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Abstract This study estimated Hg emission factors (EFs)

and total Hg loading to the Jaguaribe Estuary, NE Brazil,

from intensive shrimp farming, and compares this with

other local anthropogenic activities. The EF reached

83.5 mg ha-1 cycle-1 (about 175 mg ha-1 year-1), result-

ing in an annual Hg load to the estuary of 0.35 kg. The

calculated EF is comparable to Hg EFs from urban

wastewaters (200 mg ha-1) and solid waste disposal

(400 mg ha-1 year-1) from cities located in the estuary’s

basin. However, due to the smaller area of aquaculture

(2,010 ha), total annual loads are much lower than from

these other sources (75 and 150 kg year-1, respectively).

Since shrimp farming effluents are released directly into

the estuary, the estimated high EF raises environmental

concerns with this expanding industry, suggesting the

inclusion of this element in ongoing environmental moni-

toring programs.
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Intensive shrimp farming has recently occupied extensive

coastal areas worldwide, and its dependence on large inputs

of artificial feed, fertilizers and other chemical additives,

including acidity correctors and algacides, has triggered

many studies to investigate the role of shrimp farm as

pollutant sources to coastal environments. These inputs

have prompted the calculation of EFs for nitrogen (N) and

phosphorus (P) nutrients (Burford et al. 2003) as well as for

cooper (Cu) (Lacerda et al. 2006a, b), in shrimp farm

effluents.

Mercury (Hg) is present in aquaculture effluents due to

its presence as a natural component in aquafeeds, particu-

larly fish meal and as impurities in fertilizers and other

chemicals used in the activity (Chou et al. 2002; Berntssen

et al. 2004). Mercury is of high significance not only due to

its ubiquitous presence in substances used in aquaculture

but also to its toxicity toward phytoplankton and the shrimp

(Barbieri et al. 2005).

Shrimp farming in NE Brazil has increased exponen-

tially during the past 10 years from an annual production

of about 7,000 tons, and less than 1,000 ha of pond area in

1998 to over 90,000 tons and about 15,000 ha of pond

area in 2003 (ABCC 2005). This has resulted in an

increase in nutrient emissions to estuaries in many areas,

which formerly had no significant pollution sources

(Figueiredo et al. 2005; Lacerda and Sena 2005). Since Hg

may be present as an impurity in the feed and chemicals

used in aquaculture, the rapid increase in intensive shrimp

farming in NE Brazil may have also increased Hg emis-

sion to local estuaries. To our knowledge an EF for Hg

due to intensive shrimp farming in northeastern Brazil has

not been determined.

In this study we present the first estimate of Hg emission

factor from intensive shrimp farming based on experi-

mental data from a typical farm in Northeastern Brazil. The

estimated EF is used to calculate the annual Hg emission

and compare it with those from other anthropogenic sour-

ces located in the Jaguaribe estuary basin, based on sta-

tistics for the year 2009. Since published EFs for other

elements (e.g. N, P and Cu) and the technological processes

of intensive shrimp aquaculture are similar worldwide

(Burford et al. 2003; Lacerda et al. 2006a, b), the estimated
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emission factor for Hg may be applied to the shrimp

farming industry worldwide.

Materials and Methods

An emission factor (EF), i.e. the amount of a given element

emitted per unit of production goods or production area or

a natural process, allows fro the estimation of loading to

the environment from a variety of natural and anthropo-

genic sources. An EF can generate a difficult measurable

variable (element load) from an easily assessed parameter

(e.g. area, amount of goods produced, inhabitants) and be

applied to the global, regional and local level, to estimate

pollutant emissions from natural and anthropogenic sources

(Nriagu and Pacyna 1988).

The emission factor was generated by analyzing Hg

concentrations in aquafeeds and other chemical additives,

in shrimp biomass and in inflow and outflow water and

suspended particles of the largest shrimp farm of Ceará

State NE Brazil, located at the Jaguaribe River estuary,

latitude 4o230 S and longitude 37o360 W. Table 1 shows the

major production parameters of this farm, which are also

typical of intensive shrimp farming in Brazil and

worldwide.

