 264 

mouth (PMT & CMT transects) showed lower TOC contents (0.9–1.2 %) when compared to 265 

the BT (1.5–2.2 %) transect core sediments (Table 1), and consistent with those reported in a 266 

previous study from inner continental shelf sediments of Iberian Peninsula (Sánchez-García 267 

et al., 2008). 268 

The low abundance of TOC close to Guadiana river mouth sediments (TOC ≥1.0%) 269 

may support the idea that estuarine sedimentary environments are “incinerators” for 270 

decomposing OM (Aller and Blair, 2006). However, for this particular area of the Gulf of 271 

Cádiz, it has been also shown that solubilized degraded OM is more likely to be sorbed and 272 

stabilized prior to transport to the marine system, showing an apparently more advanced 273 

degradation state close to the river mouth (Sánchez-García et al., 2009). 274 

 275 

3.2. Stable carbon isotope compositions 276 

Sedimentary OM stable isotope composition (δ13C) ranged from -22.4 ‰ to -27.0 ‰ 277 

(Table 1), indicating a mixed contribution from marine and terrestrial sources. Core 278 

sediments from BT transect under Sarcocornia vegetation cover ranged between -23.9 ‰ to -279 

26.8 ‰ and under Spatina maritima vegetation cover depict δ13C values from -25.8 to -27.0 280 

‰. Core sediments from mudflat site showing similar range as under Spatina maritima 281 

vegetation cover and vary from -25.8 to -27.0 ‰. These values are reflecting dominant OM 282 

contribution from C3 plants to the organic fraction of the sediments. For CMT core sediments 283 

under Sarcocornia spp vegetation cover reveals δ13C values ranging between -24.2 and -25.9 284 

‰ (-25.35 ± 0.79 ‰), under C4 Spartina maritima vegetation δ13C values ranged from -22.4 285 

to -25.9 ‰ (-24.80 ± 1.61 ‰) and in the mudflat site ranged between -24.9 and -25.8 ‰ (-286 

25.23 ± 0.49). These values are slightly higher than those from BT transect core sediments 287 

and reflect typical estuarine sedimentary OM composition derived from both marine and 288 

https://www.sciencedirect.com/science/article/pii/S0025322712002319#t0005
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terrestrial sources. In the PMT transect situated close to the estuarine mouth, the core 289 

sediments under Sarcocornia cover show δ13C values of -25.23 ± 0.50 ‰, under Spartina 290 

maritima cover and sediments from mudflat site slightly enriched values are found of -24.95 291 

± 1.26 ‰ -24.58 ± 0.79 ‰ respectively (Table 1). 292 

In salt-marsh sedimentary deposits, bulk δ13C values reflect OM contributions from 293 

autochthonous (salt-marsh plants, algal and bacterial inputs), as well as allochthonous 294 

(terrestrial) OM. Saltmarsh vegetation which rely on the C4 photosynthetic pathway (e.g. 295 

Spartina spp reveals δ13C between -14.0‰ and -13.8‰, while the plants with the C3 296 

photosynthetic pathway e.g. Sarcocornia spp, typically present δ13C between -27.2‰ and -297 

28.6‰ (Kemp et al., 2012). Marine phytoplankton exhibits intermediate δ13C values (-18 to -298 

21‰) (Fogel et al., 1989). Due to the large difference in δ13C values (ca. 12‰) between C3 299 

and C4 plants derived OM, the identification of OM deposited in estuarine salt marsh 300 

sedimentary deposits is straight forward. The δ13C values recorded in this study suggest that 301 

OM deposited in core sediments mainly derived from C3 plants (Table.1). In principle it was 302 

expected to find significant amount of 13C enriched C4 plant derived OM in the sediments, at 303 

least under Spartina maritima vegetation cover. However, relatively depleted values are 304 

observed (Table, 1) pointing to a scarce contribution from C4 plants to sedimentary OM 305 

reflecting in fact a limited contribution from Spartina maritima. This is probably due to the 306 

fact that C4 plants (Spatina maritima) derived biomass production is comparatively lower as 307 

compared to C3 plants. Spatina maritima is a recent invasive species that at present still 308 

covers a narrow band in the low marsh area of the estuary. Thus, influence of Spartina 309 

maritima vegetation in the sedimentary OM deposits is negligible compared to that from C3 310 

plants. As another possibility, fluvial discharge and tidal washing from the upper marsh could 311 

also carry significant amount of OM from Sarcocornia fruticosa and other C3 species of 312 

marsh plants to the low marsh sediments and could explain also the depleted δ13C values 313 
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under Spartina maritima site core sediments. Previous study indicated that the majority of 314 

biomass produced in tidal salt marshes is degraded or exported via lateral tidal fluxes, and 315 

only a small amount remains accumulated in the marsh sediments (e.g Chalmers et al. 1985; 316 

Middelburg et al. 1997). Inputs from marine phytoplankton and algal sources are especially 317 

important in the mud flat settings. The δ13C values recorded from core sediments at mudflats 318 

sites indicate that OM preserved an admixture of all possible sources. It is difficult to assess 319 

quantitatively the percentage of contribution from each source to the core sediments in the 320 

transect covering vegetated and non-vegetated sites without knowing the decomposition rate 321 

of OM from each source (Wang et al., 2003). The stable isotope composition recorded in this 322 

study is in line with those obtained by previous investigation by Sánchez-García et al. (2008), 323 

who reported similar range of bulk δ13C values (-22. 80‰ to -25.90 ‰), in the Guadiana 324 

Estuary and adjacent inner continental shelf sediments. 325 

The observed down core δ13C depletion trend in the sediments (-25.2 ± 1.1 ‰ at 0–10 326 

cm and -26.0± 0.7 ‰ at 90–100 cm) may be explained by a selective loss of the more labile 327 

13C enriched OM compounds (e.g. polysaccharides) at expenses of more resilient and 13C 328 

depleted lignin or lipids in the deeper sediments. This has been previously observed and 329 

known to result in depletion of bulk δ13C values in intertidal sediment, in some cases by 330 

several per mil (e.g. Benner et al., 1987; Wilson et al., 2005). Overall the stable isotope 331 

results indicate that sedimentary OM has probably the largest contribution from terrestrial 332 

