Historical trace element accumulation in marine sediments from the Tamaulipas shelf, Gulf of Mexico: an assessment of natural vs anthropogenic inputs.
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Abstract

The Gulf of Mexico is considered one of the world’s major marine ecosystems, supporting important fisheries and habitats such as barrier islands, mangrove forests, seagrass beds, coral reefs etc. It also hosts a range of complex offshore petroleum exploration, extraction, and refining industries, which may have chronic or acute impacts on ecosystem functioning. Previous work on the marine effects of this activity is geographically incomplete, and has tended to focus on direct hydrocarbon impacts, while impacts from other related contaminants (e.g. heavy metals, salt-rich drilling muds) which may be discharged from oil facilities have not been widely assessed. Here, we examine historical trace element accumulation in marine sediments collected from four sites in the Tamaulipas shelf, Gulf of Mexico, in the area of the Arenque oil field. Dated sediment cores were used to examine the sources, and historical and contemporary inputs, of trace metals (including those typically present in oil industry discharges) and their potential biological impact in the Tamaulipas aquatic environment over the last 100 years. CaO (i.e. biogenic component) normalized data showed increasing V, Cr, Zn, Cu, Pb, Zr and Ba towards the sediment surface in three of the four cores, with Ba and V (based on an Adverse Effect Index) possibly associated with adverse effects on organisms. Dated Ba/CaO profiles show an increase of 30 – 137% after opening of oil installations in the study area, and can be broadly correlated with increasing oil industry activities across the wider Gulf of Mexico. Data do not record however a clear enhancement of Ba concentration in sediment cores collected near to oil platforms over more distal cores, indicating that any Ba released from drilling platforms is incorporated quickly into the sediments around the drilling sites, and once this element has been deposited its rate of resuspension and mobility is low.

1. Introduction

Many coastal and shelf sea areas around the world are heavily impacted by anthropogenic activities. The oil industry in particular can generate significant ecosystem damage through tanker and well-head accidents (Payne et al. 2008, Moreno et al. 2011, Qu et al. 2016, Jung  et al. 2017), and routine operation and discharges. Hydrocarbon-derived pollutants can cause direct mortality of benthic organisms or can modify the structure of benthic communities (Abdalah et al. 2016); causing impaired larval development, changes in oxygen consumption, nutrition, and growth, as well as molecular, biochemical and physiological modifications (Fokina et al. 2014). In addition non-benthic organisms such as fish, seabirds, and aquatic mammals may suffer habitat loss or death due to oil coating or ingestion (Zhou et al. 2014). 
Due to a high dependence on petroleum as an energy source, and the use of hydrocarbon-derived feedstocks in a wide variety of industries, the oil industry has increased its global production (notwithstanding oil crises, overproduction or price crashes) dramatically over recent decades. In 2014 global oil and gas production were 76,061 thousand barrels per day and 124, 444 billion cubic feet respectively (PEMEX, 2014) – 130 % and 53,000 % more than in 1989 (PEMEX, 1999). Around 30% of production is offshore (U.S. EIA, 2015): for example there are 800 offshore oil and gas platforms in the Arabian Gulf (Albano et al. 2016), 500 in the continental shelf of the North Sea (Fuji, 2015), 420 in the northern Gulf of Mexico and 258 in the southern Gulf of Mexico (PEMEX, 2014).
The Gulf of Mexico is considered one of the world’s major marine ecosystems, supporting important fisheries and habitats such as barrier islands, mangrove forests, seagrass beds, coral reefs, river deltas and estuaries (Yañes and Day 2004 a). In the north, south-west and south of the Gulf of Mexico however a range of complex offshore petroleum exploration, extraction, shipping, service, construction and refining industries have developed (Yañes and Day, 2004 b). Along the coasts of the Gulf of Mexico, a number of authors have reported adverse impacts on foraminiferal, Polychaete annelid, coral reef and benthic communities near to oil platforms or other oil installations (Hernandez et al. 2005, Carriquiry et al. 2010, Sen Gupta et al. 2013, Magallanes et al. 2015, Qu et al. 2016).  Current information is geographically incomplete however, and has tended to focus on direct hydrocarbon impacts, while impacts from other related contaminants (e.g. heavy metals, salt-rich drilling muds) which may be discharged from oil facilities have not been widely assessed. For example, the Tamaulipas coasts have supported a significant oil industry for the last 100 years, but there is little information on oil industry impacts in benthic systems in this area, particularly how sedimentary trace and major elements have increased or decreased in the last 100 years in relation to oil industry, and to other anthropogenic, activities (including urban and industrial development of the adjacent coastline and river drainage catchments). This article aims to partly fill this knowledge gap, via analysing dated sediment cores to examine the historical and contemporary inputs of trace metals (including those typically present in oil industry discharges), and their potential biological impact, in the Tamaulipas aquatic environment over the last 100 years.