Samples for Hg determination were collected during one

production cycle using pre-cleaned materials according to

accepted protocols for Hg analysis (Marins et al. 2002). All

glass- and plastic-ware used in sampling and preparation of

samples were decontaminated by immersion for 2 days

in 10% (v/v) Extran solution (MERCK), followed by

immersion for 3 days in diluted HNO3 (10% v/v) before a

final rinsing with Milli-Q water. Filters used for TSS and

particulate Hg determinations were heated to 450�C for

12 h and transported enclosed in petri dishes prior to use.

All chemical reagents used were of at least analytical

grade. Water samples in the inflow canal (n = 6), inside

two ponds (n = 8) and in the outflow canal (n = 6) were

collected using pre-cleaned 1.5 L PET bottles and filtered

through acid-cleaned cellulose acetate filter with a pore

diameter of 0.45 l for the collection of total suspended

solids (TSS).

Two samples from each of 22 brands of aquafeeds

(n = 44), 6 of fertilizers (n = 12) and 4 of lime (n = 8)

used in the local shrimp farms were also analyzed. All

these samples were oven-dried (60�C) to constant weight

prior to digestion.

During the growth cycle from 10 to 24 shrimp

depending on size but always totaling about 150 g, were

sampled bi-weekly. Animals were separated in muscle

tissue and exoskeleton and pooled into three composite

samples from every collection and kept frozen till analysis,

totaling 18 samples of each organism part. Prior to analysis

biological samples were lyophilized.

Dissolved Hg was determined in filtered samples after

oxidation with BrCl at room temperature. After oxidation,

1 N hydroxylamine solution was used to reduce the excess

BrCl. This was followed by a reduction with 10% SnCl2
(Marins et al. 2002). Particulate Hg was obtained after

partial digestion of the retained material on filters with 50%

v/v aqua-regia at 80�C followed by reduction with SnCl2.

For each batch, blank membrane samples were simulta-

neously analyzed. Water samples were analyzed in a PSA

Millenium Merlin 10.025 Model cold vapor atomic fluo-

rescence spectrophotometer (CVAFS). The analytical

detection limit of the method was 0.24 ng L-1 for dis-

solved Hg and 1.0 ng g-1 for particulate Hg, based on the

ratio between three standard deviations of blank reagents.

In all cases, blank signals were lower than 0.5% of sample

analysis. All samples were analyzed in duplicate. Differ-

ences between duplicates remained below 20%. For quality

assurance of TSS analysis, a certified reference material

(NRC PACS-2, Canada) was simultaneously analyzed to

evaluate Hg determination accuracy. Such analysis showed

a precision of 96%, as indicated by the relative standard

deviation of three replicates, and presented an average Hg

recovery of 103 ± 4%. Concentration values were not

corrected for the recoveries found in the certified material.

Aquafeed, fertilizer, lime and shrimp samples were diges-

ted in a manner similar to filters and also analyzed by cold

vapor atomic fluorescence absorption spectrophotometer

(CVAFS).

Results and Discussion

The average dissolved Hg concentrations were higher

in input water (4.52 ng L-1) than in output water

(0.09 ng L-1) (Table 2), suggesting the scavenging of Hg

from the dissolved phase. Particulate Hg concentrations

Table 1 Management characteristics of the studied shrimp farm in

NE Brazil

Parameter Dimension

Pond depth 1.5 m

Water management First 30 days without renewal.

5% of pond volume renewal

daily onwards

Growth cycles per year 2.1

Approximate growth

period

135 days

Shrimp production 4,540 kg ha-1 cycle-1

Aquafeeds consumption 7,940 kg ha-1 cycle-1

Lime application 2,370 kg ha-1 cycle-1

Fertilizer application 46 kg ha-1 cycle-1
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were; on the other hand, lower in input waters (0.72 ng L-1)

than in output waters, which varied from 9.21 ng L-1, in the

first 80% of the pond volume drained, to 179 ng L-1 in the

20% of the volume drained during the emptying of the pond.

This confirms that at least part of the Hg scavenged from the

dissolved phase adsorbs to suspended matter and may be

deposited in pond bottom sediments.