OM. In tidal estuary, rivers may discharge significant amount of terrigenous OM with 333 

depleted δ13C value. Thus, it is expected a relevant overlap in the bulk δ13C values across the 334 

different sources, which certainly may limit the application of this proxy in estuarine 335 

sediments. In estuarine sediments the amount of terrigenous OM is expected to decrease with 336 

increasing seaward distance from the estuary mouth (Thornton and McManus, 1994) 337 

although we have recorded little change in in terrestrially derived OC in the Guadiana salt 338 
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marsh, sediments within the 10 km range from river mouth reflecting mixture of OM from 339 

different sources. 340 

 341 

3.2. Analytical pyrolysis a biomarker approach 342 

Analytical pyrolysis of soil or sediment samples thermally extract compounds from 343 

the organic complex matrix. In this sense, a pyrolyzate is comparable to an extract from OM 344 

containing valuable molecular markers providing valuable information about OM origin or 345 

evolution status. Some of the compounds in the pyrolyzate, i.e. alkyl series can be thermaly 346 

desorbed at sub-pyrolysis temperatures before pyrolysis and released from the organic matrix 347 

without major structural alterations (Wang et al., 2019). In fact, the n-alkane series obtained 348 

after pyrolysis are identical in structure and shows similar pattern of homologues to those 349 

obtained by solvent extractions of plant biomass i.e. a chain length ranging from c. C10 to C34 350 

and a typical predominance of odd C numbered chains in the long chain range (Eglinton and 351 

Hamilton, 1967). This suggests that these molecules are neither artefacts nor secondary 352 

products generated by pyrolysis, but native constituents of the sample under study (Jiménez-353 

González et al. 2016). An example pyrogram with the major compounds found is depicted in 354 

Fig. 2. 355 

 356 

3.2.1. Aliphatic hydrocarbons (n-Alkanes) and sources 357 

The selected-ion monitoring (SIM) chromatogram for m/z 57 shows a homologous 358 

series of n-alkane/n-alk-1-ene doublets ranging from C10 to C31 with a maximum in the C10-359 

C15 range (Fig. 3). No significant downcore changes in distribution pattern were observed in 360 

core sediments. The n-alkanes CPI (24–31) values of the core sediment samples ranged between 361 

0.65 and 1.08 (Table 1). The ACL values ranges from 1.17 to 1.94 and terrigenous/aquatic 362 
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(TAR n-alkanes) index calculated for core sediments varies between 0 and 0.35. While, Paq 363 

values for core sediments ranged from 0.07 to 1 (Table 1). 364 

The distribution of n-alkanes in the sediment pyrolysates exhibits maxima at C12 C13 365 

and C15 and a regular decrease in the relative abundance from C17 to C31 homologues (Fig. 3). 366 

In all sediment samples, the short chain n-alkanes (< C20) were recorded with high relative 367 

abundance without an odd over even predominance (EOP) in chain length. The dominance of 368 

C17 homologue is usually ascribed to algae and the C19 homologue to cyanobacteria that has 369 

been reported in several types of marine sediments (Cranwell et al., 1987; Meyers, 2003). 370 

Mid chain n-alkane (C21–C25) distributions were recorded in lower abundance than 371 

short chain n-alkane and are mainly attributed to submerge and floating aquatic macrophytes 372 

(Ficken et al., 2000). Several studies have shown that long chain n-alkanes are promising 373 

molecular proxies to explore the sources of terrestrial OM in the coastal marine systems (e.g. 374 

Gonzalez Vila et al., 2003; Mead et al., 2005; Ferreira et al., 2009; Kumar et al., 2018; 2019). 375 

Long chain n-alkanes (C25–C31) were detected in very low abundances in all studied 376 

core sediments. This would reflect either a minor contribution from vascular plants leaf wax 377 

(Eglinton and Hamilton, 1967; González-Vila et al., 2003). The leaf wax long chain n-378 

alkanes supplied by fluvial transport and salt marshes vegetation may also be by passed 379 

through the intertidal zone and transported directly into the ocean. 380 

Long chain n-alkane carbon preference index CPI (C24–C31) values < 1 or close to 381 

unity are indicative of main inputs from microorganisms, recycled OM, and/or petroleum 382 

spills (Nishimura and Baker, 1986; Kennicutt et al., 1987), while CPI (C25–C33) > 1, points to 383 

the presence of epicuticular waxes of terrestrial vascular plants (Eglinton and Hamilton, 384 

1967) as it seems to be the case here, in the core profile sediments, with CPI values between 385 

1.17 and 1.94 (Table.1). 386 

 387 
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3.2.2. Phenolic compounds and lignin derived phenols 388 

A number of phenolic compounds (phenol, alkyl phenols, methoxyphenols and 389 

benzene diols) were observed in the pyrolyzate of the sediments. Phenol and its alkylated 390 

homologues were identified by examining the SIM chromatograms for 391 

m/z=94+108+120+122. This series was dominated by 4 main compounds following the order 392 

of abundance: vinylphenol > phenol > methylphenols > 4-ethylphenol (Fig. 4). The semi-393 

quantitative assessment of lignin derived methoxyphenols and their relative abundance are 394 

summarized in Table 2 and Fig. 4. Among the guaiacol derivatives, guaiacol (G), 395 

vinylguaiacol (VG), methylguaiacol (MG), and syringol (S) were the most abundant, while, 396 

ethylguaiacol (EG), propenylguaiacol (PG) and acetoguaiacone (AG) were the less abundant. 397 

Among the syringol (S) derivatives, syringol was detected in high abundance and 398 

propenylsyringol (PS) in very low abundance (Table 2). 399 

Several approaches and ratios have been used for the study of lignin and biomass 400 

sources in sediments and suspended particulate matter (e.g. Polvillo et al., 2009; Le Meur et 401 

al., 2017). Here we opted by a semi-quantitative assessment of the phenolic composition 402 

released by pyrolysis to gain insight on the origin and nature of the terrestrial OM in the core 403 

sediments. Table 2 provides a summary of 12 main methoxyphenols that are lignin derived 404 

pyrolysis products useful to identify sources and composition of lignin in estuarine sediments 405 

