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The Gulf of Uraba (northwestern Colombia) is a geostrategic region, rich in biodiversity and natural resources. Its
economy is mainly based on agribusinesses and mining activities. In this research is determined the impact of
these activities in bottom surface sediments of the estuary. Thus, grain size, total organic carbon, total nitrogen,
carbonates, Ag, Al, Ca, Cr, Cu, Fe, Hg, Mg, Mn, Ni, Pb and Zn concentrations from 17 surface sediment samples
were obtained and enrichment factors (EF) as well as geo-accumulation indices (Igeo) were calculated to deter-
mine the contamination level in the gulf. EF and Igeo values revealed that the estuary is extremely contaminated
with Ag and moderately contaminated with Zn. Therefore, the observed enrichment of Ag may be explained as a
residue of the extraction of gold and platinum-group metals and the enrichment with Zn associated mainly to
pesticides used in banana plantations.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Heavy metals are of particular concern worldwide due to their envi-
ronmental persistence, biogeochemical recycling and ecological risks
(Gonzalez-Macias et al., 2006; Nobi et al., 2010). Marine sediments are
the ultimate reservoir for heavy metals in the coastal environments
(Santos et al., 2005; Sin et al., 2001). Thus, contamination of estuarine
sediments by trace elements is a worldwide problem, acting as sinks
and sources of contaminants (Houda et al., 2011; Nasrabadi et al.,
2010; Uba et al., 2009).

The spatial distribution of heavy metals in marine sediments is usu-
ally the result of both natural (i.e., parental rock weathering and cli-
mate) and anthropogenic factors (i.e., industrial wastewater,
transportation, agriculture) (Morillo et al., 2004). As metal concentra-
tions in marine sediments increase, more heavy metals will return to
water bodies via chemical and biological processes (Sin et al., 2001). It
is therefore essential to distinguish between natural and human sources
on the accumulation of heavy metals in marine sediments.

In Colombia, most of the studies regarding mercury pollution have
been focused on the gold mining (Alvarez et al., 2012a, 2012b; Cordy
et al.,, 2011; Marrugo-Negrete et al., 2008; Olivero et al., 2002; Olivero
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and Solano, 1998), Mercury amalgamation process is widely used in
the Uraba region (NW of Colombia) in the gold and silver mining be-
cause of the convenience, simplicity, fast results and low operating
costs. Mining activities happen in the region since the Spanish coloniza-
tion (Leyva, 1993) and they were intensively increased in the last centu-
ry. In fact, Colombia was the largest supplier of platinum in the world
market from 1916 to 1926, when its price was exceptionally high, most-
ly mined by the Chocé Pacifico Mining Company in the Condoto River,
Department of Chocé located in the left side of the Gulf of Uraba (Leal
Le6n, 2009). Currently, mining continue to be the main economic activ-
ity of this Department.

Mining is responsible for soil degradation and forest clearing at a
rate of approximately 3-4 ha yr-1. Artisanal mining processes (locally
known as “entables”) significantly alter the landscape and cause air,
soil and water pollution. On average, each entable remove between
2000 and 3000 tons yr—! of sediments, employs approximately
35 kg yr~ ! of mercury, generates 1249 1 yr~ ! of waste oil, and modifies
the morphology of river beds. Entables are also associated with forced
migration and loss of biodiversity, destruction of fragile ecosystems
and the development of endemic diseases (Cdjar-Couttin, 2005; Ponce
Muriel, 2005). Additionally, during ore processing is produced inputs
of mercury, cooper and silver to the rivers and coastal environments.

The semi-closed coastal area of the Gulf of Uraba (Fig. 1) is an estu-
ary rich in natural resources, with a wide diversity of ecosystems (such
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Fig. 1. Study area.

as mangroves and coastal lagoons) that are highly productive, breeding
many aquatic resources that are the subject of artisanal and industrial
fishery (Zamora and Garcia Valencia, 2007).

In the western side of the gulf flows the Atrato River, which crosses
the Chocé region that is one of the main areas devoted to gold mining in
Colombia (Diaz and Gémez, 2000) carrying with all the pollutants de-
rived from this process.

Moreover, in the eastern side of the gulf flow several small rivers:
Le6n River receiving the input of pollutants coming from the banana
plantations, which play a very important role in the economy of the re-
gion; Turbo River supplying contamination due to both urban sewage
and banana plantations too; and Caiman River, carrying the contami-
nants associated to extensive cattle raising activities (Garay et al.,
2001; Zamora and Garcia Valencia, 2007). The input of sediments and
pollutants coming from these rivers are later modulated by the estua-
rine circulation in the gulf.

