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Abstract: Total and organic mercury contents were determined from samples of surface soils (0–5 cm), sieved at �63 μm, 
collected from 10 different locations in the upper Manzanares River watershed, using cold vapor atomic absorption spec-
troscopy. Methylmercury was determined using a HPLC-UV detector. The mean total mercury concentration was 1.3 μg. g–1, 
a value permitted by the Canadian environment quality guidelines for farming soils, but high for European standards. Using 
certifi ed reference materials, we verifi ed that a modifi cation of the method described by Qian et al. (2000) was effective for 
organic mercury extraction, with a recovery of 92.17% for DORM-2 and 92.11% for TORT-2. This modifi ed method was 
applied to soil samples, obtaining concentrations of 0.5–1.0 μg.g–1 of organic mercury. The parameters for determining 
methylmercury using HPLC-UV were optimized; the best results were obtained with a 4.6 mm × 25 cm Zorbax CN− column, 
with a mobile phase of 70/30 V/V of methanol: ammonium acetate 0.05 mol.l–1, with a fl ow rate of 0.5 ml.min–1; the meth-
ylmercury was detected at 4.99 min retention time. Methylmercury was not found in the soil samples. Using the certifi ed 
reference material we proved that the method used produced reliable results. The analysis confi rmed the existence of mercury 
in this farming area.
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Introduction
Most of the anthropogenic Hg deposited in a watershed is retained in the soil, water, and biota for over 
a decade (Lindqvist and Rodhoe, 1991) and, therefore, has the potential to persist as a toxin. The risk to 
humans and wildlife occurs as Hg is transported to watersheds and accumulates in the aquatic food chain 
(Driscoll et al. 2007). Exposure pathways include Hg contamination of aquatic organisms, edible crops, 
drinking water and air. Human exposure may also occur as a result of direct ingestion of contaminated 
soil (Revis et al. 1990).

Mercury may be present organically or inorganically in natural environments. Methylmercury is one 
of the most toxic mercury compounds for the majority of living organisms in the food web (Ramalhosa 
et al. 2001; Gaona and Valiente, 2003).

Several procedures have been used to separate organic and inorganic mercury. Distillation is one of 
the most common separation techniques, because it prevents matrix interference, especially when low 
levels of mercury are determined (Horvat et al. 1993). However, Bloom et al. (1997) proved that during 
distillation methylmercury is generated abiotically as a result of the action of organic substances on the 
inorganic mercury of the sample. They proposed the use of acid solutions containing copper sulphate 
and potassium bromide to extract methylmercury. Bloom et al. (1999) then evaluated this procedure 
with reference material and proved that there was less abiotic methylmercury production in comparison 
to the distillation procedure.

In recent years, several methods have been developed to separate mercury species, based on gas 
chromatography or high resolution liquid chromatography (Ramalhosa et al. 2001). Although gas chro-
matography is the most frequently used mercury separation technique, it requires volatile derivatives 
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of mercury compounds (Fischer et al. 1993). High 
resolution liquid chromatography allows easier 
sample treatment without the need of the derivatiza-
tion process, and the separation of mercury 
components can be made simply at room tem-
perature (Ramalhosa et al. 2001; Percy et al. 2007). 
Moreover, mercury species less volatile than meth-
ylmercury, as well as non-volatile species, such as 
organomercurial aromatic components are deter-
mined using high resolution liquid chromatography 
(Hempel et al. 1992).

The objectives of this study were: 1) to verify 
that the modifi ed method for Hg analysis produces 
accurate and precise results and 2) to determine 
the distribution of organic and inorganic mercury 
in the soils of the upper Manzanares River water-
shed, where there have been few studies on metal 
pollution.

Materials and Methods

Sampling area
Soil samples were collected in 10 locations from 
the upper Manzanares River watershed in October 
2004. The climate is tropical humid forest, the 
temperatures varies between 12 and 27 °C and 
annual mean rainfall 1328 mm (Márquez et al. 
2002), dominated by sedimentary rocks: sand and 
calcareus (Sánchez and González, 2002). The main 
threat is due to agriculture, involving both crops 
and livestock.

The localities chosen for the study are the same 
that form part of the project “Environmental 
Assessment and Stakeholder Participation in 
Pollution Control for the Manzanares River Catch-
ment, Sucre State N° QCL-2324-2288-2661-2102”, 
jointly funded by the British Embassy in Venezuela 
and the United Nations Environmental Program, 
and implemented by the Universidad de Oriente, 
in Venezuela. The main objective of that three-year 
project was to assess the level of pollution of the 
river and the adjacent coastal zone, as well as 
evaluating point-source and diffuse sources of 
pollution. In the long term, it will develop a 
monitoring system, sanitation policy and education 
plan for the recuperation of this important river 
(British embassy, 2008).