(Kumar et al., 2018). Gymnosperms, angiosperms and non-woody vascular plants encompass 406 

different types of lignin that can be distinguished on the basis of the pyrolysis products. The 407 

presence of both G and S derivatives in core sediment pyrolysates indicate a mixed 408 

angiosperm and gymnosperm origin and a contribution of both woody and non-woody 409 

sources to core sediments (Hedges and Mann, 1979; Tinco et al., 2002; Le Meur et al., 2017). 410 

The high relative abundance of G, VG and 4-vinylphenol (Table 2, Fig. 4) indicate 411 

major contribution from grass type lignin (both terrigenous and emergent) (Kaal et al., 2015). 412 
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Aquatic plants spores can also contribute to this phenolic distribution (Nierop et al., 2011). 413 

Similar lignin phenol compositions have been previously observed in sediments under 414 

vegetation cover in three other salt marsh sites fromSpan (Ría de Betanzos and Corrubedo 415 

Natural Parks, Galicia, and the Albufera Natural Park, Valencia) (Ferreira et al.,2009). There 416 

is abundance of salt marsh vegetation in the lower Guadiana estuary watershed and 417 

surroundings (e.g. Spartina densiflora, Spartina maritima, Atriplex spp. and Salicornia 418 

patula; Boski et al., 2008), this suggest that macrophyte derived lignin constitute the major 419 

portion of refractory lignin phenols to the core sediments. 420 

Abundance of G and S alkyl derivatives are distinctive pyrolysis products of unaltered 421 

or weakly altered lignin (Polvillo et al., 2009). The presence of altered/degraded lignin moieties 422 

is also supported by the occurrence of benzenediol (catechol) (Fig. 4) in the sediment 423 

pyrolyzates. Although it is known that catechol could also originate from condensed tannins 424 

(Hatcher et al., 1995). Partially degraded lignins are more efficiently preserved in estuarine 425 

sediments than labile marine and phytoplanktonic detritus (Hedges et al., 1997). Moreover, 426 

most of the core sediment pyrolyzates contains vanillic acid which is known to become more 427 

abundant during degradation processes of lignin (Goñi et al., 1993, Opsahl and Benner, 1995). 428 

A previous study from Guadiana estuary has indicated that lignin has been subjected to 429 

diagenetic alterations (Sánchez-García et al., 2009) which is consistent with the findings in this 430 

study. Many studies have reported that alkylphenols pyrolysis products (Phenol, C1- and C2- 431 

phenols) that can be generated from numerous groups of biomacromolecules, including lignin, 432 

proteins containing tyrosine rich moieties, algal derived polyphenolic compound 433 

(phlorotannins), melatonin tyrosine, and tannins (Peulvé et al., 1996; Zegouagh et al., 1999; 434 

van Heemst et al., 2000). 435 

 436 

3.2.3. Linear alkylbenzenes (LABs) 437 
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Identification of the LABs was performed using the SIM chromatograms for ion 438 

m/z=92. Core sediment pyrolysates showed a conspicuous series of LABs that range between 439 

C4 and C22. The semiquantitative assessment of LABs distribution in the core sediments 440 

profile is summarized in Table 3. A typical example of the LABs distribution pattern is 441 

reconstructed from sediment sample BT2 0–10 cm and presented in Fig. 5. In general, the 442 

LABs distribution was dominated by the C4- to C9-LAB homologues; whereas the C18- to 443 

C22- LABs homologues were detected at very low to trace levels. 444 

 445 

3.2.4. PAHs distribution patterns 446 

A semiquantitative assessment for the relative abundances of the PAHs found in the 447 

core sediments is summarised in Table 4. A typical example of the PAH distribution pattern 448 

represented by sample BT1 30-40 cm is presented in Fig. 6. The examination of the relative 449 

abundance of PAHs showed that the distribution pattern found was similar in all the samples, 450 

regardless of core sampling locations (Table 4). Low molecular weight (2–3 rings 451 

compounds) PAHs were observed at higher abundance than their corresponding alkylated 452 

homologous. Pyrene (4-ring PAH) was recorded in low abundance and no alkyl-substituted 453 

derivatives were found. 454 

Lineal alkyl benzenes (LABs) are used as raw material for the synthesis of linear 455 

alkylbenzenesulfonates (LAS), which are the anionic surfactants usually used in synthetic 456 

detergents. The occurrences of long chain LABs in sediments is usually associated to 457 

surfactant residues. These have been used as markers for evaluating the source of sewage 458 

pollution as molecular tracers of domestic waste input (Eganhouse and Pontolillo, 2008; 459 

Alkhadher et al., 2015). 460 

The widespread occurrence of LABs in sediment pyrolyzates suggests untreated waste 461 

water influx to the estuary from adjacent urban centers. Heavy human settlements on the 462 
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lower Guadiana estuary banks are likely to be responsible for the input of domestic wastes 463 

containing LABs in the core sediments. The LABs series recorded in this study was in good 464 

agreement with previous studies reporting the occurrence of LABs in the pyrolysates of 465 

sediments sample from Guadiana estuary salt marshes (Spain Portugal boarder) (Terán et al., 466 

2009). Relatively lower abundance of LABs was recorded near the river mouth. However, 467 

high abundance was found as distance increased from the estuary mouth (Table 4). Such 468 

decreasing trends have also been observed in the case of the Rhone delta and interpreted as 469 

enhanced scavenging of LAB from the water column, indicating their association with 470 

rapidly sinking particles (Bouloubassi and Saliot, 1993). The highly hydrophobic nature of 471 

LABs facilitates its adsorption onto particulate matter and thus is frequently accumulated 472 

with organic-rich particles in aquatic sediments (Sherblom et al., 1992). In addition, LABs 473 

are very persistence in nature often reported in many coastal and marine environments 474 

(Sherblom et al., 1992; Terán et al.,2009). Studies have indicated that under anaerobic 475 

conditions LABs may persist for over 20 years as evidenced in downcore distributions (e.g. 476 

Heim et al., 2004). However, Eganhouse and Pontolillo, (2008) has estimated the half-life of 477 

post-sedimentary LABs to be 7.8 to 10.8 years. LABs homologues consist of isomers with 478 

different phenyl-substitution positions on the alkyl chains referred as external and internal. 479 

External isomers (i.e., isomers whose phenyl substitution positions are near the terminal end 480 

of the alkyl chain) are more susceptible to aerobic microbial degradation than internal 481 

isomers (i.e., isomers whose substitution positions are near the centre of the alkyl chain) 482 

