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Abstract
The Piraquê-Açú and Piraquê-Mirim estuarine system (PAPMES) is considered to be a hydrologically unaltered estuary; however, several human activities including introduction of pollutants may have contributed to changes in this system. We have studied hydrocarbons, major elements (Al, Mg, Fe and Mn), trace elements (As, Ba, Cd, Co, Cr, Cu, Li, Ni, Pb, V and Zn), Corg./Ntotal ratio, and δ13C and δ15N stable isotopic composition of organic matter to assess the natural and anthropogenic depositional record in three sediment cores dated by 210Pb geochronology. The sediments showed a strong terrestrial C3 plant contribution to organic matter input in the rivers (-29.2 ≤ δ13C ≤ -25.1 ‰; 2.1 ≤ δ15N  ≤ 5.3 ‰; 23.3 ≤ Corg./Ntotal ≤ 53.9), with a higher phytoplankton influence downstream (-29.3 ≤ δ13C ≤ -20.7 ‰; 0.4 ≤ δ15N ≤ 6.6 ‰, and 15.4 ≤ Corg./Ntotal ≤ 34.4). Greater n-alkane concentrations typical of higher plants (nC27, nC29, nC31) confirmed the terrestrial inputs. There was no indication of contamination by petrogenic sources, but relatively high amounts of 17β(H), 21β(H) and 17β(H), 21α(H) terpanes, indicate a possible association with biogenic activities (bacteria). The distributions of major and trace elements were associated with a high lithogenic input and iron and manganese oxides/hydroxides. Although there is little evidence of enrichment by direct human activity, the downstream sediments may be influenced by deforestation for charcoal production which occurred between the 1950s and 70s, exposing soils to weathering and erosion.
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Introduction
Estuaries are ecosystems that play an important role in the cycling of inorganic and organic compounds by acting as final receptors and incorporating these compounds into sediments (Medeiros et al., 2005). Due to their hydrophobic properties, persistent organic compounds tend to sorb to suspended particulate material and can be deposited in estuarine sediments (Liu et al., 2006; Ibbotson and Ibhadon, 2010). The particulate material includes clay minerals, iron and manganese oxyhydroxides, carbonates, organic substances (precipitated humic acids) and biological material (algae, bacteria and plankton) that can also serve as a carrier of inorganic compounds (e.g., metals) to sediments (Bahena-Manjarrez et al., 2002; Hatje, 2003; Banerjee et al., 2012; Delgado et al., 2012).
Many of these organic and inorganic compounds have natural sources (Dessai and Nayak, 2009). However, estuaries are often influenced by increased urbanization, which contributes significantly to pollutant accumulation that can reach levels capable of affecting biota and environmental quality (Medeiros et al., 2005; Sabadini-Santos et al., 2009; Silva et al., 2013). To study historical records of pollutant accumulation, sediment cores have been used to assess anthropogenic effects and natural processes in sediments from coastal environments (Chatterjee et al., 2009; Baptista Neto et al., 2010; Monteiro et al., 2012; Zhang et al., 2013).
It is important to differentiate human and natural contributions of organic and inorganic compounds in sediments in order to quantify and produce effective protection of aquatic ecosystems and subsequent mitigating actions (Liu et al., 2010). Anthropogenic contributions to organic and inorganic compounds in estuaries in Espírito Santo State, Brazil have been reported (De Jesus et al., 2004; Souza, 2009; Conti and Nalesso, 2010; Grilo et al., 2013; Costa et al., 2015). However, little is known about the occurrence of such compounds in sediments of the Espírito Santo aquatic system, especially on the Piraquê-Açú and Piraquê-Mirim estuarine system, which is one of the most important estuaries of Espírito Santo. The PAPMES is considered to be well preserved and a nursery for many species of Brazilian fauna and flora (Barroso, 2004). This estuarine system is close to the Doce river which was the site of the biggest Brazilian environmental disaster in recent history. Approximately 50 million cubic meters of waste from a breached iron mine dam including mud possibly containing high levels of Fe, Mn, Cu, Cr, Cd, Hg and As reached the sea, and were deposited over the continental shelf (Escobar, 2015). These elements may also have contaminated the coastal environment, potentially resulting in changes in the fauna and flora.
This study assesses the depositional history of hydrocarbons, metals and arsenic on PAPMES sediments, locates the main sources and processes involved and evaluates the anthropogenic contributions. We analysed the grain size and geochemistry (Corg./Ntotal, δ13C and δ15N, calcium carbonate, and total organic carbon (TOC)) of three sediment cores dated by 210Pb geochronology.