This study assesses the impact of mining and intensive agriculture
activities in the Gulf of Urab4, by the analysis of trace metals concentra-
tion in their bottom surface sediments, considering not only the rela-
tionship with this activities, but also the locations of the inputs of
pollutants, the circulation patterns and the grain size distribution of sed-
iments. This approach will help to evaluate the impact of human activ-
ities and the potential ecological risks of trace metals on coastal areas as
the result of to combine anthropogenic forcing and oceanographic
processes.

2. Study area
The Gulf of Uraba is located on the southern Caribbean Sea, between

latitudes 7°54'N-8°40'N and longitudes 76°53'W-77°23'W, with a total
length of 80 km (Fig. 1). It has a maximum width of 48.5 km and an

average depth of 25 m (Garcia Valencia and Sierra Correa, 2007). The
Gulf of Uraba is characterized by a muddy bottom due to the strong sed-
iment loads supplied by rivers (Chevillot et al., 1993).

In its southwestern flank flows out the Atrato River, which is consid-
ered one of the greatest in the world according to its ratio between
water discharge and basin area, with a length of 650 km, and discharges
in average 81.08 km? year~! of water and 11.3 x 10° t year™ ! of sedi-
ments, being the second one with more sediments supply into the Ca-
ribbean Sea (Restrepo and Kjerfve, 2000).

The Atrato River has formed a delta of approximately 400 km? that
currently isolates the southern part of the gulf known as Colombia
Bay, which maintains communication with the rest of the Gulf through
a 5.9 km passage at its narrow-gauge (Velasquez, 2005).

Besides Atrato River, there are others important rivers in the eastern
margin, such as Ledn River in the inner southeastern, flowing into Co-
lombia Bay and discharging in average 2.01 km> year™! of water and
7.7 x 10° t year ! of sediments (Restrepo and Kjerfve, 2000), Caiman
Viejo, Caiman Nuevo and Turbo River which have a lesser water flow,
but may have a local influence especially in coastal geomorphology
(Alvarez Liinez, 2008; Alvarez Lainez and Bernal Franco, 2007; Bernal
Franco et al., 2005a; Correa, 1992).

The dynamics of the gulf is mainly influenced by solid and liquid dis-
charges from tributaries, winds, waves, tides, and density gradients
(Escobar, 2011; Lonin and Vasquez, 2005; Montoya, 2010). These factors
are different during the dry (December to April) and rainy (May to No-
vember) seasons, which occur in the area as a response of the latitudinal
migration of the Intertropical Convergence Zone (Hastenrath, 1990).

Marine circulation in the Gulf of Uraba follows a complex circulation
pattern, comprising simultaneously typical estuarine circulation, one-
to three-layer flows, and even inverse circulation. (Escobar et al.,
2015) (Fig. 2).



P.P. Vallejo Toro et al. / Marine Pollution Bulletin 111 (2016) 311-320 313

3. Materials and methods
3.1. Sampling

A total of 17 surface sediment samples were collected on board
R/V ARC-Quindio in December 2009, with an Ekman-type box
corer (Fig. 3). The whole recollected samples were stored and
freeze-dried following the procedures established by Loring and
Rantala (1992).

3.2. Laboratory analysis

Standard sieve and pipette methods were employed to the sediment
grain size analysis (Galehouse, 1971). The samples were classified ac-
cording to the percentage of clay, silt and sand after the textural dia-
gram of Folk (1974).

For the successive analysis, a portion of each sediment sample was
ground to powder with a porcelain mortar and stored in polyethylene
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bags. Therefore, results of all analyses are referred to dry sediment
weights in grams.

For the analysis of TOC, the sediment sample was oxidized with a
mixture of K;Cr,0; + Ag,S04 + HySO4 and the excess was back-titrated
with Fe(NH,4)2(S04)2 (Loring and Rantala, 1992). Total Nitrogen (TN)
was determined using the Kjeldahl modified method according to NTC
370 (ICONTEC, 1997). Carbonates were determined using a Bernard's
calcimeter, adding concentrated HCl and measuring the amount of
CO, generated during the reaction (Guitian and Carballas, 1976;
Ospina-Hoyos et al., 2014).

Metal analyses (Ag, Al, Ca, Cr, Cu, Fe, Mg, Mn, Ni, Pb and Zn) were
performed by atomic absorption spectrophotometry in 0.5 g of dry sed-
iment samples after digestion in closed Teflon PFA containers on a hot
plate (~120 °C overnight) using a mixture of 5:4:1 HNO3:HCl:HF
(Loring and Rantala, 1992). Hg was analyzed after reduction with
SnCI2 in a Cold Vapor Atomic Absorption Mercury Analyzer (Buck Sci-
entific™). Accuracy and analytical precision of metal analyses were
evaluated through six replicates of the certified reference material
PACS-2, of the National Research Council of Canada.