2. Study area
The study area covers approximately 1,612 km2 of seafloor near to the Mexican state of Tamaulipas, within the third most important hydrocarbon field in the Mexican part of the Gulf of Mexico (Figure 1). Its coordinates are 22° 27.03’ to 22° 5.99’ north latitude and 97° 56.99’ to 97° 21.04’ west longitude. The area receives discharges from the Panuco River, which has the largest catchment area (85,956 km2 CONAGUA, 2016) emptying into the western Gulf of Mexico, although only 16,499 km2 of this catchment are in Tamaulipas state (INEGI, 2010). The coastal currents in this region vary seasonally, running southward from September to March and northward from May to August, and between each season there is a transition period that starts from late March to April and from late August to September (Zavala et al. 2003). The main anthropogenic influences consist of 11 point sewage discharges, 6 water treatment plants, the Madero oil refinery, the Altamira and Tampico ports located in the urban area formed by Altamira, Madero City and Tampico (INEGI, 2010), and the Arenque marine oil field (PEMEX, 2012).
The Panuco River has an annual discharge of 20,330 Mm3 (CONAGUA, 2016) and crosses 13 municipalities from Tamaulipas with a population of 957,227 inhabitants (based on 2010 data), of which 73.8% are concentrated in the municipalities of Altamira, Madero city and Tampico (INEGI, 2010). The urban area formed by these three sites is considered the main industrial region of the Tamaulipas coastal zone (Ortiz et al. 2000), containing 1 major oil refinery (PEMEX, 2014), 2 of 13 ports in the western Gulf of Mexico, and other manufacturing industries (INEGI, 2010). Agriculture and livestock activities are also common in the catchment, with livestock production representing  27.7%  of all state livestock production, and an agricultural production making up 33.6% of the total state agricultural produce value (based on 2011 data) (INEGI, 2010). The Tamaulipas Panuco catchment lithology mainly consists of 1) Cenozoic and Mesozoic clastic (sandstone, siltstone and shale) and calcareous (limestone) sedimentary rocks, and Quaternary alluvium. 2) Cenozoic volcanic rocks of mafic and intermediate composition and 3) metamorphic rocks comprising schist and gneiss of Paleozoic and Precambrian age (Armstrong- Altrin et al. 2015, Moran-Zenteno, 1994 and Ortega-Gutierrez et al. 1995).
3. Materials and methods.
Four cores labelled as C17, C47, C53 and C93 were taken from the Tamaulipas shelf at water depths of 58, 38, 70 and 60 m respectively (Figure 1). Coring locations were selected to sample bottom sediments in the area of the Arenque oil field, at locations proximal and more distal to the Panuco River mouth, and north and south of the oil field, to allow assessment of potential variations in sediment geochemistry caused by (a) different sediment sources (e.g. terrestrial vs biogenic); (b) inputs from oil exploitation activities in the Arenque field; and (c) inputs from industrial and other activities in the Panuco River catchment.  The core lengths were 19, 27, 15 and 25 cm respectively. Cores were collected at 12.2 (C47), 30.1 (C93), 32.5 (C53) and 34.5 (C17) km from the Panuco River Mouth. 
Cores were collected using a box corer and subsampled with a PVC pipe (10 cm inner diameter) aboard the O/V Justo Sierra, during the Panuco II campaign in February 2002. The cores were extruded and subsampled at 1 cm intervals. All analyses, except grain size, were applied to finely ground (i.e. ground to the consistency of fine flour and sieved through a 200 µm mesh) samples stored in polyethylene bags. All concentrations are expressed with reference to dry weight. Particle size distribution within sediment samples was determined using a Coulter Model LS-230 laser diffraction analyzer. Five grams of homogenized sediment was mixed with 50 mL of a dispersant solution of sodium hexametaphosphate (100 gL-1). The mixture was allowed to stand for 24 h, after which it was stirred and a small portion was taken for analysis. For other analyses, sediment samples were dried at 55 °C for 48 h and homogenized in an 8000 SPEX MIL. All glassware was pre-washed with a solution of EXTRAN (20%) and rinsed several times with distilled water before use. Organic carbon content was determined by oxidation with K2Cr2O7. A reverse titration was performed to remove excess K2Cr2O7 not consumed in the oxidation of the organic matter (Gaudette et al. 1974). Carbonates were determined by titration (Hesse, 1971), in which excess HCl that did not react with the carbonate was reverse titrated with sodium hydroxide. Major and trace element concentrations were determined using a Siemens SRS 3000 XRF spectrophotometer. For the major element analysis, 1 g of each sample was fused with 9 g of a 1:1 mix of Li2B4O7: LiBO2.Trace elements were analyzed in pressed powder briquettes, prepared by adding 10% of Wax-C. The accuracy of this method was evaluated using the ILG standard (from the Geology Institute of the Universidad Nacional Autonoma de Mexico (UNAM)), and was 100 ± 2 % for all the oxides except for Fe2O3, MnO, K2O and P2O5 which showed values of 94.3, 92.7, 95.0 and 93.9 % respectively. The precision for all major elements was between 0.2 and 1.5 %, except for P2O5 which was 3.79%. For trace elements (Rb, Sr, Ba, Y, Zr, Nb, V, Cr, Co, Ni, Cu, Zn, Th and Pb) the accuracy was between 95 and 108.4 %, except Y, Th and Pb which showed values of 87.4, 133.3 and 125 % (Table S1). Precision was better than 6 % for all trace elements except for Cr, Th and Pb (Table S1).
[bookmark: _GoBack]Cores were dated using the 210Pb and/or 137Cs methods. For cores C17, C47 and C93, subsamples of approximately 3.5 g (dry weight) were counted on a Canberra well-type, high resolution HPGe gamma ray spectrometer to determine the activities of 210Pb and 137Cs (at the University of Brighton, UK). Calibration was carried out using a matrix and geometry-matched IAEA mixed radionuclide standard. All samples were counted for a minimum of 40,000 seconds. Counting errors were in the order of 30% (2σ) for both 210Pb and 137Cs (due to the low activities observed for 137Cs and the low energy of the 210Pb gamma emission line (46keV)). Detection limits depend largely on count time but are nominally 10 Bqkg-1 for 210Pb, and 0.5 Bqkg-1 for 137Cs. For core C53, 210Pb activity was determined by a proxy method through -spectrometric measurement of its granddaughter nuclide 210Po (at the University of Southampton, UK). The method employed was based on Flynn (1968), using double acid leaching of the sediment with 209Po as an isotopic tracer and autodeposition of the Po isotopes in the leachate onto silver disks. Detection limits were 1 Bqkg-1.
The results were interpreted using descriptive and multivariate statistical tools, and geochemical indices (Enrichment Factor (EF), Pollution Load Index (PLI), Adverse Effect Index (AEI) and Sediment Quality Guidelines (SQG)). In order to test the relationships between variables a Pearson’s Correlation Analysis was performed. To evaluate the main parameters controlling the characteristics of the sediment cores and identify the causes of variation between samples in each core a Factor Analysis by Principal Components was carried out, and to identify associations between the four sediment cores studied a Cluster Analysis was performed. Every statistical analysis was carried out using 42 subsamples from the four sediment profiles and with α=0.05.

