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Abstract: Two sediment cores were collected at the margins of well-developed mangrove forests to study the effects of anthropogenic activities in the Paranagua region of Brazil. Calculations of sediment trace metal content, flux, and enrichment factors (EF) were performed. Trace metal (Hg, Zn, Pb, Ni, Co, Mn and Cu) contents showed differing values down core and amongst sites, which were not indicative of metal accumulation rates or EF. Slight enrichments of these metals were observed congruent with mining activities in the area occurring prior to 1900. Multiple rapid increases of flux rates were observed, one congruent with pre-industrial mining activity which was observed in both sediment cores. The other flux spike was only detected in one sediment core, occurring post 1990, and was not accompanied by any enrichment. This increase in flux is believed to be due to upstream urban development causing increased fine grain particle deposition in the mangroves of Laranjeiras Bay. Beyond assessing impacts of anthropogenic activities on mangroves of this area, an additional focal point of this work is to show the significance of content flux and EF in studies concerning coastal sediment pollution research. The validity of using flux and EF data, in addition to metals contents, to discern contamination trends in mangrove sediments is discussed. 
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A influência de atividades antropogênicas na acumulação de metais traços nos sedimentos Brasileiros de mangue
Resumo: Dois testemunhos de sedimento foram coletados em margem de manguezais para estudar os efeitos de atividades antrópicas na região de Paranaguá, no Brasil. Conteúdos, fluxos e fatores de enriquecimento (FE) de metais-traço foram calculados. Os conteúdos de metais-traço (Hg, Zn, Pb, Ni, Co, Mn e Cu) variaram ao longo dos testemunhos e entre os dois locais, mas não foram indicativos das taxas de acumulação ou EF. Enriquecimentos leves desses metais foram observados de forma consistente com atividades de mineração na área de estudo, ocorridas antes de 1900. Foram observados múltiplos aumentos das taxas de fluxo. Um deles foi congruente com a atividade de mineração pré-industrial que foi observada em ambos os testemunhos. O outro pico de fluxo só foi detectado em um testemunho, ocorrendo após 1990 e não foi acompanhado por nenhum enriquecimento. Este aumento de fluxo foi devido ao desenvolvimento urbano, causando aumento da deposição de partículas de grãos finos nos manguezais da Baía de Laranjeiras. Além de avaliar os impactos das atividades antrópicas em manguezais desta área, um ponto focal adicional deste trabalho foi mostrar os significados do conteúdo, do fluxo e do FE em estudos sobre poluição de sedimentos costeiros. A validade do uso de dados de fluxo e EF, além dos conteúdos de metais, para discernir tendências de contaminação em sedimentos de mangue é discutida. 
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1. INTRODUCTION
[bookmark: OLE_LINK1]Mangrove forests are coastal regions of numerous environmental impact studies due to the valuable ecosystem services they provide, such as promoting biodiversity, storm and erosion protection, carbon sequestration, and filtering of contaminants from surface waters [1, 2]. Mangroves often occur at the mouth of coastal drainage basins where seawater meets freshwater discharge resulting in high sediment delivery rates [3]. Mangrove forests can efficiently trap fine sediment because the root structure slows water movement to speeds conductive for particle settlement [4, 5]. Changes in water chemistry along the estuarine gradient promote formation of organometallic complexes which precipitate out of the water column [6, 7]. These geophysical processes allow mangrove sediments to become a sink for nutrients and trace elements, including metals which can accumulate to toxic levels [7, 8]. 
[bookmark: _Hlk492982008]Regular tidal flooding and constant sediment supply permits mangrove sediment profiles to reflect the history of particle deposition, indicative of anthropogenic activities within a basin [2, 9, 10]. Sources of trace metals to mangrove sediments include anthropogenic activities like mining, fossil fuel combustion, aquaculture, and agriculture [9, 11, 12], but also natural processes like geologic weathering and sediment transport [13]. When quantifying anthropogenic impact, it is important to discern between the anthropogenic and natural portions of trace metals in sediments [14].
To evaluate anthropogenic impact, many studies rely on sediment quality guidelines which typically use metal content as a justification for classifying ecotoxicity [15-18]. However, novel analytical techniques, such as using radioisotopes to construct geochronology within sediment profiles and separation of anthropogenic and natural fractions of trace metals allow data which can indicate trends of pollution and risk of ecotoxicity (e.g. Conrad et al. 2017 [9]). Using the sediment dry bulk density (DBD), metal content, and decay activities of radionuclides (e.g. 210Pb) the rate of accumulation of metals in the sediment (or flux rate) can be calculated (e.g. Sanders 2006[19]). Flux data can link specific events in the accumulation rates of contaminants [2, 9, 20]. To distinguish between natural and anthropogenic sources of contaminants metal contents are compared to background metal contents. This process is known as normalization [21]. Naturally abundant metals, such as aluminum (Al), are often used for normalization as this metal is indicative of local geological conditions [22]. Metal content from dated sediments reveal pre-anthropogenic contents (before contamination) [9, 23]. Contents elevated above baseline concentrations are known as enriched, and an enrichment factor (EF) is calculated to determine the degree of contamination.
[bookmark: _Hlk492990923]Our study uses dated mangrove sediments to investigate trace metal contents, EF, and flux rate from Paranagua Bay in SE Brazil. Paranagua Bay drains the city of Curitiba (the largest city in the state) and is also home to the largest grain exporting port in South America [24]. Gold mining also occurred here during European colonization [25-27]. Upstream erosion and wastewater from these activities delivers increased particulate matter to the mangroves, and can result in increased deposition of trace metal contaminants [10]. In fact, agricultural activity has caused mercury (Hg) contamination of sediments within the Curitiba [19]. Trace metal accumulation from this area will allow for the comparison of the extent of anthropogenic habitat degradation that has been documented in other southeastern Brazilian estuaries [28-30]. 
The objective of this work is to use sediment geochronologies and trace metals as indicator of environmental pollution in the Paranagua region of SE Brazil. Sediment cores were collected from two mangrove forest areas of Paranagua Bay to evaluate trace metal content, EF, and flux rate. The measures described will be discussed in an attempt to justify the validity of the use of these analyses in environmental pollution research. The reach of these objectives is obtained from Al normalized metal content data along with 210Pb geochronologies in an attempt to reconstruct anthropogenic impacts well documented in this region.