Figure 1 shows a map of Sucre State, Venezuela, 
and a complete map of the Manzanares River, with 
the sampling area in the upper Manzanares River 
watershed. Portions of several samples were taken 

in a 100 m2 area, at a depth of 0–5 cm. The collection 
area was divided into squares 30 cm wide and 5 cm 
long, and the collected samples were put into 
plastic bags.

Before making the analysis, soil samples were 
dried at room temperature to constant weight. 
Because mercury is concentrated in the smaller 
grain sizes, where the specifi c surface area is higher 
(Rodrigues-Filho and Maddock, 1997; Wasserman 
et al. 2001), the samples were sieved to �63 μm. 
Among the physical-chemical properties (like clay 
mineralogy, organic matter, etc.) that could affect 
mercury adsorption in soil or sediment samples, 
texture plays an important role (Yallouz et al. 
2007).

Total content of mercury
in the soils
Triplicates of each 0.5 g dried soil sample were 
used for mercury analysis. For each sample, 
concentrated nitric acid (10 ml) was added, and 
samples were left to pre-digest overnight at room 
temperature in a fume hood. A small glass funnel 
was placed in the mouth of each conical fl ask, to 
prevent loss of sample, and the samples were then 

Figure 1. Sampling locations in the upper Manzanares River 
watershed.
Legend: (1) Cutabano Las Charas; (2) Manzanares-Yoroco; 
(3) Manzanares I; (4) Yoroco Abajo right; (5) Yoroco Abajo left; 
(6) Las Trincheras Las Lomas; (7) Fragua; (8) Orinoco La Toma; 
(9) Peña-Orinoco Border (10) Orinoco Aquaduct.
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refl uxed on a hot plate at 100 °C for 3 h. Concentrated 
sulphuric acid (2.5 ml) and concentrated hydro-
chloric acid (1.0 ml), sequentially, were then added 
to each sample, which was allowed to refl ux at 
130 °C for three additional hours. Potassium 
manganate (VII) solution (5% m/V) was added 
drop-wise to each sample until a permanent pink 
coloration resulted. Hydroxylamine solution 
(50 μl, 10% m/V) was added to destroy the excess 
potassium manganate (VII). The digests were 
filtered into 25 ml volumetric flasks, through 
Whatman #42 fi lters, and made up to volume with 
deionized water rinses of the residues. Mercury in 
soils was determined by cold vapor atomic absorp-
tion spectrophotometry.

The method was validated with a Standard 
Reference Materials (Montana Soil, 2711, NIST). 
This reference material was subsequently analyzed 
with each batch of soil sample, to ensure consis-
tently reliable analysis results. All statistical 
analyses were performed using the Minitab Statis-
tical Program (Version 15).

Determination of the organic
mercury concentrations in the soils
The Qian et al. (2000) method was sequentially 
applied up to the separation of the organic phase. 
A mixture of 0.5 g of soil + 6 ml of a solution of 
CuSO4 (0.03 mol.l−1) and KBr (0.38 mol.l−1) in 
H2SO4 (5%) was shaken for 2 h. Then 5 ml of CH2Cl2 
were added and the mixture was shaken for 30 min., 
and then centrifuged at 3000 rpm for 15 min., to 
separate the organic phase from the aqueous one. In 
this study was substituted the following step of Qian 
et al. (2000) method: A 2.0 ml sub-sample of CH2Cl2 
layer was pipetted into a 50 ml polypropylene 
centrifuge tube, and 45.0 ml distilled water was 
added. The sample was purged with Ar to remove the 
organic solvent, leaving the extracted methyl mercury 
in the water matrix. Instead of, organic mercury was 
converted to inorganic mercury by means of acid 
digestion (method described in section 1.2, but using 
only 50% of reagents). The modifi ed method was 
evaluated with TORT-2 and DORM-2 certified 
reference materials of the National Research Council 
Canada. The total and organic mercury (converted 
into inorganic mercury) measurements were taken 
with a Perkin Elmer Atomic Absorption Spectrom-
eter (model 3110) coupled with a hydride generator 
device (MHS-10), and using sodium borohydride 
as a reducing agent.

