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• C. González-Macı́as1

• L. Salazar-Coria1
• G. Sánchez-Reyna1

•
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Abstract Management of produced water (PW) is a

challenge for mature fields like those of Sonda de Cam-

peche in the southern Gulf of Mexico and for the future

development of deep water fields. Past studies suggest that

PW effects are local; however, the risk of widespread,

long-term impact on the population and ecosystem is

considered low, but not verified from the published liter-

ature. The study describes monitoring events done in years

2003 and 2013, considering physicochemical characteris-

tics, organic and inorganic environmental measurements as

well as comparing the prognostic results of an environ-

mental and health risk assessment. The study examined

ambient water samples and sediments for Al, Ba, Ni, Cd,

Pb, Zn, V, Cr, Cu, Fe, and As, and also polycyclic aro-

matics compounds included in tissues of collected fish near

the discharge area and a reference coastal site assumed to

be unaffected. From a regional perspective, the ecological

and human risk data suggest that the effects of the present

discharge are not confined locally, but increased with time

and space.
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Introduction

The Gulf of Mexico (GOM) is a vital international

ecosystem that plays a critical role in the economic health

of both the USA and Mexico. Activities such as coastal

development, agriculture, fisheries, oil and gas exploration

and production, and others that drive the economic health

of the region are also placing the Gulf ecosystem under

tremendous stress.

Multiple risk and impact assessment regimes have been

suggested for monitoring the environmental effects of

offshore oil and gas drilling activities. Produced water is an

inextricable part of the hydrocarbon recovery processes;

yet, it is by far the largest volume waste stream associated

with hydrocarbon recovery (Sauer et al. 1997; Balaam et al.

2009; Fakhru’l-Razi et al. 2009).

PW is a complex mixture of water, chemicals and dis-

persed oil micro-droplets, and formed when hydrocarbons

and water are separated during the production of oil and

gas (Sundt et al. 2012). Discharge of PW requires that it be

injected into a reservoir or be thoroughly treated before

disposal into the marine environment (Pillard et al. 1996)

Neff et al. 2011; Payne et al. 2011).

PW is high in salinity, usually defined by the total dis-

solved solids content (TDS) in water (Lee et al. 2005;

Vengosh 2003), and typically contains dispersed oil,

polycyclic aromatic hydrocarbons (PAHs), alkyl phenols,

heavy metals, organic acids, inorganic salts, sulfur and

sulfides (Neff et al. 2011; Research Council of Norway

2012). In addition, accompanying injected water can have

different chemical additives, for example, to prevent the

growth of bacteria, corrosion and the formation of emul-

sion (Johnsen et al. 2000).

It is widely recognized that total petroleum hydrocar-

bons may not adequately represent the potential
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environmental impact of PW and other oil and gas pro-

duction discharges (Carroll et al. 2000). The hydrocarbon

component of the discharge comprises chemicals with

varying potential to cause environmental harm; non-hy-

drocarbon constituents of produced water also may be

important contributors to ecological risk. In addition, the

chemical composition of produced water from different

sources varies widely (Neff 2002).

Sonda de Campeche (SC) lies in the southern GOM and

consists of coastal lagoons and estuaries that are highly

productive ecosystems (Rodrı́guez-Almaraz et al. 2000).

On a larger scale, the whole of the SC supports more than

300 demersal fish species, of which 30 are dominants. For

example, Atlantic threadfin herring (Opisthonema oglinum)

and scaled herring (Harengula jaguana) dominate in terms

of distribution and abundance. Threadfin and scaled herring

are typical pelagic-neritic species and are estuarine

dependent.

Petroleum extraction in SC produces approximately

80 % of the nation’s oil. During the year 2003, about

32,000 m3 per day of PW was discharged into the ocean,

while in 2013 the 262,000 m3 was discharged. Disposal of

produced waters from off-shore drilling has been well

studied for marine ecosystems in several parts of the world.

Extensive experimental and field studies have been made to

assess the ecological effects of the discharges (Bakke et al.

2013).

The northern GOM is a major hub of oil and gas

industries in the USA. The offshore areas produce about

1.3 million barrels of crude oil per day, which amounts to

*23 % of the total USA production. In light of recent and

ongoing accidents involving human activities in the GOM,

there is a growing need for the documentation of the

overall condition of this ecosystem.

Efforts to catalog the health of US coastal ecosystems

began around the 1960s (Neff et al. 2011; Payne et al.

2011; Balaam et al. 2009; Azetsu-Scott et al. 2007).

Moreover, Turner et al. (2003) documented changes in

chemical contaminants and biological components of dated

sediments collected from the central GOM continental

shelf to evaluate the relative sources and concentrations.

These include trace metals, selected organic compounds,

phytoplankton pigments, diatom remnants and foraminifera

(Sharma et al. 2012).

In light of the increase in human activities in the

southern part of GOM, there is a growing need for the

documentation of the overall condition of this ecosystem.

Scarce data exist in the open literature concerning physical

and chemical characterization of water and sediments in

this area (Macias-Zamora et al. 1999; Vazquez et al. 1999,

2002; Schifter et al. 2004; Botello et al. 2005; Ruiz-Fer-

nandez et al. 2012).

Little is understood regarding the ecological impact of

the release of PW in the coastal ecosystems of the Mexican

Exclusive Economic Zone, particularly at the Dos Bocas

Terminal. Therefore, the present study provides baseline

information to determine ecological and human health risk

assessment arising from contaminants in water and

sediments.

Exposure estimation modeling is a central component of

risk assessments. It is used for example for examining the

effects of past-practice discharges into the environment,

estimating consequences of releases of hazardous materials

and determining if and how chemicals may be used in an

environmental setting.