2. MATERIALS AND METHODS 
2.1 Study site 
[bookmark: _Hlk493065007]Laranjeiras Bay estuary has an area of 240 km2 and accounts for approximately half of the area of the larger, adjacent Paranaguá Bay estuary system. Paranaguá Bay is a large urban (population 148,232) [31] and agricultural production area and home to the largest grain shipping port in South America [32]. Shipping of agricultural products began in the region in the 1870s. In the 1930s petrol and other industrial chemicals began being exported [33]. Direct input of sewage, removal of timber, urban development, and agriculture have led to elevated nutrient and sediment loads in the estuary [24, 34]. The mangrove species located in this region are Rhizophora mangle, Avicennia marina, Laguncularia racemosa, and Conocarpus erecta [35]. 
In comparison to Laranjeiras Bay, the estuary of Guaratuba Bay is relatively small (48.57 km2) with less anthropogenic activity (population 31,400 [31]) and tidal mixing [36]. Despite less developed than Paranagua, anthropogenic activity such as agriculture, urban development, and tourism have influenced land use change and increased environmental pressures on this region since 1980. Sanders, Santos [19] detected enrichment of Guaratuba Bay sediments with mercury (Hg) from agricultural activities [19]. Mangrove species in Guaratuba are similar to Paranagua Bay. 
Curitiba, is situated on top of the nearby Serra do Mar mountain range. Both Laranjeiras and Guaratuba Bays are part of the larger drainage basin of Curitiba. Runoff from Curitiba discharges to the sea through these and other waterways. The regions’ history includes extensive mining activities. Gold mining began after in the area after Portuguese colonization in the late 1600s [25, 26, 37]. More recent sources of metals to the Bay may be from zinc (Zn) and lead (Pb) mining in the nearby Ribeira Valley. Mining activities here began in 1918 and ended in 1995. Lead smelting activities also occur in this region [27]. Curitiba’s population has expanded from few hundred thousand to over 3.2 million since 1960 [38].