Determination of methylmercury
concentration in soils using high
performance liquid chromatography
with a UV detector
Toluene was used to extract methylmercury from 
samples and dissolve the MeHgCl standard. This 
solvent was also utilized by Qian et al. (2000) in the 
extraction of methylmercury from soil samples and 
with a recovery of  95%. These organic extracts were 
analyzed using HPLC (Agilent Technologies 1100 
series) with a UV-Vis diode array detector and 
automatic injector to determine methylmercury. 
The parameters, such as the mobile phase, reverse 
phase column type and fl ow rate, were previously 
optimized at room temperature, varying the fl ow 
from 0.4 to 0.5 ml.min−1, and comparing the 
wavelengths 230 nm, 254 nm and 285 nm. In order 
to determine the composition of the mobile phase, 
the proportions of methanol/ ammonium acetate 
solution 0.05 mol.l−1 (adjusted to pH 5, with 
1 mol.l−1acetic acid) were varied until the best 
results related to separation and sensitivity were 
obtained.

Results and Discussion

Total mercury content
The accuracy of the method for determining the 
total mercury content in soils was verifi ed with the 
Montana Soil reference material (NIST 2711), and 
a recovery of 98.4 (± 2.8)% was obtained.

Figure 2 shows the mercury concentrations for 
the 10 localities studied. One-way analysis of vari-
ance (ANOVA), at α = 0.05 probability, was used 
to assess the relation of mercury concentration and 
sites, the results showed that mercury concentration 
in each site was statistically different from one 
another (F = 51.07, P � 0.001).

Since Venezuela have no established soil quality 
guideline at this time, the European Union and 
Canadian guidelines were used as interim measure 
to assess whether the concentrations of mercury in 
soils could have adverse biological impact The 
concentrations were between 1.0 and 3.0 μg.g−1, 
which is below the level established by the 
Canadian environment quality guidelines (6.6 μg.−1) 
for farming soils (CCME, 2001). Nevertheless, 
recent evidence suggests that mercury is respon-
sible for a reduction of micro-biological, activity 
vital to the terrestrial food chain in soils, over large 
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parts of Europe—and potentially in many other 
places in the world with similar soil characteristics. 
Preliminary critical limits to prevent ecological 
effects due to mercury in organic soils have been set 
at 0.07–0.3 mg/kg for the total mercury content in 
soil. The limits were developed by an international 
expert group on effect-based critical limits for 
heavy metals, working within the framework of 
the UN ECE Convention on Long-Range Trans-
boundary Air Pollution (Pirrone et al. 2001). 
Taking the preliminary critical limits into account, 
the soils of the upper Manzanares River watershed 
are contaminated.

It is diffi cult to determine the origin of mercury 
in the localities studied. However, as Venezuela is 
under the infl uence of the inter-tropical area of low 
equatorial pressures, where the northeast and 
southeast trade winds (aliseos) converge, it is likely 
that these winds carry the mercury from the mining 
areas of Bolivar State, in the south, towards the 
north of Venezuela. Mercury is used there to sepa-
rate gold from mineral fractions and it is widely 
used by non-organized miners in many tropical 
countries (Brazil, Bolivia, Colombia, and Venezuela) 
(Carrasquero and Adams, 2002; Telmer et al. 
2006). Mercury can be readily transferred between 
air, water, and soils and can be transported long 
distances in the atmosphere (UNEP, 2002; Panya-
metheekul, 2004). The Venezuelan State has no 
information about the quantity of mercury used by 
non-organized miners; however, according to the 
United Nations Industrial Development Organiza-
tion, between 1985 and 1991, fi ve tons of mercury 

were deposited into the lower Caroni river area 
(downstream from the Guri Reservoir) as a result 
of mining activities. The highest quantities of 
mercury are launched into the environment as a 
result of the open-air burning of mercury amalgams 
(Valdirio and Costa, 2001). Hg is often emitted by 
fossil-fuel burning power plants and can travel 
great distances in the atmosphere, however, in the 
upper Manzanares River watershed, this atmo-
spheric source seem to be considerably less impor-
tant than regional contamination from the burning 
of amalgamated gold. According to Meili et al. 
(2003), the predominant source of Hg in most 
watersheds is atmospheric deposition, which has 
increased 2- to �20-fold over the past centuries.

Another source of mercury pollution in farming 
soil is the use of fertilizers and agrochemicals 
(Haygarth and Jones, 1992). Many of the raw 
materials used in the preparation of nitrogen, phos-
phorus and potassium fertilizers, organic fertilizers 
and fertilizers with high zinc content may contain 
toxic metals (EPA, 1999). An analysis of 29 fertil-
izers revealed the presence of 22 toxic metals, one 
of which was mercury (Shaffer, 2001).

