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Abstract 

Sedimentary organic matter (OM) origin and molecular composition provide useful 

information to understand carbon cycling in coastal wetlands. Core sediments from three 

transects along Ria Formosa lagoon intertidal zone were analysed using analytical pyrolysis 

(Py-GC/MS) to determine composition, distribution and origin of sedimentary OM. The 

distribution of alkyl compounds (alkanes, alkanoic acids and alkan-2-ones), polycyclic 

aromatic hydrocarbons (PAHs), lignin-derived methoxyphenols, linear alkylbenzenes (LABs), 

steranes and hopanes indicated OM inputs to the intertidal environment from natural -

autochthonous and allochthonous- as well as anthropogenic. Several n-alkane geochemical 

indices used to assess the distribution of main OM sources (terrestrial and marine) in the 

sediments indicate that algal and aquatic macrophyte derived OM inputs dominated over 

terrigenous plant sources. The lignin-derived methoxyphenols assemblage, dominated by 

vinylguiacol and vinylsyringol derivatives in all sediments, points to large OM contribution 

from higher plants. The spatial distributions of PAHs (polyaromatic hydrocarbons) showed that 

most pollution sources were mixed sources including both pyrogenic and petrogenic. Low 

carbon preference indexes (CPI >1) for n-alkanes, the presence of UCM (unresolved complex 

mixture), and the distribution of hopanes (C29 - C36) and steranes (C27- C29) suggested localised 

petroleum-derived hydrocarbon inputs to the core sediments. Series of LABs were found in 

most sediment samples also pointing to domestic sewage anthropogenic contributions to the 

sediment OM. 

 

Keywords: coastal lagoon; aliphatic hydrocarbon; lignin; polycyclic aromatic hydrocarbons; 

hopanes; steranes; linear alkylbenzenes  

Postprint of: Environmental Science and Pollution Research (2020) Article in Press 
DOI: 10.1007/s11356-020-09235-9



2 
 

1. Introduction 

 

Salt marshes are vegetated coastal habitats, which occur along coastlines at mid to high 

latitudes and recognised as one of the most productive ecosystems on Earth (Mitsch and 

Gosselink, 1993; Aller and Cochran, 2019). Salt marshes located in the Portuguese South 

Atlantic coast occupy the intertidal range within lagoonal and estuarine systems and are 

susceptible to a growing anthropogenic impact. Salt marshes covering the sheltered segments 

of coastal zones function as organic carbon sinks and archives of environmental change during 

the periods of sediment accumulation. Salt marshes play a key role in fixing atmospheric 

carbon, retaining nutrients and pollutants acting also as a coastal protection buffer and nursery 

ground for many species (Chmura et al., 2003; Duarte et al., 2013). Sedimentary deposits in 

salt marshes elsewhere are a proxy surrogate to sea-level changes (Delgado et al., 2012; Kumar 

et al., 2018), carbon accumulation rates (Ouyang and Lee, 2014) and salinity dynamics (Byrne 

et al., 2001) being also used as historical records of pollution (Leorri et al., 2014). Sedimentary 

OM in salt marshes coastal wetlands have received special attention because it retains 

characteristics of its autochthonous, extant and anthropogenic sources. Thus, the assessment of 

different source contribution to the sediment pool of salt marshes is essential for the 

understanding of their role in carbon cycling as well as ecological importance. Organic carbon 

fate in intertidal salt marshes sediment is ambiguous because of the complicating effects of 

sediment resuspension, early diagenetic alterations and bioturbation. 

Thus, the discrimination between anthropogenic and biogenic inputs from petrogenic, 

pyrogenic and domestic waste sources must rely on geochemical or molecular biomarkers for 

complete fingerprinting of OM in salt marshes, as a part of the multi-proxy approach. For that 

purpose, here we use aliphatic hydrocarbon (n-alkanes, n-alkanoic acids, n-alkan-2-ones), 

PAHs, hopanes and sterane biomarkers to study sedimentary the origin of organic matter 

deposited in salt marshes of Ria Formosa lagoon. 

The principal aim of this work was to study the molecular distribution of Py-GC/MS 

biomarkers in intertidal core sediments retrieved from three transects covering saltmarsh 

vegetation and tidal mudflats. The technique is fast and reproducible, extensively used for the 

structural characterization of soil and sediments by a heat-mediated degradation of OM 

macromolecules into smaller fragments that are amenable and can be identified by GC/MS 

(Jiménez-Morillo et al., 2016). It is expected that the findings from this study will ultimately 

be of use for better management of the ecological resources of Ria Formosa coastal lagoon as 

well as for the maintenance of the environmental health. 
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2. Materials and Methods 

 

2.1. Study area descriptions 

The Ria Formosa coastal lagoon is located on the Algarve coast (South Portugal) in the 

bay of Cadiz. The lagoon is protected by a series of barrier islands along the coast from the 

Atlantic Ocean; two peninsulas (Ancão and Cacela) and five barrier-island systems (from west 

to east: Barreta or Ilha Deserta, Culatra, Armona, Tavira and Cabanas). The lagoon has cuspate 

shape geomorphology. The lagoon is extended over ca. 55 km length along the coast, 6 km at 

its widest point and covers an area ca.80 km2. The average depth relative to mean sea level is 

2 m (Andrade et al., 2004). The Ria Formosa is a mesotidal coastal lagoon with semi-diurnal 

tides with maximum amplitude recorded in the macrotidal range (3.5 m), though average tidal 

range varies between 2.8 for spring and 1.3 neap tides (Pacheco et al., 2008). Annual average 

temperature in the area is around 17 °C and receives annual precipitation between 600 and 800 

mm (Duarte et al., 2008). Climatic condition of the region is Mediterranean with hot/dry 

summers and warm/wet winters, classified as Csb or Csa in the Koppen’s classification system. 

There is no large river draining into the Ria Formosa lagoon and all tributaries draining into 

lagoon are ephemeral. The fresh water inflow to the lagoon occurs mainly in winter season 

during the sporadic rainfalls and through a system of small draining rivulets. During the 

summer months, the rate of evaporation exceeds that of the total influx of freshwater to the 

lagoon, resulting into a hyper saline condition in the upper stretches of the channels (Mudge et 

al., 2008). 

The Ria Formosa lagoon is consisting of an extensive intertidal area with a branched 

system of creeks and channels. A recent study, focused in the evolution of the Ria Formosa 

barrier island system during the Holocene, suggest that the stabilization of the lagoon occurred 

during mid-Holocene, with the phenomenon of slowdown sea level rise rate (Sousa et al., 

2019). The lagoon salt marshes and tidal flats depositional environments are characterized with 

silt content more than 50%, clay content varies between 10% and 20%, and coarse sand content 

less than 5% (Sousa et al., 2019). 