2.2 Sample collection and analysis
Two 50 cm long sediment cores were collected from mangrove forests within Laranjeiras Bay (PAA) and Guaratuba Bay (GTA) (Figure 1) using a 7 cm diameter acrylic tube. The PAA was collected from mangroves within Laranjeiras Bay where sediment metal contents are reported to be high [32]. Sediment cores were sectioned in 1 cm until 10 depth and 2 cm intervals until the bottom of each sediment core. Sediment dry bulk density (DBD) was calculated as in Brown, Conrad [39]. A ~2 mg split of the sections were analyzed for Al, zinc (Zn), lead (Pb), cobalt (Co), nickel (Ni), manganese (Mn), and copper (Cu) in an ICP-OES (Ultima II model). Digestion was carried out with conc. nitric acid, conc. hydrochloric acid and 30% hydrogen peroxide (4:1:1 mL), on a heating plate. Total mercury Hg concentrations were analyzed by cold vapor atomic absorption spectrophotometry, following digestion in an aqua regia solution and a reduction with tin (II) chloride (SnCl2) [40]. Standard reference sediments PACS-2 and NIST SRM-2794 were analyzed in parallel with the samples in order to estimate the Hg analytical recovery. Reference sediment analysis showed a precision of 10%, as indicated by the relative standard deviation of triplicates. This analysis showed that Hg was adequately recovered (average of 906%).  
Sediments were normalized using Al because grain size distribution may affect trace metal distribution and Al is very abundant in lithogenic material [41, 42].  Enrichment factor was calculated as follows:
[bookmark: _Hlk493132901]
[bookmark: _Hlk493132678][image: http://www.sciencedirect.com/sd/blank.gif] where EF is enrichment factor and [metalx] is content of desired element at depth x and [Alx] is content of Al at depth x and [metalbaseline] and [Albaseline] are baseline contents. The baseline content was defined as the concentration found in the bottom subsample of each core [14]. EF below 1 indicates a natural source. EF between 1 and 3 indicates low anthropogenic enrichment, while EF between 3 and 5 indicates mild enrichment. EF > 5 indicates enrichment with risk of toxicity [14].
The 210Pb dating of the sediment cores in this work is published in Sanders et al (2012). Age of sediment intervals were calculated as follows: 

	Heavy metal accumulation rate is defined as amount of material entering the sediment per unit area per unit time (ex: μg m− 2 yr− 1):
Flux = [metalx] ∗ SAR ∗ DBD where [metalx] is trace metal content in sediment sample, SAR is sediment accumulation rate (mm yr-1), and DBD is dry bulk density of the sample. Metal accumulation rates (flux) were calculated for each metal and each sediment interval. 