4. Results and discussion

4.1. Textural analysis
Textural parameters, and their correlation with major and trace element data, are important tools in determining the composition and the origin of marine sediments, i.e. as cosmogenic, lithogenic (terrigenous), biogenic or hydrogenic (Li and Shcoonmaker 2003), and support analysis of whether trace element enrichments are related to sediment source variability or to anthropogenic processes. Textural parameters were characterized here using Shepard’s classification (1954), which showed that the predominant texture in the samples was mud in C93, sandy mud in C47 and C17 and mud + gravel + sand in C53 (Figure S1).  The gravel found in C17 and C53 consisted dominantly of shell and coral fragments, possibly reflecting a biogenic influence from the Isla Lobos reef located 73 km from C17 and 90 km from C53 (to the southwest).
Sand content varied from 7.2 to 44.9%, with core C93 showing the lowest sand concentration. There is no apparent relationship between sand content and distance from the Panuco river mouth, indicating that turbidity and coastal currents affect the accumulation of sand rather than submarine relief, and shows the southwest of the study area as a region where there are typically high energy levels. All cores showed an increase in sand content in their upper 10 cm (Figure S2, although this is less marked in core C93). Negative correlations of sand content with Al2O3 (-0.90) and Fe2O3 (-0.93), and positive correlations with CaO (0.69) and CO3 (0.67), indicate that the sand has a biogenic origin, and so this increase in sand % likely results from changes in biogenic sediment supply routes or characteristics. In contrast, positive correlations of silt and clay with Al2O3 (0.96, 0.90), TiO2 (0.93, 0.83), Fe2O3 (0.92, 0.80) indicate a terrigenous origin, from the Panuco River. Higher silt and clay concentrations in cores C93 and C47 compared to cores C53 and C17 (Figure S2) indicate that the Panuco River influence is prevalent more in the north of the study area, and near to the river mouth, than in the southeast.
4.2. Geochemical composition
Geochemical analysis of core sediments is an important tool to identify if a compositional change occurring in a sediment column is generated by geological, biological, chemical or by human factors (Borrego et al. 2004; Garcia et al. 2004; Sanchez et al. 2010). Here, we use sediment geochemical analysis to examine variations in the input of major and trace elements, sources of sediment, and (in subsequent sections) natural vs anthropogenic trace element input. Table 1 shows the range and average data for major elements in the four sediment cores studied. 
Carbonate contents varied from 12.6 to 48.6%. Higher carbonate concentrations were present in cores C17 and C53 with an average of 37.9 and 39.0%. Positive correlations between CaO (0.99) and Sr (0.98) reflect the substitution of Sr for Ca in the calcareous shells of marine organisms (Basaham et al. 2009; Martins et al. 2012), and negative correlations with SiO2, Al2O3, Fe2O3, Na2O and K2O (Table S3) indicate that these components are derived mainly from biogenic rather than terrigenous sources.
Organic carbon contents ranged between 0.15 and 0.90 %. Higher average organic carbon concentrations were found in cores C47 (0.78%) and C93 (0.60%) (Figure S1). These averages, and a positive correlation with silt content (Table S3), indicate that organic matter distribution is controlled largely by fine particle sedimentation and is associated with continental sources; at least near to the Panuco river mouth and in the north of the study area where a higher average % of fine sediment was deposited. 
Major element concentrations in the four cores varied within the following ranges: 33.1-62.5 % for SiO2, 6.00-12.7 % for Al2O3, 6.71-26.8 % for CaO and 2.00 to 4.50 % for Fe2O3 (Table 1). The highest concentrations of almost all major elements were found in core C93 (except for SiO2 and CaO) (Table 1). Here, the uniform distributions of SiO2, CaO, Al2O3, MnO, P2O3, and TiO2 indicate a more homogenous mineral composition than in cores C47, C17 and C53 (Figure S5) and less variation in input between biogenic and terrigenous sources. This core has the highest average concentration of Al2O3 (12.5%), Na2O (2.72%), and K2O (2.47%), indicating higher clay mineral content than in other cores (Table 1).
Concentration ranges for the studied trace metals and their average concentrations are presented in Table 1. Core C93 exhibited the highest average concentrations of Rb, V, Cr, Ni, Cu, Zn, Pb, Y, Nb and Th. C47 showed the maximum average concentrations for Zr, Ba, and Co, and C53 had the highest average concentration of Sr. The lack of (or lower) positive correlations of Zr, Ba and Co with almost all major elements and textural indicators suggests that anthropogenic sources may be more important for these elements (Table S3, further discussed below). In contrast, the positive correlations of V, Cr, Ni, Zn, Pb, Rb, Y and Nb with Al2O3, Fe2O3, Na2O, K2O, silt and clay (Table S3) indicate a continental origin rather than an anthropogenic source (although normalized data do show a potential anthropogenic influence for V and Cr, see below), via input on clay minerals. Negative metal correlations with CaO and CO3 (Table S3) indicate that carbonates have diluted the metal concentration in the sediment profile and have modified the metal vertical distributions of cores C17 and C53, which is why these cores showed lower concentrations of V, Cr, Zn and Pb, specifically in the lowest 10 and 11 centimeters where carbonate content was higher (Figure S3); Sr was the only element with the same tendency as % carbonates which indicates its marine (biogenic) origin.
4.3. Geochemical normalization
In order to more clearly analyze the distribution pattern of metals along the cores, normalization to CaO was carried out. CaO was used to normalize geochemical variations generated by variations in biogenic carbonate that was present as a significant compositional fraction in all cores, normalizing for variations in biogenic element supply, and to more clearly discriminate anthropogenic metal contamination. For completeness, the results of normalization to the classical proxy Al2O3 are also shown (in Figure S6), which show similar, although in many cases not as well-defined, trends as discussed for CaO-normalized data below.
