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Abstract 
Passive sampling is a simple and efficacious sampling technique that guaran-
tees a safe collection and transportation of samples to the analysis site, and 
obtaining results with more temporal resolution. As a case of study, passive 
samplers were deployed in the Ayapel Swamp, Colombia, located in the in-
fluence zone of open pit gold mines. Mercury, iron and manganese were sam-
pled at two different depths by the Chemcatcher® passive sampler and regular 
grab sampling. Additionally, dissolved oxygen, oxidation-reduction potential, 
pH and water temperature were measured. The results showed that depth and 
time did not have a significant influence (ANOVA, confidence level of 95%) 
on mercury concentration on both passive samplers and grab sampling. 
However, concentration of Fe and Hg in passive samplers had a high positive 
correlation, but it may be because depth increase during sampling period 
caused the dilution of both analytes. In conclusion, passive samplers proved to 
be a valuable tool for understanding the response of mercury to the Ayapel 
Swamp dynamics. 
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1. Introduction 

Metals can occur in water due to natural or anthropogenic activities [1] [2]. 
They occur as: dissolved metals, salts, organometals and adhere to colloid or 
particles. Some metals, like bioavailable Cd and Pb, are toxic for living organ-
isms even in very low concentrations [3]. 

Mercury and its compounds are recognized as a hazardous pollutant because 
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they are persistent, bioaccumulative and toxic for human beings and the envi-
ronment [4]. Consumption of aquatic organism is particularly dangerous for 
human health because MeHg bioaccumulates through the food chain [5] [6].  

However, detection of mercury in water samples is not easy because of its low 
concentration. In addition, some environmental variables, such as pH, tempera-
ture, ORP, microbial activity and sulfide contents, have influence in the specia-
tion of Hg [7], which makes it a dynamic analyte in the water column. This situ-
ation creates the need to use a method capable of detecting mercury at very low 
concentrations and also gives more information about changes in that concen-
tration during different environmental conditions. 

Passive sampling is a technique suitable for detecting contaminant in trace 
concentration. Moreover, passive samplers’ results represent a Time Weighted 
Average (TWA) concentration during the deployment time, which allows un-
derstanding the general state of the sampling site and analyzing changes pro-
duced between samplings with more temporal resolution and stabilizing the 
analyte prior the analysis [8]. 

The purpose of this research was the assessment of passive sampling as an al-
ternative to monitor mercury concentrations in the Ayapel Swamp and under-
stand its dynamics in time and depth. Chemcatcher® passive samplers were dep-
loyed at two depths during five sampling periods between 17th September to 3rd 
December, 2015. Grab samples were also taken to compare with the passive 
sampler results. Dissolved oxygen, ORP, pH and water temperature were also 
measured. 

2. Materials and Methods 
2.1. Study Site 

The Ayapel Swamp is located in the department of Córdoba, in northwestern 
Colombia (8˚17' - 8˚24'N and 75˚4' - 75˚9'W), at 25 m above sea level. It is part 
of the wetland system and floodplains of the Depresión Momposina. The Ayapel 
Swamp has an area of 40,000 hectares in the rainy season and 15,000 hectares in 
the dry season. The Swamp’s tributaries carry gold mining residues with a big 
charge of mercury. Occasionally, even Cauca River, which is one of the most 
impacted rivers in Colombia by gold mining, delivers water to the Ayapel 
Swamp. Once mercury enters the Swamp´s system, it becomes biogeochemically 
complex. Therefore, several studies have been made in this site. It has been 
found mercury in plants, fishes, jaguar teeth and human hair [9]. This situation 
poses a threat to human health because the Swamp serves as a source of drinking 
water and fishery products. It is also a danger for the large amount of fauna and 
flora that lives in the Swamp. 

The sampling site was Mi Ranchito Bay (08˚19'07.8''N and 075˚08'14.8''W), 
located near the urban center of the municipality of Ayapel. It is a shallow place, 
where depths varied from 148 cm at the beginning of the sampling campaign to 
214 cm at the end of the sampling campaign. Ayapel Swamp and the sampling 
site is shown in Figure 1. 
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Figure 1. Sampling site location. 

2.2. Passive Samplers 

Chemcatcher® passive samplers were used in this study. This passive sampler has 
been described previously by [10]. The device is made of PTFE and it supports 
an Empore chelating disk (47 mm diameter, 0.5 mm thickness), which is the re-
ceiving phase where analytes are accumulated. The disks were placed in a va-
cuum filtration system and washed with ultrapure water (20 mL) and HNO3 (3 
mol·L−1, 20 mL). Then they were rinsed with ultrapure water (50 mL × 2), fol-
lowed by addition of 100 mL of ammonium acetate buffer (pH 5.3, 0.1 mol·L−1). 
Finally, they were washed with ultrapure water (20 mL × 3). A cellulose acetate 
diffusion membrane was placed on the top of the receiving phase. They were 
previously immersed in 1% HNO3 for 30 minutes to remove any contamination 
by metals and then rinsed with ultrapure water. 