3. RESULTS 
All dry bulk densities (DBD), contents, fluxes, and EFs for sediments of GTA and PAA are given in supplemental materials on Table SI and SII, respectively. Sediment accumulation rates for both cores were 2.0 mm/year and the 210Pb profiles are presented in Sanders, Smoak [43]. Metal content profiles of both cores are displayed in Figure 2. Contents of Al are elevated from 23 cm to 27 cm in GTA. Contents of Co, Ni, Mn, and Cu in GTA are highest at 31 cm depth (15.66, 39.11, 314.17, 17.04 mg kg-1, respectively). Hg content of GTA shows sporadic changes with highest content at 21 cm (23.85 ng g-1).  There are two spikes in GTA Zn contents above 80 mg kg-1 occurring at 30 and 15 cm. Along the GTA sediment core, all metals decrease in contents as they approach the surface. In general, metal contents are lower in PAA than GTA, except for Mn which is more elevated in PAA. In PAA, Hg content is highly variable throughout all depths, while all other metals have similar contents from 15-25 cm. Contents of Zn, Pb, Co, Ni, Cu reach a maximum at 25 cm. A spike in Al is observed further down core at 33 cm. Manganese contents are highest below the 40 cm depth.
Sediment ages, flux rates, and EF of GTA are presented in Figure 3. Sediments at the bottom of GTA date beyond the 210Pb dating method (~120 years). Flux values of Zn for GTA decrease from before 1900 towards the surface sediments. Fluxes of Pb, Co, Ni, Mn reached their highest sometime before 1900 (1.55, 1.17, 2.93, and 23.55 µg m-2 yr-1, respectively). Enrichments of these elements was also observed at this time (EF = 1.36, 1.53, 1.74, and 1.41, respectively). Of all EF in GTA, Ni enrichment in 1850 (1.74), using an extrapolated sediment accumulation rate beyond the scope of the dating method used in this work, was the highest observed in the core for any metal. Overall, there is no sediment enrichment of any element in GTA (average EF = 0.61 for Hg, 0.88 for Zn, 0.98 for Pb, 0.88 for Co, 1.05 for Ni, 0.94 for Mn, 0.97 for Cu). Copper flux decreases from the bottom of the core and remains constant pre-1900, before becoming elevated after 1950 until 1975, when it decreases towards more recent times. Mercury flux is greatest in 1920 (1.82 ng m-2 yr-1). No enrichment of Hg was observed in GTA. Only the sediment fraction with the highest flux rose above EF = 1.0 (1.16). Hg, Zn, Co, Ni, Cu have lower fluxes since the 1980s. Manganese flux show alternating patterns of relatively large increase and decrease from 1990 to the surface (10.63-22.17 µg m-2 yr-1). 
Sediment ages, flux rates, and EF of PAA are presented in Figure 4. Despite the shallower sampling depth (44 cm) of PAA, the sediments at the bottom of PAA are also beyond the limit of 210Pb dating (~120 years). Mercury flux reaches a maximum of 2.36 ng m-2 yr-1, in 1977, although this was not concurrent with any enrichment (1977 EF = 0.87). Mercury flux shows irregular alternating patterns between 1 and 2 ng m-2 yr-1 from the bottom to just before 1900 and then flux decreases after 1900. Flux increases occur again between the 1950s and 1980s. There are two relatively large flux pulse peaks observed for Zn, Pb, Co, Ni, and Cu. The first occurred beyond our dating method (pre-1900) and is concurrent with the highest observed enrichments of these elements (EF = 2.07, 1.97, 1.37, 2.05, and 2.48). A second flux spike was observed in all elements (including Al) which occurred between 1980 and 1997. Fluxes were highest for each element in the more recent spike, except for Cu, in which the first flux spike was only 0.09 µg m-2 yr-1 greater. Maximum fluxes were 9.28, 2.16, 1.32, and 3.31 µg m-2 yr-1 for Zn, Pb, Co, and Ni, respectively. Maximum flux of Al (7.17 mg m-2 yr-1) and Mn (38.59 µg m-2 yr-1) occurred in recent sediments (1992). Baseline (EF  ̴1) EF values were observed for all metals during the most recent flux spike. 