The CaO-normalized values in C17, C53 and C93 showed a clearer tendency of V, Cr, Zn, Cu, Pb, Zr and Ba to increase from the core base to the surface. In core C47 the first four of these elements had an opposite trend (slightly decreasing from core base to the surface), and Pb showed relatively erratic behavior (Figure 2). The Gulf of Mexico is one of the most important offshore oil production areas in the world (Turner et al 2004, Carriquiry and Horta, 2010), and metals such as V, Cr and Ba are associated with crude oil, residual fuel oils, accidental oil spills, and oil drilling (Fiedler et al 2009, Karageorgis et al. 2005, Zhang et al. 2015). 
Zirconium, due to its high chemical and physical weathering resistance, can be used as a proxy for terrigenous inputs as its relative proportion in marine sediments reflects the source rock characteristics without any significant alteration (Arafa et al. 2015, Acharya et al. 2015). The normalized values of Zr showed enrichments from the core base to the surface in the four profiles (Figure 2), indicating an increase in detrital Zr in the area. A positive correlation with SiO2 (0.96) suggest that Zr was supplied mainly as zircon (ZrSiO2), a detrital mineral present in the sedimentary rocks of the Tamaulipas Panuco catchment (INEGI, 2010). This indicates that the more distal cores (C93, C53 and C17) are still influenced by continental sediment inputs, i.e. supplied by the Panuco River, which may supply trace element contaminants derived from the Panuco catchment.
Strontium shows two contrasting trends in the cores: the first one observed in C17 and C53 exhibited a clear decrease from the core base to the surface, and the second one seen in C47 and C93 was characterized by a slight increase upcore towards the sediment surface (Figure 2).The Sr/Ca ratio can be used to identify the dominant species that supplies biogenic carbonate to the sediment column; as this ratio is characteristic of each species and it is controlled by organism physiology and uptake kinetics (Schöene, 2008, Gillikin and Dehairs, 2013). Stoll and Schrag (2001) reported Sr/Ca ratios in coccolith-derived carbonates of 2-2.5 mmol mol-1 and in foraminiferal carbonate of 1.2-1.4 mmol mol-1 while Anadon et al. (2002) gave average values of 2.9 and 3.4 from oligo and mesohaline ostracods and mollusks. Palma et al. 2013 (supported by Stoll and Schrag’s results) found ratios from 0.87 to 1.8 with an average of 1.3 mmol mol-1 which confirmed the predominance of foraminiferal carbonate (oozes) in the Azores Platform. In this work, we determined ratios from (1.9-2.1) mmol mol-1 and average of 2.0 mmol mol-1 in C47 and C93, and from (2.4-3.5) mmol mol-1 and average of 2.9 in C17 and C53. These results suggest at least that coccoliths were probably the dominant species supplying carbonate to the C47 and C93 cores, while cores C17 and C53 may show a more mixed biogenic carbonate source, incorporating carbonate-secreting organisms (e.g. mollusks, corals) with higher Sr/Ca ratios.   
4.4. Factor and Cluster analysis of sediment cores
A factor analysis was performed to evaluate the main parameters controlling the geochemical and textural characteristics of the sediment cores studied, and identify the causes of variation between the geochemical profiles observed. Two factors explained 84 % of the variance in the four cores. Both factors were associated with the sediment origin (Table S2). The first factor was linked with terrigenous sources, showing interaction between fine particles, organic carbon and almost all major and trace elements (Figure 3), explaining 46 % of the total variance. The second factor which explained 38 % of the total variance, grouped gravel, sand, CO3, CaO and Sr, and therefore was related to the biogenic fraction. These results indicate that natural sources have a greater influence over sediment geochemistry in the area than anthropogenic activities.
In order to identify associations between the four sediment cores studied, a cluster analysis was also performed. This analysis was made using 42 subsamples from the four profiles. The cluster diagram exhibited two main groups (A and B figure 4). Group A (cores C47 and C93) was characterized by higher content of silt, clay, O.C, SiO2, Al2O3, NaO2, K2O, Rb, Ba, Zr, V, Cr, Co, Ni, Pb and Zn and group B (Cores C17 and C53) was constituted by higher concentrations of gravel, sand CO3, CaO and Sr. Similar to the factor analysis, these associations between cores show  two distinct geochemical groupings according to the sediment origin; the first association was dominated by terrigenous sediments, the other by biogenic sediments. While both factor and cluster analyses are useful in broadly grouping the sediments by terrestrial or biogenic origin based on their geochemical composition, and identifying dominant geochemical and textural proxy indicator “elements” or element groupings, it is difficult to fully draw out clear anthropogenic influence and sources from the dataset using these methods.
4.5. Pollution Indices
Usually use of metal concentration data alone in sediment core studies is not enough to evaluate pollutant origin, environment quality and possible adverse effect on organisms. Therefore, here the geochemical data are examined in relation to enrichment factors, pollution load index and adverse load index, in order to disentangle and evaluate possible anthropogenic element sources and impacts.   
4.5.1. Enrichment factor
The enrichment factor (EF) is usually applied to sedimentary geochemical data to reduce variations generated by mineralogy and texture.  It also helps to discriminate between natural or anthropogenic sources and infer the degree of pollution by metals in bottom and core sediments (Hanif et al 2015, Hamdoun et al 2015, Zhang et al. 2015). 
This proxy is calculated using the following equation (1):
 