2.3. Passive Samplers 

Chemcatcher® passive samplers were used in this study. This passive sampler has 
been described previously by [10]. The device is made of PTFE and it supports 
an Empore chelating disk (47 mm diameter, 0.5 mm thickness), which is the re-
ceiving phase where analytes are accumulated. The disks were placed in a va-
cuum filtration system and washed with ultrapure water (20 mL) and HNO3 (3 
mol·L−1, 20 mL). Then they were rinsed with ultrapure water (50 mL × 2), fol-
lowed by addition of 100 mL of ammonium acetate buffer (pH 5.3, 0.1 mol·L−1). 
Finally, they were washed with ultrapure water (20 mL × 3). A cellulose acetate 
diffusion membrane was placed on the top of the receiving phase. They were 
previously immersed in 1% HNO3 for 30 minutes to remove any contamination 
by metals and then rinsed with ultrapure water. 

2.4. Sampling 

Passive samplers were deployed during five sampling periods between 11th Sep-
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tember to 3rd December, 2015. The deployed passive samplers were retrieved for 
analysis every 14 days (except the second sampling period that was 21 days) and 
changed for a new set of passive samplers. The retrieved passive samplers were 
filled with water from the swamp to keep the membranes wet and they were re-
frigerated until analysis. Two samplers were used as field blank in each sam-
pling. 

Two depths were chosen for the sampling, 50 cm (photic zone) and 100 cm 
(aphotic zone). Three samplers were placed in plastic cages in each depth by 
means of buoys, ropes and anchorage devices.  

Duplicate water samples were taken with a plastic Kemmerer bottle in every 
deployment/retrieving campaign. Then, they were fixed with 150 µL of 65% 
HNO3 and refrigerated until analysis. In order to make comparable the TWA 
provided by passive samplers during the sampling periods, the results for grab 
samples and the other variables were averaged between the beginning and end of 
every sampling period. 

2.5. Sample Analysis 

For the extraction of the analytes, the disks were placed in a vacuum filtration 
system and it was added three times 10 mL of HNO3 (3 mol·L−1). Water samples 
were digested with 7 mL 65% HNO3 and 1 mL H2O2 in a high pressure and tem-
perature microwave oven. Eluates and digested water samples were analyzed 
with Atomic Absorption Spectrometry. 

3. Results and Discussion  

Calculation of the concentration of metals with passive samplers is defined by 
the following equation: 

0D
W

s

m m
C

R t
−

=                           (1) 

where, CW is the TWA concentration of the analyte in the water (µg·L−1), mD is 
the mass of analyte accumulated in the receiving phase (µg), m0 is the initial 
mass of analyte in the receiving phase (µg), Rs is the sampling rate (L·d−1) and t is 
the deployment time (d). 

The sampling rate is calculated in a tank experiment at a fixed concentration 
of analyte (CW). In this experiment, a curve is obtained with the mass of analyte 
accumulated in the receiving phase on the y-axis and the sampler exposure time 
on the x-axis. Rs is calculated by dividing the slope of the curve by the aqueous 
analyte concentration during the exposure period. 

As can be seen in Table 1, average HgGS is 1.061 µg·L−1. It is above 1 µg·L−1, 
which is the maximum allowable value for drinking water in Colombia by the 
resolution 2115 of 2007. Maximum allowable values for Fe and Mn are 300 and 
100 µg·L−1 respectively, which were also exceeded. This means that consumption 
of water from this site could represent a risk for human health. 

Moreover, bioaccumulation of mercury through the food chain is a risk to the 
large amount of resident and migrant birds that feed from the swamp [11]. 
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Table 1. Statistical summary of the variables measured in the Bahía Mi Ranchito, Ayapel 
Colombia. 