In this work, we use the Toolkit for Integrated Impact

Assessment (TIIA) developed by Battelle Memorial Insti-

tute which is a suite of computer tools modeling system to

simulate ecological and human risk impacts (Eslinger and

Miley 2012). The toolkit consists of two major modules:

ECEM� and HUMAN� (Battelle Memorial Institute

2006).

ECEM is a detailed, pharmacokinetic food web-based,

chronic exposure model that calculates impacts to eco-

logical species and concentrations in food products used

for human consumption. ECEM has been used to assess the

effects of routine and accidental releases associated with

oil and gas exploration/production, and chemical facility

operations (Brandt et al. 1998, 2002, 2005).

HUMAN is a screening-level, chronic exposure, multi-

media model. The contaminants that are evaluated must be

measured at the same location in all the media that are to be

assessed and cannot be applied for estimating risk from

short-term exposures or to contaminants that do not have

carcinogenic or toxicity standards.

A weight of evidence approach was used to determine

whether adverse environmental effects might be present at

nearshore locations. The overall approach was similar to

that described by Salazar-Coria et al. (2010). For this study,

three levels for assessing potential adverse environmental

impacts were defined: small potentials, when the toxico-

logical effects were not detectable; moderate potential,

when toxicological effects were detectable and adverse

environmental impacts were possible; large potential, when

toxicological effects were clearly noticeable and adverse

environmental impacts were likely.

Risk evaluations were based on concentrations of con-

taminants of concern that were measured in the year 2003

and again in 2013 in the SC environment. This provides an

assessment tool separate from those based on bioassays,

bioaccumulation studies, and community structure analy-

sis. Both direct measurements and modeling approaches

proved to be valuable for assessing the overall impacts of

the oil company operations on nearshore environments.
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Materials and methods

The study site

The Dos Bocas Marine Terminal, located near Paraiso,

Tabasco, is the single-point discharge source for all PW

generated within the SC area. PW from offshore activities

is collected at the terminal, treated along with collected

rainwater, and later discharged to the coastal zone through

a 75 m-long submarine diffuser at a depth of 13 m (Fig. 1).

The region is characterized by a shallow platform, rep-

resenting the submarine extension of the Yucatan Penin-

sula, and which consists of carbonaceous material and

lacks terrigenous material inputs to the sea (Macias-

Zamora et al. 1999). Communication between the Mecoa-

can lagoon and the Gulf occurs through a wide inlet limited

by two littoral bars formed of ridges and dunes.

The field and laboratory investigations were generated

from two field surveys, both performed during the windy

season. The first survey was conducted in 2003, and the

second one in 2013 at the same sites as part of the national

oil company to identify impacts associated with current or

past practices.

Water depth of the coastal region varied from 12 to

20 m. The Barra de Tupilco, at about 16 km west of the

Marine Terminal outside of the Gulf surface water circu-

lation area, was employed as a coastal reference site. Fish

were collected for contaminant analysis at the discharge

site close to the diffuser, and at a reference site 21 km west

of the diffuser.

Sampling

A global positioning system (Micro logic ML-150) was

used to record details of the sites. At the Dos Bocas facility,

nine samples representative of the water discharged to the

ocean were collected in both years.

A total of 18 ambient water samples were collected

around the diffuser area in Van Dorn; sampling bottled

water was unfiltered and dispensed into acid-washed 1 L

plastic bottles for metal analysis. After adding 1 mL of

ultrapure nitric acid, samples were refrigerated until anal-

ysis. Additionally, each sample was monitored for pH,

conductivity, salinity, dissolved oxygen, and temperature

as outlined in the Public Health Association methods

(APHA 1992). At the terminal facility, nine individual

samples of PW were collected from the holding tank pipes

on two alternate days.

A total of 27 bottom sediment samples were collected in

both years: 18 from the diffuser area and 9 from the

Tupilco reference site, using a Van Veen grab sampler, and

taking special care to retain fine-grained materials. Sedi-

ment grain size was estimated by a combination of wet

sieving (2 mm–63 lm) and pipette analysis (\63 lm)

(Folk 1974).

In both years, 2003 fishing trawls for analysis of con-

taminants of concern were used at the discharge site close

to the diffuser and at a reference site 21 km west of the

diffuser, looking specifically for species that live over deep

reef banks (near artificial reefs, oil rigs, and other under-

water structures).

Fig. 1 The study area
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Hydrographic model

Contaminants discharged by the Dos Bocas facility through

the submarine diffuser were modeled with CORMIX and

WQMAP. The CORMIX is a software system for the

analysis, prediction, and design of aqueous toxic or con-

ventional pollutant discharges into diverse water bodies

(Doneker and Jirka 2001).

Hydrographic data were modeled with the WQMAP to

establish the dispersion field of potential contaminants

during the sampling period. (Bahadur et al. 2013). The

discharges were modeled as 262,000 m3 day-1 of PW from

pipes located 13 m below the sea surface. The transport

modeling used a generic source term of 100 units con-

centration and 1 L s-1 flow. These were converted to actual

values using maximum discharge flows and maximum

discharge chemical concentrations reported during the

study periods.

Ecological and human risk modeling

The ecological risk modeling uses concentration values for

surface water, sediment, and pore water as inputs to the risk

modeling. Pore-water chemical concentrations used surface

water values for metals and partition coefficient for

organics as described by Baker et al. (1997). Species

chemical parameters were obtained from the FishBase

(Froese and Pauley 2005), and the USEPA biota-sediment

accumulation factor (BSAF) database (Burkhard 2009).

The output from ECEM was used in the consumption

pathway in the HUMAN model which estimates exposure

and determines the risk of cancer. The effects of contam-

inated sediment and water on absorption through the skin

were considered.