where Xsample and Xbackground are the concentrations of any metal analyzed and Msample and Mbackground are the concentrations of any conservative element used to normalize the data. Although there are many conservative elements such as Rb, Li, Fe2O3, Al2O3 and others which can be used to normalize the data, here we use Al2O3 because it represents the clay fraction in the sediment and it is not greatly affected by anthropogenic sources or post-depositional changes in the sediment (over the timescales and depths examined). We use the Upper Continental Crust (UCC) as background because it allows comparison between samples, as well as with EFs reported in other coastal areas where the lithology is different. Celis et al. (2013) noted however that interpretations from use of UCC background values have to be handled with caution when the value of the reference is considerably lower than the study data, because the interpretation could be overestimated or misunderstood.
According to Birth (2003), the enrichment factor can be classified into ranges to assess the level of metal enrichment in sediment. An EF of 0 to 1 indicates no enrichment, from 1 to 3 indicates minor enrichment, from 3 to 5 indicates moderate enrichment and from 5 to 10 indicates moderately severe enrichment. Based on this classification, Sr exhibited varying degrees of enrichment (Figure 5), although these enrichments reflect varying biogenic, rather than anthropogenic, inputs of this element. Rb, Y, Th, Zr, V, Zn, Pb and Ba (except in C93) showed a minor enrichment in all the profiles (Figure 5 ); Ni and Cr recorded no enrichment and Co displayed results from no enrichment to minor enrichment. Higher EFs for some metals were seen in core C47 for Y (EF= 2.1) at 7 cm, Zr (EF= 2.5) and Co (EF= 3.0) at the sediment surface; Pb (EF= 2.6) was higher in C53 at 5 cm (Figure S6).  The variable and minor metal enrichments observed for almost all metals suggest however that anthropogenic discharges are mostly dispersed by marine currents prior to deposition at the sites studied.
4.5.2 Pollution Load Index
The Pollution Load Index (PLI) is a proxy that can aggregate all the pollutants analyzed in sediment samples into one indicative number. It provides a method to easily compare the environmental quality in a point sample, specific area or site (Tomlinson et al. 1980, Huerta et al. 2008 and Qiao et al. 2013). 
The proxy is calculated from the following equations, depending on whether the index in a sample, site or area is being examined (Tomlinson et al. 1980): 

  

 
Where “CF” is the contamination factor, “CmS” is the metal concentration in the sample, “CmB” is the metal concentrations in background samples and “n” represents the metals, samples and sites number. In this work, in the absence of a reliable local geochemical background value from deeper (pre-industrial) sediments, we use minimum elemental values as an estimate of the background concentration. While this method is clearly an approximation, it gave similar PLIs to using the UCC as a background.  According to Tomlinson et al. 1980, PLI values of zero, one or higher than one suggest absence of pollutants, presence of pollutants or progressive deterioration of sediment quality respectively.
The PLI calculated for samples, sites and areas show values higher than 1. This means there is in general a slight deterioration of sediment quality in the coastal zone near to the Panuco River. Core C17 had the highest values for sites and samples (1.44, 1.61) while C53 had the lowest index (1.20, 1.11) (Figure 6). While these results indicate some degree of anthropogenic impact (i.e. PLI > 1), the values observed are relatively low and not greatly in excess of background concentrations.
 In comparison with other shelf sea regions in the world, while the coastal area of the Panuco River mouth shows some evidence for some trace element contamination, it cannot be considered heavily contaminated. For example, PLI values in excess of 2.5 have been reported for the Ulhas estuary in India and the Ensenada estuary in Mexico (Huerta et al. 2008, Chakraborty et al. 2014). However the PLIs for the study area do exceed those observed in the Caspian Sea (Iran) and Guanabara Bay (Brazil), despite these latter areas having been reported as facing serious environmental degradation due to heavy metal contamination (Bastami et al. 2015 and Carvalho et al. 2016).
4.5.3 Adverse Effect Index
The adverse effect index (AEI) can be applied to evaluate by how many times the metal concentration in sediment has exceeded the Threshold Effect Level (TEL) (developed by Long et al. 1995), allowing inference of whether observed metal concentrations in sediment could produce adverse effects on benthic biota (Muños et al. 2012, Hamdoun et al. 2015). An AEI < 1 means that the metal concentration in the samples is not high enough to produce adverse effects in biota; but if AEI ≥ 1 the metal concentration in the sample could produce adverse effects (Muños et al. 2012). Although TEL information has not been generated for all metals, the AEI remains a strong proxy tool with which to assess potential adverse effects of sediment contamination on organisms.
This proxy is calculated using the equation:

Where MC is the metal concentration in the sediment sample, and SQGs is any sediment quality guideline such as Effect Range Low (ERL), Threshold Effect Level (TEL) and others. SQGs are based on the collection, revision and the integration of a range of studies performed in North America using laboratory bioassays, equilibrium-partitioning modeling and field studies on the toxicity of metals in sediment on benthic composition (Long. et al 1995). In this work, we used the Threshold Effect Level (TEL) and the Analogous Effect Threshold (AET). Both were obtained via the Screening Quick Reference Tables (SQuiRts) supplied by NOAA 2016. 
Figure 7 shows the average AEI values for Ba, V, Cr, Co, Ni, Cu, Zn and Pb found in this study. Average values for Ba and V in the four cores were higher than 1: therefore, they are likely to be associated with adverse effects on organisms in the sediment from all of the areas sampled. Co and Ni had values higher than 1 also, but only in cores C47 and C93, while Cr slightly exceeds 1 in C93. Cu, Zn and Pb concentrations should not produce an adverse effect on organisms because their indexes were lower than 1.
4.5.4 Ecological status of the area
Considering the various pollution indices together, while geochemical data indicate only a slight degree of anthropogenic impact on bulk geochemical sediment composition, Ba and V (and, less consistently, other trace metals) are enriched to levels that may be associated with adverse effects on organisms in the local sediments. Geochemical normalization noted a clear tendency of Ba, V, Cr, Zn, Cu, Zr and Pb to increase from the core base to the surface in cores C17, C53 and C93, while the PLI indicated that there is some degree of anthropogenic impact in the area. The EF and the AEI highlighted that at least Ba and V were sufficiently enriched to cause adverse effects in benthic organisms. Concentrations observed however are generally close to natural background values, and factor analysis indicates that the geochemical variability in the samples is caused mainly by biogenic and textural factors, rather than anthropogenic activities. Further work is needed on assessing local ecological diversity and contaminant bioavailability to fully assess ecological status in the area, and any detrimental contaminant impacts. The analyses presented however give a useful first approximation to contaminant risk in sediments from the study area.

4.6. Radiometric Dating – trace metal trends with time
The activities of 210Pb and/or 137Cs were determined in sediment samples from cores C17, C47, C53 and C93, in order to examine sediment accumulation processes and sediment age. 210Pb dates were calculated using the (CF: CS) or “simple” model proposed by Appleby and Oldfield, 1992, which is based on the assumption that both the input flux of 210Pb and the sedimentation rate remain constant over time. Dating is based on performing a least squares fit on a plot of the natural logarithm of the 210Pbexcess (or unsupported) activity with depth, and assumes that 210Pb activity in the sedimentary column decays quasi-exponentially (a non-exponential profile indicates variations in sedimentation rate, or physical or biological mixing or disturbance of the sediment column).
Activity concentrations of 210Pbexcess were calculated using the differences between 210Pb and 214Pb activity. Activity concentrations (for 210Pbexcess) in C17 ranged from 1 to 164 Bqkg-1, in C47 from 43 to 97 Bqkg-1, in C53 from 12 to 111 Bqkg-1 and in C93 from 62 to 228 Bqkg-1.  210Pb activity-depth profiles for cores C17, C53 and C93 show the typical quasi-exponential decay curve expected for a uniformly accreting or undisturbed sediment column, while C47 showed a more linear decline with depth (Figure 8) (correlation coefficients between the natural logarithm of the 210Pbexcess activity and depth for C17, C93, C53 and C47 were 0.87, 0.90, 0.89 and 0.67 respectively), suggesting that each core sampled had not been significantly altered by biological and physical processes and had experienced relatively uniform sedimentation (although in the case of C47, accumulation rates are higher and result in a more linear profile, e.g. Cundy et al 2003), allowing calculation of age and sedimentation rates in these four cores. 
Sedimentation rates were calculated by multiplying the decay constant of 210Pb (λ=ln (2)/t1/2) by the slope of the equation of the line obtained through linear least square regression of the natural logarithm of the activity of 210Pbexcess versus depth. The 210Pb-derived sedimentation rates for C17, C53, C47 and C93 were 1.3 mm yr-1 (2σ range 0.9-2.6 mm yr-1), 1.1 mmyr-1 (2σ range 0.9-1.4 mm yr-1), 15.9 mm yr-1 (2σ range 9.4-52.5 mm yr-1) and 6.8 mm yr-1 (2σ range 5.4-8.9 mm yr-1) respectively. Sedimentation rates from cores C47 and C93 were higher than those reported by Ruiz et al 2012 and Celis et al. 2017 for the coastal areas adjacent to the Antigua (2.9 and 3.7 mmyr-1) and Coatzacoalcos (4.2 and 5.9 mmyr-1) Rivers, located approximately 360 and 565 km south of the Panuco River. These higher sedimentation rates reflect the higher sediment supply from the Panuco River, which influences mainly the northern part of the study area and the area near to the river mouth. It is important to note that this river has the largest catchment (with 85,956 km2) and is the second most important freshwater source (with 20, 330 million m3, CONAGUA, 2016) in the southern Gulf of Mexico and is likely to be one of the most important sediment suppliers to the whole Gulf, after the Mississippi (USA) and Usumacinta (Mex) Rivers.
137Cs was below detection limits (3-6 Bq kg-1) for most samples (trace 137Cs activities were recorded in deeper sediments from cores C47 and C93). With such low 137Cs activities, it was not possible to use this radionuclide to verify the 210Pb results. It was apparent that the Panuco coastal area contains no significant record, within its sedimentary sequences, of atomic weapons testing or nuclear accidents, and as reported by previous authors (Paez et al. 1985, Rosales et al. 2003, Ruiz. et al. 2012 and  Celis et al. 2017) we record low 137Cs activity in these sediment cores. 
5. Evidence of historical oil industry inputs and impacts
Many authors have used Ba as a proxy for oil industry discharges, as it is a principal component in oil well drilling muds, it is inert, and has a relativity low solubility, which indicates that Ba will be rapidly incorporated in sediments around drilling sites (National Research Council Marine Board, 1983). Chan et al. 1977, Chan and Hanor, 1982 and Bruland et al 1983 noted that since the (regional) oil industry started operations, Ba levels in sea water had increased in the Gulf of Mexico. Deslarzes et al. 1995 argue that dissolved Ba concentrations on the shelf and open Gulf of Mexico were about two times higher than in the Atlantic or Pacific Oceans, and that the Ba/Ca ratio recorded in corals from the Flower Gardens Bank (in the northwestern Gulf of Mexico) increased significantly after 1960, which they attributed to the increasing amounts of barite used in oil drilling operations. Carriquiry and Horta, 2010 found that Ba/Ca ratio in corals from the Veracruz Reef System (South Gulf of Mexico) increased from 7.6 % (during the 1952-1974 period) to 8.18 %, and argued that this could be explained by the incorporation of Ba released from barite used in oil drilling activities particularly after 1975 in the North Gulf of Mexico. Turner et al. 2004 compared Ba concentrations in core sediments and Ba consumption (as barite) from the continental shelf in front of the Mississippi river delta, and showed how Ba concentration began rising in the late 1940s, with a peak in the early 1980s and a decline thereafter.    
Given the prevalence of oil industry infrastructure in the sample area, 210Pb and Ba/CaO ratios data were used to examine the historical and current influence of the oil industry on sediment composition. The oil industry has a long history in Mexico and in the study area, even before the expropriation of this industry by the Mexican government in 1938. The Waters Pierce Oil Company built the “Arbol Grande” Refinery  in the Panuco River mouth near to Tampico City in 1896 (PEMEX, 2016); and the Mexican Eagle Oil Company (El Aguila) opened a second refinery (“Doña Cecilia”) on the banks of the Panuco River in 1914 (PEMEX, 2016). After 1938, the PEMEX Oil Company, like its predecessors, built in Tampico Tamaulipas the refinery “Francisco I. Madero” in 1960 with a process capacity of 125,000 barrels per day (PEMEX, 2016), and later Pemex started oil well drilling in the Arenque oil field 31 km east of Tampico City in 1968, and established the drilling platforms Arenque A and B in 1970 (PEMEX, 2012).
Dated Ba/CaO profiles for the four cores show an increase in Ba/CaO towards the sediment surface, although this increase is much less well-defined in core C53 (Figure 8). The increase (in cores C17 and C93) pre-dates the onset of local oil platform activity in the Arenque field. Core C47, which had the highest rate of sediment accumulation and also is relatively close to oil drilling activity and the Panuco mouth/discharges, showed the most significant increase in Ba/CaO (although this core only records the period from 1986 onwards). The Ba/CaO data can be broadly correlated with increasing oil industry activities across the wider Gulf of Mexico (Figure 8), although the data do not record (a) a clear enhancement in Ba concentration near to oil platforms from the Arenque field (C47, C53) over more distal cores (C17, C93), and (b) the peak generated by the maximum consumption of barite in the North Gulf of Mexico, reported in the early 1980s by Turner et al. 2004. The data presented indicate that any Ba released from drilling platforms is incorporated quickly into the sediments around the drilling sites, and once this element has been deposited on the sea bed its rate of resuspension and mobility is low. The cores instead record a general, gradual increase in Ba over time, consistent with the coral data presented by Carriqui et al, (2010) (at least for the earlier part of the time period represented by these cores) and Deslarzes et al. 1995.  Ba is clearly enriched to levels which may have adverse biological impacts, based on Adverse Effect Index calculations (figure 7, section 4.5.3).