(Isobe et al., 2004). However, in this study, we were unable to detect LABs isomeric forms. 483 

Thus, it was not possible to differentiate their preferential degradation pattern in sediments 484 

under aerobic and anaerobic conditions. 485 

3.2.5. Polycyclic aromatic hydrocarbons (PAHs) and possible sources 486 
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The ubiquitous PAHs are originating both from natural and anthropogenic sources and 487 

referentially deposited in the aquatic environment. The PAHs compounds identified in 488 

Guadiana estuary core sediments are listed in Table 4. The low molecular weight (2–3 rings) 489 

PAHs were observed at higher relative abundance than their corresponding alkylated 490 

homologues (Table 4), which indicate major inputs from pyrogenic sources (González-Pérez 491 

et al., 2014). In aquatic environments, high attention has been given to difference between 492 

petrogenic (usually oil or petroleum derived) and pyrogenic sources of PAHs, because of 493 

their presence often associated with anthropogenic activities. Generally pyrogenic PAHs 494 

compounds are emitted to the atmosphere as soot or gas after the incomplete combustion of 495 

fossil fuels and burning of biomass (fire), which is carried to coastal and marine 496 

environments through atmospheric fallout. This observation was also supported by the 497 

frequent forest fire events taking place in the Iberian Peninsula during hot and dry summer 498 

months. This explanation is in good agreement with previous studies on pyrogenic carbon 499 

distribution in surficial sediments from Guadiana River (Sánchez-García et al., 2013; De la 500 

Rosa et al., 2015). Pyrogenic carbon from charred biomass residues tend to accumulate in 501 

estuarine sediments inputs from wild fires, agricultural practices, transportation, domestic 502 

heating, urban and industrial activities, as well as erosional inputs from river surface runoff 503 

(Sánchez-García et al., 2013). On the other hand, low abundance of alkylated homologous of 504 

PAHs recorded in Guadiana estuary sediment point to minor inputs from petrogenic sources 505 

(Boehm et al., 1997) that could be attributed to boats, ships and domestic effluents in the 506 

study area. 507 

Estuarine salt marshes sedimentary deposits usually include elevated levels of PAHs, 508 

due to anthropogenic activity in the coastal areas as well as upstream river catchments. 509 

Because of their low solubility in water and hydrophobic nature, PAHs compounds readily 510 

adsorb to particulate matter and tend to accumulate in aquatic sediments. Besides, these 511 
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compounds can pose a serious concern on the health of aquatic organisms because of 512 

bioaccumulation (Perugini et al., 2007). Their distributions in sedimentary environments are 513 

mainly controlled by sediment properties such as total organic carbon content (Kim et al., 514 

1999) and mean sediment grain size (Zhang et al., 2004). In intertidal salt marsh ecosystems, 515 

sediment usually contains abundant detritus and high OC content, which facilitates PAHs 516 

accumulation. However, degradation of low molecular weight PAHs compounds occurs 517 

through microbial process in sedimentary environments (Quantin et al., 2005). Besides, 518 

oxygenation of sediments in the root zone colonized by salt marshes plants, diffusion of 519 

oxygen to the surrounding sediment, promotes the degradation of low molecular weight 520 

PAHs compounds (Quantin et al., 2005; Martins et al., 2008). However, to date, only few 521 

studies have explored the degradation and preservation of PAHs compounds in vegetated salt 522 

marshes sediments. Martins et al. (2008) has examined PAHs distribution in depth profiles in 523 

salt marsh sediments and reported higher concentration of PAHs in sediments colonized by 524 

Sarcocornia fruticosa than in unvegetated site sediments. In this study, we did not observe 525 

any apparent variation in the low molecular weight PAHs with down core depth. This could 526 

be due to continuous supply of low molecular weight PAHs compounds to core sediments 527 

which exceeds than degraded molecules. 528 

 529 

3.2.6. Other aromatic hydrocarbons 530 

Series corresponding to indenes and alkylindenes were also identified in the core 531 

sediments pyrolyzates and studied by examining the SIM chromatograms for ions 532 

m/z=116+130+140 (Fig. 7). The distribution pattern of C0- to C2- alkylated isomers shows a 533 

decreasing relative abundance with the number of alkyl carbons (Fig. 7). The styrene peak 534 

(m/z 104) was the most abundant in all core sediments. While, the corresponding methyl 535 

styrene was identified at a relative lower abundance (Fig. 7). 536 
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The distribution of C0- to C2- alkylated isomers of indene have been previously 537 

identified in many geological materials. The observed distributions in the Guadiana salt 538 

marshes are comparable to those previously reported in pyrolyzates of sediment traps from 539 

the northwestern Mediterranean Sea (Peulvé et al., 1996), refractory OM in sediments from 540 

the North–West African upwelling system (Zegouagh et al., 1999) and kerogen-like OM in 541 

recent sediments of Danube delta (Northwestern Black Sea) (Garcette-Lepecq et al., 2000). 542 

Though, the origins of these aromatic hydrocarbons are still unknown. Styrene was highly 543 

abundant in all core sediments pyrolyzates. The presence of styrene and α-methylstyrene 544 

(Fig. 7a) in all core sediment pyrolyzates of in the Guadiana estuary could suggest an 545 

anthropogenic input, may be from plastic (polystyrene) waste (Fabbri et al.,2000). 546 

Nevertheless, styrene could be also produced by other sources e.g. from the pyrolysis of 547 

biomass or peat (Kuder and Kruge, 1998). 548 

 549 

4. Conclusions 550 

This study contributes to a better knowledge about origin, dynamics and fate of OM 551 

forms stored in the lower Guadiana estuarine sediments. The parallel interpretation of 552 

elemental and stable isotope ratio data, in addition to the Py-GC/MS analysis of source 553 

indicator compounds evidenced conspicuous differences in terms of depth of the sedimentary 554 

record, which can be used as semi-quantitative proxies on the main sources and diagenetic 555 

fate of the OM stored in tidal salt marsh ecosystem in the lower Guadiana estuarine 556 

sediments. 557 

Bulk stable carbon isotope results suggest that OM accumulated in the sediments is 558 

not affected by the C4 autochthonous marsh plants among transects core sediment profiles 559 

and that sedimentary OM preserved in the sediments reflects a dominant contribution from 560 