Analysis

Discharge water samples from the terminal were analyzed

for metals, PAHs, volatile aromatics (BTEX), and total

petroleum hydrocarbons (TPH). Samples were analyzed

using inductively coupled plasma-atomic emission spec-

trometry using a Thermo Jarrell Ash, model Atom Scan 16.

Analysis of PAHs and phenols was performed by GC/MS

with the MS operating in the SIM mode.

Detailed information on the methods employed in the

analysis is provided in the Electronic Supplementary

Material.

Statistical analysis

Statistical analyses of data were performed using Statistica

software package (1998). The statistical techniques inclu-

ded the Pearson multiple correlation analysis and the

Student’s t test for independent samples with unequal

variances, with a significance level of p\ 0.01 (Townend

2002). Databases were analyzed by calculating the mean,

standard deviation, median, minimum and maximum val-

ues, and the first and third quartiles (Q 25 % and Q75 %,

respectively). The coefficient of variation (CV = standard

deviation/mean) was also calculated.

Results

Hydrodynamic modeling

The evolution of the Dos Bocas diffuser plume of a generic

contaminant between November 3 and December 14, 2013

showed that the initial plume was confined within 10 km of

the mouth of the diffuser with concentrations on the order

of 0.3 units. About 2 weeks later, concentrations between

0.2 and 0.3 units reached the coastline in the vicinity of the

diffuser; the limits of the plume stretched about 45 km

westward.

By week 5, concentrations of 0.2 units were found

within 10 km from the mouth of the diffuser and the limits

of the plume stretch westward outside of the domain. By

the end of the simulation period, a well-developed con-

taminant gradient between 0.1 and 0.3 units was found

along the coastline to the west of the diffuser in the

direction of the Barra de Tupilco reference site.

Produced water analysis

Table 1 provides information concerning the physi-

cal/chemical parameters of PW, along with those of the

diffuser and reference sites recorded in the year 2013. As

expected, high values for temperature, salinity, nitrates,

and turbidity were recorded at the PW at the Marine Ter-

minal. The salinity value at the diffuser discharge is typical

of the surface waters in the GOM, but is lower at the ref-

erence site as a result of the close proximity of rivers

inflow.

In Table 2, the concentration ranges of several classes of

metals and organic chemicals in PW discharges all over the

world (Neff 2002; Battelle Memorial Institute 2006) are

compared with the mean (±standard deviation) values of

the PW analyzed in 2003 and 2013. Differences in values

among years were found to be significant (p\ 0.01). There

was a twofold increase in TPH and similar increased values

for the BTEX and PAHs that could be a consequence of a

decrease in the efficiency of the treatment process in sep-

arating the oil from water.

Most of the phenols in the PW on both years were of low

molecular weights, moderately water soluble, highly

biodegradable, and had a low potential to bio-accumulate

5816 Environ Earth Sci (2015) 74:5813–5826

123



because of being rapidly metabolized and excreted by

marine animals (OOCC 1997).

The concentrations of metals in PW were in the range

reported from elsewhere in the world (Neff 2002), but very

high increases in the concentrations of As, Cd, Pb, Ni, V

and Ba are highlighted in the Table when the ratio of

variation in concentrations are calculated between years.

Metals in ambient water and sediments

Figure 2 shows the concentration (95 % CI) of metals in

water (lg L-1) at the diffuser sites (A) and reference sites

(B) in the years 2003 and 2013. If comparisons are made

between the years 2003 and 2013 at the diffuser and ref-

erence sites, the highest increases are observed for Ba, Ni,

Cu, V, and Fe with values for all of them greater than the

acute criteria described by Buchman (2008).

Our results indicated that only lead (average concen-

tration 0.57 lg L-1) exceeded the Mexican limit for

coastal/recreational and fishery waters (0.40 lg L-1).

However, a comparison with international marine water

data revealed a non-attainment condition because only

chromium and aluminum met the criteria described by

USEPA (USEPA 2014) and McPherson et al. (1999).

Figure 3 depicts the concentration of metals in sediments

for the years 2003 and 2013. A wide variability was

observed in the distribution of metals, although a trend to

higher pollution levels was detected for the reference sites.

A comparison of the average values of metals with

international limits for surface marine sediments showed

that the threshold effects level (TEL) and/or probable

effects level (PEL) values were not attained in both pro-

grams for Cr, Ni, Pb, Fe, Al, Ba, V, and at least in one of

the two areas. At reference sites, Ni and Cd were above

TEL limits in the year 2003, while in the year 2013 Ni and

As exceeded the TEL limits.

The grain size analysis demonstrated that sand, silt, and

clay content depended on the area, showing the highest

Table 1 Physical/chemical

parameters recorded in the year

2013

Parameter, mean (±SD) Produced water terminal Diffuser sites Reference sites

Temperature (�C) 44.77 ± 16.30 24.05 ± 0.77 27.63 ± 1.47

pH 6.48 ± 0.05 8.03 ± 0.02 8.04 ± 0.04

Dissolved oxygen (mg L-1) 4.03 ± 0.34 4.41 ± 0.42 5.25 ± 0.29

Salinity (UPS) 80.38 ± 0.61 35.51 ± 0.19 28.85 ± 7.90

Conductivity (ms cm-1) 52.06 ± 0.82 53.74 ± 0.24 44.41 ± 13.81

Turbidity (NTU) 145.15 ± 2.63 1.18 ± 1.01 4.77 ± 3.99

Nitrates (mg L-1) 4.74 ± 5.02 0.45 ± 0.11 0.19 ± 0.09

Table 2 Comparison of mean (±SD) concentrations (lg L-1) of selected chemicals in produced water in the years 2003 and 2013