Floristically, the Ria Formosa system lagoon is dominated by macrophytes. Salt 

marshes vegetation is mainly composed of two dominant species (Spartina maritima and 

Sarcocornia fruticosa) that grow in parallel bands to the shoreline. Spartina maritima (small 

cordgrass), is a pioneer species mainly located in the lower marshes flooded with the high tides 

and exposed during the low ones. On the other hand, in the less frequently flooded mid-high 

marsh, the dominant species is Sarcocornia fruticosa. Seagrass populations of Zostera noltii 
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are found colonizing intertidal mudflats, whereas the subtidal areas are dominated by the 

seagrasses Cymodocea nodosa, Zostera marina, and Zostera noltii (Cunha et al., 2009). Ria 

Formosa is surrounded by terrestrial plants Pinus pinea also known as umbrella or stone pine, 

which is a typical pine tree species from the Mediterranean climatic region. Phragmites 

australis occupies a band at the upper border of salt marsh ecotone. 

The lagoon provides breeding ground and nursery for numerous birds and other animal 

and plant species, several listed as threatened or endargered (Ribeiro et al. 2008). The Ria 

Formosa has been placed under the Ramsar Convention wetlands category (Convention on 

Wetlands of International Importance) list and also listed in European Union Natura 2000 site. 

The intertidal salt marshes habitats in the lagoon have been heavily degraded by human 

activities i.e. untreated discharge of municipal and industrial effluents, solar pond construction, 

airport operations and aquaculture (Bebiano, 1995). Furthermore, the lagoon marshes are 

strictly confined due to recent economic development around the lagoon that significantly 

restricts the adjustments of marshes toward landward migration. Furthermore, socioeconomic 

transformation during the 21th century, such as tourism, change in agricultural practices, shell 

farming, the expansion of salt mining, have seriously modified the catchment areas and the 

lagoon ecosystem. 

 

2.2. Sediment sampling and processing 

A previous detailed field survey was done in Ria Formosa lagoon to select the best 

intertidal salt marshes sites to establish the transects. In August 2015 three transects were 

selected and nine cores (one-meter deep) were retrieved with a manual Eijkekamp auger. The 

sediment core locations in all three transects are depicted in Fig.1. Transect 5T is located away 

from Faro city and represents a pristine area of Ria Formosa, 15T is situated close to Faro city 

in an area under the possible influence of domestic effluents and transect 25T is located close 

to the commercial harbour under the possible influence of industrial effluents. Each transect 

consists of three cores (T1, T2 and T3) taken in the intertidal region of the lagoon; core T1 was 

retrieved from the woody glasswort (Sarcocornia fruticosa) site, which occurs at mid to high 

tidal range, core T2 is from the cord grass (Spartina maritima) site and core T3 was located in 

the mudflats. All the cores were sectioned at regular intervals of 10 cm, individually wrapped 

in aluminium foil and immediately send to the laboratory for freeze-drying. Samples were then 

disaggregated and pestle in a mortar and further homogenized and fine ground in a ball mill 

and dry stored before analyses. For this study, three distinct sections of the sediment core, this 

is surface (0-10 cm) medium part (30-40 cm) and deep (90-100 cm) were analysed. 
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Fig. 1. Study area map with the locations of transects (5T, 15T, 25T) and cores taken in the Ria 

Formosa lagoon (South Portugal). 

 

2.3. Sediment electric conductivity (EC) and pH  

The pH and EC were analysed in 1:2.5 sediment to Milli-Q water ratio (g/ml) extracts; 

the suspension was left to stand for two hours prior to the pH determination using a pH-meter 

(Crison Mod. GLP 22) previously calibrated with buffer solutions (pH 4.00, 7.00, and 10.00). 

The EC was measured in the saturated extract of the sediments using an EC-Meter (Crison 

Mod. BASIC 30 +). 

 

2.4. Analytical pyrolysis and the calculation of biogeochemical proxies 

The Py-GC-MS analyses were done in a double-shot pyrolyser (Frontier Laboratories 

model 2020i, Fukushima, Japan), coupled to a GC/MS system (Agilent model 6890, Santa 

Clara, CA). The samples for analysis (ca.10 mg) were weighed in a steel capsule and introduced 

for 1 min in the pyrolyser micro-furnace preheated at 500°C.Tthe pyrolysate was then directly 

transferred into the GC-MS for analysis. A low polar-fused silica (5%-phenyl-methyl 

polysiloxane) column (Agilent J&W HP-5msUI, of 30m × 250 mm × 0.25 mm film thickness) 

was used for compound separation with He as carrier gas at a flow of 1 mL/ min. The GC oven 

was held for 1 min at 50°C and then the temperature was increased up to 100°C at 30°C / min, 

from 100 to 300°C at 10°C /min and stabilized at 300°C for the last 10 min. The eluted 

compounds were detected in a mass spectrometer (Agilent model 5973 MSD) and 70eV 

electron was used for ionization. The system configuration can detect organic compounds well 

below the trace level (< 0.1 ppm). To ensure a clean system, to evaluate contamination and that 
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no carryover occurred from successive samples, method blanks using dichloromethane and 

hexane were included every five samples. 

Finally, the compounds were identified by comparison with stored mass spectra 

libraries (NIST and Wiley) and published data, and by selecting single diagnostic ions for 

homologous series. Several biogeochemical proxies were inferred from the chromatographic 

areas of the alkane series released during the sediments pyrolysis. 

Short to long hydrocarbon chains S/L (short/long) ratio and average weighted carbon 

chain lengths (ACL) for long n-alkanes (C24–33) range were calculated as follows: 

S/L = ∑ (Cn) 10-23/ ∑ (Cn) 24-33  

ACL = ∑ (n×Cn) 24–33 / ∑ (Cn) 24–33 

n: number of C atoms; [Cn] alkane relative abundance 

The carbon preference index CPI (24-33) indicates odd to even C chain numbers relative 

abundance in long chain hydrocarbons. The CPI index is informative about the original 

sedimentary OM source. When CPI value >1 implies that the odd C numbered chains prevail 

and that the main input to the sediment is from plants, while CPI values < 1 points to OM 

degradation in the sediments or to inputs from bacteria or algae biomass (Bray and Evans, 

1961). Here, CPI index was calculated considering the hydrocarbon molecules with 24 to 33 

carbons using a modified formula of Cranwell (1984) as described in Kumar et al., (2020) as 

following: 

CPI (24-33) = 0.5 × [∑ (Cn odd) 25-33 / ∑ (Cn even) 24-32 + ∑ (Cn odd) 25-33 / ∑ (Cn even) 26-32] 

[Cn odd]: odd-numbered; [Cn even] even-numbered C hydrocarbon chains 

 The terrigenous/aquatic ratio TAR (Bourbonniere and Meyers, 1996) for n-alkanes 

distinguish plants and algal inputs to sediments. This proxy was calculated with the equation: 

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

Paq proxy (Ficken et al., 2000) informs of inputs to the lacustrine sediments from 

aquatic macrophytes and terrestrial and emergent plants and was calculated as:  

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

Analytical pyrolysis is especially useful in detecting the presence and characteristics of 

lignin monomers (methoxyphenols) in sediments and soils (Tinoco et al., 2002; Miralles et al., 

2015). The composition of lignin and of its monomers varies with the degree of alteration in 

the sediment (Hedges and Mann, 1979). Therefore, in addition, and to study the specific lignin 

contribution to the sediments, the presence of 12 methoxyphenols in the pyrolysates was 

analysed by selecting specific diagnostic ions; six of the guaiacyl and six of the syringyl type. 
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3. Results and discussion 

 