DRY SEASON

Wave-Induced
force (N/m?)

. -os
0.25-0.5
02-0.25
0.15-0.2
0.1-0.15
0.05-0.1
0-0.05

Max. Bed shear
stress (N/m?)
0-0.25
0.25-05
05-0.75
I os-1
125
Bl i25-15
s

abcdefgh

Velocity range
Spring

Velocity (mvs)

Neap

Flood Ebb 00-02

0.2-04

> > amm—

04-086 >06

Fig. 2. Circulation pattern after Escobar et al. (2015).
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3.3. Data processing

3.3.1. Sediments and organic matter origin

The C/N and N/C ratios were calculated to identify the source of or-
ganic matter in the sediments as well as the fraction of terrestrial organ-
ic carbon (Fter) (Biscara et al., 2011; Perdue and Koprivnjak, 2007;
Tyson, 1995).

Where Xs is the calculated N/C ratio for each sample; Xm and Xt cor-
respond respectively to the marine and terrestrial values for the N/C
ratio taken from the available literature. According to Perdue and
Koprivnjak (2007), terrestrial OM is relatively depleted in nitrogen,
and the fraction of terrestrially derived organic carbon is
underestimated by the C/N ratio. Thus results that were interpreted as
the fraction of terrestrial derived carbon should be re-interpreted as
the fraction of terrestrially derived nitrogen. Therefore, the N/C ratio
was preferentially used.

For this estimation, the value used for terrestrial N/C = 1/30 has
been reported for equatorial forests (Hedges et al., 1986). Therefore, it
is considered representative of the gulf of Uraba main tributaries water-
sheds, while the value used for marine N/C = 1/6 has been reported for
phytoplankton and zooplankton (Meyers, 1994). Additionally, the Fe/Ca
ratio was determined to evaluate the input of terrigenous versus marine
material (Govin et al., 2012).

3.3.2. Geochemical indices of sediment pollution

Metal enrichment factors (EF) are commonly used to identify metal
concentrations that are of environmental concern (GIPME, 1999) and to
understand whether certain heavy metals are present in high concen-
trations relative to the concentrations in the Earth's crust (Salomons
and Forstner, 1984; Szefer et al., 1996). This approach is based on the as-
sumption that certain elements may represent proxies for the clay

mineral concentration, considering both, aluminum and iron as conser-
vative elements (Kersten and Smedes, 2002). EF was calculated by using
the ratio between the metal concentration of the sample and the aver-
age background metal concentration of the Earth's crust (Salomons
and Forstner, 1984; Szefer et al., 1996), considering for the last ones
the values proposed by Taylor (1964). The normalization of elemental
concentrations was done as follows (Szefer et al., 1998):

M /N;

M _
= Mo/, 2

where M;_and My, are the examined metal contents in the sample and
the reference background respectively; Ng and N, are the concentration
of the normalizer metal in the sample and the background reference re-
spectively. The five-category pollution index (Sutherland, 2000) was
used for the pollution assessment: EF < 2 minimal pollution; 2 < EF < 5
, moderate pollution; 5 < EF < 20, significant pollution; 20 < EF < 40,
high pollution and EF > 40, extreme pollution.

An additional method to quantify metal pollution in aquatic sedi-
ments is the geo-accumulation index (Igeo) (e.g. Abrahim and Parker,
2008; Cevik et al., 2009). The Igeo is calculated using the equation
(Eq.(3)) (Miiller, 1979):

M.
Igeo = l0g; ﬁ 3)

Where M and My, were described above. Because Igeo is susceptible
to grain size variability, values of Ms. were normalized by the clay con-
tent before Igeo index determination. The obtained values for the geo-
accumulation index were classified according to Forstner et al. (1990)
criteria: <0 practically unpolluted; 0-1 unpolluted to moderately pol-
luted; 1-2 moderately polluted; 2-3 moderately to strongly polluted;
3-4 strongly polluted; 4-5 strong to very strongly polluted; and >5
very strongly polluted.

Due to the lack of local reference values for metal concentration, the
Earth's crust background values were used, despite the advantages and
disadvantages of its use (Abrahim and Parker, 2008), Thus, since the
study area deals with mining, the local background could have naturally
high concentrations of specific metals (Szefer et al., 1998). Therefore,
the EF and Igeo values are assumed as the maximum values for the
local context.