Chemical class [Mean (± SD)] *2003 *2013 Ratio between years **World range

Total petroleum hydrocarbons (TPH) 8270 ± 3810 17126 ± 4245 2.1 3680–30000

Benzene, toluene, ethylbenzene, xylenes (BTEX) 5100 ± 1400 8900 ± 1345 1.7 680–578000

Total polycyclic aromatics hydrocarbons (TPAHs) 91 ± 50.85 132 ± 12.3 1.5 40–3000

Total phenols 793 ± 240 1145 ± 323 1.4 600–23000

Arsenic (As) 0.13 ± 0.21 50 ± 0.1 385 0.004–320

Copper (Cu) 10.75 ± 1.6 122 ± 23 11 0.001–55000

Chromium (Cr) 2.55 ± 3.0 150 ± 47 59 0.001–390

Zinc (Zn) 7.85 ± 4.8 285 ± 94 36 0.005–200000

Cadmium (Cd) 3.11 ± 3.1 321 ± 100 103 0.0005–490

Lead (Pb) 1.91 ± 1.0 951 ± 154 498 0.001–18000

Aluminum (Al) 28.32 ± 4.7 949 ± 122 34 \0.5–83

Nickel (Ni) 3.01 ± 8.9 1170 ± 361 389 0.001–1670

Iron (Fe) 23.02 ± 3.8 1264 ± 324 55 0.1–465000

Vanadium (V) 24.31 ± 2.7 3627 ± 123 149 \1.2

Mercury (Hg) ND ND ND \0.001–0.075

Barium (Ba) 23.89 ± 6.4 7309 ± 1123 306 \100–2000000

* Student’s t test; significant differences between years

* Neff (2002); Battelle Memorial Institute (2006)
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percentage of fine particles in the reference sites (17 %),

followed by the Dos Bocas area (7.3 %). Nevertheless,

only aluminum, barium, nickel, zinc, and lead indicated a

positive association with fine grain size sediments.

Organics in water and sediments

The chemical group in wastewater and PW that is of

greatest environmental concern is PAHs, due to their

mutagenic and carcinogenic effects. The PAHs that are

present in the marine environment in relevant concentra-

tions are divided into two groups depending on their origin,

namely pyrogenic and petrogenic (Neff et al. 2005).

Pyrogenic PAHs are formed by incomplete combustion

of organic material, while the petrogenic PAHs are present

in oil and some oil products. Alkylated PAHs are more

abundant than the parent PAHs in petrogenic PAHs

assemblages (Neff et al. 2005).

PAHs in water were not detected at the diffuser or the

reference sites in both years. Table 3 compares the mean

PAH concentrations in sediments at the diffuser and ref-

erence sites in the years 2003 and 2013. In the year 2003,

sediment samples were essentially devoid of PAHs except

in one station (D7) close to the diffuser discharge.

The data indicate that the 2/3-ring PAH concentrations

are about 80 % the total PAHs near the discharges and

decrease to about 45 % at the reference site area. Con-

centrations of 4- and 5-ring PAHs did not exceed 1 % of

the TPAH concentrations, indicating relatively low pro-

portions of PAHs in the water column that were from
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pyrogenic sources. In the year 2013, three stations located

in the diffuser area showed much higher concentrations of

total PAHs compared to the 2003 values.

D-7 and D-11 are close to the major produced water

discharge, and D-12 is further away from the discharge

area. The concentrations of pyrogenic PAHs increases with

distance from the diffuser site (from about 1 % to about

26 % of the total PAHs). At the reference site, PAH con-

centrations were below the method detected limits.

According to Neff et al. (2006), the naphthalenes persist

over a greater distance in the water column than the less

soluble 2/3-ring compounds, and their contribution to the

total PAHs assemblage increases with distance from the

discharge area, while 2/3-ring compounds likely adsorb

organic matter and other suspended solids in the water

column and may settle with it to deeper water layers and to

the sediment.

Metals and organics in fish

Metal concentrations (mg kg-1 wet) and impact assess-

ment of fish from nearshore sites are shown in Table 4. In

the table, differences in values among years were found to

be significant (p\ 0.01). For the year 2003, the concen-

trations of metals were compared to benchmarks derived

from the ECEM model to determine the potential for

adverse impacts.

Comparisons for the year 2003 predicted large adverse

impacts of arsenic at the Dos Bocas diffuser and reference

sites, a moderate potential for adverse impacts of copper at

Dos Bocas, a large potential for impact of copper associ-

ated with the Dos Bocas reference, and a moderate

potential for impact of nickel at Dos Bocas.

In the year 2013, metal concentrations were higher at the

diffuser and reference sites. At the diffuser sites, Cd, Cr,

Table 3 Comparison of mean PAH concentrations in sediments at the diffuser and reference sites in the years 2003 and 2013

Year Site Low molecular weight polycyclic

aromatic hydrocarbons (ng g-1)

High molecular weight

polycyclic aromatic

hydrocarbons (ng g-1)

Mean total polycyclic

aromatic hydrocarbons

(ng g-1)

2003 Diffuser site D7 23.8 6.3 30.3

Tupilco reference site 2.8 3.4 6.3

2013 Diffuser site D7 2586 326 2911

Diffuser site D11 2050 274 2324

Diffuser site D12 270 97 367

Tupilco reference site nd nd nd

Table 4 Metal concentrations (mg kg-1 wet weight ) and impact assessment for fish from nearshore sites

Metal Site Year 2003 mean (±SD)* Year 2013 mean (±SD)* Chronic criteria** Acute criteria**