3.1. Sediments electrical conductivity (EC) and pH 

The sediments EC and pH values in core profiles are in Table 1. Core sediments pH 

values ranged between 4.54 and 9.00. In general, lower pH values were observed at vegetated 

sites core sediments than in bare mudflat sites, and most of the sediment samples showed an 

increasing pH trend with depth (Table 1). Typically, organic-rich salt marsh sediments are 

redox stratified and usually, an intensive sulphate reduction occurs due to rapid mineralization 

of OM (Madureira et al., 1997). The pH and redox conditions of belowground sedimentary 

layers of salt marshes sediments are affected by vegetation. This is due to fact that belowground 

roots system and macrofaunal burrows in sediments can translocate oxygen into sedimentary 

layers which favours pyrite oxidation leading to an increase in sediment acidity (Hines et al., 

1989; Madureira et al., 1997). In contrast, H+ is consumed in the processes of anoxic OM 

decomposition (e.g. nitrate, sulphate, iron or manganese reductions) which increases the 

sediment pH. In non-vegetated mudflat sites core sediments profile, the conditions in all layers 

remained anoxic except in the sediment-water interface layers and thus, changes in sediment 

pH values are not recorded with depth. 

The core sediments EC values ranged between 4.79 and 38.20 µS/cm (Table 1). The 

highest EC value was recorded at Sarcocornia fruticosa site surface sediment (25T1 0-10 cm) 

and the lowest was at mudflat site surface sediment (5T3 0-10 cm). Sarcocornia fruticosa site 

core sediments showed higher EC values than those in Spartina maritima and mudflat sites. 

While sediment EC values displayed a decreasing trend with depth in core sediment profiles. 

Generally, in salt marsh ecosystems soil/sediment moisture decrease with increasing proximity 

to the uplands salt marsh vegetation and evaporation process govern subsurface salinity 

gradients within the intertidal zone. Here, the EC values recorded for the core sediments were 

found constant in the deeper portion of the core sediments which may be related to inundation 

and exposure during the tidal cycles, which govern pore water geochemistry of the salt marshes 

sediments. 

 

3. 2. Sources of sedimentary n-alkanes  

The n-alkane series were identified in selected-ion-monitoring (SIM) chromatogram 

using m/z 57 as the diagnostic ion. An example of the histograms prepared from the pyrograms 

of sediments, and illustrating the distribution of n-alkane/n-alk-1-ene doublets in transect 25T 

is in Fig. 2a and the results for all transects in Fig. S1. The distribution of n-alkane series chain 
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length along the salt marshes transects ranged between C10 and C33 reflecting diverse OM 

sources in the intertidal sediments of the lagoon. 

The short-chain n-alkane series (C10-C20) found in all core sediments with no C number 

predominance points to multiple OM sources such as bacterial reworking, marine 

phytoplankton and also to matured petrogenic hydrocarbons (Cranwell et al., 1987; Kennicutt 

et al., 1987; Kumar et al., 2018). 

Also, the large relative abundance of mid-chain (C21 - C25) n-alkane series found in all 

core sediments is probably reflecting contributions from submerged/floating macrophytes. The 

high Paq index values > 0.4 recorded for the majority of samples (Table 1) also provide 

evidence for a large input from aquatic macrophytes (Ficken et al., 2000). However, a single 

sediment sample (25T2 90-100 cm) with Paq value close to 0.4 may point to contributions 

from macrophytes. The seagrass species (Zostera noltii, Cymodocea nodosa and Zostera 

marina) that densely occupy intertidal and subtidal areas of the Ria Formosa lagoon (Cunha 

and Santos, 2009), might be other source of mid-chain n-alkanes (Chevalier et al., 2015). Core 

sediments particularly from 25T transect exhibit a conspicuous abundance at C25 homologue 

(Fig.2). Such large abundance of C25 n-alkane in the salt marshes sedimentary OM pool has 

been previously attributed to leaf waxes of Sarcocornia fruticosa (Grossi and Raphel, 2003) 

and Salicornia europaea (Tanner et al., 2010). 

Long-chain n-alkanes (C27-C33) are less abundant than short and mid-chain n-alkanes 

in all core sediments (Fig. 2 and S1). The n-alkanes, particularly these with high odd/even C 

predominance, are attributed to the contribution of higher plants waxes but also from emergent 

aquatic macrophytes (Eglinton and Hamilton, 1967; Ficken et al., 2000). 

The molecular distribution of n-alkanes in plant waxes are of chemotaxonomic 

relevance and can be related to distinct plant species (Schwark et al., 2002). The n-alkanes 

compositions in the long-chain range from Sarcocornia fruticosa sites show Cmax at C27 

homologue. In contrast, Spartina site and mudflats site core sediments exhibit Cmax at C29 and 

C31 homologues. The observed distribution of long-chain n-alkanes agrees with previous 

findings reporting the dominance of n-alkanes peaking at the C27 homologue in the 

Mediterranean salt marsh species Sarcocornia fruticosa (Grossi and Raphel, 2003) and at the 

C29 homologue in the species Spartina alterniflora and Spartina patens (Tanner et al., 2007). 

Nonetheless, an alternative source of C29 homologue in the sediments may be the pine 

vegetation (GonzalezVila et al., 2003) widespread in catchment areas of Ria Formosa lagoon. 

Other studies indicate that seagrasses can also contribute to the organic pool with C29 chain 

length alkanes (Jaffé et al., 2001). This interpretation is reinforced by the occurrence of 
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abundant seagrasses (Cymodocea nodosa, Zostera marina, and Zostera noltii) in the subtidal 

area of Ria Formosa lagoon (Cunha et al., 2009). 

Despite the considerable dominance of the salt marsh vegetation (mainly Salicornia 

fruticosa and Spartina maritima) in the intertidal zone, the low relative abundance of long-

chain n-alkanes (C27-C33) observed, indicate a limited terrigenous contribution to the OM in 

the sediments. Two reasons may explain this n-alkane pattern; (1) Low rainfall in the Algarve 

region may be limiting the terrestrial OM supply through runoff in the lagoon system and (2) 

the tidal transport from salt marsh derived OM (outwelling) to the ocean. Odum et al. (1979) 

recognised that coastal salt marshes are nutrient exporters and “outwell” organic carbon 

through the tidal exchange. This outwelling can be relevant in the Ria Formosa where four 

inlets from the adjacent Atlantic Ocean are known to account for 50% the tidal flushing within 

one day (Mudge et al., 1998). 

Downcore enrichment of long-chain n-alkanes observed in the depth intervals 30-40 

cm and 90-100 cm in 25T transect is most probably linked with resuspension-deposition cycles 

in which terrestrial OM accumulates in the sediments. More labile planktonic algal and 

bacterial OM are believed to be affected by microbial degradation during sedimentary 

diagenesis. This lead to a stronger terrestrial signature preserved in deeper samples. Long-chain 

n-alkanes, derived from epicuticular wax of vascular plants leaves, are comparatively more 

resistant to degradation under the anoxic conditions in the sediments (Hedges and Keil, 1995). 