C3 vegetation. The short-medium n-alkane series presented a distribution pattern typical of 561 

https://www.sciencedirect.com/science/article/pii/S0003267000007662#!
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aquatic environment, consisting of bimodal series with a dominance of presumptively 562 

autochthonous alkanes of relatively short-chain (< C20) and no clear odd-to even C 563 

preference. In addition, the presence of alkane series in the C18–C32 range, mainly in surface 564 

(0–10 cm) horizons, with odd-to even C preference typical of epicuticular waxes from 565 

vascular plants, indicate the extent of inputs of terrestrial plants. On the other hand, a well 566 

preserved patterns of lignin-derived methoxyphenols showed large variability and served as a 567 

reliable indicator of terrestrial OM in sedimentary OC pool of estuarine tidal salt marshes. 568 

Compounds from grass-type lignin were dominant among phenolic compounds, most 569 

probably derived from salt marsh plants. With respect to possible anthropogenic 570 

contamination sources, the occurrence of a neat LABs series in the sediments suggests 571 

possible untreated discharges of industrial and domestic wastes and may represents an 572 

environmental threat for the Guadiana Estuary salt marshes. Sedimentary OC pools in 573 

Guadiana estuary salt marshes ecosystem also include PAHs with more than two rings, 574 

suggesting pyrogenic OM which may be attributed to vehicular pollution and combustion of 575 

fossil fuels or to biomass burning. It is expected that ongoing work including a detailed 576 

sedimentological study of the area and characterization of the mineral fraction of the 577 

sediments would shed light to certain inconclusive parts and complement this study. 578 
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Table 1.   870 
Core and location Sediment Samples pH EC( µS/cm) C (% ) δ

13
C (‰) n -alkanes Maxima CPI(24-31) ACL(10-31) S/L TAR Paq

BT1 0-10 7.56 8.35 2.21 -25.5 C10-C31 C13,C22 1.56 17.08 8.53 0.15 0.80

T1 Core (Sarcocornia ) BT1 30-40 8.47 7.52 2.09 -23.9 C10-C31 C13,C20,C25 1.70 17.22 5.88 0.24 0.78

37°14'25.2"N 7°25'30.1"W BT1 60-70 8.41 10.18 2.10 -26.7 C10-C31 C13,C20,C27 1.94 16.40 9.96 0.14 0.80

BT1 90-100 8.31 12.17 2.23 -26.8 C10-C31 C13,C20 1.61 16.60 8.33 0.17 0.80

Average 8.19 9.56 2.16 -25.73 1.70 16.82 8.17 0.18 0.79

STD 0.42 2.07 0.07 1.35 0.17 0.39 1.70 0.05 0.01

BT2 0-10 7.82 8.53 1.34 -25.8 C10-C31 C13,C20,C27 1.56 17.50 4.99 0.30 0.71

T2 Core  (Spartina ) BT2 30-40 8.07 2.60 1.69 -27.0 C10-C31 C12,C22 1.65 17.13 6.44 0.22 0.75

37°14'26.0"N 7°25'31.8"W BT2 60-70 8.27 6.86 1.68 -27.0 C10-C31 C11,C22 1.38 16.82 8.89 0.11 0.85

BT2 90-100 8.45 5.64 1.62 -26.6 C10-C29 C12,C18 1.58 16.23 13.46 0.06 0.90

Average 8.15 5.91 1.58 -26.60 1.54 16.92 8.44 0.18 0.81

STD 0.27 2.50 0.16 0.57 0.12 0.54 3.71 0.11 0.09

BT3 0-10* 7.91 8.48
1.61 

(2.37)

-25.8          

(-23.4)
C10-C31 C13,C22,C27

1.63 17.85
4.52 0.35 0.70

T3 Core (Mudflat site) BT3 30-40 8.21 5.97 1.72 -26.1 C10-C31 C13,C22,C27 1.81 17.42 5.57 0.27 0.74

37°14'27.5"N 7°25'33.8"W BT3 60-70 7.73 6.73 1.33 -27.0 C10-C25 C12    - 14.79 63.00 0.00 1.00

BT3 90-100 7.79 5.81 1.35 -26.9 C10-C26 C12,C13 1.20 15.03 43.57 0.00 1.00

Average 7.91 6.75 1.50 -26.45 1.55 16.27 29.17 0.15 0.86

STD 0.21 1.22 0.19 0.59 0.31 1.59 28.96 0.18 0.16

CMT1 0-10* 7.87 5.18
0.76 

(1.34)

-25.8          

(-22.7)
C10-C31 C13,C20,C29 1.56 17.15

7.87 0.16 0.81

T1 Core (Sarcocornia ) CMT1 30-40 7.70 6.21 1.77 -24.2 C10-C31 C13,C22,C29 1.68 17.27 6.79 0.18 0.83

37°11'52.4"N 7°25'35.5"W CMT1 60-70 8.14 4.46 0.82 -25.9 C10-C20 C10,C11    - 12.46 - 0.00 -

CMT1 90-100 7.82 2.15 1.05 -25.5 C10-C22 C13    - 13.70 - 0.00 -

Average 7.88 4.50 1.10 -25.35 1.62 15.15 7.33 0.08 0.82

STD 0.19 1.72 0.46 0.79 0.94 2.44 0.76 0.10 0.01

CMT2 0-10 7.65 11.66 2.23 -22.4 C10-C31 C13,C22,C27 1.74 17.29 5.42 0.28 0.72

T2 Core (Spartina ) CMT2 30-40 7.91 5.57 1.27 -25.9 C10-C25 C12,C17,C22 - 15.07 53.33 0.00 1.00

37°11'53.5"N 7°25'32.1"W CMT2 60-70 7.66 3.37 0.67 -25.4 C10-C24 C13,C17 - 14.57 147.00 0.00 1.00

CMT2 90-100 7.75 2.63 0.78 -25.5 C10-C24 C13 - 14.30 154.00 0.00 1.00

Average 7.74 5.81 1.24 -24.80 1.74 15.31 89.94 0.07 0.93

STD 0.12 4.10 0.71 1.61 - 1.36 72.67 0.14 0.14

CMT3 0-10 7.88 3.18 0.39 -24.9 C10-C19 C11,C17 - 12.90 - 0.00 -

T3 Core (Mudflat site) CMT3 30-40 7.89 7.57 0.91 - C10-C29 C13,C17,C22 1.44 16.17 14.25 0.07 0.86