As Diffuser sites 1.16 ± 0.23 1.55 ± 0.20 0.42 0.82

Tupilco reference sites 1.40 ± 0.26 1.81 ± 0.23

Cd Diffuser sites 0.19 ± 0.12 0.47 ± 0.11 0.99 4.5

Tupilco reference sites 0.19 ± 0.10 0.37 ± 0.10

Cr Diffuser sites 0.81 ± 0.63 1.79 ± 0.43 8.02 176

Tupilco reference sites 1.43 ± 0.37 1.74 ± 0.22

Cu Diffuser sites 1.28 ± 0.53 2.35 ± 0.43 1.62 2.52

Tupilco reference sites 1.41 ± 0.58 2.54 ± 0.38

Ni Diffuser sites 0.36 ± 0.35 0.91 ± 0.46 0.67 6.03

Tupilco reference sites 0.24 ± 0.10 0.36 ± 0.10

Hg Diffuser sites 0.012 ± 0.01 0.047 ± 0.01 0.78 1.49

Tupilco reference sites 0.010 ± 0.02 0.060 ± 0.02

Pb Diffuser sites 0.49 ± 0.21 076 ± 0.20 0.92 20.4

Tupilco reference sites 0.28 ± 0.16 0.61 ± 0.16

V Diffuser sites \MDL \MDL 0.92 20.4

Tupilco reference sites

* Student’s t test; significant differences between sites

** Benchmarks based on Barred Grunt (Conodon nobilis)
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Ni, and Hg increased by more than 50 % with respect to

the year 2003, while at the reference sites the major

increments were observed for Cd, Cu, Hg, and V.

Table 5 shows the mean total concentrations of PAHs in

fish at the diffuser and reference sites for both sampling

programs, as well as the percent contributions of 2-ring,

3-ring, and 4-ring PAHs compound classes. In Table 5, the

differences in values among years were found to be sig-

nificant (p\ 0.01).

Overall in the year 2003, the total PAH concentrations

in fish were consistently low throughout the study area. The

mean total PAH concentrations were 69 and 62 ng g-1 at

the diffuser and reference sites, respectively. Equal

amounts of naphthalene and phenanthrene were found in

fishes at the reference site in 2013. Figure 4 shows the

mean concentration of individual PAHs in the tissues of

collected fish in the year 2013.

At the reference sites, only naphthalene and phenan-

threne were detected, but at the diffuser PAHs included

naphthalene and their alkyl compounds as the major con-

tributors, followed by 2, 6 dimethylnaphthalene, fluorene

(an USEPA target analyte), and phenanthrene, but also

small amounts of fluoranthene. Naphthalene, fluorene,

phenanthrene, dibenzothiophene, and their alkyl homologs,

in that order, are the most abundant PAHs in produced

water (OOCC 1997).

Therefore, the produced water PAHs signature was

evident in the fish samples in both years. The low con-

centration of metals and PAHs observed at the reference

site in the year 2013 could be explained by the fact that the

Table 5 Total PAHs (ng g-1 wet weight) and percent contributions of 2/5 rings compound classes in fish

Year Site N Mean total

PAHs

Min total

PAHs

Max total

PAHs

2-ring PAHs

(%)

3-ring PAHs

(%)

4/5-ring PAHs

(%)

2003* Diffuser sites 8 69 ± 2.20 49.2 ± 2.33 104 ± 23.25 84 16 nd

Tupilco reference

sites

7 62 ± 3.01 41.9 ± 3.18 81.2 ± 19.89 79 20 1

2013* Diffuser sites 8 56.8 ± 2.14 21.57 ± 2.22 92.15 ± 21.33 83 17 nd

Tupilco reference

sites

7 1.38 ± 0.10 1.35 ± 0.10 1.41 ± 0.23 56 44 nd

* Student’s t test; significant differences between years
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Fig. 4 Mean concentration of polycyclic aromatic hydrocarbons in tissues of collected fish, year 2013
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species recovered were mostly coastal pelagic fish which

typically inhabit waters below the continental shelf.

Ecological and risk assessment

For the general conceptual exposure model of the receptors

to contaminants in both the abiotic and biotic media of the

study area, the food web and trophic transfer of the Ter-

minos Lagoon (Manickchand-Heileman et al. 1998) are to

a large extent representative of the general Sonda envi-

ronment and thus may be used to describe the food chain

exposure of the receptors to contaminants: detritus ? de-

tritivores ? primary carnivores ? secondary carnivores

(Battelle Memorial Institute 2006).

Consequently, it is anticipated that the greatest food

chain exposure to the more persistent and hazardous

hydrocarbons, as well as the heavy metals, would likely

occur in the benthic invertebrate communities via con-

sumption of detritus and incidental ingestion of associated

surface sediments.

Dermal exposure to sediments and pore water would

also be expected to play a role in the exposure of inver-

tebrates. In the human health impacts evaluation, only the

chemicals that were found at concentrations greater than

background levels were evaluated. This approach allowed

evaluation of the various exposure scenarios and identifi-

cation of the carcinogenic or toxic chemicals that repre-

sented the greatest potential for adverse risk. The organic

and metal contaminants of concern that were evaluated are

identified in Table 6.

Measurement end points selected include concentrations

that are known to be lethal to 50 % of an exposed popu-

lation (median lethal concentration [LC50] or dose [LD50]),

and the lowest concentrations that are known to produce

clinically toxic responses in any member of a population

(lowest observed adverse effect concentration or level).

These benchmarks were obtained from toxicological data-

bases (USEPA 1996; Suter and Tsao 1966; ATSDR 2000).

Arsenic has micronutrient value, but is toxic above trace

levels (Newman and McIntosh 1991). Arsenic is present in

tissues of marine animals at high and highly variable

concentrations. In mammals, barium may cause adverse

effects that range from muscular paralysis to cardiovascu-

lar effects (Reeves 1986). In aquatic organisms, toxicity is

variable, even to closely related species (Wlodarczyk et al.