Materials and Methods
Study area and sampling 
The Piraquê-Açú and Piraquê-Mirim estuarine system consists of an incised-valley estuary morphologically controlled mostly by deposits of Barreiras Formation (Silva et al., 2013). The river basin has a catchment area of 448.11 km2 formed by Piraquê-Açú and Piraquê-Mirim rivers (PAR and PMR, respectively) which have a peculiar “Y” shape where the rivers meet. Most of the original vegetation cover was converted to agricultural use including sylviculture of eucalyptus, farming coffee, corn, sugarcane and extensive cattle ranching (Barroso, 2004).
Aracruz and its district (Santa Cruz), João Neiva and Ibiraçú are the four main urban areas in this basin. Their populations are 81,832, 15,809 and 11,178, respectively (Data from the 2010 demographic census; IBGE, 2015).
The tidal regime is characterized as microtidal (with maximum amplitude of 1.8 m) with semidiurnal mixed tides. The estuarine system has an extensive and well developed mangrove system and tidal flats (16.51 km2) with red mangrove (Rhizophorae mangle), black mangrove (Avicenia germanis) and white mangrove (Laguncularia racemosa) as predominant species (Barroso, 2004).

Three sediment cores were collected in February 2010 in PAPMES, one each from Piraquê-Açú river (PA05), Piraquê-Mirim river (PM01) and at the confluence of the two rivers (09bnorte) (Fig. 1). Sampling sites were selected using seismic data of the channel bottom where the sediment layers showed little disturbance. The sediment cores were collected with a percussion corer by a diver. In the laboratory, the cores were sectioned every centimeter to the 10th cm and every 2 cm from that depth and below for metals, arsenic, hydrocarbons, CaCO3, stable isotopes, grain size and TOC analysis. Aliquots of the sectioned sediment were analyzed for 210Pb and 137Cs every 2 cm to the depth of 50 cm then every 10 cm to the bottom of the core. The total lengths of recovery of sediment from the cores were 94 cm, 74 cm and 50 cm from 09bnorte, PA05 and PM01, respectively. The samples were freeze-dried at -40 °C and stored at -20 °C until analysis.
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Fig. 1: Sampling map of Piraquê-Açú and Piraquê-Mirim estuarine system and the geological features. (Modified of Silva et al., 2013).


Analyses of hydrocarbons, calcium carbonate, Corg./Ntotal, stable isotopes and grain size were performed as described by Costa et al. (2015).

Hydrocarbons 
Dry sediment (ca. 0.6 g) was extracted in a sonication bath (SONICOR SC – 220TH; 50–60 Hz; 30 min) using a mixture of dichloromethane (DCM):methanol (ratio 9:1, v:v), and 10 µL of 5α(H)-cholestane (101 ng µL-1 dissolved in DCM) as internal standard. The solvent was concentrated using a rotary evaporator and completely removed under a gentle flow of nitrogen. The hydrocarbon fraction was obtained by passing the extract through a column of silica gel (~0.5 g; 70-230 mesh; 3% deactivated with water), topped up with alumina (Al2O3) and eluted with n-hexane 4 mL. 
The hydrocarbon fraction was analyzed using a Trace 2000 Series gas chromatograph fitted with an on-column injector and a fused silica capillary column (Agilent J & W DB-5MS, 60 m, 0.25 mm, 0.1 µm), coupled with a mass spectrometer (ThermoQuest Finnigan TSQ-7000). Initial oven temperature was held at 60 °C for 1 min, then heated to 170 ºC at 6 °C min-1 and from 170 °C to 315 ºC at 2.5 ºC min-1 and then held for 12 min at 315 ºC. Helium was used as the carrier gas at a flow rate of 1.2 mL min-1. The mass spectrometer was operated in "full-scan" mode scanning a mass range from between 50-600 Thompsons every second with an ionization energy of 70 eV. The ion source temperature used was 215 °C and the interface between the GC and MS was heated to 320 °C.
The hydrocarbons were identified by comparison of their mass spectra and relative retention times to those available in the literature. N-alkanes were monitoring using the m/z 57, 71 and 85 and terpanes using m/z 191. Quantitative data were obtained by comparing the peak areas of the internal standard with the compounds of interest (in the total ion current chromatogram).



Calcium carbonate analysis
Calcium carbonate contents were determined by adding hydrochloric acid (10%; 2 mL) till effervescence ceased and then concentrated HCl (12N; ~5 drops) to the samples. Thereafter, the solution was diluted with Milli-Q water, centrifuged (10 min; 3000 rpm), and the supernatant removed. This washing procedure was repeated three times for each sample. The sediment was then freeze dried and weighed, where carbonate content was calculated by difference between the weight before and after carbonate removal. 

Organic carbon (Corg.) and Total nitrogen (Ntotal) analyses
About 100 mg of the dried sediment was macerated using an agate mortar and pestle for decarbonation. The carbonate was removed by leaving samples in a desiccator above concentrated hydrochloric acid (24h). After this period, samples were weighed into tin capsules and analyzed using an Elemental Analyzer CHNSO (Costech ECS 4010) for quantification of organic carbon and total nitrogen present in the sediment.