3.3.3. Statistical analysis

A correlation analysis was applied on the entire set of data (metal
concentrations, carbonates, TOC, TN and grain size fractions). The use
of raw or normalized metal concentration values is selected after the
correlation degree between Al (or Fe) and the clay content. Finally, a
principal components analysis (PCA) was carried out, analyzing the cor-
relation matrix to compensate the differences in the scale of the values
between variables. Using R-Core-Team (2015) and the package R com-
mander (Fox, 2005).

4. Results
4.1. General properties of sediments

The bottom surface sediments are mainly composed of silt and clay,
with the sand fraction ranging from 0.02 to 15.38%, silt 28.08 to 73.34%
and clay 17.07 to 71.41%, and average values of 1.84%, 45.55% and
52.61% respectively (Fig. 4). Therefore, according to their textural classi-
fication, most of the samples correspond to mud, while only three sam-
ples correspond to clay (SO7, S11 and S14), one to silt (S02) and one to
sandy silt (S17).

The total organic carbon (TOC) varies between 1.04 and 2.99%, total
nitrogen (TN) between 0.0752 and 0.1700% and the calculated ratio C/N
between 6.95 and 22.14, with average values for each determination of
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2.10%, 0.15% and 14.6 respectively (Fig. 5). Therefore, it can be deduced
that most of the organic matter has a terrestrial origin, which is con-
firmed by the fraction of terrestrial organic carbon (F), ranging from
17% to 92% with an average value of 68%.

The sediments are also characterized by low carbonates contents,
ranging from 0.68 to 9.38%, with an average value of 2.12%, and by Fe/
Ca ratios between 2.01 and 27.68, with an average value of 13.18 (Fig.
5), showing that most of the sediment has also a terrestrial or
siliciclastic origin.

4.2. Sediment pollution by heavy metals

Enrichment factors calculated using Al and Fe as normalizer ele-
ments show slight differences among them, obtaining in general EFy
M~ ERY (Table 1), Both, EF¥ and EF}} evidence that sediment samples
are highly enriched with Ag (EFAf < 5), EF¥ show no enrichment for
Zn, Cr, Cu and Hg in the entire sediment samples, while EF} show a
moderate enrichment for all these metals for sample S08, as well as
slightly enrichment with Zn (samples S04, S12, S14 and S16) and Cr
(sample S14). By the other hand, Igeo-Ag values range between 4.2

and 5.5, indicating that sediments are strongly to very strongly contam-
inated with silver; moderately to strongly polluted with Zn
(1 <Igeo < 3) and moderately polluted with Cr, Cu and Hg (Table 1
and Fig. 6).

4.3. Statistical analyses

The correlation matrix reveals low correlation values among metals.
Nevertheless, the highest positive correlations are obtained among Ag,
Cr, Ni and Zn; as well as among Mn, Mg and Pb. Moreover, all metals, ex-
cept Ca, show a positive correlation with clay, but a negative correlation
with both sand and silt. Finally, all metals show low correlation with
TOC and TN.

In particular, attending to normalizer metals, Al shows low correla-
tion with all metals and clay content, while Fe has a slightly higher pos-
itive correlation with Cr, Cu, Zn an clay. In fact, due to this low
correlation between both Al or Fe and the clay fraction (r* of 0.017
and 0.461 respectively), normalization procedure was considered not
adequate, since it does not represent the changes due to grain size of
sediments.
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Table 1
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Metal concentration (ug g~ ', *%), enrichment factor (EF) and geo-accumulation index (Igeo) for the surface sediments of the Gulf of Uraba.