37°11'54.5"N 7°25'30.2"W CMT3 60-70 7.58 2.69 1.44 -25.0 C10-C25 C13 - 14.86 68.00 0.00 1.00

CMT3 90-100 7.46 18.15 0.70 -25.8 C10-C26 C13 1.33 14.27 62.20 0.00 1.00

Average 7.70 7.90 0.86 -25.23 1.38 14.55 48.15 0.02 0.95

STD 0.22 7.18 0.44 0.49 0.04 1.36 29.50 0.03 0.08

PMT1 0-10 7.68 7.36 1.01 -25.5 C10-C29 C13,C17 1.38 16.13 12.39 0.07 0.90

T1 Core (Sarcocornia ) PMT1 30-40 7.62 2.09 0.68 -24.5 C10-C24 C11 - 14.34 147.00 0.00 1.00

37°11'47.2"N 7°20'26.0"W PMT1 60-70 8.29 4.94 1.28 -25.3 C10-C22 C11 - 14.78 - 0.00 -

PMT1 90-100* 8.51 4.23
0.63 

(0.69)

-25.6        

(-24.7)
C10-C24 C13 -

14.64
243.00 0.00 1.00

Average 8.03 4.66 0.90 -25.23 1.38 14.97 134.13 0.02 0.97

STD 0.44 2.17 0.31 0.50 - 0.79 115.84 0.04 0.06

PMT2 0-10* 7.59 8.52
0.45 

(1.62)

-25.3         

(-23.5)
C10-C31 C13,C22

1.56 17.37
5.54 0.26 0.78

T2 Core (Spartina ) PMT2 30-40 7.61 6.08 1.17 -23.2 C10-C31 C13,C22 1.69 16.37 11.09 0.13 0.83

37°11'47.5"N 7°20'24.6"W PMT2 60-70* 8.31 4.09
0.76 

(0.81)

-25.1         

(-21.9)
C10-C29 C13,C22

1.38 15.56
17.35 0.06 0.88

PMT2 90-100* 8.55 5.02
0.45 

(0.71)

-26.2        

(-23.7)
C10-C27 C13,C22

1.46 15.72
20.88 0.01 1.00

Average 8.02 5.93 0.71 -24.95 1.52 16.25 13.72 0.11 0.87

STD 0.49 1.91 0.34 1.26 0.13 0.82 6.79 0.10 0.09

PMT3 0-10* 7.59 8.92
1.05 

(1.69)

-25.4          

(-24.4)
C10-C29 C13,C20 1.17

16.26
10.84 0.08 0.91

T3 Core (Mudflat site) PMT3 30-40 7.76 8.17 0.97 -24.6 C10-C23 C12,C20 - 13.66 - 0.00 1.00

37°11'47.6"N 7°20'23.0"W PMT3 60-70 7.72 7.98 1.02 -23.5 C10-C22 C13 - 13.70 - 0.00 -

PMT3 90-100 7.59 10.45 1.71 -24.8 C10-C29 C12,C20 1.52 16.10 13.56 0.07 0.93

Average 7.67 8.88 1.19 -24.58 1.35 14.93 12.20 0.04 0.95

STD 0.09 1.12 0.35 0.79 0.24 1.44 1.93 0.04 0.05

*) Indicate samples with carbonate removed. Values in brackets indicate values before carbonates were removed. 
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Table 2. 871 

 872 

 873 

 874 

 875 

 876 

 877 

 878 

 879 

 880 

 881 

 882 

 883 

 884 

 885 

 886 

 887 

G S MG MS EG ES VG VS PG PS AG AS

m/z 124 m/z 154 m/z 138 m/z 168 m/z 152 m/z 182 m/z 150 m/z 180 m/z 164 m/z 194 m/z 166 m/z 196

BT1 0-10 cm +++ + + – +/– – +++ – +/– +/– +/– –

BT1 30-40 cm +++ +++ +++ – +/– – +++ – +/– +/– +/– –

BT1 60-70 cm + +/– +/– – +/– – +/– – +/– – +/– –

BT1 90-100 cm ++ +/– + – +/– – + – +/– – +/– –

BT2 0-10 cm +++ + ++ – + – +++ – + +/– +/– +/–

BT2 30-40 cm + +/– +/– – +/– – +/– – +/– – – –

BT2 60-70 cm +/– – +/– – +/– – +/– – +/– – – –

BT2 90-100 cm +/– +/– +/– – +/– – +/– – – – – –

BT3 0-10 cm +++ + + – +/– – ++ – +/– – +/– –

BT3 30-40 cm + +/– +/– – +/– – +/– – – – – –

BT3 60-70 cm +/– – – – – – – – – – – –

BT3 90-100 cm +/– – – – – – +/– – – – – –

G: guaiacol; S: syringol; MG: methylguaiacol; MS: methylsyringol; EG: ethylguaiacol; ES: ethylsyringol; VG: vinylguaiacol; VS: vinylsyringol; 

PG: propenylguaiacol; PS: propenylsyringol; AG: acetoguaiacone and AS: acetosyringone.

Semiquantitative assessment: (+++) very abundant; (++) abundant; (+) present; (+/–) trace; (–) not detected.
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Table 3. 888 

 889 

 890 

 891 

 892 

 893 

 894 

 895 

 896 

 897 

 898 

 899 

 900 

 901 

 902 

 903 

 904 

Samples C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19 C20 C21 C22

BT1   0-10 cm  + + +  + + +  + + +  + + +  + + +  + + +  + +  + +  + +  + +  + +  + +  + +  +  +  + /-  + /-  + /-     -

BT1   30-40 cm  + + +  + + +  + + +  + + +  + + +  + + +  + +  + +  + +  + +  + +  + +  + +  +  +  + /-  + /-  + /-  + /-

BT1   60-70 cm  + + +  + + +  + + +  + +  + +  + +  + +  + +  + +  + +  +  +  +  +  + /-  + /-  + /-  + /-  + /-