2000). Most cadmium compounds are relatively easily

soluble in water, and therefore have great mobility and tend

to accumulate in living organisms.

Cd is toxic to a wide range of microorganism; however,

the toxicity is reduced when it is incorporated in sediments,

in the presence of high saline concentrations (Vasile and

Vlădescu 2010). Chromium is carcinogenic, may cause

mutations, and is a teratogen in mammals (Domingo 1994).

Ingestion of copper in excess can lead to accumulation in the

liver, anorexia, edema, disorientation, and scale protrusion

(Rand and Petrocelli 1985). Lead can be carcinogenic, cause

reproductive effects, and inhibit growth and development in

mammals, birds, and aquatic organisms (Dayan and Paine

2001). Mercury is one of the most hazardous contaminants

present in the marine environment and may be transferred to

biota from contaminated abiotic matrixes (Palma et al.

2009). Nickel is carcinogenic and mutagenic in birds and

mammals (Cempel and Nikel 2006). There is little infor-

mation about the toxicity of vanadium in terrestrial and

aquatic organisms, although it is thought that the effects are

related to enzyme inhibition (Barceloux 1999).

Ecological impact evaluation

The contaminants released may have either of two general

classes of effect on human receptors, depending upon the

level of exposure. Some contaminants are carcinogenic;

Table 6 Organic and metal

contaminants of concern that

were evaluated individually and

combined as carcinogenic or

toxic chemicals

Carcinogenic, mutagenic, or tumorigenic chemicals* Toxic chemicals*

Organics Metals Organics Metals

Benzo[a]anthracene

Benzo[a]pyrene

Benzo[b]fluoranthene

Benzo[e]pyrene

Benzo[g,h,i]perylene

Benzo[k]fluoranthene

Chrysene

Dibenzo[a,h]anthracene

Indeno[1,2,3-c,d]pyrene

Perylene

Arsenic Acenaphthene

Acenaphthylene

Anthracene

Biphenyl

ibenzofuran

Fluoranthene

Fluorene

Naphthalene

Phenanthrene

Pyrene

Arsenic

Barium

Cadmium

Chromium

Copper

Lead

Mercury

Nickel

Vanadium

* USEPA (1996); Suter and Tsao (1966); ATSDR (2000)
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others have various non-carcinogenic, but hazardous con-

sequences when ingested or inhaled. Carcinogenic chemi-

cal risks were provided as the risk of fatal cancer while

risks from hazardous chemicals were provided as Hazard

Quotients which is the ratio of the estimated intake to a

standard reference dose. Exposures are calculated assum-

ing a lifetime of continuous exposure at a constant level.

The result is lifetime cancer risk and hazard quotient at any

time during life.

Toxicological reference values for ecological species

considered in the impact assessment consisted of tissue

concentrations that corresponded to critical environmental

concentrations, which is sometimes termed the critical

body residue (Driscoll and Landrum 1997). Receptors were

restricted to organisms known to occur in the study area

that represent significant human resource species or species

of ecological importance, including those that are com-

mercially exploited and hence serve as potential contami-

nant migration pathways to humans.

The assessment of the food-ingestion pathway used

measured or modeled contaminant concentrations in water,

sediment, and pore water, and the results from the eco-

logical risk modeling for tissue concentrations of aquatic

organisms. The aquatic species that were chosen as rep-

resentative of human consumption included fish (Lutjanus

campechanus), crustaceans (Farfantepenaeus aztecus), and

mollusks (Octopus maya).

Tissue benchmark concentrations for each of the taxo-

nomic groups were based on values analyzed for each

individual species addressed in the assessment. These ref-

erence values were used as the denominator in the eco-

logical hazard quotient (EHQ) for species i from

contaminant j at location k:

EHQijk ¼ Field � based tissue concentrationijk=

Tissue benchmark concentrationij;

where tissue benchmark concentrationij is derived from the

critical body residue calculations that used TEL/continuous

chronic concentrations and PEL/continuous maximum

concentration, and the field-based tissue concentrationijk is

obtained using concentrations from water and sediment

samples from the region of study modeled through ECEM.

Human health impacts evaluation

Risk resulting from the exposure to carcinogenic com-

pounds is a measure of the potential for the occurrence of

cancer. In addition, mutagenic or tumorigenic chemicals

may also result in cancer, but scientific evidence confirm-

ing this is incomplete. Generally, regulatory agencies

consider an excess cancer risk of less than one in 1 million

(\1E-06 risk) acceptable and below a level of concern.

This was considered a small potential for adverse impact.

Regulatory agencies consider a risk between 1 in 1 million

and 1 in 1000 ([1E-06,\1E-04 risk) sufficient to war-

rant further investigation (considered a moderate potential

for adverse impact).

This means that there is a need to investigate the uncer-

tainties associated with the impact assessment further or to

continue monitoring the environmental conditions associ-

ated with the scenario that produced the impact. A risk that is

greater than 1 in 1000 ([1E-04) is of concern to regulatory

agencies and can lead to immediate actions to prevent

adverse human health impacts (e.g., closures of selected

fisheries, advisory notices). This level of risk was considered

as a large potential for adverse impacts. In many instances,

regulatory agencies have changed those values, for example,

modifying the level of acceptable risk (ITRC 2005).

A hazard quotient approach was also used to determine

the human health risk associated with non-carcinogenic,

but toxic chemicals. A hazard quotient is the ratio between

the measured contaminant dose and a reference dose

determined to be safe. Generally, if the ratio is less than 0.1

there is no concern for toxic health effects (small potential

for impact). If the ratio is between 0.1 and 1, then regu-

latory agencies consider the risk to warrant further inves-

tigation (moderate potential for impact). If the ratio is

greater than 1, regulatory agencies may be concerned about

the environmental conditions and immediate action may be

required to prevent impacts to human health (large poten-

tial for impact).