Many factors can affect OM preservation in continental margin sediments, such as the 

accumulation rate of the sediments, the exposure to O2, as well as possible sorption to the 

surface of minerals, but the precise mechanisms responsible for preservation remain unclear 

(Hedges and Keil, 1995). Mayer (1994) found a positive correlation between the amount of 

sedimentary OM and the clay contents. Clays have very large specific surface areas, that in 

turn may effectively protect the organic molecules through chemical binding or physical 

sealing (Boski et al. 1998). 

The carbon preference index of n-alkanes (CPI) has been used as a proxy for 

hydrocarbon degradation in sediments (Bray and Evans, 1961; Allan and Douglas, 1977). The 

terrestrial plants that contain n-alkanes with C25-C31 carbon numbers generally show strong 

odd over even (CPI). Moreover, CPI is used to indicate the degree of diagenesis of geolipids 

and can be also used to estimate the proportion of preserved original chains (Meyers and 

Ishiwatari, 1993). Accordingly, we applied this index to our analytical values (Table 1) for all 

three transects sediment core samples. The index for long-chain molecules CPI (24-33) ranged 

from 0.84 to 2.05 (average 1.50 ± 0.53) (Table 1). Values of CPI (24-33) > 1 indicate terrestrial 
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OM input (Bray and Evans, 1961) and CPI (24-33) values close to 1 or < 1 indicate input from a 

mixture of algal, bacterial biomass, recycled OM and/or petroleum inputs to the core sediments 

(Cranwell et al., 1987; Kennicutt et al., 1987). 

Based on n-alkanes distribution in the sediments, the average chain length (ACL) proxy 

was also calculated. Although the trend among the tree studied transect is 5T<15T<25T, 

pointing to a crescent terrigenous influence, no systematic variation is observed (Table 1). The 

ACL for the 5T transect ranged from 14.38 to 19.09 (17.61 ± 1.35) for the 15T from 17.05 to 

18.56 (17.79 ± 0.69) and for the 25T transect from 17.44 to 20.29 (19.27 ± 0.78). The low ACL 

values recorded for 5T and 15T transect core sediments can be attributable to their relative 

abundance in short-chain peaks in the range C12 to C15. Apart from the major contributors to 

the Ria Formosa marsh sediments as described before (bacterial reworking or marine 

phytoplankton), the input of hydrocarbons from petrogenic (without oil seepage) can also result 

in sedimentary alkane assemblages with low ACL values (Jeng, 2006, Kumar et al., 2018). 

Climate parameters (temperature and precipitation) can have also an effect on n-alkanes ACL 

values (Schefuß et al., 2003; Tipple and Pagani 2013). 

Vegetation may also influence sedimentary n-alkanes ACL values. Tidal salt marshes 

are an assemblage of different photosynthetic pathways plants (C3, C4 or CAM). Sarcocornia 

fruticosa (CAM plant) and Spartina spp (C4 plants) are two dominant tidal marshes present in 

our study area with the potential to leave a discernible molecular imprint. Higher plant n-alkane 

ACL values are also known to be related to the vegetation type and latitude (Rommerskirchen 

et al., 2006; Tipple and Pagani 2013). In particular, C4 type plants (mainly fast grown grasses) 

wax signature is characterized by larger contents of long-chain C31 and C33 n-alkanes. 

Therefore, we would expect that salt marshes sediments under C4 plants i.e. Spartina spp. 

could have higher n-alkanes ACL values than those under C3 plants i.e. Salicornia spp. 

However, in this study, we were unable to differentiate OM derived from either C3 plants or 

C4 plants based on n-alkanes ACL values, but just a wider n-alkane range in surface sediments 

(0-10 cm) under Sparina maritima (C4) than under Salicornia (C3) vegetated sites for the three 

transects of for Ria Formosa salt marshes core sediments. This is probably caused by OM 

mixing from salt marshes vegetation due to the tidal action. 

Both CPI and ACL proxies cannot distinguish alone the inputs from submerged or 

floating macrophytes to sediments derived OM. Further, long-chain n-alkanes are produced not 

only by terrestrial plants but also by some macrophytes (Ficken et al., 2000; McKirdy et al., 

2010) and has been successfully applied to coastal lagoon associated with larger OM inputs 

from submerged/floating macrophytes (McKirdy et al., 2010). Thus, we used the additional 
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parameter Paq n-alkane to delineate the nature and origin of OM deposited in intertidal core 

sediments of Ria Formosa tidal salt marshes. The Paq ranged from 0.61 to 1.84 for 5T transect 

core samples and from 0.69 to 0.84 (Table 1) for 15T transect core samples, suggesting a major 

contribution from submerged macrophytes. For the more inland transect 25T, this value ranged 

between 0.30 and 0.76 (Table 1), suggesting a mixed OM input from both terrestrial as well as 

submerged macrophytes to core sediments.  

To distinguish possible shifts in the OM relative contributions from land and aquatic 

flora to the sedimentary deposits, a Terrigenous-to-Aquatic Ratio (TAR) was calculated for all 

sampled core sediments (Table.1). The TAR values from 5T transect range from 0 to 0.58 and 

from 0.14 to 0.35 for the 15T transect. While for 25T transect TAR ranges between 0.26 and 

1.06. TAR value >1 indicate a larger contribution from terrestrial plants to sedimentary OM. 

Conversely, a TAR value < 1 indicates autochthonous inputs in an eutrophic system 

(Bourbonniere and Meyers, 1996). The TAR values from all three transects are 

overwhelmingly lower than 1, indicating a predominant autochthonous source of n-alkanes in 

the cored sediments. High TAR values can also occur in a marine environment due to a 

preferential preservation of more resilient terrestrial hydrocarbons over planktonic ones. This 

fact may produce an over-estimation of terrigenous sources to the sediments (Meyers, 1997). 

 

3.3. n-Alkanoic acids (fatty acids) 

A series of n-alkanoic acids was found in the sediments that ranged between C8:0 and C22:0 

(Fig.2b and S2). The distribution pattern is characterised by C max at C 16:0 homologue, a 

unimodal pattern and a strong even-over-odd hydrocarbon chain length predominance. The 

distribution pattern exhibits a decrease in the abundance of n-alkanoic acids depth. There are 

drawbacks when using pyrolysis for n- alkanoic acids detection, mainly derived from the apolar 

chromatographic columns used and to the occurrence of secondary reactions that may happen 

at pyrolysis temperatures (Dignac et al., 2006). Short-chain < C20:0 n-alkanoic acids are chief 

components of algal and bacterial biomass (Cranwell et al., 1987). However, C16:0 (palmitic 

acid) homologue is ubiquitous in the biosphere and present in bacteria, algae and plants 

(Meyers, 1997). Previous studies have shown that a large abundance of C16:0 homologue in salt 

marshes sediments is possibly attributed to salt marsh detritus (Meziane et al., 1997; Canuel et 

al. 1997). 
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Table 1. pH, EC (electrical conductivity), n-alkanes chain length and n-alkanes proxies. 
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A previous study of lipid biomarkers in Ria Formosa surface sediments suggest that the 

distribution of n-alkanoic acid in over 90% of the sampled sites was centred on C16:0 homologue 

and most likely attributed to seagrasses and the seasonal blue-green algae blooming in the 

lagoon (Mudge et al. 1998). It is also known that Ria Formosa lagoon is highly affected by 

direct input from domestic sewage (Mudge et al., 1998; Mudge and Duce, 2005) that can also 

bring n-alkanoic acids such as C16:0, C18:0 and C18:1 to coastal areas that modify the natural 

abundance in the sediments (Quemeneur and Marty, 1992). However, a decrease in the relative 

abundances with downcore depth in the sediment package (0-10 > 30-40 > 90-100 cm) points 

to the effect of sedimentary diagenesis of n-alkanoic acids (Meyers and Eadie, 1993). 