 
HgPS 

(µg·L−1) 
HgGS 

(µg·L−1) 
FePS 

(µg·L−1) 
FeGS 

(µg·L−1) 
MnPS 

(µg·L−1) 
MnGS 

(µg·L−1) 
DO 

(mg/L) 
pH 

T 
(˚C) 

ORP 
(mV) 

Mean 
± 
sd 

0.226 
± 

0.570 

1.061 
± 

1.022 

326.396 
± 

451.41 

1525.150 
± 

876.973 

101.325 
± 

107.075 

138.817 
± 

31.158 

6.19 
± 

1.32 

6.65 
± 

0.41 

32.3 
± 

0.8 

146.3 
± 

81.7 

CV 252 96 138 58 106 22 21 6 2 56 

 
It was found by means of an ANOVA, with a confidence level of 95%, that 

depth and sampling date did not have a significant influence on HgPS and 
HgGS. HgPS had a strong correlation (r2 = 0.741) with FePS. Reference [12] also 
found a significant correlation between dissolved Fe and dissolved Hg. 

A possible explanation for the homogeneity of the concentration of Hg could 
be that the water column is mixed. However, the concentration of FePS was sig-
nificantly greater in depth 2 (ANOVA, confidence level of 95%), which means 
that the water column is not totally mixed. This also shows that there could be a 
reduction of Fe hydrous oxides in the sediments that represent a great source of 
Fe(II) [13], because passive samplers accumulate mainly the freely dissolved and 
kinetically labile unbound fraction of metals present in the water [10]. 

In several studies, variation of mercury in the water column was associated to 
the adsorption of mercury to oxyhydroxides of iron and manganese [14] and its 
sedimentation from the epilimnion and their dissolution in the anoxic hypolim-
nion [15]. In this study, dissolved oxygen was present in the entire water column 
during this experiment, which could be an explanation for the low variability of 
Hg in the water column. However, even with the presence of oxygen in the en-
tire water column, MeHg concentration may increase with depth [16]. If there 
had been an increase in MeHg concentration, it would have been represented in 
a larger HgGS. 

Photoreduction may play an important role in DGM production in the water 
column [17]. Photoreduction of Hg may be mediated by photoreduced Fe(II) 
and Mn(II) which could reduce Hg(II) when they reoxidize, as they are known 
to do for other elements [18]. Another mechanism for photoreduction may be 
associated to activity of photosynthetic phytoplankton and cyanobacteria [19]. 
MeHg also seems to be photodegrated in oxic waters [20]. A significant photo-
reduction activity would be reflected in a lower concentration in passive sam-
plers because they do not accumulate Hg(0). Considering that calculations with 
passive samplers are TWA concentrations that included day and night periods, 
photoreduction did not seem to be representative in the long-term. Maybe, 
photoreduction is a mechanism important when concentrations of Hg are in the 
picomolar range [2]. In the picomolar range, DGM concentration can decrease 
more than 80% in the night [17]. 

However, Hg behavior can be explained by another variable. It is shown in 
Figure 2(a) that average depth increased during almost the entire sampling pe- 
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(a)                                       (b) 

  
(c)                                       (d) 

Figure 2. Average depth (a) and concentrations of Hg (b), Fe (c) and Mn (d) during 
sampling periods. 
 
riod, whereas HgPS, HgGS, FePS and FeGS (B and C) decrease inversely propor-
tional to depth. Given that the Bahía Mi Ranchito is shallow place, water income 
from water sources that fill The Ayapel Swamp between April and November 
dilutes analytes present in water. 

Contrary to mercury, FePS was significantly different in depth and time. Ad-
ditional to correlation with HgPS, FePS has a high negative correlation with 
ORP (r2 = −0.721) given that FePS is mainly composed by Fe(II), which is gen-
erated when ORP decreases. FePS also had a moderate correlation with MnPS (r2 
= 0.576). A higher correlation between Fe(II) and Mn(II) was found by [13]. 
This may reflect Fe and Mn hydrous oxides sedimentation and reduction in se-
diments as a source of Fe(II) and Mn(II) in the Bahía Mi Ranchito. 

Even though Hg has proven to be dynamic in water and is prone to interact 
with biotic and abiotic variables, in this study mercury seemed to be rather con-
stant in depth and time. Dissolved oxygen, ORP, pH and water temperature 
were not related to mercury. However, the depth increase of the swamp that oc-
curs from April to November appears to be more influential in average concen-
tration of Hg due to dilution. HgPS had a correlation with FePS, but it may be 
because they both decreased when depth increased. On the other hand, Mn did 
not seem to have an influence in mercury dynamics. 

4. Conclusion  

Passive sampling was proven to be a valuable tool to generate information with 
more temporal resolution, which is important in aquatic systems subject to con-
stant changes. TWA concentrations given by passive samplers are a good indi-
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cator of the general condition of the water and its quality during a defined pe-
riod. Therefore, important information was generated about mercury dynamics 
in the water column and its response to the Ayapel Swamp depth changes and 
environmental variables. 
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