The highest content of mercury was found in 
Fragua, which is an area surrounded by crops, 
suggesting that it is probable that fertilizers have 
contributed to the high level of the metal there. The 
inhabitants of these localities are unlikely to have 
any knowledge about the level of heavy metals 
allowed in fertilizers, as this is not always shown 
on the labels; only the benefi cial nutrients, such as 
zinc or phosphate are shown. Also, the fertilizers 
are sold directly to the public, and consumers are 
not warned about the presence and high quantities 
of toxic metals.

Organic mercury content
At the present time, there are many certifi ed refer-
ence materials for the concentrations of mercury 
in several matrices (sediments, soils, water, plants 
and tissues) of different origins. However, only a 
few reference materials of marine origin are certi-
fi ed for components of methylmercury. Natural 
levels of methylmercury in soils are measured in 
parts per billion (ppb) and, as yet there are no 
certifi ed reference materials available. For this 
reason, certifi ed sediment reference materials are 
used as a substitute (Qian, 2001), but only two 
reference materials for sediment have been vali-
dated, and controversies have emerged about their 
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Figure 2. Total mercury content in the localities of the upper 
Manzanares River watershed.
Legend: (1) Cutabano Las Charas; (2) Manzanares-Yoroco; 
(3) Manzanares I; (4) Yoroco Abajo right; (5) Yoroco Abajo left; 
(6) Las Trincheras Las Lomas; (7) Fragua; (8) Orinoco La Toma; 
(9) Peña-Orinoco Border; (10) Orinoco Aquaduct.
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precision for the determination of methylmercury 
concentrations.

This study confirmed the efficiency of the 
modifi ed method taken from Qian et al. (2000) 
using certified reference materials from the 
National Research Council Canada, DORM-2 
(Dogfish muscle), which contains methyl- 
mercury of 4.47 (±0.32) μg.g−1 and TORT-2 
(lobster hepatopancreas) with a value of 0.152 
(±0.013) g−1.The change was made in the 
technique of quantifi cation: The organic mercury 
was quantitatively converted into inorganic 
mercury using acid digestion and measurements 
were taken using cold vapor atomic absorption 
spectroscopy.

The recoveries were 92.17% for DORM-2 and 
92.11% for TORT-2 (Table 1). The results of this 
study confi rm that methylmercury in both biotic 
and abiotic systems bonds strongly with organic 
and inorganic sulphides. To break these bonds it is 
necessary to chemically treat the samples before 
separation using copper and bromide ions. Copper (II) 
ions permit a complete liberation of the organic 
mercury from the thiol groups, and they have been 
successfully used in the separation of mercury in 
fi sh and sediments (Longbottom et al. 1973). Addi-
tionally, bromide ions in the copper solution, as a 
source of halides, provide a high recovery of 
mercury (Qian et al. 2000). Bromide attracts 
methylmercury and facilitates the distribution of 
the organomercury bromide compounds between 
the aqueous and organic phases. Dichloromethane 
proved to be the best option for the extraction of 
organic mercury and its conversion into inorganic 
mercury. A complete digestion of the organic layer 
of dichloromethane in nitric acid was reached, 
producing reliable results.

The procedure described was applied to the soil 
samples. Figure 3 shows the concentrations of 
mercury obtained from fi ve locations, in other areas 
the content of mercury was below the detection 
limit (31ng.g−1). Values were between 0.53 and 
1.00 μg.g−1. According to these results, the 

locations with the highest content of organic 
mercury were Yoroco Abajo, Yoroco Arriba and Las 
Trincheras-Las Lomas, which are located in the 
highlands and surrounded by abundant wild veg-
etation. Altitude may be a relevant factor in the 
origin of the high contents of organic mercury in 
these areas, mainly due to atmospheric deposition. 
Frontera Peña-Orinoco is another place with a high 
content of mercury; it is situated in fl at zone with 
houses and banana crops. It is possible that the 
mercury found in farming areas is due to the use 
of fertilizers and fungicides. Orinoco La Toma is 
the location with the lowest content of organic 
mercury; it has abundant wild vegetation and it is 
approximately 300 m away from the village.