Bulk stable isotopes analyses (δ13Corg. and δ15NTotal)
Decarbonated sediment (0.1 mg accurately weighed using a high precision balance; XP2U model METTLER TOLEDO) was weighed into tin capsules for stable isotopic analysis and determined in duplicate. Immediately after weighing, the sediment was analyzed along with two standards (USGS40 and USGS41) of L-glutamic acid (U.S. Geological Survey, Reston, Virginia 20192); weighing between 0.5 and 0.75 mg which were used for calibration and calculation of the sample’s isotopic composition. Samples and standards were determined using an Elemental Analyzer CHNSO (Costech ECS 4010), with continuous flow interface (Thermo Scientific ConFlo IV) coupled to an isotope ratio mass spectrometer (ThermoElectron DeltaPlus) (EA - IRMS). The isotope ratio of each sample was referenced against a standard material according to the following formula:



Where R is the ratio 13C/12C or 15N/14N. Based on replicates of the standards used, the analytical precision was better than 0.1 ‰ to 0.3 ‰ for δ13Corg. and δ15NTotal, respectively.

Grain size analysis
The grain size distributions of about 5 g of sieved (<2 mm) and dried sediment, free of organic matter following the addition of hydrogen peroxide with heating (70 °C; 7 h), were determined using a laser particle analyzer (Mastersize 3000 – MALVERN).

Geochronology analysis
Sedimentation rates were calculated based on the unsupported Pb via CIC (Concentration Initial Constant) Model (Appleby and Oldfield 1978; Joshi and Shukla 1991). 210Pb and 137Cs activities were obtained by gamma spectrometry and its photopeak (47 keV), using a low background Ge detector (EG&G Ortec model GMX 25190P model) with resolution of 1.9 keV to 1332.40 keV photopeak of 60Co, as described by Saito et al. (2001a, b) and Figueira et al. (2007). To determine sedimentation rate (S in cm y-1) the following formula was used:



where λ is the radioactive decay constant of the 210Pb (equal to 0.31076 y-1), D is the distance between the core-top and the measured stratum (cm), C0210Pb is the count of the unsupported 210Pb at the core-top, and C210Pb is the count of the unsupported 210Pb at the measured stratum. 
Sedimentation rates based on 137Cs activities were determined by the ratio between the sediment sampling year and sedimentary column depth and the period between 1964, which is the year corresponding to the period of the greatest intensity of atmospheric nuclear tests (Figueira et al. 2007).

Metal and arsenic analysis
Aliquots of sediment were stored in plastic bags for elemental analysis and in aluminum containers for organic compound analysis. Plastic bags were pre-cleaned by immersion in nitric acid 2 % for 24 hours and aluminum containers heated at 450 °C for 2 h. Core aliquots were digested according to US EPA Method 3051A (USEPA, 2013). Dry and homogenized sediment (about 0.5 g) was digested with HNO3:HCl (3:1; 12 mL) in Teflon tubes in a microwave oven (CEM, Marx X-Press) with the following programme: 1st ramp 25 °C to 175 °C in 5:30 min; 2nd ramp 25 °C to 175 °C in 4:30 min, both with power of 1600 W. The solution then was cooled and filtered through a Whatman n°1 filter and diluted to 100ml in a volumetric flask, and the solutions analysed by ICP-MS (Inductively Coupled Plasma Mass Spectrometry; Agilent, CX7500).
The elements analyzed by ICP-MS were: Al, As, Ba, Cd, Co, Cr, Cu, Fe, Li, Mg, Mn, Ni, Pb, V and Zn. Reference material (SS-2, EnviroMATTM) was analyzed for method certification and the percentage recoveries of these elements were: 113 % (Al), 106 % (As), 97 % (Ba), 92 % (Cd), 98 % (Co), 121 % (Cr), 94 % (Cu), 100 % (Fe), 108 % (Li), 104 % (Mg), 105 % (Mn), 97 % (Ni ), 81 % (Pb), 108 % (V) and 98 % (Zn).

Statistical analysis
Principal component analysis (PCA) with VARIMAX normalized rotation was used to analyze relationships among the observed variables and Pearson’s correlation was used to analyze possible association between the variables. The statistical procedure was carried out using the JMP 10.0 software (SAS Institute Inc.). A normalization test was performed to verify the data distribution and standardization transformation of the data was performed using the mathematical approach as following below:

𝜡 is Z-Score (standard score);
X is score;
M is the mean;
S is the standard deviation;


Results and Discussion
Sedimentation rates
The sedimentation rates at 9bnorte, PM01 and PA05 were calculated using the maximum 137Cs fallout event corresponding to 1964 (Figueira et al., 2007) and are shown on Fig. 2a, b, c, respectively. The CIC model of the 9bnorte and PM01 sediment cores showed a constant decrease of 210Pb activity (Fig.2 d, e). Average sedimentation rates for 9bnorte, PM01 and PA05 were 0.52 ± 0.08, 0.57 ± 0.09 and 0.59 ± 0.03 cm y-1, respectively. The sedimentation rates from both methods were similar with values of 0.52 and 0.57 cm y-1 for 9bnorte and PM01 calculated from the CIC model and 0.51, 0.59 and 0.59 cm y-1 for 9bnorte, PM01 and PA05, respectively determined by the 137Cs fallout method.  
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Fig. 2: Depth variation of the 137Cs activities from 9bnorte (a), PM01 (b) and PA05 (c) sediment cores and 210Pbxs activities [Concentration Initial Constant (CIC)] from 9bnorte (d) and PM01 (e) sediment cores.