Scenarios were developed that represented the most

likely types of exposures to people living close to the

Marine Terminal and fishermen who catch and eat fish

from nearshore areas. People living close to the Marine

Terminal and fishermen were assumed to consume local

seafood about once per week, and coastal fisherman may

also experience dermal exposure to any contaminated

seawater while harvesting seafood.

The onshore facilities at Dos Bocas are located adjacent

to the coast, in an area of the northern Tabasco state where

lagoons, estuaries, and riverine systems meet. These areas

are highly productive for certain marine fish and shellfish.

The risks to coastal fisherman were considered for near-

shore impacts, because most likely the fishermen’s catch is

from the nearshore region.

Table 7 shows the results of nearshore human health

impacts on carcinogenic risk and hazard index calculated for

the year 2003. Cancer risks at the diffuser sites warranted

further investigation based on data derived from maximum,

minimum, and average chemical concentrations.

Carcinogenic risk was reduced at the reference sites, but

still suggested the need for further investigation or con-

tinued monitoring. This assessment was based on estimated

contaminant concentrations in fish, mollusks, and crus-

taceans derived by the ecological risk assessment, and
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assumed the exposed groups were eating fish that contained

similar levels of contaminants.

The 2003 results suggested that the greatest potential for

adverse human health impacts were from the exposure of

fishermen near the Dos Bocas facility to increased car-

cinogenic, mutagenic, or tumorigenic chemicals. These

results were based on water concentrations estimated from

the conservative transport models.

Table 8 shows the ecological and human analytes

impact summary for the year 2003. Based on the results,

the environmental assessment identified Cu, Cd, and Ni in

diffuser discharges present at concentrations, indicating a

moderate to large potential for adverse risk. Cd, Ni, and

TPAHs were also present in the sediment near the diffuser

at concentrations representing a moderate for adverse

environmental risk.

Human health risk assessment identified at the diffuser

sites one carcinogen (benzo(a)pyrene (BAP), one suspected

carcinogen dibenz(a, h)anthracene, and two toxic metals

(Cd, Pb) at concentrations that warrant additional investi-

gation. At the Dos Bocas reference sites, Cu in ambient

water represented a moderate potential for ecological risk

based on ECEM assessment.

The HUMAN model identified two carcinogens (As and

BAP), one suspected carcinogen (dibenz[a,h]anthracene),

and one toxic metal (Hg) present at levels that warrant

additional investigation. BAP is generally associated with

pyrogenic (combustion) sources and may be present in

trace levels in petroleum. However, BAP is of particular

concern because it is an identified carcinogen, which

concentrates in tissues, and is an analyte of concern in fish

advisories.

Table 9 shows the results of nearshore human health

impacts for carcinogenic risk and hazard index calculated

for the year 2013. According to the HUMAN results, 1533

values for analytes were greater than 1.00E-04 (considered

a moderate potential for adverse impact), most of them

corresponding to metals, particularly Cr, Pb, and As which

were also detected in the year 2003 and in 2013 at much

higher risk values. Among the PAHs, the highest values

correspond to maximum values found for 3/5-ring com-

pounds: phenanthrene, fluoranthene, pyrene, and perylene

found mostly in sediments at the diffuser area.

Table 10 presents a summary of the ecological and

human impacts found at the diffuser and reference areas

during the 2013 study. It is clear that more impacts to

sediments by metals and organics are seen at the diffuser

site, concomitant with an increase of toxicity levels for

metals at the reference site, particularly two of them (Ni

and V) associated with crude oil.

Consequently, it is anticipated that the greatest food chain

exposure to the more persistent and hazardous hydrocarbons,

as well as heavy metals, would likely occur in the benthic

invertebrate communities via consumption of detritus and

incidental ingestion of associated surface sediments.

Conclusions

From a regional perspective, the ecological and human

impacts on the inhabitants of the area have increased with

time, particularly those related to sediment arising from the

aqueous discharges from the diffuser. Concentrations of

Table 7 Results of nearshore human health impacts on carcinogenic

risk and hazard index

Impact Diffuser sites Tupilco reference sites

Carcinogenic risk

Maximum

Minimum

Average

1.00 ± 0.2 E-04

1.00 ± 0.2 E-05

4.00 ± 0.6 E-05

2.00 ± 0.3 E-05

1.00 ± 0.2 E-05

1.00 ± 0.2 E-05

Hazard index

Maximum

Minimum

Average

0.5

0.13

0.25

0.15

0.11

0.13

Table 8 Ecological and human impact summary, year 2003

Site Ecological risk (ECEM) 2003 Carcinogenic risk (HUMAN) 2003

Impact to water

column

Impact to

sediments

Impact to water

column

Impact to sediments

Diffuser sites Cu***

Cd**, Ni**

Cd**, Ni**,

TPAH**

Cd**, Pb** Carcinogenic = Benzo[a]pyrene***, toxics(Cd**,

Pb**)

Suspected

carcinogen = Dibenz(a,h)anthracene)***

Tupilco reference

sites

Cu*** Low risk Carcinogenic = Benzo[a]pyrene**, As Suspected carcinogen

(Dibenz(a,h)anthracene)**

Toxic **Hg

* Low impact (\1.00E-04); ** moderate impact (C1.00 E-04 and\ 1.00); *** high impact (C 1.00)

Environ Earth Sci (2015) 74:5813–5826 5823

123



toxic metals and hydrocarbons in 2013 at nearshore loca-

tions likely reflect high regional background concentra-

tions, and the discharge of pollutants from the Dos Bocas

diffuser resulted in a potential impact simply because it

elevated the already high background environmental

concentrations.