Metal concentration

Geochemical index

Background Sediment samples Enrichment factor Geoaccumulation index

Range Mean + SD EFal Mean + SD EFge Mean + SD Igeo Mean + SD
Ag 0.07 0.59-2.18 1.61 & 0.42 8.43-39.20 209 + 7.64 10.19-24.11 16.18 4+ 4.32 4.21-5.53 4.81 £ 0.81
*Al 8.23 6.18-13.42 947 + 1.81 N.A. N.A. 0.51-1.28 0.82 £ 0.20 N.A N.A
*Ca 4.15 0.27-3.75 0.85 + 0.81 0.05-0.98 0.19 + 0.22 0.08-0.68 0.14 +£ 0.14 N.A N.A
Cr 100 109.61-212-45 181.45 + 29.16 1.05-2.64 1.63 4+ 0.43 0.88-1.52 1.28 4+ 0.20 0.50-2.10 1.26 4+ 0.46
Cu 55 25.08-102.94 97.17 £+ 18.10 0.46-2.05 1.28 4+ 0.37 0.59-1.36 1.00 £ 0.19 0.49-1.81 0.89 £ 0.35
*Fe 5.63 4.37-9.58 8.06 + 1.23 0.78-1.98 1.28 + 0.30 N.A N.A N.A N.A
Hg 0.08 0.001-0.136 0.10 + 0.03 0.01-2.26 1.14 4+ 0.48 0.01-1.15 0.88 + 0.28 —5.44-1.48 041 + 1.55
*Mg 233 0.60-1.55 1.11 &+ 0.26 0.22-0.76 043 + 0.14 0.22-0.47 0.34 + 0.07 N.A N.A
Mn 950 361.92-905.47 647.60 £ 165.60 0.32-1.19 0.65 + 0.24 0.31-0.67 0.50 + 0.10 N.A N.A
Ni 75 28.52-72.94 55.81 £ 10.77 0.38-1.05 0.67 £+ 0.18 0.32-0.69 0.52 + 0.09 —0.76-0.57 <0
Pb 125 0.17-6.93 3.81 +£1.62 0.01-0.45 0.28 +0.12 0.01-0.40 022 +0.10 —5.32-0.28 <0
Zn 70 75.15-161.53 142.21 £ 19.72 1.07-2.69 1.82 4043 1.20-1.74 143 £ 0.14 1.02-2.15 143 + 034

On the other hand, CaCO3 and Ca show a perfect correlation, i.e. both
variables represent the same information. For this reason, only CaCO5
content is included as variable in the further PCA (Table 2).

Principal Components Analysis reveals two main components that
explain most of the variations. Thus, the first principal component
(PC.1) accounts 41.72% of the variation; when taken together with the
second principal component (PC.2), this value increases to 60.52%.
PC.1 indicates that Hg, Ag, Cr, Cu, Mg, Mn, Ni, Zn concentrations are di-
rectly related to the presence of clay and inversely related whit sand and
silt. In the other hand, PC.2 summarizes the relative variability to Mg,
Mn and Pb concentrations in the sediments, being more related with
the presence of CaCO3 and inversely related to the C/N and Fe/Ca ratios.

Moreover, PCA allows distinguishing among samples with a low con-
centration of metals (S02, S13 and S17), and the rest of samples, where
samples S17 and S13 are associated with a higher content of sand,
while sample S02 is associated with a higher content of silt and carbon-
ates, as well as the lowest values of the C/N and Fe/Ca ratios (Fig. 7).

5. Discussion
5.1. Spatial distribution of metals
Bottom surface sediments of the Gulf of Uraba show the presence of

heavy metals, due to both a lithogenic and anthropogenic origin. Thus,
the concentrations of Pb and Ni are in accordance with background

levels in the crust, which means that there is not a contamination in
the area by these metals. In contrast, values of Ag, Zn, Cr, Cu and Hg
show evidences of pollution due to human activities.

The Geology of the study area is complex (Chevillot et al., 1993), and
consequently source areas of sediments to the gulf present different li-
thology, which favors different ratios among metal concentrations for
different samples or sectors. This fact, combined with the diverse an-
thropic activities in the region, determines that distribution of pollut-
ants is not homogeneous along the study area, and consequently
explains the low values of the correlation matrix among them when
the whole study area is considered (Table 2).