Grain size, Calcium carbonate, Total organic carbon (TOC), Corg./Ntotal ratio and δ13C and δ15N isotopes.
The sediment from the Piraquê-Açú core (PA05 – Fig. 3) has a high TOC content (4.64 – 7.71 %) and calcium carbonate (21.60 – 71.24 %, Fig. 3), the latter likely being associated with native biogenic material, such as bivalves and gastropods as several shells were found in the sediment.
The particle size in the PA05 sediments consisted predominantly of silt but with an increase in sand content towards the surface (Fig. 3). Organic material in coastal environments is usually associated with fine sediments (Ogrinc et al., 2005), but this association does not occur in the PA05 sediments, where the organic material derived from mangroves may be the main contributor to the PA05 TOC.
As for organic matter quality, Corg./Ntotal ratio showed values ​​(23.3 – 32.2; Fig. 3) characteristic of terrestrial vegetation contributions (> 12) (Prahl et al., 1980) since the composition of these plants consist predominantly of lignin and cellulose, which have low nitrogen content (Lamb et al., 2006). The δ13C values ​​for PA05 (-29.1 ‰ – -25.1 ‰) also suggest a terrestrial contribution, which may be associated with organic material from mangrove forests (Meyers, 2003). Smallwood et al. (2003) found δ13C values between -29.5 and -26.5 ‰ in red mangrove (Rhizophora mangle) leaves, which is an abundant species in PAPMES. Furthermore, the δ15N values ​​ (2.1 – 5.3 ‰) are consistent with this organic input, as higher plants can have values between 3.0 and 18.0 ‰ (Peters et al., 1978; Wada and Hattori, 1991). The greater changes is sediment profiles of isotopes and Corg./Ntotal ratio since the late 1970s could be caused by land use change around the river watershed (Fig. 3).
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Fig. 3: PA05 dated vertical distribution of grain size, TOC, CaCO3, δ13C, δ15N and Corg./Ntotal.

However, the stable isotope values found for PA05 are also consistent with a river/estuarine phytoplankton contribution to sedimentary organic matter, especially in the surficial layers of the sediment, as δ13C values between -35 to -25 ‰ and δ15N around 5 ‰ are typical of these organisms (Meyers, 2003). This contribution is better observed by comparing the δ13C and Corg./Ntotal data with typical values compiled by Lamb et al. (2006) (Fig. 4a), showing contributions of freshwater dissolved organic carbon mainly in surficial sediments.

[image: ]
Fig. 4: Plot with δ13C vs. Corg./Ntotal for (a) PA05 core, (b) 9bnorte core and (c) PM01 core, along with typical levels of Corg./Ntotal e δ13C to coastal environment organic ‘‘inputs’’. Adapted from Lamb et al. (2006).
The 9bnorte core showed a strong variation in particle size distribution in the vertical profile, with a predominance of fine particles in almost the entire core (Fig. 5). The grain size profile showed two regions where the sand content increased, the first at the bottom of the core (between 80 and 94 cm) and the second at a  depth of 54cm, which could a reflect changes inland usage. Calcium carbonate showed a small variation in vertical distribution, with the highest content at a depth of 56 cm, decreasing towards the surface. Again, the CaCO3 contents could be associated with biogenic material due to the presence of shell fragments in the entire core.
This core was obtained from the region where the waters of the two rivers meet the sea and, as such, is influenced by many factors (river flows, tidal currents, waves, etc.), affecting organic matter contributions (riverine, marine and mangrove) to the sediment. Additionally, different turbulence events in the water column could also influence the quantity and quality of the material deposited there (Huettel et al., 2003). Indeed, the 9bnorte core has a lower TOC content than either PA05 or PM01. This reduced organic carbon could be directly related to the grain size of the sediment, which is affected by local dynamics.
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Fig. 5: 9bnorte dated vertical distribution of grain size, TOC, CaCO3, δ13C, δ15N and Corg./Ntotal.

Several sources of organic material and sediments to the 9bnorte location affect particle size and organic carbon as well as the quality of organic matter. Fig. 4b illustrates the contribution of a mixture of materials in the region, showing a strong marine/riverine phytoplankton influence with a terrigenous contribution as well. The algal contribution is corroborated by δ15N values, which are around 5 ‰ (Meyers, 2003), with a strong decrease in the middle of the core, possibly caused by a higher terrestrial plants contribution (δ15N ≈ 0 ‰) (Smallwood et al., 2003; Fogel et al., 2008). This event could be associated with a period of intense deforestation in the surrounding town of Santa Cruz between 1920 and 1950 due to logging, ranching and coffee farming (Loureiro, 2006).
The sediment distributions in core PM01 did not show wide variations. Among the cores studied, PM01 had the highest organic carbon and the lowest CaCO3 content in its sediment composition (Fig. 6), which may be associated with its fine particle size characteristic. The predominance of fine sediments leads to the preservation of TOC (Ogrinc et al., 2005; Gao et al., 2008).
[image: ]Fig. 6: PM01 dated vertical distribution of grain size, TOC, CaCO3, δ13C, δ15N and Corg./Ntotal.