Moreover, the increasing occurrence of n-alkanoic acids with the distance to the seashore (5T 

< 15T < 25T) points to a terrigenous contribution from higher plants or domestic sludge origin 

(cooking oils) (Fig. 2b and S2). 

 

3.4. Acyclic methyl ketones (n-Alkan-2-ones) 

The sediment pyrolysates of the Ria Formosa lagoon contained well-resolved series of 

n-alkane-2-ones (m/z 59 ion chromatograms) in the range C15 to C33 and an odd over even 

chain-length predominance (Fig. 2c and S3). These alkanones have been detected in many 

sedimentary environments vegetated with seagrasses, salt marshes, and mangrove forest, with 

molecular distribution typically showing a Cmax at the C25, C27 or C29 homologues (e.g. 

Hernandez et al.,2001; Jaffé et al.,2001; González-Vila et al., 2003; de la Rosa et al.,2012; 

Kumar et al., 2019). Long-chain n-alkane-2-ones (> C25) with Cmax at C27, C29 and C31 

homologues have been also found in terrestrial plants and specifically in the salt marsh Juncus 

spp. shows a series peaking at the C27 homologue (Ortiz et al., 2011). Juncus vegetation is 

frequent in the upper tidal zone of Ria Formosa lagoon and this species may be contributing to 

the n-alkane-2-one signature with Cmax at C27 as seen in the Sarcocornia fruticosa and 

Spartina maritima sediments of transects 15T and 25T.  The n-alkane-2-one series with Cmax 

at C25 homologues are attributed to seagrass species (Hernandez et al., 2001) that are abundant 

in the Ria Formosa intertidal and sub-tidal zones. Moreover, short-chain n-alkane-2-one (< C25) 

have been found in phytoplankton and in bacterial derived biomass (Rieley et al., 1991; Qu et 

al., 1999). The n-alkane-2-one molecular distributions observed here are in good agreement 

with those previously found by de la Rosa et al. (2012) in salt marsh sediments from the estuary 

of Minho River (NW Spain). 
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Fig. 2. Histograms of the a) n-alkane (m/z 57), b) n-alkanoic acid (m/z 73) and c) n-alkan-2-one (m/z 59) series obtained by direct pyrolysis (Py-

GC/MS) of the sediments from the three sites and depths for transect 25T. 
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The n-alkane-2-one series from C15 to C33 and with carbon odd predominance over even 

has been reported also to occur in aerosols from Eastern Mediterranean regions (Gogou et al., 

1996). Therefore, an atmospheric fallout could not be discarded as an alternative source of n-

alkane-2-ones source to the sediments. The presence and distribution of n-alkane-2-one in 

aquatic sediments is thought to be the result of post-depositional modifications of precursors 

(Hernandez et al., 2001) and generally formed by an α-oxidation of n-alkanes caused by 

microbes (Cranwell et al., 1987) or by n-alkanoic acids β-oxidation and decarboxylation 

(Volkman et al., 1983). Due to the fact that in this study we were unable to detect a 

correspondence between the distribution of most abundant n-alkane-2-ones and of n-alkanoic 

acids, precludes the degradation of fatty acids as n-alkane-2-ones source. However, the 

similarities between the molecular distributions pattern of alkanes and n-alkane-2-ones found 

suggest that n-alkane-2-ones in the sediments most probably originated from α-oxidation of n-

alkanes caused by the microbial activity (Cranwell et al., 1987). 

 

3.5. Unresolved complex mixture (UCM) 

The UCM denotes a hump under the chromatogram baseline that appears in some soil 

and sediments (Gough and Rowland, 1990). This chromatographic feature, composed of 

hundreds of unresolved peaks that are not separated during the chromatography, is often used 

to indicate an anthropogenic contamination by petroleum in coastal areas (Volkman et al., 

1992; He et al., 2018; Dashtbozorg et al., 2019). The total ion chromatogram (TIC) obtained 

from the 25T transect core sediments, situated near the city and harbour of Faro, are depicted 

in Fig.3. A conspicuous UCM is apparent in all the sediment samples. This point to the 

occurrence of contamination by petroleum spills. Whereas the UCM in the C10-C20 n-alkane 

range has been attributed to a bacteria-mediated decay of algal material (Venkatesan and 

Kaplan, 1982), in our samples the UCM found in the range of n-alkanes C20-C33 evidence the 

presence of petroleum-derived residues. This is also confirmed by the occurrence of hopane 

and sterane biomarkers. The UCMs are more resistant to biodegradation than n-alkanes and 

thus frequently accumulate in the sedimentary and aquatic environment (Aboul-Kassim and 

Simoneit, 1995).  
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Fig. 3. Example of the mass chromatograms (m/z 57) including the distribution of n-alkanes 

and the unresolved complex mixture (UCM) in the sediments from transect 25T. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.6. Phenolic compounds 

3.6.1. Alkylphenol series  

Phenolic compounds and alkylated homologues were also identified in the pyrograms 

by selecting the diagnostic ions (Fig. 4). The alkylphenol series is dominated by Phenol (P; m/z 

94), C1-Phenols (MP; m/z 108), C2-Phenols (DMP; m/z 122) and C3-Phenols (TMP; m/z 136). 

The relative abundances of phenolic compounds diminish with the length of the alkyl side chain 

(P>MP>DMP>TMP). These short-chain alkylphenols co-occur with methoxy-substituted 

alkylphenols that are characteristic in the pyrolysis of lignin (Saiz-Jimenez and de Leeuw, 

1984), thus ascribed as terrigenous input. A similar alkylphenol distribution to that found in 

this work has been identified by analytical pyrolysis elsewhere i.e. in OM collected in sediment 

traps at different depths from the NW Mediterranean sea and surface sediments from the Arctic 

Ocean (Peulvé et al., 1996a,b), suspended materials from the Rhone delta (Sicre et al., 1994) 

and in sediments from the North-West African upwelling system (Zegouagh et al., 1999). 

Though, these short-chain alkylphenols can be also yielded in the pyrolysis of brown 

macroalgae phlorotannins (Van Heemst et al., 1996). 