The northwestern sector of the gulf is characterized by sediments
with high content of carbonates. Thus, samples SO1 and SO2 are charac-
terized by high PC.2 and low PC.1 values, with high negative loadings of
CaC0s, Mg, Mn and Pb. These metals are known to have high affinity for
the carbonates and possibly they have been incorporated into biogenic
calcareous components, due to the structure of CaCOs (calcite or arago-
nite) can easily replace cations Ca>* by cations Mg?*, Mn?*, and Pb? "
(Boyle, 1994; Mottl et al.,, 1998). The local source that has probably con-
tributed to the supply of carbonates are the coral reefs fringing and
patch, which cover an area of 3.5 km? along the coast of the northwest-
ern margin of the gulf, near the Panama border (Diaz and Gémez, 2000).
This sector is not influenced close to the coast (sample S02) by the main
rivers of the region, but by water masses coming from the Panama
crosscurrent (Chevillot et al., 1993).
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Fig. 6. Enrichment factors and geo-accumulation index for Ag, Zn, Cr, Cu, and Hg for surface sediments from Gulf of Uraba.
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Table 2
Pearson correlation matrix for the sedimentary variables from Gulf of Uraba.
Al Ag Ca Cr Cu Fe Hg Mg Mn Ni Pb Zn TOC ™ CaCO3  Sand Silt Clay
Al 1.000
Ag —0.109  1.000
Ca —0.218 —0.217  1.000
Cr 0.164 0.653 —0.055 1.000
Cu 0245 0484 0.056 0.543 1.000
Fe 0269 0297 0048 0506 0.697 1.000
Hg 0.002 0.181 —0.056 0251 0.704 0430 1.000
Mg 0.131 0.171 0413 0.151 0.619 0486 0.644 1.000
Mn —0.232 0260 0335 0463 0407 0540 0504 0.662 1.000
Ni 0199 0725 —0281 0431 0.778 0464 0455 0336 0.077 1.000
Pb —0.058 0.001 —0.013 0.136 0.163 0.095 0457 0424 0.611 —0.124 1.000
Zn 0.204 0656 —0221 0561 0.825 0.778 0462 0364 0350 0.834 0.039 1.000
TOC 0.191 0407 —0509 0.128 0.241 0.022 0.172 —0.143 —0.218 0552 —0.198  0.525 1.000
TN —0.031 0367 —0.022 0221 0508 0.601 0343 0393 0.237 0520 —0.105 0.675 0.251 1.000

CaCO3 —0.218 —0.217 1.000 —0.055 0.056 0.048 —0.056 0413 0335
Sand —0.169 —0.647 —0.033 —0.659 —0.824 —0.707 —0.458 —0.473 —0.415
Silt —0.104 —0387 0401 —0.310 —0.498 —0.583 —0.553 —0.324 —0.366
Clay 0.132 0494 —0.339 0430 0635 0679 0592 0397 0419

—0.281 —0.013 —0221 —0509 -—0.022 1.000
—0.721 —0.045 —0.887 —0.396 —0.757 —0.033 1.000
—0.541 —0323 —0.696 —0410 —0478 0.401 0.441 1.000
0.646  0.291 0.821 0.453 0.600 —0.340 —0.628 —0.975 1.000

The rest of the gulf is characterized by sediments with significant
high concentration of Ag, Cr, Cu, Hg and Zn, associated with the clay
content according to the PCA. In fact, higher concentration values are lo-
cated in zones of maximum fluvial influence (samples SO8, S12 and S14)
characterized by clayey facies enriched with organic matter. This is in
accordance with Thomas et al. (2007), who reported that clay distribu-
tion is well represented in the eastern sector of the gulf, reaching up
90%, and Colombia Bay, with values until 60%.

Inside this sector, sample S13 presents a particular behavior. Thus, it
has a high sand content, due to it was collected in a very shallow envi-
ronment (4 m depth). This is in agreement with the presence of sand
close to the shoreline in both the eastern and western margin of the
gulf (Thomas et al., 2007) Moreover, it presents the highest Fe/Ca ratios
and the lowest carbonate content, which indicate that both, its sedi-
ments and organic matter have a continental origin. Furthermore, the
PCA shows that sample S13 is associated with sand and silt by the
PC.1, and associated with C/N and Fe/Ca by the PC.2. Therefore, it con-
firms that concentration of pollutants is lower close to the shoreline of
the gulf, where the percentage of the sandy fraction increases.

The northeastern margin of the gulf (sample S17), located between
Punta Arenas and Punta Caribang, is characterized by the coarsest sedi-
ments (highest percentages of sand) and the lowest metal concentra-
tions, with negative PC.1 and low PC.2 values. High sand
concentrations is due to this area presents high coastal erosion and
low influence of the rivers (Bernal Franco et al., 2005b; Correa-Arango
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Fig. 7. Results of PCA applied to 17 sedimentary variables.

et al., 2005). This sample is not correlated with pollutants in the PCA.
However, it shows evidence of enrichment by silver after the EF, as
well as by Ag, Zn, Cr and Hg after the Igeo. Take into account its location,
it evidences that a proportion of the polluted sediments can leave the
estuary. Consequently, the coral reef recently identified in front of
Punta Caribana (Barranco et al., 2015; Correa et al., 2015) could be af-
fected by pollutants coming from the gulf of Uraba, similarly to the dras-
tic impact in Rosario Island reefs (Colombian Caribbean) due to
continental Canal del Dique outputs (Restrepo et al., 2016). Moreover,
in accordance with Mahiques et al. (2016), it could represent a
neglected output of pollutants off the estuary.