Determination of methylmercury
using HPLC-UV

Column type selection
A column with a cyanide (CN−) functional group 
was used in this study. The stationary phase linked 
to the cyanopropil is relatively polar and is used 
in the normal separation mode with relatively 
non-polar mobile phases, such as methylene 
chloride/hexane mixtures. This can be used for 
separations in reverse phases using highly polar 
mobile phases, such as mixtures of water/methanol 
or water/acetonitrile. This column can be used to 
separate moderate polar components (DuPont 
Instruments, 1985).

In this study, the column was used in reverse 
phase. At fi rst we used the 15-cm long Adsorbos-
phere CN− column, but this column did not separate 
the blank signal with that of methylmercury and 
formed one peak with a retention time of 4.75 min. 
We then replaced the column by a longer one, the 
25-cm Zorbax CN−. Analyzing the blank, the 
retention time for toluene increased, and several 
low peaks and a high one were detected at 8.96 
min., and the methylmercury signal was observed 
at 4.98 min. Figure 4 shows the separation between 

Table 1. Concentration of MeHg and percentage of recovery obtained with the reference material using the 
method from Qian et al. (2000) modifi ed in this study.

Standard reference material Certifi ed value of 
MeHg (μg.g−1)

Obtained concentration 
of MeHg (μg.g−1)

% Recovery

DORM-2 4.47 ± 0.32 4.12 ± 0.45 92.17
TORT-2 0.152 ± 0.013 0.140 ± 0.024 92.11
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ammonium acetate 0.05 mol.l−1 at pH 5 and at a 
wavelength of 230 nm.

Calibration curve
The calibration curve was made based on the 
dilution of 1 mg.l−1 of the methylmercury standard; 
six working standards were used, showing an R2 
value of 0.996, indicating consistent results. The 
limit of detection estimated on the base of the 
calibration curve was 6.3 ng.ml−1.

Analyte addition technique
The recovery of an analyte is an important factor 
for the validation of an analytical method (Hubert 
et al. 1999). To obtain it, 20 μl of a standard solution 
of 50 ng.ml−1 was added to the extracts from Frontera 
Peña-Orinoco (which did not show evidence of 
containing mercury) in a 1:1 proportion (Fig. 5). 
The recovery was 78.2%, a level considered 
adequate, according to the United States Geological 
Bulletin, who give a recovery ranging from 75.0% 
to 93.2% as being acceptable for evaluating the 
accuracy of methylmercury procedures. DeWild 
et al. (2004) assessed the accuracy of the KBr/
CuSO4/CH2Cl2 methylmercury extraction procedures 
in soil samples using a certifi ed reference material 
and the analyte addition technique, and the recovery 
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Figure 3. Organic mercury concentrations in the different localities, 
obtained using the method Qian et al. (2000) modified in this 
study.
Legend: (1) Yoroco Abajo right; (2) Yoroco Abajo left; (3) Las Trincheras 
Las Lomas; (4) Orinoco La Toma; (5) Peña-Orinoco Border.

Figure 4. Chromatogram of MeHgCl standard using a 25-cm Zorbax CN−1 column.

the methylmercury and toluene signals. This was 
the column chosen to make the subsequent 
analyses.

Selection of the mobile phase
The best separation of methylmercury was achieved 
using the mobil phase 70/30 (V/V) methanol/

Methylmercury 

Toluene
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for spiked soil samples was 66.2% to 88.8%, with 
an average value of 82.0%.

Content of methylmercury
in the soil samples
The analyses were made in order to determine the 
content of methylmercury in the locations where 
organic mercury was detected, following the 
modifi ed version of the Qian et al. (2000) method-
ology. The chromatograms of the extracts of the 
soil samples showed no signal of methylmercury. 

Either the values of methylmercury were lower 
than the detection limit (6.3 ng.ml−1) or the soil 
samples there did not have methylmercury. This 
might confi rm that mercury in soil is not always 
available for methylation.

Among the factors affecting the specifi c rates 
of methylation/demethylation of mercury is the pH 
(Sadiq, 1997; Pavlogeorgatos et al. 2006). Thus, 
the absence of methylmercury in analyzed soil 
samples might be due to the pH, which was 
between 5.9 and 7.4 (Table 2). Several investigations 
have found an inverse relationship between 

Figure 5. Chromatogram of the locality Frontera Peña—Orinoco contaminated with methilmercury standard of 50 ng.ml−1, in a proportion 
1:1. Retention time for MeHg = 4.99 minutes.

Methylmercury 

Table 2. pH values, texture and organic matter of the soil samples with organic mercury.