6. Conclusions

Normalized data show increasing V, Cr, Zn, Cu, Pb, Zr and Ba concentrations towards the sediment surface in three of four cores analyzed from the Tamaulipas Shelf, Gulf of Mexico. Dated Ba/CaO profiles show an increase in Ba/CaO of 30 – 137% after the opening of oil installations in the study area, and Ba/CaO data can be broadly correlated with increasing oil industry activities across the wider Gulf of Mexico. There is not, however, a clear enhancement in Ba concentration near to oil platforms from the Arenque field over that in more distal cores, indicating that any Ba released from drilling platforms is incorporated quickly into the sediments around the drilling sites, and once this element has been deposited on the sea bed its rate of resuspension and mobility is low. Factor analysis indicated that sediment origin and composition explained 84% of the trace element variance in the four sediment cores, and pollution indices indicated some trace element contamination, with Ba and V (based on an Adverse Effect Index) possibly associated with adverse effects on organisms.
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Tables and figures
Table 1 Range and average concentration of textural and chemical parameters in the four cores studied.
	Core
	
	C17
	
	
	C93
	
	
	C53
	
	
	C47
	
	UUC

	
	Range
	Aver.
	Range
	Aver.
	Range
	Aver.
	Range
	Aver.
	Aver.

	Gravel (%)
	4.00
	24.4
	10.3
	0.0
	0.0
	0.0
	15.7
	44.5
	26.2
	0.0
	0.0
	0.0
	-

	Sand (%)
	34.0
	44.9
	38.8
	7.20
	10.8
	8.80
	26.7
	40.3
	34.8
	24.8
	36.9
	31.2
	-

	Silt (%)
	19.8
	44.2
	35.2
	60.6
	68.4
	63.3
	22.3
	31.6
	28.7
	45.3
	50.4
	47.7
	-

	Clay (%)
	8.50
	20.3
	15.6
	22.3
	31.4
	27.9
	6.50
	15.0
	10.2
	17.8
	24.8
	21.0
	-

	O.C (%)
	0.15
	0.53
	0.36
	0.29
	0.74
	0.60
	0.33
	0.59
	0.44
	0.62
	0.90
	0.78
	-

	CO3 (%)
	28.9
	48.6
	37.9
	12.6
	17.0
	14.5
	32.0
	47.9
	39.0
	13.3
	15.5
	14.4
	-

	SiO2 (%)
	40.5
	48.0
	45.3
	53.2
	55.4
	54.3
	33.1
	40.6
	38.0
	58.9
	62.5
	60.6
	65.9

	TiO2 (%)
	0.25
	0.40
	0.34
	0.57
	0.60
	0.59
	0.32
	0.42
	0.39
	0.49
	0.53
	0.51
	0.68

	Al2O3 (%)
	6.00
	8.50
	7.60
	12.1
	12.7
	12.5
	6.30
	8.20
	7.50
	9.40
	10.8
	10.2
	15.2