4. DISCUSSION 

Contents of Al, Zn, Pb, Ni, and Cu are, in general, higher in GTA than PAA (Figure 2). Mercury and Ni contents are similar between cores, with the exception of a greater pulse spike in contents and flux of these elements in GTA. Manganese contents are greater in PAA than GTA. This may be due to differences in the behavior of alluvial sediment being deposited at each site. Manganese contents and flux have the highest variation in near surface sediments. These oscillations may be the result of the precipitation and dissolution behavior of Mn in differently oxidized sediments [44]. The content of metals in either core are less than sediments collected from more urbanized Brazilian estuaries [28, 29, 45]. 
Contrary to contents, EFs were slightly higher in PAA than GTA (open circles Figures 3 and 4). Maximum EF was Cu in PAA before 1900 (EF = 2.48). Other studies of southeastern Brazilian estuaries show more severe, long term enrichments. Mahiques, Burone [28] found a long term 3-5-fold enrichment of Pb and Cu in sediments of the previously pristine, UNESCO protected Cananéia-Iguape system in SE Brazil after the creation of a boating channel. Kehrig, Pinto [29] reports higher enrichments for areas of the highly industrialized Guanabara Bay (located in the adjacent state; EF = 9 for Hg, 24 for Zn, 170 for Cr, 251 for Cu and 450 for Pb, 650 for Cd) [28, 29]. Our EF values indicate only slight anthropogenic enrichment of Laranjeiras and Guaratuba Bays. Other areas sampled in the same estuaries display greater surface sediment content and enrichment, attributed to sewage, anti-fouling paints and fossil fuel combustion from shipping activities, and agricultural waste products [19, 32, 46, 47]. Our samples did not detect sustained input of these contaminated sediments. The large increase in flux in PAA around 1990 may be due to increased runoff during this time [32, 34]. The conditions of the estuary may promote erosion at the locations our sediment cores were taken, or contaminated sediments are being deposited elsewhere within Laranjeiras Bay [32]. Sampling sediment from different sections of Laranjeiras, Paranagua, and Guaratuba Bays may reveal areas with a greater flux of trace metals from anthropogenic activities.
For quantifying anthropogenic impacts in this region, the addition of flux and EF calculations revealed trends and sources of metal accumulation in the basin that content alone did not reveal. Flux calculations are particularly significant to estuarine sediment studies because including volume and mass as associated to time is of great interest to assess sediment characterization and impacts associated to a catchment [9, 48]. In addition, the comparison of EF and flux rates was a useful analytical tool in indicating possible sources of trace metals to GTA and PAA sediments. The sharp increase of flux rate observed for Zn, Pb, Co, Ni, and Cu in PAA (before 1900) are accompanied by enrichment (EF > 1.0) of these metals (Figure 4). Anthropogenic impacts on sediment quality from around this time are further evidenced by GTA sediments. A large flux pulse and mild enrichment of Pb, Co, Ni, Mn, and Cu were observed in GTA before 1900. The observed enrichments and flux pulses are likely due to mining activities in the area pre 1990 [25, 37]. The observed enrichments may be from the transportation of metal ions in solution of fluvial waters to the estuary where they precipitated with sulfides or organic matter when encountering changing redox conditions at the mangrove sediment interface and deposited in mangrove sediments [27, 49]. However, the flux rates and EFs indicate increased fine grain sediment input into PAA post 1990. This is discussed further below.
The more recent (1992-1997) increase of Hg, Zn, Pb, Co, Ni, Mn, and Cu flux in PAA occurred, but was not accompanied by enrichment. This is because the Al flux increased in proportion with the other metals, therefore, there is no enrichment above background levels (for Al flux data see supplementary materials Table SII). Aluminum content is elevated in fine grained sediment  and bound to other heavy metals [50]. The increase in Al deposition is congruent with the increase in flux rates of other metals from 1992-present. Andriguetto-Filho [34] and Martins [24] found an increase in suspended sediment loads in the estuary starting around this time. Runoff with increased eroded sediment loads from the rapid post-1960 urban development in Curitiba [38] may be delivering fine grained particle bound metals to Laranjeiras Bay and are the likely cause of the most recent flux pulse spike. The mangroves are acting as a chemical barrier by promoting these contaminated sediments to settle, therefore retaining sediments and preventing their export to coastal waters. Mercury does not follow a similar trend to the other particle bound trace metals, likely as a result of its volatile nature [51].
The variation in sediment DBD compounds the comparison of metal contents between study sites. Where sediment density varies, flux rate can be more useful for determining environmental impacts [2, 19, 52]. Flux rate indicates the mass of a substance being retained per sediment volume at a certain time, thus resolving dilution effects [19, 48] . The combination of our EF and flux data suggests different mechanisms of trace metal deposition to Laranjeiras and Guaratuba Bay. Sharp increases of flux and EFs before 1900 may indicate mining waste in the waterway, while a recent Al normalized flux increase in Laranjeiras is likely the result of increased fine grained sediment runoff [24-26]. We argue that fluxes and EFs are a much better indicator of anthropogenic influences over time in areas of dynamic sedimentation, as these calculations account for dilution caused by the overall sediment load or even anthropogenic anomalies associated to specific pollutants [53]. Here we show that in assessing the overall metal impact of trace metal pollution to coastal sediments, flux rates and EFs are invaluable when compiling data on metal contamination processes and/or establishing background values associated to the sediment load (e.g. Conrad, Santos [9], Abrahim and Parker [14], Ip, Li [52]).  
Some of the major findings obtained from this work were to demonstrate the importance of flux rate and EF as applied to mangrove sediment trace metal sequestration and to clarify the terminology used in coastal sediment environmental impact research. For example, a common mistake in sediment reports is the lack of use of the term content (mass per dry unit mass, e.g. mg kg-1), which is often reported as concentration (mass/volume). Furthermore, our results demonstrate the documented varied sediment delivery rates in Guaratuba and Laranjeiras estuary system, flux can be a more reliable indicator of describing trace metal deposition history. In summary, our flux and EF combinations demonstrate the well conserved deposition of trace metals often found in mangrove systems may be affected by an increase in fine grain sediment loads. Therefore, metal content, which does not consider density variances, may be a deceiving environmental parameter when determining impact of pollutants [9, 14]. We propose that environmental impact studies should adopt the use of the term content, and incorporate flux and EF calculations, wherever possible, to gain a better understanding of trace metal pollution in coastal regions.