This heterogeneous distribution of pollutants in the gulf is influ-
enced by factors such as the rivers mouths location, due to they work
as a point source of the contaminants, and the circulation patterns,
which are complex and show different behaviors across the entire
gulf, being the estuarine circulation predominant (Escobar et al., 2015).

5.2. Lithogenic versus anthropogenic sources of metals

All the sediment samples from the Gulf of Uraba contain terrigenous
particles that are originated from weathering of crustal continental
rocks and transported by rivers as suspended load (Velasquez, 2005).
Chlorite is one of the most abundant clay phyllosilicate and corresponds
to sediments from the Mandé and Santa Cecilia La X batholith complex,
coming either via the Atrato and Le6n rivers or carried along the gulf's
west coast (Téllez-Arjona, 2006). Chlorite displays a wide composition
range that can be described in terms of its major cations Si and Al.
Other components that commonly occur in minor amounts in the tetra-
hedron representation of chlorite are Fe (Chamosite), Mg (Clinochlore),
Ni (Nimite) and Mn (Pennantite) (De and Walshe, 1993; Vidal et al.,
2001). The relative strong correlation shown in the PC.1 among the
metals described above (Fe, Mg, Mn and Ni) may be indicative of the
presence of these minor cations in the silicate lattice of the Chlorite.

Mg, Mn, Ni and Pb, with the EF < 1, are metals that can be commonly
attributed to lithogenic components of the gulf, but the separation ob-
served for these elements in PCA may indicate a retention of metals con-
trolled by the mechanisms of co-precipitation or incorporation of
metals into the crystalline mesh of carbonates (Mucci and Edenborn,
1992; Tessier et al., 1979).

Usually Ag, Cr, Cu, Hg and Zn concentrations for the surface sedi-
ments range between several-fold greater than and one-third of the
global mean values for the Earth' crust (Gast, 1960; Nockolds and
Allen, 1956; Rader et al., 1963; Turekian, 1963; Turekian and
Wedepohl, 1961; Vinogradov, 1962). Some studies have explained
that their sources are closely related to industrial activities (e.g. Pekey,
2006; Garcia et al., 2008). However, likely this is not the case for the
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Gulf of Urabd; due to metals concentrations are relatively high in surface
sediments around the mouths of the Atrato River (Fig. 3). Moreover,
these high concentrations of metals are highly related to clays, accord-
ing to the PCA (Fig. 6). These relationships indicate that these metals
come mainly from the drainage area of the main rivers.

Zn comes from the aerial application of Zn-pesticide, as
Mancozeb (-SCSNHCH,CH,NHCSSMn-) x (Zn), in the banana and
plantain crops, which represent 35.000 ha in the Gulf of Uraba
(AUGURA, 2011). Given that the dose of this product (concentration
80%, 2% w/w of Zn) varies between 2 and 2.5 kg ha™! per cycle, the
annual input of Zn to the soils ranges between 1400 and
1750 kg ha™ !, which are potentially exposed to be transported by
the river sediment loads to the estuary.

Mining activities are other important source of Zn. Currently there
are two precipitation processes to retrieve the gold dissolved in the cy-
anide process: cementation with zinc powder and electro-deposition
with cyanide solutions, using coal activated carbon, ion exchange resins
or organic solvent extraction (Rees and Van Deventer, 2000; Stanley,
1987). Many metals extracted in this process such as Zn, Cu, Fe, are re-
leased into the environment in their elemental forms, which subse-
quently will join the organic matter. Gold extractive practices, which
include amalgamation, percolation cyanidation and precipitation with
zinc wood, are still very informal in the area, with low levels of technol-
ogy and few environmental controls.

Copper (Cu) is a common contaminant in coastal waters, particularly
in industrialized bays, fjords and estuaries (Salomons and Forstner,
1984). Cu is also used in antifouling paints and for impregnation of
nets used in fish farming. Because of its widespread use, Cu is one of
the most common environmental pollutants (Sadiq, 1992). Copper
ions readily form complexes with organic materials and also bind to
particles of sediment. Therefore, much of the copper entering coastal
environments will be incorporated into the sediments of those environ-
ments (Bryan and Langston, 1992). In areas where the input of Cu from
anthropogenic sources is low or nonexistent, sediment generally con-
tains <50 pg g~ ! of Cu, whereas the level can reach several thousand
ppm in polluted areas (Harrison et al., 1984). Cu levels in sediment
from 17 sites along the coastal area of Uraba ranged between 25.08
and 103 ug g~ ! with an average value of 79.17 + 18.10 g g~ '. These
levels reflect the anthropogenic input as well as the mineral content of
the regional bedrock. Given the development of small-scale mining of
copper, gold, silver and platinum group metals in the zone, Cu could
be an important source of pollution. However, the Cu concentrations
found in sediments are not high enough to be toxic (200-
2000 mg kg~ ! dry weight) to aquatic animals, including meio- and
macrofauna (Austen and Somerfield, 1997; Morrisey et al., 1995).