	Fe2O3 (%)
	2.00
	3.00
	2.70
	4.20
	4.50
	4.40
	2.70
	3.30
	3.00
	3.10
	3.60
	3.40
	5.0

	MnO (%)
	0.04
	0.07
	0.05
	0.06
	0.11
	0.07
	0.05
	0.07
	0.06
	0.05
	0.07
	0.06
	0.07

	MgO(%)
	1.64
	1.92
	1.82
	2.12
	2.31
	2.23
	1.95
	2.11
	2.04
	1.38
	1.78
	1.60
	2.2

	CaO (%)
	16.1
	24.4
	19.3
	6.71
	8.20
	7.49
	20.2
	26.8
	22.3
	7.60
	8.46
	8.10
	4.2

	Na2O (%)
	1.43
	2.14
	1.78
	2.35
	3.30
	2.72
	1.47
	1.88
	1.68
	2.09
	2.24
	2.15
	3.9

	K2O (%)
	1.35
	1.81
	1.66
	2.40
	2.53
	2.47
	1.30
	1.70
	1.54
	2.16
	2.32
	2.25
	3.3

	P2O5 (%)
	0.09
	0.12
	0.11
	0.13
	0.15
	0.13
	0.11
	0.12
	0.12
	0.11
	0.12
	0.12
	0.16

	Rb (mgkg-1)
	48.0
	70.0
	61.8
	100.0
	106.0
	102.9
	52.0
	64.0
	59.9
	79.0
	89.0
	83.8
	112

	Sr (mgkg-1)
	684.0
	1245.0
	878.8
	222.0
	245.0
	234.6
	936.0
	1142.0
	1039.6
	248.0
	260.0
	254.2
	350

	Ba (mgkg-1)
	256.0
	400.0
	321.6
	323.0
	372.0
	346.8
	242.0
	293.0
	276.4
	323.0
	388.0
	370.8
	550

	Y (mgkg-1)
	14.0
	22.0
	18.4
	25.0
	35.0
	30.8
	17.0
	21.0
	18.5
	23.0
	32.0
	27.2
	22

	Zr (mgkg-1)
	89.0
	130.0
	115.8
	176.0
	204.0
	188.9
	88.0
	108.0
	98.3
	201.0
	301.0
	233.8
	190

	Nb(mgkg-1)
	5.00
	10.0
	8.10
	13.0
	15.0
	14.6
	8.00
	10.0
	9.30
	12.0
	13.0
	12.2
	12

	Th (mgkg-1)
	4.00
	8.00
	6.10
	4.00
	13.0
	9.60
	3.00
	9.00
	5.10
	4.00
	11.0
	8.20
	10.7

	V (mgkg-1)
	47.0
	84.0
	70.6
	98.0
	113.0
	107.0
	68.0
	79.0
	73.1
	65.0
	89.0
	80.1
	107

	Cr (mgkg-1)
	8.00
	35.0
	26.2
	52.0
	63.0
	57.1
	20.0
	34.0
	26.1
	36.0
	56.0
	43.0
	83

	Co (mgkg-1)
	7.00
	14.0
	10.0
	8.00
	18.0
	12.5
	6.00
	10.0
	7.00
	7.00
	32.0
	13.9
	17

	Ni (mgkg-1)
	10.0
	18.0
	14.5
	20.0
	25.0
	22.9
	11.0
	18.0
	14.9
	14.0
	21.0
	17.5
	44

	Cu (mgkg-1)
	12.0
	16.0
	13.2
	10.0
	18.0
	15.9
	11.0
	18.0
	14.3
	11.0
	16.0
	13.2
	25

	Zn (mgkg-1)
	37.0
	60.0
	51.5
	84.0
	91.0
	87.4
	46.0
	59.0
	54.1
	64.0
	78.0
	71.8
	71

	Pb (mgkg-1)
	10.0
	20.0
	15.1
	18.0
	27.0
	24.6
	13.0
	19.0
	15.5
	17.0
	25.0
	21.8
	17



Note: Texture, Organic carbon, Carbonates, Trace elements and Major elements (n=10 (C17), n=14 (C93), n=8 (C53), n=13 (C47)) and UCC (Upper Continental Crust) McLennan (2001)









Figure 1 Study area and sampling location. Urbanised areas, major cities and water bodies are shown on the left of the diagram, oil platforms of the Arenque field are marked, and C17, C47, C53 and C93 show coring locations for sediment cores discussed in this study. See text for further details. Abbreviation Cd. = City.
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Figure 2 Variation of Ni, V, Zn, Cu, Co, Pb, Y, Rb, Zr, Ba and Sr normalized to CaO (wt%) in core profiles. Vertical dashed lines show average values over entire core depth.
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Figure 3 Factor Analysis 
[image: ]
Note: Rotation Varimax raw, Extraction: Principal components. n = 42


Figure 4 Tree diagram from cluster analysis.
[image: ]
Note: n= 42 cases, Complete Linkage, City-Block (Manhattan) distances.

Figure 5 Enrichment Factor (EF) for all cores. 
[image: ][image: ]
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Figure 6 Pollution Load Index (PLI) for all cores
[image: ]

Figure 7 Adverse Effect Index (AEI) for all cores.
[image: ][image: ]
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Figure 8 Variation of 210Pb activity concentrations vs depth and Ba/CaO vs year (derived from 210Pb dating) in C17, C47, C53 and C93 core profiles.
[image: ][image: ][image: ][image: ]
[image: ]
Error on dates based on 2 standard deviation uncertainties on 210Pb dating-derived sediment accumulation rates are: C17: 1990 = ± 6 years, 1970 = ± 15 years; C47: 1990 = ± 8 years, 1970 = ± 22 years; C53: 1990 = ± 3 years, 1970 = ± 7 years; C93: 1990 = ± 3 years, 1970 = ± 8 years.
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