3.6.2. Methoxyphenols derivatives 

Little attention has been given to lignin occurrence and to the composition of their 

structural units in the salt marshes sediments, even when this plant-derived compound is a 

major part of the so-called “blue carbon” with a huge environmental relevance (Macleod et al., 

2011; Cragg et al., 2020). Here, a selection of 12 methoxyphenols based on the guaiacyl and 

alkyl- and keto- derivatives (G, MG, EG, VG, PG and AG) and on the syringyl alkyl- and keto- 

derivatives (S, MS, ES, VG, PG, AG) were identified as described by Tinco et al. (2002). An 
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example of lignin presence in the sediment is in Fig. 4 and a semi-quantification assessment of 

the different lignin sub-units is compiled in Table 2. Both guaiacyl (G) and syringyl (S) units 

were found confirming that sedimentary OM pool comprised lignin from gymnosperm and also 

angiosperm plants (Hedges and Mann, 1979, Tinco et al., 2002). Among the guaiacyl units, G, 

MG and VG were more abundant than EG, PG, and AG (Table 2). While, among syringyl 

derivatives, S, VS and PS were more abundant than MS, ES and AS unit. In general, a 

decreasing with depth was observed for the relative abundance of methoxyphenolds derivatives 

in the transects core sediments investigated in our study. Also, an abundance of 

methoxyphenols is observed in the more in-land transect 25T, evidencing a larger terrigenous 

contribution to sedimentary OM. While G units were found in most samples, S units were only 

detected in the Sarcocornia site (T1) surface sediment of transect 15T and in the vegetated 

cores (T1 and T2) of transect 25T. We were unable to detect lignin S units in mudflat sites 

sediments. 

The semi-quantitative assessment of lignin composition revealed that core sediment 

pyrolysates are characterised by the predominance of 4-vinylguaiacol (VG) and 4-

vinylsyringol(VS) (Table 2). Usually these lignin units are produced by a decarboxylation of 

p-coumaric, and ferulic acids during the pyrolysis of OM, which are abundant in polyphenols 

in herbaceous tissue (Hedges and Mann, 1979; Ralph and Hatfield 1991). Sporopollenin 

(covering around spores) of aquatic plants can be also an alternative precursor, particularly for 

4-vinylguaiacol (Nierop et al., 2011). Using analytical pyrolysis techniques Kaal et al. (2016) 

showed that the phenolic compounds 4-vinylphenol, VG and VS are abundant in plants and 

sediments under Mediterranean seagrasses (Posidonia oceanica) mats. The distribution of G 

type lignin and conspicuous peaks for catechol and methylcatechols point to the occurrence of 

degraded lignin with demethylation of the methoxy groups (Filley et al. 2002). However, 

Galletti and Reeves (1992) demonstrated that catechols are also associated with the presence 

of tannins. Thus; tannin could not be discarded as a possible source of catechols (1, 2-

benzenediols) to the sediments. 
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Fig. 4. Example chromatogram with selected extracted diagnostic ions for phenolic 

compounds. Pyrolysis of core sediment samples from the salt marsh sediments. The 

chromatogram is for sample 25T1 30 – 40 cm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

P: phenol; MP: methyl phenol; DMP: dimethyl phenol; TMP: trimethyl phenol; G: guaiacol; 

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

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

VS: vinylsyringol; PS: propenylsyringol; AS: acetosyringone. 
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Table 2. Lignin pyrolysis products semiquantitative assessment in the transects core sediments profiles. Diagnostic ions traces for selected 12 

lignin derived methoxyphenols as described by Tinoco et al. (2002). 
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3.7. Polycyclic aromatic hydrocarbons (PAHs) 

PAHs are hydrophobic in nature and readily adsorb onto the particulate matter that can 

enter the water column through urban runoff and ultimately deposited in coastal and marine 

sediments. Sedimentary PAHs bear carcinogenic and mutagenic activities that may affect and 

threaten aquatic organisms (Wakeham et al., 1980). The accumulation of PAHs in the 

sedimentary environment is controlled by sediment characteristics that include granulometry 

and texture (Zhang et al., 2004) and the organic carbon content (Kim et al., 1999). Intertidal 

salt marshes sediments are characterised by having abundant detritus, large organic carbon 

content and an anoxic environment that facilitate PAHs accumulation. 

Here the presence of PAHs in the Ria Formosa lagoon sediments was studied by 

extracting their characteristic ions and an example is in Fig. 5. PAHs relative abundances and 

a semi-quantitative assessment in the sediments studied can be found in Table 3. In general, 

the most abundant PAHs in the sediments were small molecules (2–3 rings) whereas methyl-

substituted PAHs (C1-C4) were detected at less abundance than the parent PAHs (C0) 

homologues (Table 3). Besides, heterocyclic PAHs such as benzofuran, benzothiophene and 

carbazole were also identified. The biogenic PAH (Retene) was also detected in sediment 

pyrolysates. This composition and the abundances of PAHs found points to contributions from 

natural as well as anthropogenic sources. 

 

3.7.1. Biogenic PAH (Retene) 

Retene (1-methyl-7-isopropylphenanthrene) was the only naturally derived PAH 

compound identified, mainly in the more inland transects; present in 15T and but mainly in 

25T where is most abundant in the upper T1 core (Table 3 and Fig. 5). Retene is a diagenesis 

product formed by a dehydrogenation and aromatisation of the diterpenoid abietic acid, 

abundant in pine resin (Otto and Simoneit, 2001). The occurrence of retene in the core 

sediments of the Ria Formosa points to contributions from the pine trees that are abundant in 

the catchment area and incorporated into sediments after the transport and diagenesis of 

resinous OM. Retene can be also generated from anthropogenic activities and natural forest 

fires. Coniferous forest fires are very common in the Southwest Iberian Peninsula during the 

summer months. The atmospheric aerosols produced during wildfires in Portugal are known to 

contain a significant amount of retene (Alves et al., 2011), thus wildfire derived atmospheric 

aerosols could be an additional source of retene to the Ria Formosa core sediments. However, 

coniferous resins are not the only source for retene and it is also known that algal and bacterial 

precursors are also possible sources (Wen et al., 2000). 
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3.7.2. Anthropogenic PAHs 

The results illustrated that low molecular weight (2-3 rings) PAHs are predominant in 

the sediments of all transects. These unsubstituted (2-3 rings) PAHs (e.g., biphenyl, 

naphthalene, and phenanthrene) were recorded with a very large relative abundance and larger 

than their corresponding methylated homologues (Table 3 and Fig. 5). The 4 - and 5-ring 

structure PAHs were less abundant. These compounds have a pyrogenic origin and usually 

produced by an incomplete combustion of fossils fuels, burning of biomass and forest fires. 

This material is emitted to the atmosphere as soot or gas and ultimately carried to terrestrial 

and aquatic environments through atmospheric fallout (González-Pérez et al., 2014; Alves et 

al., 2011). Additionally, vehicle exhausts and other combustion processes are a potential source 

of PAHs in the environment. Compounds that are usually attributed to petrogenic sources i.e. 

methylated homologous of naphthalene, phenanthrenes, fluorene, and biphenyl (Yunker et al., 

2002) were recorded in low abundance. Heterocyclic PAHs like fluorene, benzothiophene, 

dibenzothiophene, dibenzofuran, carbazole and methylated homologue are also present in the 

core sediment pyrolysates (Table 3), suggesting PAHs inputs from petrogenic sources (Peters 

et al., 2005) to the lagoon sediments. Our observation is supported by previous studies in Ria 

Formosa on the occurrence of PAHs in clam (Ruditapes decussatus) that were found to vary 

seasonally rather than spatially, and associated with a mixture of petrogenic and pyrolytic 

sources (Barreira et al., 2007a). 