Despite having a smaller watershed than Piraquê-Açú river, the basin of Piraquê-Mirim river is characterized by less altered conditions (Barroso, 2004), which may contribute to a higher organic contribution from the surrounding vegetation and autochthonous phytoplankton production. According to Boutton (1991) and Meyers (2003), δ13C values of PM01 (-28.6 – -26.5 ‰) may indicate terrigenous and phytoplankton influences on organic composition. This contribution is better visualized by comparing the data of carbon isotopes with the Corg./Ntotal ratio  as shown in Fig. 4c, where most of the organic content is derived from C3 terrestrial plants and a small contribution from dissolved organic carbon mainly derived freshwater phytoplankton (Rashid, 1985). The δ15N values found in PM01 sediments may also reflect this terrestrial input (C3 plants; δ15N between -5 and 18 ‰) (Riera et al., 1999; Maksymowska et al., 2000) as well as a freshwater planktonic contributions (Owsens, 1987; Wada and Hattori, 1991) from Piraquê-Mirim river.


Hydrocarbons
The highest average concentrations of n-alkanes and terpanes were found in PM01, which reflects its high TOC content. For 9bnorte sediments, the highest concentrations of hydrocarbons occurred at the time of decreasing sand deposition and increasing silt content (22 and 62 cm). This may reflect the deposition of finer particles, which would help the incorporation of these organic compounds into the sediment (Thompson and Eglinton, 1978).
The Piraquê-Açú sediment core (PA05) has the lowest average concentrations of these compounds (Fig. 7), which could be related to the greater capacity of particulate material transport compared to Piraquê-Mirim River. This would lead to higher transport of finest sediment particles favoring the deposition of sandy particles, thus reducing the deposition of such organic material with finer grain size material (Zhang et al., 2009). This would explain the lower hydrocarbon concentrations between 5 and 20 cm with increased sand content, which is associated with land use changes between 1950s and late 1970s as logging, coffee farming, cattle and eucalyptus culture (Loureiro, 2006).
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Fig. 7: Vertical distribution of the n-alkanes to PA05, 9bnorte and PM01 cores.
Another important factor that could influence the normal hydrocarbon concentrations in the sediments is the proximity between the source and the deposition site. As described above, the organic composition of PAPMES region is strongly influenced by the surrounding mangroves; all cores showed  higher concentrations of long-chain n-alkanes (n-C25 – n-C36) compared to the short-chain compounds (n-C13 – n-C24), and especially of n-C27, n-C29, n-C31 (Fig. 8). These long-chain alkanes are typical of mangrove inputs (leaves) as these higher plants have this long-chain predominance (Eglinton and Hamilton, 1967; Liebezeit and Woestmann, 2009). Additionally, the strong preference of odd- over even-chain carbon of the n-alkanes, which is a feature of epicuticular waxes of higher plants leaves (Eglinton and Eglinton, 2008), in all the cores, reinforces this influence of mangrove on the organic composition of the sediments in the estuary. 
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Fig. 8: Selected Ion Current (SIC) chromatogram (m/z = 71) at 3 cm from PA05, 9bnorte and PM01 cores.

There were no characteristic compounds indicating petrogenic contamination in any of the PAPMES cores. Characteristic petroleum-derived biomarkers found in contaminated environments (e.g., tri-, and tetracyclic terpanes; 17α(H), 21β(H) hopanes and gammacerane) were absent or in very low concentrations. Instead, a high proportion of compounds with 17β(H), 21β(H) and 17β(H), 21α(H) configuration were found, typically absent in thermally mature petroleum, which may rather be associated with biogenic activity (bacteria) (Yunker and Macdonald, 2003). These characteristics are different from those found by Costa et al. (2015) on the urban Passage Channel estuary in Vitória, Espírito Santo, Brazil, where there are elevated concentrations of petrogenic compounds in sediments including petroleum-derived biomarkers.
The Piraquê-Mirim core (PM01) had the highest average concentration of hopanoids (0.08 μg/g) (Fig. 9), probably reflecting the high TOC contents of the sediments. This again could indicate a high bacterial activity that could change the redox characteristics of the sediments and mobilize metals to surface sediments or water column (Du Laing et al., 2009).  

[image: ]
Fig. 9: Vertical distribution of the terpanes concentration to PA05, 9bnorte and PM01 cores.