BT1   90-100 cm  + + +  + + +  + + +  + + +  + +  + +  + +  + +  + +  + +  +  +  +  + /-  + /-  + /-  + /-  + /-    -

BT2   0-10 cm  + + +  + + +  + + +  + +  + +  + +  + +  + +  + +  + +  + +  +  +  +  +  +  + /-  + /-  + /-

BT2   30-40 cm  + + +  + +  + + +  + +  + +  + +  + +  + +  + +  + +  + +  +  +  +  + /-  + /-  + /-  + /-  + /-

BT2   60-70 cm  + +  + +  + +  + +  + +  + +  +  +  +  +  +  + /-  + /-  + /-  + /-  + /-  + /-      -      -

BT2   90-100 cm  + +  + +  + +  + +  +  +  +  +  +  + /-  + /-  + /-  + /-  + /-  + /-  + /-  + /-      -      -

BT3   0-10 cm  + + +  + + +  + + +  + + +  + + +  + + +  + +  + +  + +  + +  + +  + +  + +  + +  +  +  +  + /-  + /-

BT3   30-40 cm  + + +  + +  + + +  + +  + +  + +  + +  + +  + +  + +  +  +  +  +  +  + /-  + /-  + /-  + /-

BT3   60-70 cm  +  +  +  +  + /-  + /-  + /-  + /-  + /-  + /-  + /-  + /-  + /-  + /-    -    -    -    -    -

BT3   90-100 cm  +  +  +  +  +  +  + /-  + /-  + /-  + /-  + /-  + /-  + /-  + /-  + /-    -    -    -    -

CMT1   0-10 cm  + +  + +  + +  + +  + +  + +  +  +  +  +  +  + /-  + /-  + /-  + /-  + /-  + /-  + /-    -

CMT1   30-40 cm  + + +  + + +  + + +  + +  + +  + +  + +  + +  + +  + +  + +  +  +  +  + /-  + /-  + /-  + /-    -

CMT1   60-70 cm    +/-    +/-    +/-   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -

CMT1   90-100 cm    +/-    +/-    +/-    +/-    +/-    +/-    +/-    +/-    +/-    +/-   -   -   -   -   -   -   -   -   -

CMT2   0-10 cm  + + +  + + +  + + +  + + +  + + +  + + +  + +  + +  + +  + +  + +  + +  +   +   +    +/-   +/-   +/-   +/-

CMT2   30-40 cm   +   +   +   +   +   +   +/-   +/-   +/-   +/-   +/-   +/-   +/-   +/-   +/-   -   -   -   -

CMT2   60-70 cm   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-     -     -     -     -     -     -     -     - 

CMT2   90-100 cm   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-     -     -     -     -     -     -     - 

CMT3   0-10 cm   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-     -     -     -     -     -     -     -     -     -     -     - 

CMT3   30-40 cm  + +  + +  + +  + +  + +  + +   +   +   +   +   + /-   + /-   + /-   + /-   + /-   + /-     -     -     - 

CMT3   60-70 cm  +  +  +  +   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-     -     -     -     -     -     - 

CMT3   90-100 cm   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-     -     -     -     -     -     - 

PMT1   0-10 cm  + +  + +  + +  + +  +  +  +  +  +   + /-   + /-   + /-   + /-   + /-   + /-   + /-     -     -     - 

PMT1  30-40 cm   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-     -     -     -     -     -     - 

PMT1  60-70 cm   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-     -     -     -     -     -     -     -     - 

PMT1  90-100 cm   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-     -     -     -     -     -     - 

PMT2   0-10 cm  + + +  + + +  + + +  + +  + +  + +  + +  + +  + +  + +  + +  + +  +   +   +   + /-   + /-   + /-   + /-  

PMT2   30-40 cm  + +  + +  +   + +  +   +   +   +   +   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   -

PMT2   60-70 cm  +  +  +  +  +  + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   -  -  -  -  -

PMT2   90-100 cm  +  +  +  +  + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   + /-   -  -

PMT3   0-10 cm  + +  + +  + + +  + +  + +  + +  + +  + +  + +  +  +  +  +  + /-   + /-   + /-   + /-   -  -

PMT3   30-40 cm  +  +/-  +/-  +/-  +/-  +/-  +/-  +/-  +/-  +/-  -  -  -  -  -  -  -  -  -

PMT3   60-70 cm  +  +/-  +/-  +/-  +/-  +/-  +/-  +/-  +/-  +/-  -  -  -  -  -  -  -  -  -

PMT3   90-100 cm  + + +  + +  + +  + +  + +  + +  + +  +  +  +/-  +/-  +/-  +/-  +/-  +/-  +/-  -  -  -

LAB: Linear alkyl benzene

Semiquantitative assessment: (+++) very abundant; (++) abundant; (+) present; (+/–) trace; (–) not detected.
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Table 4. 905 

 906 

 907 

 908 

 909 

 910 

 911 

 912 

 913 

 914 

 915 

 916 

 917 

 918 

 919 

 920 

  921 

Naph C1-Naph C2-Naph C3-Naph C4-Naph Flo  C1-Flo BiPh Phe C1-Phe Pyr

Samples m/z 128 m/z 142 m/z 156   m/z 170  m/z 184 m/z 166 m/z 180 m/z 154  m/z 178  m/z 192  m/z 202