Inputs of petrogenic PAHs to the coastal environments, are usually anthropogenic and 

resulting from accidental discharges, such are the crude oil spillages from ship traffic or street 

drainage urban runoff with leaked petroleum products (Stout et al., 2001). Algarve (South coast 

of Portugal) and areas near Faro city are prone to oil spills and other potential sources of PAHs 

contamination; it is situated close to the passage of large ships along the Atlantic Ocean route 

and the areas include several points and diffuse pollution sources from domestic, aquaculture 

sewage effluents and boat traffic. Besides, Faro International Airport in the proximity of the 

lagoon could be also a possible source of kerosene soot (Barreira et al.,2007b) and of other 

PAHs emissions from aircraft engines, ground vehicles and furnaces (Zielinska et al., 2004). 

Very few studies have been conducted dealing with PAHs degradation and preservation 

in the sediments of salt marshes (Martins et al., 2008; Wang et al., 2012; Kumar et al., 2020). 

The microbial degradation is probably the main factor favouring PAH degeneration in the 

sediments. In salt marshes, the plant-mediated oxygenation of sediments, mainly in the root 

zone, has been observed (Martins et al., 2008) and below ground, oxygen diffusion to the 

Postprint of: Environmental Science and Pollution Research (2020) Article in Press 
DOI: 10.1007/s11356-020-09235-9



22 
 

surrounding sediment are believed to promote PAH degradation, specifically of the smaller 

molecules (Quantin et al., 2005; Martins et al., 2008). 

Vegetated site core sediments in Ria Formosa hold a large relative abundance of 4- and 

5- ring PAHs than tidal flats sites (Table 3). Martins et al. (2008) also reported larger 5- and 6-

ring PAHs contents in salt marsh sediments colonised by Sarcocornia fruticosa than in non-

colonised. This was attributed to the hydrophobic nature of PAHs in a phase-partitioning or -

distribution system favouring its preferential adsorption to the rooted sediments organic matter 

(Liste and Alexander, 2000). The previous study on sources of PAHs in sediments from Ria 

Formosa lagoon by Barreira et al. (2007a) showed that PAH concentrations are linked to a 

seasonal variation. The distribution of the 4-ring PAHs in January was the most abundant, 

while in the other months 2 and 3-ring PAHs were most abundant. 

 

3.8. Linear alkylbenzenes (LABs) 

LABs are used in the synthesis of linear alkylbenzene sulfonates (LAS), anionic 

surfactants usually used in commercial detergents. Therefore, in the aquatic environments the 

presence of LABs is mainly due to carryover in detergents and/or by desulphonation of LAS 

and final discharge to the aquatic environment. The LABs are hydrophobic substances that 

easily  adsorb to organic-rich particulate matter and accumulate in the sediments (Sherblom et 

al., 1992). Furthermore,  LABs are persistent compounds frequently found in the sediments 

from marine and coastal environments (Sherblom et al., 1992; Isobe et al., 2004; Terán et al., 

2009). It has been reported the LABs may persist for more than 20 years in anaerobic 

conditions, (Heim et al., 2004). Eganhouse and Pontolillo, (2008) reported a half-life time for 

LABs in the sediments in the range of 8 to 11 years and proposed the use of LABs as molecular 

markers surrogated to domestic waste input to sedimentary OM. 

A search for the diagnostic fragment ion m/z 92 full series of LABs were identified in 

the Ria Formosa core sediment pyrolysates based mass chromatogram. An example for this is 

shown in Fig. 6 and a semi-quantitative study of the LABs found is given in Table 4. The 

substituted benzenes with alkyl chains ranging from C4 to C23 were detected in all samples but 

in two samples from transect 15T (T1 30-40 and 90-100 cm). The molecular distribution of 

LABs in the sediments was dominated by the short-chain structures in the range C4-C15. The 

relative distribution of LABs in all three transects core sediments did not exhibit noticeable 

variations in the core samples from different regions of Ria Formosa, probably due to limited 

degradation processes. 
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Table 3. Semiquantitative assessment of poly aromatic hydrocarbons (PAHs) and the corresponding methylated homologous series in the transects 

core sediments profiles. 
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Table 3. (Cont.) 
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Fig. 5. Distribution of poly aromatic hydrocarbons (PAHs) and corresponding methylated 

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

chromatogram is for sample 25T1 30 – 40 cm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Napth: naphthalene; C1-Napth: methylnaphthalene; C2-Napth: dimethylnaphthalene; C3-Napth: 

trimethylnaphthalene; C4-Napth: tetramethylnaphthalene; BiPh: Biphenyl; C1-BiPh: methyl biphenyl; Flo: 

Fluorene; C1-Flo: methyl fluorine; Carb: Carbazole; DBT: Dibenzothiophene; C1-DBT: 

methyldibenzothiophene; BiPh: Biphenyl; C1- BiPh:methylBiphenyl; Phe: Phenanthrene; C1-Phe: 

methylphenanthrene; C2-Phe: dimethylphenanthrene; Fluo: Fluoranthene; Pyr: Pyrene; C1-Pyr: methylpyrene; 

C2-Pyr: dimethylpyrene; Tphe: Triphenylene; PhNap:2-Phenylnaphthalene; Ret: Retene. 
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Table 4. Semiquantitative assessment of Lineal alkyl benzenes (LABs) series as a domestic effluent marker in the transects core sediments profiles. 
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Table 4. (Cont.) 
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Fig. 6. Mass chromatogram of lineal alkyl benzenes (LABs) series (m/z 92) obtained by direct 

pyrolysis (Py-GC/MS) of the sediment. The chromatogram is for sample 25T3 30 – 40 cm. 

 

Long-chain LABs accumulation in sediments predominates over short-chain because 

the octanol-water partition coefficient usually increases with chain length enlargement 

(Sherblom et al., 1992). Therefore, the dominance of C12 and C13 chain length LABs observed 

in most sediments points to low degradation and to possible discharges to the lagoon of 

inadequately or uncompleted treated sewage. All this, produced the accumulation of long-chain 

homologues observed in the Ria Formosa lagoon sediments. Although, other factors may be 

also involved in the observed accumulation of long chain LABs, including the sediment organic 

carbon content, anaerobic conditions and eutrophic conditions (Takada and Ishiwatari, 1990). 

Ria Formosa lagoon is subjected to eutrophication (Newton et al., 2003) and LABs’ 

preservation in deeper sedimentary profiles can be explained by (1) continuous inputs of LABs 

to the lagoon from diffuse and non-diffuse sources such as hospitals, hotels and restaurants 

where human activities are intense and (2) LABs are hydrophobic and often associated with 

the particulate organic matter in sewage that is quickly incorporated into the bottom sediments 

(Sherblom et al., 1992). The LABs series found here is in line and agrees with a previous study 

in salt marshes sediments of the nearby Guadiana estuary (Terán et al., 2009) and in general, 

indicate the occurrence of untreated sewage influx to the Ria Formosa lagoon from adjacent 

urban areas. 

 

3.9. Steranes  

Regular steranes and diasteranes were identified in core sediments from both 15T and 

25T transects. Regular steranes were identified by mass chromatograms (m/z 217). To acquire 

a better distribution of the diasteranes, selected-ion monitoring chromatograms at m/z 215, 213, 
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211 and 174 were performed. An example of a sediment single ion monitoring chromatogram 

with the relative distribution of the studied steranes is in Fig. 7. 