Major elements, trace metals and arsenic
The minimum, maximum and average concentrations of Al, As, Ba, Cd, Co, Cr, Cu, Fe, Li, Mg, Mn, Ni, Pb, V and Zn for the PA 05, 9bnorte and PM01 cores are given in Table 2.
Table 1: Minimum, maximum, average and standard deviation of metals and arsenic for PA05, 9bnorte and PM01 cores.
	
	PA05
	9bnorte
	PM01

	
	
	
	

	
	Min.
	Max.
	Avg.
(SD)
	Min.
	Max.
	Avg.
(SD)
	Min.
	Max.
	Avg.
(SD)

	Al (%)
	3.67
	6.91
	5.48 (0.81)
	1.84
	7.74
	3.62 (1.02) 
	2.03
	6.17
	3.72 (0.76)

	As
	21.32
	69.63
	40.78 (8.35)
	34.68
	87.59
	53.34 (13.06)
	30.70
	100.11
	62.53 (18.67)

	Ba
	31.21
	71.27
	57.03 (6.70)
	27.42
	116.09
	54.29 (18.99)
	27.57
	76.28
	51.85 (14.29)

	Cd
	0.68
	0.92
	0.75 (0.05)
	0.18
	1.25
	0.71 (0.28)
	0.69
	1.85
	1.07 (0.31)

	Co
	3.81
	7.75
	6.71 (0.70)
	3.87
	10.99
	6.44 (1.35)
	4.37
	9.71
	6.21 (1.11)

	Cr
	40.25
	95.32
	79.65 (10.21)
	45.21
	134.71
	80.34 (19.21)
	47.78
	181.66
	85.79 (33.73)

	Cu
	8.24
	25.28
	14.31 (3.00)
	3.45
	47.37
	12.24 (6.96)
	2.93
	50.72
	11.44 (9.56)

	Fe (%)
	4.05
	6.08
	5.48 (0.38)
	2.08
	8.29
	4.90 (1.54)
	3.73
	10.57
	5.66 (1.46)

	Li
	32.06
	77.03
	59.56 (10.25)
	30.71
	121.02
	58.88 (18.60)
	22.43
	79.89
	47.20 (11.05)

	Mg (%)
	0.56
	1.21
	1.02 (0.11)
	0.85
	1.83
	1.27 (0.26)
	0.57
	1.84
	1.17 (0.37)

	Mn
	105.46
	333.16
	270.81 (47.17)
	167.23
	709.12
	307.97 (126.37)
	123.34
	1017.47
	475.28 (234.77)

	Ni
	12.13
	29.21
	20.05 (3.19)
	12.15
	32.77
	19.78 (4.45)
	8.36
	43.67
	20.20 (8.45)

	Pb
	13.74
	23.50
	18.83 (1.94)
	9.40
	38.84
	16.73 (4.44)
	8.95
	62.27
	16.57 (9.13)

	V
	51.95
	96.01
	75.00 (10.08)
	53.85
	125.59
	82.37 (14.85)
	49.97
	133.44
	82.60 (20.95)

	Zn
	42.38
	97.93
	77.09 (10.26)
	38.03
	122.10
	65.42 (16.49)
	40.31
	83.05
	59.64 (9.85)


· All the metals and arsenic concentrations are expressed in µg/g, except for Al, Fe and Mg, those are expressed in %.

The vertical distribution profiles of the element concentrations are presented in Fig. 10. The distribution profile for sediments from core PA05 showed only very small variations indicating a homogeneous sediment supply. In the case of PM01 and 9bnorte there were variations in the element concentrations; the  highest concentrations of the elements were found at mid-depth in both these cores, with a decreasing trend in concentration towards the surface, except for Ba and Cd in PM01 and Cd, Mg and Pb in 9bnorte.
The elemental, inorganic carbon (IC; CaCO3), TOC, sand, silt and clay principal component analysis (PCA) extracted three components that describe 61.7% of the data variability (Fig. 11). The first principal component (PC 1) with 36.8% of the variability group describes the majority of the elements, e.g. Al, Ba, Cd, Co, Cr, Cu, Fe, Li, Mg, Ni, Pb, Zn and V. Elements such as Al, Ba, Li and Co are considered to be lithogenic and are usually associated with a terrigenous contribution to sediment (Qi et al., 2010). In fact, the concentrations of these elements correlate strongly (Table 2), confirming that the distribution of PC1 grouped elements is strongly controlled by terrigenous sediment supply from the rivers that is deposited in PAPMES. The textural parameters of the sediment (CaCO3, sand, silt and clay) and TOC comprise the second component (PC 2), with 13.3% of the variability, with CaCO3 (indicative of biological material added to the sediment) and sand mainly responsible for this variability. Fine particles and TOC should have a large control on metal distributions in the sediments (Marchand et al., 2006; Zourarah et al., 2009), but this does not appear to be the case as indicated by the high negative eigenvalues. The third component (PC 3) accounts for 13.3% of the data variability, and shows a grouping of As and Mn, indicating a possible As association with the oxides/hydroxides of manganese in the sediment (Liu et al., 2003).
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Fig. 10: Vertical distribution of major (Al, Fe and Mg), trace (Ba, Cd, Co, Cr, Cu, Li, Mn, Ni, Pb, V and Zn) and arsenic elements concentration to PA05, 9bnorte and PM01 cores.
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Fig. 11: PCA loading plot (PC1 vs. PC2 vs. PC3) for major and trace elements, TOC, Sand, Silt, Clay, Calcium Carbonate, Delta 13C (δ13C) and Delta 15N (δ15N) of three PAPMES sediment cores (PA05, 9bnorte and PM01)
The Enrichment Factor (EF) was used to better assess the natural/ anthropogenic contribution to the metal and arsenic sediment loads and their distributions. The EF minimizes the over lithogenic influences such as particle size and mineralogical variation (Qi et al., 2010; Zhang et al., 2013). EFs for each element were calculated using the formula:



where (M/Mref)sample is the ratio between studied metal and the reference metal in the sample (e.g. Al, Li), while (M/Mref.)background is the ratio between the studied metal and the reference metal in an average crustal sample (Ergin et al., 1991). Lithium was used as the reference metal in this study because it is not substantially influenced by human activity (Loring, 1990).
Usually, metal concentrations in shales of continental crust are used as background values for calculating EF (Chatterjee et al., 2007; Chatterjee et al., 2009; Banerjee et al., 2012.). However, these values can vary depending on the location. As the PAPMES is located in a region of extreme influence of the Barreiras Group formation, and has peculiar characteristics as the predominance of kaolinite minerals and iron and manganese oxides (Melo et al., 2002), the concentrations of metals in the deepest sections of the cores were used as background levels to calculate the EF, as the dating based on sedimentation rates showed that sediments were laid down before any main human activity in the region.
The classification proposed by Birch (2003) was used for the evaluation of EFs for the PAPMES sediment cores with the following categories: EF<1 = no enrichment; EF 1 – 3 = low enrichment; EF 3 – 5 = moderate enrichment; EF 5 – 10 = moderately severe enrichment; EF 10 – 25 = severe enrichment; EF 25 – 50 = highly severe enrichment; EF>50 = extremely severe enrichment.
Usually, high concentration of metals and arsenic in sediments is related to human impacts on the aquatic environment, however the EFs for the three studied cores in this work displayed in Fig. 12, indicate that the sediments in PA05 show no enrichment relative to the deep core samples. However, EFs for 9bnorte, showed an enrichment of the elements As, Co, Cr, Cr, Fe, Mg, Mn, Ni, Pb, V and Zn in depths between 10 and 28 cm. This occurred in the mid-1950s, in the district of Santa Cruz, Aracruz, where intense deforestation occurred with felled wood being used for charcoal production and the land used for grazing (Loureiro, 2006). This may have increased the weathering, leaching and erosion of these elements in the region of the confluence of the estuary, where the 9bnorte core was sampled.
At PM01 there is a clear enrichment of the metals Al, Ba, Cd, Co, Pb and Zn toward the surface of the core. Cd, Pb and Zn are usually considered to be contaminants derived from human activity (Price et al., 1999; Qi et al., 2010). However, concomitant enrichment and correlation with Al, Co and Ba (Table 2), which are important metals characteristic of a terrigenous/riverine contributions, indicate that the  increase of these elements (Cd, Pb and Zn) derive from the estuarine dynamic mobilization, settling and accumulating in Piraquê-Mirim sediments and not from anthropogenic sources.
Relatively low levels of arsenic (between 0.5 and 8 µg/g) have been reported in coastal sediments around the world and in other Brazilian aquatic environments compared with those found in the PAPMES (Magesh et al., 2013; Xie et al., 2014; Cordeiro et al., 2015; Wang et al., 2015; Sá et al., 2015). High levels of arsenic are normally associated with human activities (Alkan, et al., 2015; Zhuang and Gao, 2015); however Mirlean et al. (2012) report high arsenic levels in marine coastal and mangrove sediments on the coastline of Aracruz, Espírito Santo, Brazil and associate this enrichment with a natural input from Barreiras Group formation sediments. EF analysis of this metalloid indicates that there is no enrichment in this environment with depth, except in 9bnorte, suggesting that PAPMES sediments have naturally high levels of arsenic. The correlation of concentration of As with Fe and Mn (Table 2) supports its association with iron and manganese oxy-hydroxides, possibly derived from leaching and erosion of the Barreiras Group formation sediments as reported by Mirlean et al. (2011).

Table 2: Pearson matrix correlation (p<0.05) between major elements (Al, Fe and Mg), trace elements (As, Ba, Cd, Co, Cr, Cu, Li, Mn, Ni, Pb, V and Zn), grain size, CaCO3 and TOC from three sediment cores of PAPMES (n=123).
	