Locality pH % Organic 
matter

% Clay % Silt % Sand Texture

Yoroco Abajo right 6.78 13.30 26.30 22.71 50.98 Sandy clay loam
Yoroco Abajo left 6.56 12.68 27.57 32.42 40.01 Loam
Las Trincheras Las 
Lomas

5.94 11.92 14.30 16.71 68.99 Sandy loam

Orinoco La Toma 7.33 10.63 10.31 28.68 61.01 Sandy loam
Peña—Orinoco 
Border

7.44 8.27 6.31 6.31 74.99 Sandy loam
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Hg methylation and pH; low pH is associated with 
an increase in methylation (Rogers, 1977; Bloom 
et al. 1991; Regnell, 1994).

The textures of the soil samples with organic 
mercury concentrations (Table 2) were similar to 
those evaluated by Rogers (1977), who found that 
the production of methylmercury was affected by 
soil texture, pH, soil moisture content and soil 
temperature. There was a decrease in the occur-
rence of methylmercury when the solution pH 
was above 4.5. Additionally, Grigal, (2003) 
observed that MeHg production in areas of well 
drained soils is scarce. The mean of content of 
organic matter in soils analyzed in this study was 
(11.4 ± 1.9)% (Table 2), and there was a positive 
correlation (R2 = 0.71, p � 0.02) between organic 
matter content and concentration of organic Hg; 
therefore, is unlikely to become methylated 
(Wallschlaeger et al. 1998; Biester et al. 2002; 
Ravichandran, 2004).

Conclusions
Mercury concentrations were within the limits 
of the Canadian environmental quality norms 
(6 .6  mg/kg) ,  bu t ,  unde r  the  European 
Union’s rules (0.07–0.3 mg/kg), all sites were 
contaminated.

The highest concentrations of organic mercury 
were found in Yoroco Abajo, Frontera Peña-
Orinoco and Las Trincheras-Las Lomas. The fi rst 
and third locations were mountainous soils with 
steep slopes, whilst the second was situated in a 
farming area.

The Qian et al. (2000) method was modifi ed 
and evaluated with certifi ed reference materials of 
the National Research Council Canada, DORM-2 
and TORT-2, to determine the content of organic 
mercury (such as methylmercury), resulting in 
recovery of 92.17% and 92.11%, respectively. This 
ensures the effectiveness of the method.

The content of methylmercury was best deter-
mined using HPLC-UV with a 25-cm Zorbax 
CN− column, a mobile phase of 70/30 (V/V) of 
methanol/ammonium acetate 0.05 mol.l−1, and a 
flow rate of 0.5 ml.min−1. Retention time for 
methylmercury was of 4.99 min. The recovery for 
spiked samples was 78.2%.

The soil samples with organic mercury showed 
no signal of methylmercury, which may be 
associated with pH levels and soil texture not 
permitting the methylation.

Acknowledgements
This research was supported by the Consejo de 
Investigación Universidad de Oriente, Cumaná 
(Grant No 5/1004/1174/04) and CDCH.UCV—PG- 
03-12.4532.2004, Venezuela.

References
Biester, H., Müller, G. and Schöler, H.F. 2002. Binding and mobility of 

mercury in soils contaminated by emissions from chlor-alkali plants. 
Sci. Total Environ., 284:191–203.

Bloom, N., Colman, J. and Barber, L. 1997. Artifact Formation of Methyl 
Mercury during Aqueous Distillation and Alternative Techniques for 
the Extraction of Methyl Mercury from Environmental Samples. 
Fresenius J. Anal. Chem., 358:371–7.

Bloom, N., Evans, D., Hintelmann, H. and Wilken, R. 1999. Methyl Mercury 
Revisited. Anal. Chem., 71:575A.

Bloom, N., Watras, C. and Hurley, J. 1991. Impact of acidifi cation on the 
methylmercury cycle of remote seepage lakes. Water, Air and Soil 
Pollut., 56:477–91.

British Embassy. 2008. Environmental Assessment in Pollution Control for 
the Manzanares River Catchment, Sucre State http://www.
britishembassy.gov.uk/servlet/Front?pagename=OpenMarket/
Xcelerate/ShowPage&c=Page&cid=1075811913876.

Canadian Council of Ministers of the Environment. 2001. Canadian 
environmental quality guidelines pp. 1–10.

Carrasquero, A. and Adams, M. 2002. Comparación de métodos para el 
análisis de mercurio en suelos procedentes de El Callao, estado 
Bolívar, Venezuela. Interciencia 27:191–4.