Sediment samples contained a series of regular sterane (C27-C29) biomarker with a 

predominance of the C27 homologues. The abundances of steranes are useful indicators of 

qualitative changes in the biological OM input sources (Huang and Meinschein, 1979). The 

predominance of C27 steranes suggests plankton/algal and bacterial-derived OM input, while 

contributions from terrigenous organic show larger C29 steranes (Huang and Meinschein, 1979) 

but this interpretation has many exceptions. Although, terrestrial plants are known major 

sources of C29 steranes, several microalgae and particularly freshwater cyanobacteria and 

marine algae diatoms and dinoflagellates are also known to contain large proportions of C29 

sterols (Volkman, 1986; Grantham, 1986; Rampen et al., 2010). Studies also have indicated 

that there are examples of crude oils contaminated coastal sediments that contain C27 and C29 

steranes in large abundance but not sourced from terrestrial OM (Grantham, 1986; Aboul-

Kassim and Simoneit, 1996). 

The OM diagenesis in coastal sediments also modifies steroid precursor structures in 

several ways. The diagenetic dehydration of sterols leads to the formation of unsaturated 

steranes (sterenes and steradienes) (Mackenzie et al., 1982; Brassell et al., 1984; Kumar et al., 

2019). The unsaturated sterane series found here is well in line with previous studies from 

Santa Olalla lagoon (SW Iberian Peninsula, Spain) (Grimalt et al., 1991). Our observation is 

also consistent with the previous research on SW Iberian Peninsula sedimentary humic acids 

(De la Rosa et al., 2011) that identified cholest-3-ene, cholesta-3, 5-diene and stigmastan-3, 5-

diene in surface sediment pyrolysates. However, unsaturated sterenes (C27 and C29) and 

steroidal ketones (stigmasta-3, 5-dien7-one and stigmast-4-en-3-one) have been also reported 

to occur from the combustion of biomass from conifers plants and forest fires (Alves et al., 

2011). Thus, aerosols derived from forest fire could be an alternative source of unsaturated 

sterenes in Ria Formosa salt marsh sediments. Overall, the distribution of steranes and 

diasteranes in Ria Formosa core sediments reflect inputs of OM derived from multiple sources 

including algae, terrestrial plants and probably also soot from forest fires. 

 

3.10. Hopanes 

The hopane biomarker series were identified by monitoring the diagnostic fragment at 

m/z 191. A noticeable series of C29 to C36 hopanes was found in core sediment pyrolysates, 

characterised by the predominance of C29 homologue with a step progression from C29-C36 

hopanes (Fig. 7 and 8). Hopane series relative abundance was invariant with increasing depth 
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in the core profiles. Hopane biomarkers composition differs in crude oils depending on their 

origin from source rock (depositional environment and sources of OM) and crude oil maturity 

status (Peters and Moldowan, 1991). Hopane biomarkers are highly source-specific and 

persistent in the environment and, thus, useful to trace petrogenic contamination in coastal 

sediments regardless of the presence of other biogenic compounds (Bouloubassi et al., 2001). 

The uniform composition of hopanes observed in all analysed sediments in this study indicates 

inputs from a single source. Furthermore, this hopane biomarkers assemblage can be related to 

that in crude oil from the Middle East (Zakaria et al., 2001). Previous observation from 

Portuguese coastal sediments (mainly from beaches) has suggested a similar hopane 

composition to that found here and in the range C31 to C35 and with a predominance of the C29 

homologue (Mizukawa et al., 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Ion chromatograms for steranes (m/z 217), diasteranes (m/z 215, m/z 213 and m/z 174) 

and hopanes (m/z 191) obtained by direct pyrolysis (Py-GC/MS) of the sediments. Sample 

Chromatogram for 25T1 30 – 40 cm. 
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Fig. 8. Histograms of hopane biomarkers series (m/z 191) obtained by direct pyrolysis (Py-GC/MS) of the sediments. Example for sediments in 

transect 25T. 
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4. Conclusions 

 Py-GC/MS determined biomarkers demonstrate that the origin and distribution of natural OM 

in core sediments of Ria Formosa are considerably influenced by algal, bacterial and aquatic 

macrophytes, with little contribution from terrestrial inputs. 

 The lignin-derived methoxyphenols recalcitrant component of OM attributed to core sediments 

profiles are derived from both angiosperm and gymnosperm plants. Methoxyphenols 

compositions reflect that grass type lignin (salt marshes and seagrass) was dominant in the 

sediment pyrolysates. 

 Retene was abundant in two transects from Ria Formosa marshes pointing to OM inputs from 

pine trees. 

 The presence of UCM, PAHs, hopanes, steranes and LABs suggest that Ria Formosa sediment 

is affected by petroleum/oil spills and domestic sewage pollution. This information is expected 

to facilitate effective controls and mitigation of domestic sewage and PAHs inputs. 

 Distribution and abundance of LABs indicated substantial sewage pollution in Ria Formosa 

lagoon. The sewage treatment systems in the vicinity of the lagoon are insufficient/poorly 

performing and call for technological improvements. 

 This study demonstrates that Py-GC/MS is a direct and effective tool for a fast screening for 

natural OM as well as contaminants in sediments without the use of hazardous solvents. 
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Fig. S1. Histograms of the n-alkane (m/z 57) series obtained by direct pyrolysis (Py-GC/MS) 

of the sediments from the three sites and depths for transect 5T. 
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Fig. S1 (Cont). Histograms of the n-alkane (m/z 57) series obtained by direct pyrolysis (Py-

GC/MS) of the sediments from the three sites and depths for transect 51T. 
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Fig. S1 (Cont). Histograms of the n-alkane (m/z 57) series obtained by direct pyrolysis (Py-

GC/MS) of the sediments from the three sites and depths for transect 25T. 
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Fig. S2. Histograms of the n-alkanoic acid (m/z 73) series obtained by direct pyrolysis (Py-

GC/MS) of the sediments from the three sites and depths for transect 5T. 
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Fig. S2 (Cont.) Histograms of the n-alkanoic acid (m/z 73) series obtained by direct pyrolysis 

(Py-GC/MS) of the sediments from the three sites and depths for transect 15T. 
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Fig. S2 (Cont.) Histograms of the n-alkanoic acid (m/z 73) series obtained by direct pyrolysis 

(Py-GC/MS) of the sediments from the three sites and depths for transect 25T. 
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Fig. S3. Histograms of the n-alkan-2-one (m/z 59) series obtained by direct pyrolysis (Py-

GC/MS) of the sediments from the three sites and depths for transect 5T. 
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Fig. S3 (Cont.). Histograms of the n-alkan-2-one (m/z 59) series obtained by direct pyrolysis 

(Py-GC/MS) of the sediments from the three sites and depths for transect 15T. 

 

  

Postprint of: Environmental Science and Pollution Research (2020) Article in Press 
DOI: 10.1007/s11356-020-09235-9



47 
 

Fig. S3 (Cont.). Histograms of the n-alkan-2-one (m/z 59) series obtained by direct pyrolysis 

(Py-GC/MS) of the sediments from the three sites and depths for transect 25T. 
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