	TOC
	CaCO3
	Li
	Mg
	Al
	V
	Cr
	Mn
	Fe
	Co
	Ni
	Cu
	Zn
	As
	Cd
	Ba
	Pb
	Sand
	Silt
	Clay

	TOC
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	CaCO3
	-0.31
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Li
	-
	0.19
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Mg
	-
	-0.20
	0.39
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Al
	-
	-
	0.91
	0.40
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	V
	-
	-
	0.55
	0.50
	0.58
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Cr
	-
	-
	0.72
	0.63
	0.74
	0.70
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	

	Mn
	0.18
	-
	0.19
	0.68
	0.32
	0.38
	0.67
	1.00
	
	
	
	
	
	
	
	
	
	
	
	

	Fe
	-
	0.24
	0.50
	0.42
	0.48
	0.67
	0.57
	0.44
	1.00
	
	
	
	
	
	
	
	
	
	
	

	Co
	-
	-
	0.87
	0.36
	0.83
	0.63
	0.80
	0.35
	0.61
	1.00
	
	
	
	
	
	
	
	
	
	

	Ni
	-
	-
	0.77
	0.54
	0.77
	0.66
	0.86
	0.50
	0.50
	0.77
	1.00
	
	
	
	
	
	
	
	
	

	Cu
	-
	-
	0.40
	0.24
	0.38
	0.29
	0.41
	0.18
	-
	0.41
	0.42
	1.00
	
	
	
	
	
	
	
	

	Zn
	-
	-
	0.86
	0.46
	0.86
	0.66
	0.69
	0.28
	0.69
	0.85
	0.72
	0.28
	1.00
	
	
	
	
	
	
	

	As
	-
	0.23
	0.25
	0.46
	0.25
	0.64
	0.45
	0.52
	0.77
	0.36
	0.38
	-
	0.37
	1.00
	
	
	
	
	
	

	Cd
	-
	-
	0.50
	0.38
	0.64
	0.53
	0.52
	0.23
	0.47
	0.48
	0.52
	-
	0.64
	-
	1.00
	
	
	
	
	

	Ba
	-
	-
	0.60
	-
	0.70
	0.24
	0.35
	-0.19
	0.24
	0.59
	0.38
	0.22
	0.62
	-0.21
	0.60
	1.00
	
	
	
	

	Pb
	-
	-
	0.30
	0.49
	0.41
	0.31
	0.49
	0.35
	-
	0.33
	0.43
	0.26
	0.34
	-
	0.40
	0.33
	1.00
	
	
	

	Sand
	-
	0.32
	-
	-0.28
	-
	-
	-0.23
	-0.26
	-
	-0.18
	-0.21
	-
	-
	-
	-0.26
	-
	-0.28
	1.00
	
	

	Silt
	-
	-0.28
	0.19
	0.30
	-
	-
	0.24
	0.28
	-
	0.19
	0.22
	-
	0.18
	-
	0.24
	-
	0.26
	-0.99
	1.00
	

	Clay
	0.19
	-0.24
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-0.30
	0.30
	0.35
	0.22
	-0.37
	0.28
	1.00


· Italic numbers are correlation higher than 0.50 (strong correlation).
· Bold numbers are correlations higher than 0.70 (very strong correlation).
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Fig. 12: Major and trace elements enrichment factor vertical distributions for PA05, 9bnorte and PM01 sediment cores. 

Conclusion
The PAPMES sediments have high amounts of organic carbon derived from C3 terrestrial plants, probably mangroves, with dissolved fluvial and marine material contributions, especially near the mouth of the estuary. This finding suggests that the mangrove ecosystem around the estuary is the main source of organic material to the sediments of PAPMES. In spite of the high concentration of organic carbon and hydrocarbons, the PAPMES showed no contamination characteristic of petrogenic compounds. Furthermore, organic carbon and hydrocarbons did not show any relationship with metals or arsenic, indicating that the sources of these organic compounds and elements are decoupled.
Fine particles (silt and clay) have little (As, Cd, Co, Cr, Li, Mg, Mn, Ni, Pb and Zn) or no (Al, Cu, Fe and V) influence on the distribution of trace metals and As in the sediments. The terrigenous lithogenic supply (iron and manganese oxy-hydroxides for arsenic) were mainly responsible for the distribution of these elements. The high concentrations of arsenic in all of the sediments analysed suggest that the Barreiras Group formation is the main source of this element to PAPMES.
Sediments of PAPMES showed no evidence of a high enrichment of metals and arsenic derived from human activity, except in the vicinity of 9bnorte. The enrichment of the elements As, Co, Cr, Cr, Fe, Mg, Mn, Ni, Pb, V and Zn in the estuary has been associated with deforestation for charcoal production started in the mid-50’s, enhancing the exposed soil to weathering and erosion of those to the estuary channel.
The estuarine system of Piraquê-Açú and Piraquê-Mirim rivers remains in a well preserved state. The data presented in this work should help environmental agencies to maintain the natural state of this ecosystem and other tropical estuaries. PAPMES is located at less than 50 km from the Doce river which recently suffered a major environmental disaster, when a mining dam collapsed. The mud from this mining waste reached the continental shelf and is likely to migrate, therefore the present study provides a baseline to monitor the fate of the mining waste.
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