Aquafeeds brands, fertilizers and lime used in the studied

farm showed Hg concentrations ranging from 10.8 to 48.1;

0.1 to 9.7 and 5.0 to 90.3 ng g-1 d.w., respectively. The

relatively large range in the observed concentrations is in

agreement with the fact that Hg occurs as an impurity in these

products. This results in a relatively large range of loading

values, and contributes the most to the uncertainty associated

with the estimated EF. Aquafeeds, due to the large amounts

used, are the largest contributor of Hg to shrimp

ponds (189 mg-1 ha-1 cycle-1), whereas lime addition

results in the second most important source of Hg

(41.2 mg-1 ha-1 cycle-1). Total Hg loading from the

products added to ponds amounts to 231.2 mg ha-1 cycle-1.

Suspended particulate matter (TSS) was higher (80 to

164 mg L-1) in input waters than in pond waters

(62 mg L-1). Extremely high TSS content was determined

in bottom draining waters (1,675 mg L-1), a 19-fold

increase relative to surface waters. This suggests that at the

end of the cycle when the pond is emptied, water currents

moving into the central draining canal may be strong

enough to erode and transport at least the surface nefloid

layer of bottom sediments.

Figueiredo et al. (2005) analyzed the TSS balance in

another farm in the Jaguaribe estuary which uses a similar

culturing approach, and found a 17-fold increase in bottom

water TSS content relative to surface waters. These authors

monitored the empting process at the end of the growing

cycle and found that TSS-enriched water represents about

20% of the total pond volume.

Concentrations of Hg in shrimp biomass (16.2 ±

1.2 ng g-1 fresh weight) are far below the maximum per-

missible concentrations for Hg in seafood for human con-

sumption adopted by Brazilian legislation. Since the sum of

Table 2 Hg concentrations and average input and output from intensive shrimp farm at the Jaguaribe estuary, NE Brazil

Sample n Hg concentrations Average Hg loads

Input filling water, dissolveda 6 4.52 ± 0.44 ?67.8 ± 6.6

Input filling water, particulateb 6 0.72 ± 0.14 ?10.8 ± 2.1

Input replacing water, dissolvedc 6 4.52 ± 0.44 ?356 ± 34.7

Input replacing water, particulated 6 0.72 ± 0.14 ?56.7 ± 11.0

Average total Hg input from waters – ?491 ± 54

Input from aquafeedse 44 23.9 ± 18.0 ?189 ± 139

Input from fertilizerse 12 4.88 ± 4.86 ?0.3 ± 0.2

Input from limee 8 17.4 ± 5.0 ?41.2 ± 11.2

Average total Hg input from chemicals – ?232 ± 150

Average Hg atmospheric depositionf 1.1–9.3 11.2 (2–20)

Average total Hg input ?734

Output draining surface water, dissolvedg 8 0.09 ± 0.08 -1.1 ± 0.9

Output draining surface water, particulateh 8 9.21 ± 11.35 -8.8 ± 9.6

Output draining bottom water, dissolvedi 8 0.73 ± 0.41 -27.6 ± 15.7

Output draining bottom water, particulatej 6 179 ± 61 -537 ± 183

Average total Hg output from waters – -574.5 ± 209

Excess Hg exported through watersk -83.5

Average Hg loss through shrimp biomass 18 16.2 ± 1.2 -73.0 ± 5.4

Hg available for sedimentationl – -98.0

Concentrations in ng g-1 d.w. for solid samples and ng L-1 for waters, fluxes in mg ha-1 cycle-1; (?) added to system; (-) lost from system;

n = number of samples
a Pond volume: 1.5 9 107 L ha-1 9 dissolved Hg (ng L-1). b Pond volume: 1.5 9 107 L ha-1 9 particulate Hg (ng L-1) in input water. c First

30 days without replacing: 5% of pound volume per day: 0.075 9 107 L ha-1 9 105 days 9 dissolved Hg (ng L-1) in input water. d First

30 days without replacing: 5% of pound volume per day: 0.075 9 107 L ha-1 105 days 9 particulate Hg (ng L-1) in input water. e Product Hg

concentration (ng g-1) 9 quantity used from table 1. f Average of bulk atmospheric deposition obtained from Western Atlantic coastal and

marine areas in non-industrial sites (Lacerda et al. 2002). g 80% of pond volume: 0.8 9 107 L ha-1 9 dissolved Hg (ng L-1) in output water.
h 80% of pond volume: 0.8 9 107 L ha-1 9 particulate Hg (ng L-1) in surface output water. i 20% of pond volume: 0.2 9 107