5.3. Relationships with the mining activities

A complete discussion of the metals concentrations found in the sed-
iments, their possible sources, their enrichment factors and geochemi-
cal indexes, and their relation to anthropogenic sources, cannot be
fully understood without considering the regional context of the Colom-
bian Darien, where for centuries, the gold and platinum mining tradi-
tion has been the primary form of sustenance in the Chocé region.

High levels of total Ag in the surface sediments found in our research,
characterized by Igeo and EF > 1 suggest a significant anthropogenic
input for this metal, which has been primarily associated with the dis-
charges of untreated urban wastewater (Bryan and Langston, 1992;
Hornberger et al., 1999). No other source is clearly identified for this el-
ement. Although sediment quality criteria for Ag have not yet been pro-
mulgated in Colombia, the EF-Ag and Igeo values obtained in this study
lead us to conclude that moderate to significant enrichment of Ag is oc-
curring in the study area. The observed enrichment of Ag may be caused
by the different clay mineral compositions in regional soils that have
relatively high Ag background (Feng et al., 2011), which may indicate

contaminants from the refining of the platinum group metals
(Alguacil, 1995; Alguacil et al., 1997).

Previous research has demonstrated that heavy metals such as Cu,
Pb,Zn, Cd, Ag, As, Hg, Sb, and Bi are released from mining and processing
of gold-bearing sulphide minerals (Prieto, 1998). The main sources of
these elements are acid mine drainage, tailings and erosion of waste
rock deposits (Salomons, 1995).

The traditional refining processes of platinum group metals are
based on their chemical properties, especially by the change in their ox-
idation states and coordination of their complexes in acid with chlorides
(Alguacil, 1995; Lo et al., 1983). HCI/Cl, is used as leaching agent of
these metals (Renner et al., 1992). These processes can extract all plat-
inum group metals except Ag, which remains in the insoluble fraction
and its discharged in the environment (Alguacil et al., 1997; Xue et al.,
1984). Ag is discarded in this type of mining because of its low economic
value compared with platinum group metals (palladium, rhodium, ru-
thenium, iridium and osmium) and gold. Also, the extraction from the
insoluble phase involves additional steps, making the process more
expensive.

In particular, the dominant adsorption processes cause a transfer of
the dissolved metals to the suspended matter and deposited sediments.
Thus, the fact that sediments from the Gulf of Uraba are enriched in Ag
and particulate matter reflects the impact of mining activities and re-
veals the contribution of platinum group metals. Therefore, in this
study we suggest the use of Ag as a proxy of pollution by platinum min-
ing activities.

Alternatively, mercury (Hg) is used by small-scale gold miners in
more than 50 locations in Antioquia and Chocd. These miners release
Hg into the environment affecting human health and the ecosystem.
The release of material contaminated with mercury into the rivers pro-
duces a local accumulation of this metal near the discharge site.

6. Conclusions

Bottom surface sediments of the Gulf of Uraba have shown the pres-
ence of heavy metals. The content of Mg, Mn, and Pb in the sediment of
the Gulf of Uraba shows background levels, which indicate that they are
not derived from anthropogenic sources. Their association with CaCO3
content supports their common natural origin. In contrast, high concen-
tration of silver, with moderate to significant EF and high I, values is
directly related to contamination from the refining of the platinum
group metals, coming mainly by the Atrato River. In addition, there is
a slight pollution with Cr and Zn (and also Cu and Hg in some areas of
the Gulf), which are mainly attributed to anthropogenic activities and
supplied mainly by the principal rivers (Atrato and Le6n). Therefore,
the main source of high concentrations of Ag and Zn are the mining ac-
tivities, while a second source of Zn is due to intensive agricultural,
being the rivers discharge the main input areas of pollutants to the
Gulf of Uraba.

Distribution of pollutants in the gulf is influenced by three main fac-
tors: the location of the rivers mouths, which determines the inputs of
pollutants to the gulf; the marine currents patterns that distribute
them; and the grain size distribution, due to pollutants concentrations
are mainly associated to the sedimentation of the clay fraction. Thus,
the gulf acts as a sink for pollutants, because the clays are mainly depos-
ited on its bottom surface. Nevertheless, there is also a minor output of
contaminants through the northeastern margin of the gulf, due to the
marine currents pattern.
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