5. Conclusion 
[bookmark: _Hlk493586836][bookmark: _Hlk493586784]While many reports use metal content as a reference to contamination, our study calculated flux rates and enrichment factors (EF) directly related to aluminum (Al), zinc (Zn), lead (Pb), cobalt (Co), nickel (Ni), manganese (Mn), and copper (Cu) in sediment cores from mangroves of Guaratuba and Laranjeiras Bays in southeast Brazil. Flux and EF was calculated to consider physical dimensions (density) and grain size involved in the dynamics of sedimentation. Our results demonstrate the use of flux rates and Al normalized EF calculations to differentiate sources and scale of anthropogenic impacts in coastal sediment studies is a valuable tool. We found pulse increases of flux rates and mild enrichments (EF < 2) when contents did not follow the same pattern. Elevated trace metal flux rates to these mangroves was determined to be from from mining activities pre-1900 or increased upstream sediment loading from land use change in the late 20th century. Mild sediment enrichment above background levels was found in both Guaratuba and Laranjeiras Bay concurrent with pre-1900 mining. In contrast, the sediment core in the more developed region near Paranagua, detected a change a rapid flux increase of Zn, Pb, Co, Ni, Mn, Cu, and Al after 1990, likely from increased upstream sediment runoff attributed to urban development. Based on the differences observed in content, flux, and EF between sites and over time, we conclude that metal fluxes and EFs should be considered, when possible, in determining sedimentation processes in environmentally impacted coastal regions.   
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CAPTIONS TO SUPPLEMNTARY MATERIAL TABLE
Table SI and SII.  Sediment depth, age, dry bulk densities (DBD) and metals content, flux, and enrichment factors (EF) of aluminum (Al), mercury (Hg), lead (Pb), zinc (Zn), cobalt (Co), nickel (Ni), manganese (Mn), and copper (Cu) from mangrove sediments from Guaratuba bay (GTA) and Larenjeiras Bay (PAA). Ages calculated from 210Pb dating.  Metal contents normalized to Al contents. All DBD, content, flux, and EF data are presented as GTA/PAA. 

CAPTIONS TO FIGURES
Figure 1.  Study area, showing study sites Guaratuba (GTA) and Laranjeiras (PAA) bays in southeast Brazil. Green areas are mangrove forest. Sediment cores where taken at the forest margin as indicated by white circles in the diagram below. 

Figure 2. Contents of Al, Hg, Zn, Pb, Co, Ni, Mn, and Cu from mangrove sediment cores GTA (circles) and PAA (triangles). Contents are in parts per million (ppm) for zinc (Zn), lead (Pb), cobalt (Co), nickel (Ni), manganese (Mn), and copper (Cu). Aluminum (Al) in g kg-1. Mercury (Hg) in ng g-1.


Figure 3. Age (year), flux rate (colored circles) and enrichment factors (EF, open circles) of Hg, Zn, Pb, Co, Ni, Mn, and Cu from GTA mangrove sediment core. Flux rates are in µg m-2 yr-1 for zinc (Zn), lead (Pb), cobalt (Co), nickel (Ni), manganese (Mn), and copper (Cu). Aluminum (Al) in mg m-2 yr-1. Mercury (Hg) in ng m-2 yr-1. Metals are normalized to Al content. EF greater than 1 indicates an anthropogenic source of metal. *Sediments older than ~1900 are beyond the scope of the 210Pb dating method [54]

Figure 4. Age (year), flux rate (colored triangles) and enrichment factors (EF, open circles) of Hg, Zn, Pb, Co, Ni, Mn, and Cu from PAA mangrove sediment core. Flux rates are in µg m-2 yr-1 for zinc (Zn), lead (Pb), cobalt (Co), nickel (Ni), manganese (Mn), and copper (Cu). Aluminum (Al) in mg m-2 yr-1. Mercury (Hg) in ng m-2 yr-1. Metals are normalized to Al content. EF greater than 1 indicates an anthropogenic source of metal. *Sediments older than ~1900 are beyond the scope of the 210Pb dating method [54]
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