DeWild, J., Olund, S., Olson, M. and Tate, M. 2004. Methods for the 
Preparation and Analysis of Solids and Suspended Solids for 
Methylmercury. En: Laboratory Analysis, Section A, Water Analysis. 
U.S. Department of the Interior, U.S. Geological. Survey, 1–12.

Driscoll, C.T., Han, Y.J., Chen, C.Y., Evers, D.C., Fallon Lambert, K., 
Holsen, T.M., Kamman, N.C. and Munson, R.K. 2007. Mercury 
Contamination in Forest and Freshwater Ecosystems in the 
Northeastern United States. Bio. Science, 57(1):17–28.

DuPont Instruments. 1985. Liquid Chromatography Column Data pp. 2–7.
Environmental Protection Agency (EPA). 1999. Estimating Risk from 

Contaminants Contained in Agricultural Fertilizers. Draft. report., 
1–159.

Fischer, R., Rapsomanikis, S. and Andreae, M. 1993. Determination of 
Methylmercury in Fish Samples using GC/AA and Sodium Tetraeth-
ylborate Derivatization. Anal. Chem., 65:763–6.

Gaona, X. and Valiente, M. 2003. Stability Study on a Westöö based Meth-
odology to Determine Organomercury Compounds in Polluted Soil 
Samples. Anal. Chim. Acta., 480:219–30.

Grigal, D.F. 2003. Mercury Sequestration in Forests and Peatlands: 
A Review. J. Environ. Qual., 32:393–405.

Haygarth, P. and Jones, K. 1992. Atmospheric Deposition of Metals to 
Agricultural Surfaces. In: Biogeochemistry of trace metals. 
Adriano, D. (ed). Board Editions, 249–76.

Hempel, M., Hintelmann, H. and Wilken, R. 1992. Determination of Organic 
Mercury Species in Soils by High-performance Liquid Chromatography 
with Ultraviolet Detection. Analyst, 117:669–72.

Horvat, M., Bloom, N. and Liang, L. 1993. Comparison of Distillation with 
Other Current Isolation Methods for the Determination of Methyl 
Mercury Compounds in Low Level Environmental Samples. Anal. 
Chim. Acta., 281:135–52.

Hubert, Ph., Chiap, P., Crommen, J., Boulanger, B., Chapuzet, E., 
Mercier, N., Bervoces-Martin, S., Chevelier, P., Grandjean, D., 
Lagorse, P., Lallier, M., Laparra, M., Laurentie, M. and Nivet, J. 
1999. The SFSTP Guide on the Validation of Chromatography Meth-
ods for Bioanalysis: from Washington Conference to the Laboratory. 
Anal. Chim. Acta., 391:135–48.



29

Distribution of total and organic mercury in superfi cial soils

Air, Soil and Water Research 2008:1

Lindqvist, O. and Rodhoe, H. 1991. Regional and Global Atmospheric 
Budgets. Mercury in the Swedish environment. Water, Air, and Soil 
Pollut., 55:65–71.

Longbottom, J., Dressman, C. and Lichtenberg, J. 1973. Gas Chromatog-
raphy Determination of Methyl Mercury in Fish, Sediment and Water. 
JAOAC, 56(6):1297–303.

Meili, M., Bishop, K., Bringmark, L., Johansson, K., Munthe, J., Sverdrup, H. 
and de Vries, W. 2003. Critical levels of atmospheric pollution: criteria 
and concepts for operational modelling of mercury in forest and lake 
ecosystems. Sci. Total Environ., 34:83–106.

Panyametheekul, S. 2004. An Operationally Defi ned Method to Determine 
the Speciation of Mercury. Environ. Geochem. Health, 26:51–57.

Pavlogeorgatos, G.D., Thomaidis, N.S., Nikolaou, A.D. and Lekkas, T.
D. 2006. Determination of Methyl Mercury in a Pilot-Scale 
Activated Sludge Wastewater Treatment Plant. Global NEST J., 
8(1):61–7.

Percy, A.J., Korbas, M., George, G.N. and Gailer, J. 2007. Reversed-phase 
High-Performance Liquid Chromatographic Separation of 
Inorganic Mercury and Methylmercury Driven by their Different 
Coordination Chemistry towards Thiols. J. Chromatography A., 
1156:331–9.

Pirrone, N., Costa, P., Pacyna, J.M. and Ferrara, R. 2001. Mercury Emissions 
to the Atmosphere from Natural and Anthropogenic Sources in the 
Mediterranean region. Atmos. Environ., 35:2979–86.