BT1   0-10 cm  + + +  + +  +   +  +  +  + /-  + + +  +  +/-  +/-

BT1   30-40 cm  + + +  + +  +   +  +  +  + /-  + + +  +/-  +/-  +/-

BT1   60-70 cm  + + +  + +  +/-   +/-   +/-   +  + /-  + +  +/-  -  +/-

BT1   90-100 cm  + + +  + +  +/-   +/-   +/-   +  + /-  + +  +  +/-  -

BT2   0-10 cm  + + +  + +  +  +  +  +  + /-  + +  +  +/-  +/-

BT2   30-40 cm  + + +  + +  +  +  +  +  + /-  + +  +/-   -  +/-

BT2   60-70 cm  + + +  +  + /-  + /-  + /-  +  + /-  +  +/-   -   -

BT2   90-100 cm  + + +  +  + /-  + /-  + /-  + /-  + /-  +  +/-   -   -

BT3   0-10 cm  + + +  + +  +  +  +  + +  + /-  + +  +  +/-  +/-

BT3   30-40 cm  + + +  + +  + /-  + /-  + /-  +  + /-  + +  +   -  +/-

BT3   60-70 cm  + + +  + /-  + /-  + /-  + /-  + /-  -  +/-  +/-   -   -

BT3   90-100 cm  + + +  + /-  + /-  + /-  + /-  + /-  -  +/-  -  -  -

CMT1   0-10 cm  + + +  +  + /-  + /-  + /-  -  -  + +  + /-   -  -

CMT1   30-40 cm  + + +  + +  +  + /-  +  +  +/-  + +   +  -  +/-

CMT1   60-70 cm  +  + /-  -  -  -  -  -  + /-   -  -  -

CMT1   90-100 cm  +  + /-  -  -  -  -  -  + /-   + /-   -  -

CMT2   0-10 cm  + + +  + +  +   +   +   +   + /-   + + +  +  + /-   + /-  

CMT2   30-40 cm  + + +  + /-  + /-  + /-  + /-  + /-   -   +/-  + /-   -  - 

CMT2   60-70 cm  +  + /-  + /-  + /-  + /-   -    -   +/-  -  -  -

CMT2   90-100 cm  +/ -  -  -  -  -  -  -  -  -  -  -

CMT3   0-10 cm  +/ -  -  -  -  -  -  -  -  -  -  -

CMT3   30-40 cm  + +  +  + /-  + /-  + /-  + /-  + /-  +  + /-  -  -

CMT3   60-70 cm  +  + /-  + /-  + /-  + /-  + /-  + /-  + /-  -  -  -

CMT3   90-100 cm  + /-  + /-  -  -  -  -  -  -  -  -  -

PMT1   0-10 cm  + +  +  + /-  + /-  + /-  + /-  + /-  + /-  + /-  + /-  -

PMT1  30-40 cm  +  + /-  + /-  + /-  + /-  -  -  + /-  -  -  -

PMT1  60-70 cm  + /-  + /-  -  -  -  -  -  + /-  -  -  -

PMT1  90-100 cm  + /-  + /-  -  -  -  -  -  -  -  -  -

PMT2   0-10 cm  + + +  + +  +  +  +  +  +/ -  + +  +  + /-  -

PMT2   30-40 cm  + +  +  + /-  + /-  + /-  + /-  + /-  +  -  -  -

PMT2   60-70 cm  + +  +  + /-  + /-  + /-  + /-  + /-  + /-  + /-  -  -

PMT2   90-100 cm  + +  +  + /-  + /-  + /-  + /-  + /-  + /-  + /-  + /-  -

PMT3   0-10 cm  + + +  +  + /-  + /-  + /-  +  + /-  + +  + /-  + /-  -

PMT3   30-40 cm  +  + /-  -  -  -  -  -  + /-  -  -  -

PMT3   60-70 cm  +  + /-  -  -  -  -  -  + /-  -  -  -

PMT3   90-100 cm  + + +  +   + /-  + /-  + /-  + /-  + /-  +  -  -  -

Napth: Naphthalene; Flo: Floranthene; BiPh: Biphenyl; Phe: Phenanthrene; Pyr: Pyrene

Semiquantitative assessment: (+++) very abundant; (++) abundant; (+) present; (+/–) trace; (–) not detected.
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 922 

Figure captions 923 

 924 

Fig.1. Description of the study area and sediment core locations within lower Guadiana river 925 

estuary (Spain/Portugal border). 926 

 927 

Fig.2. Example of the chromatograms obtained from the direct pyrolysis of sediments 928 

(pyrograms). Major compounds detected are labelled on the peaks and listed. Single ion (m/z 929 

57) chromatograms corresponding to the alkane/alkene pairs are overlaid. The example 930 

chromatogram correspond to the sediment taken at 30-40 cm depth in core BT2. 931 

 932 

Fig.3. n-Alkane series distribution, chromatogram ion trace corresponding to fragment (m/z 57) 933 

obtained by direct pyrolyisis (Py-GC/MS) of sediments from BT, CMT and PMT transect core 934 

sediment profiles. Chain length vs relative abundance distribution. 935 

 936 

Fig.4. Reconstructed single current ion chromatogram of phenolic compounds of core sediment 937 

samples evolved from the pyrolysis of salt marsh sediments. The molecular structure and 938 

diagnostic ions of the main alkyl phenols, catechols and methoxyphenols released by direct 939 

pyrolysis of the sediment are also included. The example chromatogram corresponds to sample 940 

BT2 30–40 cm. 941 

P: phenol; MP: methylphenol; EP: ethylphenol; VP: vinylphenol; G: guaiacol; MG: 942 

methylguaiacol; EG: ethylguaiacol; VG: vinylguaiacol; PG: propenylguaiacol; PS: 943 

propenylsyringol; AG: acetoguaiacone; S: syringol; MS: methylsyringol; ES: ethylsyringol; 944 

VS: vinylsyringol;PS: propenylsyringol; AS: acetosyringone. 945 

 946 
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 947 

Fig.5. Distribution of lineal alkyl benzenes (LABs) series, mass fragment (m/z 92), obtained by 948 

direct pyrolyisis (Py-GC/MS) of core sediments. The example chromatogram corresponds to 949 

sample BT2 30–40 cm. 950 

 951 

Fig.6. Distribution of polycyclic aromatic hydrocarbons (PAHs) and corresponding alkylated 952 

homologous series obtained by direct pyrolysis (Py-GC/MS) of core sediments. The example 953 

chromatogram corresponds to sample BT2 30–40 cm. 954 

Naph: Naphthalene; C1-Naph: Methylnaphthalene; C2-Naph: Dimethylnaphthalene; C3-955 

Naph: Trimethylnaphthalene; C4-Naph: Tetramethylnaphthalene; BiPh-Biphenyl; C1-BiPh: 956 

Methylbiphenyl; Flo: Fluorene; C1-Flo; Methylfluorene; Phe: Phenanthrene, C1- Phe: 957 

Methylphenanthrene BiPh-Biphenyl and Pyr: Pyrene. 958 

 959 

Fig.7. Example of series of major aromatic compounds (styrene, methylstyrene, indene, 960 

methylindene and dimethyindene) obtained by direct pyrolyisis (Py-GC/MS) of core 961 

sediments. 962 

 963 
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