Table 9 Ecological and human

impact results, year 2013
Analyte Carcinogenic risk Hazard index

Mean (±SD) Max. Quartile 75 % n

Acenaphthene 1.22 ± 0.3 E-11 2.90 ± 0.4 E-09 0.00 E?00 540 0.04

Acenaphthylene 6.35 ± 1.2 E-12 2.12 ± 0.4 E-09 0.00 E?00 540 0.04

Anthracene 2.30 ± 0.4 E-10 3.03 ± 0.6 E-08 0.00 E?00 540 0.05

Benzo[e]pyrene 9.52 ± 0.6 E-11 3.62 ± 0.6 E-08 0.00 E?00 864 0.04

Benzo[b]fluoranthene 2.50 ± 0.3 E-11 3.32 ± 0.5 E-09 0.00 E?00 864 0.04

Benzo[a]pyrene 3.30 ± 0.3 E-10 6.14 ± 0.6 E-08 0.00 E?00 864 0.05

Benzo[g,h,i]perylene 4.57 ± 0.6 E-11 1.84 ± 0.6 E-08 0.00 E?00 864 0.04

Chrysene 1.43 ± 0.3 E-10 2.58 ± 0.3 E-08 0.00 E?00 864 0.05

Dibenzofuran 2.04 ± 0.3 E-10 6.02 ± 0.5 E-08 0.00 E?00 540 0.05

Fluoranthene 6.71 ± 0.4 E-10 1.89 ± 0.3 E-07 0.00 E?00 540 0.05

Fluorenes 1.96 ± 0.3 E-10 7.75 ± 0.9 E-08 0.00 E?00 540 0.05

Naphthalene 6.56 ± 0.6 E-11 2.32 ± 0.4 E-08 0.00 E?00 540 0.05

Perylene 2.03 ± 0.3 E-09 3.77 ± 0.3 E-07 0.00 E?00 864 0.04

Phenanthrene 9.58 ± 0.6 E-09 3.31 ± 0.6 E-06 0.00 E?00 540 0.06

Pyrene 3.77 ± 0.4 E-09 9.18 ± 1.4 E-07 0.00 E?00 540 0.06

Arsenic 5.20 ± 0.4 E-03 1.93 ± 0.4 E-01 2.10 ± 0.4 E-05 1728 0.25

Barium 2.46 ± 0.3 E-03 9.34 ± 1.3 E-02 1.13 ± 0.4 E-03 540 0.25

Cadmium 8.57 ± 0.6 E-04 2.49 ± 0.4 E-02 5.41 ± 0.6 E-06 1296 0.45

Chromium 3.71 ± 0.3 E-02 3.04 ± 0.3 E-00 1.98 ± 0.6 E-06 1296 0.50

Copper 1.52 ± 0.3 E-03 9.32 ± 1.8 E-02 1.20 ± 0.4 E-04 540 0.40

Lead 2.31 ± 0.3 E-0.1 4.77 ± 0.9 E-00 4.14 ± 0.6 E-03 540 0.60

Nickel 2.05 ± 0.3 E03 9.83 ± 1.3 E-02 2.06 ± 0.6 E-05 1296 0.40

Vanadium 4.39 ± 0.3 E-03 1.23 ± 0.3 E-01 3.61 ± 0.3 E-04 540 0.40

Combined 5.68 ± 0.4 E--01 8.24 ± 0.7 E-00 4.18 ± 0.5 E-02 324 0.60

Table 10 Impacts summary

Site Ecological risk (ECEM) 2013 Human risk (HUMAN) 2013

Impact to water

column

Impact to sediments Impact to water

column

Impact to sediments

Diffuser

sites

Toxics (As, Cd,

Cr)**

Toxics (Ba, Pb, Cr, Ni, Cu, V, As)***.

Carcinogenics (total PAHs,

phenanthrene, anthracene,

dibenzothiophene)***

Toxics (Pb,

Cr)***

Toxics (As, V, Ni, Ba, Cu, Cr)**

Carcinogenic

(naphthalene,

anthracene,

dibenzotiophene)**

Carcinogenics (Fluorene, chrysene,

benzo(a)pyrene, pyrene,

benzo(b)fluoranthene)**

Carcinogenics,

no risk

Carcinogenics (phenanthrene, perylene,

pyrene, fluorene, dibenzophenanthrene,

benzo(e)pyrene, anthracene, naphthalene,

crysene, benzo(a)pyrene,

benzo(b)fluoranthene)*

Tupilco

reference

sites

**Toxics (Cd, Cu) Toxics (Cr, Pb, Ba, V, Ni, Cu, As,

Cd)***

Toxics (Pb,

Cr)***

Toxics (As, V, Ni, Ba)***

Carcinogenics, no

risk

Carcinogenics, no risk Carcinogenic,

no risk

Carcinogenic, no risk

* Low impact (\1.00 E-04); ** moderate impact (C1.00 E-04 and\1.00); *** high impact (C1.00)
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Environmental risk assessment modeling showed sig-

nificant potential threshold-level effects on biota in the

sampled region around the Dos Bocas diffuser.

The primary pathways by which contaminants present in

the Sonda de Campeche influence human health is through

ingestion of contaminated fish and shellfish, and incidental

dermal exposure to contaminants that are associated with

sediments or released from the sea surface.

Management of PW is a challenge for mature fields like

those of Sonda de Campeche and for the future develop-

ment of deep water fields. Effective measures to handle

unwanted or excess PW depend on the asset maturity, the

type of reservoir, production rates, location, legislation,

and history; therefore, the life cycle of water should always

be assessed as part of reservoir management.
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