L ha-1 9 dissolved Hg (ng L-1) in bottom output water. j 20% of pond volume: 0.2 9 107 L ha-1 9 particulate Hg (ng L-1) in bottom output

water. k Input through water minus output through water. l Total Hg input (water ? aquafeeds and chemicals ? atmospheric deposition) minus

Hg output (water ? shrimp biomass)
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Hg export through waters and Hg export through biomass

does not account for the total Hg added as chemicals and

aquafeed, part of the Hg input is probably retained in

sediments, as verified for other trace metals (Lacerda et al.

2006a, b). Considering this estimated deposition, Hg

accumulation in pond bottom sediments would reach about

20 lg m-2 year-1, a value consistent with Hg deposition

in sediments from coastal lagoons in non-industrialized

areas (Marins et al. 2004).

The total export of Hg (i.e. 574.5 mg ha-1 cycle-1)

through water is mostly (95%) associated with particulate

matter (Table 2). From this total, 83.5 mg ha-1 cycle-1

constitute the anthropogenic excess contribution. This

contribution is similarly to that reported for N, P and Cu in

previous studies of element mass balances in intensive

aquaculture of the Jaguaribe Estuary (Figueiredo et al.

2005; Lacerda et al. 2006a, b). Nutrient (N and P) and Cu

exports from shrimp farming are *60%, [98% and

65% for N, P and Cu, respectively mostly associated with

particulates released at end of the draining of the pond

(Burford et al. 2003; Figueiredo et al. 2005; Lacerda et al.

2006a, b).

Assuming that 2.1 production cycles per year is typical

of this farm and of others in NE Brazil, the EF for Hg

would reach 175 mgHg ha-1 year-1. Considering that

2,021 ha of ponds are operating around the estuary, the

total loading of Hg from this source would reach about 0.35

kgHg year-1. Compared to other anthropogenic Hg sour-

ces to the Jaguaribe River estuary compiled by Lacerda and

Sena (2005) (Table 3), where industrialization is non-

existent, the Hg EF from shrimp farming is similar to that

from urban waste waters (200 mgHg ha-1 year-1) and

solid waste disposal (400 mgHg ha-1 year-1) from local

towns and cities. As expected, however, total Hg load from

shrimp farming compared to the other sources is much less

significant (200–400 times lower) due to the small area

occupied by shrimp farms relative to urban areas.

Evidence of environmental Hg contamination in areas

receiving shrimp farm effluents are, however, still pre-

liminary. Vaisman et al. (2005) measured higher Hg con-

centrations in mangrove oysters and creek sediments from

the Jaguaribe estuary (2,021 ha of shrimp farm area)

compared to oysters from the Pacotı́ estuary, an area har-

boring less than 10 ha of shrimp farms. These results are in

agreement with a net export of particulate Hg from shrimp

farm effluents to adjacent mangrove creeks.

The results presented here, although preliminary, show

that intensive shrimp farming presents a measurable

emission factor for Hg, originating mostly from Hg

impurities present in aquafeeds, which include fish meal

and oil in their formulation. Mercury emission is pre-

dominantly in the particulate form. The estimated EF is the

first ever calculated for intensive shrimp farming. Since the

technology and procedures used in these farms are used

worldwide, the estimated EF may be applied to other

production areas in the world.

The impact of intensive shrimp farm effluents on local

coastal ecosystems may become more significant in the

future relative to urban sources for Hg emissions, since the

area dedicated to shrimp farming is increasing at a much

faster rate (about 10% per year) than the growth of urban

areas (about 0.2% per year) in the lower basin of the

Jaguaribe River. This has already been noted (Lacerda

et al. 2006a, b) for levels of N and P in other estuaries from

the northeastern Brazilian coastline harboring significant

shrimp farm areas.
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Figueiredo MB, Araújo LFP, Gomes RB, Rosa MF, Paulino WD,

Morais LFS (2005) Impactos ambientais do lançamento de
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