Qian, J. 2001. Mercury Species in Environmental Samples Studied by 
Spectroscopic Methods. Doctoral Thesis, Department of Chemistry, 
Swedish University of Agricultural Sciences, Umeå, Sweden.

Qian, J., Skyllberg, U., Tu, Q. and Bleam, W. 2000. Effi ciency of Solvent 
Extraction Methods for the Determination of Methyl Mercury in 
Forest Soils. Fresenius J. Anal. Chem., 367:467–73.

Ramalhosa, E., Río Segade, S., Perteira, E., Vale, C. and Duarte, A. 2001. 
Simple Methodology for Methylmercury and Inorganic Mercury 
Determinations by High-Performance Liquid Chromatography—Cold 
Vapour Atomic Fluorescense Spectrometry. Anal. Chim. Acta., 
448:135–43.

Ravichandran, M. 2004. Interactions between Mercury and Dissolved 
Organic Matter––a Review. Chemosphere., 55:319–331.

Regnell, O. 1994. The Effect of pH and Dissolved Oxygen Levels on 
Methylation and Partitioning of Mercury in Freshwater Model 
Systems. Environ. Pollut., 84:7–13.

Revis, N.W., Osborne, T.R., Holdsworth, G. and Hadden, C. 1990. Mercury 
in Soil: A Method for Assessing Acceptable Limits Arch. Environ. 
Contam. Toxicol., 19:221–6.

Rodrigues-Filho, S. and Maddock, J.E.L. 1997. Mercury Pollution in two 
Gold Mining Areas of the Brazilian Amazon. J. Geochem. Explor., 
58:231–40.

Rogers, R. 1977. A biological Methylation of Mercury in Soil. J. Environ. 
Qual., 6(4):463–7.

Sadiq, . 1997. Arsenic chemistry in soils: An overview of thermodynamic 
predictions and fi eld observations. Water, air and soil pollution, 
93(1–4):117–36.

Sánchez, J. and González, M. 2002. Inventario Preliminar de la fauna del 
Macizo Montañoso de Turimiquire: Vertebrados Terrestres. Ministerio 
del Ambiente, Dirección General de Fauna. (PT) Serie Informes 
Técnicos DGF/IT/414.

Shaffer, M. 2001. Waste Lands: the Threat of Toxic Fertilizer. Report to 
California Public Interest Research Group (CALPIRG ), pp. 1–10.

Telmer, K., Costa, M., Simoes Angelica, R., Araujo, E.S. and Maurice, Y. 
2006. The Source and Fate of Sediment and Mercury in the Tapajos 
River, Para, Brazilian Amazon: Ground- and Space-based Evidence. 
Environ. Manage., 81(2):101–13.

United Nations Environmental Programm (UNEP), . 2002. Global Mercury 
Assessment Report. The Inter-Organization Program for the Sound 
Management of Chemicals. Geneva, Switzerland, http://www.chem.
unep.ch/mercury/default.htm.

Valdirio, J. and Costa, J. 2001. Fuentes Naturales, Comercializacion y Usos 
del Mercurio en Venezuela. In: Memorias del I foro Internacional el 
Problema del Mercurio en los Embalses: El Caso del Reservorio Guri. 
Gobernación del Estado Bolívar, Venezuela. Bermúdez R., 
Colomine G, Villarroel G, Quintana E, Bastardo H, Stredel J., 
Milano S, Adams M (eds.)15.

Wallschlaeger, D., Desai, MVM., Spengler, M., Windmoeller, C.C. and 
Wilken, R.D. 1998. How Humic Substances Dominate Mercury 
Geochemistry in Contaminated Floodplain Soils and Sediments. 
J. Environ. Qual., 27:1044–54.

Wasserman, J.C., Hacon, S.S. and Wasserman, M.A. 2001. O Ciclo do 
Mercurio no Meio Ambiente Amazonico, Mundo e Vida 2, 46–52. 
Available at: http://www.uff.br/cienciaambiental/mv/mv2/
MV2(1–2)46–53.pdf.

Wang, Q., Kim, D., Dionysiou, D., Sorial, G. and Timberlake, D. 2004. 
Sources and Remediation for Mercury Contamination in Aquatic 
Systems—A Literature Review. Environ. Pollut., 131:323–36.

Yallouz, A.V., Cesar, R.G. and Egler, S.G. 2008. Potential Application of a 
Semi-quantitative Method for Mercury Determination in Soils, Sedi-
ments and Gold Mining Residues. Environ. Pollut., 151(3):429–33.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


